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DNA Polymerase f Inhibitors from Tetracera Boiviniana
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Bioassay-guided fractionation of an active methyl ethyl ketone extract of Tetracera boiviniana, using a
sensitive assay to monitor DNA polymerase f inhibition, resulted in the isolation of three known
triterpenoids, betulinic acid (1), 3-cis-p-coumaroyl maslinic acid (2), and 3-trans-p-coumaroyl maslinic
acid (3). Compounds 1—3 inhibited DNA polymerase 5 with ICs, values of 14, 15, and 4.2 uM in the
presence of bovine serum albumin (BSA) and 6.5, 7.5, and 2.0 uM in the absence of BSA, respectively.
Further, compounds 1—3 potentiated the effects of bleomycin in cultured P-388D; cells.

DNA damage induced by a myriad of exogenous factors
such as sunlight, ionizing radiation, and chemicals is
repaired constantly by sophisticated DNA repair systems,
such as the base excision repair system and nucleotide
excision repair system.! Therefore, it is not surprising that
human tumor cells utilize the same repair pathways to
resist the effects of chemotherapy.? DNA polymerase 3, one
of the key enzymes involved in base excision repair, is
believed to play an important role in repairing various
forms of chemotherapeutically relevant DNA damage
caused by antitumor agents such as the bleomycins,34
monofunctional DNA alkylating agents,® cisplatin,® and
neocarzinostatin.* Despite the recent identification of some
naturally occurring inhibitors of DNA polymerase 3,710 it
is still quite important to identify additional nontoxic
natural products that can block the function of DNA
polymerase j selectively and which may, consequently, be
able to potentiate the activity of DNA-damaging antitumor
agents.

Tetracera boiviniana Baill. (Dilleniaceae) belongs to a
family of common shrubs indigenous to the Savanna of the
Shimba Hills just southwest of Mombassa, Kenya. To date,
no chemical constituents have been identified from this
species, though some triterpenoids!! and flavonoids!? have
been isolated from several plants of the genus Tetracera.
In screening crude plant extracts for their ability to inhibit
DNA polymerase 3, the methyl ethyl ketone (MEK) extract
of T. boiviniana exhibited potent inhibition (98% inhibition
at 100 ug/mL). The crude extract still possessed significant
activity (78% inhibition at 100 ug/mL) after being passed
through a polyamide 6S column to remove polyphenols,
such as tannins. Accordingly, the crude extract of T.
boiviniana was chosen for bioassay-guided fractionation,
using an assay sensitive to DNA polymerase f inhibition.
Bioassay-guided fractionation of the MEK extract of T.
boiviniana resulted in the isolation of three known com-
pounds (1—3) that belong to two different structural classes
of triterpenoids. We describe herein the isolation of these
three triterpenoids and their potency of inhibition of DNA
polymerase 3, as well as the potentiation of bleomycin
cytotoxicity by 1—3 in cultured mammalian cells.
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Results and Discussion

The twigs and stem bark of T. boiviniana were soaked
successively with hexane, MEK, methanol, and water. The
MEK extract exhibited strong DNA polymerase 3 inhibitory
activity. The active MEK extract was first passed through
a polyamide 6S column, which was washed successively
with H,0, 1:1 MeOH—H,0, 4:1 MeOH—CH,Cl,, 1:1 MeOH—
CH,ClI,, and 9:1 MeOH—NH,OH. The 4:1 MeOH—-CH,Cl,
fraction, which exhibited significant inhibition of DNA
polymerase 3 (80% at 100 ug/mL) was subjected to frac-
tionation on a Cyg column, using MeOH—H,0 mixtures for
elution. The 9:1 MeOH—H,0 fraction possessed the most
potent inhibitory activity and was fractionated further on
a Cg open column; two active fractions (17:3 and 9:1
MeOH—-H,0) were obtained, exhibiting 86% and 88%
inhibition of polymerase $ function, respectively, at 50 ug/
mL. Further isolation and purification of these two active
fractions by HPLC using C;g columns afforded three pure
active principles (1-3).

Compounds 1—3 were all obtained as amorphous white
powders. Comparison of IH and 3C NMR data of 1 with
the literature!3!4 |ed to the identification of 1 as betulinic
acid, a species widely distributed in the plant kingdom.
Analysis of the 1TH NMR and 3C NMR spectra of 2 and 3
with published data allowed the identification of the basic
skeleton as maslinic acid.'>16 The cis and trans coumaric
substituents of these two compounds were also identified
by comparison of their NMR data with the literature.l’
Subsequently, 2 and 3 were determined as 3-cis-p-couma-
royl maslinic acid and 3-trans-p-coumaroyl maslinic acid.'8%°
During the isolation and purification of 2 and 3, it was
found that 2 underwent equilibration within the olefin
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Table 1. 1Csp Values for Compounds 1—3 from Tetracera
Boiviniana

1Cs0 (uM)
compound BSA2 no BSA2
1 14 6.5
2 15 7.5
3 4.2 2.0

a BSA, bovine serum albumin, present at 0.1 mg/mL.

moiety to give an olefin ratio of 75% cis to 25% trans in
methanol during the first 2 days at room temperature, and
finally reached an equilibrium ratio of 75% trans to 25%
cis within about one week.1° Likewise, 3 reached the same
equilibrium ratio of 75% trans to 25% cis when dissolved
in methanol under the same conditions.

As shown in Table 1, compounds 1—3 inhibited DNA
polymerase f with reasonable potency both in the presence
and absence of bovine serum albumin (BSA). The moderate
influence of BSA on the inhibitory effect of the three
compounds (Table 1) suggests that the binding of com-
pounds 1—3 to DNA polymerase f occurs selectively,?°
consistent with the utility of these compounds in vivo.

More recently, betulinic acid (1) has been reported to
possess antitumor activity toward cultured human mela-
noma cells in both in vitro and in vivo models.?! Further,
the ability of betulinic acid to induce apoptosis in mela-
noma?? and other cell types? and the favorable therapeutic
index suggests that betulinic acid may be regarded as an
attractive and promising candidate for antitumor therapy.
Other biological activities reported for betulinic acid include
antiinflammatory activity,?* inhibition of phorbol ester-
induced epidermal ornithine decarboxylase accumulation
in the mouse-ear model with subsequent inhibition of the
carcinogenic response in the two-stage mouse-skin model,?
anti-HIV activity in H9 lymphocytes,?6 and allelopathic
activity.?” This is the first time that betulinic acid (1) has
been reported to inhibit DNA polymerase /5. Further, the
isolation of betulinic acid (1) from T. boiviniana provides
an additional type of triterpenoid capable of inhibiting DNA
polymerase f.7¢f8

The geometry of the double bond of the coumaroyloxy
substituent appears to be important for the inhibition of
DNA polymerase (3, as demonstrated by the greater potency
of 3 both in the presence and absence of BSA (Table 1). It
is important to note that the 1Csy values given for 2 and 3
in Table 1 are actually for mixtures. Compound 2 was
studied as a 75:25 mixture of cis and trans isomers, while
3 was a 75:25 trans-cis mixture. Thus the pure trans isomer
would presumably be substantially more potent than the
pure cis isomer, although it is conceivable that the isomers
could act synergistically.

Bleomycin, which is used therapeutically as blenoxane
(a mixture consisting predominantly of bleomycins A, and
B,), is known to mediate both single and double-strand
DNA breaks, and to induce the formation of alkali-labile
lesions.?82° Because DNA polymerase /3 has been implicated
in the repair of single-strand breaks induced by bleomycin
and other DNA-damaging antitumor agents,3* it was
logical to think that the inhibitors reported here (1—3)
might exert these effects in cell culture and potentiate the
effects of bleomycin. Compound 1 was not cytotoxic to
cultured P-388D; cells when tested alone at a 10-uM
concentration. However, when tested concurrently with an
otherwise nontoxic (75 nM) concentration of bleomycin,
there was a 30% decrease in the number of viable cells
(Figure 1, Table 2). Compounds 2 and 3 did not exhibit
cytotoxicity when tested alone at a 10-uM concentration,
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Figure 1. Potentiation of bleomycin cytotoxicity in P-388D; cells by
1. Cells were treated as described for 6 h. Viability was assessed by
trypan blue exclusion. White bar, control — no treatment; black bar,
75 nM bleomycin; squares, 10 uM 1; diagonal lines, 75 nM bleomycin
+ 10 uM 1.

Table 2. Potentiation of Bleomycin2? Cytotoxicity in P-388D;
Cells by Compounds 1—3¢ from Tetracera Boiviniana

viable cells (% of control)

compound compound alone bleomycin + compound
1 99 70
2 100 77
3 100 82

a Bleomycin used at 75 nM concentration.? Bleomycin alone,
98% viable cells (% of control). ‘Compounds 1—3 were each utilized
at a 10-uM concentration.

but showed analogous reductions in the numbers of viable
cells when 75 nM bleomycin was added simultaneously
(Table 2). The results reported herein and the recent
finding that the sensitivity of CHO cells to several DNA
damaging agents is diminished as a result of overexpres-
sion of DNA polymerase % support the idea that DNA
polymerase S inhibition may be a valid strategy for
potentiating the effects of DNA-damaging agents employed
for antitumor therapy.

Experimental Section

General Experimental Procedures. Polyamide 6S (a
product of Riedel—de Haen, Germany) was purchased from
Crescent Chemical Co. Silica RP C;3 and RP Cg (40 um)
chromatographic supports were obtained from J. T. Baker.
Alltech Econosil Ci5 (250 x 10 mm, 10 um) and Alltech
Alltima C,g columns (250 x 4.6 mm, 5 um) were used for
reversed-phase HPLC. 'H and 3C NMR were performed
on a Varian Unity Inova 300 NMR spectrometer. Low-
resolution chemical ionization mass spectra (LRCIMS)
were recorded on a Finnigan MAT 4600 mass spectrometer.
Compounds 1—-3 were dissolved in 1:1 DMSO—methanol
for the DNA polymerase j inhibition assay and in 100%
DMSO for the cell culture studies; the final DMSO con-
centration was 0.25% in the cell culture medium. The
recombinant rat liver DNA polymerase 3 preparation
employed was a gift from Xiangyang Wang and Hongge
Wang, prepared as described previously.31=34 Antibiotic
antimycotic solution; Hank’s balanced salt solution; Dul-
becco’s modified Eagle’s medium containing 4500 mg
glucose/L; unlabeled dNTPs; and calf thymus DNA were
purchased from Sigma Chemicals; calf thymus DNA was
activated by the method described previously.3® [3BH]dTTP
was purchased from ICN Pharmaceuticals. DEAE-cellulose
paper (DE-81) was from Whatman. Cell line P-388D; (a
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mouse lymphoid neoplasm) was purchased from American
Type Culture Collection. Trypan blue dye and donor horse
serum were from Gibco BRL. Blenoxane, the clinically used
mixture of bleomycins consisting predominantly of bleo-
mycin A; and bleomycin B, was a gift from Bristol Myers
Squibb Pharmaceuticals.

Plant Material. The twigs and stem bark of T. boivini-
ana Baill. were collected in Kenya in October 1980. Voucher
specimen SS-1601 is preserved at the United States
National Arboretum Herbarium (NA), Washington, DC.

Extraction and lIsolation. The dried plant material
was soaked successively with hexane, MEK, methanol, and
water. The MEK extract exhibited strong DNA polymerase
p inhibition (98% inhibition at 100 ug/mL). Because the
crude extract still possessed significant activity (78%
inhibition at 100 ug/mL) after passage through a polyamide
6S column, it was chosen for further bioassay-guided
fractionation. In a typical experiment, 166 mg of the crude
MEK extract of T. boiviniana was first passed through a
polyamide 6S column (15 g), eluting successively with H,0,
1:1 MeOH—H;0, 4:1 MeOH—CH,Cl;, 1:1 MeOH—CHClI,,
and 9:1 MeOH—NH4OH. The 4:1 MeOH—-CH,CI, fraction
(107 mg) strongly inhibited DNA polymerase S (80%
inhibition) at 100 ug/mL and was subjected to further
fractionation employing a C;g column (15 g) and (1:1 — 1:0)
MeOH—-H>0 mixtures for elution. The 9:1 MeOH—H,0O
fraction (67 mg total) possessed the strongest inhibitory
activity toward DNA polymerase 5 (81% inhibition at 50
ug/mL). By further fractionation using a 15-g Cg open
column and elution with (1:1 — 1:0) MeOH—H,0 mixtures,
two strongly active fractions (17:3, 40 mg; 9:1, 18 mg) were
obtained (86% and 88% inhibition at 50 ug/mL, respec-
tively). The 9:1 MeOH—H,0 fraction was applied to a 10-
um Cyg reversed-phase HPLC column (250 x 10 mm),
which was washed with 9:1 CH3CN—H,0 over a period of
30 min at a flow rate of 3.0 mL/min (UV monitoring at 215
nm); this afforded one active fraction (96% inhibition at
50 ug/mL). The further purification of this active fraction
was performed on a 5-um C;g reversed-phase HPLC column
(250 x 4.6 mm) using a linear gradient of 4:1 — 19:1 CHs-
CN—H,0 over a period of 30 min to afford pure compound
1 (2.8 mg). The fractionation and purification of the second
active fraction from the Cg column (17:3 MeOH—H,0) was
performed as described above for 1, and led to the isolation
of two pure compounds, 2 (0.9 mg) and 3 (2.6 mg).

Betulinic acid (1): white amorphous powder; positive
CIMS m/z 457 (20), 439 (30), 273 (25), 263 (55), 137 (100),
91 (65); *H and 3C NMR data consistent with the litera-
ture. 1314

3-trans-p-Coumaroyl maslinic acid (2): white amor-
phous powder; negative CIMS m/z 618 (6.5); positive CIMS
m/z 619 (13), 437 (24), 409 (25), 243 (48), 153 (28), 141 (28),
127 (34), 121 (47), 107 (80), 91 (83), 69 (66), 51 (100); *H
and 13C NMR data consistent with the literature.'81°

3-trans-p-Coumaroyl maslinic acid (3): white amor-
phous powder; negative CIMS m/z 618 (39); *H and 3C
NMR data consistent with the literature.1819

DNA Polymerase f# Inhibition Assay. To 50 uL of 62.5
mM 2-amino-2-methyl-1,3-propanediol buffer, pH 8.6, con-
taining 10 mM MgCl,, 1 mM DTT, 100 ug/mL BSA, 6.25
uM dNTPs including [?H]dTTP (0.04 Ci/mmol), and 0.25
mg/mL of activated calf thymus DNA was added 6 uL of a
solution containing the test compound and 4 uL of the
recombinant rat DNA polymerase /5 preparation (6.9 units,
4.8 x 10* units/mg). After incubation at 37 °C for 60 min,
the radiolabeled DNA product was collected on DEAE-
cellulose paper (DE-81), dried, and rinsed successively with
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0.4 M K;HPO,, pH 9.4, and 95% ethanol for radioactivity
determination.

Bleomycin Cytotoxicity Assay in Cell Culture.
P-388D; cells were maintained as suspension cultures in
90% (v/v) Dulbecco’s modified Eagle’s medium containing
4500 mg glucose/L; 10% (v/v) donor horse serum; and 100
IU penicillin, 0.1 mg streptomycin, and 0.25 ug amphot-
ericin B per mL at 37 °C in a 5% CO; in air atmosphere.
To 12.5-mL tissue culture flasks were added 5 mL of cell
suspension containing ca. 5 x 10° cells/mL; this was
incubated for 1 h to stabilize the cells. Assays were carried
out in 6-mL reaction cultures containing the desired
amounts of test compound and blenoxane dissolved in
media. Cultures were incubated at 37 °C in a 5% CO, in
air atmosphere for 6 h followed by cell viability determi-
nation using trypan blue dye.
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