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ABSTRACT

Ridaifen-F (RID-F) potently inhibits proteolytic activities of the 20S proteasome but poorly inhibits those
of the 26S proteasome. Here, we report preparation of several conjugates in which various peptides are
connected to RID-F. Conjugates with peptides consisting of seven amino acid residues significantly
inhibited the 26S proteasome. Particularly, RID-F conjugated to an octaarginine peptide (Rg, a so-called
cell-penetrating peptide) inhibited intracellular proteasome activities and induced cell death in drug-
resistant KMS-11 myeloma cells. RID-F conjugated to hydrophobic peptides also inhibited the 26S pro-
teasome but failed to induce cell death, suggesting poor penetration into cells. We infer that the Rg
peptide has dual functions: (1) rapid penetration of conjugates into the cell increases intracellular drug
concentrations sufficient for exhibition of its effect, and (2) recognition of the conjugates by the 26S
proteasome stimulates drug entry into the catalytic chamber. In the presence of ATPyS, RID-F conjugates
containing Rg inhibited the 26S proteasome more potently than in the presence of ATP, suggesting
efficient entry of drugs into the catalytic chamber in a similar fashion to the substrate. Taken together
with docking simulations of RID-F conjugate interactions with proteasome active sites, the second
function of Rg peptide is plausible. Thus, the conjugation of nonpeptidic proteasome inhibitors to a cell-
penetrating peptide could represent a viable strategy for overcoming the drug-resistance of tumor cells.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

(B1-7) that form respective heptameric ring structures (a-ring and
B-ring). Two a-rings and two B-rings are stacked in an affa

In eukaryotic cells, protein degradation by the ubiquitin-
proteasome system plays a pivotal role in the regulation of various
cellular processes including proliferation, differentiation, apoptosis,
gene transcription, signal transduction, and quality control of
nascent proteins [1]. The 26S proteasome, which is constitutively
present in eukaryotic cells, comprises a barrel-shaped core particle
(20S proteasome) and the 19S regulatory particles (RPs) capping one
or both ends of the 20S proteasome barrel [2—4]. The 20S protea-
some consists of seven o-subunits (21—7) and seven B-subunits
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arrangement, generating the barrel-like structure of the 20S pro-
teasome. The proteolytic active sites are located inside the barrel,
where the $1, B2, and B5 subunits are responsible for protease ac-
tivities with distinct substrate specificities: f1 for peptidylglutamyl
peptide hydrolase (PGPH), B2 for trypsin-like (T-L), and B5 for
chymotrypsin-like (CT-L) activities [5,6].

The 19S RPs regulate translocation of substrates into the 20S
proteasome barrel. There are two types of 19S RP sub-complexes,
known as the lid and the base, which contain different subunits
with different functions. Deubiquitylation and unfolding of sub-
strates are required prior to translocation of substrates into the
catalytic chamber. The lid removes ubiquitin from poly-
ubiquitinated substrates [7,8], while the base unfolds the globular
domains of substrates [9,10]. One of the components in the base, a
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heterohexameric ring with AAA-ATPase modules, plays a critical
role in substrate translocation into the 20S proteasome barrel and
substrate unfolding. ATP binding to the base opens the gate for
substrates to be translocated into the barrel, and subsequent hy-
drolysis of the bound ATP is required for substrate unfolding
mediated by reverse chaperone or unfoldase associated with AAA-
ATPases.

Disruption of the ubiquitin-proteasome system causes accu-
mulation of incompatible regulatory proteins that trigger an
apoptotic cascade, eventually leading to growth arrest and cell
death. In comparison with normal cells, tumor cells are generally
more sensitive to the proapoptotic effects of proteasome inhibition
[11]. This was ascertained in multiple myeloma cells whose growth
strongly relies on the transcription factor NFkB [12,13]. Binding of
IkB to NFkB in the cytoplasm prevents translocation of NFkB into
the nucleus. Stress-induced phosphorylation of IkB results in
proteasome-dependent degradation of IkB and thus NFkB activa-
tion. Inhibition of the proteasome likely represses myeloma cell
growth by maintaining NFkB in an inactive state. Thus, proteasome
inhibitors (PIs) have emerged as a new class of molecular-targeted
anticancer drugs [14].

Several Pls are in clinical use as anticancer drugs [13,14]. One
inhibitor, the peptide boronate bortezomib, is approved for the
treatment of multiple myeloma and mantle cell lymphoma [15,16].
The toxic boronate pharmacophore, however, is associated with
severe adverse effects, which is why an epoxomicin analog, tetra-
peptide epoxyketone carfilzomib, was developed and approved
[17]. More recently, another peptide, boronate ixazomib, which is
available for oral uptake, has been approved for the treatment of
multiple myeloma in combination with two other drugs, lenalido-
mide and dexamethazone, after first-line therapy [18]. In addition
to the treatment of hematological malignancies, Pls have been
proposed as promising drug candidates for solid tumors, inflam-
mation, immune diseases, ischemic stroke, and tuberculosis [19].
This situation encourages the development of new types of PIs with
improved efficacy and fewer adverse effects [20].

To find new noncovalent and nonpeptidic PIs, we previously
examined proteasome inhibition using a series of tamoxifen de-
rivatives and found that ridaifen (RID)-A, -B, -D, and -F inhibited
protease activities of the 20S proteasome [21]. RID-F (1) was the
most potent inhibitor of the three different enzymatic activities.
However, subsequent investigation indicated that RID-F derivatives
were not effective against multidrug-resistant human multiple
myeloma cells (KMS-11). Drug resistance can be caused by poor
drug uptake, active excretion, intracellular degradation or modifi-
cation, concentration of drugs into a specific subcellular compart-
ment, and mutations that render target proteins insensitive to
drugs. Although it is difficult to identify the mechanisms that give
rise to drug resistance in individual cells, it is likely that poor drug
uptake or active excretion is a prevalent mechanism, and therefore
modification of drugs to improve uptake is a promising strategy.

Several proteins, such as Tat protein from human immunodefi-
ciency virus-1 (HIV-1), can spontaneously penetrate cells [22]. The
minimal domain needed for penetration was defined as a short
sequence of 10—16 amino acids, termed a “cell-penetrating pep-
tide” (CPP) [23]. Native Tat peptide is composed of several cationic
amino acids, including six arginine and two lysine residues.
Furthermore, the cationic peptide, octaarginine (Rg), can promote
cellular uptake of conjugated compounds. Although several hy-
potheses explaining how these peptides penetrate cells have been
presented [24,25], the underlying mechanism still remains unclear.
Nevertheless, CPPs can be used for the translocation of peptides,
proteins, ribonucleic acids, oligonucleotide mimics, and nano-
particles through cell membranes. Since CPPs can also transport
nonpermeable drugs into living cells, they are of considerable

pharmaceutical interest. Studies of conjugating CPPs to several
drugs, including methotrexate [26], doxorubicin [27—31], and
organometal conjugates [32—34], have been reported. Tat peptide
conjugated to doxorubicin significantly increases the intracellular
concentration of the drug in both drug-sensitive and drug-resistant
cell lines [29].

In this study, we prepared conjugates of RID-F and various
peptides, including oligo-arginines, and compared their inhibitory
potency on the protease activities of the 20S and 26S proteasomes.
Notably, RID-F conjugates containing Rg showed a strong inhibitory
potency toward 26S proteasome activity in comparison with that of
free RID-F. Furthermore, these RID-F conjugates overcame KMS-
11 cell drug resistance, rapidly inducing cell death. We confirmed
that these conjugates inhibited proteolytic activities of the intra-
cellular proteasome. These results suggest that conjugation of
nonpeptidic PIs with CPPs is a viable strategy to overcome tumor-
cell drug resistance.

2. Results
2.1. Synthetic procedures

We previously presented the synthesis and characterization of a
novel tamoxifen derivative, RID-F (1), which inhibits 20S protea-
some activity. RID-F was synthesized chemically as described in
previous reports [21,35,36]. RID-F derivatives (RID-F-COOH (15)
and RID-F-CH;NH; (19)) were prepared by the Mukaiyama reduc-
tive coupling reaction [37,38], as shown in Schemes 1 and 2. The
1,3-phenylenedimethanol (2) was first mono-protected with a p-
methoxybenzyl group and the following two-carbon elongation of
the intermediate 4 to afford 1-(3’-((p-methoxybenzyloxy)methyl)
phenyl)propan-1-one (6). Then, 6 was treated with an excess
amount of 4,4’-dihydroxybenzophenone (7) in the presence of the
low-valent titanium species generated from titanium(IV) chloride
with zinc powder to afford the desired cross-coupling product 8 in
52% yield. The phenol moieties in 8 were temporarily protected as
tert-butyldimethylsilyl (TBS) groups and finally transformed into
the corresponding aminoethyl ethers by alkylation of 14. Fortu-
nately, the benzyl protective group in the tetra-substituted olefin 14
was simultaneously cleaved in the alkylation reaction under
nucleophilic conditions to provide the desired RID-F derivative 15
including the free carboxylic acid part.

Next, RID-F derivative 19, including the free primary amine part,
was also synthesized using a similar procedure as described in
Scheme 2. Aminoethyl groups were introduced into the bisphenol
17 in 77% yield, and the desired free primary amine 19 was suc-
cessfully prepared from benzyl oxime 18 by reduction using lithium
aluminum hydride in 77% yield.

Peptides and the RID-F derivatives were linked at the N- or C-
terminus of the peptides by amide bond formation (Scheme 3). In
the peptides used for the conjugation, the opposite terminus to the
site linked with the RID-F derivatives was blocked by modification
with an amide (C-terminus) or acetyl group (N-terminus). The
chemical structures of representative compounds, RID-F (1), RID-F-
GRg (27), and RgG-RID-F (31), are depicted in Fig. 1. The purities of
all the conjugates were confirmed by analytical reversed-phase
high-performance liquid chromatography (RP-HPLC) analysis and
matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass measurements, and were above 95% (Supplementary
Fig. 4). The m/z values of these compounds were observed to be
identical with the theoretical values (Supplementary Table 1).

2.2. Proteasome inhibition by RID-F-CPP conjugates

To assess the potency of proteasome inhibition of RID-F (1) and
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eq.), CHyCly, rt, 94%; i) NaCIO, (2.0 eq.), NaH,POy (5.0 eq.), 2-methyl-2-butene (10.0 eq.), ‘BUOH/THF/H,0O = 1/1/1, rt; j)

BnBr (1.2 eq.), NaH (2.4 eq.), DMF, rt, 80% (2 steps); k) TBAF (3.9 eq.), THF, 0 °C to rt, 61%; I) 1-(2-chloroethy)azepane
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Scheme 1. Synthesis of RID-F-COOH (15).
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its CPP conjugates (RID-F-GRg (27) and RsG-RID-F (31)), three
proteolytic activities (PGPH, T-L, and CT-L) were examined with an
enzymatic kinetics assay using fluorogenic substrates. To promote
the passage of peptidyl substrates to the catalytic chamber, sodium
dodecyl sulfate (SDS) was present at 0.03% for assaying the 20S
proteasome and ATP was present at 1 mM for assaying the 26S
proteasome. The inhibition curve of each compound is depicted in
Supplementary Fig. 1. Their ICsq values are summarized in Table 1.

Free RID-F inhibited PGPH and CT-L activities of the 20S pro-
teasome, but did not inhibit the three activities of the 26S protea-
some. RID-F-GRg (27) and RgG-RID-F (31) inhibited T-L activity of
the 20S proteasome. Although these two conjugates containing Rg
did not inhibit the CT-L activity of the 20S proteasome, they
strongly inhibited the CT-L activity of the 26S proteasome. Thus, the
inhibitory potency and specificity of the RID-F conjugates alter
depending on the proteasome type (20S and 26S). Such alterations
are also found with conventional inhibitors such as bortezomib,
vinblastine, and lactacystin. The gate of the 20S proteasome
chamber is normally closed so that substrates and PIs cannot enter
the chamber freely [39]. The presence of SDS enables ingress of
these substrates and inhibitors into the chamber [40]. On the other
hand, the AAA ring of the 19S RP in the 26S proteasome forms a
channel through which these substances enter the 20S chamber in
an ATP-dependent manner. Alterations in the potency and

specificity of PIs are due to structural differences in the two types of
proteasomes; however, structural information alone is insufficient
for delineating the molecular mechanisms underlying these alter-
ations. Regardless of the mechanism, the marked inhibition of the
CT-L activity of the 26S proteasome by RID-F conjugates containing
Rg encouraged further study.

Basic peptides with 4—10 R residues inhibit CT-L and PGPH ac-
tivities of the 20S proteasome at submicromolar levels [41]. How-
ever, free GRg (C-terminal amidated) or RgG peptides (N-terminal
acetylated) did not inhibit the protease activities of the 26S pro-
teasome (Table 1), indicating that RID-F-CPP conjugate-mediated
inhibition of the 26S proteasome was not attributable to the basic
peptides in the conjugates.

ATP is typically added for assaying the 26S proteasome. It is of
interest to examine whether ATP hydrolysis is required for degra-
dation of small substrates (in our assay) by the 26S proteasome.
ATPyS, which is hydrolyzed at a much slower rate than ATP, was
used to address this question. As shown in Fig. 2A, 26S proteasome
CT-L activity was higher in the presence of ATPyS than ATP, while
there was no effect on 20S proteasome CT-L activity. Thus, ATP
hydrolysis is not required for 26S proteasome CT-L activity for small
substrates. Next, the effect of ATPyS on the inhibitory potency of
RID-F conjugates was examined. Interestingly, in the presence of
ATPYS, both RID-F-GRg (27) and RgG-RID-F (31) showed stronger
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Fig. 1. Structure of RID-F and CPP conjugates.

Table 1
ICsp values of CPP-conjugated RID-F against the human 20S and 26S proteasome.

20S ICsp (1M)

265 ICs (1M)

f1 (PGPH) B2 (T-L) B5 (CT-L) B1 (PGPH) B2 (T-L) B5 (CT-L)
RID-F (1) 0.72+0.10 >100 1.02 +0.02 >100 >100 >100
RID-F-GRg (27) >50 1.2+03 >50 >50 45+4 55+0.2
RsG-RID-F (31) >40 3.5+08 >40 >40 >40 94+12
H-GRg-NH; >8 >8 >8 >40 >40 >40
Ac-RgG-OH >8 >8 >8 >40 >40 >40
Bortezomib 0.7 +0.08 1.93+0.29 0.0005 +0.0004 0.019 + 0.005 >40 21+05
Vinblastine 4.28 +0.54 4.90 £ 0.34 4.58 +0.43 >40 14.50 +£2.29 >40
Lactacystin >8.0 3.25+0.54 0.16 +0.01 >40 >40 4.96 +0.17

Abbreviations: ICsg, half-maximum inhibitory concentration; CT-L, chymotrypsin-like activity; T-L, trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity.

Data are given as means + SD (n=3).

inhibition than in the presence of ATP; ICsg values of RID-F-GRg and
RsG-RID-F against 26S proteasome CT-L activity significantly shif-
ted to lower values of 2.4 uM and 6.0 uM, respectively (Fig. 2B and
C). Free RID-F did not inhibit CT-L activity in the presence of either
ATPYS or ATP (Fig. 2D).

2.3. Proteasome inhibition by RID-F conjugates containing various
peptides

We evaluated how the sequence and length of peptides conju-
gated to RID-F affected the inhibitory potency for proteolytic

activities of the 20S and 26S proteasomes. The potency of nine
types of RID-F-peptide conjugates, including basic and hydrophobic
residues, was examined. Inhibition curves are shown in
Supplementary Fig. 2. The ICsq values are summarized in Table 2.
When the 20S proteasome was examined, RID-F-peptide con-
jugates with different lengths of arginine repeats, RID-F-GR4 (25),
RID-F-GRg (26), R4G-RID-F (29), and RgG-RID-F (30), showed sig-
nificant inhibition of T-L activity. From their IC59 values, the N-
terminal peptide conjugates, RID-F-GR4 (25) and RID-F-GRg (26),
were approximately 10 times more potent than C-terminal peptide
conjugates, R4G-RID-F (29) and RgG-RID-F (30). Three hydrophobic
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Table 2
Inhibition of the human 20S and 26S proteasome by peptide-conjugated RID-F.

205 ICso (1M)

265 ICso (WM)

B1 (PGPH) B2 (T-L) B5 (CT-L) B1 (PGPH) B2 (T-L) B5 (CT-L)

RID-F-GRy (25) >8 0.35 + 0.06 >8 >40 >40 >40
RID-F-GRg (26) >8 0.20+0.10 >8 >40 >40 >40
R4G-RID-F (29) >8 3.7+03 >8 >40 >40 >40
R¢G-RID-F (30) 33+1.0 32402 >8 >40 >40 >40
RID-F-GLLE (20) 45+03 >8 6.1+1.1 >40 >40 24+1
RID-E-GLLVY (21) 0.89 +0.08 89+12 0.89 +0.09 3349 >40 26+3
LLVYG-RID-F (28) 0.28 +0.01 >8 0.37+0.14 >40 >40 >40
RID-F-GLLVYGG (22) 0.99 +0.04 6.9+0.8 0.89+0.16 22+7 >40 91+1.0
RID-F-GLLLGGGG (24) 0.89 +0.08 3.8+06 1.1+02 17+7 3243 50+09

Abbreviations: ICsp, half-maximum inhibitory concentration; CT-L, chymotrypsin-like activity; T-L, trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity.
Data are given as means + SD (n = 3). Inhibition of the 20S core particle and 26S proteasome was evaluated in concentration ranges of 0.5—8 uM and 0.1—40 M, respectively.

peptide conjugates, RID-F-GLLE (20), RID-F-GLLVY (21), and LLVYG-
RID-F (28), strongly inhibited CT-L and PGPH activities, but these
activities were insensitive to RID-F conjugates that contained R.
Thus, the chemical properties of the peptides present in the RID-F
conjugate influence the inhibitory specificity for the 20S protea-
some; conjugates that contain basic peptides favorably inhibit T-L
activity, and those that contain hydrophobic peptides do so for CT-L
and PGPH activities. Notably, all of the conjugates that contained
less than six amino acids showed minimal inhibition of the 26S
proteasome. However, conjugates with longer peptides, such as
RID-F-GLLVYGG (22) and RID-F-GLLLGGGG (24), showed significant
inhibition of the 26S proteasome. Taken together with the results of

RID-F-GRg (27) and RgG-RID-F (31), conjugation with a peptide
consisting of seven or more amino acid residues was required for
significant inhibition of 26S proteasome activities. This require-
ment suggests that the peptide portion of the RID-F conjugate in-
teracts with the 26S proteasome, although the site of interaction
remains to be studied.

2.4. Cellular proteasome inhibition by RID-F conjugates and their
cytotoxic effect on multidrug-resistant myeloma cells

Since RID-F CPP conjugates, but not free RID-F, inhibited the 26S
proteasome (see Table 1), we examined the effects of the conjugate
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on the cellular proteasome using two cell lines, multidrug-resistant
human multiple myeloma cells (KMS-11) and drug-sensitive mul-
tiple myeloma cells (RPMI8226), and a Proteasome-Glo™ Assay kit
(Promega Co.), which enables the direct measurement of intracel-
lular proteasome activities in cultured cells [42]. Multidrug-
resistance of KMS-11 cells was confirmed by using cisplatin
(Table 3). Inhibition of three proteasome activities by RID-F (1),
RID-F-GRg (27), and RgG-RID-F (31) was measured in the presence
of various concentrations of the conjugates, and ICsg values were
calculated from inhibition curves (Supplementary Fig. 3). Free RID-
F did not inhibit CT-L, PGPH, and T-L activities of the intracellular
proteasome in KMS-11 cells, whereas RgG-RID-F and RID-F-GRg
significantly inhibited all three activities to a similar extent; ICsg
values were 2—8 pM (Table 3). On the other hand, RID-F-GRg, and
RsG-RID-F comparably inhibited CT-L and PGPH activities in
RPMI8226 cells, but RID-F inhibited only CT-L activity with slightly
lower potency.

Similarly, cell survival rates were measured by quantifying ATP
levels to determine Cytsg values for each conjugate. As shown in
Table 3, RID-F-GRg and RgG-RID-F induced cell death of KMS-11 and
RPMI8226 cells with similar potency (Cytso=4—8 uM). Remark-
ably, these RID-F conjugates exerted their inhibitory effects on the
proteasome and cell survival with similar potency. Fig. 3 shows
time-dependent death of KMS-11 cells cultured in the presence of
10uM of each compound. Viable cell counts were markedly
decreased upon culture for 6 h in the presence of RID-F-GRg or RgG-
RID-F, whereas the effect of free RID-F was undetectable. On the
other hand, RID-F, RID-F-GRg, and RgG-RID-F induced comparable
levels of cell death in RPMI8226 cells.

2.5. Molecular docking simulations

To determine how RID-F-peptide conjugates bind the protea-
some to exhibit their inhibitory effect, docking studies using
AutoDock Vina [43] were conducted. To date, several three-
dimensional (3D) structures of the human proteasome have been
reported. We used structural data of the human 20S proteasome
complexed with dihydroeponemycin (Protein Data Bank ID: 5If1
[44]). Estimated binding modes of RID-F-GR (Fig. 4A) and RG-RID-F
(Fig. 4B) were obtained from clusters composed of 23 and 26
docking poses, respectively (see Experimental Protocols for details).
The estimated binding affinities of RID-F-GR and RG-RID-F
were —9.1 (the second highest value in 100 docking poses)
and —9.5kcal/mol (the highest value in 100 docking poses),
respectively. In the estimated binding mode of RID-F-GR, the gua-
nidyl group of the Arg residue in RID-F-GR entered the S1 pocket
[19] of the B5 subunit, and the two homopiperidine rings interacted
with the 6 subunit (Fig. 4A). For RG-RID-F, two homopiperidine
rings also interacted with similar sites in the f6 subunit to the ones
used for RID-F-GR binding, but the amino group in the main chain
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Fig. 3. Time dependency of KMS-11 cell viability in the presence of RID-F (blue circles),
RID-F-GRg (red squares), and RgG-RID-F (green triangles) (10 uM) determined with an
ATP assay. The viability of mock-treated cells served as a standard (100%). Results are
means + SEM of three independent experiments. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

of Arg entered the S1 pocket instead of the guanidyl group (Fig. 4B).
In the previous study, it was suggested that the vinyl benzene group
of RID-F or the homopiperidine ring of some RID-F derivatives is
important for interacting with the S1 pocket of the 1 subunit [21].
The estimated binding modes of RID-F-GR and RG-RID-F in the
present study suggest that a different manner of homopiperidine
ring usage is important for interactions between CPP-conjugated
RID-F and the proteasome. Moreover, although the main chain di-
rection of the amino acid moiety was different between RID-F-GR
and RG-RID-F, the estimated binding modes were somewhat
similar between each other; the substrate-binding cleft composed
of the S1 to S5 pockets was almost buried due to the interactions of
the amino acid moiety with the S1 pocket and the RID-F moiety
with the p6 subunit. This binding mode prevented substrates from
interacting with the binding cleft widely and mediated the inhib-
itory effect of CPP-conjugated RID-F.

3. Discussion

RID-F, a novel tamoxifen derivative, inhibited the human 20S
proteasome [21]. Our subsequent studies of the 26S proteasome,
however, showed that RID-F poorly inhibited its proteolytic activ-
ities. Furthermore, RID-F failed to kill KMS-11 cells, a multidrug-
resistant human myeloma cell line. To overcome these drawbacks
of RID-F, we prepared various RID-F-peptide conjugates. This
concept was based on the findings of CPPs (see Introduction). In this
paper, we hypothesized the dual functions of peptide moieties in
RID-F-peptide conjugates with respect to inhibition of the cellular

Table 3
Proteasome inhibition and cytotoxicity in KMS-11 cells and RPMI8226 cells.
KMS-11 RPMI8226
1Cs0 (LM) Cytso (LM) ICs5o (LM) Cytso (uM)
CT-L PGPH T-L CT-L PGPH T-L
RID-F (1) N.D. N.D. N.D. N.D. 11.0+0.8 N.D. N.D. 3.6+0.6
RID-F-GRg (27) 63+1.6 48+0.38 80+1.8 72+1.0 57+0.2 6.6+0.2 N.D. 43+03
RgG-RID-F (31) 21+07 28+1.2 41+03 45+0.1 2.1+06 3.1+0.1 N.D. 27+04
H-GRg-NH, N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Ac-RgG-OH N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
cisplatin — — — N.D. - — — 1.18 +0.88

Abbreviations: N.D., not detected; ICsp, half-maximum inhibitory concentration; CT-L, chymotrypsin-like activity; T-L, trypsin-like activity; PGPH, peptidylglutamyl peptide

hydrolase activity; -, not determined. Data are given as means +SD (n=3).
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Fig. 4. Estimated binding modes of RID-F-GR (A) and RG-RID-F (B) with the CT-L site of the human proteasome. The 5 and 6 subunits of the human proteasome are shown as a
surface model colored in cyan and green, respectively. Thr1 of the B5 subunit is colored in red. The docked RID-F-GR and RG-RID-F are shown as a ball-and-stick model with carbon,
nitrogen, and oxygen atoms in gray, blue, and red, respectively. Orange lines indicate the boundaries of the docking grid box for the AutoDock Vina run. All images were generated
using UCSF Chimera 1.11.2 [56]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

proteasome. Firstly, peptide moieties are recognized by the pro-
teasome as substrates, thereby facilitating the entry of conjugates
into the catalytic chamber. Secondly, peptide moieties promote
penetration of conjugates into cells, thereby increasing intracellular
concentrations of RID-F to levels sufficient for proteasome inhibi-
tion. We found that RID-F conjugates containing Rg inhibited not
only the 26S proteasome but also the intracellular proteasome in
KMS-11 cells. Furthermore, these compounds induced cell death.
Interestingly, although these conjugates inhibited 26S proteasome
CT-L activity only, they inhibited all three proteolytic activities in
KMS-11 cells. The reason is unclear, but may involve unknown
intracellular factor(s) that are missing in the isolated 26S
proteasome.

The inhibitory potencies of RID-F-peptide conjugates against the
26S proteasome were dependent on the lengths and chemical
properties of the peptides. Peptides consisting of at least seven
amino acids were necessary for inhibition. Notably, hydrophobic
peptides inhibited 26S CT-L activity with potencies comparable to
those of R8. However, RID-F conjugates containing hydrophobic
peptides did not influence cell survival (data not shown), suggest-
ing that these conjugates do not enter the cell efficiently. Never-
theless, this is a useful finding to be taken into consideration for
further improvement of RID-F conjugates.

Our experimental results with the 26S proteasome and ATPyS
clearly indicate that 19S RPs are important for substrate entry into
the CT-L active site, although ATP hydrolysis is not required.
Instead, ATP hydrolysis may impede entry, because higher CT-L
activity was seen in the presence of ATPyS than ATP. ATP hydroly-
sis would be required for unfolding of globular domains of large
proteins before degradation. This is consistent with cryo-electron
microscopic analyses of the 26S proteasome in the presence of
ATPyS [39,45—47]; 26S proteasomal degradation of peptides and
unfolded proteins requires ATP binding but not ATP hydrolysis. The
presence of ATPyS instead of ATP may retain the 19S RP in an active
conformation, opening the substrate entry gate for a prolonged
time.

Unexpectedly, RID-F-GRg and RgG-RID-F showed higher inhibi-
tion of 26S CT-L activity in the presence of ATPyS than ATP. At
present, the precise reason is unclear, but it is plausible that entry of
these compounds into the 20S chamber is stimulated in a similar
fashion to that of the substrate, and somehow, they are accessible to
the CT-L active site with high efficiency. Gibbs free energy changes
in our molecular docking simulations indicated that RID-F-GR and
RG-RID-F preferably bind the CT-L active site (data not shown).

Previous reports indicate that KMS-11 cells are resistant to
several anticancer drugs [48] via overexpression of PDZK1 protein,
which interacts with a multidrug resistance-associated protein

MRP2 [49,50]. MRP2 is an efflux transporter, and PDZK1 mediates
subcellular localization of target proteins (localization of MRP2 into
the plasma membrane in this case). In our experiments, KMS-
11 cells were not sensitive to RID-F and cisplatin, in contrast to
RPMI8226 cells, which were. This suggests that KMS-11 cells
possess the multidrug resistance previously proposed [48]. RID-F-
GRg (27) and RgG-RID-F (31) not only inhibited proteasomal activity
in KMS-11 cells but also rapidly induced cell death. Taken together
with the 26S proteasome data, Rg peptide in the RID-F conjugates
appears to have dual functions: stimulation of drug entry into the
proteolytic chamber and stimulation of cellular uptake. Further-
more, Rg may contribute to increased drug access to the CT-L active
site. The presence of 1 uM of the RID-F conjugates, however, was
poorly cytotoxic against KMS-11 cells, indicating that further
structural improvement of the RID-F conjugates is required.

Our results collectively suggest the proposed mechanism in
Fig. 5. Structural properties of RID-F (1) suggest that it can diffuse
efficiently across the cell membrane. RID-F may act on the 20S form
free from the 19S RPs, but does not significantly inhibit the major
intracellular form, the 26S proteasome. Furthermore, RID-F (1) may
be readily exported from cells, thus leading to poor efficacy against
KMS-11 cells. RID-F-GRg (27) and RgG-RID-F (31) are rapidly taken
up by cells and efficiently translocated into the 26S proteasome.
Within the proteasome proteolytic chamber, the peptide moiety
may be cleaved, and RID-F conjugated to one or two amino acids
mainly binds to the CT-L site (see Fig. 4). With the rapid increase in
the number of CPP studies, drug delivery systems using CPPs that
target tumor cells with high potency will likely become available
[23,51]. However, for CPPs to be effective in vivo, it will be necessary
to develop strategies that prevent cleavage of the conjugated
peptides by blood proteases. This could be achieved by chemically
modifying the peptide structures by, for example, macrocyclization,
or by incorporating p-amino acids and N-methyls [52]. Studies are
underway in our laboratory to develop highly potent and tumor-
specific RID derivatives using random peptide library techniques
and optimization of chemical structures.

4. Experimental protocols
4.1. Chemical synthesis

RID-F was synthesized according to the methods described in
our previous reports [21,35,36]. The synthetic pathways for pro-
ducing the new compounds are depicted in Schemes 1 and 2.
Substituted RID-F derivatives RID-F-COOH (15) and RID-F-CH,;NH,
(19), which could be used as precursors of peptide conjugates, were
prepared using the Mukaiyama reductive coupling reaction [37,38]
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Fig. 5. Schematic illustration of the proposed mechanism via which peptide conjugates overcome multidrug resistance of KMS-11 cells. Abbreviations: CP, core particle; CPP, cell-

penetrating peptide; CT-L, chymotrypsin-like activity.

and the introduction of aminoethyl ether moieties possessing
azepanyl groups. The synthesis procedure of each compound is
described below.

4.1.1. (3-((4'-Methoxybenzyloxy )methyl)phenyl)methanol (3)

To a solution of 1,3-phenylenedimethanol (2) (3.51g,
25.4 mmol) in tetrahydrofuran (THF; 84.4 mL) at 0°C was added
55% sodium hydride (dispersion in paraffin liquid, 111g,
25.4 mmol). After dropping 4-methoxybenzyl chloride (3.43 mL,
25.4 mmol), tetrabutylammonium iodide (1.00 g, 2.71 mmol) was
added. The reaction mixture was stirred for 1 h at room tempera-
ture and for 3 hat 60°C, and then saturated aqueous ammonium
chloride was added at 0 °C. The mixture was extracted with ethyl
acetate, and the organic layer was dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude
product was purified by column chromatography on silica (eluant:
hexane/ethyl acetate = 6/1) to afford 3 (2.15 g, 33%).

TH NMR (CDCl3, 300 MHz): § 7.37—7.28 (6H, m, Ar), 6.92—6.88
(2H, m, Ar), 4.71 (2H, s, 1-H), 4.53 (2H, s, Bn), 4.51 (2H, s, Bn), 3.81
(3H, s, OCH3); 3C NMR (CDCl3, 300 MHz): & 159.17 (4'), 141.09,
138.58, 130.17, 129.39, 128.53, 126.95, 126.27, 126.14, 113.77 (3'),
71.85 (PMPCH; or PMBOCH,), 71.66 (PMPCH; or PMBOCH,), 65.04
(CH,0H), 55.21 (CH30); HR MS: calcd for CigHig03Na [M+Na]*
281.1148, found 281.1160.

4.1.2. 1-(3'-((4"-Methoxybenzyloxy )methyl)phenyl)propan-1-ol (5)
To a solution of dimethyl sulfoxide (DMSO; 1.16 mL, 17.7 mmol)
in dichloromethane (78.0 mL) was added oxalyl chloride (1.15 mL,
13.2mmol) at —78°C. The reaction mixture was stirred for
20 min at —78°C, and then a solution of 3 (2.15 g, 8.32 mmol) in
dichloromethane (10.0 mL) was added. After the reaction mixture
had been stirred for 15 min, triethlyamine (3.68 mL, 26.4 mmol)
was added. After the reaction mixture was stirred for 3 h at room
temperature, water was added at 0 °C. The mixture was extracted
with dichloromethane, and the organic layer was washed with
water and brine, and dried over sodium sulfate. After filtration of

the mixture and evaporation of the solvent, the crude product was
obtained.

To a solution of the crude product in THF (17.6 mL) was added
ethylmagnesium bromide (1.0 M, 13.2 mL, 13.2 mmol) at 0 °C. After
the reaction mixture had been stirred for 2 h at room temperature,
saturated aqueous ammonium chloride was added at 0°C. The
mixture was extracted with ethyl acetate, and the organic layer was
washed with water and brine, and dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude
product was purified by column chromatography on silica (eluant:
hexane/ethyl acetate = 10/1) to afford 5 (2.38 g, 86%).

TH NMR (CDCl3, 500 MHz): & 7.35—7.28 (6H, m, Ar), 6.91—6.88
(2H, m, Ar), 4.61 (1H, td, J = 7.0, 3.5 Hz, 1-H), 4.53 (2H, s, Bn), 4.50
(2H, s, Bn), 3.81 (3H, s, OCH3), 1.87—1.71 (3H, m, 2-H and OH), 0.92
(3H, t, J=7.0Hz, 3-H); 13C NMR (CDCls, 500 MHz): 5 159.20 (4"),
144.79,138.50, 130.26, 129.42,128.43, 126.92, 125.34, 125.21, 113.78
(3"), 75.89 (1), 71.86 (PMPCH;, or PMBOCH,), 71.77 (PMPCH; or
PMBOCH;), 55.24 (CH30), 31.84 (2), 10.13 (3); HR MS: calcd for
C18H2203Na [M+Na] " 309.1461, found 309.1457.

4.13. 1-(3'-((4"-Methoxybenzyloxy )methyl)phenyl )propan-1-one
(6)

To a solution of DMSO (0.45 mL, 6.88 mmol) in dichloromethane
(29.4mL) was added oxalyl chloride (0.45mlL, 5.16 mmol)
at —78°C. The reaction mixture was stirred for 15 minat —78 °C,
and then a solution of 5 (937 mg, 3.27 mmol) in dichloromethane
(5.0 mL) was added. After the reaction mixture had been stirred for
15 min, triethlyamine (1.44 mL, 10.3 mmol) was added. After the
reaction mixture was stirred for 2 hat room temperature, water
was added at 0°C. The mixture was extracted with dichloro-
methane, and the organic layer was washed with water and brine,
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by col-
umn chromatography on silica (eluant: hexane/ethyl acetate = 6/1)
to afford 6 (930 mg, 96%).

'H NMR (CDCls, 500 MHz): & 7.94 (1H, s, Ar), 7.90—7.88 (1H, m,
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Ar), 7.57—7.55 (1H, m, Ar), 7.46—7.42 (1H, m, Ar), 7.32—7.28 (2H, m,
Ar), 6.92—6.88 (2H, m, Ar), 4.57 (2H, s, Bn), 4.52 (2H, s, Bn), 3.82 (3H,
s, OCHs), 3.01 (2H, q, ] = 7.2 Hz, 2-H),1.23 (3H, t, ] — 7.2 Hz, 3-H); 13C
NMR (CDCls, 500 MHz): 3 200.76 (1), 159.31 (4”), 138.98, 137.08,
132.15, 130.03, 129.45, 128.65, 127.22, 127.19, 113.85 (3”), 72.08
(PMPCH, or PMBOCH,), 7134 (PMPCH, or PMBOCH,), 55.28
(CH30), 31.85 (2), 8.23 (3); HR MS: calcd for C1gH003Na [M+Na]*
307.1305, found 307.1293.

4.14. 4,4-(2"-(3""-((4""-Methoxybenzyloxy )methyl)phenyl)but-1"-
ene-1",1"-diyl)diphenol (8)

To a suspension of zinc powder (2.76g, 42.2 mmol) in THF
(211 mL) at —10°C was added titanium(lV) chloride (2.1 mL,
19.1 mmol). The reaction mixture was diluted with THF (5.0 mL)
and refluxed at 90 °C (bath temperature) for 2 h, and then a mixture
of 4,4'-dihydroxybenzophenone (7) (2.15g, 10.0mmol) and 6
(890 mg, 3.13 mmol) in THF (54.0 mL) was added to the mixture at
0°C. After the reaction mixture had been refluxed at 90 °C (bath
temperature) for 2 h in the dark, 10% aqueous potassium carbonate
was added to the mixture at 0°C in the light. The mixture was
filtered through a short pad of Celite® with ethyl acetate, and the
filtrate was extracted with ethyl acetate. The organic layer was
washed with brine, and dried over sodium sulfate. After filtration of
the mixture and evaporation of the solvent, the crude product was
purified by thin-layer chromatography on silica (eluant: hexane/
ethyl acetate = 6/1) to afford 8 (756 mg, 52%).

'H NMR (CD30D, 500 MHz): & 7.19—7.16 (3H, m, Ar), 7.09—7.06
(3H, m, Ar), 7.03—7.00 (2H, m, Ar), 6.88—6.86 (2H, m, Ar), 6.77—6.74
(2H, m, Ar), 6.68—6.65 (2H, m, Ar), 6.41—6.38 (2H, m, Ar), 4.36 (2H,
s, Bn), 4.22 (2H, s, Bn), 3.76 (3H, s, OCH3), 2.48 (2H, q, ] = 7.50 Hz, 3-
H), 0.90 (3H, t, J=7.50Hz, 4-H); 3C NMR (CD30D, 300 MHz):
0 160.81 (4""), 157.24 (4 or 4'), 156.39 (4 or 4'), 144.51, 141.33,
140.22, 138.92, 136.47, 136.13, 133.12, 131.60, 131.38, 130.95, 130.70,
130.14, 129.03, 126.74, 115.82 (3 or 3’ or 3"”),115.12 (3 or 3/ or 3""),
114.75 (3 or 3’ or 3""), 72.58 (PMPCH, or PMBOCHS), 72.10 (PMPCH,
or PMBOCH,), 55.67 (CH30), 29.86 (3"), 13.99 (4”); HR MS: calcd for
C31H3004Na [M+Na]*" 489.2036, found 489.2031.

4.1.5. (((2'-(3"-((4""-Methoxybenzyloxy )methyl )phenyl)but-1'-ene-
1',1’-diyl)bis(1,4-phenylene) )bis(oxy))bis(tert-butyldimethylsilane)
9)

To a solution of 8 (38.1mg, 0.0817 mmol) and imidazole
(44.5 mg, 0.654 mmol) in dimethylformamide (DMF; 2.04 mL) at
0°C were added tert-butylchlorodimethylsilane (49.2 mg,
0.326 mmol) and N,N-dimethyl-4-aminopyridine (DMAP; 0.20 mg,
0.00164 mmol). After the reaction mixture was stirred for 14 hat
room temperature, water was added at 0°C. The mixture was
extracted with diethyl ether, and the organic layer was washed
with 1N sodium hydroxide solution, water, and brine, and dried
over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chro-
matography on silica (eluant: hexane/ethyl acetate = 9/1) to afford
9 (46.6 mg, 82%).

TH NMR (CDCls, 500 MHz): 3 7.24—7.21 (2H, m, Ar), 7.15—7.12
(1H, m, Ar), 7.10—7.07 (4H, m, Ar), 7.03—7.01 (1H, m, Ar), 6.88—6.87
(2H, m, Ar), 6.82—6.79 (2H, m, Ar), 6.72—6.69 (2H, m, Ar), 6.47—6.44
(2H, m, Ar), 4.40 (2H, s, Bn), 4.31 (2H, s, Bn), 3.81 (3H, s, OCH3), 2.48
(2H, q,J = 7.5 Hz, 3-H), 1.00 (9H, s, TBS), 0.92 (3H, t, ] = 7.5 Hz, 4-H),
0.89 (9H, s, TBS), 0.22 (6H, s, TBS), 0.06 (6H, s, TBS); 1*C NMR (CDCl3,
500 MHz): & 159.15 (4""), 154.26 (1), 153.48 (1), 142.80, 140.78,
138.23,137.69, 136.71, 136.37, 131.89, 130.53, 130.42, 129.44, 129.23,
129.02, 127.84, 125.44, 119.46 (2), 118.85 (2), 113.75 (3"'), 71.66
(PMPCH; or PMBOCH3), 71.13 (PMPCH, or PMBOCH,), 55.27 (CH30),
2891 (3'), 25.68 and 25.63 (Si(CH3)>C(CHs3)3), 18.18 and 18.12
(Si(CH3)2C(CH3)3), 13.65 (4’), —4.38 and —4.52 (Si(CH3)2C(CH3)3);

HR MS: calcd for C43Hs804Si;Na [M+Na]* 717.3766, found 717.3735.

4.1.6. (3-(1',1-Bis(4"-(tert-butyldimethylsilyloxy )phenyl)but-1'-en-
2'-yl)phenyl)methanol (10)

To a solution of 9 (182 mg, 0.262 mmol) in dichloromethane/
phosphate buffer (pH 7; 9/1 ratio; 6.55mL) was added 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 119 mg,
0.524 mmol) at 0°C. After the reaction mixture was stirred for
1.5 hat room temperature, phosphate buffer (pH 7) was added at
0°C. The mixture was extracted with dichloromethane, and the
organic layer was washed with brine and dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the
crude product was purified by thin-layer chromatography on silica
(eluant: hexane/ethyl acetate = 3/1) to afford 10 (109 mg, 72%).

'H NMR (CDCl3, 400 MHz): § 7.16—7.00 (6H, m, Ar), 6.82—6.80
(2H, m, Ar), 6.71—6.67 (2H, m, Ar), 6.48—6.45 (2H, m, Ar), 4.53 (2H,
d, J=5.6 Hz, CH,0), 2.49 (2H, q, J= 7.3 Hz, 3-H), 0.99 (9H, s, TBS),
0.94—0.91 (12H, 4-H and TBS), 0.22 (6H, s, TBS), 0.09 (6H, s, TBS);
13C NMR (CDCls, 400 MHz): § 154.27 and 153.51 (4"), 142.99, 140.64,
140.26, 138.41, 136.61, 136.42, 131.87, 130.49, 129.02, 128.49, 127.97,
124.53,119.47 and 118.89 (3"), 65.40 (CH,0H), 28.73 (3'), 25.66 and
25.64 (Si(CH3),C(CH3)3), 18.17 and 18.15 (Si(CH3),C(CH3)3), 13.67
(4), —4.39 and —-4.51 (Si(CH3);C(CH3)3); HR MS: calcd for
C35H5003Si2Na [M+Na]+ 597.3191, found 597.3184.

4.1.7. 3-(1',1'-Bis(4"-(tert-butyldimethylsilyloxy )phenyl)but-1'-en-
2'-yl)benzaldehyde (11)

To a solution of 10 (99.4 mg, 0.173 mmol) in dichloromethane
(3.46 mL) was added Dess—Martin periodinane (DMP; 117 mg,
0.277 mmol) at room temperature. After the reaction mixture was
stirred for 2 h at room temperature, diethyl ether and 10% sodium
thiosulfate/saturated aqueous sodium hydrogen carbonate at a 1/1
ratio (volume) were added at 0 °C. The mixture was extracted with
diethyl ether, and the organic layer was washed twice with brine,
and dried over sodium sulfate. After filtration of the mixture and
evaporation of the solvent, the crude product was purified by thin-
layer chromatography on silica (eluant: hexane/ethyl acetate = 10/
1) to afford 11 (93.1 mg, 94%).

'H NMR (CDCls, 500 MHz): 8 9.87 (1H, s, CHO), 7.62—7.60 (2H, m,
Ar), 7.35—7.29 (2H, m, Ar), 7.11-7.08 (2H, m, Ar), 6.83—6.80 (2H, m,
Ar), 6.71-6.68 (2H, m, Ar), 6.49—6.46 (2H, m, Ar), 2.54 (2H, q,
J=7.5Hz, 3-H), 1.00 (9H, s, TBS), 0.93 (3H, t, J= 7.5 Hz, 4-H), 0.90
(9H, s, TBS), 0.23 (6H, s, TBS), 0.08 (6H, s, TBS); *C NMR (CDCls,
500 MHz): & 192.44 (CHO), 154.53 and 153.86 (4”), 143.90, 139.69,
139.44, 136.16, 136.13, 136.10, 135.80, 131.95, 131.15, 130.43, 128.56,
12714, 119.55 and 119.16 (3”), 28.59 (3'), 25.66 and 25.64
(Si(CH3)2C(CH3)3), 1818 (Si(CH3),C(CHs)3), 13.57 (4'), —4.38
and —4.50 (Si(CH3)2C(CH3)3): HR MS: calcd for C35H48035i2Na
[M+Na]*t 595.3034, found 595.3039.

4.1.8. Benzyl 3-(1',1'-bis(4"-(tert-butyldimethylsilyloxy )phenyl)but-
1’-en-2'-yl)benzoate (13)

To a solution of 11 (16.0 mg, 0.0279 mmol) in THF (0.47 mL) were
added 2-methyl-2-butene (0.030mL, 0.279 mmol), tert-butyl
alcohol (0.47 mL), sodium chlorite (6.3 mg, 0.0559 mmol), and a
solution of sodium dihydrogen phosphate (16.6 mg, 0.140 mmol) in
water (0.47 mL). After the reaction mixture had been stirred for
3.5h, brine was added at 0°C. The mixture was extracted with
chloroform, and the organic layer was dried over sodium sulfate.
After filtration of the mixture and evaporation of the solvent, the
crude product was obtained.

To a solution of the crude product in DMF (1.00 mL) were added
55% sodium hydride (dispersion in paraffin liquid, 2.9 mg,
0.0670 mmol) and benzyl bromide (3.98 pL, 0.0335 mmol). After
the reaction mixture had been stirred for 11 h, saturated aqueous
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ammonium chloride was added at 0 °C. The mixture was extracted
with ethyl acetate, and the organic layer was dried over sodium
sulfate. After filtration of the mixture and evaporation of the sol-
vent, the crude product was purified by thin-layer chromatography
on silica (eluant: hexane/ethyl acetate = 4/1) to afford 13 (15.2 mg,
80%).

'H NMR (CDCl3, 500 MHz): & 7.87—7.87 (1H, m, Ar), 7.81—7.79
(1H, m, Ar), 7.44-7.33 (6H, m, Ar), 7.24—7.22 (1H, m, Ar), 7.18-7.15
(1H, m, Ar), 7.09—7.08 (2H, m, Ar), 6.82—6.80 (2H, m, Ar), 6.70—6.67
(2H, m, Ar), 6.48—6.46 (2H, m, Ar), 532 (2H, s, Bn), 2.52 (2H, q,
J=7.5Hz, 3-H), 1.00 (9H, s, TBS), 0.93—0.90 (12H, m, 4-H and TBS),
0.22 (6H, s, TBS), 0.07 (6H, s, TBS); '3C NMR (CDCls, 500 MHz):
3 166.53 (COOBn), 154.40 and 153.68 (4”), 143.14, 139.85, 139.22,
136.28,136.10, 135.99, 134.85, 131.94, 130.69, 130.45, 129.65, 128.56,
128.14, 128.08, 127.81, 127.24, 119.48 and 119.08 (3”), 66.54
(PhCH;0), 28.64 (3), 25.66 and 25.63 (Si(CH3),C(CH3)3), 18.17 and
1815 (Si(CH3),C(CH3)3), 13.59 (4’), -438 and -4.52
(Si(CH3)>C(CH3)3); HR MS: caled for C4pHs404SiobNa [M+Na]™
703.3482, found 703.3588.

4.19. Benzyl 3-(1',1'-bis(4"-hydroxyphenyl)but-1'-en-2'-yl)
benzoate (14)

To a solution of 13 (52.1 mg, 0.0767 mmol) in THF (2.50 mL) at
room temperature was added tetrabutylammonium fluoride (TBAF)
in THF (1.0 M, 0.30 mL, 0.300 mmol) at 0 °C. The reaction mixture
was stirred for 1 hat room temperature, and saturated aqueous
ammonium chloride was added at 0 °C. The mixture was extracted
with ethyl acetate, and the organic layer was dried over sodium
sulfate. After filtration of the mixture and evaporation of the sol-
vent, the crude product was purified by thin-layer chromatography
on silica (eluant: hexane/ethyl acetate = 1/2) to afford 14 (21.0 mg,
61%).

TH NMR (CDCls, 500 MHz): & 7.88—7.87 (1H, m, Ar), 7.82—7.80
(1H, m, Ar), 743—7.33 (5H, m, Ar), 7.26—7.24 (1H, m, Ar), 7.21-7.18
(1H, m, Ar), 7.10—7.08 (2H, m, Ar), 6.81—6.79 (2H, m, Ar), 6.70—6.68
(2H, m, Ar), 6.46—6.43 (2H, m, Ar), 5.32 (2H, s, Bn), 2.51 (2H, q,
J=75Hz, 3-H), 0.90 (3H, t, J=7.5Hz, 4-H); 3C NMR (CD30D,
500 MHz): 3 167.85 (COOBn), 157.41 and 156.61 (4”), 144.86, 141.26,
140.26, 137.60, 136.08, 135.83, 135.65, 133.17, 132.24, 131.56, 130.89,
129.62, 129.18, 128.98, 128.09, 115.83 and 115.27 (3”), 67.61
(PhCH,0), 29.56 (3’), 13.98 (4’); HR MS: calcd for CsoHzs04Na
[M+Na]* 473.1723, found 473.1744.

4.1.10. 3-(1',1-Bis(4"-(2"'-(azepan-1""-yl )ethoxy )phenyl)but-1’-
en-2'-yl)benzoic acid (RID-F-COOH, 15)

To a solution of 14 (21.0 mg, 0.0466 mmol) in DMF (1.20 mL) was
added 55% sodium hydride (dispersion in paraffin liquid, 12.2 mg,
0.280 mmol). The reaction mixture was stirred for 15 min at 50 °C,
and then 1-(2-chloroethyl)azepane hydrochloride (30.5 mg,
0.154 mmol) was added in portions at room temperature. After the
reaction mixture had been stirred for 3hat 50°C, saturated
aqueous ammonium chloride was added at 0 °C. The mixture was
extracted with dichloromethane, and the organic layer was dried
over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chro-
matography on silica (eluant: ammoniacal chloroform/meth-
anol = 9/1) to afford the crude product (96.4 mg). After removing
the solid (57.6 mg) precipitated from the mixture, the residue was
azeotroped with toluene to afford RID-F-COOH (15) (22.1 mg, 77%).

TH NMR (CDCls, 500 MHz): & 11.59 (1H, br s, COOH), 7.90 (1H, s,
Ar), 7.79 (1H, d,J = 7.5 Hz, Ar), 717—7.10 (3H, m, Ar), 7.06—7.04 (1H,
m, Ar), 6.86—6.83 (2H, m, Ar), 6.76—6.74 (2H, m, Ar), 6.48—6.46 (2H,
m, Ar), 4.31 (2H, t, ] = 4.5 Hz, OCH>), 4.16 (2H, t, J=4.5 Hz, OCH,),
3.37—3.33 (4H, m, NCHy), 3.23—3.21 (8H, m, azepanyl), 2.48 (2H, q,
J=72Hz, 3-H), 1.88—1.83 (8H, m, azepanyl), 1.69—1.65 (8H, m,

azepanyl), 0.89 (3H, t, J = 7.2 Hz, 4-H); 13C NMR (CDCls, 500 MHz):
d 156.51 and 155.57 (4”), 141.99, 141.35, 137.48, 136.83, 136.30,
133.18, 132.10, 130.64, 130.04, 128.99, 128.18, 127.54, 125.26, 114.05
and 113.38 (3”), 63.91 and 63.61 (1""), 55.35 and 55.13 (2""), 54.70
and 54.46 (azepane), 29.66 (3’), 27.06 and 27.02 (azepane), 24.14
and 23.62 (azepane), 13.58 (4’); HR MS: calcd for C39H51N204
[M+H]" 611.3843, found 611.3856.

4.1.11. (E)-3-(1',1'-Bis(4"-(tert-butyldimethylsilyloxy )phenyl )but-
1’-en-2'-yl)benzaldehyde O-benzyl oxime (16a) and (E)-3-((E)-1'-
(4"-(tert-Butyldimethylsilyloxy )phenyl)-1'-(4"'-hydroxyphenyl)but-
1’-en-2'-yl)benzaldehyde O-benzyl oxime or (E)-3-((Z)-1'-(4"-(tert-
Butyldimethylsilyloxy )phenyl)-1'-(4"'-hydroxyphenyl)but-1'-en-2'-
yl)benzaldehyde O-benzyl oxime (16b)

To a solution of 11 (43.3mg, 0.0756 mmol) in methanol
(0.76 mL) at room temperature were added O-benzylhydroxyl-
amine (18.6mg, 0.151 mmol) and sodium carbonate (32.0 mg,
0.302 mmol). The reaction mixture was stirred for 19 h at room
temperature, and then brine was added at 0 °C. The mixture was
extracted with ethyl acetate, and the organic layer was dried over
sodium sulfate. After filtration of the mixture and evaporation of
the solvent, the crude product was purified by thin-layer chroma-
tography on silica (eluant: hexane/ethyl acetate = 10/1) to afford
16a (17.6 mg, 34%) and 16b (22.2 mg, 52%).

4.112. 16a

'H NMR (CDCl3, 400 MHz): 8 8.01 (1H, s, 5-H), 7.44—7.31 (7H, m,
Ar), 7.14—7.04 (4H, m, Ar), 6.83—6.80 (2H, m, Ar), 6.72—6.69 (2H, m,
Ar), 6.50—6.47 (2H, m, Ar), 519 (2H, s, Bn), 2.51 (2H, q, ] = 7.6 Hz, 3-
H), 1.01 (9H, s, TBS), 0.95—0.92 (12H, m, TBS and 4-H), 0.23 (6H, s,
TBS), 0.10 (6H, s, TBS); >*C NMR (CD30D, 400 MHz): § 154.35 and
153.66 (4”),149.25 (CHNOBn), 143.25, 140.14, 138.78,137.52, 136.45,
136.10, 131.86, 131.69, 131.64, 130.48, 128.54, 128.40, 128.10, 127.92,
124.39, 119.48 and 119.02 (3”), 76.31 (PhCH;0), 28.72 (3'), 25.67
(Si(CH3),C(CH3)3), 1817 (Si(CH3),C(CH3)3), 13.61 (4'), —4.38
and —4.48 (Si(CH3)2C(CH3)3); HR MS: caled for C42H56N03Si2
[M+H]* 678.3793, found 678.3815.

4.1.13. 16b

TH NMR (CDCls, 400 MHz): 3 8.02 (1H, s, 5-H E or Z), 8.00 (1H, s,
5-HE or Z), 7.43—7.28 (8H, m, Ar), 7.13—7.05 (4H, m, Ar), 6.82—6.79
(2H, m, Ar), 6.73—6.68 (2H, m, Ar), 6.48—6.45 (2H, m, Ar), 5.19 (2H,
s,BnEorZ),518 (2H, s,Bn Eor Z), 4.70 (1H, s, OH E or Z), 4.47 (1H, s,
OHE or Z), 2.48 (2H, q, ] = 7.6 Hz, 3-H), 0.99—0.90 (12H, m, TBS and
4-H E or Z), 0.22 and 0.08 (6H, s, TBS E or Z); 13C NMR (CDCls,
500 MHz): d 154.34 and 154.25 and 153.63 and 153.46 (4" or 4"'),
149.31 (CHNOBn), 143.18, 143.11, 140.23, 140.16, 138.48, 13741,
136.43,136.04, 135.59,132.12, 131.84, 131.66, 130.71, 130.45, 128.42,
128.30,128.19,128.13,127.94,127.88, 124.47,119.52 and 119.06 (3"),
114.90 and 114.29 (3"), 76.29 (PhCH,0), 28.82 and 28.71 (3'), 25.65
(Si(CH3)2C(CH3)3), 1817 (Si(CH3),C(CHs)3), 13.61 (4'), —4.39
and —4.49 (Si(CH3)>C(CHs3)3); HR MS: calcd for C3gH41NOsSiNa
[M+Na]* 586.2748, found 586.2762.

4.1.14. (E)-3-(1',1-Bis(4"-hydroxyphenyl)but-1"-en-2'-yl)
benzaldehyde O-benzyl oxime (17)

To a solution of 16a (16.3 mg, 0.0240 mmol) in THF (0.60 mL) at
room temperature was added TBAF in THF (1.0M, 72.1pL,
0.0721 mmol) at 0 °C. The reaction mixture was stirred for 30 min at
room temperature, and saturated aqueous ammonium chloride
was added at 0°C. The mixture was extracted with dichloro-
methane, and the organic layer was dried over sodium sulfate. After
filtration of the mixture and evaporation of the solvent, the crude
product was purified by thin-layer chromatography on silica
(eluant: hexane/ethyl acetate = 2/1) to afford 17 (9.5 mg, 88%).
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To a solution of 16b (22.2 mg, 0.0394 mmol) in THF (0.98 mL) at
room temperature was added TBAF in THF (1.0M, 59.1 pL,
0.0591 mmol) at 0°C. The reaction mixture was stirred for
30 min at room temperature, and saturated aqueous ammonium
chloride was added at 0°C. The mixture was extracted with
dichloromethane, and the organic layer was dried over sodium
sulfate. After filtration of the mixture and evaporation of the sol-
vent, the crude product was purified by thin-layer chromatography
on silica (eluant: hexane/ethyl acetate = 2/1) to afford 17 (15.2 mg,
86%).

TH NMR (CDCl3, 400 MHz): § 8.03 (1H, s, 5-H), 7.43—7.30 (7H, m,
Ar), 715—7.05 (4H, m, Ar), 6.82—6.78 (2H, m, Ar), 6.73—6.70 (2H, m,
Ar), 6.47—6.44 (2H, m, Ar), 5.19 (2H, s, Bn), 2.48 (2H, q,] = 7.6 Hz, 3-
H), 0.92 (3H, t,] = 7.6 Hz, 4-H); '3C NMR (CDCl3, 400 MHz): 5 154.35
and 153.55 (4”), 149.36 (CHNOBn), 143.15, 140.32, 138.33, 13747,
136.09, 135.58, 132.10, 131.72, 131.68, 130.71, 128.43, 128.38, 128.22,
127.95, 124.61, 114.99 and 114.37 (3"), 76.33 (PhCH,0), 28.83 (3'),
13.58 (4'); HR MS: calcd for C3gH7NO3Na [M+Na] ™ 472.1883, found
472.1890.

4.1.15. (E)-3-(1',1'-Bis(4"-(2"-(azepan-1""-yl))ethoxy )phenyl )but-
1’-en-2'-yl)benzaldehyde O-benzyl oxime (18)

To a solution of 17 (8.5 mg, 0.0189 mmol) in DMF (0.4 mL) was
added 55% sodium hydride (dispersion in paraffin liquid, 8.3 mg,
0.189 mmol). The reaction mixture was stirred for 15 min at 50 °C,
and then 1-(2-chloroethyl)azepane hydrochloride (18.7 mg,
0.0945 mmol) was added in portions at room temperature. After
the reaction mixture had been stirred for 12 hat 50 °C, saturated
aqueous ammonium chloride was added at 0 °C. The mixture was
extracted with dichloromethane, and the organic layer was dried
over sodium sulfate. After filtration of the mixture and evaporation
of the solvent, the crude product was purified by thin-layer chro-
matography on silica (eluant: ammoniacal chloroform/meth-
anol = 30/1) to afford 18 (10.2 mg, 77%).

TH NMR (CDCl3, 400 MHz): 8 7.42—7.24 (9H, m, Ar), 712—6.87
(2H, m, Ar), 6.73—6.70 (2H, m, Ar), 6.57—6.55 (2H, m, Ar), 4.54 (2H,
s, Bn), 4.08 (2H, t, J=6.4Hz, OCH,), 3.94 (2H, t, = 6.4 Hz, OCH3),
297 (2H, t, J=6.4Hz, NCH), 2.88 (2H, t, J=6.4Hz, NCH,),
2.80—2.69 (8H, m, azepanyl 2-H), 2.49 (2H, q, J=7.6 Hz, 3-H),
1.67—1.59 (16H, m, azepanyl 3-H and 4-H), 0.92 (3H, t, ] = 7.6 Hz, 4-
H); '3C NMR (CDCl3, 400 MHz): § 157.94 and 157.27 (4"), 144.26
(CHNOBn), 140.12, 138.51, 138.48, 135.35, 134.69, 134.48, 133.11],
131.91, 131.74, 130.47, 130.38, 129.56, 128.67, 128.42, 128.33, 127.94,
127.65,127.51, 119.06, 114.16 and 113.69 (3”), 73.13 (PhCH;0), 66.44
and 66.21 (1""), 56.42 and 56.27 (2"'), 55.88 and 55.83 (azepane),
29.68 (3'),27.95 and 27.88 (azepane), 27.03 (azepane), 13.51 (4'); HR
MS: calcd for C46HsgN303 [M+H]" 700.4473, found 700.4497.

4.1.16. (3-(1'1’-Bis(4"-(2""-(azepan-1""-yl)ethoxy )phenyl)but-1'-
en-2'-yl)phenyl)methanamine (RID-F-CH>NH,, 19)

To a solution of 18 (9.7 mg, 0.0139 mmol) in THF (0.34 mL) at
0°C was added lithium aluminum hydride (1.6 mg, 0.0422 mmol).
The reaction mixture was stirred for 3 h at room temperature, and
saturated aqueous potassium sodium tartrate was added at 0°C.
The mixture was extracted with dichloromethane, and the organic
layer was dried over sodium sulfate. After filtration of the mixture
and evaporation of the solvent, the crude product was purified by
thin-layer chromatography on silica (eluant: ammoniacal chloro-
form/methanol = 30/1) to afford RID-F-CH,NH; (19) (6.4 mg, 77%).

TH NMR (CDCls, 400 MHz): § 7.16—7.12 (3H, m, Ar), 7.02—7.00
(3H, m, Ar), 6.90—6.86 (2H, m, Ar), 6.77—6.73 (2H, m, Ar), 6.55—6.52
(2H, m, Ar), 4.09 (2H, t, J=6.0Hz, OCH;), 3.93 (2H, t, J=6.0Hz,
OCHy), 3.70 (2H, s, 5-H), 2.98 (2H, t, ] = 6.0 Hz, NCHj), 2.87 (2H, t,
J=6.0Hz, NCH>), 2.80 (4H, q, azepanyl 2-H), 2.73 (4H, q, azepanyl
2-H), 2.49 (2H, q, ] = 7.6 Hz, 3-H), 1.68—1.56 (16H, m, azepanyl 3-H

and 4-H), 0.93 (3H, t, ] = 7.6 Hz, 4-H); 13C NMR (CDCl3, 500 MHz):
8 157.57 and 156.76 (4"), 142.79, 140.84, 137.98, 136.17, 135.88,
131.84,130.52,130.46,128.73,127.93,124.59, 114.03 and 113.32 (3"),
66.36 and 66.18 (1”’), 56.45 and 56.31 (2"’), 55.87 and 55.81 (aze-
pane), 46.48 (CH,NHy), 28.78 (3’), 27.94 and 27.88 (azepane), 27.05
(azepane), 13.71 (4'); HR MS: calcd for C3gHs54N30, [M+H]"
596.4211, found 596.4207.

4.2. Synthesis of RID-F-peptide conjugates

To obtain peptide conjugates, peptides were reacted with an
equimolar RID-F derivative carrying a carboxy group or amino
group, 1-(3’-dimethylaminopropyl)-3-ethylcarbodiimide and 1-
hydroxybenzotriazole in DMF containing 100 equivalents of trie-
thylamine. All peptides were synthesized using 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry according to stan-
dard methods. After incubating for 6 hat 40 °C, the target conju-
gates were purified from reaction mixtures with a HPLC system
(Gilson, Inc., WI, USA) equipped with a reverse phase column
(COSMOSIL, 5C18-AR-II, 4.6 x 150 mm, Nacalai Tesque Inc., Kyoto,
Japan). HPLC was performed at a flow rate of 1 mL/min with a linear
gradient of 5—-50% acetonitrile in 0.05% trifluoroacetic acid in water.
Purities of the target conjugates were confirmed using a Spiral-TOF
JMS-S3000 mass spectrometer (JEOL Ltd., Tokyo, Japan).

4.3. Cell culture

RPMI8226 and KMS-11 cell lines were distributed by RIKEN BRC
Cell Bank (Chiba, Japan) and JCRB Cell Bank, National Institutes of
Biomedical Innovation, Health and Nutrition (Osaka, Japan),
respectively. Cells were grown and maintained in RPMI1640 me-
dium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum, 100 units/mL penicillin, and 100 pg/mL streptomycin
at 37°C in 5% CO,.

4.4. Proteasome fluorometric substrate assays

The CT-L, PGPH, and T-L proteasome activities were determined
by measuring the degradation rate of the fluorometric substrates,
Suc-LLVY-MCA, Z-LLE-MCA, and Boc-LRR-MCA, respectively. Puri-
fied human 20S proteasomes (0.1 pug; Enzo Life Sciences, Inc., NY,
USA) were incubated with a fluorometric peptide substrate (50 uM)
in the presence of varying concentrations of inhibitory compounds
(0.1-10 uM) in 100 puL of assay buffer (25 mM HEPES [pH 8.0],
0.5 mM ethylenediaminetetraacetic acid, 0.03% SDS) [40]. The re-
action mixture was monitored for the fluorescence of released 7-
amino-4-methylcoumarin (Aex =380 nm, ey =480 nm) for 1 hat
37 °C. Inhibitory potencies of the compounds (0.1—40 uM) for pu-
rified 26S proteasomes (0.1 ug) were measured using similar con-
ditions to those described above but with another assay buffer
(50 mM HEPES [pH 7.5], 40 mM KCl, 5 mM MgCl,, 50 pg of bovine
serum albumin, 0.5 mM ATP, 1 mM dithiothreitol) with the corre-
sponding fluorometric peptide substrate (50 pM). The ICsq value,
defined as the compound concentration required for 50% inhibition
of proteasome activity, was determined for each compound from
the respective inhibition curve.

4.5. Cell growth inhibition assays

RPMI8226 and KMS-11 cells were seeded in triplicate wells in a
96-well plate at a density of 5 x 10% cells/well and incubated with
various concentrations (0.1—10 uM) of inhibitory compounds dis-
solved in DMSO for 24 or 48 h. The amounts of intracellular ATP
were determined by CellTiter-Glo® Luminescent Cell Viability Assay
(Promega Co., WI, USA) according to the manufacturer's protocol.
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4.6. Measurements of intracellular proteasome activity

RPMI8226 and KMS-11 [53] cells were seeded in triplicate wells
in a 96-well plate at a density of 5 x 103 cells/well and incubated for
24 or 48 h in the corresponding medium with various concentra-
tions (0.1—10 uM) of inhibitors dissolved in DMSO. The final con-
centration of DMSO was 0.5% in each reaction mixture. The
Proteasome-Glo™ Assay (Promega Co.) reagent [42] was mixed
according to the manufacturer’s protocol. In this assay, cell lysis is
achieved directly at the step of addition of substrates, which con-
sists of peptides bound to aminoluciferin, with a detergent-
containing buffer. Aminoluciferin dye production, which is the
substrate of the buffer-contained luciferase, was measured after
incubation for 15 min.

4.7. Molecular docking simulations

To dock RID-F-GR and RG-RID-F with the CT-L site of the human
20S proteasome, using AutoDock Vina version 1.1.2 (ADV) [43],
structural data were prepared as follows.

From the known human 20S proteasome structure data, the
complexed structure with dihydroeponemycin (PDB ID: 51f1 [44])
determined at 2.0 A resolution was selected. As the cleft formed by
the 5 and B6 subunits (chain K and L, respectively) was used for
binding to dihydroeponemycin, the cleft was considered as the CT-L
site, and the dimer structure of chains K and L was used for docking.
The dimer structure was rotated to fit the binding site of dihy-
droeponemycin into the docking grid box (24 x 24 x 20 A) for the
ADV run (Fig. 4) and converted to PDBQT format using MGL Tools
version 1.5.6 [54]. The center coordinates of the docking grid box
were determined on the basis of the center of the amino acid res-
idues bound to dihydroeponemycin. To prevent a part of the ligand
from binding to the outside of the proteasome chamber, the center
coordinates of the docking grid box were slightly moved manually.

To handle the dipeptide moiety (Gly-Arg) of RID-F-GR in the
ADV calculation properly, 3D atomic coordinates of RID-F-GR were
generated using two steps. First, 3D atomic coordinates of RID-F-G
were generated from the two-dimensional representation using
Balloon [55] with default parameters. Second, 3D atomic co-
ordinates of Arg were added to the C-terminal of Gly in the RID-F-G
structure using the Protein Builder function in Molecular Operating
Environment software, version 2015.1001 (MOE 2015.1001).
Moreover, the Conformational Search function with the Low-
ModeMD of MOE 2015.1001 was performed to obtain an initial
structure of the docking. The first ranked structure obtained from
the Conformational Search was converted to PDBQT format using
MGL Tools. In the same way, 3D atomic coordinates of RG-RID-F for
the initial structure of the docking were generated using Balloon
and MOE 2015.1001.

Ten ADV runs were calculated with default parameters except
for exhaustiveness (1024) and num_modes (10). One hundred
docking poses obtained from 10 ADV runs were clustered by
complete linkage clustering using Root Mean Square Deviation
lower bound (L.b. RMSD) values between each docking pose and
grouped with cut-off values of 2.0 1.b. RMSD. The highest-score
docking pose from the largest cluster was selected as an esti-
mated binding mode.
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