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a b s t r a c t

In a survey of nonpeptide noncovalent inhibitors of the human 20S proteasome, we found that a novel
tamoxifen derivative, RID-F (compound 6), inhibits all three protease activities of the proteasome at
submicromolar levels. Structureeactivity relationship studies revealed that a RID-F analog (RID-F-S*4,
compound 25) is the smallest derivative compound capable of inhibiting proteasome activity, with a
potency similar to that of RID-F. Kinetic analyses of the inhibition mode and competition experiments
involving biotin-belactosin A (a proteasome inhibitor) binding indicated that the RID-F derivatives
interact with the protease subunits in a different manner. Culturing of human cells with these com-
pounds resulted in accumulation of ubiquitinated proteins and induction of apoptosis. Thus, the RID-F
derivatives may be useful lead chemicals for the generation of a new class of proteasome inhibitors.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Eukaryotic cells have two different pathways for protein degra-
dation: the lysosomal pathway and the ubiquitin-proteasome
pathway. The lysosomal pathway breaks down endogenous and
endocytosed exogenous proteins in a relatively nonspecific manner
to provide amino acids as buildingmaterials for protein synthesis. In
contrast, the ubiquitin-proteasome system is the major machinery
for regulated proteolysis of endogenous proteins. Protein degrada-
tion by the ubiquitin-proteasome system is initiated by the labeling
of targeted proteins with polyubiquitin chains in an intra- or
extracellular signal-dependent manner [1]. Degradation of ubiq-
uitinated proteins by the 26S proteasome plays a pivotal role in the
regulation of a number of cellular processes, such as cell cycle pro-
gression, cell growth, proliferation, differentiation, apoptosis, gene
transcription, and signal transduction [2]. Aberrant degradation of
key regulatoryproteins by the proteasomeperturbs these processes,
causing uncontrolled cell cycle progression and a decrease in cell
death, both of which are hallmarks of tumorigenesis [3].
.jp (M. Hasegawa), shiina@rs.

son SAS. All rights reserved.
Several proteasome inhibitors have been proposed as anticancer
drugs [1,4e8]. One of these inhibitors, the peptide boronate bor-
tezomib, has been approved for the clinical treatment of multiple
myeloma and mantle cell lymphoma [2]. The toxic boronate phar-
macophore, however, causes severe side effects [9]. More recently,
the tetrapeptide epoxyketone carfilzomib, which is an epoxomicin
analog, has also been approved for the treatment of multiple
myeloma [10e12]. In addition to being targeted in the treatment of
various bloodeborne tumors, proteasome inhibition has been
suggested for the treatment of solid tumors [4], parasites, inflam-
mation, immune diseases, and muscular dystrophies [13], encour-
aging development of new types of proteasome inhibitors with
enhanced efficacy and fewer side effects [5].

The 26S proteasome is a large protein complex ofw2.5MDa that
consists of two subcomplexes with different functions: the 19S
regulatory complex and the 20S catalytic core. The 20S catalytic core
is a barrel-shaped protein composed of seven a subunits (a 1e7) and
sevenb subunits (b1e7). The19S regulatorycomplex also consists of
multiple subunits and caps the 20S barrel at one or both ends. The
19S regulatory cap recognizes, unfolds, and translocates poly-
ubiquitinated substrates into the 20S catalytic core, where the
substrates are degraded. In the 20S proteasome core, the b1, b2, and
b5 subunits act as proteases, with caspase-(peptidylglutamyl pep-
tide hydrolase, PGPH), trypsin-, and chymotrypsin-like activities,
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respectively [1,2]. All of these hydrolytic activities are manifested
through a threonine residue at the active site (Thr1).

Most of the dominant proteasome inhibitors, including borte-
zomib and carfilzomib, are short peptides that mimic substrates.
The pharmacophores bound to the C-terminus of the peptide
framework bind covalently to Thr1 in the 20S catalytic core active
site. However, peptide bonds are easily degraded by endogenous
proteases, and the reactive pharmacophores are susceptible to
nucleophilic attack and are thus short-lived in vivo. Therefore,
nonpeptide and noncovalent synthetic proteasome inhibitors
would be valuable. More recently, a number of investigations have
focused on inhibitors that are peptidic but noncovalent as part of
efforts to overcome the drawbacks associated with covalent in-
hibitors [14]. These compounds include ritonavir [15], amino-
benzylstatine [16], 3,4,5-trimethoxy-L-phenylalanine derivatives
[17], 5-methoxy-1-indanone dipeptide benzamides [18], lip-
opeptides [19], N- and C-capped dipeptides derived from S-homo-
phenylalanine [20,21], and TMC-95A [22,23] and its linear mimetic
derivatives [24,25]. However, only a few inhibitors with both non-
covalent and nonpeptidic characteristics have been reported [26].

Tamoxifen (TAM) binds to the estrogen receptor (ER) in place of
the endogenous growth hormone, 17b-estradiol, suppressing
proliferation of ER-positive breast cancer cells and inducing
apoptosis [27]. However, it has been reported that TAM provokes
apoptosis through an ER-independent pathway [28,29]. Indeed,
TAM induces apoptosis of ER-negative cells through perturbation
of the mitochondrial membrane potential [30]. Ridaifen-B (RID-B,
Table 1
Inhibition of human 20S proteasome activity by ridaifens (RIDs).

Compound
number

1 RID-A R ¼ CH2CH2N(CH3)2

2 RID-B R ¼

3 RID-C R ¼

4 RID-D R ¼

5 RID-E R ¼ CH2CH2N(C2H5)2

6 RID-F R ¼

7 RID-G R ¼ CH2CH2CH2N(CH3)2

8 RID-H R ¼

a IC50 values denote concentrations of the compounds required for 50% inhibition of the
chymotrypsin-like activity; T-L, trypsin-like activity; PGPH, peptidylglutamyl peptide hy
see also Table 1), a TAM derivative, has been shown to induce
apoptosis through the same pathway but with higher potency
than TAM [30].

Tofindnewnoncovalent and nonpeptidic proteasome inhibitors,
in this study we surveyed proteasome inhibition using a series of
TAM derivatives. We found that RID-A, -B, -D, and -F inhibit the
function of the 20S proteasome catalytic core in vitro. As RID-F was
the most potent inhibitor of the three different enzymatic activities
of the proteasome, we examined the structureeactivity relation-
ships of RID-F analogs with the hope of generating proteasome in-
hibitors that can be used to treat a wider range of diseases with
minimal side effects.

2. Results and discussion

2.1. Synthesis of RID-F, RID-H, and other RID-F derivatives (RID-F-
S*X)

Synthesis of RIDsA-H (compounds1e8)was conducted according
to methods described in our previous reports and patents [31e35].
The synthetic pathways for producing new compounds 6 and 8e29
aredepicted inSchemes1e11. Asanexample, Scheme1 illustrates the
transformationof thephenolmoietiesof1,1-bis(4-hydroxyphenyl)-2-
phenylbut-1-ene into the corresponding aminoethyl ethers of RID-F
(compound 6) and RID-H (compound 8) in dimethylformamide
(DMF). 1,1-Bis(4-hydroxyphenyl)-2-phenylbut-1-ene was easily syn-
thesized using a three-component coupling reaction involving
IC50 (mM)a

CT-L T-L PGPH

3.36 � 0.86 >10 2.99 � 0.41

6.56 � 0.14 >10 6.37 � 0.28

>10 >10 7.50 � 0.18

7.19 � 0.28 >10 7.26 � 0.27

>10 >10 >10

0.64 � 0.14 0.34 � 0.12 0.43 � 0.08

>10 NT NT

>10 NT NT

activities (see “Experimental section”). Values are means of three experiments. CT-L,
drolase activity. NT, not tested.



Scheme 1. Synthesis of RID-F (6) and RID-H (8) from 1,1-bis(4-hydroxyphenyl)-2-phenylbut-1-ene.
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aromatic aldehyde, cinnamyltrimethylsilane, and anisole in the
presence of HfCl4 [31e33].

RID-F-S*3 (compound 24), 1,1-bis{4-[2-(azepan-1-yl)ethoxy]
phenyl}ethene, was synthesized from 4,40-dihydroxybenzophenone
(4,40-DHBP) via a chemical approach involving O-alkylation, C1
segment installation, and acid-mediated dehydration, as shown in
Scheme 2. First, the phenol moieties of 4,40-DHBP were converted
Scheme 2. Synthesis of RID-F-S*5 (23), RID-F-S*6 (28), and RID
into the corresponding aminoethyl ethers with 85% yield by O-
alkylation with N-(2-chloroethyl)hexahydro-1H-azepine HCl, and
successive alkylation of the carbonyl group in RID-F-S*5 (compound
23) using methyl Grignard reagent was carried out in tetrahydro-
furan (THF) to produce the 1,1-diphenylethanol derivative RID-F-S*6
(compound 28), with 88% yield. Finally, treatment of tertiary alcohol
28 with p-TsOH was attempted in benzene, and the facile
-F-S*3 (24) from 4,40-dihydroxybenzophenone (4,40-DHBP).



Scheme 3. Synthesis of RID-F-S*1 (13), RID-F-S*2 (22), and RID-F-S*4 (25) from 1,1-bis(4-hydroxyphenyl)-2-phenylethene, 1,1-bis(4-hydroxyphenyl)but-1-ene, and bis(4-hy-
droxyphenyl)methane.
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dehydration process resulted in successful synthesis of the desired
molecule 24, with 84% yield.

RID-F-S*13 (compound 9), 1,1-bis{4-[2-(azepan-1-yl)ethoxy]
phenyl}-2-cyclohexyl-2-phenylethene, was synthesized using the
Mukaiyama reductive coupling reaction [36,37] depicted in Scheme
3. First, cyclohexyl phenyl ketone was treated with an excess of
4,40-DHBP in the presence of the low-valent titanium species
generated from titanium(IV) chloride with zinc powder in THF to
afford 1,1-bis(4-hydroxyphenyl)-2-cyclohexyl-2-phenylethene, the
desired olefin, with 65% yield. Next, the phenol moieties of the
cross-coupling product were transformed into the corresponding
aminoethyl ethers by O-alkylation in DMF, with 83% yield. Thus, an
efficient method for the preparation of compound 9 was estab-
lished through two steps from commercially available 4,40-DHBP.
RID-F-S*17 (compound 17) and RID-F-S*24 (compound 16) were
also synthesized from 4,40-DHBP with 6-undecanone or 7-
tridecanone using the Mukaiyama reductive coupling reaction.

Other derivatives, RID-F-S*1 (compound 13), RID-F-S*2 (com-
pound 22), RID-F-S*4 (compound 25), RID-F-S*5 (compound 23),
RID-F-S*9 (compound 21), RID-F-S*10 (compound 20), RID-F-S*11
(compound 12), RID-F-S*12 (compound 11), RID-F-S*14 (com-
pound 10), RID-F-S*15 (compound 15), RID-F-S*16 (compound 14),
RID-F-S*22 (compound 19), RID-F-S*23 (compound 18), RID-F-
S*101 (compound 26), RID-F-S*102 (compound 27), and RID-F-
S*103 (compound 29) were synthesized from the corresponding
commercially available bisphenols.
All RID physical properties (Mp, IR, 1H and 13C NMR, and HR-MS)
are shown in the Supporting information.

2.2. Inhibition of proteasome activities by ridaifens

To identify new chemical moieties that function as proteasome
inhibitors, we screened our in-house chemical libraries using an
in vitro 20S proteasome inhibition assay. The potency of com-
pounds was evaluated based on inhibition of the human 20S
chymotrypsin-like (CT-L), trypsin-like (T-L), and PGPH activities of
the 20S proteasome catalytic core. The IC50, indicating the con-
centration required for 50% inhibition of the respective enzymatic
activity (see Experimental section), was determined for each
compound. The aldehyde proteasome inhibitor MG132 (Z-LLL-H)
was used as a standard and had IC50 values of 0.011, 2.1, and 0.12 mM
against CT-L, T-L, and PGPH activities, respectively. Of the 8 TAM
derivatives tested (RID-AeRID-H; Table 1), RID-A, -B, and -D
showed significant inhibition of CT-L and PGPH activities, but they
did not significantly inhibit T-L activity. TAM did not inhibit any of
the three enzymatic activities of the proteasome (Supplementary
Table S1). RID-F, which has two homopiperidine moieties at the R
positions, inhibited all three activities of the proteasome and was
themost potent of the ridaifen compounds examined. The ridaifens
did not inhibit calpain or cathepsin at concentrations of >10 mM
(data not shown), which indicated that the ridaifens are highly
specific inhibitors of the protease activities of the proteasome.



Scheme 4. Synthesis of RID-F-S*9 (21), RID-F-S*10 (20), and RID-F-S*11 (12) from 1,1-bis(4-hydroxyphenyl)-2-methylprop-1-ene, 1,1-bis(4-hydroxyphenyl)-2-ethylbut-1-ene, and
1,1-bis(4-hydroxyphenyl)-2-phenylprop-1-ene.
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2.3. Inhibition of proteasome activities by RID-F derivatives

Because RID-F blocked proteasomal protease activities at con-
centrations in the submicromolar range, we examined the struc-
tureeactivity relationships of various RID-F derivatives. RID-F has
an sp2 carbon atom at the center position (X in Table 2). The side
structure at the X position was substituted with different aromatic
ring(s). Table 2 summarizes the structures and inhibitory activities
of these RID-F derivatives. A comparison of inhibition potency
(IC50) against CT-L activity indicated that RID-F (6), RID-F-S*11 (12),
and RID-F-S*1 (13) were the most potent compounds. It should be
noted that the volume of the vinyl benzene side structure and the
inhibition potency against CT-L, T-L, and PGPH activities were
similar for all three compounds.

To examine the contribution of side structures of the RID-F
derivatives to the inhibition potency, we compared the volumes
of the derivatives with the pocket volume of the proteasome active
site. Side-structure models were built with energy minimization
and molecular dynamics using Chem3D software (PerkinElmer
Inc.). The solvent-excluded volumes of the side structures of RID-F
(6), RID-F-S*11 (12), and RID-F-S*1 (13) calculated using Connolly’s
program [38] in Chem3D software were 119, 102, and 84 Å3,
respectively. These values were close to the pocket volume (117 Å3)
of the PGPH active site of the yeast 20S proteasome b1 calculated
using Pocket-Finder, which is based on the LIGSITE algorithm [39].
Compounds with side structures smaller than (RID-F-S*16 (14) and
RID-F-S*15 (15)) or larger than vinyl benzene (RID-F-S*13 (9) and
RID-F-S*14 (10)) demonstrated low inhibition potency. These data
suggest that vinyl benzene is an optimally sized side structure for
inhibiting proteasomal protease activity.

Next, the side structure at the X position was substituted with
aliphatic linear chains of varying lengths. Table 3 summarizes the
structures and proteasome inhibitory activities of this series of
compounds. RID-F-S*24 (16), RID-F-S*17 (17), and RID-F-S*23 (18)
have long hydrocarbon chains; the volumes of their side structures
were calculated to be 235, 201, and 167 Å3, respectively. These
compounds demonstrated no inhibition of proteasome activity,
indicating that hydrocarbon chains of more than eight carbon
atoms in length interfere with the inhibitory activity of RID-F
derivatives. RID-F-S*10 (20), RID-F-S*9 (21), RID-F-S*2 (22), RID-
F-S*5 (23), and RID-F-S*3 (24), which have smaller and nonaro-
matic side structures, showed low inhibition potency.

To delineate the minimal structure necessary for proteasome
inhibition, we examined a series of RID derivatives that had trun-
cated side structures (Table 4). The smallest symmetric compound,
RID-F-S*4 (25), demonstrated the highest inhibition potency,
whereas, as seen with RID-F-S*110 (30) (Table 5) [40], removal of
one of the two homopiperidine rings resulted in a critical loss of



Scheme 5. Synthesis of RID-F-S*12 (11), RID-F-S*14 (10), and RID-F-S*15 (15) from 1,1-bis(4-hydroxyphenyl)-2-phenylpent-1-ene, 1,1-bis(4-hydroxyphenyl)-2,2-diphenylethene,
and 2,2-bis(4-hydroxyphenyl)methylenecyclopentane.

M. Hasegawa et al. / European Journal of Medicinal Chemistry 71 (2014) 290e305 295
inhibition potency. Therefore, the structure of derivative RID-F-S*4
(25) appears to be the minimal structure possible for proteasome
inhibition activity, and the presence of two homopiperidine rings
appears to be crucial for inhibition.
2.4. Mode of RID-F derivative proteasome inhibition

Kinetic studies revealed that proteasome CT-L activity was
inhibited by RID-F (6) in a noncompetitive manner, with a Ki of
0.58 � 0.14 mM, whereas PGPH activity was inhibited in a
competitive manner, with a Ki of 0.34 � 0.22 mM (Fig. 1). The other
RID-F derivatives exhibited similar inhibition of proteasome CT-L
and PGPH activities; RID-F-S*14 (10) and RID-F-S*1 (13) inhibited
CT-L activity noncompetitively, with Ki values of 1.10� 0.22 mMand
0.87 � 0.32 mM, respectively, whereas they inhibited PGPH activity
competitively, with Ki values of 1.02 � 0.15 mM and 0.67 � 0.29 mM,
respectively (data not shown). It has been shown that substrates of
PGPH activity inhibit CT-L activity and that this inhibition is caused
by binding of PGPH substrates to a noncatalytic CT-L site(s) rather
than through binding to an active site [11]. Taken together, from
these data we inferred that RID-F and its derivatives bind to both
the active PGPH site and a noncatalytic CT-L site(s), resulting in
inhibition of CT-L activity. As described below, the results of
docking simulations of ridaifens with the yeast counterpart of
mammalian PGPH support this inference.

The chemical structures of the RID-F derivatives suggest that
covalent binding to the proteasome is very unlikely. Indeed,
labeling of proteasome subunits with a biotin-conjugated RID-F
derivative failed to yield biotin-labeled proteins (data not shown). It
has been shown that belactosin A preferentially inhibits both PGPH
(b1 subunit) and CT-L (b5 subunit) by forming covalent linkages to
the Og atom of the active site Thr1 [41]. Subunits covalently
modified by biotin-labeled belactosin can be identified by Western
blotting. Kinetic analyses showed that the RID-F derivatives
inhibited PGPH activity in a competitive manner, suggesting direct
interaction of the derivatives with the active site of the b1 subunit
(Fig. 1B).

We then examined whether RID-F derivatives could impede
covalent modification by biotin-labeled belactosin. In agreement
with previous results [41], we found that biotin-belactosin A pri-
marily bound b1 and b5 but also bound b2 with very low efficiency
(Fig. 2). RID-F (6) and RID-F-S*4 (25) impeded binding of biotin-
belactosin to b1 (PGPH activity) in a dose-dependent manner
(Fig. 2A and B). Both compounds inhibited CT-L activity in a
noncompetitive manner (Fig. 1A), and therefore we expected that
they do not reduce binding of belactosin to b5 (CT-L activity).
Contrary to this expectation, the compounds inhibited binding to
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b5, but the efficiency with which they inhibited binding to b5 was
much lower than that of b1; at a concentration of 10 mM, the
compounds almost completely inhibited binding of belactosin A to
b1, whereas binding to b5 was still detectable at 100 mM. These
results suggest that the region in which the RID-F compounds bind
b5 is proximal to the CT-L active site and partially overlaps the
binding region of belactosin A. The concentration (10 mM) of the
RID-F derivatives required to inhibit binding of belactosin to b1
(PGPH activity) was much higher than the Ki (submicromolar
levels) determined from kinetic analyses (Fig. 1A). There are several
potential explanations for this difference: (i) the affinity of biotin-
labeled belactosin A was higher than that of the substrate used
for kinetic analyses, or (ii) the reversible inhibitor RID-F derivatives
are eventually replaced by the covalent inhibitor, belactosin.
MG132, which was used as a positive control for proteasomal
protease inhibition, prevented biotin-belactosin A from forming
covalent linkages to all subunits. RID-F-S*110 (30) showed little
effect on belactosin binding (Fig. 2C), which was consistent with
the result indicating that this compound has minimal inhibitory
potency against proteasomal activity (Table 5). The possible
mechanism by which RID-F derivatives prevent the binding of
belactosin to the b2 subunit (T-L activity) remains to be studied.

2.5. Cytotoxicity

We also evaluated the effect of the RID-F derivatives on prolif-
eration of two human cell lines, human embryonic kidney 293 cells
(HEK293, ER-negative) and HL-60 cells (ER-positive). Cells were
treated with different concentrations of each compound for 48 h,
after which the number of live cells was determined using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The CyT50, defined as the concentration required for 50%
inhibition of cell proliferation (see Experimental section), was
determined for each compound, and the results are summarized in
Tables 2e5. The compounds with poor inhibitory potency
(IC50 > 10 mM) against CT-L activity in vitrowere not cytotoxic, with
Scheme 6. Synthesis of RID-F-S*16 (14) and RID-F-S*22 (19) from 2,2-bis(4-hydroxyp
the exception of RID-F-S*22 (19), which significantly inhibited CT-L
activity but was inexplicably noncytotoxic. Most of the cytotoxic
compounds showed similar toxicity to both cell types, although
some compounds (RID-F-S*12 (11), RID-F-S*11 (12) and RID-F-S*6
(28)) were more toxic to HL60 than HEK293 cells, and two com-
pounds (RID-F-S*5 (23) and RID-F-S*103 (29)) were more toxic to
HEK293 cells.

Is the cytotoxicity of RID-F derivatives attributable to their
inhibition of proteasome activity? To address this question, we
selected compounds that inhibited at least two of the three pro-
teasome protease activities. The IC50 values of these compounds
were plotted against the CyT50 values determined using HEK293
cells to estimate the correlation between proteasome inhibition
and cytotoxicity (Fig. 3A). The correlation coefficients were 0.51 for
CT-L activity and 0.48 for PGPH activity (Fig. 3B) but only 0.02 for
T-L activity (Fig. 3C). Thus, it is very likely that the cytotoxicity of
the RID-F derivatives is caused by their inhibition of proteasome
CT-L and PGPH activities, whereas the inhibition of T-L activity is
not associated with cytotoxicity. It is not knownwhether inhibition
of either CT-L or PGPH activity alone is sufficient to cause cyto-
toxicity or if inhibition of both activities is required. Genetic studies
have suggested that CT-L activity is essential for proteasome
function, because mutational loss of CT-L activity causes a signifi-
cant reduction in the degradation of proteasomal substrates
[42,43]. Taken together, these data suggest that the inhibition of CT-
L activity by RID-F derivativesmay be linked to cell death. The CyT50
values of the RID-F derivatives were generally one order of
magnitude higher than the corresponding IC50 values; restricted
diffusion of the derivatives through the cell membrane may be
responsible for this difference.

We next investigated the ability of the RID-F derivatives to
inhibit proteasome function in cultured cells. HeLa cells were
incubated with RID-F (6), RID-F-S*4 (25), or RID-F-S*110 (30), and
the accumulation of ubiquitinated proteins was examined by
Western blotting. A significant accumulation of multiple bands of
high-molecular-weight ubiquitinated proteins was observed in
henyl)methylenecyclohexane and 1,1-bis(4-hydroxyphenyl)-2-propylpent-1-ene.



Scheme 7. Synthesis of RID-F-S*23 (18) and RID-F-S*101 (26) from 1,1-bis(4-hydroxyphenyl)-2-butylhex-1-ene and 1,1-bis(4-hydroxyphenyl)ethane.
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cells treated with RID-F (6) and RID-F-S*4 (25) (Fig. 4, lanes 3 and
4). The accumulation of such proteins was minimal in cells treated
with RID-F-S*110 (30), a compound that showed very low inhibi-
tion potency (Table 5). Accumulation of ubiquitinated proteins was
also observed in lysates of cells treated with the known proteasome
Scheme 8. Synthesis of RID-F-S*102 (27) and RID-F-S*103 (29) from 2,2-bi
inhibitor, MG132 (Fig. 4, lane 2). These data indicate that RID-F
derivatives inhibit proteasome activities in cells.

Abnormal accumulation of proteins resulting from the inhi-
bition of proteasome activity has antiproliferative effects on cells,
including induction of apoptosis. Therefore, we examined
s(4-hydroxyphenyl)propane and 1,1-bis(4-hydroxyphenyl)cyclohexane.



Scheme 10. Synthesis of RID-F-S*17 (17) from 4,40-dihydroxybenzophenone (4,40-DHBP) and 6-undecanone.

Scheme 9. Synthesis of RID-F-S*13 (9) from 4,40-dihydroxybenzophenone (4,40-DHBP) and cyclohexyl phenyl ketone.
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Scheme 11. Synthesis of RID-F-S*24 (16) from 4,40-dihydroxybenzophenone (4,40-DHBP) and 7-tridecanone.

Table 2
Inhibition of human 20S proteasome activity by RID-F derivatives and their cytotoxic effect on human cells (HEK293 and HL-60).

Compound number IC50 (mM)a HEK293 CyT50 (mM)b

CT-L T-L PGPH HL-60

9 RID-F-S*13 X ¼ C(c-Hex)Ph >10 >10 0.35 � 0.02 >30 >30
10 RID-F-S*14 X ¼ CPh2 1.18 � 0.07 >10 0.37 � 0.06 23.2 � 1.1 >30
11 RID-F-S*12 X ¼ C(n-C3H7)Ph 1.37 � 0.27 0.28 � 0.04 1.05 � 0.46 26.8 � 1.0 4.30 � 0.55
6 RID-F X ¼ C(C2H5)Ph 0.64 � 0.14 0.34 � 0.12 0.43 � 0.08 4.38 � 0.79 3.42 � 0.33
12 RID-F-S*11 X ¼ C(CH3)Ph 0.90 � 0.10 0.36 � 0.17 0.87 � 0.04 18.9 � 1.2 6.87 � 1.47
13 RID-F-S*1 X ¼ CHPh 0.58 � 0.05 0.69 � 0.54 0.37 � 0.19 6.06 � 0.45 9.73 � 0.62

14 RID-F-S*16 X ¼ 2.19 � 0.25 2.18 � 2.03 0.89 � 0.09 12.5 � 0.3 11.7 � 0.4

15 RID-F-S*15 X ¼ 2.70 � 0.10 1.11 � 0.08 1.67 � 0.15 26.2 � 1.9 20.1 � 0.6

a IC50 values denote concentrations of the compounds required for 50% inhibition of the activities (see “Experimental section”). CT-L, chymotrypsin-like activity; T-L,
trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity. NT, not tested.

b CyT50 values denote concentration of the compounds required for 50% inhibition of the cell proliferation (see “Experimental section”). Values are means of triplicate.
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Table 3
Inhibition of 20S proteasome activity by RID-F derivatives substituted with aliphatic chains at the center sp2 carbon (X) and their cytotoxic effect on human cells.

Compound number IC50 (mM)a HEK293 CyT50 (mM)b

CT-L T-L PGPH HL-60

16 RID-F-S*24 X ¼ C(n-C6H13)2 >10 >10 >10 >30 >30
17 RID-F-S*17 X ¼ C(n-C5H11)2 >10 >10 >10 14.5 � 3.9 >30
18 RID-F-S*23 X ¼ C(n-C4H9)2 >10 >10 >10 >30 25.3 � 0.6
19 RID-F-S*22 X ¼ C(n-C3H7)2 3.38 � 0.42 >10 2.51 � 0.44 >30 >30
20 RID-F-S*10 X ¼ C(C2H5)2 1.57 � 0.70 0.96 � 0.18 0.84 � 0.12 6.02 � 0.14 8.87 � 1.13
21 RID-F-S*9 X ¼ C(CH3)2 1.66 � 0.12 >10 1.20 � 0.19 11.1 � 0.5 10.7 � 1.6
22 RID-F-S*2 X ¼ CH(C2H5) 1.46 � 0.14 1.61 � 0.47 1.03 � 0.10 26.7 � 0.8 22.6 � 0.3
23 RID-F-S*5 X ¼ O 1.65 � 0.21 8.59 � 1.75 1.56 � 0.08 13.9 � 1.4 >30
24 RID-F-S*3 X ¼ CH2 1.04 � 0.22 0.88 � 0.45 0.91 � 0.04 9.80 � 5.53 10.7 � 0.5

a IC50 values denote concentrations of the compounds required for 50% inhibition of the activities (see “Experimental section”). CT-L, chymotrypsin-like activity; T-L,
trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity. NT, not tested.

b CyT50 values denote concentration of the compounds required for 50% inhibition of the cell proliferation (see “Experimental section”). Values are means of triplicate.
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whether the observed cytotoxicity of RID-F derivatives was due to
apoptosis. MG132, a representative proteasome inhibitor that
binds all three subunits, was used as a control compound.
Cleavage of poly(ADP-ribose) polymerase (PARP) is one of the
hallmarks of apoptosis. RID-F (6) (Fig. 5A) and RID-F-S*4 (25)
(Fig. 5B) caused PARP cleavage in a dose-dependent manner, but
PARP cleavage was almost undetectable in cells treated with RID-
F-S*110 (30) (Fig. 5C), which was consistent with the very low
inhibition of proteasome activities demonstrated by this com-
pound (Table 5). RID-F-induced apoptosis was confirmed by
cleavage of caspase 3 (Supplementary Fig. S1) and an increase in
the proportion of cells in the sub-G1 fraction as determined by
flow cytometry (Supplementary Fig. S2). These results indicate
Table 4
Inhibition of 20S proteasome activity by RID-F derivatives with aliphatic side structures

Compound number IC50 (m

CT-L

25 RID-F-S*4 X ¼ CH2 0.67 �
26 RID-F-S*101 X ¼ CH(CH3) 0.80 �
27 RID-F-S*102 X ¼ C(CH3)2 0.75 �
28 RID-F-S*6 X ¼ C(CH3)OH 1.66 �

29 RID-F-S*103 X ¼ 1.94 �

a IC50 values denote concentrations of the compounds required for 50% inhibition o
trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity. NT, not tested.

b CyT50 values denote concentration of the compounds required for 50% inhibition of
that the cytotoxicity of RID-F derivatives can be attributed at least
in part to apoptosis.

2.6. Three-dimensional modeling of RID-F derivatives bound to the
yeast proteasome subunit PRE3

How do RID-F derivatives bind the proteasome to exhibit their
inhibitory effect? Docking studies were conducted to attempt to
answer this question. To date, no reports of the experimental
determination of the 3D structure of the human 20S proteasome
have been published. However, several 3D structures of the yeast
proteasome have been reported. The molecular structure of the
ligand-binding pockets of the yeast andmammalian proteasomes is
at the center sp3 carbon (X) and their cytotoxic effect on human cells.

M)a HEK293 CyT50 (mM)b

T-L PGPH HL-60

0.04 0.99 � 0.21 0.63 � 0.15 10.9 � 0.6 14.5 � 0.3
0.02 >10 0.79 � 0.02 8.12 � 0.14 21.4 � 0.6
0.01 1.87 � 0.83 0.77 � 0.01 7.61 � 0.05 17.6 � 1.8
0.11 2.95 � 0.40 1.35 � 0.05 22.7 � 6.3 7.06 � 0.48

0.09 0.20 � 0.20 1.08 � 0.16 17.5 � 0.3 >30

f the activities (see “Experimental section”). CT-L, chymotrypsin-like activity; T-L,

the cell proliferation (see “Experimental section”). Values are means of triplicate.



Table 5
Inhibition of 20S proteasome activity by a RID-F derivative missing one of the two homopiperidine rings and its cytotoxic effect on human cells.

Compound number IC50 (mM)a CyT50 (mM)b HEK293 HL-60

CT-L T-L PGPH

30 RID-F-S*110 >10 >10 >10 27.0 � 3.7 >30

a IC50 values denote concentrations of the compounds required for 50% inhibition of the activities (see “Experimental section”). CT-L, chymotrypsin-like activity; T-L,
trypsin-like activity; PGPH, peptidylglutamyl peptide hydrolase activity. NT, not tested.

b CyT50 values denote concentration of the compounds required for 50% inhibition of the cell proliferation (see “Experimental section”). Values are means of triplicate.
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highly conserved [44,45]. Moreover, RID-F also inhibited yeast
proteasome CT-L activity, with an IC50 of 1.8 mM, which was similar
to that (IC50 0.65 mM) determined for the human 20S proteasome
(Table 1). These results suggest that the binding modes of the RID-F
derivatives to the yeast and human proteasomes are similar.
Therefore, we used the yeast proteasome structure for docking
simulations of RID-F derivatives.

We used structure data of the yeast 20S proteasome complexed
with fellutamide B (PDB ID: 3d29) for docking simulations. The
PRE3 subunit (chain N) is the yeast counterpart of the human 20S
proteasome b1 subunit, which exhibits PGPH activity. This subunit
is sandwiched between the PUP1 subunit (chain H) and the PRE4
subunit (chain M) in the b ring, and the ligand-binding cleft of the
PRE3 subunit is formed by these three subunits. Therefore, the
trimer structure of chains H, N, and M was used for docking sim-
ulations. UsingMolecular Operating Environment software, version
2010.10 (MOE 2010.10, Chemical Computing Group Inc.), the
energy-minimized trimer structure with hydrogen atoms was
prepared with the default parameters. The possible ligand-binding
site in the trimer structure was detected using the Site Finder
application of MOE 2010.10, with the Connection Distance param-
eter set to 1.9 �A. Docking simulations involving the RID-F
derivatives and the trimer structure were then carried out using
ASEDock [46], with the standard procedure.

The best-fitted inhibitor positions near in the active center Thr1
residue suggested that compounds 6 (RID-F), 9, 10, 11, 12, 13, 14, 15,
A

Fig. 1. LineweavereBurk plots of the inhibition of proteasomal CT-L and PGPH activities by R
fluorometric assay as described in the Experimental section, varying the concentrations of
20, 22, and 23 (but not compounds 19, 21, 24 and 25 (RID-F-S*4))
have a similar binding mode. Fig. 6 (A and B) shows the highest-
ranked binding mode of docked RID-F (6), illustrating molecular
interactions between RID-F and the PRE3 catalytic site. One of the
important points in the interaction between RID-F and the pro-
teasome appears to be the contact area of the S1 pocket around
Thr1. The vinyl benzene group in the side structure of RID-F is in
contact with the S1 pocket and has a CHep interaction with Thr21.
The contacted residues delimit the binding pocket size at 120 Å3, in
which Thr1 is located at the bottom. These docking simulation
results are in agreement with the experimental evidence indicating
that the size of the RID-F derivative side structure is critical for
binding to the catalytic site.

As the exceptional case, docking simulations involving com-
pounds 19, 21, 24, and 25 (RID-F-S*4) showed one homopiperidine
ring contacting the S1 pocket. Their side structures at the X position
were either too large or too small. RID-F-S*4 (25), which has a high
inhibition potency despite the absence of a side structure, binds in a
different fashion, as shown in Fig. 6. One terminal homopiperidine
moiety in RID-F-S*4 (25) enters into the binding cleft in the S1
pocket, as opposed to the vinyl benzene group of RID-F (6). These
results imply that RID-F derivatives have two modes of binding to
the catalytic sites. Interestingly, the results of the docking simula-
tions involving compounds 19, 21, 24, and 25 (RID-F-S*4) suggest
that they access the active site in a manner different from that of
compound 6 (RID-F), which contacts the active site via the vinyl
B

ID-F. A, CT-L activity. B, PGPH activity. CT-L and PGPH activities were determined using a
substrate and RID-F as indicated. A.U. represents arbitrary units of fluorescence.



A

B

C

Fig. 2. Inhibition by RID-F derivatives of biotin-labeled belactosin A binding to the
proteasome. As described in the Experimental section, human 20S proteasomes were
treated with biotin-belactosin A in the presence of RID-F (6) (A), RID-F-S*4 (25) (B), or
RID-F-S*110 (30) (C), and biotin-labeled subunits (b1 for T-L activity, b2 for PGPH ac-
tivity, and b5 for CT-L activity) were then detected. MG132 was used as a control.

Fig. 3. Correlation between cytotoxicity (CyT50) to HEK293 cells and inhibitory potency against the CT-L and PGPH activities of the human 20S proteasome. A, CyT50 versus IC50 for
CT-L activity. B, CyT50 versus IC50 for PGPH activity. C, CyT50 versus IC50 for T-L activity. Numbers in the plots correspond to the compound numbers listed in Tables 2e4.

Fig. 4. Accumulation of ubiquitinated proteins induced by RID-F (6), RID-F-S*4 (25),
and RID-F-S*110 (30). HeLa cells were treated with 0.25% DMSO (control), MG132
(10 mM), RID-F (30 mM), RID-F-S*4 (60 mM), or RID-F-S*110 (60 mM) for 24 h. Whole cell
lysates were immunoblotted with anti-ubiquitin antibody. b-Actin was used as a
loading control.
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Fig. 5. Apoptosis induced by RID-F derivatives. HeLa cells were incubated with the
compounds at indicated concentrations, after which cleavage of PARP was determined
by Western blotting (see Experimental section). A, RID-F (6); B, RID-F-S*4 (25); C, RID-
F-S*110 (30). MG132, a proteasome inhibitor that induces PARP cleavage, which is a
hallmark of apoptosis, was used as a control. * ¼ nonspecific bands.
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benzene at the X position. As illustrated in Fig. 6 (C and D) for RID-
F-S*4 (25) as a representative, these RID-F derivatives may interact
with the S1 pocket via one of the homopiperidine rings. The side
structures at the X positions in these four compounds were too
large or too small in comparison with the optimal size of vinyl
benzene. Thus, it appears that not only the presence of two
homopiperidine rings but also the relationship between the
homopiperidine rings and the side structures at the X position are
important for manifestation of the proteasome inhibition activity of
the RID-F derivatives, suggesting that further studies of this rela-
tionship are warranted.
Fig. 6. Schematic view of RID-F (6) (panels A and B) or RID-F-S*4 (25) (panels C and D) e pro
The binding pocket is shown as a solid surface with carbon atoms colored gray, N atoms colo
modes.
3. Conclusion

Ridaifen-F (RID-F), a novel tamoxifen derivative, inhibited the
human 20S proteasome. The structureeactivity relationship of a
series of RID-F derivatives revealed the fundamental structures
required for proteasome inhibition. The derivatives inhibited the
proteasome in cells, inducing apoptotic cell death. Based on kinetic
analyses of the inhibition and docking simulation, we propose the
inhibition mode of RID-Fs. Our next trial is underway to develop
highly potent RID derivatives for in vivo use.

4. Experimental section

4.1. 20S proteasome fluorometric substrate assay

CT-L, PGPH, and T-L proteasome activities were determined by
measuring the degradation rates of the fluorometric substrates
succinyl-LLVY-AMC, Z-LLE-AMC, and Boc-LRR-AMC, respectively.
Purified human 20S proteasomes (0.1 mg) were incubated with
50 mM (CT-L) or 20 mM (PGPH and T-L) fluorometric peptide sub-
strate in the presence of varying concentrations of inhibitory
compounds (0.01e10 mM) in 100 mL of assay buffer (25 mM HEPES,
0.5 mM EDTA, 0.03% SDS) at 37 �C. In the T-L activity assay, SDS was
excluded from the assay buffer [47]. Reactions were monitored by
AMC product formation (lex ¼ 380 nm, lem ¼ 460 nm) for 1 h. The
IC50, defined as the compound concentration required for 50% in-
hibition of proteasome activity, was determined for each com-
pound from the respective inhibition curve.

4.2. Growth inhibition assays

HEK293cells (ER-negative)were cultured inDulbecco’sModified
Eagle Medium containing 10% fetal bovine serum, 100 units/mL of
penicillin, and 0.1 mg/mL of streptomycin. HL-60 cells (ER-positive)
were cultured in Iscove’s Modified Dulbecco’s Medium containing
10% fetal bovine serum,100 units/mL of penicillin, and 0.1 mg/mL of
streptomycin. Cellswere seeded in duplicatewells in a 96-well plate
teasome interactions. Images (panels A and C) represent the most likely binding modes.
red blue, and O atoms colored red. Panels B and D show skeleton models of the binding
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at a density of 5 � 103 cells/well and were cultured for 48 h in me-
dium alone or inmedium containing an RID-F derivative at different
concentrations (ranging from 0.1 to 20 mM). Cell viability and pro-
liferation were evaluated by quantification of MTT reduction by
mitochondrial dehydrogenases. Formazan dye production was
measured by determining the 560/750 nm absorbance ratio after
HCl/2-propanol extraction according to themanufacturer’s protocol
(Promega). The CyT50, defined as the compound concentration
required for 50% inhibition of cell proliferation, was determined for
each compound from the respective inhibition curve.

4.3. Binding experiment

Purified human 20S proteasomes were incubated with varying
concentrations of RID-F derivatives or the representative protea-
some activity inhibitor MG132 for 1 h at 37 �C and then biotin-
belactosin A was added at 1 mM. After an additional 1 h of incu-
bation, proteins were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore). The
membrane was blocked with 5% skim milk solution. Biotin-labeled
proteins were visualized using streptavidin-HRP reagent and an
ECL Plus membrane blot analysis detection kit (GE Healthcare).

4.4. Western blotting

HeLa cells (4�105 cells/well) were seeded in a 12-well plate and
incubatedwith varying concentrations of RID-F derivatives for 24 h.
The cells were then lysed with lysis buffer (62.5 mM TriseHCl, 2%
SDS, 10% glycerol, 0.1 mg/mL of phenylmethylsulfonyl fluoride,
10 mg/mL of leupeptin, 1 mg/mL of pepstatin A, and a phosphatase
inhibitor cocktail (Nacalai Tesque Inc., Kyoto, Japan)). Equivalent
amounts of protein (30 mg) were resolved by SDS-PAGE, transferred
and immobilized onto PVDF membranes, and probed with primary
and secondary antibodies. Anti-ubiquitin antibody (1:200 dilution;
Santa Cruz Biotechnology), anti-actin antibody (1:10,000; Santa
Cruz Biotechnology), and HRP-conjugated anti-mouse or anti-
rabbit antibody (1:2000; Santa Cruz Biotechnology) were used.
Immunodetection was performed as described above.

Apoptosis induced by RID-F derivatives was examined with
HeLa cells. Cells (4 � 105 cells/well) were seeded in a 12-well plate
and incubated with varying concentrations of RID-F derivatives for
24 h. Cleavage of PARP, which is a hallmark of apoptosis, was
detected by Western blotting as described previously [48].
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Abbreviations

AMC 7-amino-4-methylcoumarin
CT-L chymotrypsin-like
CyT50 half-maximum cytotoxicity concentration
4,40-DHBP 4,40-dihydroxybenzophenone
DMF dimethylformamide
ER estrogen receptor
IC50 half-maximum inhibitory concentration
HRP horseradish peroxidase
Ki inhibition constant
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
PARP poly-ADP ribose polymerase
PGPH peptidylglutamyl peptide hydrolase
p-TsOH p-toluenesulfonic acid
RID ridaifen
SDS sodium dodecyl sulfate
TAM tamoxifen
T-L trypsin-like
THF tetrahydrofuran.
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