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Inhibitory Effect of Flavonoids on 26S Proteasome Activity
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Inhibiting proteasomal degradation has been shown to induce apoptosis in tumor cells. Utilization of
proteasome inhibition is therefore one approach to anticancer therapy. Some of the flavonoids can
induce cell apoptosis via inhibiting proteasome 26S activity. In this study, the inhibition of 26S
proteasome from pig red blood cells was analyzed on 12 flavones, 5 flavanones, and 9 isoflavones
by using a proteolysis assay. Several flavonoids such as apigenin-6-hydroxy-7-O-3-p-glucoside,
quercetin, rutin, 6-hydroxyapigenin, 5,6,4-trihydroxy-7,3-dimethoxyflavone, 5,6,3',4’-tetrahydroxy-7-
methoxyflavone, glycitecin, and 6,7,4'-trihydroxyisoflavone inhibited the chymotrypsin-like, caspase-
like, or trypsin-like activity of 26S proteasome when Suc-LLVY-AMC, Z-LLE-AMC, and Ac-RLR-AMC
were used as substrates. Three peptidase activities of flavonoids were found to be significantly
correlated with one another. Flavones had significantly stronger inhibitory effects on chymotrypsin-like
and caspase-like activities than flavanones and isoflavones. 5,6,3',4'-Tetrahydroxy-7-methoxyflavone,
5,6,4'-trihydroxy-7,3'-dimethoxyflavone, and quercetin displayed a mixed type inhibition of 26S by
Lineweaver—Burk plots analysis. Furthermore, 5,6,3,4'-tetrahydroxy-7-methoxyflavone is found to
have a higher inhibitory effect on 26S proteasome activities and is the only flavonoid to inhibit all
three peptidase activities, whereas the inhibition of flavonoids was not affected by ubiquitin-induced
stimulation of the three peptidase activities of 26S proteasome; 5,6,3',4 -tetrahydroxy-7-methoxyflavone
inhibited 75% casein degradation. These results suggest that both the 6-hydroxy and 7-methoxy
positions of the flavone may play an important role in targeting 26S activity.

KEYWORDS: 5,6,3',4'-Tetrahydroxy-7-methoxyflavone; MG132; 26S proteasome; flavonoids; 5,6,4'-tri-
hydroxy-7,3'-dimethoxyflavone; proteasome inhibitor; ubiquitin

INTRODUCTION

Flavonoids represent one of the most prevalent classes of
phenolic phytochemicals that are widely distributed in edible
plants. Flavonoids are divided into anthocyanins, flavones, flavo-
nols, flavanols, flavanones, and isoflavones. Flavonoids have been
shown to have antitumor, anti-inflammation, and antioxidant
activities (/). Natural flavonoids also been shown to modulate the
function of the proteasome (2, 3). However, there is no study
focused on the chemical structures of flavones, flavanones, and
isoflavones related to their proteasome inhibitory activities.

The ubiquitin—proteasome pathway (UPP) is an important
mechanism for the degradation of the majority of intracellular
protein that is required for cell proliferation and survival in
eukaryotes (4). The regulatory role of proteasome is an energy-
dependent molecular machine that not only regulates several
cellular processes such as cell-cycle regulation, apoptosis, degra-
dation of oxidized, unfolded and misfolded proteins, and antigen
presentation but also is involved in drug resistance in human
tumor cells (4).

Ubiquitin is a conserved small protein consisting of 76 amino
acids of 8.6 kDa present in all eukaryotic cells. When polyubi-
quitin is attached to target proteins, tagged proteins are selected
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for destruction by cytoplasmic organelles called proteasomes (4).
The eukaryotic 26S proteasome (M, = 2,400,000), a multisubunit
enzyme (EC 3.4.99.46), is a proteolytic cellular apparatus of the
20S core particle capped at one or both ends by the 19S regulatory
particle (19S cap, PA700) (5, 6). The 20S core particle, a multi-
catalytic protease, is a cylindrical structure composed of four
stacked rings and formed by seven subunits in an a75757a7
configuration. The two outer rings (called o rings) complex with
the 19S regulatory particles, forming a narrow channel through
which only denatured proteins can pass. The catalytic chamber is
formed by the two inner f3 rings, each of which contain three well-
characterized peptidase activities—chymotrypsin-like (ChT-L,
cleaving after hydrophobic residues), trypsin-like (T-L, cleaving
after basic residues), and postglutamyl peptide hydrolase-like
(PGPH, caspase-like, cleaving after acidic residues) hydrolytic
active sites (6). Proteins are degraded by the core particle in a
progressive manner, generating peptides of 3—25 amino acids in
length (6).

Proteasome inhibitors can inhibit catalytic center activity,
block a large number of regulated protein degradations, induce
intracellular signaling system disorders, and then create an over-
load situation that results in cell growth inhibition. Therefore,
several groups of proteasome inhibitors, peptide aldehydes,
peptide boronates, nonpeptide inhibitors, peptide vinyl sulfones,
and epoxyketones, have been developed and are now widely used
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as research tools to study the role of the UPP in various cellular
processes (7).

Two proteasome inhibitors, Bortezomib (Velcade, PS341) and
NPI-0052, have been recently reported in clinical trials (8, 9).
Bortezomib inhibits the chymotrypsin-like activity and targets the
caspase-like activity, whereas NPI-0052 inhibits the chymotryp-
sin-like, caspase-like, and trypsin-like activities. However, these
two clinical proteasome inhibitors have their undesirable side
effects. There are, however, several edible plants or traditional
low-toxicity Chinese herbal medicines that target proteasome
agents that are very important subjects to be studied for the
pretreatment of many diseases. The beneficial health effects and
low toxicity of flavonoids make them attractive to use in addition
to the fact that most of them are present in many widely available
foods. Flavones are naturally occurring dietary phytoestrogens in
different plants and particularly rich in soybeans (/0). Previously
we have demonstrated that ginsenoside Rd may play a role in the
inhibitory property of the chymotrypsin-like activity on 26S
proteasome (/7). Additionally, our recent study on the screening
of new 268 proteasome inhibitors resulted in the identification of
a known compound, 5,6,3'.4'-tetrahydroxy-7-methoxyflavone
from Anisomeles ovata R. Br., as a potent 26S inhibitor. In
addition to 5,6,3 ,4'-tetrahydroxy-7-methoxyflavone, there are
many flavone, flavanone, and isoflavone analogues from food
or Chinese herbal medicine yet to be studied. This study inves-
tigated the inhibitory potentials of 12 flavones, 5 flavanones, and
9 isoflavones from different foodstuffs and edible plants for their
268 proteasome activity (Figure 1) using 26S proteasome isolated
from pig red blood cells to study the proteasome-inhibitory
abilities, the inhibition mode, and their functional kinetics in
the degradation potencies of these compounds.

MATERIALS AND METHODS

Materials. MG132 and 7-amino-4-methylcoumarin (AMC) were
obtained from Calbiochem (Darmstadt, Germany). Dimethyl sulfoxide
(DMSO) was purchased from Sigma Chemical Co. (St. Louis, MO).
Substrates Suc-Leu-Leu-Val-Tyr-AMC, Ac-Arg-Leu-Arg-AMC, and Z-
Leu-Leu-Glu-AMC  were purchased from Bachem (Bubendorf,
Switzerland), Biomol International, L.P. (Plymouth Meeting, PA), and
A. G. Scientific, Inc. (San Diego, CA), respectively. 5,6,3',4'-Tetrahy-
droxy-7-methoxyflavone was purified from our laboratory. 6,7,4'-Trihy-
droxyisoflavone was a gift from Dr. T. S. Chang (Department of
Biological Sciences and Technology, National University of Tainan,
Tainan, Taiwan). Several flavonoids were provided by Dr. H. Y. Ding
(Institute of Cosmetics Science, Chia Nan University of Pharmacy and
Science, Tainan, Taiwan). Others were commercially available and used as
received.

Purification of 26S Proteasome form Pig Red Blood Cells
(RBCs). Fresh pig blood was collected at a local abattoir with sodium
citrate as anticoagulant. Plasma and white blood cells (WBC) were
removed from blood samples by centrifugation (500g for 10 min). RBCs
were resuspended 1:1 (v/v) with cold phosphate buffer saline (PBS) and
centrifuged at 3700g for 17 min at 4 °C. 26S proteasomes were purified
from pig RBC as described previously (12).

Proteolysis Measurement. Proteasome activity was determined
according to the methods described in our previous paper with some
modifications (/7). The peptide activity of pig 26S proteasome toward
three different fluorogenic peptides was measured by incubation with 1 4L
of each flavonoid or MG1321in 100 uL of reaction buffer [30 mM Tris-HCl
(pH 8), 5SmM MgCl,, I mM ATP, 0.5mM DTT with 50 uM Suc-Leu-Leu-
Val-Tyr-AMC, Ac-Arg-Leu-Arg-AMC, or Z-Leu-Leu-Glu-AMC] for 15
min at 37 °C. The final concentration of 26S proteasomes in the assays was
385 ug/mL (or 160 nM assuming a molecular mass of 2.4 MDa).
Proteasome activity was assessed using synthetic peptide substrates linked
to the fluorometric reporter, aminomethylcoumarin (AMC). AMC hydro-
lyzed from the peptides was quantified in a BioTek FL800 plate reader
(Winooski, VT) using 360 nm excitation and 460 nm emission wavelengths
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at 37 °C for 15 min. Enzymatic activity represents mean values of
triplicate independent assays and normalized for protein concentration,
expressed as percent of activity in control (26S proteasome with 1 uL
of DMSO).

For the effects of ubiquitin, 26S proteasomes (160 nM) were incubated
with or without 7.2 uM ubiquitin for 15 min before the addition of 1 uL of
flavonoid (apigenin-6-hydroxy-7-0-f-p-glucoside, 6-hydroxyapigenin,
quercetin, 5,6,4'-trihydroxy-7,3'-dimethoxyflavone, or 5,6,3',4'- tetrahy-
droxy-7-methoxyflavone) or MG132. After incubation at 37 °C, the
peptide hydrolysis was measured fluorometrically.

Michaelis—Menten Kinetics of Flavonoids. One microliter of
flavonoids (quercetin, 5,6,4'-trihydroxy-7,3'-dimethoxyflavone, or 5,6,
3’ 4'-tetrahydroxy-7-methoxyflavone) was mixed with 160 nM 26S
proteasome in 100 uL of reaction buffer [30 mM Tris-HCI (pH 8),
5 mM MgCl,, 1 mM ATP, 0.5 mM DTT] and substrates (Suc-LLVY-
AMC or Z-LLE-AMC). The concentration of Suc-LLVY-AMC or Z-
LLE-AMC was from 1 to 50 uM. The velocities of reactions were
measured without or with inhibitor (10, 50, or 100 uM). The following
procedures used the same protocol as described above.

Degradation of Casein by Purified 26S Proteasomes. Degradation
of casein was determined according to the methods described in a previous
paper with some modifications (/3). 26S proteasomes were preincubated
with inhibitors (apigenin-6-hydroxy-7-O-f-p-glucoside, 6-hydroxyapigen-
in, quercetin, 5,6,4'-trihydroxy-7,3'-dimethoxyflavone, or 5,6,3' 4 -tetra-
hydroxy-7-methoxyflavone) for 30 min at 37 °C to allow these slow
binding inhibitors to bind to the active sites. Casein (30 uM) was then
added to these pretreated 26S proteasomes and incubated at 37 °C for 2 h.
The final concentration of proteasomes in the assays was 120 nM. Proteins
were precipitated with 5% perchloric acid to separate from peptides. After
centrifugation for 20 min at 13500g, the supernatant was then neutralized
with KOH. The fluorescamine assay was performed at pH 6.8.

Statistical Analysis. For each proteolysis measurement, the mean of
three different experiments + standard error (SE) is presented. Student’s
unpaired ¢ test is used to characterize the differences between two sets of
values. A standard p < 0.05 was set as the significance level. The data of
the relationship were analyzed by Pearson’s correlation coefficient (r).

RESULTS AND DISCUSSION

Inhibitory Effects of Flavonoids on 26S Proteasome Activity.
Many foods and edible plants contain flavonoids. This paper
attempts to evaluate which flavonoids could more efficiently
inhibit the chymotrypsin-like, trypsin-like, and caspase-like activ-
ities of 26S proteasome. The chemical structures of 12 flavones, 5
flavanones, and 9 isoflavones are shown in Figure 1, together with
their abilities to inhibit the chymotrypsin-like, caspase-like, and
trypsin-like activities of 26S proteasomes. Several flavonoids
including apigenin-6-hydroxy-7-0-3-p-glucoside, quercetin, ru-
tin, 6-hydroxyapigenin, 5,6,4'-trihydroxy-7,3'-dimethoxyflavone,
5,6,3' 4'-tetrahydroxy-7-methoxyflavone, glycitecin, and 6,7,4'-
trihydroxyisoflavone were found to be able to inhibit the chymo-
trypsin-like, caspase-like, or trypsin-like activities of 26S protea-
somes (Figure 2A).

The flavone 5,6,3,4'-tetrahydroxy-7-methoxyflavone was
found to be the strongest proteasome inhibitor compared with
other flavonoids in my study. 5,6,3',4'-Tetrahydroxy-7-metho-
xyflavone inhibited 90.5, 85.4, and 73.1% of the chymotrypsin-
like, caspase-like, and trypsin-like activities of 26S proteasomes,
respectively, with ICsq values of 14.0, 5.4, and 24.1 uM (Table 1).
The ICs, values of apigenin-6-hydroxy-7-O-f-p-glucoside, quer-
cetin, rutin, 6-hydroxyapigenin, 5,6,4'-trihydroxy-7,3'-dimethox-
yflavone, 5,6,3',4'-tetrahydroxy-7-methoxyflavone, glycitecin,
and 6,7.4-trihydroxyisoflavone are shown in Table 1. The other
favonoids inhibited <20% of the chymotrypsin-like activity of
26S proteasome, and there was no significant inhibition of the
caspase-like and trypsin-like activities of 26S (Figure 2A).

Next, I evaluated whether structural substituents of flavonoids
would affect their inhibition of 26S activity. Hydroxylation at
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A Flavones

Flavones 3 5 6 7 8 3 4 5 MW
Apigenin - OH - OH - - OH - 270.24
Apigenin-6-hydroxy-7-O-B-D-glucoside - OH OH O-Glu - - OH - 448
Cosmosiin (Apigenin-7-glucoside) - OH - O-Glu - - OH - 432
Kaempferol (3, 4', 5, OH OH - OH - - OH - 286.24
7-Tetrahydroxyflavone)
Quercetin (3, 3, 4, 5, OH OH - OH - OH OH 302.24
7-Pentahydroxyflavone)
Rutin (quercetin-3-rutinoside) 0O-Glu-Rha OH - OH - - OH OH 610.52
6-Hydroxyapigenin - OH OH OH - - OH - 286
5, 4’- Dihydroxy-7-methoxyflavone - OH - O-CH; - - OH - 284.268
5, 6, 7-Trihydroxyflavone - OH OH CH - - - - 270.24
7, 8-dihydroxyflavone - - - OH OH - - - 254.24
5, 6, 4'- Trihydroxy-7, 3'-dimethoxyflavone - OH OH 0-CH; - 0-CH; OH - 330
5, 6, 3, 4'- Tetrahydroxy-7-methoxyflavone - OH OH O-CH; - OH OH - 316
*Glu: glucose; Rha: rhamnose. -: H
B Flavanones 3

O
Flavanones 5 7 3 4 MW
Eriodictyol (3', 4, 5, 7-tetrahydroxyflavanone) OH OH OH OH 288.063
Hesperidin (Hesperetin 7-rhamnoglucoside) OH 0O-Glu-Rha OH O-CH; 610.56
Neohesperidin OH 0-Glu-Rha OH O-CH; 610.57
Naringin (4',5,7-Trihydroxyflavanone-7-thamnoglucoside) OH 0-Glu-Rha - OH 580.541
Poncirin OH 0-Glu-Rha - O-CH;,3 594.57

LGl glucose Rha: thamnase. o B
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IC Isoflavones

Isoflavones

5 6 7 4 MW
Daidzein - - OH OH 254.24
Genistein (5,7,4'-trihydroxyisoflavone) OH _ OH OH 270.24
Genistin OH - 0O-Glu OH 432.41
Glycitein - O-CH; OH OH | 28427

Formononetin (7-hydroxy-4'-methoxy isoflavone)

- - OH O-CH; | 268.27

Ononin

- - O-Glu | O-CH; | 43041

5, 7-Dihydroxy-4'-methoxyisoflavone

OH - OH O-CH; | 284.268
4', 5-Dihydroxy-7-methoxyisoflavone OH 0-CH3 OH 284.268
6, 7,4'-Trihydroxyisoflavone R OH OH OH 270.24

Figure 1. Chemical structures of (A) 12 flavones, (B) 5 flavanones, and (C) 9 isoflavones investigated in this study.

position 6 of flavones increased the inhibitory effects on 26S
activity, whereas hydroxylation at position 4’ decreased the
inhibitory effects (Table 1 of the Supporting Information).
Methoxylation or glycoslation at the 7- or 3'-position of flavones
decreased the inhibitory effects on 26S activity (Table 1 of the
Supporting Information). There were no other significant inhi-
bitory effects on 26S activity by any other position substituents of
flavanones studied (Table 2 of the Supporting Information).
Hydroxylation at position 5 or 6 of isoflavones increased the
inhibitory effects on 26S activity, whereas methoxylation at
position 4’ decreased the inhibitory effect on 26S activity (Table
3 of the Supporting Information). I have found that all flavones
showed stronger inhibitory effects on the chymotrypsin-like and
caspase-like but not the trypsin-like activities of 26S than flava-
nones and isoflavones (p < 0.05) (Figure 2B,C).

Several studies have reported antitumor activity of nume-
rous natural compounds or that they possess synergistic effects
in association with chemotherapeutic drugs. Dietary flavonoids,
apigenin, quercetin, kaempferol, and myricetin, have many
demonstrable health-promoting actions in cancer chemopre-
vention by their ability to inhibit the chymotrypsin-like activity
of 26S proteasome (3), whereas apigenin and quercetin are
much more potent than kaempferol (3). ICsy values of the
flavonoids for inhibition of the chymotrypsin-like activity of
purified 20S proteasome and 26S proteasome in intact Jurkat T
cellsare around 1—12 uM (3). A 20 uM concentration of 5,6,3,4'-
tetrahydroxy-7-methoxyflavone significantly arrested the cell
cycle of Con A-stimulated spleen cells at the GO/G1 stage (/4).
However, I have shown that the inhibitory effect of apigenin
and kaempferol on 26S activity was significantly weaker than

that of quercetin. Most flavonoids inhibited 26S activity,
and their 1Csy values are >50 uM (Table 1). These results
show that minor changes in the structure of flavonoids induced
major changes in the inhibitory effects. Apigenin-6-hydroxy-7-O-
p-p-glucoside, quercetin, 6-hydroxyapigenin, 5,6,4'-trihydroxy-
7,3'-dimethoxyflavone, and 5,6,3,4'-tetrahydroxy-7-methoxyfla-
vone show stronger proteasome inhibition (Figure 2A and
Table 1), which suggests the C(3') hydroxyl or methoxyl group
may play a role in the inhibition of 26S proteasome activity
(Figures 1 and 2A). The C(4) carbon may be a site for nucleophilic
attack by the OH group of the N-terminus of threonine of the
proteasomal S5 subunit. Furthermore, the C(3) hydroxyl may
alter the ability of these flavonoids to inhibit the proteasome (/4).
Apigenin-6-hydroxy-7-O-f-p-glucoside,  5,6,4’-trihydroxy-7,3'-
dimethoxyflavone, and 5,6,3',4’-tetrahydroxy-7-methoxyflavone
show low ICs, values of their chymotrypsin-like activity, and
their structures do not have a C(3) hydroxyl group. Therefore,
the C(3) hydroxyl might not be the only group these flavonids
depend upon for their proteasome inhibitory activity. Our data
show the inhibitory effects of chymotrypsin-like activity of
flavones are stronger than those of isoflavones. This could be
due to the fact that isoflavones contain a C(3) benzyl group,
which may sterically hinder its protesaome inhibitory activity.
Methylated dietary flavonoids did not act as proteasome
inhibitors either in an in vitro system or by an in silico model (15).
They only show an ability to weakly induce apoptosis in the
systems (/5). To understand the relationship between mole-
cular structure and proteasome inhibitory activity, I have eval-
uated the relationship between hydroxyl, methoxyl, and glu-
cosyl groups of the flavonoids and their inhibitory effects on
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Figure 2. (A) Comparison of percentage of chymotrypsin-like (white bars), caspase-like (gray bars), and trypsin-like activities (black bars) of 26S proteasome
inhibited by 100 M concentrations of 12 flavones, 5 flavanones, 9 isoflavones, and MG132 (26S proteasome with DMSO = 100%). Data are reported as mean
+ SEM. Each sample is the mean of three determinations. The star (%) indicates values where difference from control value (DMSO) was statistically
significant at P < 0.01. Comparison of all samples (100 «M) is on chymotrypsin-like (B) and caspase-like activity (C) of 26S proteasomes. Flavones (n= 12,
M), flavanones (n=5, 4), and isoflavones (n =9, ®) represent the mean + SE. The star () indicates values of flavanones and isoflavones where difference
from the value of flavones was statistically significant at P < 0.05. The significance of the differences between flavones, flavanones, and isoflavones was
determined by unpaired Student’s ¢ test (%, p < 0.05).

proteasomes. I have demonstrated that 5,6,4'-trihydroxy-7,3'- inhibitory activity when compared to 5,6,3,4'-tetrahydroxy-7-
dimethoxyflavone with a 3’-methoxyl group had low proteasome methoxyflavone (Figure 2A and Table 1 of the Supporting
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Information). Apigenin-6-hydroxy-7-O-3-p-glucoside with 7-glu-
coside has low proteasome inhibitory activity when compared
to 6-hydroxyapigenin (Figure 2A and Table 1 of the Suppor-
ting Information). Overall, flavones that have more than three
hydroxyl groups such as apigenin-6-hydroxy-7-O-f-p-glucoside,

Table 1. ICsq Values of the Investigated Compounds on 26S Proteasome
Activity

Cso (M)
chymotrypsin-  caspase-  trypsin-
flavonoids and isoflavonoids like like like
apigenin-6-hydroxy-7-0-f-p- 27.8 64.9
glucoside
quercetin 38.5 71.8 79.9
(3,3,4',5,7-pentahydroxyflavone)
rutin 66.0 57.0
6-hydroxyapigenin 61.7 16.1 54.7
5,6,4'-trihydroxy-7,3'-dimethoxyflavone 28.9 40.7
5,6,3' 4’ -tetrahydroxy-7-methoxyflavone 14.0 5.4 24.0
glycitecin 138.4 99.4 171
6,7,4'-trihydroxyisoflavone 113.1

Table 2. Inhibitor Mode of Investigated Compounds on 26S Proteasome
Activity

Michaelis constants K; («M)

inhibition ~ chymotrypsin- caspase- trypsin-

test sample mode like like like
5,6,3',4’-tetrahydroxy-7- mixed 11.2 15.8 -
methoxyflavone
5,6,4'-trihydroxy-7,3'- mixed 32.7 444 -
dimethylflavone
quercetin mixed 60.6 116.3 -

2Unable to establish.
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quercetin, rutin, 6-hydroxyapigenin, 5,6,4'-trihydroxy-7,3'-di-
methoxyflavone, and 5.,6,3 ,.4'-tetrahydroxy-7-methoxyflavone
show stronger 26S proteasome inhibitory activity (Table 2).
Therefore, the number of hydroxyl groups may play an important
role in the inhibitory effects on 26S activity by flavones, whereas
methoxyl and glucosyl groups could hinder the flavone for
nucleophilic attack and thus alter the ability of these flavonoids
to inhibit the proteasome.

Dietary modulation of signaling cascades is a potential che-
mopreventive mechanism controlling cellular growth, prolifera-
tion, and differentiation. Genistein, daidzein, glycitein, and
equol from soybean have a prophylactic effect on prostate cancer
via ERK1/2 activation (16, 17). Genistein also has an anti-
proliferative property on mitogen-stimulated cell growth of in
vitro cultured human breast cancer cells and therefore is a candi-
date for study in the prevention of breast cancer (/8). Addition-
ally, the presented data show that glycitein but not genistein
had high inhibitory with low ICs, on caspase-like 26S activity
(Figure 2A and Table 1).

Relationships among Chymotrypsin-like, Caspase-like, and
Trypsin-like Activities of 26S Proteasome and Flavonoids. To date
there is no information addressing the relationship among
molecular weight and the chymotrypsin-like, caspase-like, and
trypsin-like activities of 26S proteasome and flavonoids. Our data
showed that there is no discernible relationship between the
molecular weight of flavonoids and the inhibitory effect of 100
uM flavonoids on 26S activity (Figure 3A). However, chymo-
trypsin-like activity increased when caspase-like or trypsin-like
activity was significantly increased in the cross-section studies.
The inhibitory effect was strongly correlated with each activity as
analyzed by Pearson’s correlation coefficients (r) of 0.95, 0.83,
and 0.86 (p < 0.001) (Figure 3B—D).

I investigated the relationship among three peptidase activi-
ties of flavonoids. The inhibitory effect of each activity was
strongly correlated with another activity. The primary structure

—
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Figure 3. (A) Relationship between the molecular weight of 100 «M flavonoids and their inhibitory effects on chymotrypsin-like (a), caspase-like (M), and
trypsin-like activities (@) of 26S. Relationship between (B) chymotrypsin-like and caspase-like, (C) chymotrypsin-like and trypsin-like, and (D) caspase-like
and trypsin-like activities of 26S is affected by 100 «M flavonoids: flavones (M); flavanones (#); isoflavones (a). Abbreviations: r, Pearson’s coefficient.
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Figure 4. Lineweaver—Burk plots of 5,6,3',4'-tetrahydroxy-7-methoxyflavone (A, B) 5,6,4'-trihydroxy-7,3'-dimethoxyflavone (C, D) [0 (), 50 uM (a), 100
uM (®@)] and quercetin (E, F) [0 (#), 10 uM (&), 100 «M (®)] effected on 26S proteasome activity when the concentration of the substrate Suc-LLVY-AMC or
Z-LLE-AMC was 0.5, 1,2, 3,4, or 5 uM (A—D) or 5, 10, 20, 30, 40, or 50 uM (E, F). Each point represents the mean of three independent determinations.

of flavonoids might be the factor determining relationship
among the inhibitory effects of chymotrypsin-like, caspase-like,
and trypsin-like activities of 26S proteasomes. The flavones with
low ICsy on 26S proteasomes were selected for study in the
following experiments.

Michaelis—Menten Kinetics of Flavonoids on Chymotrypsin-like
and Caspase-like Activities. To further investigate the inhibition
kinetics, these three flavnoids, 5,6,3' ,4'-tetrahydroxy-7-methoxy-
flavone, 5,6,4'-trihydroxy-7, 3'-dimethoxyflavone, and quercetin,
were analyzed by using the Lineweaver—Burk method (Figure 4).
The experiment employed was the same protocol as described
under Materials and Methods. The concentration of Suc-LLVY-
AMC or Z-LLE-AMC was from 1 to 50 uM. The velocities of
reactions were measured without or with inhibitor (10, 50, or 100
uM). The Lineweaver—Burk plot is shown in Figure. 4. The
Michaelis—Menten kinetics of chymotrypsin activity showed a
Vinax = 4.69 pmol of AMC st (mg of proteins)71 and K, (Suc-
LLVY-AMC) = 35.36 uM and caspase activity witha Vi, = 1.12
pmol of AMC s~ ' (mg of proteins)~' and K,, (Z-LLE-AMC) =
10.35uM. The K; values of 26S chymotrypsin and caspase activities
in the presence of these three flavonoids at 10, 50, or 100 uM are
shown in Table 2. All flavonoids show the mixed type inhibition.

The inhibition kinetics analyzed by Lineweaver—Burk plots
indicates that three flavonoids are inhibitors affecting multiple
targets as mixed type inhibitors. During the experiment, the

flavonoid 5,6,3' 4'-tetrahydroxy-7-methoxyflavone was tested at
a concentration of 100 uM, which exceeded its K; value for the
chymotryptic activity (11.23 uM) and caspase-like activity (15.8
uM) by 8.8- and 6.3-fold, respectively. The flavonoid 5,6,3',4'-
tetrahydroxy-7-methoxyflavone displayed a mixed type noncom-
petitive kinetics in inhibiting chymotrypsin-like or caspase-like
activity when its substrate was Suc-LLVY-AMC or Z-LLE-
AMC, with KI' < KI. This suggested that the kinetic rate of
enzyme—3,6,3' 4’ -tetrahydroxy-7-methoxyflavone association is
faster than that of enzyme—substrate—>5,6,3',4’-tetrahydroxy-7-
methoxyflavone association. The efficiency of flavonoid inhibi-
tion of chymotrypsin-like and caspase-like activity may depend
on their chemical structures, chiefly the 3 OH group. The
degradable fragments of proteins are affected by the association
of chymotrypsin-like or caspase-like enzyme with 5,6,3',4'-tetra-
hydroxy-7-methoxyflavone. The other two peptidase activities
are not affected.

Inhibition by Flavonoids on Three Peptidase Activities That Are
Stimulated by Ubiquitin. Binding of model polyUb substrates to
the 19S regulator of mammalian and yeast 26S proteasomes
enhances the peptidase activities of the 20S proteasome about 2-
fold in a process requiring ATP hydrolysis (19, 20). Ubiquitin is
present in all eukaryotic cells by current knowledge. When
ubiquitin was added into the assay mixture to mimic the cell in
vivo, it stimulated the 26S proteasome activity to about 1.2-fold
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Figure 5. Inhibition of ubiquitin-induced stimulation of proteasome activity by flavonoids. 26S proteasomes were preincubated without (white bars) or with
(gray bars) ubiquitin and then treated with 100 «M inhibitors (MG 132, apigenin-6-hydroxy-7-O-/3-b-glucoside, 6-hydroxyapigenin, quercetin, 5,6,4'-trihydroxy-
7,3 -dimethoxyflavone, or 5,6,3',4'- tetrahydroxy-7-methoxyflavone). Chymotrypsin-like (A), caspase-like (B), and trypsin-like (C) activities were assayed.
Proteasome activities are arbitrary values. Values are the means (£SD) from three independent experiments.

for all three peptidase activities. To test whether the flavonoids’
inhibitory effects were influenced by ubiquitin-induced 26S
proteasome activity, 160 nM 26S proteasomes isolated from pig
erythrocytes were preincubated with or without 7.2 uM ubiquitin
and the reaction products were detected by peptide assay. I noted
that stimulation induced by ubiquitin on the chymotrypsin-like,
caspase-like, and trypsin-like activities could be blocked by
treatment of the 26S proteasome with 100 uM flavonoids

(Figure 5). I have found that the inhibitory effects induced by
ubiquitin on the chymotrypsin-like activity of 26S proteasome
were increased about 1.1-fold by apigenin-6-hydroxy-7-0O-f3-p-
glucoside, quercetin, 6-hydroxyapigenin, and 5,6,3',4'-tetrahy-
droxy-7-methoxyflavone (Figure 5), whereas 5,6,4'-trihydroxy-
7,3'-dimethoxyflavone decreased the ubiquitin-induced stimula-
tion of the chymotrypsin-like activity of 26S proteasome
(Figure 5A). Similar results were seen on the stimulation induced
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Figure 6. Degradation of casein by purified pig 26S proteasome. Reactions contained 120 nM 26S proteasome and 1.2 «M casein in the presence of DMSO
(control) or 100 «M inhibitors (MG132, 6-hydroxyapigenin, apigenin-6-hydroxy-7-O-/3-b-glucoside, quercetin, 5,6,4'-trihydroxy-7,3'-dimethoxyflavone, or
5,6,3 ,4'-tetrahydroxy-7-methoxyflavone). Proteolysis is expressed as the percentage of casein degraded. Each measurement was carried out using at least

three independent experiments.

by ubiquitin on the caspase-like and trypsin-like activities of 26S
proteasome inhibited by flavonoids (Figure 5B,C).

These findings agree with previously published data that
preincubation of ubiquitin with 26S stimulated all three peptidase
activities (19, 20). Thus, ubiquitin may bind to 19S to minimally
open the narrow channel and hence allow peptide substrate to
access the active site of 20S proteasome. Interestingly, there is no
effect detected on the inhibitory of flavonoids by ubiquitin-
induced stimulation of proteasome activity.

Inhibitory Effects of Flavonoids on the Degradation of Casein.
The 26S proteasome has the capacity to degrade certain native
disordered and nonubiquitinated proteins, such as casein. Protein
degradation in vitro and in vivo is reduced significantly only when
either the trypsin-like or caspase-like sites are inhibited, together
with the chymotrypsin-like sites (/3). It is noted that apigenin-
6-hydroxy-7-0-f-p-glucoside, 6-hydroxyapigenin, quercetin, 5,6,
4'-trihydroxy-7,3'-dimethoxyflavone, and 3,6,3' .4'-tetrahydroxy-
7-methoxyflavone all displayed low 1Csq values of chymotrypsin-
like activity of 26S proteasome. I have examined the degradation
of those compounds on casein by the 26S proteasome. The
inhibition of casein degradation was found to be apigenin-6-
hydroxy-7-O-f-p-glucoside > 5,6,3' 4'-tetrahydroxy-7-methoxy-
flavone > 6-hydroxyapigenin = quercetin > 5,6,4'-trihydroxy-
7,3 -dimethoxyflavone > MG132 (Figure 6). However, the de-
gradation enzymatic velocities of these five flavonoids are dissim-
ilar to the kinetics of fluorogenic peptide hydrolysis. Proteasomes
usually cut on average every eighth peptide bond in a polypep-
tide (21). A polypeptide usually is hydrolyzed on average every
eighth peptide bond (21) by determining the appearance of new
amino groups with fluorescamine (22). The data showed the
ability to degrade casein could be due to chymotrypsin-like activity
of 26S proteasome. Our results indicate that blocking both the
caspase- and trypsin-like sites will render a 45% decrease in casein
hydrolysis (13).

In conclusion, apigenin-6-hydroxy-7-O-3-p-glucoside, 6-hy-
droxyapigenin, quercetin, 5,6,4'-trihydroxy-7,3'-dimethoxyfla-
vone, and 5.,6,3' 4'-tetrahydroxy-7-methoxyflavone show low
1Cs values of chymotrypsin-like activity. A recent study showed
that the dietary flavonoid quercetin reduced bortezomib-induced
apoptosis through formation of cyclic boronate esters between

the catechol group of quercetin and the boric acid group of
bortezomib (23). Apigenin-6-hydroxy-7-0-f-p-glucoside and 5,6,
4'-trihydroxy-7,3'-dimethoxyflavone without a catechol group
may be potential drugs to combine with bortezomib to inhibit
26S proteasomes. 5,6,3'.4'-Tetrahydroxy-7-methoxyflavone is
shown to have higher inhibitory of 26S activity by peptide assay
and kinetic mode, whereas apigenin-6-hydroxy-7-O-f-p-gluco-
side is the best to inhibit casein degradation. 5,6,4’-Trihydroxy-
7,3'-dimethoxyflavone is the most useful inhibitor by ubiquitin-
stimulated 268 activity. It appears that the 7- and 3'-positions of
flavones could be regulatory sites for the inhibitory activity of 26S
proteasome. These results may be useful in the evaluation of the
relationship between chemical structure and biological activity of
flavonoids and could be useful for the development of potential
novel drugs against a number of diseases that involve the
ubiquitin—proteasome pathway.
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