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Belactosin A is a potent proteasome inhibitor isolated from Streptomyces metabolites. Here we show that
a hydrophobic belactosin A derivative, dansyl-KF33955, can covalently, and specifically, affinity label the
catalytic subunits of the 26S proteasome, which consists of the 20S protein degrading core particle and
the 19S regulatory particles. The labeling of catalytic subunits proceeds faster in intact proteasomes
in vivo than in isolated 20S core particles. These data suggest that the 19S regulatory particle may facil-
itate entry of the inhibitor into the 20S core particle. This cell-permeable chemical probe is an excellent
tool with which to study the interactions of this proteasome inhibitor with proteasomes in intact cells.

© 2008 Elsevier Ltd. All rights reserved.

The 26S proteasome is a large protein complex containing en-
zymes that degrade proteins conjugated to ubiquitin and plays a
central role in selective proteolysis in eukaryotes. The 26S protea-
some is composed of the 20S core particle (CP) bearing several cat-
alytic sites for protein degradation and two 19S regulatory
particles (RP) involved in the recognition and unfolding of ubiqui-
tinated proteins.! Structurally, the 20S CP is a 700-kDa complex
with a hollow cylindrical-shape composed of four stacked hepta-
meric rings. The two inner rings each consist of seven B subunits
and the two outer rings each consist of seven o subunits, providing
an enclosed cavity in which target proteins are degraded. Openings
at the two ends of the CP enable proteins to enter the cavity. Each
end of the CP associates with an RP that contains ubiquitin binding
sites and ATPase active sites. Thus, the RP recognizes, unfolds and
translocates target proteins into the catalytic cavity for degrada-
tion. Within the catalytic cavity, three B subunits (1, 2 and B5)
contain peptidase active sites for caspase-like peptidylglutamyl
protein hydrolyzing (PGPH), trypsin-like, and chymotrypsin-like
activities, respectively. Protein degradation by the proteasome
plays key regulatory roles in metabolic adaptation, cell differentia-
tion, cell cycling, stress response, regulation of transcriptional fac-
tors, as well as generation of epitopes presented by the major
histocompatibility complex class I receptors and quality control
through removal of abnormal proteins.

Small molecule inhibitors of the proteasome are important tools
in developing new molecular-targeting drug for cancer chemother-
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apy, as well as providing a tool for understanding the ubiquitin-
proteasome system.> We previously identified the novel protea-
some inhibitor belactosin A (Fig. 1, Structure 1) from Streptomyces
metabolites and showed that this compound inhibits human can-
cer cell proliferation.® Interestingly belactosin A is a strong inhibi-
tor of the chymotrypsin-like activity in the purified 20S
proteasome CP in vitro.® Structure-function studies indicate that
the B-lactone ring of belactosin A is necessary for full inhibition
of proteasome activity.> More recently, an X-ray crystallographic
analysis revealed that a belactosin analog, homobelactosin C, cova-
lently binds to the active sites of the B5 subunit through esterifica-
tion of the B-lactone ring to a threonine residue that is present in
each catalytic center. Thus, the fundamental mechanism by which
peptidase activities in CP are inhibited by belactosins has been
clarified. However, binding of the inhibitors to the 26S proteasome,
the intracellular complex of CP and RP, is not well understood. RP
may regulate inhibitor entry into the 20S CP cavity. To analyze
intracellular interactions between inhibitors and the intact 26S
proteasome, a cell-permeable affinity-labeling probe derived from
a potent proteasome inhibitor is needed.

A hydrophobic belactosin A derivative, KF33955 (Fig. 1, Struc-
ture 2), in which a benzyl group has been introduced at the car-
boxyl group of belactosin A, exhibits a 100-fold greater growth
inhibition of HeLa cells, relative to belactosin A, which is presum-
ably due to the improved cell-membrane permeability of
KF33955.2 To detect covalent complexes of the belactosin A deriv-
ative and proteasomal components with high sensitivity, we pre-
pared dansyl-KF33955 (Fig. 1, Structure 3) as an affinity probe. In
this report, we demonstrate the successful labeling of B subunits
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Figure 1. Structures of belactosin A (1), KF33955 (2) and dansyl-KF33955 (3).

responsible for peptidase activities and compare the temporal pat-
tern of labeling between purified CP in vitro and the 26S protea-
some in vivo.

Belactosin A was isolated from the broth of Streptomyces
KY11780 cultures, and KF33955 was prepared from belactosin A,
as described previously.> Dansyl-KF33955 was prepared by cou-
pling a succinimidyl ester of dansylaminohexanoic acid to
KF33955.°> Figure 2 shows the MSMS spectrum of dansyl-
KF33955 (precursor ion m/z 806.37). The mass signals m/z
347.14, 389.20, 418.17, and 698.32 were consistent with the pre-
dicted sizes of its cleavage products (Fig. 2 inset). Most of other sig-
nals in the low mass range (indicated by the asterisks in Fig. 2)
were the same values as those observed in MSMS measurements
of KF33955 (data not shown). These data are in full agreement with
the structure proposed.

To examine inhibition by belactosin A derivatives and other
well-known proteasome inhibitors, such as clasto-lactacystin B-
lactone and MG132, different concentrations of each compound
were added to reaction mixtures containing purified human eryth-
rocyte 20S CP and a synthetic substrate specific for each pepti-
dase.®” The calculated ICso, values are shown in Table 1.
Dansylation of the hydrophobic belactosin A (KF33955) resulted
in a marked enhancement of the inhibition of the chymotrypsin-
like activity and PGPH activity. Dansylation reduced inhibition of
the trypsin-like activity, probably due to loss of the positive charge

in the amino terminus of belactosin A. However, it is of interest
that introduction of the dansyl moiety to KF33955 markedly in-
creased the inhibitory effect on the chymotrypsin-like site, which
is thought to be the major site of protein degradation by
proteasomes.®

Since belactosin A represses proliferation of cancer cells®, we
compared the ability of the belactosin A derivatives to inhibit HeLa
cell growth (Table 1).2 The hydrophobic derivative KF33955 exhib-
ited a more potent inhibition of cell proliferation compared to the
parent compound, belactosin A. This high potency may be the re-
sult of the increased membrane permeability of KF33955. The
inhibitory effect of dansyl-KF33955 on cell proliferation is greater
than belactosin A, but 20-fold less potent than KF33955, suggesting
that the dansyl moiety reduced the membrane permeability con-
comitantly with the enhanced potency of the proteasome inhibi-
tory activity. Given that addition of a biotin moiety to belactosin
A severely decreased its inhibitory potency in HelLa cells (ICsq value
of ~350 uM, data not shown), dansylation appears to provide a
more advantageous affinity label for tracing labeled components
of the proteasome, as reported previously.’

To examine the binding characteristics of dansyl-KF33955 to
the proteasome in vivo, we first determined an inhibitor concen-
tration appropriate for clear detection of labeled catalytic B sub-
units by Western blotting using anti-dansyl antibody. When
Hela cells were cultured in the presence of 1 uM inhibitor, labeled
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Figure 2. The MSMS spectrum of dansyl-KF33955. The asterisks indicate common peaks of KF33955.
Table 1
ICso values of human erythrocyte 20S proteasome enzymatic activities and growth A dansyl'KF33955(1MM)

inhibition of HeLa cells by inhibitors

Compound Proteasome inhibition® (M) Growth
Chymotrypsin- Trypsin- PGPH inhibition” (LM)
like activity like activity

activity

Belactosin A 0.82 49 14 37

KF33955 0.34 0.45 3.7 0.50

Dansyl-KF33955 0.029 2.1 0.15 9.8

clasto-lactacystin 0.029 0.69 8.3 ND

B-Lactone
MG132 0.011 2.1 0.12 ND

ND: not determined.
@ ICso values of human 20S proteasome activity.
b ICsq values of growth in HeLa cell cultures.

subunits could be detected without notable cell death (data not
shown). Figure 3 shows dansyl-KF33955 labeling of the catalytic
subunits in proteasomes in HeLa cells (in vivo) and its competitive
inhibition by various concentrations of clasto-lactacystin B-lactone
and MG132.!° The bands detected by the anti-dansyl antibody
were confirmed to be the B1, B2, and B5 subunits by performing
Western blotting using antibodies specific for each subunit (data
not shown). After incubation of HeLa cells with clasto-lactacystin
B-lactone, dansyl-KF33955 only labeled the B1 subunit suggesting
that dansyl-KF33955 and clasto-lactacystin B-lactone compete
with another for binding to the same sites in the B2 and B5
subunits (Fig. 3A). After incubation of HeLa cells with MG132, dan-
syl-KF33955 only labeled the B2 subunit, suggesting that dansyl-
KF33955 and MG132 compete with one another for binding to
the same sites in the p1 and B5 subunits (Fig. 3B). These results
indicate that dansyl-KF33955 specifically binds to the p1, 2 and
B5 subunits of 20S CP in vivo. Figure 4A shows the time-dependent
labeling of catalytic subunits in proteasomes in HeLa cells (in vivo)
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Figure 3. Western blotting of dansyl-crosslinked subunits of the 26S proteasome
treated with 1 pM dansyl-KF33955 in intact HeLa cells in the presence of vatious
concentrations of clasto-lactacystin B-lactone (A) and MG132 (B).

and Figure 4B shows the labeling in the 26S proteasome extracted
from HeLa cells (in vitro).!"!? Figure 4C shows labeling of subunits
in the similar condition except for using the purified human eryth-
rocyte 20S CP.'? Within as little as 0.5 h, dansyl-KF33955 was
covalently bound to the B1, B2, and B5 subunits in the 26S protea-
somes, both in vivo and in vitro. The labeled subunits appear to
have reached maximal levels within 0.5 h, and these levels were
maintained after 1 h of culture, but decreased significantly by 3 h
in the presence of the inhibitor (Fig. 4A and B). When labeling of
subunits in the erythrocyte CP, in which the 19S RP was excluded,
was examined, the kinetics of labeling of all subunits was slower
than that of the 26S proteasome labeling; the maximal labeling re-
quired at least 1 h or more of inhibitor treatment, and the maxi-
mum level of labeled subunits was sustained for 10 h (Fig. 4C).
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Figure 4. Western blotting of dansyl-crosslinked subunits of the 26S proteasome in
intact HeLa cells (A) and HeLa cell extract (B) and the purified erythrocyte 20S CP
(C) treated with 1 pM dansyl-KF33955 for the indicated times. The lane indicated
by the bar contains untreated control samples. The proteasome subunit bands
crosslinked to dansyl-KF33955 were detected using an anti-dansyl antibody.

Protein substrates to be degraded enter the CP cavity through a
channel that is opened upon substrate association with the RP
through a mechanism in which Rpt subunits with ATPase activity
mediate the opening.'> Without the 19S RP, the o ring of the 20S
CP would have no obvious path for substrates to access the active
center chamber of the B ring.!* The in vivo and in vitro labeling of
subunits in the 26S proteasome, which consists of 20S CP and 19S
RP, is faster than labeling of the isolated CP. This result suggests
that entry of dansyl-KF33955 into the CP cavity may be facilitated
through an RP-induced channel, although the interaction of the
inhibitor with RP components responsible for the channel opening
remains to be verified.

The time-dependent disappearance of labeled subunits in vivo
may result from two events. First, the bound inhibitor may be
gradually released through hydrolysis of the ester bond between
the B lactone ring of the inhibitor and the threonine residue in
the active site. Second, the inhibitor may be unstable under
aqueous conditions so that the free inhibitor concentration can
not be maintained. In concert with this, the inhibitor was grad-
ually degraded, even in purified water, and it was completely
lost overnight, observed in MALDI-TOF MS measurements (data
not shown). The labeled subunits in the 26S proteasome disap-
peared more rapidly (Fig. 4A and B) than those in isolated eryth-
rocyte CP (Fig. 4C). Although further studies are needed to
understand the mechanism underlying this difference, an
intriguing hypothesis is that the RP may stimulate hydrolysis
of the ester bond formed between the inhibitor and threonine
residue, suggesting a novel function of RP in the proteasomal
protein degradation pathway. Alternatively, proteasomes con-
taining subunits whose active sites have been esterified may
be subject to protein degradation.

In this study, we report that a belactosin A derivative labeled
with an immuno-detectable tag, dansyl-KF33955, covalently binds
to the catalytic B-subunits of the proteasome both in vitro and in
vivo. This chemical probe is an excellent tool to study proteasome
function. Moreover, fluorescence detection of the dansyl moiety
may allow in vivo identification of proteasomes with labeled sub-
units and the intracellular fate of the proteasome could thereby be
traced. Optimization of conditions for fluorescence detection is
underway.
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