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Forewords

The rising of computational methods applied to life science, as well as the increase of computer
performance determined a considerable growth in the speed and accuracy of drug discovery
accompanied by a reduction in cost when compared to the traditional high throughput screening

approach.

Metalloenzymes represents one of the widest classes of enzymes present in nature. Indeed, they
cover several classes of enzymes playing a crucial role in the survival of living organisms.
Conversely, as for other enzymes, their overexpression leads to various disorders, spanning from
metabolic disorder to cancer and infection. Thus, a plethora of metalloenzymes are nowadays

attractive drug targets, being subject of study since decades.

It is not possible to provide an in depth and comprehensive review on all the present
metalloenzymes due to their number. Therefore, in this work the attention is focused on two
metalloenzyme families: human Carbonic anhydrases (hCAs), involved in several kinds of diseases
according to the isoform examined, and Tyrsosinases, which catalyze the rate-limiting steps in

melanin production.

Indeed, the PhD thesis presented here is articulated in two parts. Part | deals with two subsets of
hCAs, specifically, hCAs V (Chapter 1), with a major attention on hCA VA which configures as anti —
obesity target, and hCA IX and Xll (Chapter 2) which are established anti — cancer targets,
especially in the context of hypoxic tumors. Part Il concerns Tyrosinase inhibition, focusing on the
inhibition of two isoenzymes: mushroom Tyrosinase (AbTYR, Chapter 4) and human Tyrosinase
(hTYR, Chapter 5). For each of the three topics discussed the state of art is given (Section 1.1. and
1.2 of Chapter 1, Section 2.1. and 2.2 of Chapter 2, respectively for hCA VA, and hCA IX/XIl and
Chapter 3 for Tyrosinases), providing an overview on the structure, the catalysis and the general
features required for the inhibition of the five enzymes examined. This is done in order to provide
a proper understanding of our contribution to the three topics (Section 1.3; 2.3; Chapter 4 and
Chapter 5) concerning the inhibitor design, made through in — silico techniques that span from
homology modelling to docking, pharmacophore Virtual screening (VS) and Molecular dynamics
(MD) simulations. As result, the computational workflows described in the four sections led to i)
the discovery of 30 hCA VA inhibitors (VAME 1 - 30), out of which 20 were showing ki values
below 100 nM and one of them (VAME 28) selectively inhibited hCA VA ii) the identification of hot
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— spot residues responsible for ligand selectivity towards hCA XII, starting from the retrospective
analysis on hCA XIl, IX — mimic and Il of two in - house selective hCA XII inhibitors; iii) the
identification and binding — mode depiction of potent AbTYR inhibitors (compounds 19p, 19s and
19t); iv) the discovery of a potent dual AbTYR/hTYR inhibitor (Compound 7) by means of
comparative docking studies of two inhibitors showing potent inhibition of the single isoenzymes.

Several collaborators were involved the three projects which are listed in Acknowledgements.



Introduction to metalloenzymes and the therapeutic
application of their inhibitors

Metalloenzymes encompass a wide range of protein families that employ metal ions as essential
cofactors for their catalytic activity, directly bound to the protein or included in prosthetic groups

through coordination complexes.

There is no accountable percentage of the existing metalloproteins in living organisms with respect
to other superfamilies. Nonetheless, up to Lothian et al., due to technical limitations, the number
of the currently identified metalloproteins is just one third of the proteins predicted to bind
metals. Not only, human metalloproteome results way larger in comparison to the one of

procaryotes, often used as protein expression systems. [1]

Metalloenzyme families can follow two different classifications. The former, as for metalloproteins,
depends on the coordination sphere present in the enzyme active site, either referred to the metal
ion or to the chelating species. Therefore, the classes listed below and the examples reported,

belong to this type of classification:

1. Heme Metalloenzymes: Heme metalloenzymes contain a heme prosthetic group, which
contains an iron ion coordinated within a porphyrin ring. Well know examples include
Cytochrome P450 enzymes, involved in detoxification and metabolism of various
compounds and Catalase which prevents Oxygen reactive species (ROS) formation by

decomposing hydrogen peroxide to water and oxygen.

2. Non-Heme Iron proteins: which contain Iron as well as co-factor, but differently from the
previous class, it is not complexed by heme prosthetic group, as Ribonucleotide reductase,

essential for DNA synthesis by converting ribonucleotides to deoxyribonucleotides.

3. Iron-Sulfur Cluster Proteins: Iron-sulfur cluster proteins present Iron coordinated with a
tetrahedral geometry by cysteinyl thiolate groups. Their main role regards electron transfer
and redox reactions. Aconitase, which catalyzes the isomerization of citrate to isocitrate in

the citric acid cycle, represents one of the most famous examples.

4. Zinc-Containing Metalloenzymes: Zinc is a common metal ion in metalloenzymes and is
crucial for structural stability and catalysis, acting mainly as electrophilic species and

coordinated by histidine, glutamic acid and cysteine residues. [2] Carbonic anhydrases,



which catalyze the interconversion of carbon dioxide and bicarbonate ions, represent one

of the famous family of zinc-containing metalloenzymes.

5. Manganese-Containing Metalloenzymes: Manganese metalloenzymes utilize manganese
ions in their active sites. An example is the mitochondrial superoxide dismutase (Mn-SOD),

involved in antioxidant defense by neutralizing superoxide radicals. [3]

6. Magnesium-Containing Metalloenzymes: Magnesium serves as a cofactor in various
enzymatic reactions. Ribonucleases, essential for living organisms since it cleaves precursor
transcripts to produce the mature 5'-end of tRNAs, require magnesium for proper substrate

binding and catalysis.[4]

7. Cuproproteins: Copper is often essential for electron transfer and redox reactions in these
enzymes. Cuproproteins can be further divided into the three following categories

according to the nature of the metal center (geometry, ligands and EPR spectrum):

o Type | copper proteins (T1Cu) present a single copper ion coordinated by two
histidine residues and a cysteine residue in a trigonal planar structure, and a
variable axial chelator (often methionine sulfur). A common subset of type | Copper

proteins is the one of the so-called Blue Copper proteins for their intense color.

o Type Il copper centers (T2Cu) show a square planar coordination by N or N/O

chelators, frequently three histidine and a water molecule or a hydroxide ion.

o Type lll copper centres (T3Cu) contain a binuclear copper center, each coordinated
by three histidine residues and a bridging ligand. Differently from the other two
types, these proteins exhibit no EPR signal due to strong antiferromagnetic coupling
(i.e. spin pairing) between the two S = 1/2 metal ions due to their covalent overlap

with a bridging ligand.

Several known enzymes as Nitrite oxidase (type | Blue copper enzyme), present in
bacteria, Dopamine beta — hydroxylase (type Il cuproenzyme) and Tyrosinase (type Il
copper enzyme), which will be discussed more in detail in the next chapters, are

counted among these classes.

8. Molybdenum-Containing Enzymes: Molybdenum enzymes have molybdenum ions as

cofactors, many times participating in oxygen transfer reactions. Nitrate reductase, involved



in the reduction of nitrate to nitrite in plants, represent a common example of

molybdoenzyme.[5]

9. Nickel-Containing Enzymes: Nickel enzymes utilize nickel ions for catalysis and play roles in
diverse metabolic processes. Examples include Urease which catalyzes the hydrolysis of
urea into ammonia and carbon dioxide and Nickel — Superoxide dismutase (Ni-SOD) present

in some bacteria.[6]

10. The latter classification instead, as all the other enzymes, belongs to the type of reaction
catalysed, therefore we can distinguish among oxidoreductases, hydrolases, transferases,
lyases, isomerases, ligases and translocases. These seven classes can be further divided into

more specific categories, such as kinases which belong to transferases.

As just seen, metalloenzymes cover diverse crucial biological functions, thus, as for other enzymes,
alteration in their expression or function may lead to several diseases. Indeed, a plethora of
metalloenzymes are nowadays consolidated trends in medicinal chemistry. One of the most
famous cases is human Carbonic anhydrase (hCAs) superfamily, whose inhibitors have been
employed for the treatment of oedema from decades. Nevertheless, the research is still ongoing
because various hCA isoforms are expressed in fewer tissues and involved in many pathologic

processes, such as epilepsy, obesity and cancer.

Some metalloenzymes configures as attractive as anti-viral targets too. In this context HIV-
Integrase binders, designated to inhibit the integration of viral DNA into the host genome,

constitute one of the most novel treatments for HIV infections.

Not only, metalloenzymes ligands find application also in cosmetic and for the treatment of skin
related diseases. Tyrosinase inhibitors, for example, covers fields from skin hyperpigmentation

disorders, such as melasma and melanomas to fruit browning in food industry.

Increasing awareness of the role metalloenzymes play in disease and their importance as a class of
targets has amplified interest in the development of new strategies to develop inhibitors and

ultimately useful drugs.[7]

The use of computational study for metalloproteins have presented more challenging that other

proteins, that derives from the complex nature of the metal coordination bond.



Fortunately, nowadays, many computational methods have been successfully applied to discovery

new metalloenzymes ligands.



PART 1

Overview on human Carbonic Anhydrases (hCAs)

Carbonic anhydrases (CAs, EC 4.2.1.1) play a pivotal role in most organisms/tissues, being involved
in a multitude of physiologic and pathologic functions. They catalyse the reversible hydration of
carbon dioxide or dehydration of carbonic acid, generating bicarbonate and protons in the first
case, or CO; and water in the second one. The hydration mechanism, schematized below, involves
firstly the deprotonation of a water molecule which generally coordinate Zn ion (although other
metal ions, such as Cd, Fe or Co were also identified) together with three chelating residues in a
tetrahedral geometry (0).[8] Then, once deprotonated, the hydroxide ion acts a nucleophile on CO;
molecule forming bicarbonate ion still bound to the metal ion (1). Finally, a water molecule
replaces the bicarbonate ion and a proton shuttle network deprotonate the water molecule

restoring the active form of the enzyme (2); (0).

Ezn**=—OHz+ BB == EZn*"—=—OH:2+ EBH"
EZr?*=—OH + CO, == EZ® =—HCO,; ()

Ezn2+——HCOS-+ Hzo ~-~— EZnZ*——O H2 + HCO3_ @

Up to date we can enumerate up to six different CA subfamilies, specificallya, ,y, 6, Candn. In
vertebrates it is know the expression of just a subfamily, while regarding the other ones, they are
expressed mainly in bacteria, fungi, plants and some Archea organisms (B and y), as well as algae
(6 and T) and protozoa (n). In the work here reported the attention is focused just on a carbonic
anhydrases, specifically the human isoforms (hCAs).[9] In this context, up to fifteen hCA isoforms
were characterized: eleven of them show catalytic activity (I - VII, IX and XII — XIV), while three of

them are acatalytic (VIII, X and XI).



Table 1. Table showing CO, hydration activity, subcellular location and distribution of known hCA isoforms. Data taken from ref.[10]

hCA | Low Cytosol Erythrocytes, gastrointestinal tract,
and eye
hCA Il High Cytosol Erythrocytes, eye, gastrointestinal
tract, bone
osteoclasts, kidney, lung, testis,
and brain
hCA 11l Very Low Cytosol Skeletal muscle and adipocytes
hCA IV Medium Transmembrane — Kidney, lung, pancreas, brain
extracellular active site capillaries, colon,
heart muscle, and eye
hCA VA Low Mitochondrial Liver
hCA VB High Mitochondrial Heart and skeletal muscle,
pancreas, kidney,
spinal cord, and gastrointestinal
tract
hCA VI Low Saliva and milk secretion Salivary and mammary gland
hCA VI High Cytosol Central nervous system (CNS)
hCA VIII Acatalytic Cytosol CNS
hCA IX High Transmembrane — Tumors and gastrointestinal
extracellular active site mucosa
hCA X Acatalytic Cytosol CNS
hCA XI Acatalytic Cytosol CNS
hCA XII Low Transmembrane — kidney, intestine, reproductive
extracellular active site epithelia, eye,
tumors, and CNS
hCA Xl Low Cytosol Kidney, brain, lung, gut, and
reproductive tract
hCA XIV Low Transmembrane — Kidney, brain, liver, and eye

extracellular active site

The different tissue expression and the subcellular location of each isoform strongly influence their
role in both physiological processes as well as in pathological ones. Indeed, starting from hCA | and
Il already approved for the treatment of oedema and glaucoma, hCAs configures as promising drug
targets involved other diseases such as epilepsy, obesity or cancer. Nevertheless, due to the wide
distribution of hCA | and Il which leads to off - target effects, selective inhibition of specific
isoenzymes over the aforementioned ones is a constant challenge in the design of new hCAs
inhibitors that may be candidates for clinical trials. The main issue in achieving selectivity is

principally due to the common structural features shared by the whole subset.
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Figure 1. Pockets in a CAs (hCA Il taken as reference). Zinc ion is represented as a magenta sphere while coordinating histidines as
sticks. (A) Hydrophilic and hydrophobic regions of the active site have been coloured purple and orange, respectively. (B) Isoform
unique residues that constitute the selective pocket are shown in blue. Images taken from ref. [11].

Firstly, all hCA are characterized by two main surfaces: a hydrophobic one, assumed to be involved
in CO2 recognition, and a hydrophilic one designated to stabilize conserved water molecules
(including the catalytic one) during proton shuttling process. (Figure 1A) Then, Zn ion as well as
zinc — coordinating histidines (H94, H96 and H119, taking hCA Il as numbering reference) are

conserved too in all the catalytic isoforms.
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Figure 2. The active site chemistry of carbonic anhydrase mediated reversible catalysis of carbon dioxide (CO,) hydration and
bicarbonate (HCO3) dehydration. A divalent zinc ion is activated by coordination to three histidine (His) molecules in a tetrahedral
arrangement that permits binding of water, its hydrolysis to a zinc-hydroxide (reaction 1), nucleophilic attack on the carbonyl bond
of carbon dioxide (reaction 2) to produce bicarbonate in the active site (reaction 3), and release of bicarbonate and regeneration of
zinc-bound water (reaction 4). Reaction 1 is facilitated by rapid shuttling of the proton produced in reaction 1 to bulk water by
hydrogen ion-titratable amino acid side chains leading out of the active site. Zn2* = divalent positively charged zinc ion. Figure
supplied by David Silverman, Ph.D., University of Florida, Gainesville, Florida.
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Finally, despite the overall sequence identity among all the hCA isoforms results moderate, the
active site itself is well conserved. Starting from the deeper side of the enzyme were Zinc ion
placed and going towards the entrance, several residues involved in substrates or inhibitors
binding, such as T199, T200, Q92, V143 and the proton shuttling H64 are highly conserved. Even
so, thanks to crystallography, mutagenesis and NMR studies, some amino acids (mainly at the
outer rim of the active site) for which ligand selectivity may be addressed as the case of position
131, were highlighted. (Figure 1B and 2). Thus, besides the plethora of hCA Il co — crystal structures
available with respect to the ones of the other isoenzymes, taking into account point mutation,
especially at the entrance of the binding site, may be suggested for designing new selective

binders for specific isoforms. (Figure 3) [11]

hCAT 1 MASPD DDKNGPEQ- - ----- KLY IANG- - - - - VDEKTSETKHBTS ---¥YNPATAKEI I MV FHYNFEDNDNRSVLK@GPFSD- - SYREFQFHF 96
hCA Ll 1MSH-H KHNGPEH- - ----- KDP T1AKG - - - - - VDEDTHTAKY .- AFNVEFDDSQDKAVLKRGPLDG- - TYRE!I P F 95
hCAIIT 1 MAK-E SHNGPDH- - - - - -« ELF NAK - - - VELHTKDIRH .- TCRYVFDDTYDRSMLREGPLPG- -PYR 95
hCAlY 19 -AESH VQAESSN------- YPCLV INEVTTEAKY -- ... GLPAP - - YQAK] L 1ns
hCAVA 34 CSQRSCAWQTSNNTLHP - - - - - - .- INEQWRDS VY - PLEN- -HYR| F 131
hCAVB 34 CSLYTCTHKTRNRALHP .- .. -LWESVDLVPGE- - - - - INERWRDS VY .- PLEH- -NYR F 131
hCAVI 22 ----DWTHSEGA------LDEAHWPQHYPACGEG- - - - - INLQRTEVRYN -EFPMVENBHTVQISLPS TMRMTVADRTVYIA- - - - - F 112
hCAVIT 2 TGHHG PS INH15SQAVYS - SVQVDFNDSDDRTVVTRGPLEG - F 97
hCA-RPVIII 24 EEGVE -EWGLVFPDANG.- - - - - INLNSREARY - TIQVILK.--SKSVLS PLPQGH!FI.’ Y!VRFIH
hCAIXY 126 QNNAHRDKEGDDQSHWRYG PPWPRVSPACAG- - - - - VDERPQLAAFC SVQLTLPPGLEMALGPRREYRA- - --- -

hCA-RPX 28 1HEG A EVVQGSFVP - - VPSFWGLVNSAWNLCS VGKR| (VNIEETS HMI F| .- PHTYS---HR EIRLln
hCA-RPXT 30 DPEDWWS MKDNLQGNFVP - -GPPFWGLVNAAWS LCAVGKR VDVELKRVLY .- PLLYS - - -HR S[LRLI!S
hCA XTI 27 VNGS K] FGPD- -« - -« KKY SCG' ----- IDLHSDILQYBAS - SRYSA- - -

hCAXITI 1 MSRLSWGEMREHNGPIH- - - - - - - EFFPIADG- - - - - TEFKTKEVKYDS § .- FNVD!‘DDTENKSVLR&;PLTG- -
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Figure 3. Multiple sequence alighment of the hCA isoforms. Gradients of blue represent sequence conservation from most (dark
blue) to least conserved (light blue). Image taken from ref.[12]

Concerning the inhibitors, several classes with different trends in potency and selectivity and

unique inhibition mechanisms were identified. They can be briefly classified as follows:

e Zinc binders, which are characterized by a chelating group able to displace the catalytic
water molecule and to hydrogen — bond T199. Sulfonamides and their isosters represent
the main example of this class;

e Water anchoring ligands, which present a group that hydrogen — bond the catalytic water

and T199. Phenols and polyamine display this inhibition mechanism;
12



e Inhibitors occluding the active site entrance. As coumarins, this class contain a so called
“sticky group” which exploit the esterase activity of a — CAs to form a metabolite able to
bind residue a the outer rim of CA, blocking the access to the pocket;

e Proton shuttle inhibitors which bind CA out the active site and stabilize H64 out
conformation, e.g. the one in which the residue cannot accept the proton from the active
water. 2 - (benzylsulfonyl) - benzoic acid is one the few hCA showing this inhibition
mechanism;

e Inhibitors with an unknown mechanism.

The first three classes often present a tail binding either the entrance or the outer part of the

cavity.[9]

In the following chapters four hCA isoforms are taken into consideration: hCA VA and VB in order
to return potential anti - obesity agents, while hCA IX and Xl to provide new chemotherapics. In
terms of the chemical space analysed, the attention is focused on zinc — binder inhibitors, with a

major interest in sulfonamide — like compounds.
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Chapter 1: Human Carbonic Anhydrases (hCAs) V for the

Treatment of Obesity

1.1. Obesity and Its Current Treatment

According to a WHO (World Health Organization) report of 2016, more than 650 million people
present obesity. In principle the definition of obesity is referred to a condition in which the body
mass index (BMI) is > 30. Nevertheless, the pathogenesis which lead to the unbalance between the
calories acquired versus their expenditure, is not exclusively related to the food consumption.
Indeed, despite behavioral and psychological factors are involved, several metabolic components,
as well as age, play key roles in obesity etiology and co - morbidities. Anatomically speaking,
adipose tissue, gastrointestinal muscles and nervous system (central and peripheral) are the main
characters controlling body weight and appetite. Chemically speaking instead, insulin, leptin,
cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and ghrelin act at the
hypothalamic level, which communicate with the reward center influencing the aforementioned

sensation.

e Insulin is a pancreatic hormone well known for its function in glucose blood levels balance
and tissue absorption. Nonetheless, insulin receptors are present as well in the
hypothalamus and determine a decrease in food intake.

e Leptin, an anorexigenic hormone, is produced by adipose tissue and regulates lipid
metabolism. It crosses the blood-brain barrier through a transport system, informing the
hypothalamus of energy status. This down-regulates appetite stimulators and up-regulates
anorexigenic alpha-melanocyte-stimulating hormone, reducing food intake. Leptin is anti-
obesity, but obesity leads to resistance in its satiety effects. Leptin activates the
sympathetic nerve system, affects renal hemodynamics, blood vessel tone, and blood
pressure modulation.

e Ghrelin is a gut peptide growth hormone which possesses orexigenic properties. It impacts
hypothalamic receptors, hindering insulin secretion and controlling gluconeogenesis and
glycogenolysis. As a rapid initiator of feeding, its levels rise before food intake. Ghrelin's

signaling reduces thermogenesis, regulates energy expenditure, and promotes adiposity.
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Beyond this, it influences various systems, impacting areas like cardioprotection, muscle
atrophy, bone metabolism and cancer.

e Cholecystokinin, a gut peptide hormone and brain neuropeptide, plays a role in stimulating
digestion, slowing gastric emptying, boosting intestinal motility, increasing pancreatic
digestive enzymes and bile release from the gallbladder, thus regulating appetite.

e Glucagon-like peptide-1 (GLP-1) is a postprandial gut hormone and its receptor (GLP-1R)
are distributed in multiple organs. Its key roles include stimulating insulin secretion,
promoting B-cell growth and survival, inhibiting glucagon release, and curbing appetite.
Moreover, stimulation enhances calcium levels, adenylate cyclase activity, and signaling
pathways. GLP-1 acts as a cardiovascular protector by thwarting thrombosis, averting
atherogenesis, and guarding against vascular inflammation and oxidative stress.

e Peptide YY, co-released with GLP-1, reacts to meals and operates via the anorexinergic
pathway in the hypothalamus. This pathway reduces intestinal motility, slows gallbladder
and gastric emptying, leading to appetite reduction and heightened satiety.

Due to their importance in the physical and nervous regulation of food intake, alteration in the
aforementioned chemical production and in their receptor expression/functionality are both cause
and consequence of obesity condition.[13, 14] Furthermore, components of the resident gut

bacteria, such as the LPS of the phylum Bacteriodetes , contribute to obesity disease.

Obesity involves an inflammation state characterized by an increased adipose tissue and reduced
adiponectin levels. Adipose tissue is divided into white (WAT) and brown (BAT), however the WAT
has a major implication in adiposity and in its complications. Although adiponectin is produced in
the adipose tissue, it contrasts the inflammatory response inhibiting TNF-a expression and its
expression is conversely inhibited by TNF-a and IL — 6. Not only, reduced adiponectin levels are
appreciated in conditions of hypoxia and oxidative stress. [13, 15]In summary, three main effects
are determined by the increment of the adipose tissue: infiltration of immune cells in the adipose
tissue and release of pro-inflammatory cytokines and product of fatty acids oxidation which leads
to ROS formation and infiltration of inflammatory cells in other tissues such as the pancreatic one;
increment of circulating LPS from gut bacteria due to the enhanced intestinal permeability which
stimulate toll-like receptors 4 (TLR — 4) inflammatory response; formation of perivascular adipose
tissue which determine local inflammation, endothelial disfunction and vessel hardening and

constriction.
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Figure 4. Process of inflammation in obesity. Circulating biomarkers observed in obese patients confirm the infiltration of
inflammatory cells in adipose tissue. In addition, an increased in the amount of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) is also appreciated. In parallel, alteration of the microbiota is related to increased lipopolysaccharide (LPS) release in
the bloodstream which activates toll like receptor 4 (TLR4). Finally, increased perivascular adipose tissue enhance local vessel
inflammation and impairment of endothelium function. Image taken from ref.[13]

Hence, the most predictable outcomes are hypertension, atherosclerosis, eventually followed by
plaque rupture due also to the lower adiponectin levels, and insulin resistance (Type 2 Diabetes).

(Figure 4)

Currently, apart from changes in the food intake habits, such as meal replacement, calories
restriction and several diets, two types of approaches are common for severe obesity treatment:

surgery and pharmacotherapy.

The most famous intervention for obese patients is Bariatric surgery for which four different types
can be distinguished according to the gastro - intestinal modification performed: adjustable gastric
banding (LAGB); Roux — en — Y gastric bypass (RYGB); Sleeve gastrectomy (SG); Bilio-pancreatic
diversion with duodenal switch (BPD-DS). Additionally, a common alternative for individuals who

cannot undergo Bariatric surgery is the intragastric balloon (IGB).

Despite the efficacy in weight loss and co-morbidities reduction (eg. hypertension, diabetes,
dyslipidemia), several serious side — effects due to the intolerance of the adjustments, especially

with LABG and SG, lead to the device removal. These include: dumping syndrome, nutritional
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deficiencies, as well as psychological disorders such as anorexia and bulimia nervosa.[16]
Regarding the pharmacological treatment, from 2019 to now several changes in the anti-obesity
drug market occurred. Several drugs employed for decades for overweight disorders have been
recently withdrawn by FDA or EMA for their life-threatening side effects. This is the case of some
proopiomelanocortin (POMC) receptors agonists whose pharmacological effect is the appetite
reduction, which are often peripheral 5-hydroxytryptamine 2B (5-HT2b) receptor agonists. Among
them we can enumerate fenfluramine and dexfenfluramine determining valvulopathy and the well

— known Lorcaserin (Belvig®) revealing high risk of breast cancer.

Still, present approved anti-obesity act mainly at two levels: on the central nervous system,
determining satiety by contacting dopaminergic neurons of ventral tegmental area (VTA), the
nucleus accumbens, gabaergic neurons, POMC and neuropeptide Y receptors of the arcuate
nucleus (ARC); on the peripheral one, influencing gastric and intestinal motility, absorption and
hormone realease by stimulating GLP-1 receptors or altering fat absorption inhibiting lipase. The

mechanism just mentioned are resumed in Figure 5.
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Figure 5. (A) Mechanisms of anti-obesity drugs acting on central nervous system. Notes: AGRP, agouti-related peptide; ARC, arcuate
nucleus; CART, cocaine- and amphetamine-regulated transcript; DAT, dopamine active transporter; D1R, dopamine 1-class receptor;
D2R, dopamine 2-class receptor; GABA, gamma-aminobutyric acid; GABAAR, y-aminobutyric acid type A receptor; GLP-1R,
glucagon-like peptide-1 receptor; MC3R, melanocortin-3 receptor; MC4R, melanocortin-4 receptor; MOPR, p-opioid receptor; NAc,
nucleus accumbens; NPY, neuropeptide Y; POMC, proopiomelanocortin; VTA, ventral tegmental area; Y1R, neuropeptide Y receptor
type 1. (B) Mechanisms of anti-obesity drugs hitting peripheral nervous system. Notes: GLP-1R, glucagon-like peptide-1 receptor.
Images taken from ref.[17]

Below are summarized some of the current p.a. or association approved by FDA and EMA, their

mechanism of action and their main side-effects:

e Naltrexone/bupropion (Contrave®) associate two p - opioid antagonist acting on NAc
(naltrexone) and inhibiting B-endorphin auto-loop stop signal on POMC/CART neurons
(naltrexone and bupropion), also used for nicotine and alcohol addiction treatment. Several
uncomfortable side effects such nausea, constipation, dizziness and headache determine
continuous adjustment of the dosage. Not only, monitoring is mandatory in patient with
suicidal tendencies.

e Orlistat (Xenical®) is a lipase inhibitor which blocks the absorption of at least one-third of
the fatty acid consumed. Despite it shows modest efficacy in comparison to other anti -
obesity drugs, its side-effects, apart from the ones due to non-absorbed fats such as

steatorrhea, are well tolerated.
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e Liraglutide (Victoza®) is a GLP-1 agonist acting on different levels due to the expression of
GLP-1 receptors: on one side it reduces appetite at the hypothalamus and at the cortex, on
the other side reduce glucagone secretion and glucose blood concentration, enhance
satiety slowing gastric — emptying. Similarly to naltrexone/bupropion association, severe
side — effects are demonstrated by Liraglutide vomiting, diarrhoea , but also high risk of
pancreatitis and neoplasm. Therefore, in depth post — marketing surveillance is advised for
this drug.

e Phentermine/topiramate extended-release (ER) (Qysmia®), combine an indirect
sympathomimetic (phentermine) which enhances dopamine, noradrenaline and serotonin
release and antagonize neuropeptide Y, with a multi — target kainate/AMPA antagonist
(topiramate) used for decades for epilepsy treatment. Their mechanism is not properly
elucidated yet, but they reduce the appetite through the biochemical pathways just
mentioned, a weight loss seems to be produced via carbonic anhydrase inhibition and will
be further discussed in the next paragraph. Nonetheless, the association just reported is
approved by FDA and not by EMA due to the potential cardiovascular risk, drug addiction,
as well as language and memory impairment produced by phentermine.

Finally, diverse drug under development can be enumerated. Some of them have the same

mechanism of action of the aforementioned but with different pharmacokinetic properties,

such as Semiglutide, long — acting GLP-1R agonist. On the other hand, several dual ligands are
taken into account for novel treatment. These includes dual GLP-1R/GCGR Agonists as

SAR425899 (Sanifi) and MEDI0382 (Cotadutide; AstraZeneca) and triple Monoamine reuptake

(dopamine, norepinephrine and serotonin) inhibitors as Tesofensine. Furthermore, newer anti

— obesity targets were explored and are now on Phase2 trials too as the case of dual

Amylin/Calcitonin agonists and Sodium-Glucose Co-Transporter-2 inhibitors.

Nevertheless, all the attempts done still need consistent improvements, considering the
following factor: a low potency/efficacy, as well as a poor pharmacokinetic lead to higher drug
dosages which in the aforementioned cases bring to unacceptable side effects. In the following
paragraph, considering the background and challenge just highlighted, the attention is focused
on the proposal of selective Carbonic anhydrase V (A and B) inhibitors as new anti-obesity

drugs.
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1.2. Characterization of hCA V Isoforms and Their Importance as Anti -
Obesity Targets

In the previous paragraph several anti-obesity drugs were enumerated. Among them, topiramate,
that is a medicine used to treat epilepsy, shows its anti - obesity activity apparently on GABA
receptors inhibiting the appetite, however it may not be the only reason behind the severe weight
— loss induced during epilepsy treatment with this drug.[18] Epileptic patient treated with
Zonisamide[19] experienced as well the same anorexigenic effect and both chemicals show low
nanomolar inhibition of some carbonic anhydrases, specifically hCA Il and VA.

Together, the relationship between carbonic anhydrases and fatty acid metabolism was elucidated.
Specifically, hCA VA and VB, despite having a different tissue distribution, they are both localized in
mitochondria. Here, furnishing carbon units as bicarbonate ions to pyruvate carboxylase(PC),
methylcrotonyl — CoA carboxylase (MCC) and propionyl — CoA carboxylase, they influence several
biosynthetic pathways spanning from lipogenesis to gluconeogenesis and ureagenesis.[20]

The effect on lipogenesis is mainly caused by the increased concentration of Oxalacetate (OAA)
produced by pyruvate carboxylase which use the HCO3 generated by hCA VA in mitochondrial
matrix, prior action of hCA Il that converts HCOs into CO. enabling its passage through the
mitochondrial membrane. This leads to an indirect overproduction of citrate which leaves the
Krebs cycle, cross the mitochondria and, once converted in acetyl — CoA, enters in the fatty acid
biosynthetic pathway. (Figure 6) The hypothesis just discussed was then supported by in vitro
studies on adipocites, where the concentration of C'* — labelled Krebs cycle intermediates as well
as citrate and malate were reduced in presence of the hCA inhibitor 6-ethoxyzolamide (ETZ)

without a strong impact on ATP production.[21]
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Figure 6. Proposed physiological role of carbonic anhydrase VA in adipocytes for de novo lipogenesis. Abbreviations: ACC, acetyl-
CoA carboxylase; ACL, ATP citrate lyase; aKG, a-ketoglutarate; CS, citrate synthase; ETZ, 6-ethoxyzolamide; FAS, fatty acid
synthetase; PC, pyruvate carboxylase; and PDH, pyruvate dehydrogenase. Image taken from ref.[21]

Getting deeper in the structure and topology of the two isoenzyme, they are solved in the
mitochondrial matrix and present a length of 305 and 317 a.a. respectively, whose section from
a.a. 37 to 297 belongs to the active domain as for the other hCA.[Holmes RS. IDMGP 2020]

hCA VA and VB are present in several mammals, sharing almost most of the sequence (up to 89%

of identity between hCA VB and murine one) as shown in table 2.

Table 2. Percentage of identity for mammalian CAS5A and CA5B and other vertebrate CA5 amino acid sequences. Data taken from
ref. [Holmes RS. JDMGP 2020]

hCA Murine  Opossum hCA Murine Opossum  Chicken  Zebra fish

VA CA VA CAVA VB CA VB CA VB CAV CAV

hCA VA 100 72 67 59 59 61 64 50
Murine 72 100 63 57 57 57 63 50
CA VA

Opossum 67 63 100 63 62 67 66 54
CA VA
hCA VB 59 59 63 100 89 80 69 54

59 57 62 89 100 79 69 53
CAVB

61 57 67 80 79 100 74 57
CAVB

64 57 66 69 69 74 100 58
CAV

50 50 54 54 53 57 58 100

fish CAV
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More in detail, considering that so far, no 3D structures of hCA VA or VB are available, mouse CA
VA (mCA V) was exploited to retrieve structural insights related both to catalysis and ligand binding
by means of X-Ray diffraction and site directed mutagenesis.

The initial obtainment of the apo structure (PDB code: 1DMX) and the acetazolamide (AZM) co —
crystal (PDB code: 1DMY) of mCA V, opened the discussion towards the identification of the
possible residues involved in the proton shuttling, as the single mutants Y64->H and Y64—>A were
showing comparable activity to the wild — type enzyme. This effect might be due to the bulky P65,
which preserve Y64 from solvent exposure. In addition, the distance of Y131 to the Zinc — bound
water suggested its role of proton shuttling residue.[22] Later, a double mutant Y64->H and
P65->A(PDB code: 1URT) demonstrated a significant enhancement of the proton transfer activity,
therefore supporting again the involvement of H64 in hCA VA catalysis.[23]

Finally in 2002, Jude et al. elucidated the importance of Y131 in proton shuttling process
comparing the hCA Il wild type (PDB code: 2CBA), y — CA from Methanosarcina thermophila (PDB
code: 1QRG) the previous double mutant hCA VA activity and structure with a newer expressed
one where P65 and Y131 were replaced by Ala and Cys — methylimidazole respectively (PDB code:
1KEQ). Here it seems that the bulky P65 does not significantly impair proton shuttling process with
respect to the Y64H/P65A mutant. Moreover, the comparison the hCA Il and M. thermophila y —
CA water molecules trajectories suggest a different mechanism and highlight Y131 role. Taken
together these three findings provide hints for plausible residues that may be targeted for the
selective inhibition of hCA VA.[24]

Dealing with zinc binder inhibitors, along with other type of hCA inhibitors, results difficult,
considering that the only available co — crystal is the one with AZM. Nevertheless, X — Ray data
keep confirming the possibility to hydrogen bond Y131 in order to selectively inhibit hCA VA, in
view of the difference in AZM tail conformation and interactions between hCA VA and hCA Il. [22]
Other information on the SAR can be traced only through inhibition data from stopped — flow
hydration assays. In the following table are reported some of the most selective inhibitors against

hCA VA collected from literature.
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Table 3. Some hCA VA inhibitors reported in literature. The compound series analysed have been grouped in four sections (A to D)
according to their affinity against hCA VA and selectivity over hCA Il. Ki against hCA VB and hCA | are also shown. (A) Compounds
with high affinity against hCA VA and high selectivity over CA Il. (B) Compounds with high affinity against hCA VA and intermediate
selectivity over CA Il. (C) Compounds with intermediate affinity against hCA VA and high selectivity over CA II. (D) Compounds with
intermediate affinity against hCA VA and intermediate selectivity over CA Il.

(A) Compound KiVA KiVB Ki ll i Selectivity
High affinity (ki<50nM) — High selectivity over CA Il ratio II/VA-
(selectivity ratio>10) 1/VvB
o 0 0 8.7 2.7 0.94 0.103 108.05 - [25]
4 S, "M M M UM 348.15
/ | / NH,
NH
7
\N
2j
Br 4.2 4.5 0.82 5.85 195.24 - [25]
o) nM nM UM UM 182.2
O /)
| / SSNH,
/>—NH
N—_
2 "
8.0 13 0.54 0.102 67.5 - [25]
> nM nM UM UM 415.385
o)
N /
| “NNH,
NH
N N/>
2h
9.2 7.5 0.87 1.66 94.565-116 [25]
0 nM nM uM uM
O //
/ SNH,
NH
I )
\N
2g
o 9.3 23.1 1.13 1.89 121.505 - [25]
N _—o "M nM M UM 48.92
\\ HZN//
N
\
N—N
2f
0 32 2.9 0.92 2.4 uM 28.75 - [25]
N\ —0 nM nM Y 317.24
\ Sy
N
o
N—N
2e
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o 7.3 39 108  6.86 147.945 — [25]
N\ —0 nM nM UM UM 276.92
HZN//
N
\
N—N
2d
o 10.4 2.8 0.90 5.54 86.54 — [25]
N _—o "M nM M my, 321.43
HzN//
N
\
N—N
2c
0 18.7 63 0.95 7.01 50.8 -15.08 [25]
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HQN//
N
\
N—N
2b
O\ 28.3 74 0.97 7.42 34.275 - 13. [25]
. _—0 nM nM my, my 11
HZN//
N
o
22 "
0 6.9 7.9 390 161 nM 56.52 - [26]
°X | nM nM nM 49.37
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N
H
5b
0 6.7 7.9 107 108 nM 15.97 - [26]
O§| nM nM nM 13.54
m \NHZ
N
H
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m /Q/ \NH2
N
H
7f Br
0 7.6 9.3 97 73 nM 12.76 -10.4 [26]
|¢ nM nM nM
NN 0 ~
=
N
7i

24



0 7.3 9.0 74 71nM  10.14-8.2 [26]
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High affinity (ki<50nM) — Intermediate selectivity
over CA Il (1< Selectivity ratio< 10)
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122 - 750 10200 6.15 [31]
nM nM nM

Rough 2D comparison of the compounds reported outlines a very flat SAR characterized by a ZBG
linked to an aromatic or lipophile spacer (mainly benzene or thiadiazol) then attached to a
hydrophobic tail, often containing an hydrogen - bond acceptor coherently with AZM binding —
mode in hCA VA. Sulfamide ZBG seems to provide an enhancement in the selectivity of
sulfonamide — like inhibitors, as demonstrated by the series of Smaine et al.. Although its role was
not elucidated by any X-Ray NMR or Modelling studies.

Hence, a more in - depth 3D analysis, either ligand or structure — based might be advised whether
the aim is the development of hCA inhibitors exploitable as anti — obesity drugs with reduced side

effects.

1.3. Structure-Guided Identification of a Selective Sulfonamide-Based
Inhibitor Targeting the Human Carbonic Anhydrase VA Isoform

Keeping in mind the issues highlighted in the previous paragraph, in few words the lack of both
structural and ligand SAR information, we decided to exploit both ligand and structure based
approaches to develop a virtual screening(VS) workflow articulated in four main steps: 1) creation
and validation of a ligand — based(LB) pharmacophore starting from some of the compounds
reported in the literature (Table 3 and Figure 8); 2) screening of 209,000 compounds from Specs
through the ligand based model generated; 3) filtering of the results using a structure — based(SB)
pharmacophore from AZM in complex with mCA VA; 4) development of a hCA VA homology model
and evaluation of the hit binding modes through docking simulations. (Figure 7) Thus, each section
of the Result and Discussion sub - paragraph will give a detailed description of the four procedures
and the results obtained at each step of the protocol just resumed.

Finally, a comparison with hCA Il binding — mode of two potent hCA VA inhibitors retrieved through

this VS workflow, has been provided to shed light on their different selectivity over this isoform.
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Figure 7. Overview of the applied computational strategy to select human carbonic anhydrase (hCA) VA sulfonamide - based inhibitors. Taken
from ref.[32]

1.3.1. Results and Discussion

Ligand based Pharmacophore creation

To carry out the first step of the VS workflow, we started selecting according to their structural
diversity 16 inhibitors from Table 3 which showed Ki on CA V< 150 nM and a selectivity ratio > 1,
and used them to search for the three - dimensional spatial arrangements of the most relevant
features crucial for CA V inhibitory effects on LB pharmacophore. Although the molecules chosen
present various type of scaffolds they are all characterized by an ArSO;NH; or ArNHSO;NH; group
as zinc - binding moiety essential for hCA inhibition.

The initial subset of compounds was divided into a (i) training and a (ii) test set by means of
clustering procedure. Specifically, the clustering has been performed either by changing the
similarity measurement (Pharmacophore Alignment score or Pharmacophore RDF - code similarity)
or adjusting the cluster distance within the range of 0.4 (default value) to 0.5 in each clustering
run. The other clustering parameters were left as default. At each clustering run the biggest cluster
was used as training set while the remaining ones were used as test for generating several

pharmacophore hypotesis.
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Figure 8. Chemical structures of 16 well-known human carbonic anhydrase (hCA) V inhibitors employed as the training set (a) and
test set (b) taken from literature, reported in Table 3.

In detail, from each combination of training and test set of the initial 16 arylsulfonamides a LB
pharmacophore was generated selecting the one with best score among the ones proposed by
LigandScout software.

Through this procedure 10 different pharmacophores were selected for an initial validation using
receiver operating characteristic (ROC) curve. Specifically, to evaluate the efficiency of each model
in discriminating between active and inactive compounds we took up 1707 molecules, of which 47
were sulphonamides - based inhibitors of hCA VA (the majority was the remaining compounds
from Table 3) with a ki < 10000 nM and 1660 decoys generated through DUD — E web tool giving

the set of active compounds as input(http://dude.docking.org/ ). The validation here reported,

which took into account the Enrichment Factor (EF) and the Area under the curve (AUC) of the ROC
curve to determine the efficiency of the LBVS procedure (pharmacophore and settings), led us to
choose for further refinement a pharmacophore composed of nine pharmacophoric features:
three hydrogen bond acceptors (in red), two hydrogen bond donors (in green), three hydrophobic
features (in yellow) and one aromatic ring feature (in blue). The refinement of the selected model
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consisted in marking as optional three lipophilic features and one H — bond donor, yielding better
results during the second validation step which considered the same efficiency parameter of the
previous one. As shown in Figure 9, the final pharmacophore created presented at 100% of the
screening process an AUC of 0.82 and an EF of 27.2, thus able to retrieve more likely active

molecules and being suitable for our screening purposes.

100.0%
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400%
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Sensitivity (% retrieved actives)
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1 - Specificity (% retrieved decoys)

Figure 9. The LB pharmacophore model: three hydrogen bond acceptors (red); two hydrogen bond donors (green arrow);
hydrophobic features (yellow) and one aromatic feature (blue circle). All optional features are not fully coloured. Receiver operating
characteristic validation curve for the pharmacophore model. Taken from ref.[32]

Ligand — based Virtual screening
Following the obtainment of the LB pharmacophore model, we proceeded to perform virtual
screening on the "Specs Compound Library" containing 209,000 compounds, accessible through

the Specs database (https://www.specs.net ). This screening was conducted using LigandScout

software[33] with the aim of identifying new potential inhibitors for CA V. Through the in-silico
screening of the entire database, we identified a total of 1,738 molecules. Among these, our
selection criteria included sulfonamide-based compounds meeting the following prerequisites: (i) a
fit score exceeding 80 and (ii) distinct chemical structures. Consequently, from this refined

database, the second phase of our LB VS campaign yielded a reduced set of 81 sulfonamides out of
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the initial 1,738 compounds, all of which had previously matched the pharmacophore features.
The comprehensive list of these 81 potential hits is available in the Supporting Information: Table
S1.

Structure based pharmacophore virtual screening

In the subsequent phase of our research, we aimed to further narrow down the selection of the 81
sulfonamide-based compounds retrieved from LBVS to submit to biochemical evaluation of their
inhibitory activity on hCA VA. To achieve this, we created an additional SB pharmacophore model
using LigandScout software.[33] We exploited the crystal complex of murine mitochondrial CA V
and AZM (PDB code 1DMY) as it is the only PDB powerful to provide structural information about
CA VA ligand binding.[22] As illustrated in Figure 10, the SB pharmacophore model was composed

of five hydrogen bond acceptor features, contacting three crucial residues: T199, T200, and Y131.

Figure 10. SB pharmacophore model generated from the X-ray crystal structure of acetazolamide (AZM) in complex with murine CA
V (PDB code: 1DMY).[22] The red arrows represent H-bond acceptor features. Image taken from ref.[32]

In our quest to identify additional potential interactions within the CA V binding pocket, we refined
the model with features derived from the apo-structure of murine CA V (as shown in Figure 11A)
via the "Create Apo Site Grids" tool, integrated into LigandScout 4.4.[33] This analysis led to the
discovery of supplementary plausible features, resulting in an enriched pharmacophore model,
which finally encompassed six hydrophobic spheres, two positive ionizable regions, two aromatic
rings, five hydrogen bond acceptors, and five hydrogen bond donor functionalities (as depicted in
Figure 11B. Following the Apo Site analysis, the SB-based pharmacophore search allowed us to
single out 38 molecules with a fit score value exceeding 70. The entire list of these 38 selected

compounds is present as well in Supporting Information: Table S1
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Figure 11. (a) Apo Site Grid generated starting from the X-ray crystal structure of acetazolamide (AZM) in complex with CA V (PDB
code: 1DMY). (b) The merged pharmacophore model: six hydrophobic spheres (light yellow spheres); two positive ionizable (blue
star); two aromatic rings (blue circle); five H-bond acceptors (red arrows); five H-bond donors (green arrows). Optional features are
not fully colored.

Homology modelling of hCA VA and Docking simulation

To assess the capability of the 38 chosen molecules to interact with the active site of hCA VA,
docking simulations were performed. Given the absence of X-ray data for hCA VA in the literature,
we fine - tuned an homology model for hCA VA using the TopModel server.[34] The model's quality
was evaluated using TopScore, a metaModel Quality Assessment Program (meta-MQAP) which
predict protein errors combining 15 different evaluation metrics through deep neural networks.
The validation yielded a value close to 0.1, indicating the highest quality value, particularly within
the active site region. Additionally, Ramachandran plots, constructed using Procheck Tool, showed
that 92.6% of the psi-phi angles fell within favoured regions, while 7.4% were within allowed or
generously allowed regions (refer to Supporting Information: Figures S1 and S2). The model was
subjected to minimization with Prime and served as receptor for our docking investigations run on
Gold suite 5.0.1, using the CHEMPLP scoring function. As a result of this process, we identified 30
molecules, as shown in Figures 12 and 13, whose corresponding docking score values are reported

in Supporting Information: Table S2.

These 30 selected ligands, named VAME-01 to VAME-30, shared a common
(hetero)arylsulfonamide component linked to distinct hydrophobic tails via a suitable linking

moiety containing amine, amide, imine, or thiourea chemical functionality.
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AV,

Figure 14. Putative binding poses of the 30 compounds, VAME-01-30, with the modelled human carbonic anhydrase (hCA) VA. The
inhibitors are represented as coloured sticks and the protein as a pink surface. Zinc ion is depicted as a gray sphere. Figure made by

Pymol (https://pymol.org ).

Figure 14 illustrates the superimposed poses selected from docking of the thirty molecules, all of

which were capable of occupying the catalytic site of the modelled hCA VA.

As expected, each compound anchored itself to the zinc-containing catalytic site through the
sulphonamide moiety while positioning the remaining molecular fragment between the two
surfaces of the cavity. Finally, none of the selected sulfonamides raised PAINS alerts, as confirmed

by the SwissADME platform (www.swissadme.ch )[35] Based on this favourable predicted

recognition in hCA VA, the 30 potential hits were purchased from the Specs supplier to evaluate
their inhibitory effects on hCAs. Prior purchasing them, a literature search was conducted using
Data Warrior software together with CHEMBL database, in order to check whether they were
tested already on some hCA isoforms and as results none of them was previously tested on hCA

VA.
In Silico analysis of hCA selectivity

The 30 small molecules fetched through our virtual screening workflow were submitted to stopped
— flow CO; hydration assay to evaluate their inhibitory activity towards various hCA isoforms. The
resulting inhibition data are collected in Table 4 in comparison with reference compounds AZM,

TPM and ZNS.
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Table 4. Inhibition data of tested sulfonamides and sulfamides VAME-1 - VAME30 and reference compounds AZM, ZNS and TPM
and their selectivity ratios for the inhibition of hCA VA over the hCA I/ hCA Il isozymes

Ki (nM)* selectivity ratio
Cmps hCAl hCA Il hCA VA hCAI/hCAVA  hCA II/hCA VA
VAME-01 15.9 8.4 334 0.48 0.25
VAME-02 28.7 20 73.8 0.39 0.27
VAME-03 730.8 83.6 85.3 8.57 0.98
VAME-04 34.6 8.2 78.2 0.44 0.10
VAME-05 23.9 3.7 82.3 0.29 0.04
VAME-06 39.4 6 93.6 0.42 0.06
VAME-07 45.3 26.2 511.8 0.09 0.05
VAME-08 73.1 14.3 84.1 0.87 0.17
VAME-09 279.3 23.3 73.4 3.81 0.32
VAME-10 435.7 46.8 96.0 4.54 0.49
VAME-11 9.1 28.2 96.5 0.09 0.29
VAME-12 92.4 24.2 89.7 1.03 0.27
VAME-13 954 309.8 551.9 1.73 0.56
VAME-14 72 28.2 170.5 0.42 0.17
VAME-15 18.2 5.1 182.5 0.10 0.03
VAME-16 411.2 658.2 162.7 2.53 4.05
VAME-17 4.6 3.8 299.2 0.02 0.01
VAME-18 15.6 1.6 242.9 0.06 0.01
VAME-19 927.3 311.2 794.4 1.17 0.39
VAME-20 47.9 7.4 431.0 0.11 0.02
VAME-21 53.4 18.2 83.3 0.64 0.22
VAME-22 67.9 20.9 418.6 0.16 0.05
VAME-23 77.9 22.4 93.9 0.83 0.24
VAME-24 271 5.6 77.9 0.35 0.07
VAME-25 57.4 9.2 207.9 0.28 0.04
VAME-26 86.3 13.6 528.5 0.16 0.03
VAME-27 52.5 18.9 93.5 0.56 0.20
VAME-28 927.4 379.1 54.8 16.92 6.92
VAME-29 76.9 26.3 93 0.83 0.28
VAME-30 60.1 21.7 742.6 0.08 0.03
AZM 250 121 63.0 3.97 0.19
ZNS** 56 35 20.0 2.80 1.75
TPM** 250 10 63.0 3.97 0.16

* Mean from 3 different assays. by a stopped flow technique (errors were in the range of + 5-10 % of the reported values). **Data taken from literature[36]
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As result, all the 30 molecules demonstrated inhibition of hCA VA showing Ki values in the range of
33.4 to 794.4 nM. Moreover, the majority of chemicals, precisely 19, had Ki in the low nanomolar
range (< 100 nM). Then 7 compounds presented a selectivity ratio > 1 over hCA I. Among them,

one molecule (VAME — 28) resulted highly selective over hCA Il too (sel. Ratio: 6.92).

Interestingly, it shared almost the whole scaffold with another molecule of the series (VAME — 29)
having no selectivity over the aforementioned isoform. Thus, we performed comparative docking
studies of the two derivatives on hCA I, in order to investigate how the simple expansion of a five
membered aliphatic ring to six membered one leads to a 25 — fold enhancement of the ligand

selectivity.

T200 T198

N62
L60

Figure 15. Superimposed binding modes of VAME-28 bound to human carbonic anhydrase (hCA) VA (ligand as salmon stick and
protein as a pink cartoon) and to hCA Il (ligand as green-cyan stick and protein as a green cartoon). Interacting residues of hCA VA
and hCA Il are shown in pink and green, respectively. Hydrogen bonds are represented as yellow dashes. Zinc ion is depicted as a

gray sphere. Figure made by Pymol. (https://pymol.org)

Figure 15 illustrates the hypothetical interaction pattern of VAME-28 in complex with the modeled

hCA VA superimposed to its binding mode in hCA Il (PDB code 6XXT)[37]. In this comparison, it can

be noticed that VAME-28 adopts two distinct binding poses in hCA Il and hCA VA respectively.

While the 4-aminobenzenesulfonamide group occupies a similar position near the zinc center in

both proteins, the orientation of the quinolinyl-tail differs significantly. This difference likely arises

from the broader hydrophobic surface of hCA VA with respect to hCA Il, as evidenced by the
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dissimilar orientation of the crucial residue F131 in hCA Il (see Figure 15), corresponding to Y129 in
hCA VA. Thus, it may be speculated that F131 conformation could potentially push VAME-28 away
from the hydrophobic wall of hCA Il active site. Conversely, the docked pose of VAME-28 in hCA VA
suggests enhanced stabilization through interactions with the hydrophobic area characterized by
V133, Y129, and K130. These interactions may help explain the approximately seven-fold improved
affinity of VAME-28 for hCA VA (Ki value of 54.8 nM) compared to hCA Il (Ki value of 379.1 nM).

V121 Q30

Figure 16. Superimposed binding modes of VAME-29 bound to human carbonic anhydrase (hCA) VA (ligand as salmon stick and
protein as a pink cartoon) and to hCA Il (ligand as green-cyan stick and protein as a green cartoon). Interacting residues of hCA VA
and hCA Il are shown in pink and green, respectively. Hydrogen bonds are represented as yellow dashes. Zinc ion is depicted as a

gray sphere. Figure made by Pymol. (https://pymol.org)

Figure 16 shows instead the hypothesized binding poses of VAME-29 when docked into hCA Il and
hCA VA. The docking simulations reveal that this inhibitor can accommodate the indolyl-tail in the
hydrophobic regions of both hCA Il and hCA VA, potentially establishing favorable interactions with
F131 and V135 in hCA I, as well as with Y129 and V133 in hCA VA. These findings align with the
ability of compound VAME-29 to exhibit inhibitory effects on both hCA Il and hCA VA.

Collectively, these in silico insights suggest that the replacement of a five-membered ring with a
six-membered one in the VAME-28 inhibitor introduces significant steric hindrance, resulting in

distinct binding orientations at active site entrance and leading to different affinities of the ligands.
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1.3.2. Materials and methods

Ligand — based Virtual screening parameters

LigandScout V4.4.8[33] was employed for both LB pharmacophore generation and virtual
screening (VS) procedures. The selected molecules, (training and test sets) were sketched using
Vega 3.2.2.[38] The pharmacophore model was created using the "merged features" option, and
the icon best mode was chosen as the conformer generation method, while other parameters
were kept at their default settings. This LB pharmacophore model served as a reference for
guerying the SPECS database in search of potential inhibitors. The library, downloaded as sdf was
processed using Icon fast default settings. All the structures having unspecified chiral centers were
discarded from the VS. All VS operations were conducted with the "Get best matching
conformation" option selected as the retrieval mode, and the resulting hits from the screening

were ranked based on their pharmacophore fit scores.

Structure - based pharmacophore virtual screening parameters

The crystal complex of murine mitochondrial CA V and AZM (PDB code 1DMY) was downloaded for
RCSB and a SB pharmacophore has been constructed by means of LigandScout Suite[33]. In order
to explore additional potential chemical features derived from the protein's apo-structure, we
generated an "apo-site" pharmacophore model, focusing solely on the buriedness surface. We set
the option to "Append to existing pharmacophore." The ApoSites generation parameters applied
are the following: (i) Surface Grid = 0.25; (ii) Buriedness = 0.40; (iii) HBA Max = 7; (iv) HBD Max = 7,
(v) Positive lonizable Max = 7; (vi) Negative lonizable Max = 7; (vii) Aromatic Max = 7; (viii)
Hydrophobic Max = 7. Subsequently, the model was refined, marking all the features except those

related to the AZM zinc-chelator atoms marked as optional.

This resulting pharmacophore then served as the basis for further screening of the hits retrieved

by LB model, filtering out molecules displaying a pharmacophore fit-score value below 70.
Homology modelling

The hCA VA structure was generated using TopModel [34], starting from two distinct murine alpha-
carbonic anhydrase V structures used as primary templates (PDB IDs: 1KEQ[24] and 1URT [23]),
along with the structure of the complex between murine mitochondrial CA V and the transition
state analog AZM (PDB ID: 1DMY)[22]. To assess the model's quality, we measured the Topscore,

which measure the LDDT (local distance difference test) error, indicating the degree of uncertainty
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in the interatomic distances calculated for a specific model. Low Topscore values signify higher
model quality. Hydrogen atoms were added to the model using the H++ server
(http://biophysics.cs.vt.edu/). Subsequently, the homology model we constructed was submitted
to energy minimization via Prime software, applying OPLS3e forcefields and restraining to both the

Zn atom and the histidines involved in zinc chelation (H94, H96, and H119).
Docking analysis

The hCA VA structure we modelled was employed for conducting docking studies of the 38
selected molecules. 3D coordinates of the ligands were generated using Vega 3.2.2[38],
deprotonating primary and secondary sulfonamide groups, then calculating charges through the
Gasteiger method and using SP4 forcefield and finally minimizing them using AMMP with the
Conjugate Gradient method (1000 steps). Then they were subsequently docked into the hCA V by
means of Gold Suite 5.0.1[39]. In the case of hCA V, the region of interest defined as receptor
encompassed residues within a 15 A radius from the original position of AZM in the X-ray structure
of murine alpha-carbonic anhydrase V. The fithess function CHEMPLP was selected, and standard
default settings were applied throughout the calculations. Each ligand underwent 100 genetic
algorithm runs, without enabling the “early termination” option. Results were clustered together
when the difference in ligand-all atom RMSD was less than 0.75 A. The highest GOLD fitness score
among the runs was chosen for subsequent analysis and visualization. Side chains of specific
residues, including L65, Q92, V121, Y131, K132, V135, L141, L198, T199, and T200, were allowed to

rotate based on internal rotamer libraries in GOLD Suite 5.0.1.

For the docking of VAME-28 and VAME-29 on hCA Il, we utilized the 3D structure of 4-(4-
aroylpiperazine-1-carbonyl) benzenesulfonamide derivative in complex with hCA 1l (PDB code
6XXT).[37] In this process, we removed the ligand complexed with hCA Il, aligned the PDB structure
1DMY to it, excluded the murine CA VA structure, and saved the complex hCAII-AZM to extract the
AZM coordinates for subsequent docking. We employed the Sequence and Structural alignment
method on MOE and added hydrogens using the Protonate 3D option and OPLS-AA forcefields,

while leaving other settings as default.

The same docking settings that were used for CA VA were also applied to GOLD for docking the two
derivatives onto hCA I, using as well AZM centroid to define the dockable region and sampling
AZM coordinates as described earlier. The two docking protocols outlined here differ exclusively on

the flexibility of side chains: in the first docking protocol, some were set as flexible, whereas in the
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latter case, they were held rigid. Molecular models of the docked ligands were visualized using

Pymol software. (https://pymol.org)
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Chapter 2: Dual Inhibition of Human Carbonic

Anhydrases IX and Xl for Cancer Treatment

2.1 Characterization and Role of hCA IX and hCA Xll in Cancer Proliferation

and Survival

Cancers represent one the most widespread life - threatening diseases, concerning both well

developed nations as well as the third world.

Apart from tumour invasion, progression and resistance, one of the main issues in cancer
treatment regards the side effects of both chemo and radio therapies.

In this context, herein is borne out the idea that selectively targeting hCA IX and XII might be a safe
and efficient way to treat various cancer diseases, preferably in combination with other
chemoterapeutical meds. High levels of the two isoforms were appreciated in various malignant
tumors like carcinoma of the cervix, breast, head and neck, lung, colon, esophagus, vulva, ovary,
pleural mesothelium, and tumors of the brain, supporting their importance in cancer growth,
proliferation and survival. [10, 40]

The first lead behind this assumption is the tissue hypoxia, which is a frequent condition produced
by the lack of oxygen derived from the growing cancer cells that replace vessels, resulting in a
reduced blood supply. As consequence, glucose catabolism is shifted towards anaerobic glycolysis
increasing lactate production and lowering the pH of tumour microenviroment.[10] Physiological
hCAs are the main actor in pH balance suggesting their involvement in cancer homeostasis. As a
matter of fact, both hCA IX and Xll are established biomarkers of different hypoxic tumours.
Hypoxia inducible factor 1a (HIF — 1a) directly up-regulate the expression of hCA IX due to the
missing proteasome degradation of HIF - 1a mediated by FIH -1(asparaginyl hydroxylase factor),
PHDs (prolyl hydroxylase domain proteins) and Von Hippel Lindau tumor suppressor
protein(pVHL), occurring in normoxia condition (Figure 17). The decrease of oxygen prevents HIF —
la inactivation and leads to its dimerization with HIF — 1B finally promoting the transcription of CA
IX genes. Nonetheless, overexpression of hCA IX was encountered also in other non-hypoxic

tumors such renal clear cell carcinoma (RCC).
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Figure 17. Schematic representation of CA IX expression mediated by hypoxia inducible factor vs normoxia — related proteins. Notes:
HIF-1a (Hypoxia Inducible Factor 1 subunit a); HIF-1f (Hypoxia Inducible Factor 1 subunit £8); PHDs (ProlylHydroxylase Domain
proteins); FIH-1 (asparaginyl hydroxylase Factor Inhibiting HIF-1); pVHL (von Hippel Lindau tumor suppressor protein); CBP (CREB
binding protein); HRE (Hypoxia Response Element). Image taken from ref.[40]

hCA IX function in tumor survival was properly elucidated too, since a straight correlation between
lactate overproduction, already mentioned, and the induction of apoptosis by the intracellular pH
drop can be done. Together with efflux pumps and channels, like the Na*/HCOs™ cotransporter
(NBC) or the HCOs37/Cl" anion exchanger(AE), its activity seize the protons belonging to lactate

production from the cancer cell cytoplasm as schematized in Figure 18.[40]
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Figure 18. pH regulation process within the tumor cells under hypoxic conditions. Notes: Proteins involved in the process are
schematically reported: monocarboxylate transporter (MCT), V-type H*ATPase (V-ATPase), Na+/H* exchanger (NHE), bicarbonate co-
transport (NBC), anion exchanger (AE), and carbonic anhydrase IX (CA IX). Representation from ref. [40]
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This effect on one side protects neoplasm cells from apoptosis activation, maintaining a neutral
intracellular pH, and on the other side promote tumor invasiveness and metastasis dropping
extracellular pH (pHe). Mutagenesis studies on hCA IX further confirmed its role in pHe regulation.
Finally, a very complex interactome of hCA IX was highlighted encompassing: i) protein involved in
cell adhesion as B — catenin; ii) mediator of nucleo-cytoplasmic transport machinery like XPO1
exportin and TNPO1 importin, which bind C- terminus of hCA IX (a.a. 418 — 459); iii) protein related
to gene transcription as the case of CAND1, that form complexes with hCA IX still through
interaction mediated by hCA IX residues 418 — 459, and iv) matrix metalloproteinase 14 (MMP —

14), promoting metastasis.[40]

Regarding hCA XII, less details about its real function are available in the literature in comparison
to hCA IX. Nevertheless, several evidence related to its expression are reported. Firstly, as for hCA
IX, it is influenced by HIF - 1a and hypoxia, as well as to pVHL. Apart from the protagonists of
hypoxia response, evidence of the association of hCA XlI expression and positive ER — a were also
reported. Not only, a study of 2010 conducted on MDA-MB-231 human breast cancer cell lines,
lined a very complex relationship between hCA XIl and different moderators of cell invasion. These
included MMP — 2, MMP — 9 and u — PA whose activity was impaired in hCA Xll knockdown cells.
Simultaneously, the expression of two endogenous inhibitors of MMP — 2 and u — PA, TIMP and
PAI, was increased. Interestingly, also p38 — MAPK pathway was impaired in knockdown hCA XII
transfected cells, driving to a reduced cell migration and invasion potential.[41] Taken together, all

these hints strongly suggest that also hCA XIl should be targeted to fight cancer.

hCA IX

SPH PG M cA ™]IC

Figure 19. Schematic domain organization of hCA IX. The signal peptide (SP), the PG domain, the CA domain, the TM segment, and
the IC tail are reported. The numbers of the first and last amino acid of each domain are shown. Taken from ref. [40]

Getting deeper in their architecture, hCA IX and Xll share in terms of subcellular location, topology
and sequence, several common features. They are both dimeric membranes bound proteins of 459
and 354 a.a. respectively, presenting an extracellular catalytic domain, well conserved also in other
hCA. The two include at the N — terminus a signal peptide, and glycosylation sites in their
extracellular domain corresponding to T115 and N346 in hCA IX, and N28, N80 and N162 in hCA

XIl.(Figure 19 and 20) Aside from proteoglycan — like(PG) domain, which is a unique part of the
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extracellular portion of hCA IX and strongly affects its catalytic activity,[40] the rest of the topology
of the two isoenzymes is pretty similar, characterized by the extracellular CA catalytic domain (a.a.
137 — 391 and 29 — 289 respectively for hCA IX and Xll) and , then by a transmembrane region (a.a
415 -433 in hCA IX and 302 — 322 in hCA Xll) and a final cytosolic region.

N-ter

PG Domain

DAY AN DYDY NN DD S YA I
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V’ Transmembrane
region

...O...Q‘........DD...........O'.I..O.

Intracytoplasmic portion

C-ter

Figure 20. Model showing the structural arrangement of the full-length CA IX dimer on the cell membrane. In yellow is reported the
disulfide bond between C174 of the two monomers. Taken from ref. [40]

Other characteristic features of these two enzymes regards residue involved in the protein
dimerization, in the case of hCA IX is the disulfide bond between C174, while for hCA Xl are two
transmembrane GXXXG and GXXXS motifs whose depletion lead to complete loss of hCA XiIl
guaternary structure.(Figure 21)[40, 42] Furthermore, phosphorylation sites at the intracellular C —
terminus, were also identified, resulting crucial in hCA IX catalytic activity and in hCA XII metabolic

signaling and kinases recruiting.[40, 42]
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Figure 21. Crystal structure of CAXII. (PDB code: 1JCZ) Human carbonic anhydrase XIl was crystallized at pH 7.5. Taken from ref. [42]
Finally, for what concerns the enzymes active sites, the conic shape of a — hCAs is retained as well
as the Zinc — coordinating histidines (H94, H96 and H119), the one commonly involved in the
proton shuttling(H64) and the residues N62, L198, T199 and T200, often involved in ZBG inhibitors
binding are conserved as for the widely expressed. Even so, different residues, mainly at section
257 — 268 (referring to hCA IX sequence numbering) present several differences with respect to

other hCAs, thus being an interesting druggable region to target.[40]

Crystallography made an important effort in providing diffraction data of the two isoforms, also in
complex with some inhibitors, although several mutations with respect to wild — type were
performed to obtain the dimer of hCA IX, and just recently in 2020 the native wild type CA domain
was obtained. Nevertheless, decades of X-Ray experiments performed on a mutated hCA Il (65A/S,
67N/Q, 69E/T, 91I/L, 131F/V, 132G/D, 135V/L, 169K/E, 203L/A, and 205C/G; taking as reference
one of the most recent PDB: 6VKG and using hCA Il residue numbering), so called hCA IX —
mimic,[43] permitted the retrieval of several information about ligand binding, similarly to hCA XII
for which various co — crystals are available on the RCSB PDB, thanks to its easy production, good

validation metrics and binding site identity with the wild — type hCA IX.
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In point of fact a plethora of selective hCA IX/XIl inhibitor are now reported in literature.[44] The
main example is SLC — 0111 that is already on Phase 2 clinical trials. The next section will give
indeed an overview on the most potent and selective hCA IX/XIl inhibitors for which structural
information about their binding — mode are available, with a major focus on sulfonamide — like

inhibitors and the newest approaches for the design of selective ones.

2.2. Application of Multiple Tail Approach on Sulfonamide - like Inhibitors
for the Selective Inhibition of hCA IX and XII

All the speculation done in previous paragraph regarding the inhibition of hCA IX and XIlI as
possible cancer treatment found an evidence if we have a look on the various binders investigated,
both for therapy and diagnostic purposes, and that already passed different clinical trials. Below
are reported some substances interacting with hCA IX/XIl, that span from small molecules to

monoclonal antibodies.

Table 5. Agents targeting hCA IX/XIl in clinical trials. Data taken from ref. [10]

SLC-0111 Small molecule NCT02215850 Advanced solid tumors Phase |
(Completed)
E7070 Small molecule NCT00003891 Solid tumors Phase |
(Completed)
NCT00080197 Metastatic breast cancer Phase Il
(Completed)
NCT01692197 Relapsed AML and High — Risk Phase Il
Myelodysplastic Syndrome (Completed)
Girentuximab(cG250) Monoclonal NCT00087022 Patients undergoing non — Phase IlI
antibody metastatic kidney cancer (Completed)
BAY 79-4620 Antibody-Drug NCT01028755 Advance stage tumor Phase |
Conjugate (Completed)
124].¢G250 PET tracer NCT00003102 Kidney Cancer Phase |
(Completed)
Zr¥9-gerentuximab Image agent NCT02883153 Renal cell Carcinoma Phase 1l
(Completed)
In111-DOTA- Image agent NCT02497599 Renal cell Carcinoma Recruiting
gerentuximab-
IRDye800CW
124-¢G250 Image agent NCT00606632 Renal cell Carcinoma Phase Il
(Completed)

Note: Information acquired from clinical Trials.gov.
Abbreviation: hCA, human carbonic anhydrase.

Thus, these molecules constitute an attractive alternative to cancer treatment, especially to

circumvent cancer resistance mechanism to the current chemicals in use.[10] Even so, the research
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on the topic is still open and diverse selective hCA IX/XII ligands with various mechanism of action
are under evaluation. Moreover, in several works is taken in exam the development of dual
inhibitors targeting also other anti — cancer targets. For example, recent works released inhibitors
of hCA IX/XIl showing dual activity on Vascular Endothelial Growth Factor (VEGFR — 2)[44, 45] on
monoamine oxidases (MAOs)[46] and thioredoxin reductase[47] thus hitting tumor pH regulation
and either angiogenesis or oxidative stress.

Nonetheless, selective inhibition of hCA IX and XlIl remains a tricky task due to the high
conservation of hCAs. Concerning sulphonamide — like compounds, a common trend in their
inhibition data is the high potency (in nanomolar range) not always flanked by a high selectivity.
However, a fine - tuning of the early described “tail approach” brought to the identification of very
selective sulphonamides or bio — isosteres.[48] Before describing the concept, it needs to be
highlighted how greatly vary the conservation of the hCA active site among the isoform, going

from bottom to the entrance.
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Figure 22. Schematic representation of the (1) “single tail”, (2) “dual-tail” and (3) “three-tails” approach for the design of selective
zinc-binding CAls. Scheme taken from ref.[44]

Briefly, walking aside the two surfaces (hydrophobic and hydrophilic), starting from where the ZBG
anchors the Zinc ion, three different rims can be distinguished: an inner one, a middle and an outer
one. The more we go towards outer rim the more the residues are less conserved. Thus, the
strategy consists in enriching the ZBG scaffold, often benzene - or aryl — sulphonamide, with one or
more tails aimed to contact the middle or the outer rim of the catalytic site. Compound selectivity
is presumably addressed to differences in size or in hydrophilicity/hydrophobicity ratio of each
pocket side at these two levels. (Figure 22) [44]

Currently, hCA IX/XII selective inhibitors with up to three tails were designed using this approach.

Various linkers connecting the ZBG scaffold with the tails, whose compounds showed nice
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selectivity profile during stopped — flow assay, can be mentioned. Among them we can include

azines, specifically pyridines, pyridones, pyrimidines and triazines. (Figure 23)
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Figure 23. Selective and potent hCA IX and hCA Xl inhibitors based on Azine or fused Azine moiety. Compounds taken from ref. [44]

A particular mention should be done for compounds 2-5, not only for their promising potency and
selectivity, as for compound 2 and 4, but also for their novelty in the context of hCA IX/XIl inhibitor
scaffolds. Indeed compound 3 presents salt — like characteristics, thus being an interesting
candidate for targeting extracellular CAs, while compound 5 is Sildenafil analogue containing a
secondary sulfonamide, not common in classical ZBG sulfonamides.[44]

Several azoles, encompassing a plethora of scaffolds, which encodes pyrazoles, triazoles,

oxadiazole and conjugated or fused rings is also present in literature.[44]
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Figure 24. Some hCA IX/XIl selective pyrazoles. Compounds taken from ref. [44]

Here, the multiple tail scheme is completely fulfilled and led to very interesting selectivity data
(compound 8). Additionally, some 1,5-diaryl pyrazole derivatives (compound 6 and 7) confirmed
their antiproliferative activity, due to their hCA IX inhibition in synergy with other anti — cancer
drugs, as they demonstrated a restoring of doxorubicin cytotoxicity on breast cancer MDA-MB-231
cells.(Figure 24) Furthermore, some oxadiazoles, as Epacadostat previously identified as inhibitor
of another anti — cancer target (IDO — 1), resulted to be a highly selective inhibitor on IX/XIl too,
configuring as one of the most suitable candidate for in vitro and in vivo evaluation.[44]
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Figure 25. Some selective hCA IX/XIl azole derivatives. Compounds taken from ref.[44]
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Considering also the chemical space covered by this class of sulfonamides, compound 10 stand out
for its triazol - ferrocene tail that conferred interesting selectivity for the tumor isoforms. On the
other hand, also some hindered AZM derivatives, presenting a thiadiazol scaffold as the most
classical hCA inhibitor, but engineered with a bulkier tail (as rimantadine), resulted more selective
than the standard.(Figure 25)

Bringing back the dual inhibition theme, some derivatives bearing an isatine moiety, a very
powerful scaffold already endowed in some tyrosine — kinase inhibitors such as Nintedanib and
Sunitinib, were taken in exam for hCA IX/XIl inhibition. 23 isatine - pyrazole
benzenesulphonamides, showing potent inhibition of the tumor isoforms with a preference for
hCA IX, were synthesized exploiting this clue and two molecules, compounds 12 and 13, showed

impressive selectivity over the cytosolic isoenzymes | and 11.[49]
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Figure 26. Some isatine based benzenesulphonamide selectively targeting hCA IX/XIl. Compounds taken from ref.[44]

Then, based on a QSAR and structure — based analysis another series of 1H-indole-2,3-dione 3-(N -
phenyl-thiosemicarbazones) incorporating the same moiety was obtained.[50, 51] Among them,
compound 14 demonstrated not just selective inhibition of hCA IX/XII, but also anti — proliferative
activity towards breast cancer MDA — MB — 231 and MCF — 7 cell lines and potent inhibition of
VEGFR — 2 receptor, further confirming the usefulness of isatine ring embodiment in anti — cancer
drug design. (Figure 26)

Finally, another trend in selective sulfonamide design is presented is recent studies, which reside in

taking inspiration from either sweeteners or carbohydrate to decorate zinc binder’s tail or to bear
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the ZBG. From here, two new attractive classes of selective hCA IX/XIl sulphonamide - like
inhibitors were developed: Saccarin(SAC) and Acesulfame K (Ace K) (compounds 15 and 17) based

inhibitors and carbohydrate — based ones.
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Figure 27. Chemical structure of Saccarin (15) and Acesulfame K(16)
The first two classes present two very inspiring scaffolds for selective design, as on one side they
configure as selective lead compounds for hCA IX (SAC also for hCA XllI) inhibition, but on the other
side show safe ADMET profiles as being already approved by FDA as food additive. (Figure 27)
Indeed, lead optimized derivatives of SAC and Ace K very promising selectivity profiles reaching Ki
values for hCA | and Il > 50000 nM.[44] Interestingly, some of them were tertiary(compounds 19
and 20) sulphonamides/sulphamates whose mechanism of action is not elucidated yet. (Figure 28)
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Figure 28. Some SAC/Ace K based hCA IX/XIl inhibitors with,
sulphonamide/sulfamate groups. Compounds taken from ref. [44]
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Carbohydrates based inhibitors instead were designed using a strategy initially introduced by
Winum et al. called “sugar approach”, which before raised selectivity also in other hCAs as

demonstrated by Topiramate endowing this type of moiety (doi.org/10.1002/med.20141)(

10.1016/j.bioorg.2022.105920). Also in this case, a variety of linkers that connect the sugar to ZBG,
encompassing secondary or tertiary sulfonamide included in pyrrolidine or piperidine cycles, as

well as ureidic ones, provided inhibitors with outstanding potency and/or selectivity. (Figure 29)

\
N.
(o]
N
“0SO,NH,

(o]

SONH, - OSO;NH,
21 22 23
hCA 1 Ki=4260 nM hCA 1 Ki=9500 nM hCA | Ki => 20000 nM
hCAllKi=271 nM hCA 1l Ki=725nM hCA 1l Ki = > 20000 nM
hCAIXKi=2.1nM hCAIXKi=2nM hCAIX Ki= 11 nM
hCA X1l Ki= 9.8 nM hCAXII Ki=1nM hCA Xl Ki = 85 nM

Figure 29. Some sugar - based sulphonamides/sulfamates displaying selective inhibition of hCA IX and XII. Compounds taken from
ref. [44]

A massive contribution in selective inhibition design was given by crystallography which enabled
the investigation of key interaction between selective binders and the two isoenzymes subject of
this study. In particular, co — crystals of some selective hCA IX inhibitors in complex with hCA IX —
mimic were deposited in RCSB PDB. These included the lead compound SLC — 0111 (Ki of 45 nM
and 4.4 nM respectively on hCA IX and Xll) [30] (PDB code: 5JN3), Epacadostat (PDB code: 6VKG),
Saccarin (PDB code: 4RIV) and Acesulfame K (PDB code: 5WGP). Giving a brief resume, the main
reasons behind their selectivity, as predictable, resides in the shape and interaction patterns at the
entrance of hCA binding site. More in detail, analyzing Epacadostat binding mode in hCA IX — mimic
with its respective one in hCA Il, a meaningful difference in the shape of hCA IX and Il is
represented by the mutation at position 131 (Phe to Val) which enables several lipophilic
interactions in hCA IX with respect to hCA Il in which just a simple phi — phi T shaped interaction is
formed by the phenil tail of Epacadostat. Hydrogen bond networks, encountered in selective
ureido benzenesulfonamides too and involving not only Q92 (conserved in hCA 1l) but also N67,
seem to play an important role in hCA IX ligand selectivity. [43, 52]

Concerning hCA XIl, up to 30 X — Ray structure are available on RCSB PDB, of which 28 are in

adduct with ZBG inhibitors. Despite the co — crystalized inhibitors were tested by thermal shift
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assay (TSA), thus providing not comparable data with the inhibitors previously reported, also in this
case some hints about specific hCA Xll binding can be found. The main one regards S132, hydrogen
bonded by ligands showing interesting selectivity accounted comparing their Kd values between
hCA Xll and Il (See PDB code: 5LL9).

Taken together, all the crystallographic and activity data, as well as the hypothesis provided by
molecular modelling studies on hCA IX and Xl can provide valuable tools for selecting new

candidates that may even reach clinical trials. [53]

2.3. From Retrospective to Perspective Studies on 1,2,3,4-
Tetrahydroisoquinolin-2-ylsulfonamides as hCA IX/XIlI Inhibitors using a fast

and accurate ensemble docking protocol

Although several promising binders of hCA IX/XIl were identified so far, still some flaws in tracing a
proper SAR able to highlight the chemical patterns involved in ligand selectivity are present. As
confirmation, some of the compound series reported in the previous paragraph, although
containing very potent and selective hCA IX/XIl inhibitors, had as well several inactive or non —
selective compounds [44, 54, 55]

Herein a similar case is reported, where a series of 1,2,3,4-tetrahydroisoquinolin-2-ylsulfonamides,
showing initially low nanomolar inhibition hCA Il (compound 4 taken as reference), loosed their
affinity during a second screening once hindered with an aryl moiety at C-1 of the isoquinoline ring
(compounds 1, 2 and 3), despite bearing a primary sulfonamide group which often ensures
potency for hCAs. Surprised by these results, during my PhD research activities we have also
investigated their ability to inhibit hCA XIl. Differently from any expectation, they exhibit low
nanomolar inhibition of hCA XllI, configuring as selective hCA XIl. (Figure 30) With the aim to
explain the different affinity of compounds 1-3 among the three isoforms, we performed a
retrospective study, combining both a computational workflow on hCA IX and Xl and
crystallographic binding — mode depiction on hCA Il. Briefly the modelling pipeline is composed of
four main steps: i) development of an ensemble docking protocol on hCA IX — mimic and hCA XII to
identify a reliable pose prediction of the compounds on the two isoforms; ii) binding - energy
calculation of the compounds on the three isoforms (hCA II, XI — mimic and Xll); iii) binding mode
comparison between the three isoforms using docking complexes of compounds in hCA IX — mimic

and XIl, and co — crystals of the three compounds with hCA Il ; iv) Molecular Dynamic (MD)
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simulations of both docking complexes and hCA Il co-crystal structures. A detailed description of

these four steps will be then given in the sub-sections of the next Result and Discussion part.

A B
R K; (M) @
ﬁ Code name R hCA1  hCAll hCA IX hCA Xl
PN OCH, EM_2 (1) CeHs 8980°% 15700° 8440° 6.5
N || TN EM_4(2)  4F-CH, 4430° 14980° 5590 6.5
© EM_6(3)  4-NH,C,H, 8070° 11300° 6780° 5.5
DT_9 (4) CH; 2800°¢ 87.3¢ 9.4¢ n.d.
OCH, .
SLC-0111 5080¢  960¢ 454 4.5
AZM 250¢  12.5¢ 25.8¢ 5.7¢
‘ Errors in the range of +5-10 % of the reported values, from 3 different assays.
b
data taken from reference[56]
[data taken from reference [57]
9 data taken from reference[37]
n. d. = not determined

Figure 30. Main scaffold (A) and table reporting the R groups, the activity data of each compound object of this study, including the
standard compounds (AZM and SLC - 0111)

2.3.1 Result and Discussion

Considering that compounds 2 and 3 showed both a very similar structure and activity values on
the different hCA isoforms, we decided to focus our attention on compound 2 and its
unsubstituted analogue 1. As our aim was to identify the key interactions behind the different
affinity of our compounds 1 and 2, the first goal in this study was the identification of a reliable
docking pose of the two in the different hCA isoforms. A primary importance was given to the

prediction of their binding mode on the tumor-expressed isoforms hCA IX and hCA XII.

Development of an ensemble docking protocol on hCA IX — mimic and hCA XII

Due the presence on RCSB PDB of a large collection of three-dimensional structures of hCA XlI-
mimic and hCA XIl in complex with various inhibitors, we developed an appropriate ensemble
docking method able to consider the protein flexibility without any loss in the docking
performance speed. Material and methods section (vide infra) detailed the above-mentioned
protocol that included the following steps: a) selection and protein preparation; b) clustering of the
PDB structures; c) validation of the docking settings.

Thus, we started collecting several PDB structures containing both apo proteins or co — crystal
adducts with substrate or inhibitors of hCA IX — mimic and XII. Then, a selection according to the
sequence identity or to nature of the co — crystallized ligands was made, as described more in
detail in the Material and methods section. Finally, an in — depth validation of the docking

procedure, using the representative conformations of the two proteins obtained via RMSD
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hierarchical clustering, was performed to exploit it for the modelling studies of our in — house

compounds.
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Figure 31. Hierarchical clustering of hCA IX — mimic PDB structures. Distance matrix plotted as heatmap by TTClust. Each square
represents an RMSD value (expressed in nm) between two PDB structures, according to the key on the right side of the image. PDB
structures were labelled using a colour code that represents the cluster they belong to: Cluster 1 (red); Cluster 2 (blue); Cluster 3
(green); Cluster 4 (yellow); Cluster 5 (violet). (B) Dendrogram generated by the Matplotlib package included in TTClust, reporting the
ward linkage matrix of the clustering run. On the x axis are reported the PDB structures used, labelled using the same colour-coding
of Figure A, on the y axis is reported the distance at which distinct members are merged in the same cluster. The grey horizontal line
represents the distance cutoff chosen by the auto - clustering algorithm to define the final number of clusters generated. On the x
axis representative frames are highlighted by the coloured squares. (C) Histogram plotting the population of each cluster.
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Figure 32. Hierarchical clustering of hCA XII PDB structures. Distance matrix plotted as heatmap by TTClust. Each square represents
an RMSD value (expressed in nm) between two PDB structures, according to the key on the right side of the image. PDB structures
were labeled using a colour code that represents the cluster they belong to: Cluster 1 (red); Cluster 2 (blue); Cluster 3 (green);
Cluster 4 (yellow); Cluster 5 (violet). (B) Dendrogram generated by the Matplotlib package included in TTClust, reporting the ward
linkage matrix of the clustering run. On the x axis are reported the PDB structures used, labeled using the same colour-coding of
Figure A, on the y axis is reported the distance at which distinct members are merged in the same cluster. The grey horizontal line
represents the distance cutoff chosen by the autoclustering algorithm to define the final number of clusters generated. On the x axis
representative frames are highlighted by the coloured squares. (C) Histogram plotting the population of each cluster.
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Agglomerative hierarchical clustering, performed using TTClust, produced five and three

representative conformations of hCA IX — mimic and hCA XIlI, that were employed for our docking
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studies[58] (See paragraph “ Ensemble docking settings” of Materials and methods section and
Figure 31 and 32).

The ensemble docking method schematized before was able to reproduce the native conformation
of 24/46 (52.17%) and 24/28 (85.17%) ligands co-crystallized respectively on hCA IX-mimic and hCA
Xl during re-docking and cross-docking experiments, with an RMSD value < 2.6 A. Additionally, the
33.3% (8/24) and the 45.83% (11/24) of the successful results for hCA IX-mimic and hCA XlI
respectively, are obtained by docking the ligand in the representative structure of the cluster that
includes the native protein, thus supporting the usage of protein clustering procedure prior
ensemble docking. (See Table 6 A and B).

Therefore, the same ensemble docking protocol was employed to decipher the pose of compound
1 and 2 inside hCA IX — mimic and hCA XII binding site. Considering that both of compounds were
assayed as racemic mixture, we carried out the docking simulations for each pair of enantiomers
and investigated the binding — mode of both structures to give insights about possible hCA Xli

eutomer labeling.
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Table 6. Validation report of the ensemble docking protocol. Each PDB structure was coloured according to the same scheme of
Figure 31 and 32. Column “Ligand” reports the molecule ID of the respective co-crystallized ligand. RMSD values were calculated
using two different methods, one considering the displayed heavy — atoms (v. atoms), the other one considering the maximum
common structure (MCS). “RMS success” indicates docking poses with a RMSD value lower than 2.6 A than the X-Ray conformation.
“Best receptor” column reports ensemble receptor associated to the docking pose selected, which correspond to the representative
structure of the respective cluster. “Ensemble success” indicates whether the ligand is docked into the representative structure of
the cluster including its native protein. Validation report for (A) hCA IX - mimic co-crystallized ligands and (B) hCA XII co-crystallized
ligands. Tables were generated using Microsoft Office Excel (2016).

A
PDB Ligand |RMSD(v.atoms) [RMSD(MCS) [RMS Success |Best receptor |Ensemble success|
4R5A 34 3.1017 3.1017 N 2 Y
4R59 3)3 3.6445 3.6445 N 3 N
4RIU 3QR 4.9948 4,9948 N 3 N
4RIV LSA 0.5355 0.5355 Y 3 Y
4ZWX S5KZ 5.8004 5.8004 N 1 N
510 5.7604 5.7604 N 3 N
5IMZ AYX 1.737 1.3454 Y 4 N
5JN3 WWwWZ 2.3865 2.3865 Y 1 N
72D 1.2903 1.2903 Y 1 N
55825 72E 0.8895 0.8895 Y 5 N
72G 2.8122 2.8122 N 3 N
SWGP [AUD 2.7312 2.7312 N 5 N
SWLR 86B 2.2755 2.2755 Y 2 Y
SWLU 42G 8.7954 8.7954 N 1 Y
cas 6.6935 6.6935 N 3 N
6GCY 3QR 1.6848 1.6848 Y 2 N
60TI N84 1.1975 1.1975 Y 1 Y
60TK N7S 1.227 1.227 Y 2 N
N8A 5.2245 5.2245 N 3 N
N7M 2.5763 2.5763 Y 4 Y
N7A 3.4537 3.4537 N 3 N
60Ul N7D 1.682 1.682 Y 1 Y
60UM  [N7) 2.0029 2.5887 Y 1 N
6UGO Q77 0.6489 0.6489 Y 1 N
6UGQ Q7A 0.5921 0.5921 Y 3 N
6UGZ Q71 0.5379 0.5379 Y 1 N
6UZU 6LU 0.4462 0.4462 Y 2 Y
6VKG BBJ 4,4966 4.4966 N 2 N
VFG 1.1861 1.1861 Y 4 Y
7101 VFJ 0.7875 0.7875 Y 1 N
VFM 1.2345 1.2345 Y 1 N
VGS 1.4046 1.4046 Y 1 N
7J0B VGV 0.9935 0.9935 Y 1 N
ARZ 1.3635 1.4069 Y 1 N
7K6T VYV 6.8116 6.8116 N 2 N
7K6U VYY 1.8855 1.8855 Y 3 Y
7K6X VZ1 5.4748 5.4748 N 2 N
7K6Z VZD 7.4252 7.4252 N 2 N
7MU3 ZOA 7.7721 7.7721 N 2 N
7RRF 6IV 8.7299 5.9885 N 2 Y
75UW u7z7 10.8145 10.8145 N 2 N
75UY c97 5.2357 5.2357 N 3 N
usv 5.9846 5.9846 N 1 N
75vV8 U7l 6.8455 6.9133 N 2 N
NBA 5.2245 5.2245 N 3 N
8FR4 N7S 1.2286 1.2286 Y 2 N

62



PDB Ligand |RMSD (v.atoms) |RMSD (MCS) |RMS Success |Best Receptor |Ensemble success
1JD0 AZIM 1.7663 1.4845 Y 3 N
4HT2 V50 3.2523 2.3647 Y 3 N
4KP5 E1F 1.3429 1.1299 Y 3 N
4KP8 E1G 2.6207 2.3699 Y 3 N
4QoL V14 2.1967 2.0946 Y 1 Y
4QJ0 WWX 6.2328 6.2181 N 3 N
4QJ0 V1F 2.3241 2.1240 Y 1 Y
4Q)W WwWo 1.3826 1.3826 Y 1 Y
4WW38 |VD9 1.7984 1.5341 Y 2 Y
5LLS 6YH 2.2718 2.2718 Y 2 N
5LL9 6YQ 2.7461 2.7461 N 3 N
5LLO SEF 1.6284 1.4957 Y 1 Y
S5LLP 629 5.6776 5.6631 N 3 N
5MSA 3TV 1.4824 1.2310 Y 2 Y
5MSB V13 1.0366 0.6775 Y 2 Y
6G5L EMS 1.4295 1.4295 Y 3 Y
6G7A EOQ 1.8460 1.8460 Y 2 Y
6QNO J8Q 2.4455 2.3392 Y 3 Y
6QNG 195 1.8615 1.7572 Y 2 N
6QNL 192 4.0770 3.9768 N 3 N
6REY EA3 1.6793 1.1828 Y 3 N
6R71 JTW 1.5965 1.5965 Y 3 N
6T5P VD8 1.8624 1.0794 Y 2 N
6T5Q MKQ 0.6322 0.6322 Y 1 N
7PP9 VZ 1.8672 1.7006 Y 3 Y
7PUU 840 1.4766 1.1614 Y 2 N
7PUV 847 1.6793 1.5647 Y 2 N
7PUW 84| 1.3682 1.3682 Y 1 N

Cluster 1= mmm RMSD (v. atoms) = RMSD considering the displayed heavy —

Cluster 2 = atoms (value in A)

Cluster 3 = mm

Cluster 4 = RMSD (MCS) = RMSD considering the maximum common

Cluster 5= structure (value in A)

Ensemble docking on hCA XII of in-house derivatives.

Considering the promising selectivity of derivatives 1 and 2-towards hCA Xll, we started our
computational analysis on this isoform.

The (S) — enantiomers of compounds 1 and 2 were the first ones examined through our docking
simulations. Despite the two selected compounds demonstrated the overlapped K; values of 6.5

nM toward the hCA Xll isoform, they possessed different binding modes as depicted in Figure 33.
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Figure 33. Superposition of the (S) enantiomer binding mode of compounds 1 (green sticks) and 2 (purple sticks) inside hCA XII
binding site (cyan). Interacting residues are represented as thin sticks and zinc ion as a grey sphere. Crucial hydrogen bonds are
highlighted by yellow dashes while lipophilic interactions by surfaces.

The two inhibitors 1-2 were canonically bound to catalytic site through the sulfonamide ZBG group.
Intriguingly, the remaining 1-arylisoquinoline scaffold of the 1-2 are oriented toward two distinct
areas. The C-1 aryl substituent of compound 1 (green sticks) occupied the lipophilic cavity defined
by V121, L198, L141 near to the entrance of the active site whereas the dimethoxysubstituted-
benzene ring engaged two hydrogen-bond interaction with not conserved K67 with the two
methoxy group. The wide cavity of hCA XIl allows a different positioning for inhibitor 2 (purple
sticks), for which the dimethoxysubstituted-benzene ring interacted with the side chain of polar
residue S135; additionally, the fluorine atom was hydrogen bound with N62. The two above
mentioned polar interactions could explain the different orientation of 1-arylisoquinoline ring to
respect parent compound 1. Subsequently, we decided to explore the hypothetical binding mode

of the (R)-1 and (R)-2 on hCA XII.
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Figure 34. Superposition of the (R) enantiomer binding mode of compounds 1 (smudge sticks) and 2 (magenta sticks) inside hCA XII
binding site (cyan). Interacting residues are represented as thin sticks and zinc ion as a grey sphere. Crucial hydrogen bonds are
highlighted by yellow dashes while lipophilic interactions by surfaces.

Each single (R)-enantiomer for the two compounds displayed a very similar orientation that is a
hybrid binding mode between the ones discussed before for compounds (S)-1 and (S)-2. In detail,
the C—1 substituent of inhibitors (R)-1 and (R)-2 was located in the same region of hCA XII cavity as
found for enantiomer (S)-2, forming hydrophobic interactions with T200, while the
dimethoxyphenyl ring contacts the hydrophilic surface hydrogen— bonding Q92, similarly to
compound (S)-1 (Figure 34). Therefore, we can conclude that in hCA XII it seems that no eutomer

can be distinguished and that the two enantiomers could both contribute to the high activity.

Ensemble docking on hCA IX — mimic of in-house derivatives.

With the purpose to explain the low activity of compound 1 and 2 on hCA IX, (Ki values of 8440,00
and 5590,00 nM, respectively) we performed the ensemble docking protocol described before
using representative structures of hCA IX - mimic. In this case we chose to compare their binding
mode with previously reported parent compound 4 that was previously discovered as a potent hCA
IX inhibitors at low nanomolar concentration (Ki of 9.4 nM), so that compound 4 proved to be

about 1000-fold more potent hCA IX inhibitor when compared to analog compounds 1-2.
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Also in this case we started analyzing the (S) — enantiomers. For all studied compounds the
sulfonamide retained the key binding interactions at the bottom of the cavity. Concerning the tails
of the molecules, the dimethoxyisoquinoline ring of inhibitors 1-2 were overlapped, whereas the
smaller hydrophobic C-1 substituent allows that compound 4 assumed a divergent orientation for
which the dimethoxyisoquinoline ring approach the opposite surface of the hCA IX - mimic cavity
(Figure 35), generating a more favorable orientation of compound 4 in terms of shape

complementarity with the pocket.

Figure 35. Superposition of the (S) enantiomer binding mode of compounds 1 (green sticks), 2 (purple sticks) and 4 (orange sticks)
inside hCA IX-mimic binding site (yellow). Interacting residues are represented as thin sticks and zinc ion as a grey sphere. Crucial
hydrogen bonds are highlighted by yellow dashes while lipophilic interactions by surfaces.

In detail, compound 4 established several lipophilic interactions at the entrance of the binding-
site, mainly between the methyl group and L141, V143, V207, W209 side chains. On the contrary,
the presence of the C-1 aryl substituent on compound 1 and 2 induced a different positioning thus
causing loss of these interactions, facing just the hydrophilic surface (Figure 35). For inhibitor 2 it

was found just a weak contact between fluorine atom and N62.
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Considering instead the docked R-enantiomers of the three compounds inside hCA IX-mimic and,
while compound (R)-4 showed a similar orientation and pattern of lipophilic interaction at the
entrance of hCA IX with respect to (S)-4 enantiomer, two exceptions occurred for enantiomer (R) 1
and 2 docked in hCA IX: (a) (R)-1 showed an unusual pose, where no zinc coordination by the
sulfonamide group was present, further supporting its weak activity towards hCA IX; (b) compound
(R)-2 assumed the same orientation of compound (R)-4 but due to the bulk of the C - 1 substituent
it did not get deep in the lipophilic cavity (lined by V121, L141, V143, L198, V207 and W209) with

the whole tetrahydroisoquinoline scaffold as compound 4 (R/S) did. (Figure 36)

L91
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J i3 L 3
Figure 36. Superposition of the (R) enantiomer binding mode of compounds 1 (smudge sticks), 2 (magenta sticks) and 4 (salmon

sticks) inside hCA IX-mimic binding site (yellow). Interacting residues are represented as thin sticks and zinc ion as a grey sphere.
Crucial hydrogen bonds are highlighted by yellow dashes while lipophilic interactions by surfaces.

X-ray analysis of hCA Il in complex with compounds 1 and 2 and comparison with their hCA XII
docking poses
To confirm that compounds 1 and 2 can bind the CA active site through the sulfonamide moiety as

classical ZBG, their co-crystal complex with hCA Il have been solved by the Institute of
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Biostructures and Bioimaging (IBB) of the Italian National Research Council of Naples. For both
compounds the S-enantiomers have been solved inside of the cavity. The structural information of
the complexes will be deposit into Protein Data Bank.

The docked poses of the two compounds (both R and S enantiomers 1 and 2) in hCA XIl were
compared with their respective crystalized S enantiomers in hCA Il, trying to understand the

missing points in hCA Il that led to this different affinity against hCA XIl and hCA Il.

Figure 37. Superposition of the binding modes of both (R) (hot pink sticks) and (S) (purple sticks) enantiomers of compound 2 and
(S) — 2 one (magenta sticks) respectively inside hCA XII binding site (cyan) and hCA Il (pink). Interacting residues are represented as
thin sticks and zinc ion as a grey sphere. Crucial hydrogen bonds are highlighted by yellow dashes while lipophilic interactions by
surfaces.

In the same manner, the X — Ray structures of the S — enantiomers of compounds 1 and 2 on hCA ll
were superimposed to the one of compound 4 earlier deposited on RCSB Protein Data Bank (PDB
code: 3P0O6) with the opposite purpose. From the former comparison, at first sight, compound (S)

— 2 and its R enantiomer in hCA Xll presented an almost overlapped binding mode with the one of

68



the S enantiomers in hCA Il. Nevertheless, a key difference stands out: while in hCA Il the two
methoxy groups seemed meaningless for a proper recognition in this isoenzyme, in hCA XII they
were either orientated towards the hydrophilic side of the active site or to S135, forming profitable
hydrogen bonds. (Figure 37). Then, making the same analysis on compound 1, apart from the S -
enantiomer in hCA XII which showed a unique binding mode, still forming a rich pattern of H —
bonds through the two methoxy groups and hydrophobic interactions through the phenyl ring,
respectively with the hydrophilic and lipophilic surface of the enzyme, the same previous
assumption can be done. In one case (hCA II) apart from hydrophobic/m — it interaction with H94
and A65, no other interactions were formed by the rest of the scaffold. In hCA XlI, as previously
described, both lipophilic contacts and hydrogen bonds were involved in the binding of both

enantiomers of compound 1. (Figure 38)

L141

Figure 38. Superposition of the binding modes of both (R) (smudge sticks) and (S) (green sticks) enantiomers of compound 1 and (S)
— 1 one (lime sticks) respectively inside hCA XII binding site (cyan) and hCA Il (X- Ray)(pink). Interacting residues are represented as
thin sticks and zinc ion as a grey sphere. Crucial hydrogen bonds are highlighted by yellow dashes while lipophilic interactions by
surfaces.
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Taking into account instead the crystallographic pose of compound (S) - 4 in hCA Il and
superimposing it with the ones of the other two hCA XIlI inhibitors, a reversed condition is shown.
Here, its methyl group forms several lipophilic interactions with the hydrophobic sub — pocket of
hCA 1l (lined by V121, F131, L141 and V143) which orientate the 3,4 dimethoxyphenyl moiety
towards the hydrophilic side of the binding site, which hydrogen bond N92 and N67. Conversely,
the X-Ray conformations of compound (S) — 1 and (S) — 2 in hCA Il showed an overlapped
orientation, where just one and lipophilic interaction, described before justifying their weak/non —

existent activity on hCA Il. (Figure 39)

Figure 39. Superposition of hCA Il X-Ray structures (pink) in complex with the (S) enantiomers of 1 (lime), 2 (hot pink) and 4 (olive).
Interacting residues are represented as thin sticks and zinc ion as a grey sphere. Crucial hydrogen bonds are highlighted by yellow
dashes while lipophilic interactions by surfaces.

70



Binding energy calculation

Binding energy values obtained from MM — GBSA calculation, reflected the inhibitor activity too,
further supporting the hypothesis made by the analysis of the minimized docking poses and crystal
structures described above. As shown in Table 7, more negative values were appreciated by
compound 1 and 2 on hCA XlI with respect to the ones encountered on hCA Il X - Ray structures

and hCA IX — mimic docking complexes.

Table 7. Binding energy values obtained from MM-GBSA calculations of compounds 1 and 2 (both R and S enantiomers) on the
three hCA isoforms. Binding energy values on hCA Il crystals (column hCA Il X-Ray) are available just for the co-crystallized (S)
enantiomers Notes: n.a = data not available.

MM - GBSA AG binding energy

Ligand hCA Il X-Ray hCA IX - mimic docking hCA XIl docking
1(R) n.a. -19.84 -22.68
1(S) -5.74 -15.46 -20.5
2(R) n.a. -11.64 -31.92
2(S) -8.62 -24.15 -24.28

MD simulation of compound 1 and 2 on hCA XII, IX and II.

Lastly, to further reinforce the speculation on the selectivity of inhibitors 1 and 2 for hCA XIl, we
performed robust 200 ns Molecular dynamics (MD) simulations on their docking complexes with IX
— mimic and Xll and on their X — Ray co — crystals with hCA Il. This was done in order to evaluate
possible differences of the stability, expressed in terms of ligand RMSD values or interaction

occurrence along the simulation, of two molecules among the three isoforms.
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Figure 40. Desmond Simulation interaction diagram (SID) of compound (S) —
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1 of 200 ns MD simulation on hCA XII (A and B) and IX —

mimic (C and D) docking complexes and on hCA Il X- Ray co — crystal structures (E and F). Protein — ligand contact barplot (left),
reporting on the x axis the interacting residue while on y axis is reported the interaction frequency expressed as fraction. The type
of interaction established by each residue are characterized according to the colour scheme on top. Values with a fraction exceeding
0.1(100%) occur when multiple type of contacts are formed by the same residue with a ligand or co-factor (e.g. metals), or when
the same interaction involves multiple ligand atoms. Plots of the RMSD values along the MD simulations (right), reporting the
protein Ca and ligand RMSD values (&) along the simulation, calculated upon the alighment schematized by the colour coding on

top.
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Figure 41. Desmond Simulation interaction diagram (SID) of compound (S) — 2 200 ns MD simulation on hCA XII (A and B) and IX —
mimic (C and D) docking complexes and hCA Il X- Ray co — crystal structures (E and F). Protein — ligand contact barplot (left),
reporting on the x axis the interacting residue while on y axis is reported the interaction frequency expressed as fraction. The type
of interaction established by each residue are characterized according to the color scheme on top. Values with a fraction exceeding
0.1(100%) occur when multiple type of contacts are formed by the same residue with a ligand or co-factor (e.g. metals), or when
the same interaction involves multiple ligand atoms. Plots of the RMSD values along the MD simulations (right), reporting the

protein Ca and ligand RMSD values (&) along the simulation, calculated upon the alighment schematized by the colour coding on
top.

As result, all the (S)-enantiomers of the two inhibitors stably chelated Zn ion and hydrogen bonded
T199 along the whole simulation in all the isoenzymes, apparently displaying no differences among

the three isoforms. (Figure 40 and 41 A, C and E)
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Nevertheless, both (S) enantiomers retain the hydrogen bond networks (mainly mediated by water
bridges) and the lipophilic interactions at the entrance of the binding site of hCA Xl already
detected in the minimized docked poses. (Figure 40A and 41A)

On the contrary, in the other two isoforms (hCA IX and Il) the only consistent interactions were
lipophilic, mainly involving H94, and no hydrogen bonds stabilized the docked poses of the two
compounds or justified the position of the aryl moiety towards the hydrophilic surface of the
enzyme.(Figure 40 and 41 B and C) This is reflected by the ligand RMSD, which despite showing
comparable values to the ones of two compounds into hCA XlI, show a very irregular slope trend
which reflects changes in the position and conformation of the ligands (See Lig fit on Prot and Lig

fit on Lig of figure 40 D and F and 41 F).
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Figure 42. Desmond Simulation interaction diagram (SID) of compound (R) — 1 200 ns MD simulation on hCA XII. Protein — ligand
contact barplot (A), reporting on the x axis the interacting residue while on y axis is reported the interaction frequency expressed as
fraction. The type of interaction established by each residue are characterized according to the color scheme on top. Values with a
fraction exceeding 0.1(100%) occur when multiple type of contacts are formed by the same residue with a ligand or co-factor (e.g.
metals), or when the same interaction involves multiple ligand atoms. Plots of the RMSD values along the MD simulations (B),
reporting the protein Ca and ligand RMSD values (A) along the simulation, calculated upon the alignment schematized by the colour
coding on top
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Figure 43. Desmond Simulation interaction diagram (SID) of compound (R) — 2 200 ns MD simulation on hCA XII (A and B) and IX —
mimic (C and D) docking complexes. Protein — ligand contact barplot (left), reporting on the x axis the interacting residue while on 'y
axis is reported the interaction frequency expressed as fraction. The type of interaction established by each residue are
characterized according to the color scheme on top. Values with a fraction exceeding 0.1(100%) occur when multiple type of
contacts are formed by the same residue with a ligand or co-factor (e.g. metals), or when the same interaction involves mult'iple
ligand atoms. Plots of the RMSD values along the MD simulations (right), reporting the protein Co and ligand RMSD values (A) along
the simulation, calculated upon the alignment schematized by the colour coding on top.

The MD trajectory analysis was done as well for the simulations of the (R) enantiomers of the two
compounds. (Figure 42 and 43) However, it was done just for hCA IX — mimic and Xl docking
complexes, as no co -crystals formed with these enantiomers so far confirming that they do not
bind hCA Il. In the same way, no simulation on hCA IX — mimic in complex with compound (R) -

were needed, as its docked pose predicted a binding mode where no zinc coordination was found,

already not interpretating it as a hCA IX binder. (Figure 42)

Examining the R enantiomers behaviors during the simulations in hCA IX — mimic and XiII,
interesting results, with regards to the hydrogen bonds formed by the methoxy group, were

appreciated.

Compound (R) — 1, differently from the static pose on hCA XII formed more hydrogen bonds with
the hydrophilic surface of the enzyme, mainly contacting K67 as its S enantiomer did. Additionally,

due to the interactions of the di - methoxy moiety just mentioned, it pushed the phenyl ring
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towards the upper bottom part of the enzyme forming lipophilic interactions with W5 and the

proton shuttling histidine (H64), additional to the one with H94. (Figure 42A)

Compound (R) — 2 showed in hCA XII the same pattern of interaction of inhibitor (R) — 1, despite
with a lower frequency along the simulation. (Figure 43A) Concerning its trajectory on hCA IX —
mimic, the lipophilic interactions present in docking pose are noticed, although the number of
contacts with the hydrophilic side of the active site, seen in its simulation in hCA XlI, were missing.

(Figure 43A and 43C)

Conclusion

In conclusion, taking together the results from the docking studies, the MM — GBSA binding energy
calculations and the MD simulations, we can speculate that both enantiomers should be active on
hCA Xll, while for hCA Il and IX just the S enantiomers should be able to bind them. Nevertheless,
even the S enantiomers cannot provide a pattern of interaction in hCA Il and IX as rich as the ones
they have on hCA XII, since the hindrance brought by the introduction of the aryl moiety lead to a
re — orientation of the methoxy groups that lose any profitable h — bond/ water bridge with key
residues at entrance of the active site. The same bulk in hCA XII permits instead multiple ligand
conformations where non — conserved residues, including K67 and the section A131-S135, are

always targeted.

As a future perspective these structural hints might be taken into account to develop a
pharmacophore able to merge the multiple binding — modes reported here, involved in hCA XII

selectivity, in a unique model, coherently with the well-established tail approach.

2.3.2. Materials and methods
Ensemble docking protocol for hCA IX-mimic and hCA XII
Selection and preparation of protein complexes

From RCSB Protein Data Bank we collected three-dimensional structures of hCA IX-mimic and hCA

Xll isoforms of hCA. The selection criterion was the collection of the apo-structures or complexes
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containing sulfonamides, sulfamides and sulfamates, thus restricting the ensemble to 60 PDBs for
hCA IX and the ensemble of 41 PDBs for hCA XlI. Then, we discarded 12 PDB of hCA IX-mimic that
contained several mutations (< 6) in the catalytic site to respect to the wild-type hCA IX.
Moreover, 12 hCA XIlI structures were discarded as displaying a chimeric sequence so that we

reduced this set to 29 structures.

Subsequently, we selected the chain A of each complex; then, we aligned the sequences by
multiple sequence alignment using the Multiple sequence viewer in Maestro and the
superimposition of the backbones was performed using as reference the apo hCA IX - mimic (PDB
6FJI) and the hCA XlI in complex with acetate (PDB 1JCZ). Taking as reference the PDB with the

shortest sequence, the N and C termini were truncated.

For hCA IX — mimic the following mutations were carried out thus obtaining structures that

possesses the same residues present in the wild-type enzyme active site
Gly132(hCA IX-mimic/hCA 11)>Asp (hCA IX wild-type)
Val135(hCA IX-mimic/hCA Il)>Leu (hCA IX wild-type)
Cys206(hCA IX-mimic/hCA I1)->Gly (hCA IX wild-type)

For the PDB 6VKG and 7MU3 structures, the above-mentioned mutations were present;
nonetheless the protein 7MU3 assumed an alternative conformation for Leul34 and Aspl31
sidechains. Therefore, we modelled the sidechain of these two residues in the remaining 46 PDBs
through the rotation of the sidechain dihedrals, taking the orientation of the PDB 6VKG as
reference conformation. In order to avoid clashes and overlaps on the modeled structures, a
minimization of these two sidechains has been performed during the final step of the protein
preparation. For PDB 7MU3 structures, we maintained both the sidechain conformation with the
highest occupancy in one case (Leul34) and alternative occurrence possessing the same
conformation present in the PDB 6VKG (Asp132), based on the consideration that both

conformations possessed an occupancy value of 0.5.

Next, each complex was processed by using the Protein preparation workflow tool implemented in
Maestro[59] as detailed below. In “review and modify” panel, we removed alternates with the
lowest occupancy for each residue and detected co-crystalized ligand and co-factors. The
“preprocess” step was carried out to achieve the following tasks: (a) assign bond order by using

the CCD database; (b) add/replace hydrogens; (c) create zero-order bonds to metals; (d) convert
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selenomethionine to methionine residue; (e) fill in missing loops (using Prime); (f) generate het
states (with Epik) setting a pH range of 7.4 +/- 2.0; (g) fill in missing side chains (with Prime); (h)
cap termini. The “diagnose and analyze” step allowed us to check issues as overlaps, missing
atoms, wrong valences and to check the protonation states assigned by Epik in the previous step
to the ligands and to the histidine residues; in the case of detection of multiple states for the
ligand, we kept the first one for which the sulfonamide group displayed the nitrogen atom in
deprotonated form able to coordinate the zinc ion; histidine protonation states were also adjusted
in some cases to have the same protonation state in all the protein generating the same topology
in each structure; no adjustment was needed in all the hCA XlII complexes, while for hCA IX-mimic
His protonation states were set as follows: His 4 = HID; His 10 = HID; His 15 = HID; His 17 = HID; His
36 = HID; His 64 = HID; His 94 = HID; His 96 = HID; His 107 = HID; His 119 = HIE; His 122 = HID.

Finally, the side chains of the above-mentioned mutated residues (Asp132 and Leu135 of hCA IX-
mimic) were minimized using the 3D builder with OPLS_2005 force fields and the ligands were

extracted from the complexes.

PDB clustering

After the extraction of the ligands from the corresponding complexes of both hCA IX-mimic and
hCA XlI, we sampled a unique centroid from the superimposed ligand heavy-atoms using Discovery
Studio. Then, by means of VEGA ZZ software, we renumbered the residues of each protein
structure to generate structures possessing the same topology; in detail, we started from 4 for
hCA IX-mimic and from 3 for hCA XlI; then, we identified the residues at 10A from the centroid
coordinates present in the PDB used as reference for the initial superimposition (PDB 6FJI for hCA

IX-mimic and PDB 1JCZ for hCA XII; the selected residues are listed below:

hCA IX-mimic: Trp6; Tyr8; Leu61; Asn63; His65; Ser66; GIn68; Thr70; Leu92; GIn93; Phe94; His95;
His97; His120; Leul21; Vall122; His123; Trp124; Vall131; Asp132; Alal34; Leul35; Leul4dl; Vall43;
Ser197; Leu198; Thr199; Thr200; Pro201; Pro202; Leu203; Ala204; Gly206; Val207; Trp209;

hCA XII: Trp5; Tyr7; Asn65; His67; Ser68; Lys70; Leu71; Thr89; GIn90; Leu91; His92; Leu93; His94;
Glul05; His118; lle119; Vall121; His122; Tyr123; Alal31; Ser132; Ser135; Leu141; Alal42; Vall143;
Ser197; Leu198; Thr199; Thr200; Pro201; Pro202; Cys203; Asn204; Thr206; Val207; Trp209;
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Finally, we merged all the PDB structures in VMD[60] software as a unique trajectory, saved as dcd
file, and we performed RMSD clustering analysis using TTClust tool.[58] The RMSD matrix was
created considering backbone and sidechain atoms of the residues just listed above. Auto-
clustering was employed for the calculation and ward was set as clustering method (default).
Frame was set as unit for the timed barplot. The representative frame of each cluster was then

selected for our docking studies (See Figure 31 and 32).
Ensemble docking setting

As ascertained the conformations of the binding site for hCA IX-mimic and hCA XII through the
clustering methodology, we employed selected PDB structures for our ensemble docking studies;

these proteins corresponded to the representative frame for each cluster.

PDB codes of hCA IX — mimic representative structures
Cluster 1 60Ul
Cluster 2 7J0B
Cluster 3 4RIV
Cluster 4 7)0C
Cluster 5 7K6X

PDB codes of hCA XlI structures

Cluster 1 4KP8
Cluster 2 6R71
Cluster 3 7PUV

By using the default settings of the Glide Receptor grid generation tool, we generated a grid based

on the co-crystallized ligand for each of the above-listed PDB structures.

All the ligands were initially sketched as mol files with ChemDraw, the structures were merged
into one sdf file, and then minimized 3D coordinates were created using LigPrep; the chiralities
were retained when specified; otherwise, we created a maximum of 32 stereocisomers, generating
possible states (with Epik) at a target pH of 7.0 +/- 2.0 and adding metal coordination states. For

each ligand the states with lowest metal state penalty and the sulfonamide nitrogen deprotonated
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were selected for our docking studies. Then, the following were applied for ensemble docking

using the Glide Virtual Screening workflow (Vsw)[61]:

- Dock using Glide SP

- Dock flexibly

- Generate a maximum of 20 poses per ligand

- Post-minimize docking poses

- After docking, keep 100% of the docked ligands

- Retain all good scoring states
In the case of docking into multiple receptor grids using only the SP protocol, the Glide Vsw
returns by default the pose with the best (the most negative) Glide SP score and the ensemble

receptor associated with the selected pose.

The fine-tuned settings reported above belongs to a validation based on re-docking and
experiments conducted evaluating the ability to reproduce the native conformation of the ligands
co-crystallized on the 48 and 29 protein structures clustered; the procedure employed the
representative conformations, that have been obtained by the clustering procedure. From the
validation set of hCA IX - mimic, we excluded the PDB 6FJI since it contained the apo — protein and
PDB 6FJJ, as it presents the same ligand with the same conformation of PDB 4RIV. We retained the
ligand co-crystallized on PDB 6GCY, in view to the fact that regardless it presents the same ligand
of PDB 4RIU, a different conformation/binding mode in the two structures is show. For hCA XIl we

discarded just the PDB 1JCZ, as it represents as well the apo-protein.

We considered the method successful if more than the 50 % of the selected docking poses
reproduce the X-Ray conformation with an RMSD value < 2.6 A. (See validation report in Table 6A

and 6B of Result and discussion).
MM — GBSA binding energy calculation

Docking complexes obtain from the Vsw protocol were firstly refined using the Prime refine
complexes panel, performing a local optimization of the residues at 5 A from the ligand centroid
and employing an implicit VSFG water model and OPLS4 forcefield on Schrédinger Suite. Apart
from the residues flexibility, which were kept fix, the same water model and forcefield were set

during binding energy calculation. Apart from collecting the AG bind values, the results were saved
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as well as PDB and employed for interaction analysis and binding mode comparison using

LigandScout and Pymol software respectively.
MD simulation on hCA XlI, IX — mimic and XII

The refined complexes obtained from the MM — GBSA binding energy calculation and the hCA Il X —
Ray structures of compound 1 and 2 (R/S) were again submitted to the “Protein Preparation
workflow” as described in the “Selection and preparation of protein complexes” , additionally
refining the polar hydrogen orientation through the “Optimize hydrogen — bonds” panel, although
keeping fix the protomers and tautomers of H64(proton — shuttling histidine) and H94, H96 and

H119 (Zinc coordinating — histidines).

MD simulation were performed on Desmond software (2021). An explicit 10 x 10 x 10 orthorombic
TIPAPEW water box was generated for each complex submitted to the MD simulation. Na* and CI-
counterion were added after charge calculation, as well as an additional 0.15 M salt buffer of the

same ions. Also in this case OPLS4 forcefield were employed.

A 200 ns MD production phase using NPT ensemble with Martyna — Tobias — Klein barostat and
Nose -Hoover chain thermostat was performed on the systems just prepared. The default
Desmond protocol was used for equilibration and relaxation of the systems. Atom coordinates

during production step were collected each 100 ps obtaining = 2000 frames per simulation.
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PART Il

Chapter 3: Targeting Human Tyrosinase for
Melanogenesis Disorders: From Hyperpigmentation to

Parkinson’s disease

3.1 Melanine Biosynthesis and Associated Disorders

Melanogenesis represent the various biochemical pathways determining melanin pigment
production. Multiple biosynthetic schemes of melanin were depicted, as up to two type of melanin
polymers can be distinguished in human.(Figure 44) [62] These include:
- Eumelanin is an insoluble black/dark brown pigment which is composed of 5,6 — dihydroxy
- indole or 5,6 — dihydroxy-indole -2- carboxilic acid units.
- Pheomelanin instead is a soluble orange/yellow pigment formed by benzothiazine or

benzothiazole monomers

N COH
OH
/ N OH
N OH HO,C N = )
oH COH

NH»,

Eumelanine
Pheomelanine

Figure 44. Examples of core units of Eumelanine (left) and Pheomelanin (right) polymers. Arrows indicate possible attachments to
the rest of the polymer.

Both are majorly distributed in skin, hair and eye, determining their colour. In detail, two main
types of cells differentiated from the neural crest multipotent ones, melanocytes and
keratinocytes, are characterized by the presence of the two pigments. Specifically, keratinocytes
respond to UV radiation(UVR) damage activating a complex signalling process involving i) the
release of a -MSH which bind its extracellular receptor in the melanocytes and ii) stimulate

cAMP/CREB intracellular pathway which promote the transcription of several enzyme and
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regulators of melanin production in the melanocytes through the microphtalmia — associated
transcription factor (MIFT), which after maturation is given back to the keratinocytes, preventing

the tissue damage from UVR. (Figure 45) [63, 64]
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Figure 45. Role of MITF in melanogenesis cascade in human skin. It is represented by the interaction between a melanocyte and
several associated keratinocytes, so called epidermal melanin unit. MITF plays a master role in the cascade process for the
activation/differentiation of the melanocyte followed by the induction of melanogenesis cascade such as during UV-induced tanning
reaction. UV damages DNA in keratinocytes. DNA damage activates TP53 that initiates the transcription of POMC. POMC is cleaved
into peptides including a-MSH. a -MSH secreted from keratinocytes binds MC1R and increases cAMP in melanocytes. PKA activated
by cAMP activates CREB transcriptional activity in two ways: (i) Phosphorylate CREB; (ii) inhibiting SIK, a negative regulator of CREB
co-activator CRTCs, by phosphorylating SIK. CREB activates the transcription of MITF-M. MITF-M activates the transcription of
pigment genes including TYR, TYRP1, DCT, and PMEL. Image take from ref. [63]

A specific organelle, the melanosome, is designated for the synthesis and storage of melanin, and
according to its maturation and the type of melanin produced presents differences in shape and
colour along its maturation process. At the end of the maturation the eumelanosome is ellipsoidal
and black, presenting a lactice — like internal substructure, while the pheomelanosome is round
and red with granular inside. Although, both present the enzymes involved in melanin synthesis

anchored to their membrane. (Figure 46) [63]
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Figure 46. Melanogenesis and intracellular tracking for melanosome biosynthesis. MITF activate melanogenesis by inducing the
transcription of pigment genes such as TYR, TYRP1, DCT, and PMEL, leading to their transport from the trans-Golgi network to the
early endosome and then to the late one to form the melanosomes. Melanosomes have four maturation stages that differ in shape
and amounts of melanin pigments. TYRP1, AP-1 and GGA play key roles in the sorting process of export from trans-Golgi network via
early/late endosomes to stage | melanosomes by two other mechanisms: (i) BLOC-1/RAB32/RAB38/Varp/BLOC-2; (ii) AP-1 or AP-3.
RAB7 is required for the stage | melanosome formation and the TYRP1 sorting from early/late endosomes to stage | melanosomes.

Abbreviations: AP, adaptor protein; BLOC, biogenesis of lysosome-related organelles complex; GGA, Golgi-localized y-ear-containing
ADP-ribosylation factor-binding protein. Image taken from [63]

Figure 47 shows the various biosynthetic steps bringing to the formation of the two pigments. As
visible, L — Tyrosine, the initial precursor of melanin can take several routes and lead several

products. Some of these were properly confirmed experimentally, while others where just

hypothesized and require further validation.
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Nevertheless, two steps are the rate limiting ones in both eu- and pheo- melanin biosynthesis: the

oxidation of L — Tyrosine in L — DOPA (tyrosine hydroxylase or monophenolase) and the subsequent

one in L — dopachrome (DOPA oxidase or diphenolase). The two are catalysed by the same enzyme,

Tyrosinase (commonly known as hTYR or hsTYR), thus its inhibition lead to complete disruption of

the pigment production.
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In view of this, several diseases related to pigmentation disorders are related to Tyrosinase activity.
They can be classified into three main classes of disorders: hypopigmentation diseases,
hyperpigmentation ones and pathologies with mixed hypo and hyper pigmentation, then
subdivided into congenital or acquired. A most famous example of hypopigmentation is Albinism
or oculocutaneous Albinism, in which suppression of gene OA1 or OCA1 lead in one case to lack of

melanosome maturation or to hTYR monophenolase activity loss. (10.3390/ijms2117612) [62]

Regarding hyperpigmentation, hTYR results one of the main attractive target, as being involved in
several disorders such as solar lentigo, melasma, congenital melanocytic naevi, erythromelanosis
follicularis faciei et colli, erythema dyschromicum perstans, or postinflammatory
hyperpigmentation. These diseases, despite not very frequent or life threatening, can determine a
very stressful condition in patients due to the disfigurements, as they may experience several

psychological problems related to self — acceptance and aesthetic.

Considering more dangerous conditions, relationships between hTYR activity and melanoma were
found. Although melanin physiological role is to protect as well the DNA from UVR damage, a
different behaviour in melanoma cells regarding melanin storage has been documented: while in
the case of melanocytes melanin accumulation is prevented by its transport to keratinocytes, in
the case of melanoma cells they keep retaining melanin, then worsening the patitent survival.
Additionally, targeting melanin production in melanomas make the neoplastic cells more
susceptible to either radio and chemotherapy. As confirm, melanoma cells depigmented by the
hTYR inhibitor phenylthiourea resulted more sensitive both to radiotherapy and to

cyclophosphamide. [62]

Despite being more present in the tissues/organs previously mentioned, melanogenesis occurs as
well in other less predictable tissues. Indeed a third type of melanin, Neuromelanin, differing from
the previous for its tissue distribution, was also identified, specifically in the Sustatia nigra region in
the CNS, configuring hTYR as intersting target for Parkinson’s disease (PD) treatment. A discussion
is still open regarding the involvement of hTYR in neomelanin production, since few mRNA
encoding hTYR genes was found in the CNS and a major role is given to Tyrosine hydroxylase(HT).
Nevertheless, different experimental data suggest that. Firstly overexpression of hTYR in rats led to
the accumulation of neuromelanin and subsequent age dependent PD development. Then,

correlations were found between cutaneous melanoma and PD, as this type of cancer has a major
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incidence with respect to other type of tumors in people affected by PD, thus supporting that the

ectopic production of melanine has detrimental effects on CNS. [62]

An additional pathway of L - Tyrosine is shown in Figure 47, where L -Tyrosine is converted in 4 —
maleylacetoacetic acid, passing through the formation homogentisic acid (HGA) intermidiate.
People presenting a mutation of the homogentisic acid dehydrogenase (HGD) accumulate
homogentisic acid intermediate which is then oxidated into benzoquinone that forms the
ochronotic pigment. Its formation leads to a blue pigment deposition in skin, tendons, cartilages,
eyes, ears and finally tissue destruction. Hypothesis regarding the possible catalysis of HGA

oxidation, being a suitable target for treatment of this rare pathology. [62]

As just described, Tyrosinase configure as fascinating target for the treatment of several disease,
primarily involving cosmetics, then skin cancer field, neurodegeneration and finally rare disorders.
Additionally, the employment of Tyrosinase inhibitors were also suggested for the treatment of
fungal infections, and well — established agents in food industry for managing fruit/vegetables
browning.[65, 66] In the following section a more detailed overview of Tyrosinase architecture
belonging to humans but also other organisms are given. In the same manner, some potent
inhibitors of hTYR and the differences in their assay data with respect to the one of other type of

enzymes having Tyrosinase activity are also reported.

3.2. Characterization of Tyrosinase and Structural Differences Between

Human Tyrosinase (hTYR) and Other Type 3 Polyphenol Oxidase (PPO3)

As anticipated in the previous paragraph, Tyrosinase catalyses the two rate limiting steps of
melanin biosynthesis that consist in the oxidation of L — Tyrosine into L — DOPA and the subsequent
oxidation of L — DOPA into L — dopaquinone, distinguishing a monophenolase activity and
diphenolase activity. Precisely, the monophenolase activity represent the oxidation of
monophenols (as L — Tyrosine) in ortho position, while the diphenolase activity oxidate o —
diphenols into o — quinones. The two reactions may occur at the same time, as three states of the
enzyme active site are characterized: a de -oxy form where no substrate is binded, an oxy form that
binds both mono - and di - phenols and a met form that present the monophenolase oxidation

transition state and bind as well diphenol substrates. [62]
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Figure 48. (A) Catalysis mechanism of Tyrosinase of mono and di — phenolase activity. Image taken from ref. [67] and modified with
labels of our text (i-iv; a, b, ). (B) Schematic representation of catalysis vs reversible inhibition of Tyrosinase. Taken from ref. [62]

Resuming briefly, three ways can described (a, b or c), in which the substrates, enter chelating the
copper ions, in the two catalytic cycles (monophenolase or diphenolase) : i) a reversible step were
the de - oxy form binds O, and switch to the oxy — form; ii a) a reversible step were the oxy form
binds the monophenol substrate; iii a) an irreversible oxidation of the monophenol to the diphenol
intermediate leading to the met - form; iv a) an irreversible oxidation of the intermediate to
guinone releasing the de — oxy form of the enzyme; or iii b) an irreversible binding of the met —
form by a diphenol substrate which is, iv b) oxidated to quinone restoring the de- oxy form of the
enzyme, or finally ii c) the diphenol substrate reversibly binds the oxy — form and is iii c) irreversibly

oxidated to quinone releasing the met — form which bind another diphenol substrate following the
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steps iii b) and iv b)(Figure 48A). [67] Reversible competitive inhibitors of human Tyrosinase,

generally bind the met — form coordinating one or both copper —ions. (Figure 48B) [62]

To the structural point of view, Tyrosinase is a type — 3 copper enzyme, presenting two copper ions
and three histine residues that chelate each metal ion together with the substrate oxygen in a

tetrahedral geometry. [68] (Figure 49C)

Apart from humans, several organisms produce melanine, indeed several enzymes presenting
tyrosinase activity belong to different organisms including bacteria, fungi and plants. Among the
most famous we can enumerate the one from B. Megaterium (bacterium, PDB 3NM8), from A.
Orzyae (fungi, PDB 4J3P), from |. Batatas (sweet potato, PDB 1BT3) and the one from A. bisporus
(white button mushroom, PDB 2Y9X), whose structure was fully characterized, distinctly from hTYR
for which the 3D structure is not available yet. They all present a N- terminal domain, a C —
terminal domain and a central catalytic domain presenting four alpha- helixes where the di- copper
center is inserted. This latter is well conserved also in hTYR. [68] Nevertheless, the whole
architecture of human enzyme present, in terms of subcellular location, topology and sequence,

several differences with the respect to the other tyrosinases.

Taking as an example the tyrosinase from A. bisporus (AbPPO3 or commonly known as AbTYR),
which is currently the most used experimental model for screening purposes, due to its low cost in
comparison with the human enzyme which is more difficult to express, AbTYR presents several
dissimilarities. Firstly, the subcellular location and the topology of the two enzymes differ: AbTYR is
a cytosolic tetramer, unlike hTYR which is a monomeric protein bound to the melanosome
membrane.(Figure 49A and 49B) Moreover, they share a low sequence identity (23 %), which is
also partially reflected in their binding site. One of the most relevant difference is the presence in
AbTYR of a thioether bond between C83 and H85, absent in the human enzyme. (Figure 49C and
50B) [62]
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Figure 49. (A) Overall topology and quaternary structure representation of hTYR (left) and hTYRP1 (right). Image taken from ref. [69]
(B) Overall topology and quaternary structure representation of AbTYR. Image taken from ref. [70]. (C) Comparison of hTYR and
ADbTYR active sites. Arrows indicates non — conserved crucial features. Image taken from ref. [62]

The elucidation of the X — Ray model of human tyrosinase related protein — 1 (hTYRP1) (PDB 5M8L)
gave instead some 3D insights about hTYR, as they share a 40% of sequence identity and a 70% of
sequence similarity. [69] Likewise, they share overall the same topology, being both composed of a
signal peptide at the N -terminus (a.a. 1 —19 in hTYR), a cystine rich N -terminus region (a. a. 19 —
114 in hTYR), a tyrosinase central domain (a.a. 114 — 476 in hTYR) a transmembrane
section(position 476 — 497 in hTYR) and final C — terminal cytosolic domain (a.a. 498 — 529 in
hTYR). Besides, the deposition of hTYRP1 crystal structure enabled to predict various di - sulfur
bonds on hTYR. (Figure 50A)[69] Taken together, all these properties make hTYRP — 1 a suitable
template for homology modelling of hTYR. However, using hTYRP- 1 for inhibitor screening
purposes results tricky, as on one side it presents two Zinc ion in the catalytic site instead of copper
ones, and on the other side, despite binding tyrosinase substrates, whether it has mono or

diphenolase activity is still a question mark. [69]
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Figure 50. (A) Sequence domains comparison between hTYR, hTYRP1 and hTYRP2. Notes: Cys — rich, cysteine rich domain; TM,
transemebrane; SP, signal peptide; CD, cytosolic domain. Image taken from ref. [69]. (B) Multiple sequence alignment of hTYR
(hsTYR), hTYRP1 (hsTYRP1), S. Castaneoglobisporus (scTYR) and AbTYR (AbPPO3 and AbPPO4). in yellow, histidine residues bound to
CuA/ZnA; in orange, histidine residues bound to CuB/ZnB; in black, glycosylation positions; in green, cysteines responsible for the
formation of a thioether bond at the active site; in blue, residues predicted to interact with hsTYR inhibitors through molecular
modeling studies; in light gray, residues of hsTYR conserved in the other enzymes. Image taken from ref. [62].

Other information were obtained from endoglycosidase test, identifying asparagine glycosylation
sites at position 86,111, 161,230, 290,337 and 371. [71] Finally, mutagenesis studies suggested
V393, S380, whose mutation was also correlated to type 1 oculocutaneous albinism (OCA1), and
V377, S375, M374 and the copper chelating hisitines H367 and H390 as crucial residues for the

enzyme activity.[62, 72]

Switching to the inhibitor design topic, as previously mentioned, two main issues emerge: i) the
difficulty, apart from the cost, of testing on purified hTYR containing all the functional features
required for a proper assay (such as glycosylation, missing in E. Coli constructs); ii) the lack of 3D

structure of the human enzyme.

A plethora of potent inhibitors tested on AbTYR are available, however very few of them are also

potent inhibitors of hTYR. Not mentioning kojic acid, hydroquinone or arbutin which are reference
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standards for assays, a representative case is Rucinol, displaying sub - micromolar activity on

AbTYR (ICso = 0.6 uM) and moderate activity on the human enzyme (ICso = 21 uM). [62]

Nevertheless, a considerable effort has been made by computational chemists, as the

development of various homology models of hTYR led to identification of some potent molecules.

HO. OH
HO. OH
S
g\/;N
HN
1 Rucinol 2 Thiamidol 0
ICso hTYR=21 M ? ICsohTYR=1.1uM?
ICso AbTYR = 0.6 uM? ICso AbTYR = 108 uM P
HO. OH

HO, OH

o s

5 Oxyresveratrol .o
1C5o hTYR (MBTH assay)= 0.7 pM¢
ICso ABTYR = 3.0 uM©

—N
3 4 Nj
ICso hTYR = 1.6 uM? ICo hTYR=3.2puM? \\ />

HO.

Figure 51. Some potent hTYR inihibitors bearing resorcinol moiety. Notes: MBTH, 3-methyl-2-benzothiazolinone hydrazone
hydrochloride hydrate Tyrosinase assay; 2, Data taken from ref. [62]; ©, Data taken from ref. (10.1016/].jid.2018.01.019); <, Data taken
from ref. (10.1016/j.molstruc.2022.134180);

The most relevant class are resorcinols (compounds 1 — 5), for which Thiamidol™, specifically
bearing a thiazole scaffold, is now the lead compound in the market of depigmenting agents.
(Figure 51) [62] Interestingly, also stilbene motif resulted in dual inhibition of both AbTYR and hTYR,
with a preference for hTYR. (10.1016/j.molstruc.2022.134180)

6 7 8
K,hTYR=1.2 uM? K, hTYR = 1.02 pM 2 K, hTYR = 0.35 uM 2
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Figure 52. Some potent aurone derivatives inhibiting hTYR. Notes: 2, Data taken from ref.[73].
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Another remarkable design strategy in hTYR inhibitors development was the fusion of an non-
oxidizable 2-hydroxypyridine-N-oxide (HOPNO) ring, showing alone moderate activity on hTYR,
with an aurone moiety, already known as flavonoid with anti — melanogenesis activity, which led to

a very potent derivative (compound 8). (Figure 52) [73]
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Figure 53. Some examples of designed PROTACs targeting hTYR (up). hTYR — E3 Ligase PROTAC mechanism (down left). Image taken
from ref. [74]

Finally, some recent proteolysis-targeting chimeras (PROTACs), linking a hTYR specific binder (such
as kojic acid or L — DOPA) with a E3 ubiquitin ligase binder (Thalidomide), were also synthesized
with the aim of selectively ubiquitinating tyrosinase. In this context, the size and chemical nature
of the linker connecting the E3 ligase binder to the hTYR one, plays an important role in their

activity.(Figure 53)[74]

Despite along the years some very interesting advances in the design of hTYR inhibitors were
made, still some limitations in tracing a proper SAR of hTYR ligands are present. AbTYR is still
currently widely used for tests, as being very cheap in comparison to hTYR constructs, again
resulting a useful tool for initial screening. Nevertheless, as highlighted previously, the structural
differences between this latter enzyme and the human one determine glitches in the proper

design of hTYR inhibitors that can be tested on it prior to the more expensive hTYR assays.
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Thus, computational chemistry, until no crystals of hTYR will be deposited, may give a powerful aid
for design new hTYR inhibitors, keeping in mind the differences between the proteins used for the

biological assays.

In the next two chapters our contribution in this scenario is put forward, firstly giving some insights
on the AbTYR inhibitor design (Chapter 4), then giving a deeper focus on the issue just reported,
trying to shed light on the analogies and differences between hTYR and AbTYR that may be taken

into account for designing new hTYR inhibitors (Chapter 5).
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Chapter 4: Arylpiperazines as Novel Potent Inhibitors of
Tyrosinase Activity and Melanin Synthesis

In the previous chapter, some of the most potent inhibitors of hTYR were reported. As seen, most
compounds were characterized by a phenolic substructure presumably able to coordinate copper —
ions. On AbTYR instead, due to its good availability, a large variety of both synthetic and natural
compounds was explored for its inhibitory activity. As result, various studies reported active
molecules in the low micromolar range including diverse moieties with respect to p — phenols or
resorcinols, spanning from indoles, triazoles, benzimidazoles to ascorbic acid and coumarins. [74,
75]. Among the synthetic compounds binding AbTYR active site, p — fluorine phenyl moiety resulted
powerful for reaching sub — micromolar activity.[76] Herein, the decoration of this privileged
scaffold with an additional o — chlorine group and diverse types of tails is presented. (Figure 54)
Specifically, two projects focused on the enrichment of this scaffold are considered in this chapter:
the first deals with a potent series arylpiperazines embedding a cinnamic acid tail; the second one
take in exam multiple scaffolds linked to the 3 — Chloro — 4 — fluorophenyl ring that will be
discussed more in detailed in the text. An overview of their interesting biological activity, whereas

a major attention will be given to their binding mode predicted by means of docking technique.

Figure 54. General scaffold of the series of compounds discussed in this chapter.

4.1  Results and discussion
Cinnamic acid derivatives linked to arylpiperazines as novel potent inhibitors of tyrosinase
activity and melanin synthesis
Starting from previous studies that highlighted the potential of cinnamic acid derivatives such as
ferulic acid, caffeic acid and p — coumaric acid as antimelanogenic agents,[77] and considering as
well some synthetic compounds earlier discovered by lelo et al.[76], which pointed out the high

potency towards AbTYR brought by molecules having a 4 — fluorophenyl ring linked to a piperazine
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moiety with a aroyl tail widely decorated, Romagnoli et al. decided to combine the two principles
in a unique scaffolds having the structure reported below for which an entire series was

synthesized.(Table 8)

Table 8. Inhibitory activity of cinnamides 19a-aa object of this study compared to kojic acid as reference. Data taken from ref.[77]

0]
(NI
AN N\) =
(>
R
Compound R1 Rz Diphenolase activity
1Cs0? UM

19a 4-F 4'-Cl 14.09+0.86

19b 4-F 4'-NO, N.I.
19¢ 4-F 3'-NO, 23.32+1.40
19d 4-F 3'-OMe 9.9612.16

19e 4-F 3',4'-0CH,0- N.I.

19f 4-F 3'-0Bn N.I.

19g 4-F 3'-NO,, 4'-OMe N.I.
19h 4-F 3'-NH,, 4'-OMe 17.85+2.96
19i 4-F 2'-OMe, 5'-Cl 27.4043.23

19j 3-F 3'-NO,, 4'-OMe N.L.

19k 3-F 3'-NH,, 4'-OMe >100
191 3-Cl 3',4'-0CH,0- 34.25+1.67

19m 2-Cl 2'-OMe, 5'-Cl N.I.
19n 3-Cl, 4-F 4'-Cl 0.33+0.07
19° 3-Cl, 4-F 4'-NO, 0.35+0.04
19p 3-Cl, 4-F 3'-NO; 0.16+0.02
19q 3-Cl, 4-F 3'-OMe 0.25+0.03
19r 3-Cl, 4-F 3'-NO,, 4'-OMe 0.51+0.10
19s 3-Cl, 4-F 3'-NH,, 4'-OMe 0.53+0.08
19t 3-Cl, 4-F 2'-Cl, 3'-OMe 0.12+0.02
19u 3-Cl, 4-F 2'-OMe, 5'-Cl 0.46+0.15
19v 3,4-diF 3'-NO,, 4'-OMe 15.47+3.33
19w 3,4-diF 3'-NH,, 4'-OMe 6.84+1.18

19x 3,5-diF 3'-NO,, 4'-OMe N.L.

19y 2-F, 4-Cl 3'-NH,, 4'-OMe N.I.

19z 3-OMe 3'-0Bn N.I.
19aa @ (\NJ‘\/\@[NHZ 55.64+2.08

N OCH,4

Kojic acid (1) 17.76+0.18

3|Csp values represent the concentration that caused 50% enzyme activity loss. All compounds were studied in a set of experiments
performed in three replicates. N.I.: No Inhibition
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The inhibitory activity of the compounds was evaluated on AbTYR and, as predictable, the
derivatives bearing the p — fluoro substituent as R1 showed the lowest ICso values. However,
strikingly, the molecules also having a chlorine atom at position 3 presented the best biological

data, as they came to display single digit micromolar concentrations in the enzyme inhibition.

Here is where our collaboration started, as we depicted their binding — mode in AbTYR to have
more insight about the interaction making such potent inhibitors. Therefore, we performed a semi
— flexible docking of the compounds on AbTYR(PDB code: 2Y9X), showing the binding mode of the
best compounds 19p, 19s and 19t, presenting different substitution patterns on the cinnamic
moiety (respectively mono, 3,4 di substitution or 2,3 disubstitution of the phenyl ring), employing
GOLD[39] software and analysing the molecule interactions on Discovery studio. The analysis of
the top ranked poses (in terms of docking score) revealed results that match the activity profiles,
underscoring the significance of the 1-(3-chloro-4-fluorophenyl) piperazine moiety. Indeed, this
motif exhibited three crucial interactions frequently observed. Firstly, it engaged a halogen bond
between the copper-chelating histidines, most commonly H61 and H263, and the fluorine atom.
Then, the chlorine atom get nested in a pocket near the dicopper center, establishing hydrophobic
interactions with H61, V283, and A286. Finally, a pi-pi stacking interaction occurred between the

imidazole of the H263 side chain and the phenyl ring, contributing to stabilization.

NG A
N > Tvass

——

"N
H61l

C : M257
Figure 55. Best poses of the inhibitors 19s (Panel A), 19p (Panel B) and 19t (Panel C) into the AbTYR binding site (PDB code 2Y9X)
obtained from docking procedure. Compound 19s is depicted as green sticks, while compounds 19p and 19t are displayed as orange

and purple sticks, respectively. The amino acid residues of the binding site are represented by grey sticks. Halogen bonds are
highlighted as red dashed lines. The image was created by using PyMOL software

Conversely, the piperazine ring did not appear to play a pivotal role in binding. However, it seemed
to present the right balance between flexibility and rigidity, facilitating on one side the correct
orientation of the 3-chloro-4-fluorophenyl ring in the active site, and on the other side, concerning
the most active ligands 19s, 19p, and 19t, it also formed hydrophobic contacts with F264. (Figure
55)
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Regarding the cinnamoyl fragment, no ideal substitution pattern for the phenyl ring could be, as no
specific interactions were detected concerning the substituents on the phenyl ring. Nevertheless,
the double bond seemed to direct the phenyl ring towards a hydrophobic region characterized by
V248 and M57 residues. This orientation allowed for lipophilic interactions between the two
residues and the phenyl ring, as well as with its substituents when they were hydrophobic.
Consequently, when assessing the binding modes of derivatives 19t and 19s, it was suggested that
the p-methoxy group (in the case of compound 19t) and the m-chlorine atom (for compound 19s)
could serve as effective substituents for establishing productive contacts with V248. Once the
activity on AbTYR of the compounds was further confirmed by our computational study, the ability
of the most potent compounds (19n — 19u) to inhibit melanogenesis was evaluated in vitro and in
vivo using A375 human melanoma cells and zebrafish model respectively. As result, one inhibitor
(19t) was able to remarkably inhibit melanogenesis in zebrafish at 50 UM concentration, despite
producing 100% mortality during Fish Embryo Acute Toxicity (FET) test. Nevertheless, another
potent AbTYR inhibitor of the series (19r) successfully inhibited melanogenesis without any acute

toxic effect, making it a suitable candidate for more in — depth trials.

Leveraging the 3-Chloro-4-fluorophenyl Motif to Identify Inhibitors of Tyrosinase from Agaricus

bisporus.

Inspired by the results obtained together with Romagnoli, we engineered four different scaffolds
previously identified by research group where this PhD was carried out with the 3 — Chloro — 4 -
fluorophenyl moiety reported in this chapter. The reference compounds for the four chemical
frames included: 1-(2,4-dichlorobenzoyl)-4-[(4-fluorophenyl)methyl]piperazine (1a); 2-(4-[(4-
fluorophenyl)methyl]piperidin-1-yl)-1-[4-(4-hydroxyphenyl)piperazin-1-yllethan-1-one (2a); 3-([(4-
fluorophenyl)methyl]sulfanyl)-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-amine (3a) and 1,1'-
[methylenebis(sulfanediyl)]bis(4-fluorobenzene) (4a). (Figure 56)
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Figure 56. Reference compounds submitted to the structural modifications presented in this work. (CAM)

From this, the four different series schematized in Figure 57 were synthesized and evaluated for
their inhibitory activity against AbTYR. (Table 9) Again, the structures bearing the 3 — Chloro — 4 —

fluorophenyl fragment showed the best inhibitory activity among each series.

(@) HO
F
e T o :
K/N\/@ 2 /\\H/’\ )
R N
2a,R'=R’<H, R*=F,X=CH,

laand 1d,RR'=2,4-CL,CH, ab,c R’= H L_x
1 5 2bR'=R’=H, R®=F, X=N
1band 1e, RR'= 2CF,-5FCH, d,ef R’=Cl
2¢,R'=H R’=Cl,R®=F, X=N

1c and 1f, RR'= benzothiophen-2-yl
2d, R'=Me R’=Cl, R*=F, X=N

2 3
R S._S R 2
N—N 1 ~ _S._S R
SN G O Gl
YN R R .
X F NH, F

4a,R'=R*=F,R*=R3=H

- 4g,R'=F, R°=H
3a,R"=R=H, X=N 4b,R*=R*=R*=R*=H

X ) 4h,R'=H R’=F
3b,R'=H R*=Cl, X=N 4c,R'=R*=R3=H, R*=F
3c,R'=Cl R*=H, X=N 4d, R' = R? = H, R3=Cl, R*=
3d,R'=H R*=Cl, X=CH 4e,R'=F,R? = H, R>=Cl, R*=

af R'=R*=F,R*=R*=Cl

Figure 57. Compound series synthesized in this study, based on the scaffolds reported in Figure 56. (1 d-f; 2 a-d; 3 a-d; 4 a-h)
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Table 9. Inhibition data of the compounds tested on AbTYR diphenolase activity in this study and reference compound Kojic acid(KA)

Entry ICs0 (uM)? £ SDP
1d 0.42 +£0.03
le 0.19+£0.07
1f 1.72 £0.11
2b 4.43+0.54
2c 1.73+£0.28
2d 1.38£0.15
3b 24.15+1.02
3c >350
3d 67.32+6.67
ab >350
4c >350
4d 6.26 £ 0.37
4e 10.65+1.51
af 2.96+0.34
4g 26.02 £2.63
4h 183.46 £6.12

Kojic Acid(KA) 17.76 £ 0.18

2 All compounds were tested using a set of experiments performed in triplicate; 1Cso values correspond to the concentration
causing 50% enzyme activity loss.
b SD represents the standard deviation.

Thus, to validate the crucial role of the 3-chloro-4-fluorophenyl component in its binding affinity
within the AbTYR catalytic pocket, we employed a semi-flexible docking approach on four
representative compounds (1d, 2c, 3b, and 4f) using GOLD software [39]. Our molecular modelling
analysis of the most potent inhibitors (1d, 2¢c, 3b, and 4f) is presented in Figure 58. In all instances,
the fluorine atom in the docked inhibitors established significant interactions within the AbTYR
cavity, including:(i) participation in halogen bond interactions with the copper-coordinating
histidine; (ii) role of metal acceptor toward the di-copper ions CuA and CuB, except for compound
3b, which interacted only with CuA (Figure 58C); (iii) formation of hydrophobic contacts with
Phe292.
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Figure 58. The top ranked poses of the compounds 1d (purple sticks) (A), 2c (orange sticks) (B), 3b (slate sticks) (C), and 4f (deep teal
sticks) (D) docked in the catalytic cavity, whereas the di-copper ions are represented as brown spheres. The residues involved in the

interactions are depicted as pale cyan sticks, adding the surface in the case of hydrophobic contacts. Halogen and hydrogen bonds
are highlighted as red and yellow dashes, respectively. The AbTYR is depicted as a cartoon. Images generated using PyMOL software

(www.pymol.org).

Additionally, we observed that the 4-fluorosubstituted phenyl ring contacted the side chain of
His263 engaging pi-pi stacking interactions with it. Notably, in compounds 1d, 3b, and 4f, the
distinct fragments characterizing each chemotype exhibited a similar reconfiguration, establishing
favourable contacts with the residues at the entrance of the catalytic site, such as Val248, Met257,
Asn260, and Phe264.

On the contrary, compound 2c displayed a distinctive conformation, likely attributed to its higher
length in comparison with the other compounds examined. Consequently, the 4-piperazinephenyl
tail folded itself to facilitate its accommodation in the binding pocket. This binding mode was

reinforced by hydrophobic interactions with the side chains of His244 and Val283, in addition to a
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hydrogen bond formed between the phenolic OH group and Cys83. This observation suggests that
the elongation of the chain should not compromise the overall binding affinity.

Finally, although a diverse placement of the 3-chloro-4-fluorophenyl ring was appreciated in the
four compounds, the chlorine atom stabilized the binding to the catalytic cavity through van der
Waals interactions in all the cases, specifically with Ala286 and Val283 in the case of ligand 1d and
with Phe90 and Val283 in the one of inhibitors 2c, 3b, and 4f.

Therefore, taking together activity data and modelling studies, we can conclude that also in this
study the 3 — Chloro — 4 — fluorophenyl fragment, already proposed in the previous paragraph,

plays a key role in enhancing the potency of AbTYR binders.

4.2, Materials and methods

For the two studies reported in the Result and discussion section, the same docking protocol on
AbTYR (PB code: 2Y9X) using GOLD software[39] was employed. This was described more in depth
previous publications from our research laboratory.[76, 78]

The top ranked poses from the docking procedure were then analysed using Discovery Studio together with
LigandScout pharmacophores.(https://www.3ds.com/products-services/biovia/) [33]

Information regarding the compound synthesis and the biological assay procedures are descripted in detail

inref. [77] and [79].
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Chapter 5: Learning on Human Tyrosinase: From

Homology Modelling to New Inhibitors Selection

The thread introduced in Paragraph 3.2, regarding the difficulty of designing and testing hTYR
inhibitors just from the structural and biological basis on AbTYR, is taken back here in this Chapter,
as in first instance we also experienced this discrepancy in the activity data of some of our in-
house potent AbTYR inhibitors. Indeed, this study started from a collaboration with the research
group of professor Scheuermann from ETH Zurich University, who tested these derivatives against
hTYR. [80] Among them, only the 3-(4-Benzyl-1-piperidyl)-1-[4-(4-hydroxyphenyl)piperazin-1-
yllpropan-1-one (formerly known as compound 6b, now named just compound 6) showed
inhibitory activity towards hTYR. Nevertheless, despite showing very promising activity against
AbTYR (3.8 uM), it resulted a very poor inhibitor of the human enzyme displaying an ICso of 1.1
mM. The top player of hTYR inhibitors, Thiamidol, earlier mentioned in Paragraph 3.2, was again
tested confirming its potency on hTYR (3.8 uM, experimental value) and conversely proving weak

inhibition of AbTYR (108 uM, value taken from ref. [81]

Thus, our aim was to understand the structural analogies and differences of the two enzymes
involved in ligand recognition, exploiting the computational analysis of the binding mode of these
two inhibitors showing opposite activity on hTYR and AbTYR. The computational workflow
developed during my second year of PhD at Freie Universitat of Berlin together with the Molecular
Design Lab of professor G. Wolber, aimed to achieve this purpose, included: i) an in -depth creation
of an hTYR homology model; ii) comparative docking studies of the two inhibitors in the two
enzymes; iii) binding energy calculation of the docking complexes through MM — GBSA method; iv)

MD simulation of the docking complexes.
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Figure 59. Compounds evaluated in this work
The final purpose of the study was the design of new inhibitors that can be tested firstly on the
cheapest AbTYR and then confirmed by assays on the purified hTYR. This latter task has been
achieved as we identified compound 7, showing dual potent inhibition of AbTYR and hTYR(3.52
and 5.4 uM respectively). (Figure 59)

Therefore, the next Result and Discussion section will deal both with the individual results of each

phase of the computational pipeline and with the description of the final outcome obtained.

5.1  Results and discussion

Building a homology model for hTYR by comparative modelling

In order to depict a proper binding mode of the inhibitors in a protein for which no 3D structures
are available on the RCSB PDB, the obtainment of an homology model results a mandatory step.
Therefore, an in depth generation, validation and selection protocol was applied to obtain the
hTYR protein for our docking studies. This can be schematized as follows: i) creation and
refinement of multiple models; ii) consensus evaluation of the protein geometry; iii) docking and
subsequent MD simulations of ligands earlier co — crystallized on B. Megaterium Tyrosinase

(BmTYR).

Thus, four software were employed, leading to six different models: AlphaFold V.2 [82],
SwissModel [83], MODELLER through ModWeb server [84], and TopModel [34]. For MODELLER
and SwissModel three different PDB templates: 5M8S, 5M8Q and 5M8L to map the 3D structure of

the target. The templates were chosen either according to the highest sequence identity with the
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target protein (5M8S and 5M8Q)[85] or the highest GMQE score (Global Model Quality Estimate
score, a template evaluation metrics provided by Swiss Institute) [83] were chosen. AlphaFold and
TopModel did not require template selection due to their algorithms [82, 86]. For refinement and
validation processes, two models generated by AlphaFold were taken: the top-ranked solution

generated by the program and a model retrieved from the AlphaFold repository (Figure 60A).

A B
1 3 5 4 6 2

Generated Software Template used Template GMQE score
models (PDB code) Identity(%) 1
Model 1 SwissModel 5M8L 43.32 0.69
Model 2 SwissModel 5M8Q 43.78 0.68 3
Model 3 AlphaFold v.2  Unbiased NA NA 5
Model 4 MODELLER 5M8S 44 NA
Model 5 TopModel Unbiased NA NA 4
Models from

repository 6
Model 6 AlphaFold v.2  Unbiased NA NA 2
NA = Data not available

Figure 60. (A) List of the homology model created in this study and validation metrics for the template selection. (B) Correlation
matrix reporting the backbone RMSD between the models evaluated (Model 1 — 6).

Of the six models above, we first analysed the orientation of the copper-chelating histidines:
His180, His202, His211 and His363, His367, His90. All models correctly oriented the copper
chelating histidine side chains in a tetrahedral geometry, and no substantial differences were
observed. The models were then refined using the MOE Structure Preparation Wizard(Version
2020) [Molecular Operating Environment (MOE), 2022.02 Chemical Computing Group ULC, 1010
Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2023] to obtain all-atom
structures. The six models were then aligned and the root-mean-square deviations (RMSDs) of the
common residues of all models were calculated and reported in a correlation matrix to determine
if all the models generated, represent the same conformation or if there are significant differences.

Also at this level, the models depict the same conformation, not surpassing 2A (Figure 60B).

The models were further evaluated using the MOE Structure Preparation Wizard considering the
following characteristics: (i) bond-length, (ii) Psi-Phi outliers (Figure S3A), (iii) atom clashes, (iv)
presence of D-amino acids, and (v) presence of cis-peptides. The errors encountered at this step
were partially fixed through local minimization of the residues side — chains, although the

remaining ones were retained for consensus analysis using the SAVES online platform. SAVES
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include several protein validation programs, including WHATCHECK [87], PROCHECK[88], ERRAT
[89], VERIFY 3D [90], and PROVE [91]. WHATCHECK and PROCHECK analyze properties common to
MOE and were therefore used for consensus prefiltering of the model. ERRAT quality factor, PROVE
warnings, and VERIFY 3D score were considered only for eventual ranking of the models and not
for filtering them. Figure 61 depicts the pre-filtering criteria considered. Model 1, Model 2, and
Model 5 were filtered out after this analysis, as they contained either D-amino acids or clashes at

the di — copper center.

A Consensus errors evaluated:
+ Presence of D-aminoacid™*
+ Presence of cis peptides™
« Psi- phi outliers™

* Bond length***

+ Clashes™
Do clashes, outliers and cis-peptides regard the
active site residues close to the di-copper center?

A

Yes No == Retain the model

MOE*
PROCHECK*
WHATCHECK*

ERRAT
PROVE Discard the model  When clashes, does
VERIFY 3D visual inspection of VdW

radii confirm the error?

%>
@ Yes No

Data collected: \ 0

+ ERRAT quality factor Discard the model Retain the model
* PROVE Warnings

«  VERIFY 3D score

B
+ Model 1: D-aminoacid (M159,K160,E193, E242) -
Clashes: H211- H390; H363-H389; H367-H389
3 models + Model 2: D-aminoacid(M159,K160,E193, E242) —
discarded: Clashes: H211- H390; H363-H389; H367-H389
]—| * Model 5: Clashes: F386-H390

\\

6 models

submitted

for the C MOE‘ — MQE ) \/ SAVES Analysis :-> Bm?del?from
analysis v Analysis " Refinement " prefiltering

Figure 61. (A) Scheme of the criteria employed for prefiltering protein homology models. Common properties analysed via MOE,
PROCHECK and WHATCHECK are flagged by the coloured asterisks. (B) Outcome of the homology modelling prefiltering procedure.

The three remaining models (Model 3, Model 4 and Model 6) were then filtered evaluating the
binding modes of either enzyme substrates (L-tyrosine and L-DOPA) or with known inhibitors (such
as hydroquinone and kojic-acid), previously co-crystallized on homologous proteins (BmTYR and

TYRP1, PDB: 4P6R, 4P6S, 5138, 513B, 5M8P, 5M8M) [92-94] with the hTYR model selected from pre
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- filtering. The clusters obtained from docking were compared with the binding modes of X-Ray
complexes, and the poses were selected accordingly to the highest superimposition with the co -
crystalized ligand. These selected complexes were subjected to 50ns of MD simulation, and various
properties, such as protein RMSD, ligand RMSD and ligand-protein interaction frequency were
considered to choose the best homology structure. However, the validation of L-DOPA docking was
excluded since none of the three models presented a binding mode consistent with

crystallographic information.

Starting from the protein RMSDs, all models apart from Model 6, demonstrate a stable behavior
with fluctuations ranging from 3 to 5 A across all replicas of the submitted complexes. (Figure S4)
In terms of ligand RMSDs, Model 3 and Model 4 display fluctuations ranging from 1 to 4.0 A, while
Model 6 shows less consistent results across the analysed replicas, particularly for the simulations

conducted on hydroquinone complexes.

Major differences between Model 3 and Model 4 became visible when we looked deeper the
interaction patterns during dynamics between the ligands (L-tyrosine, hydroquinone and kojic-
acid) and the active site residues. The docked ligands binded CuA consistently throughout the
simulation with the six histidines (His180, His202, His211, His363, His367, His369) coordinating
with the two copper ions (CuA with His180, His202 and His211; CuB with His363, His367 and
His369) in all frames of the simulations performed exclusively in the docking complexes derived
from Model 4 (Figure S4). In addition, the authors of the PDB templates reported other
interactions with conserved amino acids. We compared these interaction patterns with the ones
found in our simulations and noticed that all the ligands submitted to MD simulation showed a phi
— phi interaction with His367 (homologous to His208 of BmTYR and His381 of TYRP1) when docked
in Model 4. Unlike, this interaction was missing for kojic-acid in complex with Model 3. All these
observations taken together suggested us to select Model 4 for further investigation of the

plausible binding modes of the hTYR ligands object of this study.

Comparative docking of Thiamidol and Compound 6 in hTYR and AbTYR

We rigidly docked the Thiamidol and Compound 6 in both hTYR and AbTYR crystal structure (PDB:
2Y9X) and then, after docking complex minimization, a binding mode comparison of the two in the

two enzymes was made.
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Starting from Thiamidol in hTYR, bearing a Resorcinol moiety recurring in hTYR binders, it
coordinates one copper ion in the active site (CuA) through the para — hydroxyl group of the above
— mentioned part. The same, forms an additional hydrogen bond with S380, crucial residue for the
enzyme activity. Other hydrogen bonds involving the ortho hydroxyl group of resorcinol and N364
sidechain carbonyl were also encountered. Then, this moiety is also involved in lipophilic contact
and 1t — 1t stacking interactions respectively with V377 and H367. Several lipophilic interactions at
the entrance of the binding site, hitting 1368, F347 and A357 are formed by both thiazole ring and
isopropyl amido group. Finally, the amide linking group forms an H — bond with the sidechain

hydroxyl group of S360. (Figure 62A)

Figure 62. Minimized complexes of Thiamidol (sticks with colored heteroatoms) in hTYR homology model (purple) and AbTYR X-ray
structure (PDB code: 2Y9X) (cyan) obtained after MM-GBSA binding energy calculation. Copper-ions (CuA and CuB) are represented
as spheres, while the copper-chelating histidines and the interacting residues are highlighted by thin sticks. The yellow dashes
represent hydrogen-bonds, and the surfaces defines lipophilic contacts. (A) Interactions found for Thiamidol in hTYR. (B)
Interactions found for Thiamidol in AbTYR. (C) Superimposition of Thiamidol complexes showed in (A) and (B) including the
homologous residues of the interacting ones.
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Regarding Thiamidol binding mode in AbTYR, the same coordination of CuA by the p — hydroxyl
group seen in hTYR was encountered too, involving as well h — bonds with the copper chelating
histidines. In contrast, the orientation of the o — hydroxyl group results different with the one seen
in hTYR, forming instead an h — bond with M280. Similarly, the amide group hydrogen — bond
G281. (Figure 62B) Nevertheless, with respect to the residues engaged in h — bonds with these two
ligand moieties in hTYR (N364 and S360), no correlation between the two hydrogen bonds formed
in the two isoenzymes could be done, as the amino acids involved were in completely different
regions of the active site. Lipophilic interactions, at the bottom and at middle part of the active
site, are retained instead, contacting A286 and V283 with the resorcinol ring and F264 with the
thiazole one. Surprisingly, no interactions were found for the isopropyl group, presumably due to a
possible clash with F264. Additionally, having a look on the superposition of Thiamidol binding
modes in the two enzymes, it may be speculated that hydrophobic interactions of the isopropyl
group found in hTYR were stabilized by the h — bond between the amide group and S360. (Figure
62C) The comparison overall was in good agreement with the biological data, since Thiamidol
displayed high potency towards the human enzyme and showed instead inhibition of AbTYR at 108

KM concentration.

Likewise, the binding mode of Compound 6, which showed an inverted behaviour in hTYR and
AbTYR with respect to Thiamidol, was elucidated in the two isoforms applying the same procedure

used for Thiamidol.

Concerning its binding mode on hTYR, it was noticed that the interactions involving the phenolic
moiety were, apart from the ones of the missing ortho — hydroxyl group, almost the same of the
ones showed by Thiamidol resorcinol ring. It chelated CuA ion, hydrogen — bonded S380 and H367,
and forms hydrophobic contacts with V377 and mt — it stack H367. Nonetheless, despite a lipophilic
interaction between the piperazine ring and 1368 is suggested by LigPlus and by LigandScout
receptor binding surfaces, no any other interaction were formed by Compound 6 tail. (Figure 63A)
This strongly reinforce the activity data showed by this inhibitor, displaying an ICso towards hTYR in

the micromolar range.
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Figure 63. Minimized complexes of compound 6 (sticks with colored heteroatoms) in hTYR homology model (purple) and AbTYR X-
ray structure (PDB code: 2Y9X) (cyan) obtained after MM-GBSA binding energy calculation. Copper-ions (CuA and CuB) are
represented as spheres, while the copper-chelating histidines and the interacting residues are highlighted by thin sticks. The yellow
dashes represent hydrogen-bonds, and the surfaces define lipophilic contacts. (A) Interactions found for 6 in hTYR. (B) Interactions
found for 6 in AbTYR. (C) Superimposition of compound 6 complexes shown in (A) and (B) including the homologous residues of the
interacting ones.

On the contrary its pose on AbTYR, apart from displaying the canonical interactions at bottom of
the binding site, involving CuA coordination, H-bonds with copper chelating histidines and
lipophilic interactions with A286, V283 and H263 (formed also by Thiamidol), it presented an
extended pattern of lipophilic interactions made by tail. Specifically, the piperazine tail contacted
F264 and inserted the benzyl piperidine moiety in a hydrophobic surface lined by M259, T261 and

V248, additionally forming a m-m T-shaped between the phenyl ring and F264 sidechain. An
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additional h — bond with V283(conserved in hTYR) backbone amino group was also formed. (Figure
63B)

Comparing the orientation of this moiety just described with the one depicted for hTYR, it also
visible that in the latter case it occupy an hydrophilic and solvent exposed region of hTYR binding
pocket, where this moiety, to SAR point of view, results useless, thus displaying also in this case the
reversed activity of this inhibitor against the two enzymes. (Figure 63C)

Again superimposing Compound 6 binding mode on AbTYR with the one of Thiamidol on hTYR
they seemed to target the same region of the two enzymes. However, while in the former case
(AbTYR) this region is presented an organised a-helix characterized by an hydrophobic surface, in
the latter case it was characterized by an extended loop with an unpredictable conformation,
suggesting that the hydrophobic interaction at the hTYR active site entrance may be restricted to

1368, V377 and F347. (Figure 64)

RN N N i
’ additional

loop
ﬂgaz AbTYR
a-helix

Figure 64. Superimposition of Thiamidol binding mode in hTYR (purple) with the one of compound 6 in AbTYR (cyan). Ligands are
represented by sticks with colored hetero-atoms while residues giving key interaction are highlighted by thin sticks. The cartoon
representation highlights the variable region at the entrance of the active site between hTYR and AbTYR.

Finally, binding energy values predicted using the molecular mechanics generalized Born surface
area (MMGBSA) calculation method, further supported the hypothesis regarding the different

activity and binding mode of the two inhibitors in hTYR and AbTYR, as more a negative value is
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shown by Thiamidol in hTYR with respect to its pose in AbTYR and the opposite situation is shown

by the complexes of Compound 6 in the two enzymes (See Table 10)

Table 60. MM-GBSA calculation of the difference in binding energy of the enzyme inhibitor complex indicates stronger binding
affinity of Thiamidol for hTYR and of compound 6 for AbTYR.

MMGBSA AG Bind (kcal/mol)

Compound hTYR AbTYR
Compound 6 0 -4.54
Thiamidol -14.81 3.34

Identification and binding mode prediction on hTYR and AbTYR of Compound 7

Taken together the hints of the previous paragraph, which overall suggested that, with respect to
the hydrogen bond network, the length of the scaffold together with the shape of the ligand and
the lipophilic interactions at the entrance of TYR binding site, had a major implication in
determining the potency towards both isoenzymes, we selected among a newly synthesized series
of in — house compounds, a derivative presenting a shortened scaffold and retaining a high

potency towards AbTYR initially named MehT — 3, now referred as compound 7. [95]

Before performing in vitro testing of the AbTYR inhibitor on hTYR, we firstly evaluated its binding

mode in both hTYR and AbTYR using the protocol employed for the other two compounds.

The docked pose predicted on hTYR Model 4 showed that compound 7 forms, as well as the other
two molecules examined, the typical interactions at the bottom of the active site involving the CuA
ion, the S380, the copper — chelating histines and V377. However surprisingly, it had almost all the
hydrophobic interaction formed by Thiamidol tail, specifically involving 1368 and F347. (Figure 65A)
Moreover, superimposing its minimized docking complex on hTYR with the one Thiamidol, it
showed an almost identical shape in hTYR active site, further configuring as a promising candidate

for hTYR screening. (Figure 65B)
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Figure 65. A) Minimized complexes of 7 (MehT-3) in hTYR homology model (pink) and B) its superimposition with Thiamidol on
hTYR (purple); C) Minimized complexes of 7 (MehT-3) in AbTYR X-ray structure (PDB code: 2Y9X) (teal) and D) its superimposition
with 6 on AbTYR (cyan). Copper-ions (CuA and CuB) are represented as spheres, while the copper-chelating histidines and the
interacting residues are highlighted by thin sticks. The yellow dashes represent hydrogen-bonds, and the surfaces defines lipophilic
contacts.

We also considered its pose on AbTYR and apart from the classic interactions formed by the other
two compounds, an hybrid conformation was shown by its ((2) — methoxy — benzoyl) — piperazine
tail which, despite losing some lipophilic interaction (e.g the ones with V248, M259 T261 formed
by Compound 6), it was still able to form some with F264 and P277. Additionally, the h — bond with
V283 previously seen on Compound 6, was also encountered.(Figure 65C and 65D) This latter
interaction was not seen for any on the three molecules on hTYR, possibly due to the different

conformation of the residue and its flanking amino acid in the two isoforms.

MM — GBSA binding energy calculation showed results coherent with the docking hypothesis on
hTYR homology model and AbTYR X — Ray structure, as well as with activity data on mushroom
tyrsosinase, showing negative values (-36.15 kcal/mol and -10.42 kcal/mol for hTYR and AbTYR,
respectively) comparable to the one of Thiamidol on hTYR and to the one of Compound 6 in

AbTYR.
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Encouraged by these computational results, we decided to screen Compound 7 against hTYR and
an outstanding result was obtained: it inhibited the enzyme at concentration of 5.4 uM, almost
comparable to the one of Thiamidol. Kinetic studies were also carried out and competitive

inhibition was also confirmed by Linewaver — Burk plots.

Molecular dynamic simulations of compounds 7, 6 and Thiamidol docking complexes
To give further evidence of our computational hypothesis we performed a 100 ns MD simulation

on the docking complexes of the three compounds in hTYR homology model and AbTYR.

As result, all the compounds remain inside both isoforms along the simulation. However,
comparing Thiamidol interaction diagram in hTYR with the one of the other two inhibitors there

were some differences between their binding mode in hTYR.

Firstly, confronting the ligand RMSD values of Thiamidol and 6 along the simulation, it was noticed
that while Thiamidol moved together with the protein, 6 showed an unstable behavior of the
benzylpiperidine tail, displaying RMSD values exceeding 10A. Secondly, apart from the lipophilic
interactions with copper chelating histidines, no stable interaction were formed by the lipophilic
tail of 6, Thiamidol, as already seen in static complexes, contacted V377 and 1368 with the thiazolyl
and with the isopropyl moiety respectively. In addition, a very stable H-bond with S375, not seen in
the static complexes, was formed by the carbonyl group of Thiamidol, further justifying its potency
towards hTYR. For what concerns 7 in hTYR, intermediate ligand RMSD values were shown with
respect to Thiamidol and 6. Additionally, the lipophilic interactions at the binding site entrance
already described are mantained, despite less frequent than Thiamidol. Finally, the relevant H-
bond with S380 results more frequent in comparison with Thiamidol and 6, therefore supporting

its median activity. (Figures 66-67)
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Figure 66. The RMSD plot of the hTYR in complex with compounds Thiamidol (A), 6 (B) and 7 (C). In the X-axis is reported the
simulation time; in the left Y-axis is reported the protein RMSD evolution, while the right Y-axis indicates how stable are the
compounds in the binding site during the simulation.
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Figure 67. Interactions of compound Thiamidol (A), 6 (C) and 7 (E) hTYR occurring during the MD simulation considering the
interactions that are manifested more than 30%. The tables in panel B, panel D and panel F show the protein-ligand interactions
categorized into four types: Hydrogen Bonds (green bar), Hydrophobic (purple bar), lonic (fuchsia bar) and Water bridges (blue bar).
Taking in exam the simulations conducted on AbTYR, all the three complexes result slightly more
unstable than the ones on hTYR if we consider the ligand RMSD values. (Figure 66 and 68) Even so,
also in this case, differences regarding the interaction occurrence of the inhibitors may justify their
reversed activity. Firstly, while nice lipophilic interactions and H-bonds were stably formed by
Thiamidol tail in hTYR, it poorly retained them in AbTYR. (Figure 67B and 69B) Furthermore, ligand
RMSD values exceeding 10.5A are shown, displaying ligand conformational changes around 10, 30,
50 and 80 ns. Compound 6, similarly as in hTYR, present as well in AbTYR an unstable behavior of
its flexible benzylpiperidine fragment, reaching fluctuations of 13.0A during the simulation.
However, during most of the simulation the ligand RMSD values remains between 6 and 9A.
Besides, comparing the protein-ligand contacts of inhibitor 6 in hTYR and AbTYR, it was noticed
that more frequent lipophilic interactions made by its lipophilic tail, mainly involving V283, F264
and V248, were present in AbTYR complexes as already seen in static poses. (Figure 69D) Finally,

while in hTYR the p-OH group chelated CuA ion, but did not form any other stable contact (e.g. the
one with S380), it strongly H-bonded E256 in AbTYR supporting its better activity towards this
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isoform. Differently from Thiamidol and compound 6, the dual inhibitor 7, despite showing
fluctuations that reach 9A, keeps its lipophilic tail oriented toward the same side of the active site
seen in the static poses, stably contacting V283 with the phenylpiperazine moiety and F264, V248
and M257 with the 2-methoxy-phenyl ring. Finally, an additional and stable H-bond between the
carbonyl oxygen and N260 sidechain may explain the conformational change of the methoxy-

benzoyl moiety seen at 45 ns and support the potency retained by compound 7 on AbTYR (Figure
68C and 69F)
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Figure 69. Interactions of compound Thiamidol (A), 6 (C) and 7 (E) hTYR occurring during the MD simulation considering the
interactions that are manifested more than 30%. The tables in panel B, panel D and panel F show the protein-ligand interactions
categorized into four types: Hydrogen Bonds (green bar), Hydrophobic (purple bar), lonic (fuchsia bar) and Water bridges (blue bar).

Conclusions

The computational workflow reported in this study, that started with the obtainment of an
homology model and a comparative docking procedure aimed to the identification of structural
differences and analogies between hTYR and AbTYR exploitable for the design of new hTYR
inhibitors that could be initially screened on the cheaper AbTYR, shed the light on potential key
residues to consider for achieving potency in both isoforms (specifically S380/A286 — H367/263 -
V377/V283 — 1368/F264), additionally underscoring the importance of the length and lipophilic
nature of the compound scaffolds. The computational insights presented found a final
confirmation in the identification of the dual inhibitor 7, thus providing hints for the future design

of potent hTYR inhibitors.

6.1 Materials and methods

Homology modelling: protein preparation

The six initial models were generated giving as input the FASTA file P14679 downloaded from
UniProt database. The output results of the four programs were then aligned and superimposed
using the sequence and structural alignment method on MOE (Version 2020.09.1) using the
Modell from SwissModel (PDB template: 5M8L) [2] as reference. The models containing Zn ions in
the active site taken from their respective pdb templates, were modified converting the Zinc ions
into Cu ions, while in the two models obtained from Alphafold, not containing any metal ion in

active site, the coordinates were sampled from the model used as reference for the alignment
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(Model 1). Structure preparation was performed using MOE by adding missing side chain atoms,
applying protonation states at physiological pH using Protonate3D [36], calculating charges using
the OPLS-AA force field, capping C termini with NME and N termini by transferring them from
complete models. Protonation of the copper-chelating histidines was further adjusted setting them
as HID. Clashes and psi-phi outliers reported by the structure preparation wizard concerning
residues out of the active-site or distant from the di-copper center were tried to be fixed through
the protein builder minimization protocol (minimize residue or minimize side-chain when regarding
clashes) using OPLS-AA forcefields. The ones regarding residues close to the copper-chelating
histidines were accounted for seeing whether they were confirmed also by WHATCHECK [87]and
PROCHECK [10.1107/50021889892009944] and finally by visual inspection of the van der Waals radii. D-
amino-acids as well as cis-amide bonds were accounted to see whether they were confirmed by
WHATCHECK (D-amino-acids) and PROCHECK(cis-amide).

Ligand preparation

All the ligands were sketched using ChemDraw and saved as mol files. They were then processed
on MOE Database Viewer (version 2020.09.1) using the following protocol: (i) Washing using
Dominant protonation protocol setting a pH of 7.4, generating 3-D coordinates (ii) Processing with
QuickPrep using default settings (iii) Calculation of charges using the OPLS-AA forcefield with
default values, (iv) minimization using the OPLS-AA forcefield with default values and (v) saved in
mol2 format.

Docking protocol for the co-crystalized ligands

The models retained from the first prefiltering (Model 4, Model3 and Model6) were submitted to
rigid docking procedure on the program GOLD (2021) [37] using the ligands L-Tyrosine(substrate),
L-DOPA (substrate) Hydroquinone(inhibitor) and Kojic-acid(inhibitor) earlier co-crystalized in
BmTYR and TYRP1 [84,86]. The complex of L-Tyrosine-BmTYR (PDB: 4P6R, chain A) [84] was
superimposed to each model and the coordinates of L-Tyrosine were sampled for defining the
center of the binding-site with a radius of 10 A. The ligands were submitted to 100 genetic
algorithm runs using the default scoring function(CHEMPLP) and the solutions were clustered using
a threshold of 0.75 A. Scaffold constraints, considering the coordinates of the phenolic ring of L-
Tyrosine pose in the X-Ray structure (PDB: 4P6R, chain A), were applied for the docking of L-
Tyrosine and L-DOPA. Flip planar N and flip NRR and NHR function was set to true. All other
parameters were left as default. The clusters (top ranked solution per cluster) obtained from

docking were merged in each respective model analyzed and the X-ray structures of the ligands
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used for validating the models were superimposed for choosing the poses from docking to submit
to MD simulation. The poses with the highest superimposition with the X-ray conformers were
selected for each of the three models.

MD simulation of the co-crystallized ligands on hTYR

Three replicas of 50 ns were performed for each docking complex selected using Desmond
software (Version 2021, D.E. Shaw Research, 120 W. 45th St, NY, USA). Each docking complex was
prepared prior the simulation as follows: (i) Removed N-terminus (signal peptide, residues: 1-18)
and C-terminus (cytosolic domain, residues: 498-529). For Model 4, which lacked of the
transmembrane domain (residues: 476-497), MOE (version 2020.09.01) has been used to align
Model 3 on Model 4 and for sampling atom coordinates of the target region from the former,
starting from the flanking region with highest superimposition in the two models, and (ii)
Preprocessed the docking complexes on Maestro(Schrodinger, NY, USA) using the Structure
Preparation Wizard, recapping both N and C-termini and leaving the other settings as default. Each

system was created through the Desmond System builder tool using the following settings.

- Solvent model: TIP3P

- Forcefields: OPLs3e

- Box shape: orthorombic

- Boxsize: 30 x 40 x 40

- Membrane model: POPE

- Transmembrane residues: 476 to 497

- Buffer concentration (NaCl): 0.15 M

- Calculate the charges of each complexes and neutralize with counterion according to the

system charge.

The simulation was performed at 310 K, using NPyT ensemble and the Noose-Hoover chain
thermostat. The atom coordinates for trajectory analysis were recorded each 50ps (1000 frames).
A random seed was generated for each of the three replicas simulated per docking complex.
Docking protocol for thiamidol, compounds 6 and 7 on hTYR

The same settings employed for the docking of the ligands used to validate the homology models
of hTYR were applied for the docking Thiamidol and inhibitor 6. The top ranked pose of each ligand
was selected for MM-GBSA binding energy calculation on Prime (Schrodinger) prior binding mode

comparison.
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Docking protocol for thiamidol, compounds 6 and 7 on AbTYR

The three compounds object of the study were docked in AbTYR (PDB code: 2Y9X)[96]. The protein
structure was prepared using the Protein Preparation Wizard using the default setting. Again, 100
GA runs per compound were performed on GOLD software (2021), using the default settings and
clustering docking solution using a threshold of 0.75 A. A 10 A radius from the following
coordinates was set to define the binding-site: 10.021; - 28.823; - 43.596. A corrected version of
ASP scoring function which has an additional metal coordination term, was employed for ranking
the docking poses, since a better superposition during re-docking of the native co-crystallized
ligand (Tropolone) was observed. The top ranked pose of each ligand was selected for MM-GBSA
binding energy calculation on Prime (Schrodinger) prior binding mode comparison.

MM - GBSA calculation

The MM-GBSA calculation was performed using the Prime MM-GBSA [97] tool of the Schrodinger
Suite [release 2020-3]. First, the Refine Protein-Ligand Complex function of Prime was used to
optimize the complex from the docking calculation, considering the refinement of the residues
within 5 A of the ligands. VSGB and OPL3e were employed as the solvation model and force field,
respectively. In addition, constraints were applied to the two copper ions and, in the case of hTYR,
the

membrane was set up at the transmembrane residues 476—-497 level. Then, for each complex the
binding energy was predicted by means the MM-GBSA method. Again, VSGB was used as the
solvation model, OPLS3e was set as the force field, and the implicit membrane model was
employed only for the hTYR complexes. The other parameters were kept as default values.
Interaction analysis

The minimized complexes of Thiamidol, 6 and 7 with hTYR and AbTYR obtained from MM-GBSA
calculation were analyzed on three different platforms, whose results were merged in order to
develop our SAR hypothesis.

- Discovery Studio Ligand-receptor interaction tool to account lipophilic (described as Alkyl, phi —
Alkyl, phi - sigma or phi — sulfur), phi-phi (stacked or T-shaped) and ionic interactions, as well as
solvent exposure;

- LigPlus to account for metal coordination and van der Waals interactions

- Ligandscout (v.4.4.8): pharmacophores were employed to account hydrogen-bonds, lipophilic,

phi-phi and ionic interactions involving specific chemical-physics properties of the ligand and their

124



environmental patterns. Receptor binding surfaces (data not shown) of each complex were used to
rationalize vdW interactions reported by LigPlus according to the nature of the
environment/binding-site surfaces (hydrophobic or hydrophilic);

The results obtained by the two software were merged to trace the SAR of the inhibitors for two
the enzymes examined. All the settings were left as default.

MD simulations of Thiamidol, compounds 6 and 7 into hTYR homology model and AbTYR

The docking complexes obtained from GOLD software were firstly prepared using the Protein
Preparation Wizard in Maestro (v.2020), removing the transmembrane domain of hTYR (residues
476 to 497), then capping N and C termini and leaving all the other settings as default for both
hTYR and AbTYR complexes. The systems were prepared for both set of complexes (hTYR and
AbTYR) using a 15 x 15 x 15 TIP3P box, using Na+ and Cl- as counterion and adding a salt buffer of
0.15 M. A 100 ns simulation, recording frames with an interval of 100 ps, has been performed

using a NPT ensemble at 310 K and 1.01325 bar on Desmond software (v.2020)
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Supplementary material

Supporting information: Experimental section 1.3

hCA VA homology modelling validation data

0.1

Figure S1. hCA VA homology model quality assessment by Topscore measurement. Blue regions correspond to low predicted errors
(high quality). Red regions correspond to high predicted errors (low quality) (see color scale at the bottom).[98]
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hCA VA Virtual screening results

Table S1. Virtual Screening results on the ‘Specs Compound Library’ of 209,000 compounds (https://www.specs.net). The first round
of LBVS provided 81 hit compounds. In the second round, the SBVS provided 38 hit compounds. Finally, by using modeled hCA VA
the SBVS selected 30 hit compounds. Legend: ® compound retained; X compound filtered out.

1st

2nd

3rd

entry round | round round smiles IDNUMBER VAME ID
1. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N=C1[H])N([H])C1=C([H])C([H])= | AJ-333/25006234 1
. . ® | c(H)C(=CLHNCF)FF
2. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C(ON=C2C2=C(CI AK-968/12342186 2
e e ® | )e(HD=C(HIC(HD)=C2CNC(IHI) (D IHDC([HD)=CL[H]
3. ° ° ° [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(\\N=C(/C([H])([H])[H])[C@ @] 2([ AG-205/36732060 3
H1)C(=0)OC(=C([H])C2=0)C{[H])([H]) [H])C{[H])=C1[H]
4, [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2C([H])= | AO-476/43414289 4
. . ® | NC3=C(C(=C(S3)C(HI)(IHNHI)C(HI)([H])H])C2=0)C([H])=C1[H]
5. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=S)N([H])C(=0)C2=C([H]) AN-329/41572627 5
e e ® | C([H)=C(CNC(H))=C2CI)C([H])=CL[H]
6. [HIN([H])S(=0)(=0)C1=C([H])C2=C(N=C(S2)N([H])C(=0)C2=C([H])C([H]) AG-219/09033021 6
e e ® | =C([H)C(H])=C2CI)C([H)=CL[H]
7. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])[C@]([H])(N([H])C(=O)C([H | AE-848/07790029 7
¢ g ® | (CHINHDIHDC(HI(H I C(C)(C)CNC(IH])=CAlH]
8. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])SC2=C([H]) | AO-476/43421025 8
e e ® | C(=NC3=NC([H])=NN23)C2=C([H])C([H])=C([H])C([H])=C2[H])C([H])=C1
H]
9. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C(N(N=N2)C2=C([ | AP-501/43403608 9
e e ® | HI)C(H)=CHIC(IHD=C2HT)C(IHI)([HDHD)C(IHT)=CA[H]
10. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C([H])=C2C(=0O)N(C(=S)N(C AJ-030/12105722 10
e e ® [ 2=0)C(HI(HNCHHN(HIHICHT(HICHIN(HI I C{IH])=CL[H]
11. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2C(=0)C AP-906/41642068 11
¢ g ® | 3=C([HI)C([H1)=C(IH])C4=C3C(=C([H])C(H])=CA[H])C2=0)C([H])=C[H]
12. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C(O AK-968/40708444 12
e e ® | 2)C(H(HN)OC2=C([H])C([H])=C(F)C(IH])=C2[H])C([H])=C1[H]
13. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C3C AG-690/40638148 13
e e ® | ([HD)=C(H)C([H])=C([H])C3=C2[H])C([H])=C1[H]
14. ° ° ° [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])S(=0)(=0) AJ-292/42648647 14
C{IHIIHI)C2=C([HI)C(IHT)=C([HD)C([H)=C2[H)C([HI)=C1[H]
15. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C([H])=C(C(=0)OC([H])([H]) | AG-389/33008010 15
e ® ® | C(HI)(HNHNC(=0)OC(HI)([HI)CHINHHI)C{[H])=CL[H]
16. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=S)N2C([H])([H])C3=C([H | AJ-292/41694495 16
¢ g ® | )C(HN=C(HDC(IHT)=C3C(HI)([HN)C2([HDHI)C(IH])=C1[H]
17. ° ° ° [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(C([H])=C1[H])C([HD)([HNC([H])(H AJ-292/42062669 17
IIN([H])$(=0)(=0)C1=C(CI)C([H])=C(IH])C(CI)=C1[H]
18. [HIN([H])S(=0)(=0)C1=C([H1)C(IH1)=C(N([HT)C(=O)C([HI)([HI)C([HI)([H]) | AL-281/42288999 18
e ® ® | [C@I2(HN)C(=0)OC(C(HINIHIHI)(C(HI)[HDHNC2(H]) H])C([H])=C1]
H]
19. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C([H])([H])SC2=NC([ AO-476/40923368 19
e e ® | HI)=NC3=C2C(=C(S3)C(IHI)([HNHI)C(IHI) ([HDH])C(IH])=C1[H]
20. ° B ° [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N([H])S(= | AH-487/42143056 20
0)(=0)C2=C([H)C([H1)=C(OC(IHI)([HT)[H])C([H])=C2[H])C([H])=CL[H]
21. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C(\\[H])=C(/[H])C2=C | AK-968/15605417 21
e e ® | (N(N=C2[HI)C(HI(IHI)CHI) (THDHNC(HIN(HDHDC(IH])=CA[H]
22. [HIN([H])S(=0)(=0)C1=C([HI)C(IH])=C(N([HT)C(=0)C(H) ([HIN(C([HI)([ | AH-487/41800142 22
e e ® | H))H)S(=0)(=0)C2=C(CI)C([H)=C(IH])C(Cl)=C2[H)C([H])=C1[H]
23. [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2N=C(C( AG-690/14006232 23
¢ g ® | c=C2c([HI)([HNHN)IN+]([0-1)=0)C([H])=C1[H]
24, [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C(N(N=C2[H])C([ | AK-968/40941043 24
e e ® | HI(HDCHN(HDHDCHD(THT) I C(HD)=C[H]
25, [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2N=C(C([ | AK-968/41171466 25
e e ® | H))=C2C2([HN)CHI(HN)C2([HN)HI)C(F)(F)F)C(IH])=CA[H]
26. ° ° ° [HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C(N(N=C2[H])C2= | AP-501/43403646 26

C(HDC(HD=C([HN)C(TH])=N2)C([HI)(HDH])C([H])=C1[H]
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27.

HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C([H)([H])SC(=S)N(C(
H((HDC(HD(HDIHDCHD(THDCHI(HDIHNC(IH])=C1[H]

AF-399/36980038

27

28.

HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2C3=C(C(

AO0-476/43362648

28

29.

HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])N2C3=C(C(
H)=C([H])C([H])=C3[H])C([HN)([HN)C2([HNHC([H])=C1[H]

A0-476/43362651

29

30.

[
[
[
[H])=C([HN)C([HD=C3[HN)C(HI)(HNC(HD(HN) C2([HD) HN)C([H])=C1[H]
[
[
[

HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C([H])([H])oC2=C(C([
HI)=C(CNC([H])=C2[HNC(H([HNHNC([H])=C1[H]

AK-968/12341015

30

31.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)N([H])C2(OC3=C(02)
C([H])=C([H])C([H])=C3[H])C(F)(F)F)C([H])=C1[H]

AS-871/42709691

32,

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C(Br)=C(C([
HD)=C2[H)C(C(IHN(HD HD(C(H(HNHDC(H(HDHNDC([H])=C1[H]

AN-329/41435149

33.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C(Br)=C([H]
)C(=C20C([HN(HNHNC(HD(HDIHNC([H])=C1[H]

AN-465/42768143

34.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C(O
C{HI([HDIHNC(N=C2[H])C([H])=C1[H]

AN-329/14085098

35.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C([H
NC(H)=C20C([HI(C(HIHNIHDC(HN(HNDHNC([H])=C1[H]

AN-329/43385553

36.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C([H
NC(H)=C20C([HD(HNC(H(C(HD(HDHNC(HND(HDHNC(H])=C1[H
]

AN-329/43385871

37.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C([H
NC(HD)=C20C([HI(HNC(HN(HNCHN(IHNDCH(IHD IR C(HD)=C1[H
]

AN-329/43386095

38.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C([H])([H])C2=C([H])C([H])
=C(OC([HIN[HNHN)C(OC(HI)([HNIH])=C20C([H)(HNHC([H])=C1[H]

AN-465/42833758

39.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(C([H])=C1[H])C(HII[HTIN([H])C(
=0)C1=C(OC([HI(HNHNC([H))=C(OC([H])HNHNC([H])=C1[H]

AJ-292/14925196

40.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C2C([H])=C(OC([HI)([HI)C([HI)([H])
C{HD(HNHNC([H])=C([H])C2=C1[H]

AP-263/43502804

41.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(SC([HI)([H])C2=C([H])C([H])=C([H
1)C([H])=C2[H])N=C1[H]

AJ-333/13050160

42.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=S)N([H])C(=0)C2=C([H])
C€3=C(OC([HI)([H])O3)C([H])=C2[H])C([H])=C1[H]

AP-970/42769227

43,

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=S)N([H])C(=O)C([H])(C([
HI(HDIHDC(HD(HDIHDC([H])=C1[H]

AN-329/42613570

44,

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([HT)C(=S)N([H])C(=0)C([H])([H]
JC(HD(C(HDHDHDCHDHDIHDC(H])=C1[H]

AN-329/41401096

45.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H)C(=S)N([H]) C(TH])([H])C([H]
NHDC(HDNHDOC(HI)(HNC(THI(HDHNC([H])=C1[H]

AJ-292/41694749

46.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=NN(C([H])=N2)C2
=C([HN)C([H])=C(CC([H)=C2[H])C([H])=C1[H]

AP-501/43397807

47.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=NN(C([H])=N2)C2
=C([H])C([H])=C(C([H])=C2[H])C([HI(HN)H])C([H])=C1[H]

AP-501/43397727

48.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C(N(N=C2[H])C2=
C{HNC([H])=C([HN)C([H])=N2)C([H])((HDC(IHI)HDH))C([H])=C1[H]

AP-501/43403588

49.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)C2=C([H])C([H])=C(C(
[H])=C2[HN)C(HI(HDC(THD(IHDIHDC([H])=C1[H]

AP-970/43376291

50.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])SC2=NN=C
(N2C([HD(HDC(HDHNHNCHDHDN2N([HDC(=C(HNC([H])([H])C2
=O)C([HIN[HH])C([H])=C1[H]

A0-476/43415802

51.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])SC2=NN=C
(C3=C(N(N=C23)C2=C([H))C([H])=C([HN)C([H])=C2[H))C(THI)(HDHD)C(T
HD(HDHNC([H])=C1[H]

A0-476/43421086

52.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])sC2=C(C#
N)C(=C([H)C(=N2)C(HD(HDIHNC(H)(HDIHNC([H])=C1[H]

AG-690/13770041

53.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(Cl)
C([H])=C(Br)C([H])=C2[H])C([H])=C1[H]

AN-329/41675142

54.

[HIN([H])$(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(C([
H])=C(Br)C([H])=C2[H])C([HI)(HNH])C([H])=C1[H]

AN-329/41328742

55.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(C([
HI)=C([HD)C(HD)=C2C([H)([HDHNC(HD(H)HD)C([H])=C1[H]

AN-329/42138558

56.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(C([
H)=C([H])C([H])=C2[HN)C(HD(HNHNC([H])=C1[H]

AN-329/15333057
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57.

[HIN([H])S(=0)(=0)C1=C([H)C{IHI)=C(N([HI)C(=O)C([HI) (M1} 0C2=C(C({
H)=C(H)C(HI)=C2(H) [C@Y([HN)(CIH(HD RN CHN HNC(HNHIL
HI)C((H])=C1{H]

AN-329/41868731

58.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(Br)
C([HN=C(CNC([H])=C2[H])C([H])=C1[H]

AN-329/41835947

59.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(Br)
C(HN=C(C([H)=C2[HN)C(H(HNC(HD(HNHNC([H])=C1[H]

AN-329/41609874

60.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C(Br)
C([H])=C(C([H])=C2[H])C([HI([HN)[H])C([H])=C1[H]

AN-329/40863743

61.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C(=C([HNC(HN)=C2C(HI(C(HN(HNHDCHNHNHDCHD(HNIHI)C(
[H])=C1[H]

AG-690/15437875

62.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C([HD)=C(CNC([H])=C2[H])C([H])=C1[H]

AN-329/10165056

63.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C(HD)=C(C([HN)=C2[HN)C(THI(C(HI(HDHDC(HD(HDIHNC([H])=C1[H
]

AN-329/42138523

64.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C([H])=C(Br)C(=C2[H])C([HI)([HN)HI)C([H])=C1[H]

AN-329/41044481

65.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C([HD)=C([HN)C([H])=C2OC([HI)([HN)[H])C([H])=C1[H]

AG-690/15441479

66.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([H])OC2=C([H]
)C([H])=C([H])C([H])=C2CI)C([H])=C1[H]

AN-329/12386227

67.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([HN)([HDN(C([HI)I
H])[H])S(=0)(=0)C2=C(C([H])=C(C([H])=C2C([H])(HNHNC(HI)([HDIH])
C{HNHNHNC([H)=C1[H]

AN-698/41932905

68.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)C([H])([HNC([HI)([H])
C(=0)0C2=C([H])C([H])=C(C([HT)=C2[HN)C(THI([HNH)C([H])=C1[H]

AN-329/40805572

69.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)[C@@]([H])(OC2=C(
C([HN=C((HNC(=C2[HNC(HN(HNHDCHDN(HN HDC(HD(HD HNC(H]
)=C1[H]

AN-329/43341696

70.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O) [C@@]([H])(OC2=C(
C([HN=C(IHNC(HN=C2[HNC(HI(HNIHNCHDN(HDCHN(HDIHDC([H]
)=C1[H]

AN-329/43041618

71.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)[C@@]([H])(OC2=C([
HI)C(CH=C(THN)C([H)=C2[H])C(THI)(HDHN)C([H])=C1[H]

AK-968/12383420

72,

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)[C@ @]([H])(OC2=C([
HI)C([HD)=C(CC([H])=C2CIC(HI(HNHI)C([H])=C1[H]

AN-329/15538158

73.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)[C@@]([H])(OC2=C([
HIC([HD=C(C([HD)=C2[HNC(HD(HNCHDHDHDCHDHNDHNC([H])
=C1[H]

AN-329/43385910

74.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=0)[C@@]([H])(OC2=C([
HIC(HD=C(HN)C([HN)=C2[HNC(HD(HDCH(HNDHNC([H])=C1[H]

AK-968/12115057

75.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C(=O)[C@]([H])(OC2=C([H]
)C([H])=C(C([H])=C2[H)C([HIN(HI)HDC([HN)([HNC(HD)(HD[H])C([H])=C
1[H]

AN-329/43341771

76.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(N([H])C([H])([H])C2=C([H])C([H])
=C([HN)C([H])=C2O0C([HD(IHDIHI)C([H])=C1[H]

AN-465/42767434

77.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(C([H])=C1[H])N1IN=C(S\\C1=N/C
#N)C(=0)OC([H)(H)C(THI)(THDIH]

Al-067/31571048

78.

[HIN([H])S(=0)(=0)C1=C([H])C([H])=C(C([H])=CL[HN)C(HI)(THN([H])C(
=0)C1=C([H])C([H])=C(N([H])C(=0)C(HD(C(H(HNHNDC(HIN[HNIH])C
([H])=C1[H]

AJ-292/42648429

79.

[HIN([H])S(=0)(=0)C1=C([H])C(TH])=C(C([H])=C1[H])C(HII[HNC([H])([H
1IN([H])C(=0)C1=NOC(=C1C1=C(CC([H])=C([H)C([H])=CL[H])C([HI)([H]
)[H]

AJ-292/40762784

80.

[HIN([H])S(=0)(=0)C1=C([H])C(TH])=C(C([H])=C1[H])C(HII([HNC([HI)([H
IIN([H])C(=0)C1=C([H])C(=C(C([HN)=C1[HNC(HI(HNH) C(HI)([H])H]

AJ-292/42062787

81.

[HIN([H]NIC(SC([HI)([H])C(=O)N([H])C2=C([H])C([H])=C(C([H])=C2[H])S
(=0)(=OIN([H])[H])=NC2=C(C3=C(S2)C([HI)([HN)C(HI)([HN)C(HI)([HD)C3(
[H])[H])C1=0

A0-476/43417621
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Table S2. Docking score values of inhibitors VAME 01-30

Compounds CHEMPLP Docking Score
VAME-01 69.57
VAME-02 60.76
VAME-03 60.40
VAME-04 69.48
VAME-05 60.12
VAME-06 61.23
VAME-07 58.40
VAME-08 83.97
VAME-09 57.94
VAME-10 63.31
VAME-11 75.27
VAME-12 70.70
VAME-13 59.09
VAME-14 68.16
VAME-15 62.07
VAME-16 60.79
VAME-17 54.45
VAME-18 64.11
VAME-19 69.68
VAME-20 51.74
VAME-21 57.84
VAME-22 36.61
VAME-23 65.88
VAME-24 57.50
VAME-25 70.74
VAME-26 58.69
VAME-27 64.05
VAME-28 71.92
VAME-29 75.35
VAME-30 57.70
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Supporting information: Chapter 5

hTYR homology model validation data
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Figure S3. Ramachandran plots of Model 4 after refinement. (A) Plot generated by MOE software. Green and orange contour
represent respectively the most favoured and the allowed regions, while Psi-Phi outliers are marked by red crosses and indicated by
the text. (B) Plot created by PROCHECK software and statistics reports generated via SAVES server. Red areas describe the most
favored combination of Psi and Phi values, yellow areas represent allowed ones, light — yellow regions mark generously allowed
values of Psi and Phi and white areas disallowed ones. Therefore, violations are represented by the red squares in the white parts of

the plot.
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Figure S4. Simulation interaction diagram (SID) of 50 ns MD simulation of kojic acid docked on Model 4, generated via Desmond

Software (v. 2020). The plots shown from the top to the bottom refer to each replicon of the simulation. (Left) RMSD values of the
protein C-a during the simulation, aligning each frame of the simulation to the protein backbone atoms of the first frame (blue
plot). RMSD values of the ligand atoms along the simulation, aligning each frame of the simulation to the protein backbone atoms in
the first frame (red plot). RMSD values of the ligand atoms along the simulation, aligning each frame of the simulation to the ligand
atoms in the first frame (magenta plot). (Right) Diagram of the interaction between kojic acid and hTYR Model 4 encountered with
an occurrence greater than 30% during the simulation. Cu ions are represented by grey spheres while blue and red spheres
represent respectively polar and negatively charged residue. Metal coordination is represented by grey lines while phi — phi

interactions by green lines. Close to each interaction, its occurrence along the simulation (expressed in percentage of frames) is
reported.
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ABSTRACT

Tyrosinase, a copper-containing enzyme critical in melanin biosynthesis, is a key drug
target for hyperpigmentation and melanoma in humans. Testing the inhibitory effects of
compounds using tyrosinase from Agaricus bisporus (AbTYR) has been a common practice to
identify potential therapeutics from synthetic and natural sources. However, structural diversity
among human tyrosinase (hTYR) and AbTYR presents a challenge in developing drugs that are
therapeutically effective. In this study, we combined retrospective and computational analyses
with experimental data to provide insights into the development of new inhibitors targeting both
hTYR and ADbTYR. We observed contrasting effects of Thiamidol™ and our 4-(4-
hydroxyphenyl)piperazin-1-yl-derivative (6) on both enzymes; based on this finding, we aimed to
investigate their binding modes in hTYR and AbTYR to identify residues that significantly improve
affinity. All the information led to the discovery of compound [4-(4-hydroxyphenyl)piperazin-1-
yl](2-methoxyphenyl)methanone (MehT-3, 7), which showed comparable activity on AbTYR (IC50 =
3.52 uM) and hTYR (IC50 = 5.4 uM). Based on these achievements we propose the exploitation of
our computational results to provide relevant structural information for the development of newer
dual-targeting molecules, which could be preliminarily tested on AbTYR as a rapid and inexpensive
screening procedure before being tested on hTYR.
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ABSTRACT

The tumor-expressed human carbonic anhydrase (hCA) isoforms hCA IX and hCA Xl
have been extensively studied to develop anticancer agents targeting solid tumors in combined
therapy. These CA isoforms are considered key factors in controlling tumor microenvironment
(TME) of cancer lines that develop high metastatic activity. Herein, we report the discovery of
potent hCA IX/hCA Xll inhibitors that were disclosed through a screening campaign on an in-house
collection of arylsulfonamides preliminary tested toward other hCAs. Among them, the N-(4-
sulfamoylphenyl)naphthalene-2-carboxamide (12) and N-(4-sulfamoylphenyl)-3,4-
dihydroisoquinoline-2(1H)-carbothioamide (15) proved to be the most intriguing hCA IX/hCA XII
inhibitors displaying favourable selectivity ratios over widespread hCA | and hCA Il isoforms. To
explore their binding mode, we conducted docking studies that described the poses of the best
inhibitors in the catalytic site of hCA IX and hCA XII, thus suggesting the privileged pattern of
interactions. These structural findings might further improve the knowledge for a successful
identification of new sulfonamides as adjuvant agents in cancer management.
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ABSTRACT

Tyrosinase (EC 1.14.18.1) is implicated in melanin production in various organisms.
There is a growing body of evidence suggesting that the overproduction of melanin might be
related to several skin pigmentation disorders as well as neurodegenerative processes in
Parkinson’s disease. Based on this consideration, the development of tyrosinase inhibitors
represents a new challenge to identify new agents in pharmaceutical and cosmetic applications.
With the goal of identifying tyrosinase inhibitors from a synthetic source, we employed a cheap
and facile preliminary assay using tyrosinase from Agaricus bisporus (AbTYR). We have previously
demonstrated that the 4-fluorobenzyl moiety might be effective in interactions with the catalytic
site of AbTYR; moreover, the additional chlorine atom exerted beneficial effects in enhancing
inhibitory activity. Therefore, we planned the synthesis of new small compounds in which we
incorporated the 3-chloro-4-fluorophenyl fragment into distinct chemotypes that revealed the
ability to establish profitable contact with the AbTYR catalytic site. Our results confirmed that the
presence of this fragment is an important structural feature to improve the AbTYR inhibition in
these new chemotypes as well. Furthermore, docking analysis supported the best activity of the
selected studied compounds, possessing higher potency when compared with reference
compounds.
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AUTHORS
Laura De Luca, Andrea Angeli, Federico Ricci, Claudiu T. Supuran, Rosaria Gitto

ABSTRACT

In recent years, multistep hybrid computational protocols have attracted attention for
their application in the drug discovery of enzyme inhibitors. So far, there are large collections of
human carbonic anhydrase (hCA) inhibitors, but only a few of them selectively inhibit the
mitochondrial isoforms hCA VA and VB as potential therapeutics in obesity treatment. Most
sulfonamide-based inhibitors show poor selectivity for inhibiting isoforms of therapeutic interest
over ubiquitous hCA | and hCA Il. Herein, we propose a combination of ligand- and structure-based
approaches to generate pharmacophore models for hCA VA inhibitors. Then, we performed a
virtual screening (VS) campaign on a database of commercially available sulfonamides. Finally, the
in silico screening followed by docking studies suggested several “hit compounds” that
demonstrated to inhibit hCA VA at a low nanomolar concentration in a stopped-flow CO2 hydrase
assay. Notably, the best candidate, 2-(3,4-dihydro-2H-quinolin-1-yl)-N-(4-
sulfamoylphenyl)acetamide (code name VAME-28) proved to be a potent hCA VA inhibitor (Ki value
of 54.8 nM) and a more selective agent over hCA Il when compared to the reference compound
topiramate.
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ABSTRACT

Melanin biosynthesis is enzymatically regulated by tyrosinase (TYR, EC 1.14.18.1), which
is efficiently inhibited by natural and synthetic phenols, demonstrating potential therapeutic
application for the treatment of several human diseases. Herein we report the inhibitory effects of
a series of (4-(4-hydroxyphenyl)piperazin-1-yl)arylmethanone derivatives, that were designed,
synthesised and assayed against TYR from Agaricus bisporus (AbTYR). The best inhibitory activity
was predominantly found for compounds bearing selected hydrophobic ortho-substituents on the
aroyl moiety (IC50 values in the range of 1.5-4.6 uM). They proved to be more potent than the
reference compound kojic acid (IC50=17.8 uM) and displayed competitive mechanism of inhibition
of diphenolase activity of AbTYR. Docking simulation predicted their binding mode into the
catalytic cavities of AbTYR and the modelled human TYR. In addition, these compounds displayed
antioxidant activity combined with no cytotoxicity in MTT tests. Notably, the best inhibitor affected
tyrosinase activity in a-MSH-stimulated B16F10 cells, thus demonstrating anti-melanogenic
activity.
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AUTHORS
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ABSTRACT

The merging of distinct computational approaches has become a powerful strategy for
discovering new biologically active compounds. By using molecular modeling, significant efforts
have recently resulted in the development of new molecules, demonstrating high efficiency in
reducing the replication of severe acute respiratory coronavirus 2 (SARS-CoV-2), the agent
responsible for the COVID-19 pandemic. We have focused our interest on non-structural protein
Nsp13 (NTPase/helicase), as a crucial protein, embedded in the replication—transcription complex
(RTC), that controls the virus life cycle. To assist in the identification of the most druggable surfaces
of Nsps13, we applied a combination of four computational tools: FTMap, SiteMap, Fpocket and
LigandScout. These software packages explored the binding sites for different three-dimensional
structures of RTC complexes (PDB codes: 6XEZ, 7CXM, 7CXN), thus, detecting several hot spots,
that were clustered to obtain ensemble consensus sites, through a combination of four different
approaches. The comparison of data provided new insights about putative druggable sites that
might be employed for further docking simulations on druggable surfaces of Nsps13, in a scenario
of repurposing drugs.
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ABSTRACT

A novel series of twenty-seven cinnamides constituted by cinnamic acid derivatives liked
to 1-aryl piperazines were synthesized and evaluated for their potential inhibitory diphenolase
activity of mushroom tyrosinase. Among them, the presence of a 3-chloro-4-fluorophenyl moiety
at the N-1 position of piperazine ring was essential for a potent tyrosinase inhibitory effect, with
the 3-nitrocinnamoyl (19p) and 2-chloro-3-methoxycinnamoyl (19t) derivatives as the most potent
compounds of the series, with IC50 of 0.16 and 0.12 uM, respectively, resulting much active than
kojic acid, whose IC50 value was 17.76 uM. In general, all compounds characterized by the
presence of a 1-(3-chloro-4-fluorophenyl)piperazine moiety showed an excellent potency, and the
nature, position and number of the substituents on the aryl of the cinnamic acid did not affect
significantly the anti-tyrosinase activity. The molecular docking to the active site of the enzyme has
been also performed to investigate the nature of enzyme-inhibitor interactions. Furthermore, for
selected highly active compounds, their ability to inhibit melanogenesis in the A375 human
melanoma cells and in vivo zebrafish model was also evaluated. One of the most potent
compounds of series (19t) significantly reduced the pigmentation of zebrafish at 50 uM,
unfortunately showing 100% mortality in the Fish Embryo Acute Toxicity (FET) test at the same
concentration, Moreover, the zebrafish assay reveals that also compound 19r (IC50:0.51 puM
against mushroom tyrosinase) effectively reduces melanogenesis with no acute toxicity effects and
it could be proposed as potential candidate to treat tyrosinase-mediated hyperpigmentation.
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ABSTRACT

Several studies demonstrated that hyperpigmentation pathologies might be treated by
using agents targeting the enzymatic metallo-protein tyrosinase. Therefore, we predicted the
development of a series of small molecules able to inhibit diphenolase activity of tyrosinase from
Agaricus bisporus. The designed compounds were readily synthesized by S-alkylation and the
synthesized compounds were tested through biochemical screening, thus providing structure-
affinity relationships for this class of 5-(pyridin-4-yl)-3-(alkylsulfanyl)-4H- 1,2,4-triazol-4-amine
derivatives. In addition, docking simulations suggested the binding mode within the catalytic site of
the targeted enzyme.
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hCA
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AbTYR
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MD
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SOD

CCK

GLP-1

PYY

WAT

TLR4

RNS

LAGB

RYGB

SG

BPD-DS

IGB

POMC

5-HT2b

Human Carbonic Anhydrase
Human Tyrosinase

Agaricus Bisporus Tyrosinase
Virtual Screening
Molecular Dynamics
Oxygen reactive species
Superoxide dismutase
Cholecystokinin
Glucagon-like peptide-1
Peptide YY

White adipose tissue

Brown adipose tissue
Tumor Necrosis factor a
Interleukin 6
Lipopolysaccharide

Toll — like receptor 4
Reactive nitrogen species
Adjustable gastric banding
Roux — en —Y gastric bypass
Sleeve gastrectomy
Bilio-pancreatic diversion with duodenal switch
Intragastric balloon
Proopiomelanocortin

5-hydroxytryptamine 2B
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VTA Ventral tegmental area

ARC Arcuate nucleus

AGRP Agouti-related peptide

CART Cocaine and amphetamine-regulated transcript
D1R Dopamine 1-class receptor

D2R Dopamine 2-class receptor

GABA y-aminobutyric acid

GABAAR y-aminobutyric acid type A receptor

GLP-1R Glucagon-like peptide-1 receptor

MC3R Melanocortin-3 receptor

MC4R Melanocortin-4 receptor

MOPR p-opioid receptor

NAc Nucleus accumbens

NPY Neuropeptide Y

Y1R Neuropeptide Y type 1 receptor
AMPA a-Ammino-3-idrossi-5-Metil-4-isossazol-Propionic Acid
FDA Food and Drug Administration
EMA European Medicines Agency
GCGR Glucagon receptor

PC Pyruvate carboxylase

MCC Methylcrotonyl — CoA carboxylase
OAA Oxalacetate

ETZ 6-Ethoxyzolamide

ACC Acetyl-CoA carboxylase

ACL ATP citrate lyase

aKG a-ketoglutarate
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Structure — based
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Hypoxia inducible factor 1a
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Hypoxia inducible factor 1
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Hypoxia Response Element
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Anion exchanger
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Matrix metalloproteinase 14
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Matrix metalloproteinase 2

Matrix metalloproteinase 9
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Maximum common substructure
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