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Abstract: Clinically applied proteasome inhibitors induce cell
death by concomitant blockage of constitutive and immuno-
proteasomes. In contrast, selective immunoproteasome inhib-
ition is less cytotoxic and has the potential to modulate chronic
inflammation and autoimmune diseases. In this study, we
rationally designed decarboxylated peptides that covalently
target a non-catalytic cysteine of the immunoproteasome
subunit B5i with a-chloroacetamide-containing sidechains.
The enhanced isoform specificity decreased cytotoxic effects
and the compound suppressed the production of inflammatory
cytokines. Structure-based optimization led to over 150-fold
selectivity for subunit 55i over B5c. This new compound class
provides a promising starting point for the development of
selective immunoproteasome inhibitors as potential anti-
inflammatory agents.

Core particles (CPs) of the proteasome degrade the majority
of intracellular proteins and represent essential elements for
cell function and survival.!! While the constitutive protea-
some (cCP) is expressed ubiquitously as a central proteolytic
machinery, its immunomodulatory isoform, the immunopro-
teasome (iCP), is predominantly found in cells associated with
the immune system.”! During inflammatory states, iCPs
influence the production of cytokines and alter antigen
processing, thereby facilitating immune responses.”! The
FDA-approved CP inhibitors bortezomib and carfilzomib
(CFZ) block the catalytically active 5 subunits of the cCP
(B5c) and iCP (BSi/LMP7) equally.”! However, simultaneous
inhibition of B5c and B5i or combined blockage of other
proteolytic subunits (B1i/LMP2, Blc, f2/MECLI, 2¢) indu-
ces cytotoxicity, which limits the clinical application of both
drugs to the treatment of blood cancer.”) In contrast, the
agent ONX 0914 (PR-957) avoids cytotoxic effects by
predominantly blocking f5i. This compound was shown to
attenuate the progression of multiple sclerosis and rheuma-
toid arthritis in mouse models.”® BSi is thus a promising
therapeutic target for chronic inflammation and autoimmune
disorders."l ONX 0914 displays an approximately ten-fold
preference for (351 versus 5¢ owing to an optimized peptide
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backbone composition.”! Enhanced binding affinity is ach-
ieved through an epoxyketone electrophile that reacts
irreversibly with the active-site nucleophile Thrl
(Scheme S1).®1 However, reactive C-terminal warheads have
the potential to co-inhibit 35c as well, since the mechanism of
proteolysis is the same for all proteasomal active sites. In an
attempt to find new target residues that are independent from
the proteasomal active site, we followed a structure-guided
approach for the design of 35i-specific inhibitors without a C-
terminal warhead. By targeting a non-catalytic cysteine as
a compensating anchor residue, we aimed to retain sustained
covalent binding. The same concept is successfully exploited
by inhibitors against various kinases,””! G-proteins,"”! and the
yp2 subunit!! of the yeast proteasome (yCP). Structural
superposition of the murine subunits mp5c and mf5i in
combination with sequence alignments highlight Cys48 as
a strictly conserved nucleophilic residue that is exclusively
found in B5i (Figure 1).

Cys48 is located at a positively charged o-helix dipole,
which has the potential to lower the pK, value of the thiol
group, thereby increasing its nucleophilicity. Furthermore,

45 48 51
hB5i MSGCAAD
mp5i MSGCAAD
hB5c MAGGAAD

Figure 1. Structural superposition of the murine subunits mf35i and
mpB6 (PDB ID: 3UNH)® with CFZ (yellow) bound to Thr1 (black) of
subunit yB5 of yCP (PDB ID: 4QW4).'¥ The homophenylalanine P4
residue of CFZ occupies the specificity pocket S4 and is positioned in
proximity to Cys48 (magenta, 3.3 A) of mB5i. The positively charged
N-terminal end of the a-helix dipole H1 points at Cys 48. The sequence
alignment of $5i and f5c shows Cys 48 highlighted in magenta
(h=human, m=mouse; upper left corner).
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Figure 2. Schematic representation of the substrate binding channel of
B5i with the specificity pockets S1-S4 and Cys48 (underlined). The
CFZ-derived decarboxylated peptides 1 contain distinct P4 side-chain
electrophiles (R, gray): a-chloroacetamide (1-CA), o-fluoroacetamide
(1-FA), acrylamide (1-AA), vinyl sulfonamide (1-VS), epoxide (1-EO),
and aziridine (1-AZ). Corresponding non-reactive controls: propiona-
mide (1-PA), ethylsulfonamide (1-EA), cyclopropanamide (1-CP). A
complete list of compounds, including half-maximal inhibitory concen-
tration (ICso) values, can be found in the supporting information
(Tables ST1-3). The lower panel shows the a-chloroacetamides 1-CA—
4-CA with their corresponding P2 and P3 residues and the control, 1-
PA. The in vitro ICs, values were determined by using purified human
iCP or cCP. [a] A high ICs, B5¢/f5i ratio indicates selectivity for 35i.

Cys48 participates in forming the substrate binding channel
of 351 by partially shaping the S2 and S4 pockets. According to
structural superpositions, it is accessible via the P4 side chains
of tetrapeptides (Figure 1). Consequently, we initiated our
inhibitor design by exchanging the P4 residue of CFZ with L-
2,3-diaminopropionic acid (Dap). Dap suits the steric require-
ments of S4 and allows the late-stage introduction of electro-
philes owing to its side-chain amino function (Figure 2).

The CFZ-inspired peptide backbone was prepared by
solid-phase peptide synthesis using the Fmoc strategy and was
C-terminally capped with the previously described 4-methyl-
benzyl amine.'>'¥ In the final step, we introduced various
electrophiles by utilizing the corresponding acid chlorides, N-
hydroxysuccinimide esters, or carboxylic acids in amide
coupling reactions. This straightforward synthesis was used
to generate a set of decarboxylated peptides with diverse side-
chain electrophiles that were shown to be suitable for
targeting soft thiol nucleophiles (1-CA, 1-FA, 1-AA, 1-VS,
1-EO, and 1-AZ; Figure 2).”) As controls, we prepared their
unreactive congeners 1-PA, 1-EA, and 1-CP (Figure 2).

Our initial screening efforts using human iCP and cCP
showed that sulfonamide compounds (1-VS, 1-EA) are slightly
selective for B5c, whereas amide-bond-connected electro-
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philes (1-CA, 1-FA, 1-AA, 1-EO, 1-AZ) displayed a prefer-
ence for B5i (Table ST1 and Figure S1 in the Supporting
Information). The most potent electrophile in the screen was
1-CA, which showed substantial activity against §5i (ICs,=
1.24 uM, Figure 2). This is in agreement with studies that
propose a-chloroacetamides for sustained targeting of non-
catalytic cysteines.'*"l Despite the unselective peptide back-
bone of 1-CA, it displayed nine-fold selectivity for p5i (f5¢/
BSi=9), which is comparable to that of ONX 0914 (B5c/p5i
~10).”! Importantly, 1-CA was inactive against the subunits
Blc, Bli, P2c, and P2i (ICs,> 100 um, Table ST2). The more
stable 1-FA, as well as the unreactive congener 1-PA, showed
significantly decreased ICs, values compared to 1-CA, and
both blocked the activity of p5i (ICsy=36.25 um and 24.23 um,
respectively) and 5c (IC5y=43.84 um and 29.05 um, respec-
tively) to the same extent (B5c/f5i=1.2, Figure2 and
Table ST1). These findings indicate that the P5i binding
affinity originates from the a-chloroacetamide electrophile
forming a covalent thioether with Cys48 (Scheme S2).

Next, we aimed to assess the covalent binding mode of 1-
CA by X-ray analysis. Since mammalian iCPs are challenging
to crystallize, we mimicked the S4 pocket of $5i by replacing
Gly48 of the yeast proteasome subunit yB5 with Cys48 in
a plasmid-shuffling procedure (Figure S3a). Subsequent crys-
tallization and structure elucidation of the yp5G48C mutant
yCP (2.8 A resolution, Ry..=20.1%, PDBID: 5CGF,
Table ST4) revealed an orientation of Cys48 identical to
that observed in iCP from mouse. In addition, elucidation of
the yB5G48C:ONX 0914 complex structure (2.8 A resolution,
Riee =20.6 %, PDB ID: SCGI) showed a conformation of the
ligand analogous to that observed in mp5i (Figure S4, S5).
Strikingly, soaking of ypB5G48C yCP crystals with 1-CA
followed by X-ray analysis (2.9 A resolution, Ry, =23.1%,
PDB ID: 5CGG) displayed the ligand exclusively bound to
the mutant yB5 subunit. 1-CA occupied the substrate binding
channel by adopting an antiparallel p-sheet in a similar
manner to known inhibitors that are based on decarboxylated
peptides.'*™¥ In fact, the structure revealed continuous
electron density connecting the acetamide function of the
P4 side chain of 1-CA to the thiol group of the introduced
Cys48 (Figure 3a). This linkage confirms a covalent mode of
action and explains the nine-fold selectivity of 1-CA for (35i.
In contrast, soaking of wild-type yCP crystals as a model for
cCP showed empty yf35 substrate channels, thus emphasizing
the importance of Cys48 for 1-CA binding.

Based on these results, we optimized the peptidic back-
bone to improve 35i selectivity. As a starting point, we used
the peptide composition of ONX 0914 as a molecular blue-
print and generated 2-CA (Figure 2 and Table ST2). Unex-
pectedly, 2-CA showed decreased potency against human 51
(IC5y=16.65 um) and did not bind to the yp5SG48C mutant in
soaking experiments. To understand this drop in potency, we
compared the binding mode of ONX 0914 with that of 1-CA
and found pronounced differences: the structure of ONX
0914 bound to ypSG48C revealed a distinct orientation of the
P2-TyrOMe that facilitates attractive sulfur—arene interac-
tions with Cys48.'%!"l In contrast, the P2-Phe of 1-CA is
displaced by the P4 side chain, which covalently binds to
Cys48, thereby restricting the S2pocket. To probe the
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Figure 3. X-ray analysis for the binding of 1-CA to the yf5G48C mutant
(PDB ID: 5CGQ). a) The 2 F,—F, electron density map (gray mesh,
contoured at 10, 2.9 A resolution) depicts 1-CA (green) bound to
Cys48 (magenta) of subunit y35G48C (beige) with the active-site
nucleophile Thrl (black), oxyanion hole amide of Gly47 (black), and
Asp 114 of yB6 (gray). b) Structural superposition of 1-CA (green) and
ONX 0914 (gray) bound to yB5G48C and to mf5i (PDB ID: 3UNF),
respectively. The P1-P3 sites of the ligand and residues of subunits
yB5, mP5i (beige), as well as y36 and mB36 (gray), are shown, including
distances in A (black dashed lines). The movement of 1-CA compared
to ONX 0914 is illustrated by a black arrow.

isolated impact of P2-TyrOMe of 2-CA, we generated 3-CA
(Figure 2, Table ST2). This compound showed inferior B5i-
binding affinity (IC5,=2.53 pm) compared to that of 1-CA
(ICsp=1.24 um), thus demonstrating a minor contribution
from the S2 pocket. Taken together, these results suggest that
the P3 site has a greater influence on potency. Remarkably,
the P3-Leu of 1-CA only incompletely occupies the
S3 pocket, which displaces the residual backbone towards
subunit 35 (Figure 3b). Therefore, the binding of 1-CA solely
depends on interactions with 85, while the peptide backbone
of ONX 0914 is additionally stabilized by Asp114 of 6
(Figure 3b and Figure S6). Since subunit 36 is identical in cCP
and iCP, the design of 1-CA is advantageous owing to an
absence of interactions with 36. To test whether the shift of 1-
CA towards 35 is caused by the short Dap spacer, we
extended the P4 side chain by replacing Dap with the more

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

flexible L-2,4-diaminobutyric acid (Dab) to give 1-Dab-CA
(Table ST3). However, this resulted in a ten-fold decreased
activity against $5i (ICs,=13.07 um), thus indicating that the
conformationally constrained Dap already has the optimal
linker size. Our findings imply that ligand stabilization in the
S3 pocket is crucial for the correct positioning of the adjacent
P4-oa-chloroacetamide. In a similar fashion, the selectivity of
ONX 0914 is mainly generated through interactions of the P1-
Phe with the S1 pocket, which align the C-terminal warhead
for nucleophilic attack of Thr1.®

As a result, we focused on the most prominent differences
between the S3 pockets of human $5i and B5c by applying
homology modelling combined with sequence alignments
(Figure S3b). The strictly conserved substitution of Ala27
(B5c) by Ser27 (B5i) alters the polarity and size of the
S3 pocket (Figure 3b).’l To address this observation, we
generated 4-CA (Figure 2), in which an Asn in the P3 position
allows enhanced hydrogen bonding to Ser27. Indeed, 4-CA
exhibited up to 150-fold selectivity for p5i (ICs,=0.64 um)
over 35c, whereas the unreactive congener 4-PA proved to be
only seven-fold selective for (351, with significantly decreased
potency (IC5,=29.29 pm; Table ST2). These observations
confirm that the nature of the P3 residue and its stabilization
are crucial for appropriate ligand binding. We could achieve
p5i selectivity by exclusively modifying the P3 position. This is
in contrast to Thrl-targeting inhibitors, which primarily rely
on Pl-residue stabilization.

Next, we aimed to examine the effect of 1-CA and 4-CA
in cell-culture assays. Our prime focus was to analyze their
inhibitory and cytotoxic profiles, as well as their impact on the
production of inflammatory cytokines. By using a luminogenic
substrate assay, we first determined the in vivo ICs, values
with lysate from THP-1 cells, which constitutively express
high levels of iCP"®! Both 1-CA (ICs,=2.83 um) and 4-CA
(ICso=3.55 um) substantially blocked B5 activity compared to
the unreactive control 1-PA (ICs, =36.69 um), which is in line
with the in vitro data (Figure S7a). Second, we investigated
the effects on cell viability. Concentrations of up to 10 um of 1-
CA and 4-CA had no effect on the cells (Figure S7b). Finally,
we evaluated the possible application of 1-CA as an anti-
inflammatory agent based on the favorable pharmacokinetics
of the CFZ backbone. We examined its effect on the
inflammation markers tumor necrosis factor alpha (TNF-a)
and interleukin 6 (IL-6) by using an enzyme-linked immuno-
sorbent assay (ELISA). 1-CA indeed suppressed the produc-
tion of TNF-a and IL-6 in a dose-dependent manner. 10 um of
1-CA reduced IL-6 levels substantially without causing cell
death, and 25 pMm led to a reduction in TNF-a production
(Figure 4, Figure S8). This reduction in cytokine production
has similarly been described for ONX 0914.

In summary, our study describes the first immunoprotea-
some inhibitor that acts independently of the active-site
nucleophile Thr1. Commencing with structural bioinformat-
ics, we identified Cys48 in P5i as an isoform-specific
nucleophilic residue that is accessible to tetrapeptides. For
this purpose, we synthesized decarboxylated peptides and
performed an electrophile screening procedure, which
revealed the a-chloroacetamide warhead of 1-CA as the
best option. In addition, we optimized the P3 site based on

Angew. Chem. Int. Ed. 2015, 54, 15888 -15891


http://www.angewandte.org

2500

2000

1500

1000

TNF-a [pg/ml]

500

SEDRDPP
'lf-" \‘60 VA0 \\.Lc_, \’,)g )

IL-6 [pg/ml]
[ w P o
o o o o
1 1 1 J

-
o
1

o

T T T
AP0, OP oP P, 2P, oF, 2P

BRORSS ‘“ ‘,‘;g o vﬁ‘;«, \s‘?)g S

Figure 4. Quantification of the cytokines TNF-a and IL-6 produced by
THP-1 cells after exposure to lipopolysaccharides (LPS, controls as
white bars) and treatment with various concentrations (10-50 pm) of
1-CA (black bars) and 1-PA (gray bars) as a negative control by ELISA.
1-CA suppresses |L-6 and TNF-a production in a dose-dependent
manner. Data are shown as the mean + standard error of the mean
(n=4).

structural information, thereby underlining its impact on $5i
selectivity for this new concept of inhibition. Cell-based
assays confirmed that 1-CA blocks the activity of 5 at
concentrations below the induction of cytotoxicity, thereby
suppressing the production of cytokines such as TNF-a and
IL-6. Taken together, these properties highlight this new class
of compounds as a starting point for the development of
selective immunoproteasome inhibitors as potential anti-
inflammatory agents.
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