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with the inhibition of DNA replication initiation
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Abstract. p-Tyrosol is a phenolic compound present in
different dietary sources that can exert mild antioxidant
properties based on in vitro and in vivo studies. In our study,
two p-tyrosol derivatives (p-tyrosyl gallate and p-tyrosyl
acetate) were synthesized and compared together with p-
tyrosol and gallic acid for their cytotoxic activities on human
cancer cells. p-Tyrosyl gallate had the most potent cytotoxicity
and the major cytotoxic mechanism of its action was studied.
We found that in HeLa cells, p-tyrosyl gallate can effectively
induce cell cycle arrest during S phase and inhibited in vitro
simian virus (SV40 DNA) replication. In addition, p-tyrosyl
gallate can inhibit three important functional replication
proteins (topoisomerase I, RPA and pol a-primase),
especially pol a-primase. These results suggest that p-tyrosyl
gallate-induced cell cycle arrest during S phase correlates
with the inhibition of DNA replication. Pol a-primase may be
the main target molecule. Taken together, we suggest that
p-tyrosyl gallate is a strong anticancer drug candidate that
warrants further investigation.

Introduction

Cell division is a central process in living organisms. This
process culminates with the production of two daughter cells
from one mother cell. Both cell growth and division are cell
cycle dependent (1). Cell division is controlled by mechanisms
that normally allow cells to divide only if and when new cells
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are required. Uncontrolled cell division is a feature of tumor
growth. Before cell division can take place, a cell must double
its mass and duplicate all its components. Most of these
processes occur during the interphase period between cell
divisions. Cellular DNA is replicated during the S phase of
interphase (2). DNA replication is a tightly regulated progress
in the cell cycle and requires the recruitment of multiple
components such as the DNA polymerase a-primase (pol a-
primase) complex, replication protein A (RPA), replication
factor C (RFC), proliferating cell nuclear antigen (PANC) and
topoisomerase I (topo I) (3). If DNA replication is blocked by
an inhibitor or the DNA template is damaged by radiation or
other factors, signals are generated that can induce cell-cycle
arrest or apoptosis (4).

Much of what is currently known about the mechanism of
DNA replication in eukaryotic cells has come from studying
simian virus 40 (SV40) and related viruses (5). An in vitro
SV40 DNA replication system was used extensively as a
model to understand eukaryotic DNA replication and is used in
anticancer drug analysis (6). SV40 is a small DNA tumor virus
of the papovavirus family. SV40 can use the host replication
machinery for its own DNA replication together with the sole
viral protein, SV40 large tumor antigen (T-Ag). The latter is a
multifunctional regulatory protein that binds to specific DNA
sites at the replication origin to initiate replication with
numerous biochemical activities (7). All other proteins during
in vitro SV40 DNA replication are supplied by the host cell
extracts. Ten cellular factors are sufficient to replicate SV40
DNA. Three of these, pol a-primase, RPA and topo I, are
necessary, together with T-Ag, for the initial replication stage
(3,5.8). RPA is a eukaryotic single-stranded DNA (ssDNA)
binding protein that is involved in DNA replication, repair and
recombination. During replication, RPA mediates the
unwinding of SV40 origin-containing DNA in the presence of
SV40 T-Ag and topo I. RPA interacts with T-Ag and the DNA
pol a-primase complex, an interaction that is necessary for the
initiation of SV40 DNA replication (5). The pol a-primase
complex is responsible for the synthesis of the first DNA
segment, which is considered the first lagging strand Okazaki
fragment, but is then subsequently utilized as the primer for
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the initiation of leading strand synthesis by DNA pol § (3).
Topo I and 1II release the torsional stress on the DNA duplex
that are caused by the progressing replication forks (8). By
forming transient DNA single-strand breaks (referred to as
‘cleavage complexes’) and acting as DNA strand transferase,
topo I plays key a role in DNA replication, transcription and
recombination (9).

p-Tyrosol (4-Hydroxyphenethyl alcohol) is a well-known
phenolic compound that is present in different dietary sources
like virgin olive oil, wine and Rhodiola species (10). In fact,
p-tyrosol is one of the major bioactive components in the
Rhodiola species (11). In vitro and in vivo studies have shown
that p-tyrosol exerts mild antioxidant properties (12).

Gallic acid (3,4,5-trihydroxybenzoic acid), which is
naturally abundant in plants is also a well-known phenolic
compound. In plants, this compound occurs as gallic acid and
is a major product of the breakdown of gallotannins, which are
the simple esters of gallic acid that are commonly produced by
plants. Toxic effects of gallic acid have been demonstrated in
rabbits, rats, sheep and brushtail possums (13). Gallic acid
protects against oxidative damage induced by reactive oxygen
species (ROS) (14) in order to cause apoptosis in some tumor
cell lines (HL-60RG, HeLa, KB cells) with a higher
sensitivity than normal cells (15,16). Furthermore, some of
these cells have an anti-thrombotic effect (17). In particular,
the selectivity shown by gallic acid was independent of cell
cycle progression, that is, gallic acid does not act at a specific
phase of the cell cycle (15).

In this study, we synthesized two tyrosol derivative
compounds, p-tyrosyl gallate and p-tyrosyl acetate. In our
study, we showed that by correlating cell cycle arrest during
S phase with the inhibition of DNA replication, that p-tyrosyl
gallate has a potent anticancer activity. Furthermore, we found
that major inhibition of DNA replication by p-tyrosyl gallate
treatment might be due to the inhibition of pol a-primase
activity.

Materials and methods

Synthesis of tyrosol derivatives. p-Tyrosol (hydroxy-
phenethyl alcohol) and gallic acid (3.4,5-trihydroxybenzoic
acid) were purchased from Aldrich Chemical Company. All
samples were dissolved in ethanol (EtOH) at a 100 mM
concentration and kept at 5°C. The final concentration of
EtOH in every assay did not exceed 1%. Further dilutions to
desired concentrations were made immediately prior to each
experiment. All other chemicals were at an analytical reagent
grade.

Infrared spectra were obtained on a Perkin-Elmer
spectrometer using KBr plates. 'H-NMR spectra were
recorded on a Bruker 300-MHz spectrometer. Chloroform-d
and acetone-d; were employed as deuterated solvents.
Tetramethylsilane (TMS) was used as an internal standard.
Silica gel 60 (Merck) was used for column chromatography.

p-Tyrosyl acetate (4-Hydroxyphenethyl acetate) (1). 4-
Hydoxyphenethyl alcohol (0.02 mol) was placed in a round-
bottomed flask and mixed with ethyl acetate (0.01 mol) in the
presence of 10 mol % p-dodecylbenzenesulfonic acid (DBSA).
The mixture was stirred for 24 h at 40°C. The reaction mixture
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was then poured into water. After the organic layer was
separated, it was dried with anhydrous magnesium sulfate.
The solid was then filtered off. The filtrate was condensed on
a rotary evaporator which resulted in a crude, dark yellow
product. This crude product was chromatographed on silica
gel using ethyl acetate and hexane as co-eluants. The fractions
containing the product were condensed on a rotary evaporator
to yield a light yellow solid. IR (KBr): v= 3400, 3050, 2980,
1735, 1610, 1510, 1230 cm'. 'H-NMR (CDCI3): 8= 2.08
(s, 3H), 2.87 (t,2H), 4.25 (t, 2H), 6.79 (d, 2H), 7.18 (d, 2H).
Calculated analysis for C,,H,,0,: C, 66.95%; H, 6.71%; O,
26.64%. Found: C, 66.35%; H, 6.73%; O, 25.77%.

p-Tyrosyl gallate (4-Hydroxyphenethyl gallate) (2). A one-
necked flask (100 ml) was equipped with a calcium chloride
tube and charged with 8.5 g (0.05 mol) of gallic acid, 7.6 g
(0.055 mol) of 4-hydroxyphenethyl alcohol and 30 ml of dry
tetrahydrofuran. The solution was stirred and cooled in an ice
bath at 0°C while a dicyclohexylcarbodimide solution (DCC
11.35 g/dichloromethane 25 ml) was added over a 5 min
period. After stirring at 0°C for 5 min more, the ice bath was
removed and the dark orange reaction mixture was stirred for
3 h at room temperature. The dicyclohexylurea that
precipitated from the mixture was removed by filtration. The
filtrate was washed three times with water and 5% aq. acetic
acid and then washed again only with water. The organic
solution was dried over anhydrous magnesium sulfate and
concentrated on a rotary evaporator. The crude product was
chromatographed on silica gel using ethyl acetate and hexane
as the eluants. The fractions containing the desired product
were condensed on a rotary evaporator. The crude product was
purified by recrystallization from the chloroform solution. IR
(KBr): v= 3334, 3050, 2980, 1687, 1604, 1456, 1244 cm''.
"H-NMR (acetone-d,): 6=2.98 (t, 2H), 4.39 (t,2H), 6.8 (d, 2H),
7.15-7.35 (d, 4H), 8.19 (s, 3H). Calculated analysis for
CsH,,0¢ : C, 62.07%; H, 4.86%; O, 33.07%. Found: C,
61.42%; H, 5.340%; O, 33%.

Cell culture. The RPMI-1640 medium, fetal bovine serum
(FBS) and 100% penicillin/streptomycin were from Hyclone
Laboratories (Logan, UT). The Dulbecco's modified Eagle's
medium (DMEM) containing high glucose was purchased
from the Gibco-BRL (Gaithersburg, MD, USA). CCK-8 was
purchased from Dojin Laboratories (Osaka, Japan). The
human cancer cell lines HeLa (a cervical carcinoma), A549
(a lung carcinoma) and PANC-1 (a pancreatic carcinoma)
were purchased from American Type Culture Collection
(ATCC). Throughout all the experiments, the HeLa and
PANC-1 cells were grown in DMEM while the A549 cells
were grown in RPMI-1640. The media were supplemented
with 10% FBS and 1% penicillin/streptomycin. Cells were
grown in 5% CO, humidified atmosphere at 37°C. When the
cultures reached ~80% confluence, the cells were washed
twice with PBS (pH 7.4) at 37°C and harvested by trypsini-
zation. Fresh medium was added to prepare cell suspensions.

Measurement of cell viability. Cell suspensions (5,000 cells per
well) were seeded in the 96-well plates (Nalgene Nunc
International, Tokyo) and incubated for 24 h before treatment.
The medium was then replaced with fresh medium containing
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salt-based cytotoxic assay (18) was performed to determine the
number of surviving cells. This assay was performed by
adding 10 ul of the cell counting kit solution (CCK-8) to each
well and then incubating the cells for 3 h at 37°C.
Dehydrogenase in living cells can convert 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2 ,4-disulfophenyl)-2H-
tetrazolium (WST-8) to formazan dye. The optical density of
formazan dye for living cells was read at 450 nm in a multi-
microplate reader (synergy HT, BIO-TEK®).

DNA ploidy analysis. HeLa cells treated with 300 uM of p-
tyrosyl gallate (0.8x10° cells in each 60-mm dish) were
collected by trypsinization at different time intervals and
washed with cold PBS via centrifugation. The cells were
suspended in PBS and fixed with 70% ethanol (v/v). Then, the
cells were washed with PBS and stained with PI/RNase
staining buffer (BD PharMingen) for 15 min at 4°C. Data were
acquired using CellQuest Software with a FACScalibur
(Becton Dickinson) flow cytometry system using 20,000 cells
per analysis. Cell cycle distributions were calculated using
ModFit LT 2.0 software (verity Software House, Topsham,
ME, USA).

Measurement of DNA replication in vivo. HeLa cells (~2x10°)
were seeded in 6-well plates (Nalgene Nunc International,
Tokyo) and incubated for 24 h to allow cell attachment to the
plates. After attachment, DMEM supplemented with 10%
FBS and various concentrations of the sample (or control) was
added to the cells. After the cells were incubated for 24 h,
[*H]dTTP was added at 1 yCi/ml (1 pCi =37 kBq) and
incubated with the cells for 3 h. The cells in each well were
harvested by trypsinization and washed with cold PBS. After
centrifugation, the cell pellet was re-suspended in cold 5%
TCA and incubated on ice for 30 min. After washing with
PBS, the [*H]dTTP that had incorporated into nascent DNA
was extracted with 0.5 ml of cell lysis buffer (100 mM Tris-
HCI; pH 8.0,20 mM EDTA, 0.8% SDS). The TCA-insoluble
radioactivity was counted by measuring thymidine
incorporation into DNA or DNA synthesis using a Tri-carb
2000CA liquid scintillation counter (Packard, Groningen,
The Netherlands).

In vitro SV40 DNA replication assay. The reaction mixture
(40 pl) included 40 mM creatine phosphate-di-Tris salt
(pH 7.7), 1 pg of creatine kinase, 7 mM MgCl,, 0.5 mM
DTT, 4 mM ATP, 200 uM UTP, GTP and CTP, 100 yuM
dATP, dGTP and dCTP, 25 yM [*H]dTTP (300 cpm/pmol),
0.6 ug of SV40 T-Ag, 0.23 ug of pUC-ori*, HeLa extracts
and each sample as indicated. The reactions were run at 37°C
for 4 h and then measured for acid-insoluble radioactivity. In
the previously described reactions, replication products were
analyzed using [a-*?P]dATP (30000 cpm/pmol) instead of
[*H]dTTP. Replication products in the reaction mixture were
analyzed by separating the isolated DNA by overnight
electrophoresis on a 1.0% agarose gel at 42 V. The gel was
subsequently dried and analyzed with a Phosphor Image
Analyzer (Typhoon 9400 Variable Mode Imager, Amersham
Biosciences).
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Figure 1. The synthesized chemical structures of p-tyrosyl gallate and p-tyrosyl
acetate.

Topoisomerase I assay. Topoisomerase I activity was
measured by superhelical plasmid DNA relaxation. The 20 p1
of assay mixture contained 50 mM Tris-HCI (pH 7.5), 120 mM
KCI, 10 mM MgCl,, 0.5 mM DTT, 0.5 mM EDTA, BSA
(30 pg/ml), pBR322 (20 ug/ml), topo I and various sample
concentrations. After 30 min at 30°C, the reactions were
stopped by the addition of 5 ul of 5% NaDodSO,/25% (wt/vol)
Ficoll 400 (Pharmacia) containing 0.25 mg of bromophenol
blue per ml. The reaction products were analyzed by
electrophoresis and the results were photographed.

ssDNA binding assay. The reaction mixture (20 ul) contained
50 mM Hepes-KOH (pH 7.5), 150 mM NaCl, 1 mM MgCl,,
0.5 mM DTT, 10% glycerol, 50 pmol of 5'-3?P-labeled
oligo(dT)s, (2200 cpm/pmol), plus RPA and was incubated
for 15 min at room temperature. The complex was separated
on a 5% polyacrylamide gel in 0.5x TBE (89 mM Tris borate,
2 mM EDTA) by electrophoresis at 15 V/cm. The gel was then
dried and exposed to X-ray film.

DNA polymerase assay. The reaction mixtures (30 ul)
contained 40 mM creatine phosphate/di-Tris salt (pH 7.7),
1.0 pg of creatine kinase, 7 mM MgCl,, 1.0 mM DTT, 6 ug of
bovine serum albumin, 4 mM ATP, 33 uM of [*H]dTTP
(500 cpm/pmol), 0.1 g of poly (dA),s: oligo (dT),s (20:1),
DNA pol a and one of the samples. After incubation at 37°C
for 30 min, the acid-insoluble radioactivity of each sample was
determined.

Results

The effects of tyrosol and its derivatives on human cancer cell
cytotoxicity. The structure of p-tyrosyl acetate and p-tyrosyl
gallate are shown in Fig. 1. To investigate the effects of
tyrosol and its derivatives on the cytotoxicity, a cell viability
assay using CCK-8 was carried out with three different
human cancer cells, which included the HeLa (a cervical
carcinoma), A549 (a lung carcinoma) and PANC-1 (a
pancreatic carcinoma) cell lines. The 48 h treatment with p-
tyrosyl gallate reduced the cell viability of all three cancer
cell types more than the other compounds. Furthermore, the
pancreatic carcinoma cell line, PANC-1, showed the most
sensitivity. The results indicate that p-tyrosyl gallate had the
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Figure 2. The effects of p-tyrosol, p-tyrosyl acetate, p-tyrosyl gallate and
gallic acid on the viability of several cell lines (HeLa (A), A549 (B) and
PANC-1 (C). All cells were treated with various concentrations of the
compounds for 48 h. Relative cell viability was determined by WST-8 and is
shown as a percentage of living cells over the control (100%). Data are
shown as means + SD of three independent experiments.

most potent cytotoxicity and that p-tyrosyl acetate did not
have a significant cytotoxicity compared to the p-tyrosyl
gallate (Fig. 2). As shown in Fig. 2, the general trend of
increasing cytotoxicity was p-tyrosol <p-tyrosyl acetate
<gallic acid <p-tyrosyl gallate.

Effect of p-tyrosyl gallate on the cell cycle distribution. To
investigate the strong cytotoxic effect of the cell cycle
perturbation induced by p-tyrosyl gallate, we performed a
flow cytometric analysis of propidium iodide stained nuclei.
When we examined the effect of p-tyrosol, p-tyrosyl acetate
and gallic acid on cells, the distribution of HeLa cells was
not significantly affected (data not shown). Since the ICs,
value of p-tyrosyl gallate was ~300 yuM for HeLa cells
(Fig. 2A), HeLa cells were treated with this inhibitor
concentration for various time periods (12, 36, 24, 48 and
60 h). As shown in Fig. 3, flow cytometric analysis indicated
that p-tyrosyl gallate could time-dependently perturb the S
phase. After 60 h of treatment, the population of HeLa cells in
the S phase significantly increased from 27.86 to 55.15%. This
increase consequently occurred when the G2/M cell
population decreased from 20.61 to 0.62%. Therefore, this
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Figure 3. The analysis of cellular DNA content by the effect of p-tyrosyl
gallate on cell cycle progression in HeLa cells. HeLa cells were treated with
300 uM p-tyrosyl gallate for 12 h (A),24 h (B),36 h (C), 48 h (D) 60 h (E).
The control was added to the medium without sample. DNA content was
analyzed by flow cytometry with PI staining. The cell cycle distribution was
calculated as the percentage of cells containing GO/G1, S and G2/M phase.
Data are analyzed with 20,000 counted cells and representative of five
independent experiments.
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Figure 4. Effect of p-tyrosol, p-tyrosyl acetate, p-tyrosyl gallate and gallic
acid on DNA replication in HeLa cells. The HeLa cells were treated with
various concentrations of compounds for 24 h before 1 yCi/ml of
[*H]thymidine was added. DNA synthesis was measured by [*H]thymidine
incorporation into nascent DNA and was expressed as the relative
percentage value from the control (100%). Each bar indicates the mean + SD
value of three independent experiments.

result indicates that p-tyrosyl gallate blocked cell cycle
progression in HeLa cells during the S phase because HelLa
cells did not enter into the G2/M phase.

Effect of tyrosol and its derivatives on the DNA synthesis in
HelLa cells. In order to clarify the mechanism of action for the
S phase arrest in HeLa cells, we examined the effect of
tyrosol and its derivatives on DNA synthesis by measuring
labeled thymidine incorporation into nascent DNA. As
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Figure 5. The effect of tyrosol and its derivatives on SV40 DNA replication
in vitro. The replication reaction was comprised of SV40 origin-containing
DNA (pUC-ori*), SV40 T-Ag, HeLa cytosolic extract (100 ug), [*H]dTTP,
and the indicated amounts of compound. Reaction mixtures were incubated
for 4 h at 37°C and the reaction products were examined for acid-insoluble
radioactivity (A) and then separated by 1% agarose gel electrophoresis (B).
Each data point is the mean + SD of three independent experiments.

shown in Fig. 4, although p-tyrosol was synergetic to DNA
synthesis, p-tyrosyl gallate had a strong inhibition of DNA
synthesis in HeLa cells. In fact, 200 uM of p-tyrosyl gallate
completely inhibited DNA synthesis. In contrast, p-tyrosyl
acetate did not show any significant effect (Fig. 4). The
general trend of inhibition upon DNA synthesis in HeLa cells
was: p-tyrosol <p-tyrosyl acetate <gallic acid <p-tyrosyl
gallate. The same general trend was observed when
measuring increased cytotoxicity.

Effect of tyrosol and its derivatives on the SV40 DNA
replication in vitro. Figs. 3 and 4 show that the S phase arrest
and the strong inhibition of DNA synthesis in HeLa cells were
induced by p-tyrosyl gallate. Consequently, by using an SV40
DNA replication system in vitro, we confirmed that p-tyrosyl
gallate could inhibit DNA replication. This in vitro SV40
DNA replication was performed using HeLa cell extracts.
Every compound except p-tyrosol inhibited DNA replication
(Fig. 5A). p-tyrosyl gallate had the strongest inhibition and is

relaxed form ——
supercoiled form — [

Figure 6. Inhibition of topoisomerase I catalytic activity by p-tyrosol, p-
tyrosyl acetate and p-tyrosyl gallate (A), p-Tyrosyl gallate (B) and gallic
acid (C). Topoisomerase was measured by the relaxation of superhelical
plasmid DNA. The assay mixture (20 ul) contained pBR322 (20 pug/ml),
topoisomerase I and the indicated concentrations of compound. After 30 min
at 30°C, the reaction was stopped by the addition of 5 ul of stop solution.
The samples were loaded onto the agarose gel (0.8%) for electrophoresis
and then photographed.

indicated in Fig. 4 as having the strongest inhibitory effect on
DNA synthesis. The inhibitory activity of p-tyrosyl gallate
was 52 and 92% at 400 and 800 M concentrations,
respectively (Fig. 4A). Natural agarose gel electrophoresis
showed that the replication products included RF I, RF II
(circular duplex DNA containing at least one single-strand
break), intervenient topoisomers and discrete slower-
migrating species (Fig. 5B). As depicted in Fig. 5B, the
replication product analysis showed that p-tyrosyl gallate
severely inhibited the synthesis of all forms of DNA (lane 7
and 8). This result suggests a functional interference of the
complex that carries out DNA replication. The general trend
for increased DNA replication inhibition was p-tyrosol <p-
tyrosyl acetate <gallic acid <p-tyrosyl gallate. This trend
was identical when assessing the increased inhibitory effect
on DNA synthesis in HeLa cells.

The effect of tyrosol and its derivatives on the activity of
topo I-mediated DNA relaxation. Since we found that p-
tyrosyl gallate can inhibit DNA replication, we wanted to
determine the possible p-tyrosyl gallate target molecules in
DNA replication. In this study, we checked the effects on
three important replication proteins: topo I, RPA and pol a-
primase. We asked whether p-tyrosol and its derivatives could
inhibit topo I activity, an activity that is key to the processes of
DNA replication, transcription and recombination through
the ability of topo I to form transient DNA single-strand breaks
and act as a DNA strand transferase (9). The inhibitory
effects of these compounds on the catalytic activity of topo I
are shown in Fig. 6A, B and C. Lane 1 shows the plasmid
DNA in the supercoiled form, while in lane 2 topo I induced
the relaxed form of the plasmid. p-Tyrosol, p-tyrosyl acetate
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Figure 7. The effect of p-tyrosol, p-tyrosyl acetate and p-tyrosyl gallate
(A), p-tyrosyl gallate (B), and gallic acid (C) on the ssDNA binding activity
of RPA. A mixture of RPA and the indicated concentrations of the compound
was combined with 3?P-labeled (dT)s, and incubated at 25°C for 15 min. The
protein-DNA complexes were then separated from unbound DNA by 5%
polyacrylamide (acrylamide : bisacrylamide = 29:1) gel electrophoresis.

and p-tyrosyl gallate inhibited topo I-induced DNA
cleavage (Fig. 6A). Among these compounds, p-tyrosyl
gallate completely reduced this relaxation with both
treatment concentrations (400 and 800 yM, lane 7 and 8,
respectively in Fig. 6A). In order to determine the appropriate
inhibition concentration, the p-tyrosyl gallate and gallic acid
were titrated. p-tyrosyl gallate (10 #M) can inhibit the topo I
activity (lane 4 in Fig. 6B), but 25 M of gallic acid could not
inhibit this activity (lane 4 in Fig. 6C). Figs. 6A, B and C
indicate that p-tyrosyl gallate had the strongest inhibitory
activity on topo I. About 20 uM of p-tyrosyl gallate can
entirely inhibit topo I activity.

The effect of tyrosol and its derivatives on the single-strand
DNA-binding activity of RPA. RPA is a single-strand DNA
binding protein that plays a pivotal role in DNA replication,
repair and homologous recombination. In addition to DNA
binding, the function of RPA is to orchestrate the specific
interactions of nuclear proteins (19). Therefore, we asked
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Figure 8. The effect of p-tyrosol, p-tyrosyl acetate and p-tyrosyl gallate (A),
p-tyrosyl gallate (B) and gallic acid (C) on pol a-primase activity. The
indicated concentrations of compounds were added to the reaction mixture,
which included 0.1 units of human pol a-primase complex, 4.0 mM ATP,
1.0 mM [PH]dTTP and 0.1 pg of poly(dA),s : oligo(dT),s (20:1). The
incubation ran at 37°C for 30 min and was followed by a measurement of
acid-insoluble radioactivity.

whether tyrosol and its derivatives can inhibit the sSSDNA
binding activity of RPA, which is an important protein for
replication inhibition. As shown in Fig. 7A, B and C, RPA
formed stable complexes with oligo(dT)s,, which appeared as
distinct bands in the polyacrylamide gel (lane 2). p-Tyrosol,
p-tyrosyl acetate and p-tyrosyl gallate can inhibit the ssDNA
binding activity of RPA. p-Tyrosyl gallate showed the
strongest inhibition of all the treatments (Fig. 7A). When p-
tyrosyl gallate was titrated with the same concentrations used
in Fig. 6B (5, 10, and 20 M), p-tyrosyl gallate did not show
any inhibitory effect in this concentration range (Fig. 7B).
When we examined the effects of gallic acid using the same
concentrations as in Fig. 6C (25, 50 and 100 M) we found
that gallic acid did not have an inhibitory but instead had a
stimulatory effect on the ssDNA binding assay with RPA
(Fig. 7C). Based on the results of Fig 7A, B and C we can
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in ssDNA binding activity of RPA by combining
of p-tyrosol which has a very weak inhibitory effect and gallic
acid which has a stimulatory effect. Furthermore, RPA is not
the main target involved in p-tyrosyl gallate-induced
replication inhibition.

The effect of tyrosol and its derivatives on the activity of DNA
pol a-primase. Pol a-primase is the only enzyme capable of
initiating de novo DNA synthesis by first synthesizing an RNA
primer and then extending the primer by polymerization to
produce a short extension (3). Based on this consideration, we
examined the inhibitory effect of pol a-primase activity by
tyrosol and its derivatives. As shown in Fig. 8A, the activity
of pol a-primase was inhibited by these compounds. In
particular, p-tyrosyl gallate strongly inhibited pol a-primase
activity. Fig. 8B shows that 5 uM of p-tyrosyl gallate
reduced the pol a-primase activity >50%. Fig. 8C shows that
25 uM of gallic acid reduced pol a-primase activity to <50%.
Fig. 8A, B and C indicate that p-tyrosyl gallate had the
strongest inhibitory activity on pol a-primase and that pol
a-primase might be the main target protein involved in p-
tyrosyl gallate-induced inhibition of DNA replication.

Discussion

p-Tyrosol, which has one phenolic hydroxyl group and gallic
acid, which has three phenolic hydroxyl groups, are well
known mono-phenols. The antioxidant activity of p-tyrosol
and gallic acid have been extensively investigated and well
documented for their mild and strong antioxidant activity,
respectively (12,14). In this study, we found that p-tyrosyl
gallate, which is synthesized via esterification of p-tyrosol
and gallic acid, has a potent anticancer activity. Even though
the synthesized p-tyrosyl acetate showed little cytotoxicity on
HeLa cells, we did not find a specific cell cycle arrest in
HeLa cells (data not shown) nor significant effects in any of
the results. As shown in Fig. 2, de novo synthesized p-tyrosyl
gallate was the strongest cytotoxic compound in the three
cancer cell lines (HeLa, A549 and PANC-1). We studied the
cytotoxic activity induced by p-tyrosyl gallate in order to
clarify the major mechanism of cytotoxic action in HelLa
cells. We also investigated p-tyrosyl and p-tyrosyl derivative-
induced inhibition of DNA replication and the potential
effects on three important replication-associated proteins,
topoisomerase, RPA and pol a-primase. Replication inhibition
can be mediated either by damaging the template DNA or by
modulating the activity of one or more proteins required for
DNA replication. The hypothesis that the anticancer activity of
p-tyrosyl gallate might be mediated by a damaged template
was demonstrated by an analysis of DNA replication products
(Fig. 5B). Usually the replication products of a damaged
template show relatively greater amounts of nicked and linear
DNA (20). In contrast, p-tyrosyl gallate inhibited the synthesis
of all DNA forms (lane 7 and 8 in Fig. 5B), suggesting a
functional interference of the DNA replication complex. As
shown above, p-tyrosyl gallate, which blocked the DNA
synthesis, can also inhibit DNA replication. This inhibition
by p-tyrosyl gallate can be induced by the inhibition of DNA
replication-associated proteins, especially pol a-primase. We
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discovered that gallic acid has a stimulating effect on the
ssDNA binding activity of RPA in contrast to the inhibitory
effect of topo I and pol a-primase. However, after synthesis
with p-tyrosol, p-tyrosyl gallate synergically showed a
stronger inhibitory effect on the ssDNA binding activity of
RPA when compared to other compounds. These biological
activities of p-tyrosyl gallate might be explained by i) the
synergistic effect of the gallic and p-tyrosol combination, ii)
the increasing number of phenolic hydroxyl groups and iii)
the increasing hydro-phobicity of p-tyrosyl gallate due to the
addition of one more phenyl group. In previous years,
structure-activity relationship studies have suggested that
phenolic compounds with two or more phenolic hydroxyl
groups may inhibit biological activities (21). These studies
have demonstrated that the recognized cytotoxic activity of
phenolic derivatives depend on their rate of incorporation
into cells, which is directly related to their hydrophobicity as
much as to their antioxidant activity. Both of these properties
are affected by the presence of the phenolic substituent
hydroxyl groups and in poly-hydroxylated phenolic esters, by
the length of the ester moiety (22). In our study, p-tyrosyl
gallate had an increased number of phenolic hydroxyl groups
and an increased hydrophobicity via the synthesis of p-
tyrosol and gallic acid. Furthermore, p-tyrosyl gallate showed
stronger anticancer activity. In conclusion, p-tyrosyl gallate,
which demonstrates a potent anticancer activity by arresting
cell cycle progression via the inhibition of DNA replication,
warrants further investigation as a chemotherapeutic
anticancer agent. We hope our findings will provide useful
information for the development of new and more efficient
anticancer drugs that are structurally based on phenolic
compounds.
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