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Abstract

The ubiquitin-proteasome pathway (UPP) represents the principal proteolytic
apparatus in the cytosol and nucleus of all eukaryotic cells. Nowadays, proteasome
inhibitors (Pls) are well-known as anticancer agents. However, although three of
them have been approved by the US Food and Drug Administration (FDA) for
treating multiple myeloma and mantel cell lymphoma, they present several side
effects and develop resistance. For these reasons, the development of new Pls with
better pharmacological characteristics is needed. Recently, noncovalent inhibitors
have gained much attention since they are less toxic as compared with covalent
ones, providing an alternative mechanism for solid tumors. Herein, we describe a
new class of bis-homologated chloromethyl(trifluoromethyl)aziridines as selective
noncovalent Pls. In silico and in vitro studies were conducted to elucidate the
mechanism of action of such compounds. Human gastrointestinal absorption (HIA)
and blood-brain barrier (BBB) penetration were also considered together with

absorption, distribution, metabolism, and excretion (ADMET) predictions.
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featured by a 20S core particle (CP), the proteolytically active
part, and two 19S outer regulatory particles (RPs). Four

The ubiquitin-proteasome pathway (UPP) represents the principal
proteolytic apparatus in the cytosol and nucleus of all eukaryotic
cells. It is responsible for preserving intracellular protein
homeostasis in physiological and adaptive stress conditions.!*?
The degradation of the targeted proteins by UPP is a cyclic
pathway characterized by the initial ubiquitination of damaged or
abnormal proteins.*~>! Indeed, these polyubiquitinated proteins
are then degraded via the 26S proteasome system. The 26S

eukaryotic proteasome is a multifunctional macromolecule

heptameric rings stacked in an a7B7B7a7 arrangement constitute
the CP. Among the B1-7 proteolytic active sites of the two inner
B-rings, B1, B2, and B5 subunits are the proteolytic ones
with different substrate specificities.[®"8 B5 subunits display
“chymotrypsin-like” (ChT-L) activity and are mostly involved in
protein degradation. For this reason, they constitute the main
targets for developing anticancer agents.l”! B2 and B1 subunits
instead are considered as cotargets. B2 subunits possess “trypsin-

like"” (T-L) activity, whereas B1 are referred to as subunits with
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FIGURE 1 Schematic structure of the 26S proteasome.
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FIGURE 2 Proteasome inhibitors (Pls) approved by Food and Drug Administration (FDA) (a). Examples of noncovalent Pls (b).

“post-glutamate peptide hydrolase” (PGPH) or “caspase-like”
(C-L) activity (Figure 1).10** All three catalytic subunits contain
an N-terminal residue represented by Thrl. The hydroxyl group of
Thrl carries out the nucleophilic attack to the peptide bond,
playing a central role in the formation of the tetrahedral
intermediate of the proteolytic mechanism. A water molecule
then completes the degradation of the peptide, performing the
hydrolysis with the release of the catalytic Thr1.['%13!

To date, three kinds of proteasomes have been investigated:

[14-16] \which is the most

[17,18]

the constitutive proteasome (cCP),
widely distributed in cells, the immunoproteasome (iCP)

(191 \which are responsible for the

and the thymoproteasome (tCP),
antigen presentation and the positive selection of CD8" T cells,
respectively.

The employment of proteasome inhibitors (Pls) as anticancer
agents is well-established nowadays.[20'21] Indeed, three Pls,
bortezomib (1),?2! ixazomib (2), and carfilzomib (3) have been

approved by the US Food and Drug Administration (FDA) for the

treatment of multiple myeloma and mantel cell lymphoma
(Figure 2a).?®! The clinically used Pls, as well as the major part
of the inhibitors reported in the literature, are covalent. They are
characterized by different electrophilic warheads able to bind the
hydroxyl group of the N-terminal threonine residue of the 20S
catalytic BS-subunit.[z‘” Even if they show great efficiency in
anticancer therapy, the covalent mode of action leads to severe

(25261 and limited activities in solid tumors.?”!

side effects
Therefore, their clinical use has been limited due to a lack of
specificity and excessive reactivity and instability. On the other
hand, promising diverse noncovalent inhibitors (e.g., 4, 5, and 6)
have been identified, showing reduced toxicity and providing a
different mechanism for solid tumors due to the rapid binding
and dissociation kinetics of the noncovalent interactions
(Figure 2b).[*4]

Considering the results achieved so far regarding the develop-

[28-31]

ment of noncovalent Pls and in agreement with preliminary

docking studies, the inhibitory activity of a set of bis-homologated
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chloromethyl(trifluoromethyl)aziridines (CMTMAs) was evaluated

toward this anticancer target.[>?

2 | RESULTS AND DISCUSSION
2.1 | Pharmacology/Biology

The preparation of the targeted CMTMAs was levered on the
homologation logic of imine surrogates with nucleophilic lithium
carbenoids®33¥ previously reported.’*? Compounds 8-19 (Figure 3)
were then evaluated in vitro against human 20S proteasome, and the
results are reported in Table 1.

The ChT-L activity (B5 subunit) against human 20S proteasome
was assessed for all CMTMAs (8-19) at a concentration of 20 uM

CO,t-Bu
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Cl cl
5@' ° N
CF3 x
CF;
8 9
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using dimethyl sulfoxide (DMSO) as a negative control.®®! The three
most active CMTMAs (i.e., 10, 12, and 19) showed inhibitory activity
of 67%, 73%, and 80%, respectively, suggesting that bulky
hydrophobic groups connected to the aziridine nitrogen are favored
for efficacious binding to the target. Furthermore, as in 12 and 19,
substituents in meta-position were well tolerated, as well as basic
substituents, such as morpholinyl (as in 10) and pyrrolidinyl (as in 19).
Thus, continuous assays were carried out for 10, 12, and 19, showing
ICso values of 12.1, 11.3, and 9.8 uM, respectively, and binding
affinity values (K;) in the low-micromolar range (Table 1).
Comparing the biological activity of the CMTMAs with the
previously reported chloro(trifluoromethyl)aziridines (CTMAs),?%) a
clear correlation of how the substituents influence the activity was
not found. Even if the two series of compounds differ only for a

methylene unit, a different percentage of inhibition was found for

CN
Cl
T 54‘
E><T CFs
CF;
10 11

/ OEt

CF; 3

14 15
N=NPh
o
o E><T
E><T CF3
CF;

18 19
OH

Suc-Leu-Leu-Val-Tyr-AMC (20)

FIGURE 3 Chemical structures of compounds 8-19 and reference compound 20.
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TABLE 1 Docking scores and predicted K; on proteasome subunit B5 of Saccharomyces cerevisiae (PDB ID: 4HRD) as well as inhibitory

activities of compounds 8-19 compared with reference [20].

K; calc.
Compound AG Vina (uM)
8 -8.70 0.42
9 -7.19 5.33
10 -8.18 1.00
11 -7.64 2.49
12 -8.66 0.45
13 -7.94 1.50
14 -7.64 2.49
15 -6.91 8.56
16 -8.14 1.07
17 -7.76 2.04
18 -8.42 0.67
19 -7.15 5.71
20 -8.75 0.38

Bortezomib® - -

3Screening assays on human 20S proteasome ChT-L activity (5 subunits).

ChT-L activity
(% inhibition at 20 uM)? ICso/K; (M) ChT-L®

23+0.1 -
<20 _

67 £ 0.4 12.1 + 0.2/1.4 + 0.02

<20 —

73+05 11.3 + 0.6/1.3 + 0.07

<20 -

38+ 1.3 -

<20 -

25+ 09 -

<20 —

36 + 1.0 -

80 + 0.9 9.8 +0.7/1.1 £ 0.08

- K; = 0.35[%]

100 0.085 + 0.002/0.0098 * 0.001%°!

bContinuous assays on human 20S proteasome ChT-L activity (B5 subunits) with final inhibitor concentrations 0, 2.5, 5, 10, 20, 30, 40, and 50 uM
performed for 30 min only for compounds that showed > 60% of inhibition in the screening test. ICsq values include standard deviation from two
independent experiments performed in duplicate. K; + SD values have been calculated using the Cheng-Prusoff equation. The K, values were determined
in separate experiments: For ChT-L activity with Suc-Leu-Leu-Val-Tyr-AMC K, = 13 uM.

“Values determined in the same experimental conditions of CMTMAs.

the derivatives embodied with an anthracenyl (16), pyrrolidinyl (19),
diazophenyl (18), and morpholinyl (10) moieties. Indeed, for the
CTMAs the best activity was observed for the anthracene- (ICsq =
13.6 uM) and diazophenyl- (ICso = 14.1 uM) bearing compounds,?”!
whereas for the CMTMAs the presence of a phenyl group in ortho
position (12), a morpholinyl (10), and a pyrrolidinyl (19) functionali-
ties led to the most active molecules. Neither the position nor the
presence of electron-withdrawing or electron-donating groups
clearly explained the variation of the activity. Despite the unclear
correlation between the various substituents linked to the aziridine
moiety, comparing the results obtained from the docking studies
carried out in the previous work and this one, it appears that the
interactions with the various residues of the receptor site are almost
conserved, albeit with different portions of the molecules, for
example, with residues Ala20, Ala27, Ser28, and Glu132. Each of
these residues interacts with both the previous ligands and those
reported in this work, albeit through interactions of a different
nature.

Preliminary assays (i.e., screening at 20 uM) performed on various
cysteine and serine proteases (i.e., human cathepsins B and L, and bovine
pancreatic a-chymotrypsin) to assess off-target reactivity, as well as on
proteasome B1 and B2 subunits, did not display any inhibitory activity
(inhibition range 0%-5%), demonstrating a marked selectivity of

compounds 8-19 against proteasome B5 subunits.

2.2 | Molecular modeling studies and absorption,
distribution, metabolism, and excretion (ADMET)
prediction

In silico studies were performed using AutoDock Vina implemen-
ted in the yet another scientific artificial reality application
(YASARA) software. The docking studies were performed on all
the protonation states of the compounds at pH 7.4, previously
calculated using the Marvin software. The peptide Suc-Leu-Leu-
Val-Tyr-AMC (20, Figure 3) was used as a reference proteasome
substrate. The calculated inhibition constants are reported in
Table 1 and, for the best-performing compounds, 10, 12, and 19,
agree well with the experimental ones.

Figure 4 shows the 3D and 2D poses of the three best
compounds, 10, 12, and 19. From the interactions dictated at the
poses within the receptor pocket, it is evident that the aromatic ring
of these compounds acts as the anchor portion; in fact, we note in all
three compounds m-cation and m-anion interactions, in particular,
compound 10 establishes these interactions with residues Glu132,
Glu134, and Argl37, compound 12 with residues Asp126 and
Arg137, and compound 19 with residue Argl137. The presence of
other similar interactions, such as hydrophobic, m-alkyl, and with
halogens, reflects the similar inhibitory activity of the three

compounds toward the proteasome. For example, compounds
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FIGURE 4 3D and 2D poses of compounds 10 (a), 12 (b), and 19 (c) within the receptor pocket.

12 and 19 (Figure 4b,c) establish the same interactions with the
identical residues Ala20, Ala27, Ala49, Ser28, and Argl37.

To better study the formation and stability of the ligand@protein
complex, 100 ns of molecular dynamics (MD) simulations for ligands
10, 12, and 19 were performed within the receptor pocket of the
proteasome. From the graphs shown in Figure 5, analyzing the total
energy and the root-mean-square deviation of the complexes, it is

evident that all three ligands form a very stable complex within the
receptor site; this is due to the dense network of interactions,
previously commented on, that keeps the ligands anchored within the
receptor pocket.

The in silico assessment has been expanded by evaluating
pharmacokinetic profiles and possible adverse side effects for
ligands 10, 12, and 19. The ability to reach the target was assessed
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FIGURE 5 Total energy and RMSD of the ligand@protein complexes for compounds 10 (a), 12 (b), and 19 (c) within the proteasome. RMSD,

root-mean-square deviation.

TABLE 2 Gl absorption, drug-likeness, lead-likeness, bioavailability score, PAINS, and synthetic accessibility parameters of compounds 10,

12, and 19.

Lead- Bioavailability PAINS Synthetic
Compound Gl absorption  Lipinski Ghose Veber Egan Muegge likeness score alerts accessibility
10 High 1
12 Low
19 High

Abbreviation: Gl, gastrointestinal; PAINS, pan-assay interference compounds.

using the SwissADME server (http://swissadme.ch), accessed on
February 10, 2022), and the results are reported in Table 2. These
evaluations show that compounds 10 and 19 simultaneously
satisfy the drug-likeness rules of Lipinski,®”? Ghose,!*®! Veber,?

Egan,*® and Muegge.*! Notably, 12 and 19 showed no alerts on

the outcome of the pan-assay interference compounds model of
pan assay interference structures, designed to exclude small
molecules that might show false positives in bioassays. In addition,
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FIGURE 6 BOILED-Egg plot. Points located in the BOILED-Egg's yolk (yellow) represent the molecules predicted to passively permeate
through the blood-brain barrier, whereas the ones in the egg white are relative to the molecules predicted to be passively absorbed by the
gastrointestinal tract; the blue dots (10 and 19) indicate the molecules for which it was expected to be effluated from the CNS by the
P-glycoprotein, whereas the red ones (12) point to the molecules predicted not to be effluated from the CNS by the P-glycoprotein. CNS, central

nervous system.

all three compounds show a bioavailability score of 0.55 and
excellent synthetic accessibility, the latter being critical to meeting
the interests of pharmaceutical industries.

Human gastrointestinal absorption (HIA) and blood-brain barrier
(BBB) penetration, related to absorption and distribution parameters,
respectively, were graphically represented by the extended and
revamped version of the Edan-Egg model, called Brain Or IntestinalL
EstimateD (BOILED) predictive permeation model (BOILED-Egg).*?!
Analyzing Figure 6, we note that compounds 10 and 19 passively
cross the BBB, and both, with the help of P-glycoprotein, can be
effluated from the central nervous system (CNS); on the other hand,

molecule 12 is not passively absorbed from the gastrointestinal tract.

3 | CONCLUSION

In conclusion, the inhibitory activity toward the proteasome of a
new class of aziridine derivatives has been reported. In silico
studies predicted a noncovalent mechanism of action and promis-
ing “drug-like” features as anticancer agents. In vitro enzymatic
assays revealed a selective inhibition over the B5 proteasome
subunits. Moreover, preliminary studies were conducted on
several cysteine and serine proteases (i.e., human cathepsins B
and L, and bovine pancreatic a-chymotrypsin) to assess off-target

reactivity and did not show any inhibitory activity.

4 | EXPERIMENTAL
41 | Chemistry
411 | General

Melting points were determined on a Reichert-Kofler hot-stage
microscope and uncorrected. Mass spectra were obtained on a Shimadzu
QP 1000 instrument (El, 70 eV) and a Bruker maXis 4 G instrument (ESI-
TOF, HRMS). *H, 13C, °F, and *°N nuclear magnetic resonance (NMR)
spectra were recorded using a Bruker Avance Il 400 spectrometer
(400 MHz for *H, 100 MHz for *3C, 377 MHz for *°F, 40 MHz for »°N)
and a Bruker DRX spectrometer (200 MHz for *H, 50 MHz for *3C) at
297 K. The center of the solvent signal was used as an internal standard
which was related to tetramethylsilane with & 7.26 ppm (*H in CDClg), &
77.00 ppm (*3C in CDCly). N NMR spectra were referenced against
external nitromethane (0.0 ppm), and ’F NMR spectra by absolute
referencing via € ratio. Spin-spin coupling constants (J) are given in Hertz.
In nearly all cases, complete and unambiguous assignment of all
resonances was performed by applying standard NMR techniques, such
as attached proton test, heteronuclear single quantum coherence,
heteronuclear multiple bond correlation, correlation spectroscopy, and
nuclear overhauser effect experiments.

Tetrahydrofuran (THF) was distilled over Na/benzophenone.
Chemicals were purchased from Sigma-Aldrich, Acros, Alfa Aesar,
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reagents were kindly provided by Albemarle Corporation. Solutions
were evaporated under reduced pressure with a rotary evaporator.
Thin layer chromatography was carried out on aluminum sheets
precoated with silica gel 60F254 (Macherey-Nagel, Merck); the spots
were visualized under UV light (A = 254 nm) and/or KMnOy4 (aq.) was
used as a revealing system. Neutral Aluminum Oxide-Brockmann
grade 2 (Alox-BG2) for chromatographic purifications was prepared
as we previously reported.[43] MelLi-LiBr (1.5 M ethereal solution) was
titrated immediately before use, according to the literature.*4!

The InChl codes of compounds 8-19, together with some
biological activity data, are provided as Supporting Information.

41.2 | General procedure for the synthesis
of trifluoroacetimidoy! chlorides*

To a solution of PhsP (3.0 equiv) in 1,2-dichloroethane, CCl, (4.0 equiv),
EtsN (1.2 equiv), and trifluoroacetic acid (1.0 equiv) were added at 0°C,
and the mixture was stirred for 10 min. After the solution was allowed to
reach room temperature, suitable aniline (1.0 equiv) was added. The
mixture was then refluxed overnight. The solvent was removed under
reduced pressure, and the residue was diluted and washed with
n-hexane several times and filtered. The filtrate was concentrated under
reduced pressure, and the so-obtained crude mixture was subjected
to chromatography (silica gel) to afford pure compounds. Spectral
information is reported here: 10.1002/ange.201812525.

4.1.3 | General procedure for the synthesis
of CMTMAs!®2!

To a cooled (-78°C) solution of trifluoromethylchloroimidate (1.0 equiv)
in dry THF, chloroiodomethane was added (1.3 equiv). After 2 min, an
ethereal solution of MeLi-LiBr (1.2 equiv, 1.5 M) was added dropwise
using a syringe pump (flow: 0.200 mL/min). The resulting solution was
stirred for 1 h. Then 10% aq solution NaHCO3 (2 mL/mmol substrate)
was added, and the reaction mixture was extracted with Et,O (2 x 5 mL)
and washed with water (5 mL) and brine (10 mL). The organic phase was
dried over anhydrous Na,SQy, filtered, and, after removal of the solvent
under reduced pressure, the so-obtained crude mixture was subjected
to chromatography (Alox-BG2) to afford pure compounds. Spectral
information is reported here: 10.1002/ange.201812525.

4.2 | Pharmacological/biological assays

421 | Inhibition assay for the chymotrypsin-like
activity of the 20S proteasome

The inhibitory activity of the compounds was evaluated by a standard
fluorometric method.2¥ Human 20S proteasome, isolated and

purified from erythrocytes, was obtained from a commercial source

(Biomol GmbH), as well as the peptidic substrate (Bachem) Suc-Leu-Leu-
Val-Tyr-AMC-HCI for the chymotrypsin-like (ChT-L) activity of the
enzyme. The proteolytic activity of the 20S proteasome was measured
by monitoring the hydrolysis of the substrate by detecting the
fluorescence of the product released, 7-amino-4-methyl coumarin
(7-AMC), by means of an Infinite 200 PRO microplate reader (Tecan) at
30°C with a 380 nm excitation filter and a 460 nm emission filter. Human
20S proteasome was employed for testing at a final concentration of
0.004 mg:mL™? together with the fluorogenic substrate (100 puM) and
compounds present at 20 UM (screening assay) or at variable concentra-
tions (continuous assay). DMSO was used as a negative control. The
reaction buffer consisted of 50mM Tris pH 7.5, 10mM NaCl, 25 mM
KCl, 1 mM MgCl,-6H,0, 0.03% Sodium dodecyl sulfate (SDS), and 5%
DMSO. The compounds and enzyme were incubated for 30 min at 30°C
before substrate addition. Product release from substrate hydrolysis was
monitored continuously for 10 min. The ICsq values were evaluated with

the program GraFit® using the two-parameter equation.

4.2.2 | Inhibition assay for the postglutamyl peptide
hydrolyzing (PGPH or caspase-like) activity of the 20S
proteasome

The assay against the caspase-like (Casp-L) activity of the human 20S
proteasome was performed in the same experimental conditions as
for the ChT-L activity. The enzyme employed for testing was
incubated at a final concentration of 0.003 mg:-mL™! together with
the appropriate fluorogenic substrate Z-Leu-Leu-Glu-AMC-HCI
(80 uM; from Bachem) and compounds present at 20 uM (screening
assay). DMSO was used as a negative control. The reaction buffer
consisted of 50 mM Tris pH 7.5, 10 mM NaCl, 25 mM KCI, 1 mM
MgCl,-6H,0, 0.03% SDS, and 5% DMSO.

4.2.3 | Inhibition assay for trypsin-like activity of the
20S proteasome

The assay against the trypsin-like (T-L) activity of the human 20S
proteasome was performed in the same experimental conditions as
for the ChT-L and Casp-L activity. The enzyme employed for testing
was incubated at a final concentration of 0.0025 mg-mL™! together
with the appropriate fluorogenic substrate Boc-Leu-Arg-Arg-
AMC-HCI (85 uM; from Bachem) and compounds present at 20 uM
(screening assay). DMSO was used as a negative control. The reaction
buffer consisted of 50 mM Tris pH 7.4, 50 MM NaCl, 0.5 mM EDTA,
0.03% SDS, and 5% DMSO.

424 | Inhibition assay for bovine pancreatic
a-chymotrypsin

The enzyme (250pgmL™®) was incubated at 20°C with test
compounds (20 uM; screening assay). The reaction buffer consisted
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of 50 mM Tris buffer pH 8.0 containing 100 mM NaCl, 5 mM EDTA,
and 7.5% DMSO. Product release from fluorogenic substrate
hydrolysis (75uM final concentration, Suc-Leu-Leu-Val-Tyr-AMC;

from Bachem) was determined over 10 min.

42,5 | Inhibition assay for human cathepsins B
and L

Cathepsins B (recombinant, human liver) and L (Paramecium tetra-
urelia) were purchased from Calbiochem. Screening assays with
cathepsin B (58 pgmL™Y) and cathepsin L (53ngmL™%) were per-
formed at 20°C with test compounds. Cbz-Phe-Arg-AMC (from
Bachem) was used as a fluorogenic substrate for both enzymes
(80 uM for cathepsin B, 5uM for cathepsin L). The reaction buffer
consisted of 20mM Tris buffer pH 6.0 containing 200 mM NacCl,
5mM EDTA, 2.5 mM dithiothreitol, 0.005% Brij 35, and 10% DMSO.
Product release from fluorogenic substrate hydrolysis was deter-

mined over 10 min.

4.3 | Molecular docking and dynamics

The studied molecules were drawn using Marvin Sketch and
minimized toward molecular mechanics by Merck molecular force
field (MMFF94) optimization using the Marvin Sketch geometrical
descriptors plugin. The protonation states of the molecules were
calculated assuming a 7.4pH.!“Y The MMFF91 obtained 3D
structures were subsequently optimized using the parameterized
model number six semi-empirical Hamiltonian with the corrections to
hydrogen bonding and dispersion (PM6-D3H4) implemented in the
MOPAC package (vMOPAC2016). Docking calculations were made
using AutoDock Vina, as implemented in the YASARA package, with
the default docking parameters. The X-ray crystal structures of the
co-crystal proteasome subunit B5/Carmaphycin B (PDB ID: 4HRD)
were downloaded from the Protein Data Bank (www.rcsb.org). Only
chains K and L were used. Water molecules were also removed. All
amino acid residues were kept rigid, whereas all single bonds of
ligands were treated as fully flexible for both proteins. A 10A
simulation cell around all atoms of the cocrystallized ligand was used.
AMBER 14 force field was used for the simulation.?”) The MD
simulations of the complexes were performed with the YASARA
structure package according to our previously reported

procedures. 4447
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