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Abstract

The enzymatic family of heme oxygenase (HO) is accountable for heme breakdown. Among the two
isoforms characterized to date, HO-2 is poorly investigated due to the lack of potent HO-2 chemical
modulators and the greater attentiveness towards HO-1 isoform. In the present paper, we report the
rational design and synthesis of HO-2 inhibitors achieved by modulating the volume of known HO-
1 inhibitors. The inhibition preference has been moved from HO-1 to HO-2 by merely increasing the
volume of the substituent in the western region of the inhibitors. Docking studies demonstrated that
new derivatives soak differently in the two binding pockets, probably due to the presence of a Tyr187

residue in HO-2. These findings could be useful for the design of new selective HO-2 compounds.

1. Introduction

Endogenous enzymes in control of heme breakdown are known as heme oxygenases (HOs). These
enzymes exert cytoprotective roles in organs and are responsible for degrading senescent red-blood
cells through the removal of the pro-inflammatory heme and the production of protecting by-products
such as carbon monoxide (CO) and bilirubin [1]. This group of enzymes includes two well-
characterized isoforms, heme oxygenase-1 (HO-1) and heme oxygenase-2 (HO-2), differing for
distribution and expression level under different conditions. HO-1 is highly represented only in
limited areas such as the liver and spleen, whereas HO-2 is widely distributed among different
endogenous areas with a prevalence in the brain, testes, endothelial and smooth muscle cells,
myenteric gut plexus, nephrons, and liver [2]. However, while HO-2 distribution remains unchanged
regardless of the endogenous oxidative stress status, HO-1 undergoes an overexpression process,

controlled by the transcription factor nuclear factor erythroid 2-related factor-2 (Nrf2), with



consequent increment in districts where cellular stress must be reduced [1, 3-5]. For such reason, HO-
1 received considerable attention in recent years, and the use of HO-1 inducers are advantageous in
various oxidative stresses dependent syndromes [6-12].

Nonetheless, an increasing amount of literature recently suggests that HO-1 might play its part in
tumor initiation. HO-1 expression is frequently heightened in cancer tissues promoting atypical
cellular growth and metastasis onset in different types of cancer and eventually leads to reduced
chances of survival [13, 14]. Also, HO-1 levels could be further boosted when those tissues are
exposed to different types of tumor treatment, such as radio-, chemo-, or photodynamic [15-18]. It
can powerfully improve the growth and spread of cancers suggesting that the role of HO-1 in heme
metabolism makes it an essential mediator to protective effects not only towards healthy cells but also
towards the cancerous ones. Previous studies demonstrated the involvement of HO-1 in different
tumors, including leukemia, glioblastoma, neuroblastoma, prostate, breast, lung, head, and neck
cancers [14, 19-21]. Because of this, HO-1 inhibition might reduce aberrant cellular proliferation,
tumor invasion, and progression [22-26].

Dissimilar to HO-1 inhibitors/activators, the possible beneficial applications of HO-2 ligands have
not been systematically investigated so far [27]. Moreover, the functional role of HO-2 is still elusive,
mostly owing to the absence of highly potent HO-2 chemical modulators and the higher interest
towards HO-1 isoform. HO-2 physiological roles have been studied mostly in organs such as the liver,
testis, and brain, where this isoform is expressed constitutively and is more abundant [2, 28]. For
instance, in testis, HO-2 seems to take part in male reproduction and in the modulation of the
ejaculatory activity. The role of HO-2 in the brain is still puzzling, and it is the subject of numerous
investigations due to its favorable involvement in neuroprotection and brain injuries [29]. Although
increasing knowledge has been gained over the past decade to unravel the physiological role of HO-
2, its full potential as a druggable target remains to be elucidated. Therefore, the development of
selective and potent HO-2 inhibitors and/or activators is required as pharmacological tools to gain

knowledge in the field.



Historically, heme analogs (metalloporphyrins, MPs) lead the research to the development of HO
inhibitors; however, their off-target effects limited their translation into the clinic. Therefore, the
attention was devoted to azalanstat (Figure 1, compound 1) that served as a lead compound for the

development of selective non-competitive HO-1 and HO-2 inhibitors.
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Figure 1. Chemical structure of lead compounds, azalanstat, QC-80, QC-308, and other
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More than fifteen years of studies on the structure-activity relationships (SARs) on azalanstat focused
on the development of selective HO-1 inhibitors allowed the identification of the main key features
for HO inhibition, as confirmed by crystallization studies of HO-1 inhibitors complexed with the
enzyme [29-31]. Briefly, four main regions (northeastern, eastern, central, and western) can be
recognized in the chemical structure of azalanstat corresponding to four primary areas of interactions
inside the HO binding pocket. The northeastern area is not mandatory for HO-1 inhibition, and it is
often removed. The eastern region is the most preserved portion of the molecule since it permits the
binding to the Fe?" of heme. An unsubstituted imidazole provides the best results in term of potency;
limited modifications are tolerated in this area, and the majority of them leads to loss of inhibition
potency. The central part can be subjected to various modifications regarding the length and the
presence of different functional groups/heteroatoms, allowing the optimization of the inhibitory
activity. The western region offers a right area for the modulation of activity and selectivity. The type,
volume, and nature of the substituents present in this area (large hydrophobic groups seem to be
preferred) can additionally stabilize the heme-binding. Substituents in this area interact with the distal
hydrophobic pocket of HO. Of interest is the high flexibility of this pocket and the consequent
capability to receive moieties of different sizes. Also, crystallization studies on QC-80 and QC-308
(Figure 1, compounds 2 and 3, respectively) brought to light the presence of a secondary small
hydrophobic pocket in the western region [32, 33]. Interactions with this secondary pocket seem to
enhance binding potency towards both HO-1 and HO-2 isoforms.

Over the past decade, our research group has been continuously involved in the rational design of
selective inhibitors directed towards the two HO isoforms using azole-based scaffolds [23, 25, 34-
37]. To this extent, we built a free-internet accessible database bringing together all the HO inhibitors
published so far, whose analysis empowered the design of potent selective and non-selective HO-1
inhibitors such as compounds 4-7 (Figure 1) [37-39]. Recently, Mucha and coworkers reported the

development and characterization of a novel non-selective HO inhibitor, SLV-11199 (Figure 1), with



anticancer effects on human pancreatic (PANC-1) and prostate (DU-145) cancer cell lines [40]. The
chemical structure of this novel compound presents the usual imidazole ring in the eastern region;
however, an additional 1,4,5-trisubstituted imidazole ring is present in the central region, allowing a
more rigid structure and an additional hydrogen bond with the Argl36 sidechain in the catalytic
pocket of the enzyme. This additional interaction, together with the binding mode similar to that of
QC-308, explains the potent inhibitory activity of SLV-11199 towards both HO isoforms, even if
selectivity issues remain. Pushed by these results, the activity of SLV-11199 was evaluated in
hereditary leiomyomatosis and renal cell carcinoma (HLRCC), a cancer cell line characterized by
deficiency in the fumarate hydratase (FH) gene. Genetic or pharmacological inhibition of HO-1 with
SLV-11199 in FH deficient cell lines leads to synthetic lethality [41]. Fewer studies have been
specifically conducted in search of selective HO-2 inhibitors, which lead to the identification of the
highly selective clemizole (Figure 1), possessing a benzimidazole scaffold [42]. Structure-activity
relationships studies on clemizole have been performed by changing the substituents at N-1 position.
The novel derivatives showed to possess similar or slight better potencies against HO-2, and their
development represented the first attempt for the search of selective HO-2 inhibitors.

The aim of the present study is the rational design and synthesis of a small series of derivatives
oriented towards HO-2 selective inhibition. To this extent, we maintained fixed the imidazole ring
and the length of the spacer, rationally modifying the nature of the spacer and the volume of the

western region in order to switch both selectivity and potency towards HO-2.

2. Results and Discussion

2.1. Rationale design

As already pointed out in our previous work, the selectivity between the two different isoforms can
be triggered by the volume of the molecules and so the design of a novel inhibitor can be tuned
exploiting these observations [37]. In fact, even if the binding pockets of the two proteins are

relatively flexible, the four most selective, and also potent HO-1 inhibitors, retrieved by the heme-



oxygenase database (HemeOxDB2, HemeOxDB16, HemeOxDB18, HemeOxDB20;

http://www.researchdsf.unict.it/hemeoxdb/) possess a mean Van der Waals volume of 274.34 A3 with

an interval of 239.00-302.87 A3; differently, potent and selective HO-2 inhibitors (HemeOxDB187,
HemeOxDB200, HemeOxDB202, and HemeOxDB286) have a mean volume of 284.10 A? with an
interval of 274.37-306.75 A3 [37-39]. These observations lead us to think that the volume of the
ligands is an essential factor influencing the selectivity, considering as a rule of thumb that the larger
the cavity of the isoform, the greater the volume of the ligand to achieve the best binding potency and
selectivity. This empirical rule was already successful for the design of novel HO-1 inhibitors [37]
(i.e., smaller molecules for selective and potent HO-1 compounds). This work aimed to apply the
same rule for the design of novel HO-2 selective compounds (i.e., bigger molecules for selective and
potent HO-2 compounds); moreover, the bigger ligand should be easily accommodated in the
secondary hydrophobic pocket of the HO-2 western region.

To actively validate this hypothesis, we designed the HO-2 inhibitors starting from two molecules
with high HO-1 inhibition activity but not with high selectivity. So, we simply increased the volume
of the compounds 5 and 7 adding them a cyano group, as shown in Table 1. In both cases, the selected
cyano group added about 20 A3 to the final volume of the molecules (Table 1, i.e., increasing the
volume size and so theoretically moving the selectivity from HO-1 to HO-2); moreover, the position
4 of the ring system was selected to explore possible interactions with the bottom of the secondary
hydrophobic pocket of the HO-2 western region (Figure 2). The cyano group has also been selected
because able to be placed deeper in the HO-2 cavity. In fact, despite molecule 9 has a bigger but
similar volume than the bromo-derivative 6 (336.32 A vs. 334.46 A), the cyano group led the molecule
to reach the bottom of the secondary hydrophobic pocket of the HO-2 western region, differently to
compound 6 (Figure 1). The measured distances between the nitrogen of molecule 9, the bromine of

6, and the respective benzylic CH, are 6.88 and 6.10 A, respectively (Figure 3).
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HO-1 HO-2

Figure 2. Left. HO-1 binding pocket (PDB ID: 2DY5). Right, HO-2 binding pocket (PDB ID: 2QPP),

the secondary hydrophobic pocket of the HO-2 western region, is circled in red.

Figure 3. Distances between the nitrogen of molecule 9, the bromine of molecule 6, and the

respectively benzylic CH; inside the secondary hydrophobic pocket of the HO-2 western region.

2.2. Chemistry

The general synthetic pathway to the new compounds is depicted in Scheme 1. Compound 8 was
prepared in two steps as follows: the reaction between 4-(bromomethyl)benzonitrile and 4-(2-
bromoethyl)phenol in acetone afforded the bromide derivative 10. This intermediate was converted
to the final compound 8 through a nucleophilic displacement using an excess of imidazole in the

presence of TEA and TBAB, using dry CH3CN as solvent.



The synthesis of compounds 13 and 9 passes through the formation of the intermediate 11 that was

prepared by reaction of 1-(4-hydroxyphenyl)ethanone with 4-(bromomethyl)benzonitrile, as reported

in Scheme 1. The 1-substituted bromomethyl ketone 12 was obtained by bromination, in the glacial

acetic acid, of the corresponding ketone 11. The latter has been used without purification to synthesize

compound 13, through a nucleophilic displacement using an excess of imidazole in the presence of

K;,COs;. The obtained ketone 13 was then reduced with NaBHj, to the final compound 9.
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Scheme 1. Reagents and conditions: (a) 4-(2-bromoethyl)phenol, K,COs3, acetone, room temperature,

20 h; (b) imidazole, TEA, TBAB, CH3;CN dry, 90 °C, 45 min; (c¢) 1-(4-hydroxyphenyl)ethanone,

K,COs, acetone, room temperature, 20 h; (d) glacial acetic acid, HCI, Br,, room temperature; ()

K,CO3;, imidazole, DMF, room temperature, 2 h; (f) NaBH4, CH;0H, room temperature, reflux, 2 h.

2.3. HO inhibition and docking studies

The inhibitory activity of the newly synthesized compounds was measured using HO-1 and HO-2

isoforms extracted from rat spleen and rat brain microsomal fractions, respectively. The inhibitory



activity is reported as ICsy (WM), and obtained data are outlined in Table 1, employing azalanstat as
the reference compound. All the compounds exhibited good inhibitory potency towards HO-1 and
HO-2. Compound 9 showed remarkable HO-2 ICs, values <1 uM and interesting selectivity towards
HO-1 (SI >15). Furthermore, a comparison between the HO-2 ICs, values of compound 9 and
clemizole highlights that the former is about 5-fold more potent than clemizole (0.9 uM vs 3.4 uM,

respectively), but less selective in terms of HO-1 inhibition.

Table 1
Chemical structures of rationally designed compounds 8 and 9 starting from known HO-1 inhibitors 5 and 7 and
experimental ICs, values and selectivity index (SI) of compounds 8, 9, and 13 towards HO-1 and HO-2.

/i>
o
I

Compound R X HO-1ICsp (uM) @ HO-21Cso (uM)# ST (HO-1/HO-2)  Volume

5 H CHOH 0.50 +0.01 ® 11.7+0.9 0.04 316.81 A3
7 H CH, 0.9 +0.07°¢ ND ND 309.44 A3
8 CN CH, 50.5 0.8 56.1 1.6 0.90 328.96 A3
9 CN CHOH 14.9 £0.5 0.9 +0.06 16.6 336.32 A3
13 CN C=0 754 £1.2 72.8 £2.0 1.04 ND
Azalanstat® 5.30+0.4 24.40 0.8 0.23 ND

a Data are reported as ICs, values in uM +standard deviation (SD). Values are the mean of triplicate experiments. ® Data

from reference [37], ¢ data from reference [34].

A docking study was performed to rationalize the obtained results. Docking was performed as
described in the experimental section. The two binding pockets HO-1 and HO-2 were analyzed and
aligned, resulted in a mean RMSD of 0.71 and a sequence identity of 77% (Table S1).

The results of the docking calculations are collected in Table 2, and the docking poses are shown in

Figures 4 and S1-8. All of the studied compounds are located inside the binding pockets of both



proteins with the nitrogen atom of the imidazole rings in the proximity of the ferrous iron of heme,
and the calculated binding energies are in the right relationship with the measured ones (Table 2). In
this way, the iron is protected from oxidation, and the enzymes are not able to perform their activity.
The three different molecules (8, 13, and 9) have similar interactions within the same binding pocket
of HO-1 as well as HO-2. However, it is interesting to notice that the molecules interact differently
in the two different binding pockets, as reported in Figure 4. All the molecules inside the HO-1
interact in a similar way of classical HO-1 inhibitors, where the aromatic groups are in the principal
western binding pocket (Phe37, Met34, Val50, Leul47, Alal51, Phel166, Phel67, Phe214).

Interestingly, the molecules inside the HO-2 are differently positioned, although the first aromatic
ring can occupy the same spot inside the pocket, the terminal aromatic ring of all compounds is not
located inside the principal western region but is located in the secondary western region of the HO-
2. Interesting to notice that the Phe167 controls the gate access to the western region in HO-1 that is
substituted by Tyr187 in HO-2. The presence of the Tyr187 closes the access for the principal western
region and drives the terminal ring in the secondary western region of HO-2. The presence of the
consensus water molecule inside the binding pockets was also studied. In fact, a similarly located
consensus water molecule (that mediates the interaction with Thr135 in HO-1) is present in HO-2
interacting with Thr155. We already reported this consensus water molecule as a key factor in the
enantiomer recognition for HO-1 [43]. For molecule 9, in both the studied proteins, the consensus
water can mediate an interaction between Thr135/155 and the hydroxyl group of 9. In particular, the
stronger interaction is the one with the R-enantiomer. Analyzing the binding pose of the most potent
compound inside the HO-2 (Figure 5), it is possible to see that the compound is optimally placed
inside the binding pocket interacting with Thr155 (thought the consensus water) and with the Tyr
187, in this way 9 has optimum contact with the binding pocket residues of HO-2 and reach the
highest binding energy value. The binding pose of this compound could be exploited for future
designed HO-2 selective molecules based on a similar structure and targeting the consensus water

and Tyr187 while occupying the secondary western region.



Figure 4. Binding poses of 8, 13, and 9 (R and S) in the aligned HO-1 and HO-2 binding
pockets. In light red, the molecules inside HO-1, and in light blue the molecules inside HO-2.

In yellow, the HO-2 Tyr187 and green the HO-1 Phel67.

Figure 5. Binding poses of (R)-9 in HO-2 binding pockets. Heme is removed for clarity, and
Tyr187 and Thrl155 are highlighted in yellow. The consensus water molecule is mediating

an interaction between Thr155 and the -OH group of 9.

Table 2
Docking results for the studied molecules 8, 13, and 9 (R and S).
Compound HO-1 AGjg calced. kcal/mol (K; caled. HO-2 AGgp calcd. kcal/mol (K caled.
uM) nM)
8 —5.82 (54.83) =5.77 (58.67)

13 ~5.40 (109.59) ~5.48 (95.74)



(R)-9 ~6.60 (14.44) ~8.16 (1.03)

($)-9 ~6.23 (26.98) ~7.81 (1.87)

2.4. ADMET assessment

To help us for a future selection of lead compounds and to further corroborate the molecular modeling
and the in vitro evaluation, we also performed an in-silico absorption, distribution, metabolism, and
excretion-toxicity (ADMET) pharmacokinetics evaluation. The in-silico assessment has been
generated through the evaluation of pharmacokinetic profiles and possible adverse side effects for the
molecules 8, 9 and 13. ADMET molecular studies were conducted using SwissADME

(http://swissadme.ch) [44] and pkCSM (http://biosig.unimelb.edu.au/pkesm/) [45], results are

reported in the supporting information (Figures S9-S14).

All the three compounds resulted as orally available, with high gastrointestinal absorption and highly
soluble in water. None of the compounds resulted as P-glycoprotein substrates; differently, most of
the compounds are inhibitors of the CYP family proteins. Interestingly all of the compounds have no
violation of the Lipinski rule of 5; they also have no violation of other drug-likeness rules (Ghose,
Egan, Veber, and Muegee) [46-49]. The absorption and distribution calculated parameters have been
depicted by the Edan—Egg model in Figure 6 (Brain or Intestinal. EstimateD, BOILED-Egg). The
Edan-Egg model highlights that all compounds were predicted to passively permeate the blood-brain
barrier and are not predicted to be effluated from the CNS by the P-glycoprotein. pkCSM calculated
absorption properties showed a higher than 94% intestinal absorption due to the optimal (> 0.90)
Caco-2 cell permeability. Moreover, most of the compounds can be absorbed by the skin (exploitable
for transdermal drug delivery), as showed by the Log K, <-2.5.

The calculated values of the total clearance indicate that most of the compounds have a good renal
elimination (1.07-1.11 mL/min kg) and all of them are substrates of the renal organic cation
transporter 2. pkCSM calculated toxicity properties did not point out concerns about the AMES test.

However, compounds 9 and 13 were predicted as hepatotoxic, and all compounds are predicted as


http://swissadme.ch
http://biosig.unimelb.edu.au/pkcsm/

inhibitors of the hERG II. On the other hand, the compounds have not skin sensitisation properties

and are not inhibitors of the hERG 1.

Figure 6. BOILED-Egg plot. Points located in the BOILED-Egg’s yellow are the compounds
predicted to permeate the BBB passively; differently, the ones in the white are the molecules
predicted to be only passively absorbed by the gastrointestinal tract. Blue dots indicate molecules
expected to be refluxed from the central nervous system (CNS) by the P-glycoprotein, whereas the

red ones are not transported by the P-glycoprotein.

3. Conclusions

The present study was aimed at unraveling the chemical requirements to obtain new selective HO-2
inhibitors. To this extent, we rationally designed a small, focused series of derivatives by playing
with the volume of the molecules. Starting from HO-1 inhibitors previously reported in the literature
and by merely increasing the volume of the western region, we switched the inhibition preference
from HO-1 to HO-2. Molecular modeling studies helped in understanding the binding mode of these
compounds, highlighting that the molecules correctly interact with the HO-1 and HO-2 binding site.

The molecular modeling showed that the molecules differently interact with the two binding sites and



that the presence of the HO-2 Tyr187 should represent the main reason for such a differentiation.
Moreover, the consensus water molecule present in both binding sites can mediate an interaction with
a Thr155 for the R enantiomer mainly. This set of described interactions can be useful for the design

of new selective HO-2 compounds.

4. Experimental section

4.1. Chemistry

Reactions were followed by TLC carried out on Sigma Aldrich silica plates (60 F254), using UV light
(254 nm and 366 nm) for visualization and developed using I, chamber. Flash chromatographic
purification on glasses columns was achieved employing Merck silica gel 60, 0.040-0.063 mm
(230400 mesh). Chemical syntheses requiring microwave irradiation were performed with a CEM
Discover instrument using closed Pyrex glass tubes (ca. 10 mL) with Teflon-coated septa. Melting
points were assigned by using an [A9200 Electrothermal apparatus furnished with a digital
thermometer in capillary glass tubes and are uncorrected. Infrared spectra were recorded on a
spectrometer in KBr disks or NaCl crystal windows. '"H NMR spectra were recorded on a 200 or 500
MHz spectrometer in DMSO-ds solution. Chemical shifts are given in ¢ values (ppm), using
tetramethylsilane (TMS) as the internal standard; coupling constants (J) are given in Hz. Signal
multiplicities are characterized as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br
(broad). Elemental analyses for C, H, N, and O were within £0.4% of theoretical values and were
accomplished through a Carlo Erba Elemental Analyzer Mod. 1108 apparatus. Reagents, solvents,
and starting materials were acquired from commercial suppliers.

4.1.1. 4-[[4-(2-Bromoethyl)phenoxy]methyl]benzonitrile (10)

A mixture of 4-(bromomethyl)benzonitrile (3.5 mmol), 4-(2-bromoethyl)phenol (6.9 mmol), and
K,COj3 (6.9 mmol) in acetone (20 mL) was left stirring for 20 h, at room temperature. Then it was
evaporated to dryness, added with deionized water (40 mL). The obtained suspension was left stirring

for 15 min, filtered under vacuum, and washed twice with cold water. The white solid was left in the



stove at 50 °C and crystallized using C,HsOH as solvent. The title compound was obtained as a pure
white solid (59%): mp 90-92 °C; 'H NMR (200 MHz, DMSO-d): & 7.87 (d, J= 8.2 Hz, 2H aromatic),
7.63 (d, J= 8 Hz, 2H aromatic), 7.20 (d, J= 8.2 Hz, 2H, aromatic), 6.95 (d, J = 8.4 Hz, 2H, aromatic),
5.20 (s, 2H, CH,0), 3.67 (t,J= 7.2 Hz, 2H, CH,CH,), 3.05 (t,J= 7.2 Hz, 2H, CH,CH,). Anal. Calcd.
for (C1sH14BrNO): C, 60.78; H, 4.46; N, 4.43. Found: C, 60.69; H, 4.48; N, 4.19.

4.1.2. 4-[[4-[2-(1H-Imidazol-1yl)ethyl]phenoxy]methyl]benzonitrile (8)

Compound 10 (0.95 mmol) was dissolved in anhydrous CH;CN (5 mL). Then, imidazole (1.4 mmol),
TEA (0.95 mmol) and TBAB (0.95 mmol) were added and the reaction mixture was left refluxing for
45 min in microwave (90 °C, 200 W, 150 Psi). The mixture was concentrated and the residue was
dissolved in EtOAc (100 mL), washed with NaOH 0.1 N (3x50 mL) and brine (1x50 mL). The
organic layer was dried over anhydrous Na,SO,, filtered and concentrated under vacuum. The
obtained yellow oil was purified by flash chromatography (9.5 EtOAc/0.5 CH;0H) affording a pure
white solid (32%): mp 110-112 °C; 'TH NMR (500 MHz, DMSO-d): 6 7.86 (d, J=8.4 Hz, 1H + 1H,
aromatic + imidazole), 7.63 (d, J = 8.4 Hz, 2H, aromatic), 7.47 (s, 1H, imidazole), 7.12 (s, 1H,
imidazole), 7.09 (d, J = 8.6 Hz, 2H, aromatic), 6.92 (d, J= 8.6 Hz, 2H), 6.84 (s, 2H, imidazole), 5.18
(s, 2H, CH,0), 4.15 (t, J = 7.3 Hz, 2H, CH,CH,), 2.95 (t, J = 7.3 Hz, 2H, CH,CH,). *C NMR (125
MHz, DMSO-d;) 156.52, 142.98, 132.33, 130.63, 129.67, 128.16, 127.98, 119.09, 118.69, 114.64,
110.36, 68.14, 47.29, 35.82. Anal. Calcd. for (C9H7N;0): C, 75.23; H, 5.65; N, 13.85. Found: C,
74.92; H, 5.66; N, 13.91.

4.1.3. 4-[(4-Acetylphenoxy)methyl]benzonitrile (11)

A mixture of the appropriate commercially available 1-(4-hydroxyphenyl)ethanone (10 mmol) and
4-(bromomethyl)benzonitrile (10 mmol), in acetone (40 mL) and in the presence of K,CO3 (20 mmol)
and a catalytic amount of KI was refluxed for 3 h. The reaction was checked for completion by TLC
(7 Cy/3 EtOAc), and then, the solvent was evaporated. Distilled water was added, and the suspension

was left stirring for 15 min, filtered and washed with water to obtain an off-white solid that was



recrystallized from C,HsOH. Analytical characterization is in agreement with previously reported
data [50].

4.1.4. 4-[[4-(Bromoacetyl)phenoxy]methyl]benzonitrile (12)
4-[(4-Acetylphenoxy)methyl|benzonitrile 11 (5 mmol) was dissolved in glacial acetic acid (20 mL)
and 0.5 mL of conc. HCI, then bromine (5 mmol) was added dropwise. The mixture was left stirring
at room temperature until colorless. The obtained solution was dropped in saturated NaHCO3;, and
the pH was adjusted to 9. The suspension obtained was filtered in vacuum to obtain a white solid.
The residue was dissolved in DCM and washed with brine. The organic layer was dried over Na,SOy,
filtered, and concentrated. The obtained crude 12 was used as such in the following step.

4.1.5. 4-[[4-(1H-Imidazol-1-ylacetyl)phenoxy]methyl]benzonitrile (13)
4-[[4-(Bromoacetyl)phenoxy]|methyl]benzonitrile 12 (5 mmol), was dissolved in anhydrous DMF (15
mL) and added dropwise to a previously prepared suspension of imidazole (15 mmol) and K,COj3 (15
mmol) in anhydrous DMF (20 mL). The obtained reaction mixture was left stirring for 2 h; then,
water was added and the resulting suspension was filtered in vacuum. The obtained crude material
was purified by column chromatography using 9.5 EtOAc/0.5 CH;OH as eluent. The residue was
recrystallized from EtOAc to obtain a pure yellow solid (74%): mp 178-180 °C; "H NMR (500 MHz,
DMSO-ds): 6 8.01 (d, J = 8.9 Hz, 2H, aromatic), 7.87 (d, J = 8.3 Hz, 2H, aromatic), 7.66 (d, J = 8.3
Hz, 2H, aromatic), 7.57 (s, 1H, imidazole), 7.19 (d, J= 8.9 Hz, 2H, aromatic), 7.09 (s, 1H, imidazole),
6.91 (s, 1H, imidazole), 5.66 (s, 2H, CH,N), 5.35 (s, 2H, CH,0). 3C NMR (125 MHz, DMSO-dg)
191.95, 162.33, 142.25, 138.40, 132.54, 130.44, 128.23, 127.82, 127.80, 121.01, 118.77, 115.05,
110.73, 68.63, 52.28. Anal. Calcd. for (C19H;5N50,): C, 71.91; H, 4.76; N, 13.24. Found: C, 72.21;
H, 4.79; N, 13.19.

4.1.6. 4-[[4-[I-hydroxy-2-(1H-imidazol-1-yl)ethyl]phenoxy]methyl]benzonitrile (9)

A mixture of the imidazole-ketone 13 (0.63 mmol) and NaBH, (1.26 mmol) in anhydrous CH;OH
(10 mL) was refluxed for 2 h; then it was evaporated to dryness, added with deionized water (40 mL),

acidified with HC1 1 N and heated to 110 °C for 0.5 h. After cooling to room temperature, the reaction



mixture was treated with a 1 N NaOH solution up to a pH of 8.5 and the obtained suspension was
filtered, washed repeatedly with water to neutrality, dried and crystallized from C,HsOH. The title
compound was obtained as pure off-white solid (89%): mp 165-166 °C. 'H NMR (500 MHz, DMSO-
dg): 0 7.86 (d, J= 8.2 Hz, 2H, aromatic), 7.62 (d, J = 8.2 Hz, 2H, aromatic), 7.48 (s, 1H, imidazole),
7.25 (d, J= 8.6 Hz, 2H, aromatic), 7.09 (s, 1H, imidazole), 6.96 (d, J = 8.6 Hz, 2H, aromatic) , 6.81
(s, 1H, imidazole), 5.63 (d, J = 3.9 Hz, 1H, OH), 5.20 (s, 2H, CH,0), 4.78 — 4.71 (m, 1H, CHOH),
4.08 (dd, J=13.9, J =4 Hz, 1H, CH,CHp), 4.00 (dd, J = 13.9, J = 8 Hz, 1H, CH,CHjg). 3C NMR
(125 MHz, DMSO-dg) 157.23, 143.05, 135.25, 132.46, 129.37, 128.07, 127.69, 127.33, 120.08,
118.83, 114.43, 110.44, 71.65, 68.20, 53.59. Anal. Calcd. for (C19H7N30,): C, 71.46; H, 5.37; N,
13.16. Found: C, 71.13; H, 5.33; N, 13.26

4.2. Biology

4.2.1. Preparation of spleen and brain microsomal fractions

Rat spleen and brain microsomal fractions were prepared by differential centrifugation to obtain HO-1
and HO-2, respectively; the dominance of HO-1 protein in the rat spleen and of HO-2 in the rat brain
has been widely documented [51]. Rat spleen and brain microsomal fractions were selected in order
to use the most native (i.e., closest to in vivo) forms of HO-1 and HO-2. Spleen and brain (Sprague-
Dawley rats) microsomal fractions were prepared according to the procedure outlined by Ryter et al.
[52]. The experiments reported in the present paper complied with current Italian law and met the
guidelines of the Institutional Animal Care and Use Committee of MINISTRY OF HEALTH
(Directorate General for Animal Health and Veterinary Medicines) (Italy). The experiments were
performed in male Sprague-Dawley albino rats (150 g body weight and age 45 d). Animals had free
access to water and were maintained in a temperature- and light-controlled facility. Each rat was
sacrificed and their spleen and brain were excised, weighed and pooled to obtain homogenates. Spleen
and brain homogenates (15%, w/v) pooled from four rats was prepared in ice-cold HO-homogenizing
buffer (50 mM Tris buffer, pH 7.4, containing 0.25 M sucrose) using a Potter-Elvehjem

homogenizing system with a Teflon pestle. Centrifugation at 10,000g for 20 min at 4 °C, followed by



centrifugation of the supernatant at 100,000g for 60 min at 4 °C was used to obtain microsomal
fraction of rat spleen and brain homogenates. The 100,000g pellet (microsomes) was resuspended in
100 mM potassium phosphate buffer, pH 7.8, containing 2 mM MgCl, with a Potter-Elvehjem
homogenizing system. Equal aliquots of the rat spleen and brain microsomal fractions were and stored
at —80 °C for up to 2 months. Protein concentration was measured using TAKE 3 nanodrop.

4.2.2. Preparation of biliverdin reductase

Biliverdin reductase (BVR) was obtained from the liver cytosol. Rat liver was perfused through the
hepatic portal vein with cold 0.9% NaCl; then, it was cut and perfused with 2x20 mL of ice-cold PBS
to remove all of the blood. Liver homogenates were obtained with 3 volumes of a solution containing
1.15% KC1 w/v and Tris buffer 20 mM, pH 7.8 on ice. Homogenates were centrifuged at 10,000g for
20 minutes at 4 °C and then the supernatant was centrifuged at 100,000g for 1 h at 4 °C to sediment
the microsomes. Small amounts of the 100,000g supernatant were stored at —80 °C after its protein
concentration was measured.

4.2.3. Measurement of HO-1 and HO-2 enzymatic activities in the microsomal fraction of rat spleen
and brain

The HO-1 and HO-2 activities were measured following the bilirubin formation, as described by
Ryter et al. [52]. Reaction mixtures (500 pL) contained: 20 mM Tris-HCI, pH 7.4, (1 mg/mL)
microsomal extract, 0.5-2.0 mg/mL biliverdin reductase, | mM NADPH, 2 mM glucose 6-phosphate
(G6P), 1 U G6P dehydrogenase, 25 pM hemin, 10 uL of DMSO (or the same volume of DMSO
solution of test compounds to a final concentration of 100, 10, and 1 uM). 60 min incubations at 37
°C were carried out in a circulating water bath in the dark. 1 volume of chloroform was added to stop
reactions. After recovering the chloroform phase, the amount of bilirubin formed was measured with
a double-beam spectrophotometer as OD464-530 nm (extinction coefficient, 40 mM/cm™! for
bilirubin). One unit of the enzyme was defined as the amount of enzyme catalyzing the formation of
1 nmol of bilirubin/mg protein/h.

4.3. Computational methods



The three-dimensional structures of all the studied molecules were generated using Marvin Sketch
(18.24, ChemAxon Ltd., Budapest, Hungary) [53]. The input 2D structures were minimized using the
Merck molecular force field (MMFF94) present in Marvin Sketch at neutral pH. Then, the obtained
geometries were further optimized using the PM3 Hamiltonian in MOPAC (MOPAC2016 v. 18.151,
Stewart Computational Chemistry, Colorado Springs, CO, USA) [54]. The docking model was
validated as we already published in a different paper using the classical inhibitors of HO-1
(Azalanstat, QC-15, QC-80, QC-82, QC-86, and QC-308) [37]. The protein and the ligands were

prepared using YASARA (v. 19.5.5, YASARA Biosciences GmbH, Vienna, Austria). The protein

structures were downloaded from the protein data bank (https://www.rcsb.org/, ID: 2DY5 for HO-1
and 2QPP for HO-2). Chain A and the heme group were maintained for HO-1, while chain B was
used for HO-2. All the water molecules were removed apart from the described consensus water [43].
In the docking experiments, the amino acid residues of the proteins were kept rigid; differently, the
single bonds of the ligands were kept free to rotate. Docking was performed by applying the
Lamarckian genetic algorithm (LGA) implemented in AutoDock using YASARA GUI. The ligand-
centered maps were generated by the AutoGrid with a spacing of 0.375A and dimensions that
surround all atoms extending 5A from the surface of the ligand in a cuboid box. All of the parameters

were at their default settings.
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Highlights

e HO-2 selective inhibitors have been designed
e Selectivity switch from HO-1 to HO-2 was obtained by increasing the volume of the molecules
e Docking studies rationalized the obtained results

e The presence of a Tyr187 residue in HO-2 accounts for the binding pose of 9
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