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ABSTRACT

The constitutive proteasome and the immunoproteasome rep-
resent validated targets for pharmacological intervention in
the context of various diseases, such as cancer, inflammation,
and autoimmune diseases. The development of novel chemical
scaffolds of non-peptidic nature, capable of inhibiting differ-
ent catalytically active subunits of both isoforms, is a viable
approach against these diseases. Such compounds are also
useful as leads for the development of biochemical probes that
enable the studies of the roles of both isoforms in various bio-
logical contexts. Here, we present a ligand-based computa-
tional design of (immuno)proteasome inhibitors, which resulted
in the amino-substituted N-arylpiperidine-based compounds
that can inhibit different subunits of the (immuno)proteasome
in the low micromolar range. The compounds represent a
useful starting point for further structure-activity relationship
studies that will, hopefully, lead to non-peptidic compounds
that could be used in pharmacological and biochemical studies
of both proteasomes.

Keywords: proteasomes, scaffold morphing, optimization,
computational design, selectivity, inhibitors

All intracellular and many extracellular proteins undergo continuous degradation

and resynthesis. Eukaryotic cells contain several proteolytic systems and complex mecha-
nisms, which ensure that the degradation process is strictly regulated. Extracellular and
membrane proteins are mainly degraded in lysosomes by endocytosis, phagocytosis or
pinocytosis. On the other hand, most intracellular proteins are degraded via the ubiquitin-
-proteasome system (UPS). The 26S proteasome is the principal proteolytic machine with-
in the UPS and plays a key role, including the rapid degradation of misfolded and dam-
aged proteins and the slower degradation of most other intracellular proteins (1, 2). The
26S proteasome is therefore essential for protein homeostasis and during the past two
decades, a critical role for the UPS has been established in essentially every process inside
cells, including immune response, cell cycle progression, regulation of transcription, ge-
nome integrity, and apoptosis (3-7).
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The 26S proteasome is a large multicatalytic complex (see below) that breaks down
ubiquitin-tagged proteins. Ubiquitin is a small protein, consisting of 76 amino acids, and its
attachment to the target protein represents a signal for proteasome processing and degrada-
tion. This process involves three sequentially-acting enzymes: E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase). Ubiquitination
begins with the activation of ubiquitin via the activating enzyme E1 in an ATP-dependent
reaction. The terminal carboxyl group of ubiquitin binds via the thioester bond to the cysteine
residue of El. Ubiquitin is then transferred to one of the isoforms of the E2 conjugation
enzyme. The key enzymes throughout the process, however, are the ubiquitin E3 ligases,
because they recognize specific protein substrates and catalyze the transfer of activated
ubiquitin from E2 to the targeted proteins (8-10). The C-terminal glycine residue of activated
ubiquitin binds covalently to the side NH, group of the lysine on the substrate via an iso-
peptide bond. By sequentially adding more ubiquitin molecules to the same protein, a poly-
ubiquitin chain is synthesized. At least four ubiquitin molecules must be bound to the protein
for proteasome tagging. The labeled proteins then bind to the 19S regulatory domain of the
265 proteasome, where they are deubiquitinated and unfolded (4). The unfolded proteins
enter the catalytic part of the machinery (20S proteasome or core particle), where they are
cleaved into peptides containing from 3 to 22 amino acids. The peptides are then released
together with free ubiquitin (which is recycled) and are further degraded by cytosolicamino
and carboxypeptidases, and a small fraction of the peptides are transferred to endoplasmic
reticulum membranes, where they bind to major histocompatibility complex class Imolecules
and are presented to cytotoxic T cells that trigger an immune response (11, 12).

The 26S proteasome, in its constitutive form, comprises a 20S core particle (CP) that is
flanked by regulatory 19S moieties on both ends (Fig. 1). The CP, a 720 kDa barrel-shaped
structure, consists of four stacked rings: two outer a-rings and two inner 3-rings, each
composed of seven subunits. While the outer a-rings contribute to the protein’s structural
integrity and create a passage for substrate entry, they lack catalytic activity. On the other
hand, the inner 3-rings possess proteolytic functions (13, 14). Each ring contains three
subunits with catalytic activity, responsible for protein breakdown. The 35 subunit (chymo-
trypsin-like) cleaves bonds following hydrophobic residues, the 31 subunit (caspase-like)
cleaves peptide bonds after acidic residues, and the 32 subunit (trypsin-like) cleaves bonds
after basic residues (Fig. 1) (15).

In vertebrates, three types of CPs are known. Namely, the constitutive proteasome
(cCP) found in all cells, the thymoproteasome, which is found only in the epithelial cells
of the thymus cortex, and the immunoproteasome (iCP) expressed mainly in cells of the
hematopoietic origin, such as the lymph nodes, spleen, and bone marrow. In non-hemato-
poietic cells exposed to inflammatory factors, such as tumor necrosis factor o and
interferon-vy, the synthesis of iCP active subunits (3 (designated as {1i, f2i, 35i), which
replace their constitutive counterparts is induced (12, 17). In addition, the regulatory 195
part is replaced by the regulatory 11S part (Fig. 1) (18). Unlike cCP, iCP has markedly
decreased caspase-like activity and increased chymotrypsin- and trypsin-like proteolytic
activities. Consequently, iCP has a higher affinity for the cleavage of peptides with hydro-
phobic and basic residues. This results in the production of peptide fragments optimized
for binding to MHC class I molecules and presentation to cytotoxic T-cells, leading to the
initiation of an immune response (12).

Disruption of the UPS that is caused by either increased expression of both protea-
somes or their activities can lead to a number of diseases. These include many types of
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Fig. 1. Schematic representations of the constitutive proteasome and the immunoproteasome. Under
the influence of inflammatory conditions, the expression of immuno-subunits (31i, 32i, and (5i is

induced. Green and violet stars denote catalytically-active subunits of the constitutive proteasome
and the immunoproteasome, resp. Figure adapted from ref. 16.

cancer, infections, inflammatory and autoimmune diseases (Crohn’s disease, ulcerative
colitis, hepatitis, and rheumatoid arthritis), as well as neurological disorders (19-23).
Hence, the cCP and the iCP are deemed valid targets for the design of new biologically
relevant compounds (24-31). Our lab recently reported on reversible and irreversible non-
peptidic inhibitors of the 35i subunit of the human iCP with inhibitory activities in the low
micromolar and nanomolar range, resp. (32-34). These compounds were also able to dis-
criminate between the iCP and the cCP in cellulo. With the aim to expand the chemical
space of non-peptidic iCP and cCP inhibitors, the current study was focused on a compu-
tationally-driven scaffold morphing approach to replace the large central psoralen ring
with novel ring systems. This approach led to the discovery of novel, yet simplified com-
pounds, which were prepared via a straightforward three-step synthesis. The initial bio-
chemical evaluation was focused on inhibition assays on the $5i subunit of the iCP, fol-
lowed by assays of the most potent compounds for inhibitory activities on the remaining
subunits of both proteasomes to determine their selectivities. These efforts resulted in
several amino-substituted N-arylpiperidinyl-based inhibitors with inhibition of different
iCP and cCP subunits in the low micromolar range.

EXPERIMENTAL

General chemistry

Chemicals from commercial sources (Sigma Aldrich, USA, Fluorochem, UK, TCI,
Japan, Apollo Scientific, UK, Enamine, Ukraine) were used without further purification.
Anhydrous THF, DCM, and Et;N were dried and purified by distillation over Na, K,CO,
and KOH, resp. Analytical thin-layer chromatography (TLC) was performed on Merck
silica gel (60F,5,) plates (0.25 mm). Flash column chromatography was performed on Silica
gel 60 (Merck, Germany, particle size 0.040-0.063 mm). The mobile phases are reported for
each individual synthetic step.
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'H and ®C NMR spectra were recorded on a Bruker AVANCE III 400 (USA) spectro-
meter at 295 K in CDCIl; or DMSO-d, solutions with TMS as the internal standard. The
chemical shifts (6) are reported in parts per million (ppm) downfield from TMS. All the
coupling constants (J) are reported in hertz (Hz). IR spectra were recorded on a PerkinElmer
Spectrum BX System FT-IR spectrometer (USA). Mass spectra were measured with an
Advion expression CMLS mass spectrometer with ESI ionization (USA). High-resolution
mass spectra were obtained with the ExactiveTM Plus Orbitrap Mass Spectrometer with
ESI ionization (ThermoFisher Scientific, USA).

Melting points were determined on a Reichelt hot-stage and are uncorrected. All
reported yields are yields of purified products.

Analytical reversed-phase HPLC for the test compounds was performed on a Thermo
Scientific DIONEX UltiMate 3000 instrument (USA) equipped with a diode array detector
using Kromasil 5-CelluCoat normal-phase column (10 x 250 mm, 5 um), which was thermo-
stated at 25 °C, with a flow rate of 4.0 mL min™' and a sample injection volume of 10 uL. An
eluent system of n-hexane (from 70 to 85 %) and EtOH (from 30 to 15 %) was used, depending
on the characteristics of the compound analyzed. The purities of all assayed compounds
used for the biological evaluations were > 95 %, as determined by HPLC.

Computational research

General information on computational hardware. — The compound database preparation
and all of the computations were carried out on a four eight-core AMD Opteron 6128
Magny-Cours workstation with 32 GB RAM, 4 x 1 TB HDD, running 64-bit Ubuntu Linux
18.04. Experiment analysis was conducted on a two quad-core Intel Xeon 2.2 GHz work-
station with 16 GB RAM, 1 TB HDD, 1 TB SSD, and an Nvidia GTX 1050 graphic card,
running 64-bit Debian Linux (Sparky) and on a workstation with 8-core Intel i7 Haswell
4710, 2.5 GHz processor running Microsoft Windows 10 operating system.

Computational design of compounds. — The parameters used for a screening fragment
database were as follows: -smarts all; -capAttach true; -flipper 5; -forceFlip false; -flipN
true; -omega true; -readConfs (not set, no default); -primaryFrag false; -filter true: -minFre-
quency 0; -minDegree 1; -maxDegree 3; -maxMolWt 350.0; -minHvy 0; -maxHvy 15; -max-
Chiral 3. The employed CHOMP filter was defined as: MAX_MOLWT 900; ELIMINATE _
METALS Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd and
defined ALLOWED_ELEMENTSH, C, N, O, E S, Cl, Br, .

The vBROOD parameters used were as follows: -bondOrder true, -attachmentCutoff
0.78, -shapeCutoff 0.6, -attachmentScale 1.5, -checkGeometry true, -fromCT false, -fileChrg
false, -interval 5000, -hitinterval 1000, -rangeSize 6, -rangeOffset, -bumpRadius 2.25 and
-forcefield MMFF94S.

The parameters for the filtering step with a “Drug-like’ filter in BROOD were as fol-
lows: Heavy Atom Count < 35, Molecular Weight < 500, Rotor Count < 13, LogP < 5.0, Polar
Surface Area <150, Lipinski Donor Count < 5, Lipinski Acceptor Count < 10, Lipinski Fail-
ures <2, ABS > .25, Fraction sp® Carbons > 0.3)

Residual activity measurements

This assay was performed as described previously (32). Briefly, the preliminary
screening of compounds was performed at 100 pmol L final concentrations in the assay
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buffer (0.01 % SDS, 50 mmol L™ Tris-HCl, 0.5 mmol L EDTA, pH 74. To 50 uL of each
compound, 25 pL 0.8 nmol L™ human iCP (Boston Biochem, Inc., USA) was added. After
30 min incubation at 37 °C, the reaction was initiated by the addition of 25 puL 100 pmol L™
succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC) (Bachem, Switzer-
land) (final concentration was 25 pumol L™). The reaction progress was recorded on the
BioTek Synergy HT microplate reader by monitoring fluorescence at 460 nm (A, = 360 nm)
for 90 min at 37 °C. The initial linear ranges were used to calculate the velocity and to
determine the residual activity.

Determination of IC,, values

This assay was performed as described previously (32). Briefly, the final assay mix-
tures contained 0.2 nmol L™ human iCP or 0.8 nmol L human cCP (both from Boston
Biochem) in the assay buffer (0.01 % SDS, 50 mmol L™ Tris-HC], 0.5 mmol L' EDTA, pH
74). Inhibitors were dissolved in DMSO and added to black 96-well plates for at least eight
different concentrations (the final concentration of DMSO did not exceed 1 %). In the case
of the 2 activity inhibition determination, the assay buffer was modified; SDS was replaced
with the proteasomal activator PA28a (Boston Biochem). After 30 min of incubation at 37 °C,
the reaction was initiated by the addition of the relevant fluorogenic substrate: Suc-LLVY-AMC
for B5i and 35, t-butyloxycarbonyl-Leu-Arg-Arg-7-amino-4-methylcoumarin (Boc-LRR-AMC)
for B2i and (32, benzyloxycarbonyl-Leu-Leu-Glu-7-amino-4-methylcoumarin (Z-LLE-AMC)
for 31 (all from Bachem), and acetyl-Pro-Ala-Leu-7-amino-4-methylcoumarin (Ac-PAL-AMC)
for B1i (Boston Biochem). The fluorescence was monitored at 460 nm (A, =360 nm) for 90 min
at 37 °C. The progress of the reactions was recorded and the initial linear ranges were used
to calculate the velocity. IC;, values were calculated in Prism (GraphPad Software, CA,
USA) and are means from at least three independent determinations. To determine the ICy,
shift for compound N-((1-(4-morpholinobenzyl)piperidin-4-yl)methyl)acrylamide (10e) on
the 35 and the (35i subunits (see Table III in the RESULTS AND DISCUSSION), the same
protocol was used, except for the 0 min of incubation timer prior to the addition of the
substrate Suc-LLVY-AMC.

RESULTS AND DISCUSSION

Computational-based design

As the initial step in compound design, we prepared a screening fragment database
using ChEMBL 20 open large-scale bioactivity database of drug-like compounds as a struc-
ture library, Drugbank database, and CHOMP (Chemical heuristic for optimal molecular
pieces) software from OpenEye (version 3.0.0.3; OpenEye Scientific Software Inc., Santa Fe,
New Mexico). The final library consisted of 5 923 570 fragments from CheEMBL and
307 178 fragments from Drugbank (35) (Fig. 2). For the details on parameters used in this
step of in silico design, see EXPERIMENTAL.

Second, the parent psoralen-based structure was fragmented in order to isolate the
central psoralen scaffold and leave the decoration handles (substituents) intact. After pso-
ralen (M, = 333, XLogP = 3.9, 2D PSA = 83, rotor count = 3, 25 heavy atoms) fragmentation
and disconnection across two bonds, the central psoralen core was chosen as a query for
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Fig. 2. In silico design protocol for the identification of novel amino-substituted N-arylpiperidinyl-
-based inhibitors of the iCP.
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bioisosteric replacement using BROOD/vBROOD software from OpenEye (version 3.0.0.3;
OpenEye Scientific Software Inc., USA) (Fig. 2). BROOD/vBROOD was utilized, because
this software enables comparison of the sterical similarity, chemical connectivity of library
fragments, and electrostatic similarity to the initial query structure with NEAT (Novel and
electronically-equivalent aromatic template) that uses pre-calculated quantum mechanical
charges to search for aromatic rings with similar electrostatic potentials, dipoles, and
hydrogen bonding capabilities to the query template (36, 37). The filtering step with a
‘drug-like’ filter in BROOD search, in which fragments are filtered based on values
obtained by removing the query contribution, was also employed (Fig. 2).

This in silico screening protocol resulted in 3- or 4-substituted amino- and amino-
methyl-piperidine scaffolds as the highest-ranking hits (e.g., nipecotamide; M, = 309.41,
XLogP =2.42, 2D PSA = 59.22, rotor count = 4, 23 heavy atoms with combo tanimoto simi-
larity score of 1.46; vBROOD OpenEye) (Fig. 3, general structure in the middle). These

central scaffold

warheads I R
synthetic n=0,1
availability R = Ar, morpholine
/ X = NHCOCH,CN, NHCOCH=CHy
NHCOCH,CI, oxirane-2-carboxamide
R
N- Compounds:
scaffold-hop 3a-d, 4a-b, 5a, 6a, 9a-d, 10a-d, 11a
BROOD
)
- H,N warheads central scaffold
2 R = Ar, HetAr \ R
synthetic
availability

n=0,1
R = Ar, morpholine
X NHCOCH,CN, NHCOCH=CH,’
NHCOCH,CI, oxirane-2-carboxamide

Compounds:
3e, 4c, 5b, 6b, 9e-h, 10e-h, 11b

Fig. 3. Simplified representation of the computational design that yielded 3- or 4-substituted amino-
and aminomethyl-piperidines, additionally modified with phenyl or benzyl moiety at position 1. The

general structures of the two classes are shown.
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identified moieties were then selected as starting points for the evaluation of the synthetic
availability of a central scaffold that could be highly modifiable and could additionally
enable the incorporation of various electrophilic warheads at positions 3 or 4 at the pipe-
ridine ring. The decision to incorporate electrophilic moieties into the newly designed
molecules was based on our previous work (32-34), where such medicinal chemistry
approach yielded very potent, irreversible, and subunit-selective compounds. Of note,
most advanced inhibitors of (immuno)proteasomes possess strongly (e.g., epoxyketones,
acrylamides, oxathiazol-2-ones) or mildly (e.g., boronic acids) electrophilic fragments (24,
30) that react with the catalytic Thr in iCP and cCP active sites.

Synthesis

The initial preparation of simple N-benzyl-substituted piperidin-3-yl-oxathiazol-
-2-ones and their biochemical evaluation resulted in only moderate inhibitory activity of the
(351 subunit (38). This preliminary information was important in terms of design because
we realized that elongation of the central scaffold (Fig. 3, structures in orange squares) was
needed to better mimic the parent psoralen-based compound (Fig. 3, left structure). There-
fore, we first synthesized a library of 3- or 4-substituted N-[1,1"-biphenyl]-4-carbonylpiperi-
dines and 3- or 4-substituted N-[1,1-biphenyl]-4-methylenepiperidines with different
electrophilic groups attached at positions 3 or 4 (compounds 3-6, Scheme 1; for exact
structures of compounds, please refer to Table I), which corresponded better to the general
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VRGN o . (CHz
H \_) . /(CHz) /

o
HN)K/CN

(éHz)n

)

1a: X = CH,, n = 1, 3-substitution
1b: X = CO, n = 1, 3-substitution
1c: X = CH,, n = 0, 3-substitution
1d: X = CO, n = 0, 3-substitution
1e: X =CO, n = 1, 4-substitution
1f: X = CH,, n = 0, 4-substitution
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2¢: X =CHj,, n = 0, 3-substitution
2d: X = CO, n =0, 3-substitution
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Scheme 1. Reagents and conditions: (a) [1,1-biphenyl]-4-carbaldehyde, NaCNBH,, THF or
[1,1-biphenyl]-4-carbonyl chloride, N-methylmorpholine, CH,Cl,; (b) CF,COOH, CH,Cl,;
(¢) cyanoacetic acid, HOBt, EDC, DIPEA, CH,Cl,; (d) acryloyl chloride, DIPEA, CH,Cl,; (e)
potassium oxirane-2-carboxylate, HOBt, EDC, N-methylmorpholine, DMF; (f) chloroacetyl
chloride, DIPEA, CH,CL,.
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Scheme 2. Reagents and conditions: (a) [1,1-biphenyl]-4-carbaldehyde, NaCNBH,, THF or
[1,1-biphenyl]-4-carbonyl chloride, N-methylmorpholine, CH,Cl,; (b) CF,COOH, CH,Cl,;
(¢) cyanoacetic acid, HOBt, EDC, DIPEA, CH,Cl,; (d) acryloyl chloride, DIPEA, CH,Cl,; (e)
chloroacetyl chloride, DIPEA, CH,Cl,.

structures in Fig. 3 (structures on the right-hand side). Please note that the detailed
synthetic procedures and spectroscopic analyses of all intermediates and final compounds,
described in Scheme 1, are available in the Supplementary data.

The synthesis of biphenyl derivatives 3—6 (Scheme 1) started with the acylation (using
[1,1-biphenyl]-4-carbonyl chloride) or reductive amination (using [1,1’-biphenyl]-4-carbal-
dehyde) of commercially available Boc-protected amino- and aminomethyl-piperidines.
The TFA-mediated deprotection of the primary amino group of compound 1 was followed
by coupling of the free amines 2 with corresponding carboxylic acids or acyl halogenides
to introduce various electrophilic warheads and to obtain cyanoacetamides 3, acrylamides
4, oxirane-2-carboxamides 5, and chloroacetamides 6. To further explore the structure-
activity relationship (SAR), increase solubility, reduce the number of aromatic rings, and
consequently increase the drug-likeness of final compounds (39), we decided to replace
one of the aryl groups from a previous series of compounds (i.e., 3-6) with morpholine.
Despite this modification, we retained the design and substitution patterns as established
by the computational design (Fig. 3, structures on the right-hand side). The synthetic path-
way towards envisaged compounds is presented in Scheme 2 (for exact structures of com-
pounds, please refer to Table I). Here, 4-morpholinobenzaldehyde and 4-morpholinoben-
zoyl chloride were used to prepare Boc-protected derivatives 7, which were subsequently
deprotected using TFA to yield amino- and aminomethyl-piperidines 8. These were then
converted by coupling reactions into cyanoacetamide derivatives 9, acrylamides 10, and
chloroacetamides 11. Please note that the detailed synthetic procedures and spectroscopic
analyses of all intermediates and final compounds, described in Scheme 2, are available in
the Supplementary data.
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Table I. Inhibitory potencies of compounds against the f5i subunit of human iCP*

Compd. Structural formula RA or IC,,°
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Final concentration of the iCP in the assays was 0.2 nmol L.

®Residual activity (RA) and IC,, values are means from at least three independent determinations. Standard errors
for RAs were <15 %.

€IC5, values could not be determined due to the very poor solubility of compounds in the assay buffer.

Biochemical evaluation

The synthesized compounds were first evaluated for their relative inhibition of (35i
activity using Suc-LLVY-AMC as a fluorogenic substrate. The data were calculated as the
residual activities (RAs) of B5i in the presence of 100 pmol L™ of each compound. Only
compounds that showed notable inhibition (>20 %) and good solubility in the assay buffer
were further characterized by determining their IC;, values, with the others deemed as not
active (Table I).

Based on the data given in Table I, the structural features for effective inhibition of the
(35i subunit of iCP can be deduced. Regardless of the warhead used, the biphenyl deriva-
tives 3—6 showed no inhibition of (35i activity. In addition, these compounds suffered from
poor solubility rendering them inadequate for both the proper characterization of inhibi-
tion kinetics and for further medicinal chemistry follow-up. The distal phenyl ring was
therefore replaced with morpholine in a series of compounds 9-11. Among these, the
acrylamide-based inhibitors 10 proved to be the most promising since three compounds
(10a, 10c, 10e) showed B5i inhibition with IC;, values in the low micromolar range. Interest-
ingly, the methylene bridge between the piperidine and the phenyl ring seemed important
for inhibitory activity as observed when comparing compounds 10a (ICs, =71 * 10 pmol
L) vs. 10b (RA =95 %), 10c (IC5, =13 + 2 umol L) vs. 10d (RA =100 %), and 10e (IC5,=6
1 pumol L) vs. 10f (RA = 100 %). Possibly, the carbonyl group at this position resulted in
unfavorable interactions within the active site. These observations were in line with our
previous studies (32, 42, 43) and research by others (44) in the field of iCP inhibitors, which
showed that small structural changes within a given compound class can lead to signifi-
cant changes in both the $5i inhibition and the subunit selectivity. As the next step in the
evaluation of inhibitory characteristics of compounds 10a, 10c, and 10e, we assayed them
against other catalytically active subunits of both cCP and iCP (Table II). Surprisingly, we
discovered that all compounds almost equipotently inhibited the $1i subunit of the iCP, as
well as B1 and 5 subunits of the cCP. Among the three compounds, 10e was demon-
strated to be the most potent as it inhibited all four subunits with ICy, values in a single-
digit micromolar range (Table II).
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Table II. Inhibitory potencies of selected compounds against other subunits (p2i and p1i) of the human iCP and
against all subunits (85, B2, p1) of the human cCP*

B5i p2i Bli)° B5 B2 pl
Compd. Ic IC IC IC
50 0/\b,c 50 50 0/\b,c 50
(umol L) RA (%) (umol L) (umol Le RA (%) (umol L)¢
10a 71+10 100 44 +13 38+8 71 16+£8
10c 13+2 100 52+ 12 25+8 81 17+2
10e 6+1 70 9+2 4+0 51 3+1

Final concentrations of the cCP and iCP in the assays were 0.8 nmol L™ and 0.2 nmol L7, resp.
®For 2i and B2 subunits, RAs were measured in the presence of 100 umol L™ of each compound.

€IC5pand residual activity (RA) are means from at least three independent determinations. Standard errors for RAs
were <15 %.

Table I11. Determination of the 1C;, shift for 10e for the inhibition of p5i and B5 activities without or with 30
min pre-incubation

Pre-incubation (min) ICy, for B5i (umol L™Va ICs, for B5 (umol L)
0 7£2 6+2
30 61 4+0

2ICs, values are means from at least three independent determinations.

Because compound 10e contained an acrylamide moiety, we checked whether this
molecule showed time-dependent inhibition of either 35i or 35 subunit using the ICy, shift
assay (Table III). The IC5, values on both proteasome subunits without 30 min pre-incuba-
tion of 10e and the enzyme remained almost exactly the same indicating that this acryl-
amide-based inhibitor 10e was not inhibiting 35 subunits of cCP or iCP in an irreversible
manner. Although the acrylamide warhead has been successfully used in covalent inhibi-
tors very often, the absence of the covalent interaction with our compounds is most prob-
ably due to the mispositioning of the electrophilic carbon of 10e and the oxygen atom of
catalytic Thrl (in 35i and 35) or Cys48 (within the active site of 35i) (40, 41). It should be
noted that such an electrophilic group that is not involved in targeted covalent inhibition
could be seen as a liability due to possible off-target effects.

CONCLUSIONS

In this study, we aimed to design structurally distinct non-peptidic derivatives with-
out the central psoralen core. Despite initially aiming to prepare iCP-targeting compounds,
the biochemical analyses showed that the designed compounds exhibit different profiles
of inhibition in comparison with the parent psoralen-based compounds. Three acryl-
amide-based derivatives, i.e., 10a, 10¢, and 10e, showed inhibition of (immuno)proteasome
subunits in the low micromolar range making them suitable for further cell-based evalu-
ations, which are currently underway in our labs. In addition, we plan to further explore
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the chemical space of these compounds by replacing morpholine with other saturated
heterocycles, such as piperazine. We believe that amino-substituted N-arylpiperidinyl-
-based compounds represent very solid starting hits for further medicinal chemistry op-
timization towards inhibitors selective for different subunits of cCP and iCP.

Abbreviations, acronyms, symbols. — Ac-PAL-AMC - acetyl-Pro-Ala-Leu-7-amino-4-methylcouma-
rin; Boc-LRR-AMC - t-butyloxycarbonyl-Leu-Arg-Arg-7-amino-4-methylcoumarin, CHOMP -
chemical heuristic for optimal molecular pieces; cCP — constitutive proteasome; CP, 20S — core
particle; iCP — immunoproteasome; NEAT — novel and electronically-equivalent aromatic template;
RA - residual activity; SAR - structure-activity relationship, Suc-LLVY-AMC - succinyl-Leu-Leu-
-Val-Tyr-7-amino-4-methylcoumarin; UPS — ubiquitin-proteasome system; Z-LLE-AMC - benzyloxy-
carbonyl-Leu-Leu-Glu-7-amino-4-methylcoumarin.
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