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' Figure 1. Serum protein pat-
20.1- L4 terns on a 2-DE gel (12.5%) after
§ the removal of immunoglobulin.
The 2-DE running conditions are
PY described in the text. Protein
{300 ug) was loaded ontothe IEF
14.4 - gel strip (pH 4-7). Following 2-
: . DE separation, the protein spots
were visualized by silver stain-
ing and were numbered using
the PDQuest software. A repre-
pH 4.2 4.5 5.0 5.5 6.0 6.5 sentative gel image is shown.

Table 1. Profiles of patients. Eight cases infected with hepatitis virus with HCC were enrolled in this analysis.
Second column is TNM staging and max size of hepatocellular carcinomalcm). TNM is tumor staging
system, which uses three criteria to judge the stage of the cancer — primary tumor(T), rigional lymph
nodes{N), and distant metastasis(M) - stage | through IV. AFP, L3 and DCP are HCC tumor markers, which
are often clinically used. L3fraction is a fucosylated AFP subtype and more specific for HCC than AFP. #f
TAE was done, it was stated in the last column

cases TNM/radius changes by the treatment
AFP (1U/L) L3 (%) DCP {iu/L)
1. 70F C-LC W 1,4 cm 17=7 N.D. 18=16
2. 81M C-CH /$1,2cm 32 =29 20=05 13=15
3. 64M C-CH Wé 21 cm 1M1 =12 05=05 13= 14
4. 56F B-LC ¢ 3,0cm 162 = 55 43.3=33.2 10=10 TAE( +)
5. 74F C-LC /¢ 29cm 8855 = 912 52=70 134 = 16 TAE(+)
6. 55F B-CH W¢ 3,2cm 7=>5 N.D. 59 =18 TAE( +)
7. 58M C-LC I/$ 1.5 cm 196 = 132 120=>53 12=213
8. 64F C-CH $ 3,0cm 1375 = 108 1.7=>24 24 =13 TAE( +)

TAE: transarterial embolization, N.D.: not detected

image analysis software, 1133 spots were resolved on the 2-
DE gels.

After excluding spots with intensities that varied by
over 2 SD in duplicate gels (Fig. 2), hierarchical clustering

In order to ensure reproducibility, the 2-DE pattern of
each patient serum sample was analyzed in two separate
experiments. The image analysis showed that these 2-DE
maps were similar, as shown in Fig. 1. Using the PDQuest

&' 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de

— 179 —



Proteomics 2005, 5, 4287-4295

log,(duplicatel/duplicate?)

Lo . A RPN Y

2 4 6 8

log,,(duplicatel x duplicate2)

was performed with the remaining 812 spots. As shown in
Fig. 3A, the unsupervised clustering analysis demonstrated
that each pair of samples before and after RFA treatment
lined up side by side, except in case 2, which means that the
treatment did not produce any drastic change in the protein
abundance in common across the eight patients. We may
have missed subtle changes that could be associated with the
tumor. Therefore, we divided the serum samples into two
groups, i.e., before and after treatment, and performed
supervised clustering analysis to discover proteins expressed
differentially with the treatment. Of 812 protein spots,
88 protein spots were selected as changing significantly in
this analysis (Fig. 3B).

3.2 Protein identification of spots

The 88 protein spots shown in Fig. 3B were subjected to in-
gel trypsin digestion and MS, and 45 protein spots (51%)
were identified. Many of these identified spots represented
PTM variants; they were collapsed into 11distinct proteins
after homology and similarity searches to eliminate redun-
dant protein annotations. Although 15 protein spots are
shown in Table 2 and Fig. 3B (asterisks), they still contain
PTM variants. The remaining differential protein spots were
not identified at this point, because the spot intensities were
too faint to obtain sufficient amounts of tryptic peptide for
protein identification. Several spots were identified by
MALDI-TOF/TOF analysis.

The levels of four proteins were decreased after RFA:
PRO1708/PRO2044 (the C-terminal fragment of albumin),
pro-apolipoprotein, 22-HS glycoprotein (AHSG), and apoli-
poprotein A-IV precursor (Table 2 and Fig. 4A). The levels of
seven proteins were increased after treatment: leucine-rich
%2-glycoprotein, al-antitrypsin, macroglobulin 22, hap-
toglobin (precursor), serum paraoxonase, complement C3
precursor, and C4A {Fig. 4B).
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Figure 2. Reproducibility of 2-
DE-based protein spot quantifi-
cation. The spot intensity-de-
pendent SD was calculated
based on the ratio-intensity plot,
using the data from duplicate
experiments. Protein spots with
intensities that varied by
>2xSD between experiments
were eliminated from the sub-
sequent analysis.

+ within 1-SD

« within 2-SD

« outside 2-SD
10

3.3 Western blotting with the anti-AHSG antibody

The expression of AHSG was confirmed by Western blot
analysis with the anti-AHSG antibody. Paired sera from the
patients were dissolved in SDS-PAGE gel buffer and blotted
onto PVDF membranes. As shown in Fig. 5, the AHSG pro-
tein level was decreased after RFA treatment in three of six
patients.

4 Discussion

Chronic infection with HBV or HCV is a significant risk fac-
tor for the development of HCC [18, 19]. The monitoring of
disease progression and the prediction of outcome currently
depend on a combination of physical and serological assess-
ments. Unfortunately, these methods often lack the sensitiv-
ity required to detect HCC at an early stage, when ther-
apeutic options are the most effective, especially when all
three of the HCC markers AFP, L3 (fucosylated fraction of
AFP), and DCP, are within normal ranges. There is a very
real need for the discovery of markers that can detect the
disease at an earlier stage in a higher proportion of patients
and that are suitable for screening populations known to be
at high risk for the development of HCC.

In the search for new biomarkers, several groups have
analyzed differences in the levels of RNA expressed in nor-
mal and tumor-derived liver tissues [21-24] or in cultured
cells {22, 25-27). Similarly, some groups have studied differ-
ences in the protein profiles, or proteomes, of normal and
tumor-derived liver tissues, cell lines, and serum [8, 9]. These
studies have provided new insights into tumor carcinogen-
esis. For the discovery of disease progression markers that
can be used for HCC patient screening, it is desirable to
uncover changes in specific gene products that can be found
in samples, such as serum, that are easily collected from
patients.
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Figure 3. Hierarchical clustering analysis of serum protein spots. (A} Unsupervised clustering of eight cases and
812 spots. (B) Eighty-eight protein spots that were expressed differentially before and after treatment for HCC were
selected in the supervised clustering analysis. Of these, 45 protein spots were identified using MS. The 15spots
indicated by asterisks (also listed in Table 2) still contain variants modified post-translationally, and the final
number of proteins that changed with treatment is 11. Gray: missing value.

Table 2. ldentified proteins by mass spectrometry. 2-DE gel images were analyzed by PDQuest software and detected spots were num-
bered (Spot no.). The values of score, M, and p! are indicated in MASCOT MS/MS lon search. The ratio between before and after
treatment is indicated as Ratio (before/after). The scaling factor of the spot intensity used in PDQuest software is PPM (parts per
million) and Mean and SE (standard error) of each spot was calcurated. Corrected p values <0.05 were considered to be signifi-
cant. Right panel is the heat map extracted from the Fig. 3 of each protein. The line order is as same as Table 2.

S,’;gf Protein identified Accesion no. Score (bef]é?e‘/'gfw,) (idf)'n) pl Mean SE
9010 PRO1708 g1 7959791 62 3.65 292 7.0 2467 ———before | after
/PRO2044 /116650826 \1234567812345678
3115 proapolipoprotein gil 178775 124 2.08 289 55 1112 251
638 alpha2-HS glycoprotein gil 25621981 180 1.44 356 5.2 5882 629
1605 alpha2-HS glycoprotein gil 2621981 30 1.39 366 62 19 \
3401 apolipoprotein A-IV precursor gil 178779 109 2.33 434 62 990 205
501 leucine-rich a-2-glycoprotein  gi| 72059 63 0.44 343 57 1365 209"
504 leucine-rich a-2-glycoprotein gil 16418467 37 0.54 382 65 1520 169 -
2808 salpha-1-antitrypsin gil 177831 68 0.52 46.7 54 1145 96—
8801 macroglobulin a2 gi 224053 115 0.61 160.7 6.0 323 32 /
6003 haptoglobin Hp2 gil 223976 154 0.65 11.7 6.2 5236 1036
2414 haptoglobin precursor gil 306882 106 0.52 452 6.1 2966 2349
1507 serum paraoxonase gil 130675 112 0.41 39.7 5.1 2470 576
1514 serum paraoxonase gil 130675 112 0.43 39.7 51 6798 1798
1412 complement C3 precursor gi| 45567386 129 0.41 187.1 6.0 459 231
4207 complement C4A gil 443671 158 0.54 193.56 68 525 97
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Figure 4. Identification of spots that exhibited changed levels in response to HCC treatment. (A) ldentified spots
with decreased levels after treatment. PRO1708/PR0O2204 is the C-terminal fragment of atbumin. (B) Identified *
spots with increased levels after treatment. Each spot is enclosed in a square, and representative gels images are

shown.
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Figure 5. Western blot using the anti-AHSG antibody. Sera were
run on a 10-20% gel. The Western blot shows that, in cases 2, 5,
and 6, the levels of AHSG were higher before treatment than after
treatment.

Steel et al. [9] properly dealt with the variability between
individuals by combining an equal mass of total serum pro-
tein from individuals to form a composite sample for each of
the four groups and by comparing the composite 2-DE gels
of the four groups. As shown in Table 1, we lacked sufficient
samples to detect significant differences, and the patients
had different etiological backgrounds. We tried to minimjze
the variance between individuals by comparing paired gels
derived from the same patient’s serum. The constituents of
serum after treatment must be the same as those before
treatment, except for tumor-associated proteins or the con-
sequences of treatment, in order to compare serum samples
from the same patient. The timing of serum collection after

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

treatment is important for comparative analysis, and we col-
lected the post-treatment sera 1 wk after treatment, at the
time of discharge from hospital. We considered this period of
time reasonable in the clinical setting.

As described in Section 2, we collected serum samples
before and after HCC treatment. At the time of discharge, the
transaminases (ALT/AST) were unchanged or slightly upreg-
ulated from before treatment (the ratios of after/before were
between 0.9 and 2; data not shown). It was not practical to
wait for 1 month for all the serological parameters to stabi-
lize and the tumor makers to decrease markedly in some
cases, as shown in Table 1. Thus we considered 1 wk a rea-
sonable interval and carefully continued our analyses, intro-
ducing a statistical analysis to eliminate artifactual errors.

In this study, we identified four proteins that had
decreased levels following HCC treatment (Table 2). None of
these proteins has been reported to be associated with liver
cancer. Apolipoprotein A-TV (precursor) is synthesized pri-
marily in the intestine 28, 29] and is secreted in the plasma;

" because its expression is suppressed in the sera of HBV.

infected individuals, it is assumed to be an indicator of
HBV infection {9]. AHSG, which is also known as human
fetuin, is a liver secretory glycoprotein found at high levels in
the serum and mineralized bone. This protein has the char-
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acteristics of a negative acute-phase protein, in that the
serum concentrations decrease significantly after major sur-
gical procedures, trauma, burns, and severe inflammation.
Western blotting with the anti-AHSG antibody confirmed
that the serum level of AHSG was decreased by HCC treat-
ment (Fig. 5). The protein with the most significant change
in abundance was PRO1708/PRO2044 (Table 2). This pro-
tein is the C-terminal part of albumin. However, it was spot-
ted in a very different location from albumin (the M, and p/
values of PRO1708/PR0O2044 are 29 kDa and 7.6, respec-
tively, whereas those of albumin are 69 kDa and 6.0 in 2-DE
gels). We postulated that the partial fragment had a special
physiological meaning; therefore, we used PRO1708/
PRO2044 instead of a fragment of albumin in the text and
table.

PRO1708/PRO2044 and AHSG were upregulated in the
sera of HCC patients, as compared with levels in HCC-era-
dicated sera. Although the levels of AHSG may fluctuate as a
result of liver damage or inflammation, it is not clear why the
levels of the other proteins decrease after treatment. These
results suggest roles for these proteins in HCC, but further
confirmatory studies are necessary.

The levels of seven different proteins were elevated after
HCC treatment. The increases in the levels of these proteins
may be attributable to acute stress reactions or leakage from
damaged liver tissues. Serum haptoglobin levels are widely
used to study various liver diseases and are reported to be
linked to liver damage in HBV liver infection [9]. Liver injury
caused by RFA treatment may have increased the intensities
of the spots. As a powerful inhibitor of apoptosis and caspase
activation, o 1-antitrypsin inhibits many of the proteases that
are released from dying cells, and thus protects normal tis-
sues during periods of stress, such as inflammation [9]. The
observed increases in the al-antitrypsin levels of the post-
treatment sera may represent self-protective responses of the
liver. Although Steel et al. {8} found that a fragment of com-
plement C3 was downregulated in HCC, we identified com-
plement C3 as being upregulated after RFA treatment. This
could indicate recovery of the liver, although more study is
necessary. '

As shown in Table 1, the types of tumor markers pro-
duced by HCC differ among patients, and neither the sensi-
tivity nor the specificity of the three markers is satisfactory.
As the sample number was small and the patients had dif-
ferent etiological backgrounds, the clinical significance of the
proteins identified here must be explored by analyzing more
cases. We propose an analytical procedure using a standard
statistical algorithm [14] with carefully normalized and
transformed data [13] in combination with protein identifi-
cation using TOF/TOF technology.

As previously described, AFP, L3, and DCP are fre-
quently used clinical HCC tumor markers. L3, which is a
fucosylated fraction of AFP, is considered more specific than
AFP for HCC. We tried to evaluate the degrees of differences
in individuals around the time of treatment using these three
HCC markers, but it proved too difficult. Albumin is a carrier
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protein for many small proteins and peptides, is one of the
most abundant proteins, and has an M, of 69 kDa and a p/
value of 6. Different forms of modified/processed albumin
appear and form multiple spots in the 2-DE gel, which leave
traces that make it difficult to detect spots with a pJ value
lower than 6. AFD, the L3 fraction, and DCP are positioned in
this area, and it is technically difficult to identify these pro-
teins on gels.

In the final analysis, we identified 45 of the 812 protein
spots on the 2-DE gels using MS/MS. As listed in Table 2,
many of these identified spots represented PTM variants;
they collapsed into 15 distinct proteins after homology and
similarity searches eliminated redundant protein annota-
tions {indicated as asterisks in Fig. 3B, and Table 2).

The technique of comparative proteomics is an effective
platform for the study of cancer. The 2-DE images presented
in this study will facilitate the identification of potential
tumor markers and increase our understanding of the
mechanisms of HCC.

This work was supported by a research grant from the Min-
istry of Culture, Science, and Sports. We thank Mitsuko Tsu-
bouchi for technical assistance.
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Abstract—Resveratrol (1, 3,5,4'-trihydroxy-trans-stilbene), a polyphenol found in grapes and other food products, is known as an
antioxidant and cancer chemopreventive agent. However, 1 was shown to induce genotoxicity through a high frequency of micro-
nucleus and sister chromatid exchange in vitro and DNA-cleaving activity in the presence of Cu(II). The present study was designed
to explore the structure—activity relationship of 1 in DNA strand scission and to characterize the substrate specificity for Cu(II) and
DNA binding. When pBR322DNA was incubated with 1 or its analogues differing in the number and positions of hydroxyl groups
in the presence of Cu(Il), the ability of 4-hydroxystilbene analogues to induce DNA strand scission is much stronger than that of 3-
hydroxy analogues. The high binding affinity with both Cu(Il}) and DNA was also observed by 4-hydroxystilbene analogues. The
reduction of Cu(II) which is essential for activation of molecular oxygen proceeded by addition of 1 to the solution of the Cu(II)-
DNA complex, while such reduction was not observed with the addition of isoresveratrol, in which the 4-hydroxy group of 1 is
changed to the 3-position. The results show that the 4-hydroxystilbene structure of 1 is a major determinant of generation of reactive
oxygen species that was responsible for DNA strand scission.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction is found in grapes, where it serves as a phytoalexin that

protects against fungal infection.> Although its biosyn-

Natural polyphenols, including catechin, epicatechin,
quercetin, and resveratrol, are natural antioxidants that
are found in a wide range of plant species. Polyphenols
inhibit the oxidation of human low-density lipoprotein
(LDL),! which is responsible for promoting atherogene-
sis,>? and the intake of foods and beverages that contain
polyphenols may protect against atherosclerosis.* The
polyphenol resveratrol (3,5,4'-trihydroxy-trans-stilbene; 1)

Keywords: Resveratrol; Polyphenol; Antioxidant; DNA oxidative
damage.

* Corresponding author. Tel.: +81-3-3700-1141; fax: +81-3-3707-
6950; e-mail: fukuhara@nihs.go.jp

0968-0896/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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thesis is not well defined, 1 is thought to be synthesized
in response to infection or injury.® Resveratrol 1 (Fig. 1)
has some therapeutic effects that are due to its antioxi-
dant potential and originate from the inhibition of the
oxidation of human LDL and the reduced propensity
of human plasma and LDL to undergo lipid peroxida-
tion.”® In addition to its antioxidant potential, it has
also been reported to have a variety of anti-inflammato-
ry, anti-platelet, and anti-carcinogenic effects.”!° There-
fore, due to its high concentration in grape skin, the
beneficial effects of the consumption of red wine at
reducing the risk of cardiovascular disease have been
attributed to the multiple effects of 1.'" Recently, 1
was shown to inhibit cellular events associated with
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Figure 1. Structure of resveratrol (1), its analogues 2-9, and dihydro-
resveratrol (1H3).

tumor initiation, promotion, and progression.'?2 Fur-
thermore, it has been reported that 1 has the potential
to inhibit DNA polymerase and cyclooxygenase,'® and
also has a direct antiproliferative effect on human breast
epithelial cells.'* Based on its antimutagenic activity,'>-1¢
it has been suggested that 1 should be effective as a can-
cer chemopreventive agent in humans.

Meanwhile, 5-alkyl-1,3-dihydroxybenzenes (5-alkylres-
orcinol) have long been recognized to have potential
as therapeutic agents, since natural resorcinols have a
wide variety of biological activities, including fungicidal
and bactericidal activities against numerous "patho-
gens.!” Hecht and co-workers were the first to demon-
strate that S-alkylresorcinol induced Cu(II)-dependent
DNA strand scission under alkaline pH.'® This DNA
cleavage requires the initial oxygenation of the benzene
nucleus, a process that occurs readily at an alkaline pH
in the presence of Cu(II) and O,. The resulting trihydr-
oxylated benzene mediates DNA cleavage in a reaction
that depends on the presence of Cu(II) and O,. Recent-
ly, based on the similar structures of 5-alkylresorcinol
and resveratrol, we suggested that 1 may be able to
mediate Cu(II)-dependent DNA strand scission under
neutral conditions.!® Interestingly, DNA strand scission
occurred at neutral pH, indicating that 1 can induce

compound

DNA cleavage without the oxygenation of benzene nu-
clei to the catechol moiety, which is a requisite interme-
diate in resorcinol-induced DNA cleavage. It has also
been shown that DNA cleavage is more likely caused
by a copper—peroxide complex as the reactive species
rather than by a freely diffusible oxygen species that
mediates DNA degradation by resorcinol in the pres-
ence of Cu(II). However, instead of the catechol struc-
ture, the structural feature of 1 that is effective for
DNA cleavage is still unknown. To address this ques-
tion, the present study was designed to explore the struc-
ture—activity relationship of synthesized hydroxystilbene
derivatives (Fig. 1) in DNA strand 4 scission and also to
characterize the substrate specificity for Cu(II) and
DNA binding. The results show that the 4-hydroxy
group of 1 is a major determinant of DN A cleaving abil-
ity and confirm that the stilbene structure is also impor-
tant for this ability.

2. Result and discussion
2.1. DNA-cleaving activity

The ability of 1 and its analogues to induce DNA-cleav-
ing activity was examined using pBR322, a supercoiled,
covalently closed circular DNA (Form I), and analyzed
by agarose gel electrophoresis. Consistent with the fact
that Cu(II) is required for potent DNA-cleaving activity
of 1, the individual hydroxylated stilbenes induced DNA
cleavage only when the reaction was carried out in the
presence of Cu(lIl); in the absence of Cu(Il), no DNA
cleavage was observed (data not shown). Figure 2 shows
the results of the analysis in the presence of Cu(ll).
Replacement of the internal double bond in the stilbene
moiety by a saturated one (1H,) resulted in a marked
reduction in potency, suggesting that the structure of
stilbene is important for mediating DNA relaxation.
In a series of hydroxylated stilbene analogues, Cu(Il)-
dependent DNA-cleaving activity was greatly affected
by the number and positions of hydroxyl groups at-
tached to the stilbene structure. For a given structural
series (i.e., all 4-OH analogues: 1, 4, 7; 3-OH analogues:
2, 3, 5, 6; or 3,4-(OH) analogues: 8, 9), the DNA-leav-
ing activity seemed to increase with an increase in the
number of hydroxyl groups. Densitometric analysis of
agarose gel indicated that the DNA-cleaving ability of
1 resulted not only in the complete conversion of sub-
strate DNA (Form I) into open circular DNA (Form
IT) but also the further conversion of Form II into linear

Figure 2. Gel electrophoretic analysis of single- and double-strand breaks generated in pBR322DNA with 1 or its analogues in the presence
of Cu(lIl). Assays were performed in 50 mM sodium cacodylate buffer, pH 7.2, containing 45 ubp pBR322DNA and 10 uM of samples (lane c-1)
in the presence of 10 yM Cu(II) (lane b-1), for 1 h at 37 °C. The samples in lane c-1 are 1-9, and 1H,, respectively.
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DNA (Form III) in 8% yield. Compounds 8 and 9 were
much more efficient at mediating DNA relaxation than
1; especially, 8 induced the complete degradation of lin-
ear DNA (Form III) as indicated by the smearing of the
band. The high potency of 8 and 9 can be attributed to
their ortho-hydroquinone (catechol) structure, which
logically improves their ability to cleave DNA by facili-
tating the generation of oxygen radicals through the for-
mation of ortho-hydroquinone-Cu(II)-O, complex. Of
particular interest is the difference in the potency be-
tween 1 and its 3-hydroxy isomer 2. A change in the
placement of the 4-hydroxy group of 1 to the 3-position
resulted in a significant decrease in its ability to cleave
DNA. Similar differences were noted in comparing the
dihydroxy (4 vs 5) and monohydroxy (6 vs 7) stilbenes,
which is consistent with the suggestion that the 4-hy-
droxy group is essential for effecting DNA cleavage.
Since oxygen radical is believed to be the active species
responsible for Cu(Il)-dependent DNA cleavage, the 4-
hydroxy group in combination of O, and Cu(II) may
serve to facilitate the generation of oxygen radical.
However, 3 was found to be quite efficient at mediating
DNA relaxation, which suggests that the 3,5-dihydroxy-
benzene structure, which is distinct from 3-hydroxyben-
zene, is also essential for potentiating DNA strand
scission.

2.2. Cu(Il)-binding ability

It has been shown that several xenobiotics that contain a
catechol moiety undergo Cu(II)-mediated oxidation to
form reactive oxygen species (ROS) that are capable of
causing DNA strand breaks. Sotomatsu et al. demon-
strated that Cu(II) and Fe(III) had affinity for the
hydroquinone moiety of 3,4-dihydroxyphenylalanine
(dopa) and, after coordinating with dopa, promoted
the peroxidative cleavage of unsaturated phospholip-
ids.2% Since 1 can coordinate Cu(Il), its binding ability
has been observed as a change in UV absorption spectra
using a Cu(Il) titration experiment, whereas no such
binding has been observed in the case of Fe(III).2 Con-
sidering the unique specificity of Cu(II), which may in-
duce DNA strand scission of 1, the ability of 1 to bind
to Cu(II) might be advantageous for generating ROS
and inducing Cu(Il)-dependent DNA scission. There-
fore, to elucidate the structural component of 1 that is
responsible for its Cu(Il)-binding ability, the UV spectra
of 1 and its analogues (2-7 and 1H,) in various concen-
trations of Cu(II) were observed, and their Cu(II)-bind-
ing abilities were compared. As shown in Figure 3, the
incremental addition of Cu(Il) to 20 uM of 1 resulted
in a blueshift of the peak from 220 to 210 nm with a con-
comitant increase in absorbance and a decrease in the
absorbance at 308 nm, consistent with the binding of 1
with Cu(1l). This spectral change reflects a 1:1 stoichi-
ometry for the complex between 1 and Cu(ll), and the
binding constant was determined to be 1.75x 10’ M~
Figure 4 shows the effect of the Cu(II) concentration
on the absorbance of 1 and its analogues in the range
270-330 nm. A decrease in absorbance, similar to that
of 1 at 308 nm, was observed for 3,4- and 4-hydroxy
analogues of 4 and 7 at 324 and 304 nm, respectively,
indicating that the change is due to its coordination with

absorbance -

1 A _
200 250 300 350 400
wavelength (nm)

Figure 3. Spectral changes observed upon addition of CuCl, (0—
30 pM) to a sodium cacodylate buffer (pH 7.1)/CH;CN mixed solution
of 1 (20 uM).
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Figure 4. Changes in the absorbance (4,,,) of 1 and its analogues
(20 uM) upon the addition of CuCl, (0-100 uM).

Cu(II). In contrast, with an increase in the concentration
of Cu(Il), there was little or no effect on the absorbance
of 2,3, 5, and 6, which lacked a 4-hydroxy group on the
stilbene moiety, at 306, 300, 298, and 298 nm, respective-
ly, suggesting that ligation of these compounds to Cu(IT)
did not occur. Further, only a slight effect was observed
for dihydroresveratrol 1H,. These results constitute
strong evidence that the 4-hydroxy group of 1 is essen-
tial for Cu(II) coordination and the ability of the 4-hy-
droxy group to bind with Cu(ll) depends on the
structure of stilbene.

2.3. DNA-binding ability
Since 1 is capable of binding to DNA,'” ROS pro-

duced by 1 in combination with Cu(II) might be effec-
tive at mediating DNA relaxation. Therefore, to
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Figure 5. Effect of calf thymus DNA on the fluorescence emission
(excitation wavelength 260 nm) of 1. Trace 1 is the emission spectrum
of 1 alone (20 pM); traces 2-9 are emission spectra of 1 in the presence
of 2, 5, 10, 15, 20, 30, 50, and 100 uM DNA bp, respectively.

characterize the interaction of 1 with DNA, the ability
of 1 and its analogues to bind DNA was estimated by
fluorescence titration. The fluorescence emission spec-
tra of 1 in the presence of calf thymus DNA are
shown in Figure 5. As indicated, the addition of
DNA to 1 causes a decrease in fluorescence emission,
and, without any modification of the spectral shape, a
decrease in the degree of fluorescence is seen with an
increasing concentration of DNA, suggesting that 1
binds to duplex DNA not via groove binding but
rather through significant intercalation. In fact, dena-
tured DNA does not appreciably quench the fluores-
cence of 1 (data not shown). Stern-Volmer plots of
the quenching of the fluorescence of 1 and its ana-
logues (2-7 and 1H,) by calf thymus DNA are shown
in Figure 6. Native DNA quenches the fluorescence of
1 five times more efficiently than it quenches 1H,,

25
! 2
7
s
2r 3
< a >
o N
/
6
1H,
1 X i | i 1
0 10 20 30 40 50 60
calf thymus DNA (uM)

Figure 6. Stern-Volmer plot of quenching of the fluorescence of 1 and
its analogues by calf thymus DNA.

indicating that the planarity of the stilbene structure
is effective for binding with the duplex DNA struc-
ture, probably by taking advantage of its stacking
against the base pair. Figure 6 also indicates that pheno-
lic hydroxyl groups attached to the stilbene structure

greatly affect the DNA-binding affinity. An increase in

the number of hydroxyl groups tends to increase the
DNA-binding affinity, which is consistent with the sug-
gestion that the number of phenolic hydroxyl groups is
important for its DNA-binding affinity. However, the
binding affinity is also determined by the combination
of the number and localization of phenolic hydroxyl
groups. Thus, the fluorescence of isoresveratrol 2, in
which the 4-hydroxy group of resveratrol 1 is changed
to the 3-position, was quenched by DNA with low effi-
ciency (K., =2.40x10°M™!) compared to 1 (K, =
6.80 x 10* M), and the same results were also observed
with dihydroxyl (4 vs §) and monohydroxyl (7 vs 6) stilb-
enes, suggesting that the 4-hydroxy group may be the
essential component for binding DNA and plays an
important role in specific hydrogen bond interactions
with DNA.

2.4. ESR analysis

To confirm the electrostatic interaction of hydroxylated
stilbenes with both Cu(II) and DNA, ESR signals of
Cu(Il) were observed in the presence of 1 or its ana-
logues together with calf thymus DNA. Once the terna-
ry complex of Cu(Il)-1-DNA, which is due to the
efficient binding affinities of 1 with both Cu(II) and
DNA, is formed, the complex may result due to its high
DNA-cleaving ability. Figure 7 shows that an ESR sig-
nal of Cu(Il) became multiple upon the addition of
DNA, consistent with the fact that Cu(II) complexes
DNA. In fact, the decrease in the peak height of Cu(II)
in a solution of calf thymus DNA is due to the interca-
lation of Cu(Il) with a large molecule of DNA, which
limits the mobility of Cu(II). When 1 was added to the
solution of Cu(II)>DNA complex, the peak height of
the ESR signal was reduced to one-half of that of the
Cu(IT)-DNA complex and the resonance was weakened,
suggesting that 1 was bound to Cu(II)-DNA complex
and thus induced the reduction of Cu(II), which was
converted to an ESR-silent species, very likely Cu(l).
If the binding of Cu(II) to DNA decreases with the addi-
tion of 1, the signal of Cu(Il) should increase to the
height of unbound Cu(Il). An increase in peak height
was also not observed for other resveratrol analogues,
suggesting that Cu(Il) remains in a complex with
DNA even after the addition of 1 and its analogues.
Compared to the reduction of Cu(II) to Cu(I) by 1, an
efficient reduction of the peak height of Cu(II)-DNA
complex was not observed with the addition of isoresve-
ratrol 2. It is possible that the insufficient binding affin-
ity of 2 with both DNA and Cu(Il) may impair the
highly efficient reduction of Cu(Il) to Cu(I). Similarly,
7 affected the spectra of Cu(II)-DNA with efficient
reducing and broadening, whereas there was no effect
on the spectra of Cu(II)-DNA upon the addition of 6,
indicating that the reductive activation of Cu(Il) is
accelerated by electrostatic interaction of a hydroxyl
group at the 4-position.
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Figure 7. Effect of 1 and its analogues on the ESR spectra of Cu(Il) in
the presence of calf thymus DNA. Spectra A is | mM CuCl, and
spectra B-F show after the addition of 2 mM NP of calf thymus DNA
in the absence (B) or presence of 1 mM chemicals (C: 1; D: 2, E: 7, F:
6). All spectra were recorded after incubation for 30 min at room
temperature.

3. Conclusion

In general, polyphenols, which are responsible for reac-
tive oxygen-associated toxicity, appear to play an
important role in the reductive activation of molecular
oxygen by its autooxidation, which, in most cases, is
coupled with the formation of redox active ortho- or
para-quinones. Catechol is the typical polyphenol that
1s essential for generating oxygen radical in the presence
of Cu(I).2! 1t is formed as an activated metabolite of
polycyclic aromatic hydrocarbons, which are known to
be ubiquitous environmental pollutants. Although 1 is
a polyphenol that is known to be an antioxidant and a
potential cancer chemopreventive agent, it cleaved
DNA strongly without oxidative transformation to the
catechol structure in the presence of Cu(Il). The DNA
cleavage is attributed to the generation of copper-perox-
ide complex that is formed by electron transfer from 1 to
molecular oxygen.!? The oxidative product of 1 is a

O\O

OH resveratrol

mg\@w
o T

AAH ;= +4.4 keal mol™ AAH = +4.2 kcal mol™!

Figure 8. Relative energy values (AAHy) of three types of resveratrol
radicals calculated by the DFT calculation, B3LYP/6-31G* basis set.

‘dimer?? and formation of the catechol structure has

not been reported. Therefore, the oxidative dimer might
be formed by dimerization of resveratrol radical as a re-
sult of the reductive activation of molecular oxygen. In
the present work, the number and positions of the
hydroxyl groups in the stilbene structure were associated
with DNA-cleaving activity and the 4-hydroxy group of
stilbene played an especially critical role in DNA cleav-
age. The high binding affinity of a hydroxyl group at the
4-position with both Cu(IT) and DNA makes it possible
to form a ternary complex and therefore cleave DNA
efficiently. When the heats of formation of three types
of resveratrol radicals are compared, as shown in
Figure 8, the 4-oxyl radical of 1 is the most stable, indi-
cating that the hydroxyl group at the 4-position is much
more subjected to oxidation than other hydroxyl
groups. In fact, the efficient reduction of Cu(Il) to
Cu(I) was seen with 1, which has a hydroxyl group at
the 4-position, while there was no effect on Cu(II) reduc-
tion in the presence of 2 in which the 4-hydroxy group in
1 is moved to the 3-position. The decrease in the DNA-
cleaving ability of 1H, compared to that of 1 also indi-
cated the importance of the stilbene structure, which
might be effective not only for DNA binding for the pla-
narity of the overall structure but also for the stability of
the 4-oxyl radical. These results suggest that the ability
of 1 to induce oxidative DNA damage in the presence
of Cu(Il) can be attributed to the structure of 4-
hydroxystilbene which is comparable to that of catechol.

Estrogens have been reported to cause cancer through a
genotoxic effect. The genotoxicity of estrogens is attrib-
uted to the accumulation of potentially carcinogenic
metabolites and almost all of these are the catechol form
of estrogens. Catechol estrogen metabolites are capable
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of causing chromosomal aberrations and gene muta-
tions in cultured cells. The oxidative DNA damage
and/or alkylation of DNA that is responsible for the risk
of developing cancer are also induced by catechol estro-
gen metabolites. In fact, the catechol structure, which
can cause genotoxicity, is capable of inducing DNA
strand scission and the oxidation of DNA bases in the
presence of Cu(II). Recently, we reported the genotoxi-
city of 1, which induced micronucleus, sister chromatid
exchange, and S phase arrest.”*> Among the many types
of hydroxylated stilbenes, 4-hydroxystilbene most effec-
tively caused genotoxic effects. Therefore, the finding
that the 4-hydroxylstilbene structure is responsible for
various biological activities, especially DNA damage
leading to genotoxicity, might be important for under-
standing the toxicity of polyphenols that do not have
a catechol structure.

4. Experimental
4.1. Materials

Resveratrol 1 and calf thymus DNA were purchased
from Sigma (St. Louis, MO). Supercoiled plasmid
pBR322DNA was purchased from Nippon Gene (To-
kyo, Japan). Analogues of 1; 3,5,3'-trihydroxy- (2),
3,5-dihydroxy- (3), 3,4'-dihydroxy- (4), 3,3'-dihydroxy-
(5), 3-hydroxy- (6), 4-hydroxy (7), 3,4,3',5'-tetrahydr-
oxy- (8), and 3,4,3'-trihydroxy-trans-stilbene (9), as
shown in Figure 1, were synthesized as previously
reported.?* Saturated form of 1 (1H,) was synthesized
by hydrogenation of 1.using 10% Pd/C as catalyst.
Yield: 98%. '"H NMR(acetone-dg): & 2.73 (m, 4H),
6.19 (d, 1H, J=2.0Hz), 622 (d, 1H, J=2.0 Hz),
6.74 (d, 2H, J=8.4 Hz), 7.03 (d, 2H, /=84 Hz). All
other chemicals and solvents were of reagent grade or
better.

4.2, DNA<leaving activity

DNA strand breakage was measured in terms of the
conversion of supercoiled pBR322 plasmid DNA to
the open circular and linear forms. Reactions were car-
ried out in 20 pL (total volume) of 50 mM Na cacodyl-
ate buffer (2.5% DMF), pH 7.2, containing 45 uM bp
pBR322 DNA, 10 uM CuCl,, and 100 uM of each stil-
bene derivative. The reaction mixtures were incubated
at 37 °C for 1 h and then treated with 5 pL of loading
buffer (100 mM TBE buffer, pH 8.3, containing 30%
glycerol, 0.1% bromophenol blue) and applied to 1%
agarose gel. Horizontal gel electrophoresis was carried
out in 50 mM TBE buffer, pH 8.3. The gels were stained
with ethidium bromide (1 pg mL™") for 30 min, destain-
ed in water for 30 min, and photographed with UV
translumination.

4.3. UV-visible spectra measurements

UV-visible spectra were measured at 37°C with a
Hewlett Packard 8452A Diode Array Spectrophotome-
ter. A solution in a final volume of 1 mL consisted of
20 uM of sample and 0-100 uM CuCl, in sodium cac-

odylate buffer (pH 7.1)/acetonitrile mixed solvent (1:1
viv) was prepared and subjected to spectral analysis.
The binding constant between 1 and Cu(II) was ob-
taineg5 according to the method described by Itoh
et al.

4.4. Fluorescence measurements

Fluorescence excitation and emission spectra were
recorded on a Shimadzu RF-5300PC. A solution in a fi-
nal volume of 1 mL, which consisted of 20 uM of sample
and 0-100 pM calf thymus DNA in 10 mM sodium cac-
odylate buffer (pH 7.1) and DMF (10% by volume), was
used for fluorescence-quenching experiments. The exci-
tation wavelengths used were 255 nm for 1, 3, 6, and
7, and 260 nm for 2, 4, 5, and 1H,, and emissions were
recorded in the range of 300-500 nm. For all experi-
ments, the sample temperature was maintained at
37°C. The quenching data were analyzed by the
Stern-Volmer equation:2%

Fo/F =1+K.[Q],

where [Q] is the molar concentration of the calf thymus
DNA, F; and F are the fluorescence intensities in the ab-
sence and in the presence of the calf thymus DNA [Q],
respectively, and K, is the Stern—Volmer quenching
constant.

4.5. ESR analysis

ESR spectra were recorded at room temperature on a
JES-FE 2XG spectrometer (JEOL Co. Ltd., Tokyo,
Japan). The sample containing 1 mM CuCl,, 2 mM
NP of calf thymus DNA, and 1 mM of chemical in
50 mM phosphate buffer (pH 7.2) and acetonitrile
(5% by volume) was introduced into a quartz flat cell
and incubated at room temperature for 30 min. The
ESR spectrum was then recorded. The spectrometer
settings were modulation frequency, 100 kHz; modu-
lation amplitude, 10G; and microwave power,
16 mW.

4.6. Theoretical calculations

Density functional calculations were performed with
Gaussian03 (Revision C.02, Gaussian, Inc.) using the
unrestricted B3LYP functional for the open shell mole-
cule on an 8-processor QuantumCube™ developed by
Parallel Quantum Solutions.
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Abstract: Apoptosis, or programmed cell death, is a mechanism by which cells undergo death to control cell
proliferation or in response to DNA damage. The present study was designed to explore small molecule apo-
ptosis inducers for antitumor agents. The synthesis of 4-sulfonylphenyl o-D-glucopyranoside derivatives 1-6
and 4-(sulfonylamino)phenyl o-D-glucopyranoside derivatives 7-12, endoplasmic reticulum (ER)-targeted small
molecules that were designed to induce apoptosis from ER stress by ER glucosidase inhibition and DNA dam-
age is described. Compounds 6 and 12, with a terminal 2-naphthyl group, indicated inhibitions of o-
glucosidases from S. cerevisize (IC«%=51.7 uM and ICs%=74.1 uM) and B. stearothermophilus (IC5%=60.1 pM and
IC%=89.1 uM). Moreover, compound 12 strongly induced the DNA strand breakage condition. When com-
pounds 1-12 were assayed for their ability to inhibit processing by glucosidases at the cellular level, no effects

on glycoprotein processing were observed.

Key words: o-glucosidase, inhibitor, DNA cleavage, apoptosis, ER stress

The cell is perturbed by environmental stress condi-
tions. In order to avoid cell death from the stress, cells
must sense and respond to stress, including viral infection,
genetic mutation, chemical insult, and nutrient depletion.”
In the ER, stress is a condition that accumulates mis-
folded or unfolded proteins by disturbing these ER cir-
cumstances. Specific response programs are activated to
circumvent each type of stress. The ER stress induces a
coordinated adaptive program called the unfolded protein
response (UPR).” The UPR is activated upon disruption
of the ER environment by such events as the inhibition of
N-linked oligosaccharide processing, which results in the
accumulation of unfolded or misfolded proteins in the
ER.” N-Linked oligosaccharide processing is carried out
by ER glucosidases I and II. Both enzymes are key en-
zymes in the biosynthesis of N-linked oligosaccharides
that catalyze the first processing event after the transfer of
GlcsMansGlcNAc: to proteins.” The inhibition of ER glu-
cosidases induces the accumulation of unfolded proteins
in the ER, and increases ER stress. The UPR caused by
ER stress is insulted due to DNA damage, and the cell is
led to apoptosis. Apoptosis targets are currently being ex-
plored for antitumor agent discovery, such as the tumor-
necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) receptors, the BCL2 family of anti-apoptotic
proteins, and inhibitor of apoptosis (IAP) proteins.'”

We think that the inhibition of ER glucosidases can be
used to trigger ER stress, and that the ER stress may trig-

* Corresponding author (Tel. +8 1-3—-3700-1141, Fax. +81-3—-3707—
6950; E-mail: hakamata@nihs.go.jp).

ger the UPR. Further, following interruptioh of the UPR
by DNA damage, the cell is led to apoptosis. We think

" that compounds that have a-glucosidase inhibitory activity

and DNA breakage activity may be developed into an ER-
targeted small molecule apoptosis inducer for use as an
antitumor agent. We have already elucidated the molecu-
lar recognition properties*” and the inhibition™ of «-
glycosidases necessary for the molecular design of gly-
cosidase inhibitors using synthetic probes. Based on our
knowledge, we designed compounds 1-12 to have o-
glucosidase inhibitory activity and DNA breakage activity
(Fig. 1). The enzymatic liberation of the aglycon from
compounds 1-12 might be followed by the ejection of a
R’SO.H with the concomitant formation of p-benzoqui-
none or p-benzoquinone imine," which would then gener-
ate reactive oxygen species (ROS), leading to DNA
breakage,'® shown in Fig. 2. The group of Taylar et al.
has developed a series of 4-(sulfonylamino)phenyl o-D-
glucopyranosides.”® These compounds have been reported
to act as competitive yeast o-glucosidase inhibitors. We
suspect that these compounds may also be enhanced in
their inhibitory activity by changing the sulfonamide of 4-
(sulfonylamino)phenyl o-D-glucopyranoside to sulfonate,
since the liberation of p-benzoquinone is easier than that
of p-benzoquinone imine.

In this report, we first describe the design and synthesis
series of 4-sulfonylphenyl o-D-glucopyranoside deriva-
tives 1-6 and 4-(sulfonylamino)phenyl o-D-glucopyrano-
side derivatives 7-12. These compounds 1-12 were evalu-
ated with regard to their ability to inhibit three kinds of
a-glucosidases, and the effects of a-glucosidase triggered
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Fig. 1.

1: R1=0, R2=4-NO,-CgH,
2:R'=0, R2=4-CI-CgH;

3: R'=0, R2=4-CF3-CgH,

4: R'=0, R2=4-CH3-CgH,

5: R'=0, R2=4-C(CH3-CgHy)3
6: R'=0, R2=2-naphthy!

7: R'=NH, R2Z=4-NOy-CgH,

8: R'=NH, RZ=4-CI-CgH,

9: R'=NH, R2=4-CF3-CgH,
10: R'=NH, R2=4-CH3-CsH,
11: R'=NH, R2=4-C(CH3)3-CgHs
12: R'=NH, R2=2-naphthy

Chemical structure of target compounds 1-12.

ﬁ Enzymatic hydrolysis :
Sugar-O R'-S—R2 + H;0 > Sugar-OH + O R' + RZSO,H
1]

o]
R'=NH, O

R'=NH, 0

Fig. 2. Schematic diagram of enzymatic liberation of quinone derivatives.

ROS-mediated DNA breakage. Finally, these compounds |

were also tested in a cell culture system.
MATERIALS AND METHODS

General methods. Optical rotations were measured
with a JASCO DIP-370 digital polarimeter at 25°C. The
NMR spectra were recorded with a Varian Mercury 400
spectrometer (400 MHz for 'H). Chemical shifts were ex-
pressed in ppm downfield relative to Me.Si. Low resolu-
tion mass spectra were obtained with a Waters MicroMass
ZQ instrument under positive and negative ion ESI condi-
tions. Column chromatography was performed on silica
gel 60 (0.063—0.200 mm, Merck). The progress of all re-
actions was monitored by thin-layer chromatography on
silica gel 60 Fass (0.25 mm, Merck).

Method A. To the solution of a-arbutin (1, 0.5 g, 1.8
mmol) in 100 mL of dry acetone was added triethylamine
(NEt:;, 10 mL) and the sulfonyl chloride derivative (2.8
mmol). After the mixture was stirred for 15 min, the re-
sulting salt was removed by filtration through a cotton fil-
ter, and the solvent was concentrated.

Method B. To the solution of a-arbutin (1, 1.0 g, 3.7
mmol), in 50 mL of dry acetone was added dry potassium
carbonate (K.CO; 1.52 g, 11 mmol) and the sulfonyl
chloride derivative (5.5 mmol). After the mixture was
stired overnight, the K.CO; was removed by filtration
through Celite, and the solvent was concentrated.

Method C. To the solution of p-nitrophenyl o-D-
glucopyranoside (14, 1.0 g, 3.3 mmol), in pyridine (50
mL) at room temperature was added acetic anhydride (10
mL). The mixture was stirred overnight and poured into
water. The product was extracted with AcOEt (3 x 50
mL) and washed with water, 1 M HClag, satd. NaHCOsaq
and brine, and then dried over Na.SQ.. The product was
purified by column chromatography on silica gel (1:1
hexane-AcOEt) to afford a quantitative yield of 15. A
mixture of compound 15 (1.6 g, 3.3 mmol) in ethanol
(EtOH, 100 mL) was hydrogenated under H, with 20%
palladium hydroxide on carbon (150 mg). After the mix-
ture was stirred for 2 h, the palladium charcoal was re-
moved by filtration through Celite and the solvent was
concentrated. The product was purified by column chro-
matography on silica gel (1:1 hexane-AcOEt) to afford
1.5 g (93.9%) of 16.

Method D. To the solution of compound 16 (0.5 g,
1.2 mmol), in pyridine (20 mL) at room temperature was
added sulfonyl chloride derivative (1.36 mmol). The mix-

ture was stirred for 10 min and poured into water. The
product was extracted with AcOEt (3 x 50 mL) and washed
with water, 1 M HClaq, satd. NaHCOsaq and brine, and
then dried over Na.SO,, and the solvent was concentrated.

Method E. A mixture of methanol (MeOH) : NEt :
H.O (5:1:1, 60 mL) was added to a stirred solution of the
sulfonyl derivative (0.85 mmol). After the mixture was
stired for 6 h at room temperature, the solvent was
evaporated.

Synthesis of compounds 1-12.

4-(4-Nitrobenzenesulfonyl)phenyl a-D-glucopyranoside
(1). According to method A, compound 1 was prepared
from 13 (0.5 g, 1.8 mmol). The product was purified by
column chromatography on silica gel (5:1 dichlorometh-
ane (CH:Cl»)-MeOH) to afford 0.46 g (54.8%) of 2: [a]D
+14.9° (¢ 0.93, MeOH); 'H NMR (CD;OD) & 3.38 (dd,
1H, J»+=8.8 Hz, J.s=10.0 Hz, H-4), 3.55 (dd, 1H, Ji»=
3.8 Hz, J.s=9.8 Hz, H-2), 3.58 (ddd, 1H, J«s=10.0 Hz,
Js-6a=5.2 Hz, Js=2.4 Hz, H-5), 3.67 (dd, 1H, Js+a=5.0
Hz, Jsab=11.8 Hz, H-6a), 3.73 (dd, 1H, Js-=2.4 Hz,
Jea-cb=12.0 Hz, H-6b), 3.80 (dd, 1H, J>==/;4=9.2 Hz, H-
3), 542 (d, 1H, J=3.6 Hz, H-1), 6.95 (d, 2H, J=8.8 Hz,
-OCH.O-), 7.12 (d, 2H, J=9.2 Hz, -OCH.O-), 8.07 (,
2H, J=9.2 Hz, -SO.CH.NO,-), 8.44 (d, 2H, J=9.2 Hz,
-S0.CHUNO:,), MS: 480 (M+Na)".

4-(4-Chlorobenzenesulfonyl)phenyl ot-D-glucopyrano-
side (2). According to method A, compound 2 was pre-
pared from 13 (0.5 g, 1.8 mmol). The product was puri-
fied by column chromatography on silica gel (5:1 CH.Cl-
MeOH) to afford 0.59 g (72.5%) of 3: [a]p +13.8° (c
1.51, MeOH); 'H NMR (CD;OD) & 3.40 (dd, 1H, J;~=9.0
Hz, J.s=9.8 Hz, H-4), 3.55 (dd, 1H, J1=3.6 Hz, J.5=9.6
Hz, H-2), 3.59 (ddd, 1H, J:-=10.0 Hz, Jsa=5.4 Hz, Js<b
=2.2 Hz, H-5), 3.67 (dd, 1H, Js-sa=5.4 Hz, Ja-=12 Hz,
H-6a), 3.73 (dd, 1H, Js+b=2.4 Hz, Jea=12.0 Hz, H-6b),
3.81 (dd, 1H, J»+=9.6 Hz, /,=9.2 Hz, H-3), 5.43 (d, 1H,
J=3.6 Hz, H-1), 6.92 (d, 2H, J=9.6 Hz, -OCH.O-), 7.12
(d, 2H, J=9.2 Hz, -OCH.0-), 7.62 (d, 2H, J=8.8 Hz,
-SO:CH.C), 7.78 (d, 2H, J=8.8 Hz, -SO.C:H.Cl), MS:
469 (M+Na)".

4-(4-Trifluorobenzenesulfonyl)phenyl a-D-glucepyra-
noside (3). According to method A, compound 3 was pre-
pared from 13 (0.5 g, 1.8 mmol). The product was puri-
fied by column chromatography on silica gel (5:1 CH:Cl.-
MeOH) to afford 0.59 g (88.4%) of 3: [alp +11.7° (c
1.25, MeOH); 'H NMR (CD;OD) & 3.40 (dd, 1H, J;=9.0
Hz, J.—=9.8 Hz, H-4), 3.55 (dd, 1H, J;»=3.6 Hz, J:-=
10.0 Hz, H-2), 3.58 (m, 1H, H-5), 3.66 (dd, 1H, Js=5.0
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Hz, Ja-w=11.8 Hz, H-6a), 3.73 (dd, 1H, Ji=2.4 Hz,
Jeasp=12.0 Hz, H-6b), 3.81 (dd, 1H, J.s=);~=9.4 Hz, H-
3). 5.43 (d, 1H, J=3.6 Hz, H-1), 6.93 (d, 2H, J=9.2 Hz,
-OCH.0-), 7.12 (d, 2H, J=9.2 Hz, -OCH.0-), 7.94 (d,
2H, J=8.0 Hz, -O.CH.0-), 8.02 (d, 2H, J=8.4 Hz, -SO,
C:H(CFs), MS: 503 (M+Na)*.

4-(4-Methylbenzenesulfonyl)phenyl a-D-glucopyrano-
side (4). According to method B, compound 4 was pre-
pared from 13 (1.1 g, 5.5 mmol). The product was puri-
fied by column chromatography on silica gel (5:1 CH,Cl,-
MeOH) to afford 1.03 g (63.4%) of 4: [a]p +18.4° (c
0.97, MeOH); 'H NMR (CD,OD) & 2.44 (s, 3H, -CH,),
3.39 (dd, 1H, J>+=8.8 Hz, J.~=10.0 Hz, H-4), 3.54 (dd,
1H, Ji»=3.8 Hz, J,»=9.8 Hz, H-2), 3.58 (ddd, 1H, Jes=
10.0 Hz, Js<=5.2 Hz, J;-=2.4 Hz, H-5), 3.66 (dd, 1H,
Js=5.2 Hz, Jaa-=12.0 Hz, H-6a), 3.73 (dd, 1H, Js—eb=
2.6 Hz, Ja=11.8 Hz, H-6b), 3.80 (dd, 1H, /.==9.8, J1—
=9.0 Hz, H-3), 5.41 (d, 1H, J=3.6 Hz, H-1), 6.88 (d, 2H,
J=9.6 Hz, -OCH.(O-), 7.09 (d, 2H, J=9.2 Hz, -OCH.0-),
7.40 (d, 2H, J=8.0 Hz, -SO,CH.CHs), 7.66 (d, 2H, J=8.4
Hz, -SO,C:H.CH,), MS: 449 (M+Na)*.

4-(4-tert-Butylbenzenesulfonyl)phenyl a-p-glucopyra-
noside (5). According to method B, compound 3 was pre-
pared from 13 (0.5 g, 1.8 mmol). The product was puri-
fied by column chromatography on silica gel (5:1 CH,Cl,-
MeOH) to afford 0.39 g (43.9%) of 5. [u]p +13.6°
(c 140, MeOH); 'H NMR (CD;OD) § 1.36 (s, 9H,
-C (CHas)s), 3.39 (dd, 1H, J»=8.8 Hz, J:s=10.0 Hz, H-4),
3.54 (dd, 1H, J1+=3.6 Hz, J.4=9.6 Hz, H-2), 3.59 (ddd,
1H, Ji-s=10.0 Hz, Js4=5.0 Hz, Js-b=2.5 Hz, H-5), 3.66
(dd, 1H, Js-=5.0 Hz, Jea'sb=11.8 Hz, H-6a), 3.73 (dd,
1H, Js-b=2.4 Hz, Jea-6=12.0 Hz, H-6b), 3.80 (dd, 1H, J;,
=/5-=9.4 Hz, H-3), 5.41 (4, 1H, J=3.6 Hz, H-1), 6.89 (d,
2H, J=9.2 Hz, -OCH.0-), 7.10 (d, 2H, J=9.2 Hz,
‘OC(SHAO“), 7.64 (d, 2H, J=8.8 HZ, -SOzCsI’LC (CH;)J),
7.72 (d, 2H, J=8.8 Hz, -SO,CH.C (CH;);), MS: 491 (M+
Na)".

4-(2-Naphthalenesulfonyl)phenyl a-D-glucopyranoside
(6). According to method B, compound 6 was prepared
from 13 (0.5 g, 1.8 mmol). The product was purified by
column chromatography on silica gel (5:1 CH,CL,-MeOH)
to afford 0.63 g (74.6%) of 6: [alp +12.3° (¢ 1.32,
MeOH); '"H NMR (CD;OD) & 3.38 (dd, 1H, J;=8.8 Hz,
Ji-s=10.0 Hz, H-4), 3.52 (dd, 1H, Ji-=3.6 Hz, J,+=9.6
Hz, H-2), 3.55 (ddd, 1H, J=10.0 Hz, Js«=4.8 Hz, Js-b
=2.8 Hz, H-5), 3.64 (dd, 1H, J5-2=4.8 Hz, Ja-b=12.0 Hz,
H-6a), 3.68 (dd, 1H, J;-v=2.8 Hz, Jeab=12.0 Hz, H-6b),
3.78 (dd, 1H, J,s=J;4=9.0 Hz, H-3), 5.38 (d, 1H, J=3.6
Hz, H-1), 6.89, 7.05 (d, 2H x 2, J=9.6 Hz, -OCH.0-),
7.64—7.83, 8.00-8.11, 8.35 (m, 7H, -SO.CicH,), MS: 485
(M+Na)*.

4-(4-Nitrophenylsulfonylamino)phenyl 2,3,4,6-tetra-O- -

acetyl-o-D-glucopyranoside (17). According to methods
C and D, compound 17 was prepared from 16 (0.5 g, 1.1
mmol). The product was purified by column chromatogra-
phy on silica gel (1:1 hexane-AcOE) to afford 0.67 g
(94.6%) of 17.

4-(4-Chlorophenylsulfonylamino)phenyl 2,3,4,6-tetra-
O-acetyl-o-D-glucopyranoside (18). According to meth-
ods C and D, compound 18 was prepared from 16 (0.4 g
1.0 mmol). The product was purified by column chroma-

tography on silica gel (1:1 hexane-AcOEt) to afford 0.54
g (93.1%) of 17.
4-(4-Trifluoromethylphenylsulfonylamino)phenyl 2,3,
4,6-tetra-O-acetyl-a.-D-glucopyranoside (19). According
to methods C and D, compound 19 was prepared from 16
(0.4 g, 1.0 mmol). The product was purified by column
chromatography on silica gel (1:1 hexane-AcOEt) to af-
ford 0.65 g (99.9%) of 19.
4-(4-Methlphenylsulfonylamino)phenyl 2,3,4,6-tetra-0-
acetyl-o-D-glucopyranoside (20). According to methods
C and D, compound 20 was prepared from 16 (0.5 g, 1.1
mmol). The product was purified by column chromatogra-
phy on silica gel (1:1 hexane-AcOEt) to afford 0.64 g
(93.1%) of 20.
4-(4-tert-Butylphenylsulfonylamino)phenyl 2,3,4,6-
tetra-O-acetyl-c-D-glucopyranoside (21). According to
methods C and D, compound 20 was prepared from 16
(0.4 g, 1.0 mmol). The product was purified by column
chromatography on silica gel (1:1 hexane-AcOEt) to af-
ford 0.55 g (88.5%) of 21.
4-(2-Naphthalenephenylsulfonylamino)phenyl 2,3,4,6-
tetra-O-acetyl-o.-p-glucopyranoside (22). According to
methods C and D, compound 22 was prepared from 16
(0.4 g, 1.0 mmol). The product was purified by column
chromatography on silica gel (1:1 hexane-AcOEt) to af-
ford 0.53 g (92.5%) of 22.
4-(4-Nitrophenylsulfonylamino)phenyl  o-D-glucop-
yranoside (7). According to method E, compound 7 was
prepared from 17 (0.7 g, 1.1 mmol). The product was pu-
rified by column chromatography on silica gel (5:1 CH.
Cl,-MeOH) to afford 0.41 g (83.3%) of 7: [u]p +12.1° (¢
1.23, MeOH); 'H NMR (CD;OD) & 3.38 (dd, 1H, J,=8.8
Hz, J+=10.0 Hz, H-4), 3.53 (dd, 1H, J,-=3.6 Hz, Jos=
9.6 Hz, H-2), 3.59 (ddd, 1H, Ji«s=10.0 Hz, J5-:=5.0 Hz,
Js-e=2.4 Hz, H-5), 3.65 (dd, 1H, Js<a=5.0 Hz, Jeab=11.8
Hz, H-6a), 3.72 (dd, 1H, Js=2.4 Hz, Jaa=12.0 Hz, H-
6b), 3.80 (dd, 1H, J.s=/5-=9.2 Hz, H-3), 5.38 (d, 1H, J=
3.6 Hz, H-1), 7.0 (d, 2H, J=8.8 Hz, -OCH.NH-), 7.05 (d,
2H, J=9.2 Hz, -OCH.NH-), 791 (d, 2H, J=8.8 Hz,
-SO.CHNNO,), 8.31 (d, 2H, J=8.8 Hz, -SO.CHNO),),
MS: 455 (M—H)".
4-(4-Chlorophenylsulfonylamino)phenyl o-D-glucopy-
ranoside (8). According to method E, compound 8 was
prepared from 18 (0.54 g, 0.9 mmol). The product was
purified by column chromatography on silica gel (5:1
CHCL--MeOH) to afford 0.38 g (95.2%) of 8: [a]p +13.4°
(c 142, MeOH); '"H NMR (CD:OD) & 3.39 (dd, 1H, J,—
=9.2Hz, J+~=10.0 Hz, H-4), 3.53 (dd, 1H, J»=3.8 Hz,
J»=9.8 Hz, H-2), 3.60 (ddd, 1H, J4—-=10.0 Hz, Js—a=4.8
Hz, J5=2.6 Hz, H-5), 3.66 (dd, 1H, Jsea=4.8 Hz, Jea b
=11.9 Hz, H-6a), 3.72 (dd, 1H, Js;-=2.6 Hz, Ja-b=11.9
Hz, H-6b), 3.80 (dd, 1H, J;-s=/5+=9.2 Hz, H-3), 5.38 (d,
1H, /=40 Hz, H-1), 6.98 (d, 2H, J=9.2 Hz, -OCsH.NH.),
7.05 (d, 2H, J=9.6 Hz, -OCH.NH-), 7.48 (d, 2H, J=8.8
Hz, -SO:.CH.CI), 7.65 (d, 2H, J=8.8 Hz, -SO,CH.C)),
MS: 444 (M-H)".
4-(4-Trifluoromethylphenylsulfonylamino)phenyl o-p-
glucopyranoside (9). According to method E, compound
9 was prepared from 19 (0.7 g, 1.0 mmol). The product
was purified by column chromatography on silica gel (5:1
CH:Cl-MeOH) to afford 0.44 g (90.9%) of 7: [a}p +13.4°

- 194 —



258 J. Appl. Glycosci., Vol. 53, No. 4 (2006)

(c 1.10, MeOH); 'H NMR (CD;OD) & 3.38 (dd, 1H, Js
=J+s=9.4 Hz, H-4), 3.53 (dd, 1H, J,1-=3.6 Hz, J,==10.0
Hz, H-2), 3.60 (ddd, 1H, Ji-s=9.4 Hz, J5=5.0 Hz, Jseb
=2.4 Hz, H-5), 3.66 (dd, 1H, Js-a=5.0 Hz, Jeaeb=11.8 Hz,
H-6a), 3.72 (dd, 1H, Js-=2.4 Hz, Jea-=12.0 Hz, H-6b),
3.80 (dd, 1H, Js=/5-=9.4 Hz, H-3), 5.39 d, 1H, J=36
Hz, H-1), 6.99 (d, 2H, J=9.2 Hz, -OCHH.NH-), 7.05 (d, 2
H, /=92 Hz, -OCH.NH-), 7.79 (d, 2H, J=8.4 Hz,
-SO.CH.CFs), 7.87 (d, 2H, J=8.4 Hz, -SO.CH.CF),
MS: 478 (M-H)".
4-(4-Methylphenylsulfonylamino)phenyl o-D-glucopy-
ranoside (10). According to method E, compound 10 was
prepared from 20 (0.64 g, 1.1 mmol). The product was
purified by column chromatography on silica gel (5:1
CH:Cl:-MeOH) to afford a quantitative yield (0.50 g) of
10: [op +13.0° (c 1.98, MeOH); 'H NMR (CD:OD) &
2.37 (s, 3H, -CH,), 3.39 (dd, 1H, J;-=9.0 Hz, J:s=9.8 Hz,
H-4), 3.53 (dd, 1H, Ji-==3.6 Hz, J;-=9.6 Hz, H-2), 3.60
(ddd, 1H, Jis=9.8 Hz, Jsa=5.2 Hz, Jssb=2.4 Hz, H-5),
3.66 (dd, 1H, Jse=5.2 Hz, Jsa-b=12.0 Hz, H-6a), 3.72
(dd, 1H, Jsb=2.4 Hz, Ja=12.0 Hz, H-6b), 3.80 (dd,
1H, J,5=/;-=9.2 Hz, H-3), 5.37 (d, 1H, J=3.6 Hz, H-1),
6.97 (d, 2H, J=9.6 Hz, -OCH.NH-), 7.02 (d, 2H, J=9.2
Hz, -OCH.NH-), 7.26 (d, 2H, J=8.4 Hz, -SO.CsH.CH,),
7.57 (d, 2H, J=8.4 Hz, -SO.CH.CH;), MS: 424 (M-H)".
4-(4-tert-Butylphenylsulfonylamino)phenyl a-D-gluco-
pyranoside (11). According to method E, compound 11
was prepared from 21 (0.55 g, 0.9 mmol). The product
was purified by column chromatography on silica gel (5:1
CH:Cl:-MeOH) to afford 040 g (99.7%) of 7: [a]p
+11.8° (¢ 1.47, MeOH); 'H NMR (CD;OD) & 1.31 (s, 9H,
-C (CHas)s), 3.39 (dd, 1H, J:-=9.0 Hz, J.s=9.8 Hz, H-4),

3.53 (dd, 1H, J,+=3.6 Hz, J.,=10.0 Hz, H-2), 3.60 (ddd, 1H, .

Jos=9.8 Hz, J5a=4.8 Hz, J5-w=2.4 Hz, H-5), 3.66 (dd,
1H, Jssa=4.8 Hz, Ja-=12.0 Hz, H-6a), 3.72 (dd, 1H,
Jssb=2.4 Hz, Jaa-b=12.0 Hz, H-6b), 3.80 (dd, 1H, Jos=Js—
=9.4 Hz, H-3), 5.37 (d, 1H, J=3.6 Hz, H-1), 6.99 (d, 2H,
J=9.2 Hz, -OC:H.NH-), 7.03 (d, 2H, J=9.6 Hz, -OC:H.NH-),
7.50 (d, 2H, J=84 Hz, -SO,CH.C(CH,);), 7.62 (d, 2H, J
=8.8 Hz, -SO.CH.C (CH.);), MS: 466 (M-H)".
4-~(2-Naphthalenephenylsulfonylamino)phenyl o-D-glu-
RSO.CI, base

OH
HO O
HO — e
HO [e) : acetone
OH

13: a-arbutin

OH
HO O,
HO
HO L

copyranoside (12). According to method E, compound 12
was prepared from 22 (0.53 g, 0.9 mmol). The product
was recrystallized from hot EtOH to afford a quantitative
yield 0.40 g of 12: [alp +124° (¢ 1.24, MeOH); 'H
NMR (CD;OD) & 3.37 (dd, 1H, J;-~=8.8 Hz, J=9.6 Hz,
H-4), 3.50 (dd, 1H, J,—=3.6 Hz, J.+=10.0 Hz, H-2), 3.56
(ddd, 1H, J-=9.6 Hz, Jsca=4.6 Hz, Js-=2.4 Hz, H-5),
3.63 (dd, 1H, Jsa=4.6 Hz, Jea-b=11.8 Hz, H-6a), 3.67
(dd, 1H, Js-=2.4 Hz, Ja=11.8 Hz, H-6b), 3.77 (dd,
1H, J»s=J5+=9.2 Hz, H-3), 5.33 (d, 1H, J=3.6 Hz, H-1),
7.00 (s, 4H, -OC:H.NH-), 7.56-7.72, 7.91-7.96, 8.23 (m,
7H, -SO,CicHy), MS: 460 (M-H)".

Biological assays. The a-glucosidase inhibition assays
were performed using p-nitrophenyl a-D-glucopyranoside
(Aldrich) as a substrate and were assayed using previously
reported methods.” The DNA breakage activity was in-
vestigated using previously reported methods."™ Inhibi-
tion assays at the cellular level were performed by previ-
ously reported methods."”

RESULTS AND DISCUSSION

Synthesis of sulfonate and sulfonamide derivatives.

The synthesis of the sulfonate derivatives 1-6 that were
used in the present study is presented in Fig. 3. o-Arbutin
13 was used as a starting material for the synthesis of
compounds 1-6. Compound 13 was sulfonated with 4-
nitrobenzenesulfonyl chloride, 4-chlorobenzenesulfonyl
chloride, 4-trifluoromethylbenzenesulfonyl chloride, 4-
methylbenzenesulfonyl chloride, 4-t-butylbenzenesulfonyl
chloride, and 2-naphthalenesulfonyl chloride in acetone to
give compounds 1-6, respectively.

The synthesis of the sulfonamide derivatives 7-12 that
were used in the present study is presented in Fig. 4. p-
Nitrophenyl a-D-glucopyranoside 14 was used as a start-
ing material for the synthesis of compounds 7-12. Com-
pound 14 was acetylated with acetic anhydride in pyridine
to give per-acetylated glucopyranoside 15. Compound 15
was hydrogenated under H, with 20% paliadium hydrox-
ide on carbon to give the free-base 16. Compound 16 was
sulfonated with 4-nitrobenzenesulfonyl chioride, 4-chloro-

1: R=4-NO,-CgH,

2: R=4-CI-CgH,

3: R=4-CF3-CgH,

4: R=4-CH;-CgH,

5: R=4-C(CH,3)3-CgHy
6: R=2-naphthyl

Fig. 3. Synthesis of compounds 1-6.
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e HO °
O RY
M’S‘Rz

H H

7: R%=4-NO,-CgH,

8: R?=4-CI-CgH,

9: R%=4-CF3-CgHy
10: R?=4-CHj3-CgH,
11: R2=4-C(CH3)3-CgH,4
12: R?%=2-naphthyl

a) Ac,0, CsHsN, b) Pd (OH), / C, EtOH, ¢) RZSO,CI, CsHsN, d) NEts, H,0, MeOH

Fig. 4. Synthesis of compounds 7-12.
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benzenesulfonyl chloride, 4-trifluoromethylbenzenesulfo-
nyl chloride, 4-methylbenzenesulfonyl chloride, 4-t-butyl-
benzenesulfonyl chloride, and 2-naphthalenesulfonyl chlo-
ride in pyridine to give 17-22 in good yields, respec-
tively. Treatment of the resulting sulfonamides 17-22
with base gave compounds 7-12 in good yields, respec-
tively. To the best of our knowledge, there have been no
previous reports on the synthesis of compounds 1-6, 89
or 11. Data for NMR and MS spectra and optical rotation
of all compounds 1-12 have not been reported.

Inhibition of o-glucosidases.

Inhibition studies on compounds 1-12 towards Sac-
charomyces cerevisiae, Bacillus stearothermophilus and
rice a-glucosidases, and the results are listed in Table 1.
Compounds 6 and 12, with a terminal 2-naphthyl group,
indicated inhibitions of o-glucosidases from S. cerevisiae
(IC%=51.7 uM and ICs%=74.1 uM) and B. stearothermophi-
lus (IC%=60.1 uM and IC»%=89.1 uM). Compounds 1-5
and 7-11 showed no significant inhibitory properties for
S. cerevisiae or B. stearothermophilus o-glucosidases. No
compounds inhibited rice a-glucosidase. Additionally, all
a-glucosidases hydrolyzed compounds 1-12. These results
indicated that compounds 1-12 have properties of both
substrate and inhibitor against S. cerevisiae o-glucosidase.
Compounds 1-5 were substrate for B. stearothermophilus
enzyme. However, compounds 6-12 were substrate and
inhibitor for B. stearothermophilus enzyme. All com-
pounds were substrate for rice enzyme. From these results
if p-benzoquinone or p-benzoquinone imine are released
during the liberation of the aglycon of compounds 1-12,
the huge differences in enzyme inhibitory activity among

three kinds of enzymes will not result. This speculation is -

Table 1. Inhibitory activities of compounds 1-12 against o-

glucosidases.
1Cs (M)

Compound S. cerevisaise  B. stearothermophilus Rice
1 499 >500 >500
2 437 >500 >500
3 407 >500 >500
4 499 >500 >500
5 391 >500 >500
6 51.7 60.1 >500
7 239 218 >500
8 200 254 >500
9 146 244 >500
10 231 325 >500
11 136 237 >500
12 74.1 89.1 >500

The S. cerevisiae and B. stearothermophilus o-glucosidase inhi-
bition assays were performed by using 1 mM PNP Glc as substrate.
The assay conditions were potassium phosphate buffer (pH 7.0) at
37°C, 20 min. The rice o-glucosidase inhibition assay was per-
formed by using 1 mM PNP Gic as substrate. The assay conditions
were sodium acetate buffer (pH 4.0) at 37°C, 60 min. All o-
glucosidases hydrolyzed compounds 1-12.

in conflict with those expected from the theory shown in
Fig. 2. Therefore, the enzymatic hydrolysis reaction of
compound 4 in the presence of S. cerevisiae o-glucosi-
dase was analyzed using the LC/MS system as a model
case. It was found that the major product of the hydroly-
sis reaction was aphenol compound corresponding to the
aglycon moiety of compound 4 (data not shown). «-
Glucosidase inhibition of compounds 1-12 was consid-
ered to be due to the enzymatic formation of phenol de-
rivatives from compounds 1-12, illustrated in Fig. 5, and/
or compounds 1-12 themselves.

DNA Cleavage activities.

Fukuhara et al. have reported that a phenol compound,
resveratrol, induced Cu(II)-dependent DNA-strand scission
under neutral conditions.”” This DNA cleavage process
occurs in the presence of Cu(Il) and O.. The ability of
compounds 1-12 to induce DNA cleaving activity was
examined using pBR322, a supercoiled, covalently closed
circular DNA (Form I), and analyzed by agarose gel elec-
trophoresis (Table 2). o-Glucosidase-triggered radical-me-
diated DNA breakage was very effectively observed for
sulfonamide derivatives 7-12. Consistent with the fact
that Cu(Il) and enzyme are required for potent DNA
cleaving activity of compounds 7-12, these compounds
induced DNA cleavage only when the reaction was car-
ried out in the presence of Cu(Il) and enzyme; in the ab-
sence of Cu(Il) and enzyme, no DNA cleavage was ob-
served. On the other hand, sulfonate derivatives 1-6
caused only slight damage under the same conditions. The
decrease in the DNA cleaving ability of compounds 1-6
compared to that of compounds 7-12 also indicated the
importance of the sulfonamide structure, which might be

Table 2. Enzyme-triggered DNA-cleaving activities of compounds

1-12.
Residual ratio of
Form I plasmid (%)

CuCl, + + - - +

Compound NADH + - + - +

Enzyme + + + + -
1 86 100 100 100 100
2 87 100 100 100 100
3 91 72 100 100 100
4 93 100 100 100 100
s 85 100 100 100 100
6 76 64 100 100 100
7 <1 <1 100 100 100
8 <l <1 100 100 100
9 <1 23 100 100 100
10 <1 17 100 100 100
11 <1 6 100 100 100
12 <1 22 100 100 100

Analysis of DNA strand breaks generated in pBR322DNA with
compounds 1-12. Assays were performed by using 1 mM of com-
pound, 100 pM CuCl:, 500 uM NADH, and S. cerevisiae o-gluco-
sidase. The assay conditions were sodium phosphate buffer (pH
7.0) containing pBR322DNA at 37 °C, for 20 h.

9 Enzymatic hydrolysis El’
Sugar-0 R'-S—R? + H,0 = Sugar-OH + HO R‘—ﬁ—R2
H

[a)
R'= NH, O

(o]
R'=NH, 0

Fig. 5. Schematic diagram of enzymatic liberation of phenol derivatives.
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effective not only for DNA binding for the conformation
of the overall structure but also for the stability of the
phenoxy radical. No effect of DNA cleaving activity of
compounds 1-12 was observed in spite of the presence of
NADH. It would appear that the enzymatic liberation of
quinone derivative shown in Fig. 2 does not occur, since
quinone derivatives showed DNA cleaving activity in the
presence of NADH.'” These findings can be explained by
the fact that enzymatic liberation of the aglycon from
compounds 1-12 was followed by the ejection of phenol
derivatives, shown in Fig. 5.

Cellular level assays.

Compounds 1-12 were assayed with regard to their
ability to inhibit ER glucosidase at the cellular level. Ve-
sicular stomatitis virus glycoprotein (VSV G) was pre-
pared from VSV-infected and probe-treated baby hamster
kidney (BHK) cells. Analyses of the N-glycan structure of
obtained VSV G using endo H, which is known to have
hydrolytic activity against high-mannose type N-glycan,
failed to confirm that these compounds inhibited ER glu-
cosidases (data not shown).

We have shown that dual functional small molecules

having both the o-glucosidase inhibitory activity and .

DNA breakage activity at the enzyme level can be de-
signed, using our mechanism-based approach. We plan in
the near future to study the structure-activity relationship
and to extend the same strategies to more complicated
cellular systems. We think that ER-targeted small mole-
cule apoptosis inducers are necessary for the development
of new and potent antitumor agents.
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As mitochondrial oxidative damage' or oxidative modification
of low-density lipoprotein (LDL)? contribute significantly to a range
of degenerative diseases and further production of reactive oxygen
species (ROS), it might be advantageous to develop lipophilic
antioxidants which would be able to suppress mitochondrial ROS
production or LDL oxidation due to their affinity to lipid particles
or membrane. Recently, we synthesized planar catechin analogue
(PC1), in which the catechol and chroman structure in (+)-catechin
are constrained to be planar, by the reaction of (+)-catechin with
acetone in the presence of BF;+E,O.3# The rate of hydrogen transfer
from PC1 to galvinoxyl radical (G*), a stable oxygen-centered
radical, is about 5-fold faster than that of hydrogen transfer from
the native (+)-catechin to G°. PC1 also shows an enhanced
protective effect against oxidative DNA damage induced by the
Fenton reaction without the pro-oxidant effect, which is usually

observed in the case of (+)-catechin. We also have found that PC1,"

as well as stilbene resveratrol® which is a typical cancer chemo-
preventive agent present in grapes. inhibits cell growth through
induction of apoptosis in cancer cell lines (data not shown).
Therefore, we envisioned that a conformationally constrained planar
catechin might be valuable in the development of a new type of
clinically useful antioxidant, if the hydrophobicity of PC1 could
be controlled so as to fine-tune its membrane binding and
penetration into the phospholipid bilayer. Here, we describe a
synthetic method for planar catechin analogues (PCn), the lipo-
philicity of which was controlled by changing the length of the
alkyl chains. Also described are their remarkable antioxidative
potencies and a-glucosidase inhibitory activities.

The synthesis of PCn was carried out by reacting catechin with
various ketones having alkyl chains of different lengths. However,
the previously reported method for the synthesis of PC13 is
inapplicable to other PCn synthesis. Because the original reaction
is carried out in a solution of acetone, the synthesis of PCn is
limited to using the corresponding ketone as a solvent. Therefore,
it was necessary to improve the synthetic method of PC1 to be
able to introduce various types of ketones into the catechin structure
using a synthetic scheme applicable for any PCn production. We
attempted to optimize the reaction using a combination of various
acids and solvents, and finally, it was shown that the reaction using
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silyl Lewis acids such as TMSOTT, TESOTf, or TBSOTf gave the
desired products in high yields. Typically, (+)-catechin and 1.2
equiv of ketone in THF was treated with 1.2 equiv of TMSOTT at
=5 °C to form the desired PCn. This reaction was used to provide
a series of PC1 = PC6, 44—76% yield (Scheme 1), with slightly
different lipophilicity.

PCn were evaluated for their radical scavenging activities against
DPPH (2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl) radical and
AAPH (2,2'-azobis(2-amidinopropane) dihydrochloride)-derived
peroxyl radical (Scheme 2). The hydrogen abstraction of PCn by
DPPH radical in deaerated acetonitrile solution was monitored using
the decrease of the visible absorption band at 543 nm due to DPPH
radical that obeyed pseudo-first-order kinetics. The second-order
rate constant (kyr) for hydrogen abstraction of PCn by DPPH
radical was then determined (Table 1). Similar to what was found
with hydrogen abstraction by galvinoxyl radical,? the kyr value (533
M~1 s7") of PC1 is significantly larger than that of (+)-catechin
(305 M-t s7Y), indicating that the radical-scavenging aclivity of
catechin using DPPH radical increased due to constraining the (+)-
catechin in a planar configuration. In addition, it was found that
the larger the number of carbon atoms there were in the alkyl chains,
the greater the DPPH radical scavenging rates became, with the
kyr value of PCn plateauing at n = 4. The radical scavenging ability
of PCn with longer side chains might be attributed to the —I effect
of the side chain that stabilizes the cation radical formed after
electron transfer from PCn to DPPH. The radical scavenging
activities of PCn in aqueous solution were investigated using AAPH
as a source of free radicals in phosphate buffer (Table 1). AAPH-
derived peroxyl radicals react with luminol to generate prolonged
luminescence,® and the antioxidative activities of PCn were
determined using the concentration of PCn where the luminescence
is reduced to 50%. As a result, the antioxidative activity of planar
catechin in phosphate buffer was again stronger than that of catechin
as well as its antioxidative activity in acetonitrile. The alkyl side
chains also affect the antioxidative activity; an increase (n = 1—3)
in the length of the alkyl chains tends to increase the antioxidative
activity, with PC3 showing the strongest antioxidative effect.
However, further increase (n = 4—6) in the length of the side chain
seems to weaken the antioxidative effects, which is consistent with
the suggestion that longer alkyl side chains result in the formation
of amphiphilic micelles in aqueous solvent.

For the evaluation of lipophilic PCn as antioxidants against
biomolecular injury caused by ROS, the protecting effect of PCn
on oxidative DNA damage induced by the Fenton reaction was
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