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Abstract: Elevated expression of the immunoproteasome has
been associated with autoimmune diseases, inflammatory
diseases, and various types of cancer. Selective inhibitors of
the immunoproteasome are not only scarce, but also almost
entirely restricted to peptide-based compounds. Herein, we
describe nonpeptidic reversible inhibitors that selectively block
the chymotrypsin-like ($5i) subunit of the human immuno-
proteasome in the low micromolar range. The most potent of
the reversibly acting compounds were then converted into
covalent, irreversible, nonpeptidic inhibitors that retained
selectivity for the B5i subunit. In addition, these inhibitors
discriminate between the immunoproteasome and the constit-
utive proteasome in cell-based assays. Along with their lack of
cytotoxicity, these data point to these nonpeptidic compounds
being suitable for further investigation as f5i-selective probes
for possible application in noncancer diseases related to the
immunoproteasome.

The eukaryotic 20S proteasome (the core particle, CP)
represents the heart of the ubiquitin-proteasome system that
is responsible for maintaining protein homeostasis and
regulation for a variety of cellular processes, ranging from
antigen processing and signal transduction, to cell differ-
entiation and apoptosis.""? The 20S proteasome has three
enzymatically active subunits, namely the 1 (caspase-like),
B2 (trypsin-like), and 5 (chymotrypsin-like) subunits, which
all have distinct substrate specificities.” The constitutive
proteasome (cCP) is expressed in all eukaryotic cells, whereas
the immunoproteasome (iCP) is predominantly found in cells
of hematopoietic origin.*>! In non-hematopoietic cells,
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expression of the iCP-active 3 subunits (designated f1i, p2i,
[5i), which replace their constitutive counterparts, can be
induced under the influence of tumor necrosis factor o and
interferon-y released by T cells during acute immune and
stress responses.'*” Extensive research in the past decades has
resulted in the successful development of bortezomib and
carfilzomib as therapeutics for multiple myeloma and mantle-
cell lymphoma that act as 35 and 851 inhibitors of cCP and
iCP, respectively.* However, selective inhibition of the iCP
is expected to cause fewer adverse effects, since its expression
is induced only during the course of disease processes.*!!]
Current studies also indicate that f5i-selective compounds
such as [PR-957 (ONX-0914)] provide more therapeutic
potential than inhibition of the other two active sites of the
iCP, especially for autoimmune and inflammatory dis-
eases.'*”® From a structural perspective, the majority of
currently available inhibitors of the iCP have a peptidic
backbone and are thus prone to poor metabolic stability and
low bioavailability. Aside from improvements to the current
array of peptide-like inhibitors of the iCP, it is imperative to
develop inhibitors with different structural characteristics and
improved physicochemical properties, and consequently
improved pharmacokinetic and pharmacodynamic pro-
files.'"**! To achieve this, options outside the classic “pro-
tease-inhibitor box” have to be considered. Various drug-
discovery approaches!' should enable the identification of
compounds that are devoid of the peptidic backbone and can
thus avoid the current limitations of peptide-based com-
pounds. Currently, nonpeptidic inhibitors of the iCP are
scarce, with only two recent examples known.!"!® The crystal
structure of the murine iCP (PDB ID: 3UNF) opens diverse
possibilities for advanced computer-based discovery and
design, as well as for rational optimization of selective iCP
inhibitors."” In the present study, we describe reversible and
irreversible nonpeptidic inhibitors of the human (5i subunit
that were discovered through a structure-based virtual-
screening approach (see the Supporting Information) using
the ZINC drug-like subset of compounds. Irreversibly acting
compounds show improved inhibition and better selectivity
properties than PR-957, the established inhibitor of $5i, along
with very low cytotoxicity.

In vitro evaluation of the best virtual screening hits
(Table S1 in the Supporting Information) revealed a substi-
tuted psoralene derivative (Figure 1a, virtual screening hit) as
the most promising compound, since it showed good inhib-
ition of the B5i subunit at 50 um (residual activity =0.5%).
This molecule was resynthesized by using a very efficient and
straightforward synthesis (Scheme S1 in the Supporting

Wiley Online Library

An dte

Chemie

5839


http://dx.doi.org/10.1002/anie.201600190
http://dx.doi.org/10.1002/ange.201600190
http://dx.doi.org/10.1002/anie.201600190

DCh . An dte
Gv Zuschriften Chemie
) To assess the selectivity of these psoralene-based inhib-

a . . . .
O o itors of (351, compounds 1—5 (Figure .1 a), whllch demonstrated
) N N OH reasonable potency against the $5i subunit, were selected.
o O o H o These compounds showed preferential inhibition of $5i over
VS hit compound: K; = 15.0 £1.8 uM the (32i and B1i subunits of human iCP, as well as over all three
R subunits of human cCP (Table S3). Compound 3 was the most
selective; it showed more than 100-fold greater potency for
¥ o the inhibition of BS5i (K;=1.6 um) than B5c (K;=172.2 um)
O A T and negligible to modest activity against the 1 and (2
) 02 S subunits of each of these CPs (Table S3).

; ;;g‘,\ﬂiy'y’hﬂ"&_: ;f':éf;g:; gluM To refine the potency of reversibly acting compounds,
3,R"=H,R% Me, n=2:K=1607 uM subsequent medicinal chemistry efforts were based on the
4 R: = OMe, R, Me, n =2: K = 20,6 £3.9 M design of covalent inhibitors. Sustained inhibition by covalent

5, R'=H,R2 H,n=1:K=38+1.1 M o . . .
inhibitors can only be achieved when a compound first binds
b) |R" noncovalently to the target, followed by positioning of the
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- Phiis the best as R'
- other (hetero)cycles lead to diminished inhibition
- Me and Bu also lead to no inhibition [

position 4:
- Me not imperative for inhibition
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4
OH
@] 0" Yo o - one or two methylene linkers

8 are important for inhibition

position 8:
- additional Me group leads to
drop of inhibition

Figure 1. a) Structures of the virtual screening hit and the reversible
inhibitors of $5i. b) SAR for the psoralene-based inhibitors.

Information) and its K; was determined to be 15 pm. Its
precursor in this synthesis (compound 3) was also assayed,
which attracted our attention because of its predicted similar
interaction profile with the active-site residues of f35i.
Compound 3 lacked the phenylglycine part of the virtual
screening hit; however, it proved to be a 10-fold more potent
inhibitor of the B5i subunit (K;=1.6 um, Figure 1a). Further
structure—activity relationship (SAR) studies were enabled by
the construction of a focused library of diversely substituted
psoralenes (Table S2, Schemes S1-S3). In order not to over-
interpret the SAR data, only the most important findings are
shown in Figure 1b.

electrophilic “warhead” near to the desired nucleophilic
amino acid residue of the protein.?*?! Since compound 3
already showed inhibitory activity through noncovalent
interactions with the active site of $5i, incorporation of the
correct “warhead” should improve the inhibitory potency.
Docking studies revealed that the carboxylic group of the
most potent inhibitor (3) from the noncovalent series is
positioned in proximity to the catalytic Thrl (Figure S1).
Therefore, various electrophilic “warheads” were introduced
on that portion of the molecule (Figure 2). The selection of
the threonine-selective reactive groups used to date was
summarized recently.'”! In this study, an alternate series of
electrophilic analogues with the potential to react with
catalytic Thrl was prepared (Scheme S4) and evaluated
biochemically (Table 1).

Interestingly, the nitrile-based (31-36) and acrylamide-
based (34-40) compounds showed no improvement in $5i
inhibition. However, our structure-based approach did yield
compounds with significantly improved and irreversible
inhibition of $5i. The succinimidyl esters 29 and 30 inhibited
51 activity with half-maximal inhibitory concentration (ICs,)
values of 6.36 um and 0.009 pm, respectively (Table 1, Fig-
ure S2). Very potent irreversible inhibition was also achieved
with the oxathiazolone-bearing compounds 42-44, with 1Cs
values ranging from 0.013 pm (42) to 0.20 um (44; Table 1,

succinimidyl esters acrylamides —me
H o oxathiazolones
%'{N\l]/% %AHJV 0
o
", : : 37 38 0’43
spacer at position 3 was varied to obtain %H)QN,
optimal interaction of electrophile with nitrile-based electrophiles H ) 42
N
either Thr10” or ThriN %{YHVCN o ™ 1 ‘m’\uJV\
~ O,
el k- N 39 40 Y Y=o
31 32 : N~g
o electrophilic I |
warheads o ‘ 43
N ON . ISP |
SOONC It AR |
33 34 ‘
0 0~ Yo | %{\)QN,S
{ il [
3 2 CN ~ CN |
proximity of catalytic Thr1 e \g/\ " N J
35 36

Figure 2. Structures of the designed electrophilic moieties coupled to the noncovalently acting scaffold of 3 (red).
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Table 1: In vitro inhibitory potencies of covalently acting compounds derived from compound 3 against
all subunits of the human cCP and iCP. Final concentrations of the cCP and iCP in the assays were
0.8 nm and 0.2 nwm, respectively. The IC, values were determined only for compounds that showed
notable inhibition at 10 um (RA < 60%). For comparison, the ICs, values for inhibition of the $5i subunit
of commonly used peptidic inhibitors are presented (from Ref. [15]): bortezomib (0.004 pm),

carfilzomib (0.033 pm), PR-924 (0.022 pum).
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monocytic leukemia and express
high levels of iCP, whereas Hela
cells predominantly contain cCP.?*
These compounds showed better
inhibition of (5 activity in

THP-1 cell lysates than in HeLa

Compourd 1G] 1CaB2i GBI ICaBSc ICab2e ICoBle 05 ol lytes (Table2. Figare S9)
Although approximately 10-fold

PR-957%  0.015+0.002 0.90+0.08 0274004 0.16+0.03 3.36+£0.26 659+0.86 10.6 reductions in potency were ob-

29 6.36+0.61 21.6+1.4 152+14 6.394+1.90 19.3+5.5 10.5£25 1.0 served for COI‘IlpOLlIldS 30 and 42

30 0.009+0.002 7.58+0.12 5.694+0.24 0.22+0.02 8.96+0.35 6.13+0.27 23.9 L. .

42 0.013+£0.004 NA NA 1074026 NA NA 82.6 when compared with in vitro assays

44 0204004 NA NA NA NA NA ~50 30 and 42 showed about 10-fold and

[a] The ICs, values correspond well to published data.® [b] A high 1C, B5¢/B5i ratio indicates selectivity

for B5i. NA: inactive at 10 pm.

Figure S2). Remarkably, both 30 and 42 turned out to be two-
fold to eight-fold more selective for (5i than PR-957 is
(Table 1). Oxathiazolones were recently described as a new
threonine-selective “warhead”.”! Therefore, the results
obtained for compounds 42-44 represent a clear proof of
concept for this approach. Succinimidyl esters as “warheads”,
on the other hand, need to be considered with caution, since
these are predominantly used as protein labeling or cross-
linking reagents. Nonetheless, we showed that compound 30 is
not promiscuous, since it showed a reasonable preference for
B5i inhibition over B5c (23.9-fold), as well as over other iCP
and cCP subunits (Table 1).

Although ICy, calculations are not the best method to
accurately characterize irreversible and/or mechanism-based
inhibitors,”!! these were used for comparisons with the
established B5i inhibitor PR-957 (Table 1). We also charac-
terized PR-957 fully by following the time course of the
hydrolysis of Suc-LLVY-AMC by iCP and cCP in the
presence of various concentrations of PR-957; the same was
done for the two most potent irreversibly acting compounds,
30 and 42 (Table S4). PR-957 (kipoo/ Ki=14324M"'s™") and 42
(Kinae/ K; = 15448 M 's™!) showed very similar kinetic param-
eters, but the (5i selectivity was significantly better for
compound 42, with a k;,,/K; p5c/B5i ratio of 112, compared to
29 for PR-957 (Table S4). Additionally, the time-dependence
and irreversibility of f5i inhibition by PR-957, 30, and 42 were
determined by ICs, shift assay (Table S5, Figure S3) and
rapid-dilution assay (Table S6). To propose a mechanism for
the covalent interaction of succinimidyl ester 30 with the
active-site Thr1 of the B5i subunit, computational quantum
mechanics/ molecular mechanics analysis was performed (see
the Supporting Information). The simulation showed a very
similar reaction mechanism to that proposed for sulfonyl
fluorides.”” However, although irreversible inhibition was
clearly demonstrated by enzyme kinetics experiments, we
could not substantiate this mechanism by time-resolved
intact-protein mass spectrometry.

To determine whether reversible inhibitor 3 and its
irreversibly acting counterparts 30 and 42 can inhibit iCP in
the presence of other cytosolic components, cell lysates from
HelLa and THP-1 cells were incubated with 3, 30, and 42.
THP-1 cells were used since they are derived from acute
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40-fold higher inhibition, respec-
tively, in the THP-1 cell lysates
than in the HelLa cell lysates

Table 2: Cell-based ICy values against (35 activity in THP-1 and Hela
cells and lysates.

Compound |G 1Csp 1Csp 1Cso

THP-1 cells  Hela cells THP-1 Hela lysates

[m] ] lysates [uwm]

[um]

PR-957 0.011+0.003 0.098+0.021 0.007+0.001 0.025+0.004
3 11.6£1.8 125+176 1.31+£0.34 43.8+4.1
30 27.8+7.3 >100 0.134+0.01 1.45+£0.25
42 19.3+3.1 >100 0.22+0.03 7.20+0.83

[a] ICso values determined are in good agreement with published data.”’!

(Table 2). On the other hand, despite being more active,
PR-957 showed only around 3-fold difference in inhibition
between these cell lysates (Table 2, Figure S4). Interestingly,
the ICs, for reversible inhibitor 3 determined on THP-1 cell
lysates (ICs, = 1.3 um) was in perfect agreement with the 1Cs,
on purified iCP (ICs,=1.6 um). Additionally, 3 showed 40-
fold selectivity for the inhibition of 5 activity in THP-1 cell
lysates over HeLa cell lysates.

The effects of 3, 30, and 42 on 26S proteasome activity in
intact THP-1 and HeLa cells were also measured by using the
Proteasome-Glo assay. These compounds retained good
selectivity for THP-1 cells (Table 2, Figure S5). For 3, the
inhibitory potency determined with purified CPs corre-
sponded well with the values from the Proteasome-Glo
assays (Figure 1a, Table 2). On the other hand, the ICy, values
for the irreversible compounds 30 and 42 were higher in the
Proteasome-Glo assays (Table 1 and Table 2). The data from
Table 2 indicate that the noncovalently acting psoralene 3 is
cell permeable and inhibits the immunoproteasome within
cells, whereas the covalently acting counterparts 30 and 42
permeate membranes to a lesser extent, but can selectively
inhibit iCP in the presence of other cytosolic components.
Importantly, compounds 3, 30, and 42 did not significantly
affect the viability of the THP-1 and HeLa cell lines at
concentrations up to 50 um (Figure S6).

This lack of cytotoxicity is probably indicative of low off-
target binding. With off-target effects in mind, the structural
similarity with known intercalators (e.g., bergapten)
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prompted us to check possible intercalation-based interac-
tions of these molecules with DNA. Using a DNA binding
assay,” the randomly selected compounds 1, 3, and 30 did not
intercalate between DNA base pairs, thus excluding inter-
calation as a possible unwanted interaction (Figure S7).

In summary, a focused library of nonpeptidic reversible
[5i inhibitors was synthesized, followed by conversion into
irreversibly acting compounds. The latter retain selectivity for
B5i and provide more pronounced inhibition of $$5i in THP-
1 cell lysates than in HeLa cell lysates. We also showed that
the reversible inhibitor 3 can enter human cells and inhibit the
proteasomes within them. The very marginal cytotoxic effects
of these compounds are an important feature for the future
development of nonpeptidic and 5i-selective probes to study
iCP involvement in diseases, such as inflammation or auto-
immune disorders. Of note, intensive work on peptidic
derivatives has recently culminated in very potent and [5i-
selective compounds;*! however, we believe that the de-
scribed strategy of inhibitor design will aid in the future
discovery of structurally diverse nonpeptidic compounds and
will pave the way toward either more potent inhibitors or
selective second-generation probes that can be used to further
define the biology of the iCP and additionally uncover its
potential as a therapeutic target.
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