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Anovel classofhydroxycoumarinderivativeswere foundtobepotentR-glucosidase inhibitors.Their syntheses
were reported and the structure-activity relationshipwas established. Kinetic enzymatic assays indicated that
compound10was a slow-binding andnoncompetitive inhibitorwith aKi valueof 589nM,while compound 11
was a competitive inhibitor with a Ki value of 4.810 μM. Among all hydroxycoumarin derivatives studied,
compounds 10 and 11 exhibited the highest activities, were specific inhibitors of R-glucosidase, and could be
exploited as the lead compounds for the development of potent R-glucosidase inhibitors. Compounds 10 and
11 were also selected for further discussion for the mechanism of enzymatic inhibition.

1. Introduction

R-Glucosidases are ubiquitous in nature. They are involved in
the synthesis and breakdown of R-linked di-, oligo-, and poly-
saccharides, playing a crucial role inmetabolic processes such as
food storage and utilization and in cellular communication
through modification of the glycosylation state of proteins.1,2

Inhibition ofR-glucosidases and related enzymes play important
roles in the treatment of diabetes, human immunodeficiency
virus (HIV/AIDS), cancer, and other degenerative diseases.3-6

Indeed severalR-glucosidase inhibitors including nojirimycin,
N-butyldeoxy nojirimycin, and castanospermine have been
shown to inhibit HIV replication and HIV-mediated syncy-
tium formation.6-10

Coumarin derivatives have been reported to possess some
biological activities similar to those of R-glucosidase inhibitors
such as anti-HIV activity,11 HIV-1 protease inhibition,12 anti-
mutagenic,13 lipoxygenase and cycloxygenase inhibition,14,15 and
antitumor metastasis.16,17 Moreover, the structure similarity
betweenhydroxycoumarinderivatives andapotentR-glucosidase
inhibitorgenistein18promptedus to investigate theR-glucosidase
inhibitory activity of hydroxycoumarin derivatives.

Although coumarin derivatives have shown to be active
against various biological targets, its R-glucosidase inhibition
property has not been studied. In the course of looking for
novel, easily accessible, and chemically stable R-glucosidase
inhibitors, we found that hydroxycoumarin derivatives are
good candidates. We propose to examine their R-glucosidase
inhibition properties and to expand the application scope of
this type of easily accessible compound. Herein we report the
preparation and the R-glucosidase inhibition properties of a
series of hydroxycoumarin derivatives and discuss thoroughly
the mechanism of enzymatic inhibition for the first time.

2. Chemistry and Biological Assay

2.1. Synthesis of Compounds 1-11.The general synthesis is
described in Schemes 1-4. Condensation reaction between

benzene-1,2,3-triol and ethylacetonacetate gave 7,8-dihydroxy-
4-methyl-2H-chromen-2-one (1) under Pechmann conditions.19

Compounds 2 and 3 were prepared through reaction of
p-quinone with acetic anhydride and subsequently treated
with either ethyl acetonacetate20 or (()-malic acid, as indi-
cated in Scheme 2. Treatment of resorcinol or 2-methylre-
sorcinol with malonic acid using a modified method21

yielded 4 and 5, which were further reacted with p-quinone
to give 10 and 11, respectively.O-Methylation of compounds
4 and 5 with methyl iodide in acetone afforded 40, 400, and 50.
Compound 6 was obtained by a method similar to that for
compounds 4 and 5. Resorcinol and ethylacetoacetate were
treated under Pechmann conditions19 to give substituted
coumarin 7. Scheme 3 illustrates the synthesis of compound
8 by Knoevenagel condensation of salicylaldehyde with
glycine methyl ester in the presence of triethylamine to give
an intermediate, whichwas subjected to hydrolysis with 38%
sulfuric acid to give compound 8.22 Scheme 4 illustrates the
synthesis of compound 9 by Wittig type reaction to give an
intermediate, which was treated with boron tribromide in
refluxing dichloromethane, leading to compound 9.23

It has been shownpreviously that treatment of 1,4-benoquinone
with hydroxycoumarins afforded 2,3-disubstituted but not
2,5-disubstituted 1,4-benoquinones in a region-selective
fashion.24 The X-ray structure of 10 confirmed it to be a
2,3-disubstituted 1,4-p-dihydroxyphenol (Figures 1 and 2).25

However, a 1,4-benzoquinone structurewas indicated for 11,
based on results from mass spectrometry and 1H NMR in
comparison with published data.24

2.2. Biological Assay. Both p-nitrophenyl (PNPa) glyco-
sides and R-glucosidase (from baker’s yeast) were purchased
from Sigma (St. Louis, MO). Compounds 12, 13, and 14
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aAbbreviations: PNP, p-nitrophenyl; CD, circular dichroism, DMF,
dimethylformamide; DMSO, dimethylsulfoxide; ESI, electrospray ioniza-
tion; HPLC, high pressure liquid chromatography; LC, liquid chromatog-
raphy; RT, room temperature; MS, mass spectrometry; NMR, nuclear
magneticresonance; THF, tetrahydrofuran; TLC, thin layer chromatogra-
phy;UV,ultraviolet;NADþ, nicotinamide adenine dinucleotide coenzyme;
TMS, tetramethylsilane; FAB, fast-atom bombardment; DNS, dinitrosa-
licyclic acid; PNPG, p-nitrophenyl-β-D-galactopyranoside; IC50, concen-
tration required for 50% of full inhibitory effect.
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(Figure 3) were purchased from Aldrich-Sigma and used for
a comparative study.

All compounds were tested for their ability to inhibit
R-glucosidase using the reported procedures.26,27 The inhibition

constants (Ki) were generated by the Lineweaver-Burk
plots.28 Circular spectroscopy was used to examine the com-
pounds affecting on the secondary structure ofR-glucosidase
protein.29 Selected compounds were evaluated for β-
glucosidase30,31 and β-D-galactosidase inhibition.32,33

3. Results and Discussion

The compounds were tested in R-glucosidase enzymatic
assay using yeast R-glucosidase as described in the Experi-
mental Section. 5,7-Dihydroxy-4-methyl-2H-chromen-2-one
(12), deoxynojirimycin (13), and genistein (14) (Figure 3) were
used for a comparative study. The results are shown in Table 1.
Compound 10 was the most potent R-glucosidase inhibitor
with an IC50 value of 0.86 μM, being ∼14 times more potent
than genistein (14, IC50 = 12.36 μM). Compound 11 also
exhibited potent inhibitory activity with an IC50 value of 2.82
μM, being more effective than genistein, a known R-glucosidase
inhibitor. Hydroxycoumarin derivatives (1-5) had signifi-
cantly reduced inhibitory activity with IC50 in the range
38-94 μM. Nevertheless 4,7-dihydroxy-2H-chromen-2-one
(4) and compound 8 gave modest activity with IC50 values of
38.85 and 35.30 μM, having a potency similar to that of the
reference inhibitor deoxynojirimycin (13). Compounds 40, 400,
and 50 showed weak inhibitory activity. Compound 7 has
potency similar to that of compounds 1 and 5. Compounds 3,
6, and 9 were not active at the highest concentrations tested.

Analysis of the structure-activity relationship indicated
that the introduction of either a methyl or hydroxyl group at
the 8-position of hydroxycoumarin (4) resulted in a decreased
R-glucosidase inhibitory activity as shown by compounds 1

Scheme 1
a

aReagents and conditions: (a) ethyl acetonacetate, H2SO4, 0-5 �C; (b) malonic acid, ZnCl2, POCl3, 60-65 �C, 12 h; (c) 4 or 5, p-quinone, 50% aq

acetone, 50 �C, 10 h; (d) 40, 40 0, 50, anhydrous K2CO3, anhydrous acetone, iodomethane, reflux, 8 h.

Scheme 2a

aReagents and conditions: (a) acetic anhydride, concentrated sulfuric

acid, 40-50 �C; (b) (()-malic acid, 75% sulfuric acid, 80 �C; (c) ethyl
acetoacetate, 75% sulfuric acid, 80 �C.

Scheme 3a

aReagents and conditions: (a) glycine methyl ester, Et3N; (b) hydro-

lysis, 38% sulfuric acid.

Scheme 4a

aReagents and conditions: (a) Ph3PdCHCOOMe, toluene, reflux;

(b) BBr3, CH2Cl2, reflux.

http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-000.png&w=343&h=310
http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-001.png&w=237&h=48
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and 5 in comparison with 4. An additional hydroxyl or a
methyl substituted at 6-position was not tolerated; thus, com-
pounds 2, 3, 6, and 9 almost completely abolished the activity.
In contrast, additional hydroxyl substituted at 3-position
played a major role in the inhibitory activity, so compound
8 showedmodest activity. Introductionof a hydroxyl group at
the 4-position of hydroxycoumarin (4) played a more major
role in the inhibitory activity than that of methyl group at the
4-position of hydroxycoumarin (7). O-Methylation of 4-OH
or/and 7-OH led to a large decrease in the activity as shown by
compounds 40, 400, and 50 in comparison with 4 and 5. This
indicates that 4-OH and 7-OH in compounds 4 and 5 were
crucial to the activity, primarily as an H-bonding donor to
interact with R-glucosidase, since the hydroxyl group is an

H-bonding donor/acceptor, while the methoxy group can just
act as anH-bonding acceptor. Compounds 10 and 11, posses-
sing excellent enzymatic inhibiting activity, were favorable for
binding to the R-glucosidase. 10 was more potent than 11,
confirming further deactivation of the methyl group at the
8-position of hydroxycoumarin, as shown also in 5. It is
assumed that the hydroxyl groups at C-1 and C-4 of 10 may
serve as hydrogen donors to form hydrogen bonds with the
enzyme, while 11may not be able to form such interactions.

We evaluated the selectivity of potent several R-gluco-
sidase inhibitors for two sugar hydrolases (β-glucosidase
and β-D-galactosidase) inhibitions (Tables 2 and 3). As indi-
cated, compound 8 neither inhibited β-glucosidase nor β-D-
galactosidase.Compounds10and11 showedweak inhibitionon
β-glucosidase and β-D-galactosidase (IC50 > 200 μM). Com-
pound 12 showed modest inhibitory activity against β-gluco-
sidase and β-D-galactosidase. Compounds 4 and 5 did not
inhibit the β-D-galactosidase. Compound 5 gave some inhibi-
tion against the β-glucosidase (IC50 = 87.6 μM), whereas
compound 4 had potency similar to that of compounds 10
and 11. Therefore, compounds 4, 8, 10, and 11 could belong to
specific R-glucosidase inhibitors.

To further investigate the inhibitory effect of com-
pounds 10 and 11 on the activity of R-glucosidase, we also
performed dose-response experiments. These results (not
shown) showed that the activity of R-glucosidase was de-
creased by compounds 10 and 11 in a dose-responsive
manner, indicating that these two compounds have strong
affinity toward R-glucosidase.

Slow binding, or slow onset of inhibition, is a widespread
phenomenonamong potent glycosidase inhibitors. In order to
support our point, we investigated whether the IC50 values
vary by preincubation of the inhibitor 10 with the enzyme.
These results show that the IC50 value for the inhibition of
R-glucosidase vary depending on the time of pretreatment
with compound 10. When the substrate and compound 10

were added simultaneously, the IC50was 88.36μM.This value
decreased almost 100-fold when R-glucosidase was treated
with compound 10 at 37 �C for 1 h before the initiation of
enzyme reaction (not shown). The data indicate that the
inhibition mode seems to be a slow-binding inhibitory mode.

The mechanism of the representative inhibitors binding to
the R-glucosidase was further studied by analysis of the Line-
weave-Burk plots.28 The Ki value was calculated using the
values ofVmax obtained at 1.00 and 3.00 μMfor compound 10
and the values of Vmax obtained at 2.00 and 5.00 μM for
compound 11, respectively. It revealed that compound 10was
a noncompetitive inhibitor with a Ki value of 0.587 μM
(Figure 4). In contrast, compound 11 was a competitive
inhibitor with a Ki value of 4.81 μM.

The percentage of R-helix and loop (β-turn and random)
and the special ratio of R/β within the secondary structure of
the enzyme molecular of R/β structure relate to the native
conformation.34,35 The special functional domain may be
important for preservation of enzymatic activity. To further
elucidate the inhibitory mechanism, the effects of inhibitors 4,
10, 11 on the secondary structure of R-glucosidase were
studied with circular dichroism spectra.29,36 The results
showed that the inhibitors caused a decline in the percent of
R-helix in a dose dependent manner and changes in the ratios
ofR/β, as shown inTable 4.Generally, the helices are themost
stable elements of secondary structure of protein.37 This sug-
gested that inhibitors caused some disturbance in the second-
ary structure and affected the folding of R-glucosidase.29,34

Figure 2. Compound 1025 crystallizes from dimethylformamide
(DMF) as a trisolvate.

Figure 3. Structures of 12-14.

Figure 1. X-ray crystal structure of 10:25 asymmetric unit, with
displacement ellipsoids drawn at the 50% probability level.

http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-004.png&w=240&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-005.png&w=240&h=68
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Apparently, the enzyme undergoes a series of inhibitor-
induced conformational changes as shown in Figure 5 (confor-
mational changes of the of R-glucosidase is most obvious
when compound 11 interacted with the enzyme), but minor

conformational changesmayhave influence on the potency of
enzyme inhibition.37 The inhibitor induced conformational
changes of specific elements of the secondary structure in the
enzyme molecule may be part of the mechanism of the inhi-
bition required to prevent the hydration of the substrate
binding site and also required to induce the cleft closure to
avoid substrate entrance.34,35,37 This may result in the failure
of formation the active center, a decrease of the substrate
binding, a misfolding of the polypeptide chain, and finally in-
activation of the enzyme. These may have been caused by the
cluster effect, and these results may contribute to a more
complete understanding of the enzyme-inhibitor interaction.

Taken together, the reasons why the compounds could
inhibit the activity of R-glucosidase and why the specific ele-
ments of the secondary structure in the enzymemolecule could
have been changed, even why these two compounds could
have strong affinity toward R-glucosidase, were mainly as-
cribed to the interaction (cluster effect) between the compounds
and enzyme. Compounds 10 and 11 were selected for further
detailed evaluation for themechanismof enzymatic inhibition.

We know the crystal structure of 10 (Figures 3 and 4) and
note that the 1-hydroxy group serves as a hydrogen-bond
donor to a DMF molecule, whereas the substituent at the
3-position functions as a hydrogen-bond donor to two DMF
molecules,25 indicating that compound 10 could serve as a
hydrogen-bond donor easily. Therefore, we proposed that the

Table 1. Inhibition of R-Glucosidasea,26,27

aValues are the mean of at least three independent determinations. NA means no inhibition (less than 20% inhibition at 200 μM).

Table 2. Selection of Compounds for Inhibition of β-Glucosidasea,30,31

test sample content ( μmol/L) maximum inhibition (%) IC50 ( μM)

4 400 36.7 >400

5 400 87.6

8 400 0 NA

10 200 23.0 >200

11 200 15.6 >200

12 400 45.4
aValues are the mean of at least three independent determinations.

NA means no inhibition (less than 20% inhibition at 400 μM).

Table 3. SelectionofCompounds for Inhibitionofβ-D-Galactosidasea,32,33

test sample content ( μmol/L) maximum inhibition (%) IC50 ( μM)

4 400 0 NA

5 400 0 NA

8 400 0 NA

10 200 2.0 >200

11 200 31.7 >200

12 400 53.9 >200
aValues are the mean of at least three independent determinations.

NA means no inhibition (less than 20% inhibition at 400 μM).

http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-007.png&w=377&h=371
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1-hydroxy group and the substituent at the 3-position func-
tionsmay receive and donate the hydrogen bond from the side
chain of R-glucosidase protein residues because residues are
believed to play an important role in the catalytic mechanism
as the corresponding residues in oligo-1,6-glucosidase.38 The
phenol moiety seems to be an effective chemical group for
binding its catalytic activity.38

Themultiple hydroxyl functions of 10 and 11 are critical for
their inhibitory activity toward R-glucosidase. The X-ray
crystal structure34 of maltose in complex with R-glucosidase
indicates that one of its glucose rings is bound by multiple
hydrogen bonds to Asn-153, His-203, Asp-260, Asp-116, and
Arg-263 while hydrophobically stacked between Val-117 and
the β-nicotinamide ring of NADþ. Another ring of maltose

formed a hydrophobic interaction with Ph-238 to stabilize the
interactions. The structures of compounds 10 and 11 have
some similarity to that of maltose (many hydroxy groups and
six-member cyclic structure), indicating that a similar interac-
tion might be formed between compounds and R-glucosidase.
Serving as a hydrogen-bond, the hydroxy groups at the
1C-/4C-position of 10 donors may contribute to its greater
potency in comparison to 11. p-Dihydroxyphenol has been

Figure 4. Double-reciprocal plots of the inhibition kinetics of yeast
R-glucosidase by compounds 10 (up) and 11 (down). R-Glucosidase
(50 μL, 10U/mL)was treatedwith 10 or 11 at 37 �C for 1 h, followed
by varying concentrations of PNP.

Table 4. Effects of Hydroxycoumarin Inhibitors on the Secondary
Structure of R-Glucosidasea

compd R-helix (%) β-sheet (%) β-turn (%) random (%)

without inhibitor 35.00 33.30 6.60 25.10

10 (0.5 μM) 32.70 30.00 9.20 28.10

10 (0.3 μM) 33.40 23.80 13.40 29.40

without inhibitor 32.60 27.60 10.90 28.90

11 (5.0 μM) 26.00 33.60 9.30 31.10

11 (8.0 μM) 25.40 34.30 8.20 32.00

without inhibitor 50.10 26.70 3.20 20.00

4 (30.0 μM) 37.10 7.40 21.40 34.10

4 (15.0 μM) 47.10 5.30 18.00 29.40
aValues are the mean of at least three independent determinations.

Figure 5. CD (circular dichroism) spectra of enzyme after enzyme
interaction with compounds 4, 10, 11. The CD spectra were recor-
ded with 5 times accumulation.

http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-008.jpg&w=240&h=335
http://pubs.acs.org/action/showImage?doi=10.1021/jm100757r&iName=master.img-009.jpg&w=240&h=558
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displaced by p-benzoquinone,25,29 and the number to form the
hydrogen bond may decrease in the absence of some phenol
moiety and then result in weakening of the hydrogen bond
interaction. A strong hydrogen bond between the phenolic
oxygen of chalcone derivatives andR-glucosidase protein resi-
dues in the active binding site has been suggested previously,38

supporting the potential role of the phenol group as a surro-
gate for the terminal monosaccharide of the substrate.38,39

Furthermore, the bis-chromen-2-one moieties (extended
π-conjugated system) of 10 or 11 may facilitate the extensive
hydrophobic interactions (π-stacking) within the active bind-
ing site.38,40 The two interactions (mainly hydrogen bond and
hydrophobic interactions) between the inhibitors and enzyme
form a cluster effect to influence the conformation and then
change the activity of the enzyme. The aforementioned results
also strongly suggest that the hydroxyl functions make sub-
stantial contributions to the remarkably enhanced inhibitory
activities as shown by compounds 4 and 5 in comparison with
40, 400, and 50. However, the detailed structural characteristics
of the inhibitor in complex with R-glucosidase can only be
fully elucidated by X-ray crystallography.

In summary we have prepared a class of novel R-glucosi-
dase inhibitors bearing a coumarin skeleton. The lead com-
pounds 10 and 11 have demonstrated excellent inhibitory
activities against R-glucosidase with IC50 values in a range
from lowmicromolar to subnanomolar and specific inhibitors
of R-glucosidase. The mechanism studies indicated that the
hydrogen bond and extensive hydrophobic interactions be-
tween the inhibitors and enzyme are in a cooperative fashion
(cluster effect) to have influence on the conformation of the
enzyme, to change the specific elements of the secondary
structure, and finally to cause inactivation of the enzyme.
Knowledge gained in this study could help future develop-
ments for searching for new R-glucosidase inhibitors.

4. Experimental Section

Chemistry. Melting points were measured using an Electro-
thermal 8103 apparatus and were uncorrected. IR spectra were
recorded with Perkin-Elmer 398 and FT spectrophotometers.
1H NMR spectra were recorded on a Varian Unity INOVA
500 MHz spectrometer with TMS as internal standard. The
values of the chemical shift (δ) are given in ppm, and the coupling
constants (J) are inHz.All chemicals usedwere of analytical grade.
Progress of the reactions was monitored by TLC on precoated 60
F254 silica gel plates (0.25 mm, Merck). ESI-MS spectra were
performed on a Thermo Finigan LCQ DECA XP ion trap mass
spectrometer. Elemental analysis was carried out on an Elementar
VarioELCHNSelemental analyzer.All compounds tested in vitro
were determined to be of >95% purity by HPLC and EA. The
purity of compound 10 is determined to be almost 100%, as it is
a single crystal.

7,8-Dihydroxy-4-methyl-2H-chromen-2-one (1). A mixture of
pyrogallol (12.6 g, 0.1 mol) and concentrated H2SO4 (100 mL)
was stirred at -5 to 5 �C. Ethyl acetoacetate was added
cautiously to the reaction mixture, and the solution was kept
at-5 to 5 �C for 2 h with stirring. The mixture was then poured
into cold water (1 L), and the precipitate was collected, washed
with cold water, and crystallized from EtOH.

6,7-Dihydroxy-4-methyl-2H-chromen-2-one (2).21 Hydroxy-
droquinone triacetatewas prepared according toknownmethods.
A mixture of ethyl acetoacetate (0.045 mol) and hydroxydroqui-
none triacetate (0.045 mol) was stirred for 20 min, and 75%
sulfuric acid (45 mL) was added. The mixture became a homo-
geneous and gave a deep red solution. The red solutionwas heated
on a water bath with occasional shaking and stirring until the
temperature reached 80 �C. The mixture was maintained at this

temperature for 11/2 h. It was then cooled to room temperature,
filtered, and the precipitate was washed to give 2.

6,7-Dihydroxynaphthalen-2(1H )-one (3).A similar procedure
to that described above was employed.

4,7-Dihydroxy-2H-chromen-2-one (4). A mixture of resorcin-
ol (11 g), malonic acid (12.3 g), anhydrous zinc chloride (44 g),
and phosphorus oxychloride (33mL) was heated with stirring at
60-65 �C for 12 h. The mixture was cooled and quenched with
ice-water. The crude product was collected and dissolved in 5%
sodium carbonate. An oily byproduct was removed and acid-
ification of the remaining solution gave the residues which were
recrystallized from EtOAc to yield 4. Yield 62%, mp 244-
246 �C. MS: m/z 179 (M þ H)þ. 1H NMR (acetone-d6) δ: 7.68
(d, 1H, J=9.0 Hz, 5-H), 6.82 (d d, 1H, J=2.4 Hz, 6-H), 6.71 (d,
1H, J=2.4 Hz, 8-H), 5.55 (d, 1H, J=3.0 Hz, 3-H). Anal. Calcd
for C9 H6O4: C, 60.68; H, 3.39. Found: C, 60.53; H, 3.48.

4-Methoxy-7-hydroxy-2H-chromen-2-one (40).Toa25mLround-
bottom flask, compound 4 (4.4 mmol), iodomethane (4.8 mmol),
K2CO3 (6.6 mmol), and anhydrous acetone (50 mL) were added.
The mixture was refluxed for 8 h. After the mixture was cooled to
RT, solventwas removed invacuo,and the residuewasdissolved ina
1:1 EtOAc/H2O mixture. The product was extracted with EtOAc,
washed with H2O and brine, then dried over anhydrous Na2SO4.
Solvents were evaporated under reduced pressure. The residue was
purified by column chromatography through silica gel (DCM/
EtOAc) to get compound 40. Yield 25%, ESI-MS: 191 (M - H)-.
1HNMR (300MHz, DMSO) δ: 3.80 (s, 3H), 5.99 (s,1H), 6.67 (dd,
J=9.39, J=2.28, 1H), 6.75(dd, J=9.39, J=2.28, 1H), 7.95(d, J=
2.28,1H). Anal. Calcd for C10H8O4: C, 62.50; H, 4.20. Found: C,
62.41; H, 4.26.

4,7-Dimethoxyy-2H-chromen-2-one (40 0). 40 0 was obtained by
a similar method described above. Yield 32%. ESI-MS:m/z 205
(M-H)-. 1H NMR (300 MHz, CDCl3) δ: 3.87 (s, 3H), 3.97 (s,
3H), 5.56 (s, 1H), 6.79 (d, J=2.4 Hz, 1H), 6.83 (dd, J=8.4 and
2.4 Hz, 1H), 7.69 (d, J=8.4Hz, 1H). Anal. Calcd for C11H10O4:
C, 64.07; H, 4.89. Found: C, 64.00; H, 4.92.

4,7-Dihydroxy-8-methyl-2H-chromen-2-one (5). 5 was obtai-
ned by the method described to get 4 above. Yield 75%, mp
269-271 �C. MS: m/z 205 (M - H)-. 1H NMR (acetone-d6) δ:
7.54 (d, 1H, J=9.0 Hz, 5-H), 6.88 (d, 1H, J=9.0 Hz, 6-H), 5.51
(s, 1H, 3-H), 2.22 (s, 3H, 8-CH3). Anal. Calcd for C11H10O4: C,
64.07; H, 4.89. Found: C, 64.01; H, 4.95.

4-Methoxy-7-hydroxy-8-methyl-2H-chromen-2-one (50). 50 was
obtained by a similar method described to get the compound 40.
Yield 22%. ESI-MS: m/z 219 (M - H)-. 1H NMR (300 MHz,
CDCl3) δ: 2.29 (s, 3H), 3.91 (s, 3H), 3.96 (s, 3H), 5.56 (s, 1H), 6.81
(d, J=8.7 Hz, 1H), 7.62 (d, J=8.7 Hz, 1H). Anal. Calcd for
C12H12O4: C, 65.45; H, 5.49. Found: C, 65.42; H, 5.51

4-Hydroxy-6-methyl-2H-chromen-2-one (6). 6 was obtained
by the method described to get compound 4.

4-Methyl-7-hydroxycoumarin (7). Compound 7was prepared
based on a literature method.19 Yield 80%. FAB-MS m/z: 177
([MþH]), 154 ([M-OH]). These data are in agreementwith the
literature results.41

3-Hydroxy-2H-chromen-2-one (8). 8was prepared based on a
literature procedure.22

3,30-(3,6-Dihydroxycyclohexa-1,4-diene-1,4-diyl)bis(4,7-dihy-
droxy-2H-chromen-2-one) (10). A solution of compound 4 and
p-quinone in 50% aqueous acetone was heated at 50 �C for 10 h
with stirring. Solvents were evaporated under reduced pressure.
The residue was purified by column chromatography through
silica gel (cyclohexane/acetone 1:4 v/v) to yield pure compound
10. Yield: 15%, mp 140-142 �C. ESI-MS: 463 (M þ H)þ. 1H
NMR (acetone-d6) δ: 7.74-7.71 (dd, 2H, 50-H), 6.91 (d, 2H,
2-H, 3-H), 6.84-6.80 (dd, 2H, 60-H), 6.63-6.62 (m, 2H, 70-OH).
Anal. Calcd for C24H14O10: C, 62.34; H, 3.04. Found: C, 62.21;
H, 3.15.

2,5-Bis(4,7-dihydroxy-8-methyl-2-oxo-2H-chromen-3-yl)cyclo-
hexa-2,5-diene-1,4-dione (11). 11 was prepared in a similar
manner. Yield: 12%, mp 152-154 �C. ESI-MS: 487 (M - H)-.
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1H NMR (DMSO-d6) δ: 7.58, 7.40 (dd, 2H, J=6.0 Hz, 50-H),
6.83-6.72 (m, 4H, 2-H, 3-H, 60-H), 2.08 (d, 6H, 80-CH3). Anal.
Calcd for C26H16O10: C, 63.94;H, 3.30. Found: C, 63.82;H, 3.37.

Compounds 12, 13, and 14 were purchased from Aldrich-
Sigma Chemical Co. Ltd. and used for the comparative study.

Enzyme Assays. p-Nitrophenyl (PNP) glycosides and R-gluco-
sidasewere purchased fromSigma (St. Louis,MO).R-Glucosidase
enzymatic assay was performed as described previously.26,27

β-Glucosidase activity was assayed30,31at 37 �C by following the
increasing absorbance at 540 nm, accompanying the hydrolysis of
the substrate (salicin). Enzyme (10 mL) was added to 1 mL of the
activity assay system containing inhibitor, 5.0 mM salicin, 0.1 M
NaAc-HAc buffer, pH 5.0. After reaction for 10 min at 40 �C,
1mL of 3,5-dinitrosalicyclic acid (DNS) reagent1 was added to the
reactionmixture to stop the reaction. Then themixture was heated
for 5 min in boiling water for color development. The enzyme
activity was calculated by the increased absorption of the reaction
mixture at 540 nm, using glucose as a standard. The assay was
performed in triplicate with five different concentrations around
the IC50 values that were roughly estimated in the first round of
experiments, and the mean values were adopted

Assay of β-Galactosidase. The activity of the β-galactosidase
(9.4 unit/mg solid, from Aspergillus oryzae, Sigma Co.) was
measured by the modified method32,33 described.

Enzymatic Kinetics.The reaction was performed according to
the above reaction conditions with inhibitors of various con-
centrations. Inhibition types for the inhibitors were determined
by double-replot of slope versus the reciprocal of the substrate
concentration. Ki values for each inhibitor were determined by
measuring the rate PNP hydrolysis by R-glucosidase at varying
inhibitor concentrations. Data were plotted in Lineweaver-
Burk plots (1/rate vs 1/[substrate]), and Ki values were deter-
mined through a Dixon plot. The Ki reported was estimated by
averaging theKi values obtained from each of the different inhi-
bitor concentrations.

Circular Dichroism Assays. Circular dichroism (CD) was
carried out with a J-810 spectropolarimeter (Jasco) in the UV
range (186-240 nm) at protein concentrations of 0.53-0.66mg/
mL, using 0.1 cmquartz cuvettes. TheCD spectrawere recorded
with 5 times accumulation. The data of the secondary structure
were dealt with by using the professional software Secondary
Structure Estimation and Origin 7.0.
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