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Abstract—In a survey of crude plant extracts for DNA polymerase 3 inhibitors, a methyl ethyl ketone extract prepared from Fre-
ziera sp. exhibited potent inhibition of DNA polymerase . Bioassay-guided fractionation of the extract, guided by an assay to
detect DNA polymerase B inhibition, resulted in the isolation of six active pentacyclic triterpenoids (1-6). These triterpenoids had
ICs values ranging from 7.5 to 16 uM in the presence of bovine serum albumin (BSA) and 2.6-5.8 uM in the absence of BSA,
consistent with the possibility that these inhibitors may be of use in vivo. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

DNA damaging agents comprise an important part of
the armamentarium of drugs used for the clinical treat-
ment of cancers. For some DNA damaging agents,
tumor cell resistance results from the ability of the cell
to effect DNA damage repair, thereby diminishing the
efficacy of the applied agents.!:> DNA polymerase B, a
39 kDa enzyme whose role is to repair DNA damage, is
responsible for DNA repair after exposure to some
anticancer drugs such as bleomycin,>® monofunctional
DNA alkylating agents,® ! cisplatin'>'# and neocarzi-
nostatin.® Due to its central role in DNA repair, DNA
polymerase B is a potential target for adjuvant anti-
cancer therapy; selective inhibition of this enzyme by
otherwise non-cytotoxic agents could potentiate che-
motherapeutic treatment by DNA damaging agents,
thus, enhancing the efficacy and permitting lower doses
of such anticancer agents to be administered. Consistent
with this thesis, a recent study in our laboratory using
isolated DNA polymerase B inhibitors revealed that
inhibition of enzyme function in cultured cells resulted
in potentiation of bleomycin and cisplatin cytotoxi-
city.!> DNA polymerase B inhibitors characterized to
date have included bile acids,'¢ sulfated glycoglycero-
lipids,'! triterpenoids,'”-!® flavonoids,'® as well as fatty
acids?% 22 and their derivatives?® and dideoxythymidine
triphosphate.?*
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In our continuing search for DNA polymerase B inhibi-
tors,!>2527 we found that a methyl ethyl ketone extract
prepared from Freziera sp. (Theaceae) exhibited good
inhibition of DNA polymerase B (79% inhibition at
100 pg/mL and 65% inhibition at 50 pg/mL, respec-
tively). Bioassay-guided fractionation of this extract,
using an assay to detect DNA polymerase B inhibition,
resulted in the isolation of six DNA polymerase B inhi-
bitory pentacyclic triterpenoids: oleanolic acid (1),
ursolic acid (2), 3B-O-cis-p-coumaroylmaslinic acid (3),
pomolic acid (4), 3B-O-cis-p-coumaroyl-2a-hydroxy-
urs-12-en-28-oic acid (5) and 3B-O-trans-p-coumaroyl-
2a-hydroxy-urs-12-en-28-oic acid (6). Principles 1-6
exhibited potent inhibitory activity against DNA poly-
merase p with ICsqy values ranging from 7.5 to 16 uM in
the presence of bovine serum albumin (BSA) and 2.6—
5.8 uM in its absence. It may be noted that pentacyclic
triterpenoids have been reported to have many biologi-
cal and pharmacological activities,?®3! including anti-
inflammatory, anti-tumor, anti-ulcer and anti-HIV
effects. We report herein the isolation of compounds
1-6 through bioassay-guided fractionation and their
potencies as DNA polymerase B inhibitors.

Results and Discussion

Dried leaves and flowers of Freziera sp. (Theaceae) were
soaked successively with hexanes, methyl ethyl ketone,
methanol and water. The methyl ethyl ketone extract was
found to inhibit DNA polymerase B (Table 1) and was
fractionated initially on a polyamide 6S column which
was washed successively with H>O, 1:1 MeOH:H,O0, 4:1
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MeOH:CH,Cl,, 1:1 MeOH:CH,Cl, and 9:1 MeOH:
NH,4OH. The final eluate contained polyphenols which
tend to bind DNA strongly and are not specific inhibi-
tors of the enzyme. The 4:1 MeOH:CH,Cl, fraction
showed significant DNA polymerase B inhibitory activ-
ity (87% inhibition at 100 pg/mL; 75% inhibition at
50 pg/mL) and was applied to a Sephadex LH-20 col-
umn for fractionation employing a normal phase elu-
tion scheme. The 1:1 CH,Cl,:acetone fraction from the
Sephadex LH-20 column, which showed the strongest
inhibition, was fractionated further using a Cg reversed
phase open column. Two fractions (13:7 and 19:1
MeOH:H,0) from the Cg open column had the greatest
inhibitory potencies. Further fractionation of the active

Table 1. DNA polymerase B inhibition data from bioassay-guided
fractionation of a methyl ethyl ketone crude extract from Freziera sp.

Column % Inhibition of DNA polymerase
100 pg/mL 50 pg/mL 10 pg/mL
Crude extract 79 65
Polyamide 6S
4:1 MeOH:CH,Cl, 87 75
Sephadex LH-20
1:1 CH,Cl,:acetone 74 30
Cg reversed phase
13:7 MeOH:H,0 78 34
19:1 MeOH:H,0 82 45
HPLC (Cyg)
1? 92 58
24 90 55
Fraction 3 80 32
Fraction 4® 66 30
Fraction 5° 75 20
Fraction 6° 89 16
HPLC (Cyg)°
3 88 49
4 92 55
5 83 40
6 89 45

4From Cg reversed phase 19:1 MeOH:H,O fraction.
®From Cg reversed phase 13:7 MeOH: H,O fraction.
“Purification of fractions 3-6.

19:1 MeOH:H,O fraction, using a C;g reversed phase
high performance liquid chromatography (HPLC) col-
umn, provided pure inhibitors 1 and 2. The active 13:7
MeOH:H,O fraction was fractionated further on a C;g
reversed phase HPLC column to provide four inhibitory
fractions. Purification of these fractions using a Cig
reversed phase HPLC column afforded purified inhibi-
tory principles 3-6.

The structures of 1 and 2 were identified as oleanolic
acid and ursolic acid, respectively, by direct comparison
with authentic samples.3>3* Subsequently, the other
isolated inhibitors were determined to be 3B-O-cis-p-
coumaroylmaslinic acid (3),3? pomolic acid (4),3>-3¢ 3p-
O-cis-p-coumaroyl-2a-hydroxy-urs-12-en-28-oic ~ acid
(5),>” and 3B-O-trans-p-coumaroyl-2a-hydroxy-urs-12-en-
28-oic acid (6)333* through comparison of their 'H and
13C NMR, and MS spectral data with literature reports.

Natural products serve as one source of novel bioactive
compounds and can provide an abundance of specific
inhibitors of various target enzymes, such as DNA
polymerase . Compounds 1-6 displayed potent inhibi-
tory activity against DNA polymerase f; their 1Cs
values were 7.5, 8.5, 12, 9.4, 13 and 16 uM, respectively,
in the presence of bovine serum albumin (BSA), and 3.7,
4.8, 5.8, 2.6, 4.1 and 54uM in the absence of BSA
(Table 2), as determined under the assay conditions
described in Experimental. That their activity was not
greatly affected by the presence of serum albumin, a
basic protein known to bind many lipophilic and acidic
species, is consistent with the possibility that these
inhibitors could be of utility in vivo. As regards their
inhibitory potency, oleanolic acid (1) (IC5o=7.5uM, in
the oleanolic series) and compounds 2 (ICso=28.5uM)
and 4 (IC50=9.4uM), both in the ursolic acid series,
exhibited similar potencies as DNA polymerase [
inhibitors in the presence or absence of BSA. The
coumaroyl derivatives 3 and 5 (ICsos 12 and 13 uM,
respectively), which both contain the same coumar-
oyloxy substituent, showed virtually identical inhibitory
potencies. This suggests that in both the oleanolic and
ursolic series, the coumaroyloxy substituents may play
similar roles in contributing to the potency of DNA
polymerase [ inhibition. Further, the similar ICs, values
for 5§ and 6 argues that the geometry of the olefin within
the C-3 substituent is not an important determinant of
inhibitory potential.

Table 2. DNA polymerase  inhibitory activity for pentacyclic tri-
terpenoids from Freziera sp.

ICso (UM)

Compound In the absence of BSA® In the presence of BSA®
1 3.7 7.5

2 4.8 8.5

3 5.8 12

4 2.6 9.4

5 4.1 13

6 5.4 16

aBSA, bovine serum albumin.
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Compound 3 was chosen as a representative inhibitor of
DNA polymerase B and tested for its ability to potenti-
ate the action of bleomycin in reducing the numbers of
viable cultured mammalian cells. Accordingly, P388D;
cells (derived from a mouse lymphoid neoplasm) were
incubated for 6 h in the presence of bleomycin alone,
compound 3 alone, and the two in combination. As
shown in Table 3, bleomycin and 3 were non-toxic to
the cultured cells when employed at 75nM and 10 uM
concentrations, respectively. However, in the presence
of both compounds, the number of viable cells was
reduced to 82% of that found in the untreated control.
Thus, pentacyclic triterpenoid 3 was capable of poten-
tiating the action of bleomycin in a cultured mammalian
cell line. This finding underscores the potential utility of
such polymerase P inhibitors for functioning as adju-
vants in chemotherapeutic regimens. The virtue of this
approach is also suggested by the recent finding that the
sensitivity of CHO cells to a number of DNA damaging
agents was decreased when DNA polymerase B was
overexpressed.?

Among naturally occurring triterpenoids, only lanos-
tanes!”'® have thus far been reported to inhibit DNA
polymerase B. Nigranoic acid was reported to have an
ICsy value of 16.6 uM,!” while several fomitellic acid
derivatives exhibited minimum inhibitory concentration
(MIC) values of 90-130 uM.!® As demonstrated here,
inhibitors 1-6 represent examples of pentacyclic tri-
terpenoids that inhibit DNA polymerase P; their sig-
nificant potencies of inhibition, and relatively rigid
structures, may facilitate the development of agents
capable of blocking DNA repair in complex biological
systems.

Experimental

General methods

Polyamide 6S (a product of Riedel-de Haen, Germany)
was obtained from Crescent Chemical Co. (Hauppauge,
NY, USA). Sephadex LH-20 (Pharmacia; 40 um) was
purchased from Sigma Chemicals (St. Louis, MO,
USA). Cg reversed phase resin (~32-60um) was
obtained from ICN Pharmaceuticals (Costa Mesa,
CA, USA). The Kromasil reversed phase C;3 HPLC
column (250x10mm, 5um) for HPLC was from
Higgins Analytical Inc. (Mountain View, CA, USA).
'"H and '3C NMR spectra were obtained on General
Electric GN-300 or QE-300 NMR spectrometers. Low
resolution chemical ionization (CI) and electron impact
(EI) mass spectra were recorded on a Finnigan MAT

4600 mass spectrometer. Unlabeled dNTPs and calf
thymus DNA were purchased from Sigma Chemicals;
[PH]dTTP was from ICN Pharmaceuticals. DEAE-cel-
lulose paper (DE-81) was purchased from Whatman
(Abingdon, MD, USA). Distilled, deionized water from a
Milli-Q system was used for all aqueous manipulations.

Extraction and isolation of inhibitors 1-6 from Freziera sp

The leaves and flowers of Freziera sp. (Theaceae) were
collected in February 1974 in Colombia. The dried
leaves and flowers were soaked successively with hex-
anes, methyl ethyl ketone, methanol and water. The
methyl ethyl ketone extract inhibited DNA polymerase
B (79% inhibition at 100 pg/mL). The crude extract also
had significant inhibitory activity after passage through
a polyamide 6S column to remove polyphenols. Conse-
quently, this crude extract was chosen for bioassay-gui-
ded fractionation. A total of 790 mg of the methyl ethyl
ketone crude extract was used for the bioassay-guided
fractionation; a typical set of experiments is described
below. The crude extract (250 mg) was applied to a
polyamide 6S column, which was washed successively
with H,O, 1:1 MeOH:H»O, 4:1 MeOH:CH,Cl,, 1:1
MeOH:CH,Cl, and 9:1 MeOH:NH,OH. The 4:1
MeOH:CH,Cl, fraction (96mg) strongly inhibited
DNA polymerase B (87% inhibition at 100 pg/mL) and
was fractionated further on a Sephadex LH-20 column,
which was eluted successively with hexanes, 1:1 hex-
ane:CH,Cl,, CH,Cl,, 1:1 CH,Cl,:acetone, acetone, and
MeOH. The 1:1 CH,Cl,:acetone fraction (21 mg), which
showed the strongest activity (74% inhibition at 50 pg/
mL), was applied to a Cg reversed phase open column
for fractionation, using 11:9, 13:7, 15:5, 17:3, 19:1 and
20:0 MeOH:H,O as the eluants. The 13:7 and 19:1
MeOH:H,O0 fractions displayed the strongest inhibition
of DNA polymerase . Therefore, the 13:7 MeOH:H,0
fraction (5mg) was applied to a C;g reversed phase
HPLC column for fractionation; elution was with a lin-
ear gradient of 85-95% CH3;CN in H,O over a period
of 50 min at a flow rate of 3.5mL/min (monitoring at
220nm). Four active fractions were obtained from the
C;3 HPLC column. Purification of the four active frac-
tions, employing the same C;3 HPLC column and elut-
ing with 90% CH3;CN in H,O at a flow rate of 2.0mL/
min (monitoring at 220 nm), afforded active compounds
4 (0.3mg), 3 (0.2mg), 5 (0.5mg) and 6 (0.6 mg) in order
of elution. The active 19:1 MeOH:H,O fraction (6 mg)
from the Cg reversed phase open column was fractio-
nated using the same C;g HPLC column with the same
isocratic elution system described above to afford 1
(1.3mg) and 2 (1.1 mg).

Table 3. Potentiation of bleomycin cytotoxicity in P388D, cells by 3B-O-cis-p-coumaroylmaslinic acid (3)

Compound Viable cells (% of control)
Compound alone® BLMP Compound?® + BLM"
3B-0O-cis-p-coumaroylmaslinic acid (3) 100 98 82

2Compound 3 was employed at 10 uM concentration.
®Bleomycin was employed at 75 nM concentration.



250 J.-Z. Deng et al. | Bioorg. Med. Chem. 8 (2000) 247-250

DNA polymerase [3 inhibition assay

After dissolving the crude extract samples or fractions
in 1:1 DMSO:MeOH, 6 uL of the sample and 4 puL of rat
DNA polymerase B (6.9 units, 48,000 units/mg) were
added to 50pL of 62.5mM 2-amino-2-methyl-1,3-
propanediol buffer, pH 8.6, containing 10 mM MgCl,,
I mM DTT, 0.1 mg/mL bovine serum albumin, 6.25 pM
dNTPs, 0.04 Ci/mmol [*H]dTTP and 0.25mg/mL acti-
vated calf thymus DNA. After incubation at 37°C for
1 h, the radioactive DNA product was collected on
DEAE-cellulose filters (DE-81) and dried. The filters
were washed successively with 0.4 M K,HPOy,, pH 9.4,
and 95% ethanol and then used for determination of
radioactivity.

Potentiation of the action of bleomycin in cultured cells

Suspension cultures containing P388D; cells were
maintained in 90% (v/v) Dulbecco’s modified Eagle’s
medium containing glucose (4.5g/L), 10% (v/v) donor
horse serum, and 100 IU of penicillin, 0.1 mg of strep-
tomycin and 0.25 pg of amphotericin B per mL at 37°C
in a 5% CO, in air atmosphere. Tissue culture flasks
(12.5mL volume) were treated with SmL of cell sus-
pension (~5x10° cells/mL) and the culture was incu-
bated for 1h to stabilize the cells. The assays were
carried out in a total volume of 6 mL containing the
cells and test compounds, the latter of which were added
to the cells after dissolution in media. Bleomycin was
employed in the form of blenoxane, the clinically used
mixture of bleomycins consisting primarily of bleomycin
A, and B,. The cultures were incubated at 37°Cin a 5%
CO; in air atmosphere for 6 h followed by cell viability
determination by Trypan blue exclusion.

Acknowledgements

We thank Dr. Xiangyang Wang and Hongge Wang for
the DNA polymerase B preparation employed in this
work, and Professor Shou-Xun Zhao, China Pharma-
ceutical University, Nanjing, China, for the gifts of
oleanolic acid and ursolic acid. This work was sup-
ported by Research Grant CA50771 from the National
Cancer Institute.

References

1. Chaney, S. G.; Sancar, A. J. Nat. Cancer Inst. 1996, 88,
1346.

2. Canitrot, Y.; Cazaux, C.; Fréchet, M.; Bouayadi, K.; Lesca,
C.; Salles, B.; Hoffmann, J.-S. Proc. Natl. Acad. Sci. USA
1998, 95, 12586.

3. Seki, S.; Oda, T. Carcinogenesis 1986, 7, 77.

4. Seki, S.; Oda, T. Carcinogenesis 1988, 9, 2239.

5. DiGiuseppe, J. A.; Dresler, S. L. Biochemistry 1989, 28,
9515.

6. Park, 1.-S.; Koh, H. Y.; Park, J. K.; Park, S. D. Biochem.
Biophys. Res. Commun. 1989, 164, 1226.

7. Zhang, B.; Seki, S.; Ikeda, S. Int. J. Biochem. 1991, 23, 703.
8. Miller, M. R.; Chinault, D. N. J. Biol. Chem. 1982, 257,
10204.

9. Sobol, R. W.; Horton, J. K.; Kiihn, R.; Gu, H.; Singhal, R. K_;
Prasad, R.; Rajewsky, K.; Wilson, S. H. Nature 1996, 379, 183.
10. Narayan, S.; He, F.; Wilson, S. H. J. Biol. Chem. 1996,
271, 18508.

11. Ogawa, A.; Murate, T.; Izuta, S.; Takemura, M.; Furuta,
K.; Kobayashi, J.; Kamikawa, T.; Nimura, Y.; Yoshida, S.
Int. J. Cancer 1998, 76, 512.

12. Ali-Osman, F.; Berger, M. S.; Rairkar, A.; Stein, D. E. J.
Cell. Biochem. 1994, 54, 11.

13. Hoffmann, J.-S.; Pillaire, M.-J.; Maga, G.; Podust, V.;
Hiibscher, U.; Villani, G. Proc. Natl. Acad. Sci. USA 1995, 92,
5356.

14. Horton, J. K.; Srivastava, D. K.; Zmudzka, B. Z.; Wilson,
S. H. Nucleic Acids Res. 1995, 23, 3810.

15. Chen, J.; Zhang, Y.-H.; Wang, L.-K.; Sucheck, S. J.;
Snow, A. M.; Hecht, S. M. J. Chem. Soc., Chem. Commun.
1998, 2769.

16. Ogawa, A.; Murate, T.; Suzuki, M.; Nimura, Y.; Yoshida,
S. Jpn J. Cancer Res. 1998, 89, 1154.

17. Sun, H.-D.; Qiu, S.-X.; Lin, L.-Z.; Wang, Z.-Y.; Lin,
Z.-W.; Pengsuparp, T.; Pezzuto, J. M.; Fong, H. H. S.; Cor-
dell, G. A.; Farnsworth, N. R. J. Nat. Prod. 1996, 59, 525.

18. Tanaka, N.; Kitamura, A.; Mizushina, Y.; Sugawara, F.;
Sakaguchi, K. J. Nat. Prod. 1998, 61, 193.

19. Ono, K.; Nakane, H.; Fukushima, M. Eur. J. Biochem.
1988, 772, 349.

20. Mizushina, Y.; Tanaka, N.; Yagi, H.; Kurosawa, T.;
Onoue, M.; Seto, H.; Horie, T.; Aoyagi, N.; Yamaoka, M.;
Matsukage, A.; Yoshida, S.; Sakaguchi, K. Biochim. Biophys.
Acta 1996, 1308, 256.

21. Mizushina, Y.; Yagi, H.; Tanaka, N.; Kurosawa, T.; Seto,
H.; Katsumi, K.; Onoue, M.; Ishida, H.; Iseki, A.; Nara, T.;
Morohashi, K.; Horie, T.; Onomura, Y.; Narusawa, M.;
Aoyagi, N.; Takami, K.; Yamaoka, M.; Inoue, Y.; Matsuk-
age, A.; Yoshida, S.; Sakaguchi, K. J. Antibiot. 1996, 49, 491.
22. Mizushina, Y.; Yoshida, S.; Matsukage, A.; Sakaguchi, K.
Biochim. Biophys. Acta 1997, 1336, 509.

23. Ishiyama, H.; Ishibashi, M.; Ogawa, A.; Yoshida, S.;
Kobayashi, J. J. Org. Chem. 1997, 62, 3831.

24. Izuta, S.; Saneyoshi, M.; Sakurai, T.; Suzuki, M.; Kojima,
K.; Yoshida, S. Biochem. Biophys. Res. Commun. 1991, 179,
776.

25. Deng, J.-Z.; Sun, D.-A.; Starck, S. R.; Hecht, S. M.;
Cerny, R. L.; Engen, J. R. J. Chem. Soc., Perkin Trans. 1 1999,
1147.

26. Sun, D.-A.; Deng, J.-Z.; Starck, S. R.; Hecht, S. M. J. Am.
Chem. Soc. 1999, 121, 6120.

27. Deng, J.-Z.; Starck, S. R.; Hecht, S. M. J. Nat. Prod. 1999,
62, 477.

28. Shibata, S. In Food Phytochemicals for Cancer Prevention;
Ho, C.-T. Ed.; ACS symposium series 547, American Chemi-
cal Society: Washington, DC, 1994; Chapter 31, p. 308 ff.

29. Liu, J. J. Ethnopharmacol. 1995, 49, 57.

30. Hsu, H.-Y.; Yang, J.-J.; Lin, S.-Y.; Lin, C.-C. Cancer
Lett. 1997, 113, 7.

31. Kashiwada, Y.; Wang, H.-K.; Nagao, T.; Kitanaka, S.;
Yasuda, I.; Fujioka, T.; Yamagishi, T.; Cosentino, L. M.;
Kozuka, M.; Okabe, H.; Ikeshiro, Y.; Hu, C.-Q.; Yeh, E.; Lee,
K.-H. J. Nat. Prod. 1998, 61, 1090.

32. Yagi, A.; Okamura, N.; Haraguchi, Y.; Noda, K.; Nish-
ioka, I. Chem. Pharm. Bull. 1978, 26, 3075.

33. Numata, A.; Yang, P.; Takahashi, C.; Fujiki, R.; Nabae,
M.; Fujita, E. Chem. Pharm. Bull. 1989, 37, 648.

34. Kojima, H.; Ogura, H. Phytochemistry 1989, 28, 1703.

35. Takahashi, K.; Kawaguchi, S.; Nishimura, K.; Kubota,
K.; Tanabe, Y.; Takani, M. Chem. Pharm. Bull. 1974, 22, 650.
36. Cheng, D.-L.; Cao, X.-P. Phytochemistry 1992, 31, 1317.
37. Héberlein, H.; Tschiersch, K.-P. Phytochemistry 1994, 35,
765.



