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Abstract: Broad-spectrum proteasome inhibitors are applied
as anticancer drugs, whereas selective blockage of the immu-
noproteasome represents a promising therapeutic rationale for
autoimmune diseases. We here aimed at identifying minimal
structural elements that confer B5c¢ or [(5i selectivity on
proteasome inhibitors. Based on the natural product belacto-
sin C, we synthesized two [-lactones featuring a dimethoxy-
benzyl moiety and either a methylpropyl (pseudo-isoleucin) or
an isopropyl (pseudo-valine) Pl side chain. Although the two
compounds differ only by one methyl group, the isoleucine
analogue is six times more potent for f5i (ICsy= 14 nm) than
the valine counterpart. Cell culture experiments demonstrate
the cell-permeability of the compounds and X-ray crystallog-
raphy data highlight them as minimal fragments that occupy
primed and non-primed pockets of the active sites of the
proteasome. Together, these results qualify [-lactones as
a promising lead-structure motif for potent nonpeptidic
proteasome inhibitors with diverse pharmaceutical applica-
tions.

The eukaryotic 20S proteasome (core particle, CP), a multi-
catalytic protease of 720 kDa that is responsible for non-
lysosomal protein degradation, is a key player in many
cellular processes, including cell cycle progression and the
immune response.! Whereas yeast harbors one 20S protea-
some (yCP), there are three individual CP types in verte-
brates and they differ only in the composition of their
proteolytically active subunits: the constitutive proteasome
(cCP), the immunoproteasome (iCP), and the thymoprotea-
some (tCP).?! Protein breakdown occurs in the central lumen
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of each of the CPs and peptide bond cleavage by all of the
active sites follows a universal principle. It is thus the unique
chemical nature of the specificity (S) pockets that gives rise to
distinct substrate preferences through interaction with the
side chains of the ligand (P sites).”! As a rule, the cleavage
specificities of the three proteasomal active sites are assigned
by using chromogenic screening substrates and relate to the
preferred P1 amino acid. In this way, subunit 31 (caspase-like;
C-L) was determined to cleave after acidic residues, 2
(trypsin-like; T-L) after basic residues, and 35 (chymotrypsin-
like; ChT-L) after non-polar residues.!”

Increased expression levels of the iCP or its active
subunits $1i, 32i, and 35i have recently been associated with
the development and progression of neurodegenerative
diseases,”! autoimmune disorders” and certain types of
cancers.”l ONX 0914, a B5i-selective peptidic o,f’-epoxyke-
tone inhibitor, has been shown to suppress autoreactive
immune responses in mouse models of rheumatoid arthritis,
lupus, and experimental encephalomyelitis by preventing the
production of interleukins and the release of interferon-y.!
Crystallographic data for the murine cCP and iCP identified
the differently sized S1 pockets in 5c and (5i, formed by
unique orientations of Met45, as the major determinant of the
enhanced affinity of ONX 0914 for (5i. Based on the
observation that ligands dock via their P1 residue to the
active site, compounds with large P1 residues were supposed
to favour f5i, whereas small P1 side chains were suggested to
be more appropriate for f5c.”)

Successive drug design efforts have succeeded in improv-
ing existing (5i inhibitors by exchanging their P1-phenyl-
alanine moiety for a cyclohexyl residue."”’ However, all of
these currently available proteasome inhibitors feature a pep-
tide-based backbone that only targets the non-primed sites of
the substrate binding channel shaped by the subunits 35 and
6. Considering that subunit 36 is unchanged between cCP
and iCP, pronounced interactions of the ligand with 36 are
supposed to hamper B5i selectivity. We therefore aimed at
developing small nonpeptidic proteasome inhibitors that
target both the primed and non-primed sites solely of subunit
B5. As a scaffold, we used the bisbenzyl-protected homobe-
lactosin C (1; Figure 1 A), a derivative of the natural product
B-lactone belactosin C from Streptomyces sp. UCK14.I'
Unlike the family of 3-lactone-y-lactam inhibitors, including
the microbial metabolite omuralide (clasto-lactacystin, 2;
Figure 1 A),*+'2 crystallographic data demonstrated that
1 only binds to (5, even at concentrations as high as
20 mm.[¥ Notably and in contrast to 2, belactosin C and its
derivatives occupy both the S1 specificity pocket and the
previously neglected primed substrate binding channel,
including the adjacent subunit p4.">' In order to address
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Figure 1. A) Structures of bisbenzylated homobelactosin C (1), omuralide (2), and the analyzed f-lactones 3-5. B) Crystal structure of yCP:3 at the
yp5 active site (PDB ID 4Z1L). The 2 Fo—Fc electron density map (blue mesh, contoured at 1.0 0) is shown for 3 and the active site Thr1; dotted
lines mark hydrogen bonds to the oxyanion hole Gly47NH and to ThriNH,. Met45 forms the bottom of the S1 pocket and determines the affinity
and specificity of inhibitor binding. C) The superposition of 1,/ 3, and MG132'% at yB5 shows that the peptidic compound MG132 solely binds
to the non-primed sites S1-S3, whereas homobelactosin C (1) and its derivative (3) occupy the S1 pocket (the P1 site of the ligand is marked by
a dotted half circle) and the primed pockets. D) The superposition of yeast and mouse 35 subunits reveals the distinct conformations of Met45.?!
The black arrow marks the reorientation of Met45 upon binding of 3 to yB35. The Ile-like P1 site of 3 (marked by a dotted half circle) undergoes
hydrophobic interactions with all Met45 conformations and hence does not discriminate between [35c and 85i. E) Connolly surface representations
of mouse 35c and 5i active sites with 3 modelled by the superposition of y35:3. Positive and negative electrostatic surface potentials are
contoured from —30 kTe ™" (red) to 30 kTe ™" (blue). For clarity, residues 47 and 48 of B5 have been removed. The S1 pockets are indicted by

a white line to illustrate their different sizes in $5c and (35i (see also Figure S1C). It should be noted that binding of the P1-lle side chain to B5c
requires the reorientation of Met45 as in yB5 in panel D to avoid clashing.

solely subunit 5 and to identify structural elements that
discriminate between 5S¢ and 5i, we investigated a series of
belactosin C derivatives."**! In the course of these inves-
tigations, we found a minimal scaffold that is suitable for high-
affinity binding to (5. These fragments feature a N-(3,5-
dimethoxybenzyl)aminocarbonyl side chain at the C2 posi-
tion of either a (35)-((15)-methylpropyl)- (isoleucine mimetic
3; Figure 1A) or a (35)-(isopropyl)-4-oxooxetane-(2R)-car-
boxamide (valine mimetic 4; Figure 1 A) moiety.['”!

X-ray crystallographic analysis of 3 in complex with the
yCP was performed according to our standard protocols!'”
and yielded data to 3.0 A resolution with an R of 22.9%
(see Table S1 in the Supporting Information). The electron
density map displayed the inhibitor covalently bound to the
N-terminal Thr1OY of all of the active sites owing to the high
ligand concentrations used for crystal soaking (Figure 1B and
Figure STA in the Supporting Information). Interestingly,
superposition of 3 bound to yB1, yp2, and yp5 shows that the
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ligand adopts a uniform orientation in each substrate binding
channel (Figure S1B). The isoleucine P1 side chain protrudes
into the S1 specificity pocket and causes a 1 A shift of Met45,
whereas the C2-OH group of the ligand, generated through
nucleophilic attack of Thr1O" on the f-lactone ring, forms
a strong hydrogen bond to the carbonyl oxygen of residue 19
(2.7A), as observed for homobelactosin C.'*'¥ The 3,5-
dimethoxybenzyl group points towards the primed substrate
binding channel and is only stabilized by hydrophobic
interactions with C* and CP of Ser129, a strictly conserved
residue involved in catalysis.**! In conclusion, the crystallo-
graphic investigations of 3 provide first insight into the primed
substrate binding channels of the C-L and T-L active sites.
The common binding mode of 3 with all three active sites
implies that the subunit selectivity of compounds mainly
depends on their interactions with the primed and non-
primed specificity pockets of the individual binding clefts. The
described minimal scaffold required to orient ligands to the
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Figure 2. A) Dose—response curves for 3- and 4-mediated inhibition of the ChT-L activities of human cCP and iCP. Experiments were performed in
triplicate and normalized to a DMSO-treated control. B) Inhibition profiles of 3 and 4 in lysates of HUVEC (cCP) and monocytic THP-
1 (predominantly iCP) cells. Values are given as the mean percentage of residual activity & standard error of the mean (SEM).

primed site of all active 3 subunits is now amenable to future
combinatorial chemistry to create selective compounds for
individual active sites.

Next, we characterized the belactosin derivatives 3 and 4,
which only differ in a single P1-methyl group, for their
inhibitory potency towards human cCP and iCP. Indeed, 3 and
4 dose-dependently block the ChT-L activity of 35¢ and 351
owing to their apolar moieties (Figure 2A). Although both
compounds feature no P2, P3, or P4 sites, they are highly
effective. Interestingly, the half maximal inhibitory concen-
tration (ICs,) values for 3 are quite similar for f5¢ (21.35 nm)
and B5i (14.37 nm), whereas 4 turned out to be more selective
for BSc (26.87 nm) than for (35i (83.62 nm). Hence, the single
P1-methyl group that distinguishes 3 from 4 is decisive in
terms of subunit selectivity. Additionally we performed
inhibition assays with lysates from human umbilical vein
endothelial cells (HUVEC, which contain predominantly
cCP) and THP-1 cells (a human monocytic leukemia cell line
containing predominantly iCP). Increasing concentrations of
3 blocked ChT-L activity in lysates of both cell types to
a similar degree, while 4 was more potent in HUVEC lysates
(Figure 2B). Although the tested hydrophobic P1 residues
are accepted by both B5c and 35i, the herein presented results
prove that the ChT-L activity of §5i demands more bulky
amino acids compared to 5c and disfavors smaller ones like
Val.’! The peculiar conformation of Met45 in subunit B5i
enlarges the S1 pocket and cannot properly stabilize the
smaller P1-Val side chain of 4 by van der Waals contacts
(Figure 1D, E).

In addition, we investigated the effect of 3 and 4 on
proteasome activity in living mammalian cells. HeLa cells
were treated for 4 h with varying concentrations of 3, 4 and
the standard proteasome inhibitor Z-Leu-Leu-Leu-al
(MG132); DMSO was used as the solvent control (see the
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Supporting Information). In vitro activity assays in cell lysates
revealed that 3 and 4 dose-dependently inhibit proteasome-
mediated protein degradation and predominantly affect ChT-
L activity (Figure 3 A). As expected, the CP inhibition results
in a breakdown in overall proteasomal function, thereby
causing an accumulation of a destabilized GFP reporter in ear
fibroblasts of the Ubiquitin®"*'-GFP1-mouse (Figure 3B,
upper panel) and an increase in polyubiquitylated proteins
(Figure 3B, lower panel). We quantified the cytotoxicity by
treating HeLa cells with 500 nm and 1 um of 3 and 4 in an
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) cell proliferation assay for 24 h. Remarkably, cell
viability was twice as high upon the application of 3 and 4
compared to the standard proteasome inhibitor MG132
(Figure 3C), a significant and important feature for the
future development of selective CP-type drugs for non-cancer
applications such as inflammation or autoimmune diseases.
Moreover, we performed flow cytometry cell cycle analysis
with HeLa cells incubated with both compounds at a concen-
tration of 500 nm for 24 h (see Supporting Information).
Distinct sub-G1 peaks (corresponding to apoptotic cells) were
observed after treatment with 3 (8.91+0.44 % of all cells), 4
(10.03 £1.08 %), and MG132 (19.68 £2.04 % ). The increased
numbers of cells in the G2/M phase demonstrate that both
compounds induce cell cycle arrest in HeLa cells (control:
12.314+0.84 %, 3: 23.78 £ 0.49 % and 4: 23.36 £2.62 % of all
non-apoptotic cells), albeit to a much less pronounced degree
than MG132 (40.36 +2.87%). In addition to 3 and 4, we
tested the P-lactones (2R, 3S5)-5 and (2, 3R)-5!"*') in our
biological assays. Both compounds feature an additional
methyl group at the C2 position of compound 3, which was
derived from the natural product Salinosporamide A (mar-
izomib)," a second generation proteasome inhibitor cur-
rently being evaluated in clinical trials. Surprisingly, the
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Figure 3. A) Inhibition of the ChT-L, T-L, and C-L activities by 3 and 4 compared to MG132 in Hela cells. Relative activities are expressed as
percentages normalized to a DMSO-treated control. B) Ubiquitin®®-GFP1 in ear fibroblasts of transgenic mice and ubiquitylated proteins
markedly accumulate in the presence of increasing concentrations of 3, 4, and MG132 compared to DMSO alone. C) Staining was performed by
western blot with anti-GFP and anti-ubiquitin (anti-Ubi) antibodies, respectively. Amido black staining of western blot membranes served as

a control for equal protein loading (LC). C) The viability of HelLa cells exposed to 3, 4, or MG132 was assessed by a MTT assay. Cell cycle related
changes (number of cells in G1, S and G2/M phases) and apoptotic cells (number of cells in sub-G1) were detected by flow cytometry analysis of
the DNA content and normalized to a DMSO-treated control. For panels (A) and (C) values are given as the means of three independent

experiments == SEM.

diastereomers (2R, 35)-5 and (2S, 3R)-5 did not inhibit the
proteasome in HeLa cells and were inactive in the MTT assay
(Figure S2). These results prove the robustness of the
presented data and demonstrate that a single methyl group
can be decisive not only for subunit selectivity but also for the
entire biological activity of a compound.

In conclusion, we identified minimal structural elements
that distinguish between f5c¢ and p5i. Using the p-lactone
scaffold as a streamlined proteasome inhibition motif, we
synthesized two belactosin derivatives with valine- and
isoleucine-like P1 side chains that exhibit exquisite potency
in the low nanomolar range. We found that a single P1-methyl
group creates a six-fold difference in potency for PSi.
Selective inhibition can thus be achieved solely through the
P1 site, a result of crucial importance for the future design of
proteasome inhibitors. Furthermore, the reduced cytotoxicity
compared to currently applied peptide proteasome inhibitors
qualify these [-lactones as promising lead structures for
applications in inflammatory diseases. In particular, derivati-
zation of the dimethoxybenzyl side chain offers a great
opportunity to extend these scaffolds towards the previously
neglected primed substrate binding channel of f5¢ and 5i, as
well as the other proteasomal active sites.

Keywords: cytotoxicity - immunoproteasome - inhibitors -
lead structures - B-lactones
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