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SUMMARY

Podophyllotoxin (PD) and its derivative etoposide (VP-16), a
clinically useful anticancer drug, exhibit different mechanisms of
action. PD binds specifically to tubulin to prevent its polymeri-
zation, whereas VP-16 lacks this action. The DNA strand break-
age caused by VP-16 is thought to be due to its interaction with
topoisomerase |l or to free radical formation by oxidation of its
4'-phenolic hydroxyl group to a semiquinone free radical. We
have demonstrated that PD, VP-16, 4’-demethylepipodophyilo-
toxin (DEPD), and syringic acid (SA) exhibit no DNA-cleaving
activity but, in the presence of metal ions such as Cu®* and Fe**,
DEPD and SA form metal complexes, which in tum show high
activity for DNA strand scission at pH 7.8 under air. Furthermore,
it was found that DNA cleavage was greatly promoted by irradia-

tion with UV light. The PD-Fe** system at pH 7.8 showed very
low DNA-cleaving activity, but irradiation with UV light in the
system induced almost complete DNA breakage. DNA cleavages
were significantly inhibited in the presence of hydroxyl radical
scavengers, such as sodium benzoate and dimethylurea, in the
Cu?*-SA and Fe**-PD systems, with or without UV irradiation.
These reactions were investigated by optical and ESR spectra,
coupled with ESR spin-trapping techniques, by which the for-
mation of hydroxy radicals was clearly detected in all systems.
These findings have led us to a new proposal of the metal- and
photo-induced mechanism for understanding the antitumor ac-
tion of PD, VP-16, and their related compounds.

Recently, an extensive effort has been directed to the iden-
tification and characterization of molecules that mediate DNA
strand scission. Antitumor natural products that cleave DNA
have become the target of study because of their novel mecha-
nism of action and for the development of new synthetic
analogs. PD was isolated from the extracts of the roots of either
Podophyllum peltatum L. or Podophyllum emodi, which have
been used for centuries as cathartics and anthelmintics (1-3).
Because PD was reported to inhibit the growth of cancer cells
in animals, many researchers have investigated the antitumor
activity of PD and its derivatives (Refs. 4 and 5 and references
cited therein). PD inhibits microtubule assembly in the mitotic
spindle apparatus by binding to the tubulin dimer (6). Unlike
other compounds, such as vinblastine and vincristine, that
exhibit a similar mechanism of action, PD itself has little
potential as an antitumor drug, due to its poor solubility (6).
However, attempts to search for useful analogs of PD have led
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to the discovery of VP-16 (etoposide) and VM-26 (teniposide)
(1-3). These two analogs are antitumor drugs currently in use
for the treatment of a number of human cancers, including
testicular and small cell lung cancers and lymphoma (7, 8).
They are also used clinically in combination with other anti-
tumor drugs, such as Adriamycin, cisplatin, and cyclophospha-
mide (9, 10). In contrast to PD, VP-16 does not bind to tubulin
and does not inhibit microtubule assembly. VP-16 induces both
single- and double-stranded DNA scissions in several types of
tumor cells. Loike and Horwitz (11) have found that VP-16
causes single-stranded breaks in DNA in HeLa cells. Wozniak
and Ross (12) have presented evidence that the mechanism of
cytotoxicity of VP-16 in L-1210 cells may involve DNA strand
cleavage. Furthermore, it has been reported that in the presence
of several enzymatic systems, such as cytochrome P-450/
NADPH, horseradish peroxidase/H;0,, and prostaglandin syn-
thetase/arachidonic acid, VP-16 undergoes O-demethylation to
yield reactive metabolites capable of irreversible binding to
cellular macromolecules (13-19). These reactive intermediates,
such as catechol or quinone derivatives, were shown to produce
active oxygen species in the presence of Fe(III)-EDTA (20).

ABBREVIATIONS: PD, podophyliotoxin; DEPD, 4’-demethylepipodophyllotoxin; SA, syringic acid; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; BLM,
bleomycin; DMSO, dimethyl sulfoxide; DMF, N,N-dimethytformamide; DABCO, 1,4-diazabicyclof2,2,2]octane.
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TABLE 1

DNA-cleaving activity of PD-related compounds in the presence of various metal ions at pH 7.8 and under UV irradiation

Concentrations of the compounds and metal ions were 0.1 mm.

ONAGloavin acivi
System Compound UV iradiation
Fe* Cu?* vo** M2+ ™ Mg?* NP+ Ca** None
%
a SA No 69 34 24 7 10 10 5 9 4
b SA Yes 94 94 9 6 2 5 38 0 2
c DEPD 82 86 15 17 7 14 15 10 7
d VP-16 No 19 24 20 16 14 10 12 7 3
e PD No 15 10 14 1 12 13 12 9 5
f PD Yes 95 18 12 4 4 2 2 2 2
TABLE 2
Metal ion-dependent DNA cleavage of SA or DEPD at pH 7.8 and under UV irradiation
w Ratio of DNA-cleaving activity
System  Compound irradiation [wnx“’]/ cu?* Fe**
meelon] T @ % 10 20 @ o 0 2 % 10 20
%
a SA No 25 5 19 23 30 86 92 92 8 14 15 36 84 90 90
b SA Yes 20 7 12 27 66 94 94 94 4 16 16 54 93 93 93
c DEPD No 10 6 12 15 21 90 90 90 9 9 22 19 88 88 88
d DEPD Yes 10 3 14 16 33 93 93 93 7 19 20 24 89 89 89
® um.

The precise mechanism of DNA breakage induced by VP-16
is still not known, but it is thought to be due to drug stabiliza-
tion of a cleavable complex formed between DNA topoisomer-
ase II and DNA (21-23).

While investigating the mechanism of DNA cleavage by
chemical compounds (24-26), we have found that PD and its
related compounds (Fig. 1), including VP-16, DEPD, and SA,
form complexes with several metal ions. These metal complexes
show high activity for DNA strand breakage at pH 7.8 under
air. Furthermore, this DNA cleavage was shown to be greatly
promoted by irradiation with UV light. On the basis of these
findings, we report in this paper a new mechanism of antitumor
action of PD, VP-16, and their related compounds.

Experimental Procedures

Materials. PD was isolated from the ethanol extract of the roots
and rhizomes of Podophyllum hexandrum (Atomic Chemetals Corp.,

Farmingdale, NY), together with a-peltatin, desoxypodophyllotoxin,
and 4’-demethylpodophyllotoxin, by silica gel chromatography with
the solvent system of CHCl;/acetone (9:1, 7:1, and 5:1), according to
the modified method of Thurston et al. (27, 28). DEPD was prepared
by introduction of hydrogen bromide gas into a mixture of PD and
anhydrous CH,Cl, at 0°, as described previously (26). VP-16 was
purified by silica gel column chromatography from a product (Vepesid)
of Bristol-Myers Company (Wallingford, CT), and SA was from Tokyo
Kasei Kogyo Co. (Tokyo, Japan). Plasmid Coe E1 DNA (>90% super-
coiled form) was obtained from Nippon Gene Co. (Tokyo, Japan).
Special pure grade DMPO, purified by distillation, was purchased from
Labotec Co. (Tokyo, Japan) and used without further purification.
Superoxide dismutase from bovine erythrocytes and catalase from
bovine liver were purchased from Sigma Chemical Co. (St. Louis, MO).
Ferric ammonium sulfate, cupric chloride, EDTA, agarose S, Tris,
formic acid, DMSO, ethanol, DMF, sodium benzoate, 1,1-dimethylurea,
ethidium bromide, and DABCO were obtained from Wako Pure Chem-
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Fig. 2. Effects of SA concentration on DNA cleavage in the presence of Cu®* ion. Col E1 DNA (0.3 ug) was incubated with 0.1 mm Cu?* and various
concentrations of SA under air for 60 min at 37°. Lane 7, DNA alone; /ane 2, DNA plus 40 mm SA,; /ane 3, DNA plus 0.1 mm Cu?*; lanes 4-9, DNA
plus 0.1 mm Cu®* plus 2.5, 5.0, 10.0, 20.0, 25.0, and 40.0 mm SA, respectively.

TABLE 3
Optimal molar ratio of the compound to metal ion for DNA cleavage
by Cu®* or Fe** complexes of PD-related compounds

Concentration of metal ions was 0.1 mm (constant). The values in parenthesis show
the [compound]/[metal] ratio at which the maximum DNA-cleaving activity was
observed.

Complexes pH78 pH5.0
No irradiation UV irradiation No iadiation UV iradiation
%
Cu®*-SA 94 (25-50) 100 (>10)* 100 (>10)
Cu®*-DEPD 90 (>25)> 100 (>25)° 97 (>5)
Cu?*-VP-16 39 (>10) 50(10-100) 30(>100) 33(>25)
Cu?*-PD 7 (10-15) 14 (10-50) 30 (>200) 20 (10-50)
Fe**-SA 93 (>10) 94 (>50)° 98 (>10)
Fe**-DEPD 95 (>5) 96 (>1) 94 (>15)
Fe**-VP-16 56 (15-50) 85 (3) 88 (3) 83 (5)
Fe**-PD 30 (>20) 90 (>10) 60 (10-25) 88 (>50)

*<Formation of form Il DNA was observed in these systems at 45%, 31%,
53%, and 16%, respectively.

ical Industries (Osaka, Japan). Other materials were of special reagent
grade and were used without further purification. The solutions of
metal ions were standardized complexometrically with EDTA.
DNA-cleaving activity. Supercoiled plasmid DNA (0.2-0.3 ug)
was incubated in 10 ul of a reaction mixture containing various con-
centrations of metal ions (10-400 uM) and VP-16, DEPD, PD, or SA
(0.1-25 mM), in 20 mM Tris-acetate buffer, pH 7.8 or pH 5.0, with or
without irradiation at >250 nm (30 mW) at 37°. Stock solutions of all
ligands were prepared in a mixed solvent of acetonitrile/Tris-acetate
buffer (4:1). Reactions were started by addition of the ligand and
stopped after 60 min by addition of 2.5 ul of a terminating agent
containing 20 mM Tris-acetate buffer, 50% glycerol, 3 mM EDTA, and
0.1% bromophenol blue. The samples were loaded on a 1% neutral
agarose gel containing 20 mM Tris-acetate buffer and were subjected
to electrophoresis in a horizontal slab gel apparatus (50 V for 8-10 hr).
The gel was stained with a solution of 1 ug/ml ethidium bromide for
20-30 min. Bands of DNA were detected and photographed (Polaroid

100 4

40

20

DNA cleaving activity(%)

0 20 40 60 80 100
[PD]/ [Fe®]
Fig. 3. DNA cleavage by Fe**-PD compiexes at pH 7.8. The concentra-

tions of Fe** and PD were 0.1 mm and 0.1-10 mm, respectively. ®, UV
irradiation; B, no irradiation.

600 SE camera with an orange filter) under UV light (253.7 nm) in a
dark room. Determination of form I (supercoiled form), form II (nicked
form), and form III (linear form) was performed with a dual-wavelength
flying spot scanner (Shimadzu CS-9000, Kyoto, Japan). DNA-cleaving
activity of the complex was estimated by the following equation:

DNA-cleaving activity (%)
- (forms II + I compies — (forms I + I)ugana x
(forms I + II + IID)jguna

100

Complex formation. Complex formations between the ligands and
metal ions were determined by the continuous-variation method, at
various pH values (pH 4-8). The electronic absorption spectra were
measured with a JASCO U-best 50 UV/visible spectrometer (Tokyo,
Japan), at room temperature. The ESR spectra were recorded with a
JEOL FEIXG ESR spectrometer (Tokyo, Japan) at 295°K or 77°K,
with a modulation frequency of 100 KHz, modulation amplitude of 6.3
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TABLE 4

Inhibitory effects of active oxygen scavengers on DNA cleavage by Cu?*-SA and Fe**-PD complexes at pH 7.8

Concentrations of metal ions and the compounds were 0.1 mm and 2.0 mm, respectively, in all systems. ICso represents the concentration producing 50% inhibition of

DNA cleavage in the presence of an active oxygen scavenger.

. Fe**-PD complex, W
Cu?*-SA complex radiation
Active oxygen scavengers Concentration No rrada Y radet
imadiation imadiation " Co
s o rew o Inhibition
% mM % mM % mum
Sodium benzoate 20 mm 98 1.3 100 1.0 90 1.9
1,1-Dimethylurea 20 mm 66 1.5 70 14 65 1.6
Formic acid 20 mm 64 23 72 2.1 69 29
DMSO 20 mm 74 34 75 3.0 76 35
Ethanol 20 mm 87 54 93 5.0 82 29
DMF 20 mm 71 9.7 74 9.5 66 29
Superoxide dismutase 5-100 units/ml 0 6
Catalase 10-100 units/mi 2 8
DABCO 0.1-200 mm 2 5
TABLE 5

Molecular dioxygen consumption by metal-SA complexes at pH 7.8
The solutions were prepared in 20 mm Tris-acetate buffer, pH 7.8. The concentra-
tions of metal ions and SA were 0.1 mm and 2 mm, respectivety.

System Oxygen consumption
nmol/min
Cu?* or Fe** 0
SA 0
Cu?*-SA 206 + 27
Fe**-SA 80 +73

G, and microwave power of 5 mW. The spectrometer was calibrated
with a Takeda Riken TR 5212 frequency counter (Osaka, Japan).
Tetracyanoquinodimethane radical-lithium salt (g = 2.00252) and
Mn(II) doped in MgO were used as the standards.

ESR spin-trapping method. A mixture (100 ul) of metal ions (0.1
mM), ligand (2 mM), and DMPO (0.4 M), in 20 mM Tris-acetate buffer
(pH 7.8 or pH 5.0), was transferred into a flat quartz ESR cuvette (5
mm phi and 0.3-mm thickness), which was fixed to the cavity of the
ESR spectrometer. Recording of the ESR spectra was started 30 sec
after the mixing of DMPO at 22°, and each scan took 2 min. Instrument
settings were as follows: magnetic field, 3350 + 50 gauss; microwave
power, 5 mW; field modulation frequency, 100 KHz; modulation am-
plitude, 1 G; amplitude, 2000 G; and response, 0.3 sec. The ESR spectra
of DMPO-OH adducts were identified by the hyperfine parameters and
computer simulation.

Oxygen consumption by the complex. Oxygen concentrations in
solution were measured with a biological oxygen monitor (model §331;
Yellow Springs Instruments, Yellow Springs, OH), which was attached
to a Hitachi recorder. The oxygen vessel was surrounded by circulating
water maintained, with a thermostat with a temperature control, at 37
+ 0.1°. Stirring was maintained with a magnetic stirrer. The final
volume of the vessel was 2.8 ml. The reaction was followed for at least
30 min. The calculation of oxygen consumption was based on the
presence of 250 uM oxygen in air-equilibrated buffer and on 2.8 ml of
reaction volume.

Results

Metal ion-induced cleavage of DNA by PD-related
compounds. The DNA-cleaving activities of the metal com-
plexes of PD and its related compounds, such as SA, DEPD,
and VP-16 (Fig. 1), were monitored by horizontal agarose gel
electrophoresis. Essentially no DNA cleavage was observed
with either PD, its related compounds, or metal ions alone, at
the concentrations tested in the present study. DNA strand
scissions were induced by PD-related compounds in the pres-

) —————

»—NWANNANNAN—

n a“:14.536
a". 14.48G
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10G

Fig. 4. Spin-trapping of hydroxyl radicals in the Cu?*-SA complex system
and its computer simulation. The solutions were prepared in 20 mm Tris-
acetate buffer at pH 7.8. After the addition of DMPO (0.4 m), the ESR
spectra were recorded within 30 sec. The concentrations of SA and Cu?*
were 2 mm and 0.1 mm, respectively. Trace 7, SA alone; trace 2, Cu?*
alone,; trace 3, SA plus Cu?*; trace 4, SA plus Cu?* under UV irradiation;
trace 5, computer-simulated spectrum of DMPO-OH adduct.

ence of various types of metal ions at pH 7.8 (Table 1, systems
a, ¢, d, and e). The combinations of DEPD with Fe®* or Cu**
showed the highest degree of DNA strand scission, which was
followed by the systems containing SA. The addition of <0.1
mM Cu?* or Fe** did not stimulate DNA cleavage (Table 2,
systems a and c). DNA-cleaving activity depended on the ratio
of the compound to the metal ion concentrations. For example,
in the system of SA-Cu?*, DNA strand scission reached a
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Fig. 5. Spin-trapping of hydroxyl radicals in the Fe**-PD complex system.
The solutions were prepared in 20 mm Tris-acetate buffer at pH 7.8, and
ESR spectra were recorded as for Fig. 4. The concentrations of PD and
Fe** were 2 mm and 0.1 mm, respectively. Trace 1, PD alone; trace 2,
Fe** alone; trace 3, PD plus Fe**; trace 4, PD plus Fe** under UV
irradiation.

maximum value at a ratio of SA to Cu®* of 25-50:1, using a
Cu?* ion concentration of 0.1 mM, and excessive addition of
SA to Cu?* over the ratio of SA to Cu®* of 50:1 inhibited DNA
cleavage (Fig. 2), probably due to the stability of the complexes
formed at these ratios. The optimal ratios of the compound to
metal ion were also determined in other systems with a 0.1 mM
metal ion concentration (Table 3). In general, DNA strand
scissions were found to occur when the concentration of the
metal ion was less than that of the ligand.

Metal- and photo-induced cleavage of DNA by PD-
related compounds. In addition to the metal ions necessary
for the exhibition of DNA-cleaving activity by PD-related
compounds, the effect of UV light on the systems containing
SA, PD, and DEPD was studied. As seen in Tables 1-3, the
effects of UV irradiation in the presence of Fe** or Cu®* were
clearly observed. Other metal ions, however, did not promote
DNA breakage. A remarkable enhancement of the DNA strand
scission by PD was observed in the presence of Fe** at pH 7.8.
In the absence of PD in the system, DNA strand scission was
not observed. Almost complete DNA strand scission occurred
when the molar ratio of PD to Fe** was 10:1, at the Fe*

DNA Cleavage by PD and VP-16 969

concentration of 0.1 mM (Fig. 3 and Table 3). A similar effect
was also observed at pH 5.0 (Table 3). In other systems con-
taining Cu®* or Fe®*, the effect of UV irradiation was found to
be less significant. It is interesting to note that the double-
strand scission, in terms of the formation of form III DNA,
occurred in the systems containing SA and DEPD (data not
shown).

Involvement of active oxygen species in DNA cleavage
by metals and PD-related compounds, with or without
UV irradiation. VP-16 possesses a dimethoxyphenol ring (E-
ring) (Fig. 1) and shows reducing ability in cells. It has been
demonstrated that VP-16 forms a metal complex in the pres-
ence of a metal ion, which would activate the molecular diox-
ygen under air. Therefore, it appears likely that the mechanism
of the antitumor action of this compound may involve the
formation of free radicals, such as active oxygen species. The
free radicals participate in the degradation of the DNA mole-
cule. In order to test this hypothesis, we examined DNA cleav-
age in the presence of several types of active oxygen scavengers
in the systems Cu?*-SA and Fe®**-PD, with and without UV
irradiation (Table 4). In the three systems examined, DNA
strand scission was inhibited by hydroxyl radical scavengers,
including sodium benzoate, 1,1-dimethylurea, formic acid,
DMSO, ethanol, and DMF, and their ICs, values were in the
range of 1-10 mM. However, a superoxide anion scavenger
(superoxide dismutase), hydrogen peroxide scavenger (cata-
lase), and singlet oxygen quencher (DABCO) showed essen-
tially no inhibitory effect.

Both Cu®*- and Fe®*-SA systems showed rapid dioxygen
consumption at pH 7.8, whereas the metal ions or SA alone
consumed no dioxygen under the same conditions (Table 5).
The results described above clearly suggest the involvement of
-OH (derived from molecular dioxygen) in DNA cleavage by
the metal-PD-related compounds. We attempted to detect the
formation of -OH in these systems by ESR experiments, using
DMPO as the spin-trapping agent (Fig. 4). Although SA or
Cu’* alone gave no signals, the Cu?*-SA system displayed
complicated ESR signals due to the formation of a DMPO-OH
adduct, together with unidentified small signals. Under UV
irradiation, a very intense signal due to a DMPO-OH adduct
appeared (a® = 14.5 gauss; a* = 14.5 gauss), which was identical
to the computer-simulated signal of the DMPO-OH adduct (a¥
= 14.7 gauss; a' = 14.5 gauss). Furthermore, the DMPO-OH
signals were found to be greatly enhanced under UV irradiation
in the Fe**-PD system (Fig. 5). In the absence of the ligands in
these systems, enhancement of the ESR signals due to the
DMPO-OH adduct was not observed. These observations of
the increased formation of -OH under UV irradiation corre-

Cu® - complexes Fe™ - complexes
0.100 0.50 =
0.075R,7 0.40
TR 0.30 Fig. 6. Electronic absorption spectra of Fe** or Cu**

wo 050l AN g complexes of PD-related compounds at pH 5.0. The
Qo N Z 0.20} solutions were prepared in 20 mm Tris-acetate buffer at
3 RN . pH 5.0. The concentrations of the compounds and metal

0.025[ I g ions were both 1.67 mm. —, SA; -..-, PD; - - -,
§ TRy a 0.10 - DEPD; ---, VP-16.
9 20" S, - DY St St _T- <

WAVELENGTH (nm)

WAVELENGTH (nm)
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Fe* - complexes
03 08
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02 4 . Fig. 7. Determination of complex formation
® o i ; a ratio by continuous-variation method. A,
Q Q ! &N DEPD; @, SA; B, VP-16. In both Cu®* and Fe**
S S o04r A o A ligand systems at pH 5.0, the absorbance at
o ] le DA 460 nm due to the complex formations was
201 S 2 :‘ monitored.
2 A Y
K o] 02 F &
2 2 ")
0.0 " acd o . 0.0 P | I SR | 1
00 02 04 ’0.8 08 1.0 00 0.2 4 06 08 10
[C*]/ ([Cd" 1+ [ligand]) [Fe* 1/ ([Fe* J+[ligand])
) be involved in their DNA-cleaving action. We, therefore, at-
A 9, =| 2.3 TCP;O-Li tempted to demonstrate whether the complexing of PD-related

2)

H
506
3)
M
—H 5
500 6

Fig. 8. ESR spectra of Cu?*- or Fe**-SA complexes at pH 5.0. The
solutions were prepared in 20 mm Tris-acetate buffer at pH 5.0. The
concentrations of Cu?* and SA were both 0.5 mm for traces 7 and 2,
and those of Fe** and SA were both 1.6 mm for trace 3. The spectra for
traces 1 and 3 were recorded at 77°K and that for trace 2 was at 22°.

TCNQ-L:, tetracyanoquinodimethane radical fithium sait.

spond well to the results on DNA cleavage obtained in SA-Cu®*
and PD-Fe®* systems under UV irradiation. In the SA-Cu®*
system, 94% of DNA was degraded by UV irradiation, whereas
34% DNA breakage was observed without UV light (Table 1,
systems a and b). In the PD-Fe®** system, UV irradiation
induced 95% DNA cleavage, but only 15% of DNA was nicked
without UV light (Table 1, systems e and f). The experimental
results described above strongly indicated the involvement of
-OH in the DNA-cleaving activities induced by the systems
with these metal complexes.

Metal complex formation of PD-related compounds.
Our previous results on the metal ion-induced cleavage of DNA
by PD-related compounds indicated that the formation of com-
plexes between PD-related compounds and the metal ions may

compounds with the metal ions actually took place under the
conditions examined earlier. Because the solutions prepared at
pH 7.8 inevitably caused turbidity, their electronic absorption
spectra were not recorded. The electronic absorption spectra in
the visible region at pH 5.0 are shown in Fig. 6. Compounds
that contained a free phenol group, such as SA, DEPD, and
VP-16, showed absorption maxima at 460 nm and 510 nm
(shoulder). PD, which has three methoxy groups (no hydroxy
group on ring E), gave no apparent absorption in this spectral
region. Continuous-variation methods monitored at about 460
nm (pH 5.0) indicated that (i) approximately a 1:1 ligand-Cu?*
complex was formed in the case of SA, DEPD, and VP-16, (ii)
a 2:1 ligand-Fe®** complex was formed in the systems containing
SA and DEPD, and (iii) approximately a 1:1 VP-16/Fe®** com-
plex was formed (Fig. 7).

Typical ESR spectra of the Cu?*- or Fe**-SA complexes are
shown in Fig. 8. The ESR and bonding parameters estimated
for Cu®* and Fe®* complexes, together with other types of
complexes, are summarized in Tables 6 and 7. These data
clearly indicate that SA, DEPD, and VP-16 bind with Cu?**
through four oxygen ligands to form the CuO, coordination
structure. The bonding parameters o® and 82, calculated on the
basis of molecular orbital theory (29-33) for the complexes of
PD-related compounds, show values similar to those calculated
for Cu?*-oxalate or Cu®*-citrate complex. These values sug-
gested that the complexing of SA or DEPD with Cu®* consists
of a moderately covalent ¢ bonding, with an o? value of 0.8,
and a very weak out-of-plane r bonding, with a 8? value of
about 1.0. The complexing of VP-16 with Cu®* is of more
covalent nature. The Fe** complexes gave a g value of 4.3. This
is typical of those of the non-heme iron complexes (34), which
show a tetrahedral coordination mode.

Discussion

It has been shown that VP-16 induces DNA strand breaks
in HeLa cells and L-1210 cells (11, 12), and its cytotoxicity
may be due to this DNA damage. It has also been suggested
that VP-16 exerts its anticancer effect by poisoning type II
topoisomerase without binding to DNA (21). Recent reports
have shown that VP-16 undergoes O-demethylation when ac-
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TABLE 6
ESR parameters of Cu** complexes of PD-related compounds
ESR spectra were recorded at 77°K and 22°.

DNA Cleavage by PD and VP-16 971

Cu®™* complexes 9 ) [ 1Ay] (1079 1A} (1079 1AL] (1079 a? 8
cm™! cm™! em™

SA 2.31 212 2.03 162 76 29 0.81 0.97
DEPD 2.31 211 2.01 161 72 28 0.79 0.98
VP-16 2.27 211 2.04 164 74 29 0.78 0.88
Oxalate* 2.32 2.16 2.08 170 0.84 0.92
Citrate® 2.35 2.16 2.07 150 0.82 0.93
Acetyl-acetonate® 2.27 212 2.05 160 67 20 0.75 0.87
Bissalicylaldoxime® 217 2.07 2.02 183 88 41 0.76 0.79
Bissalicylaldimine® 2.14 2.10 2.08 168 67 16 0.69 0.64
Diethyidithiocarbamate® 210 2.06 2.04 154 78 40 0.59 0.55
EDTA* 2.34 217 2.09 160 0.84 0.89
Imidazole* 227 213 2.06 180 0.82 0.89
Histidine* 2.23 212 2.06 180 0.78 0.78

* From Ref. 31.

® From Refs. 31 and 32.

€ From Ref. 33.

TABLE 7

ESR parameters of Fe** compiexes of PD-related compounds
ESR spectra were recorded at 77°K.

Fe™* complexes ' g2
SA 4.48 2.01
PD 447 2.01
DEPD 447 2.01
VP-16 443 2.01
Rubredoxin® 4.30
* From Ref. 32.

tivated by peroxidases, and this O-demethylation may be an
important mechanism for the formation of reactive intermedi-
ates, such as a 3’,4’-hydroxy derivative, and may play a role in
the mechanism of action of VP-16 (13-15). We have demon-
strated that the PD-related compounds themselves exhibit no
DNA-cleaving activity but in the presence of metal ions, such

as Cu?* and Fe®*, they induce DNA strand scission. Further- -

more, this DNA cleavage was shown to be greatly promoted by
UV irradiation (Tables 1, 2, and 3), suggesting that it may
involve the O-demethylation of metal complexes.!

Recently, the role that active oxygen species play in the field
of pharmacology, as well as life sciences, has received a great
deal of attention. It has become important especially in under-
standing the mechanism of anticancer agents (35, 36). The
cytotoxicity of PD or VP-16 may also be related to the forma-
tion of active oxygen species. Based upon our studies on the
effect of active oxygen scavengers on DNA cleavage by metal
complexes of PD-related compounds, as well as the ESR spin-
trapping experiments, it was shown that the hydroxy radical
-OH (but not 0., H;0,, or !0,) generated from molecular
dioxygen is responsible for the metal- and photo-induced DNA

! The details of the structures and stereochemistries of these compounds, as
well as the mechanism for the DNA-cleaving activity of the PD-Fe** systems
under UV irradiation, will be reported elsewhere.

(o c\ub o
HiC—O, 0
¢ “CH, H;,C’o o\(m3
+ Cu*
R
Cu*+0, [Cu*-O, Cu-0, Cu®**+ 0;]
30; +2H* *OH + OH™ + 20,
CH
i o CH, CH,
o J n  Fig. 9. Proposed mechanism for DNA-
/’1 o cleaving activities of the metal complexes.
‘O:fj.. - R O:' Fe* 4
HsCO o//o R & °
\ 3 OCH,4
CHy [A]
CH,
0
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breaks produced by the PD-related compounds (Table 4 and
Figs. 4 and 5). We expect that the -OH generation might be
involved in these reactions. Such -OH formation has already
been observed in the dihydroxy VP-16/Fe®* system in the
presence of hydrogen peroxide (37). Addition of mannitol,
which acts as a -OH scavenger, inhibited DNA nicking, but
superoxide dismutase had no effect (38), which is similar to our
present results. It appears likely that PD-related compounds
may form complexes with metal ions, such as Cu®** or Fe**, to
generate an active oxygen species that is responsible for DNA
strand cleavage. BLM has been shown to complex with metals
to cause DNA strand scission in the presence of dioxygen. Fe**
binds to four nitrogen atoms in the molecule of BLM to form
a square planar FeN, coordination structure. The axial posi-
tions are occupied by a nitrogen in the BLM molecule and a
superoxide anion (39-42). In PD-related compounds, Cu?**
forms 1:1 Cu®*-ligand complexes. Fe®* also forms 1:1 Fe**-VP-
16 complexes, but it binds to SA and DEPD in the ratio of 1:2.
The ESR spectra showed that Cu?* complexes possess a CuO,
coordination structure. This suggests that two oxygen ligands
are phenol and phenoxy groups, and the others come from the
two oxygens of coordinate water molecules. The bonding pa-
rameters indicated that the complexing of VP-16 with Cu®* is
of more covalent nature than those of SA and DEPD. The Fe**
complexes possess a tetrahedral structure of the non-heme iron
type.

The degree of DNA-cleaving properties was found to vary,
depending upon the complexes employed. SA and DEPD ex-
hibited strong activities in the presence of Cu®* or Fe** ion,
compared with VP-16 and PD. SA, DEPD, and VP-16 have
two sites of binding, that is, free OH groups both at the 4'-
position of the E-ring and in the polycyclic skeleton in their
molecules. In the case of PD, however, the OH group at the 4’-
position of the E-ring is masked by a methyl group. It is well
known that the presence of the OH group at the 4’-position of
the E-ring is essential for the exhibition of the cytotoxicity of
PD-related compounds (43). For example, 4’-demethyl conge-
ners of PD are more active than the other derivatives, in terms
of antimicrotubule activity and microsomal protein binding
(43). VP-16, but not PD, inhibits daunomycin-promoted micro-
somal lipid peroxidation, suggesting that the presence of the
4’-OH group is also necessary for the antioxidant effect of VP-
16 (11, 17). Among the compounds possessing a 4’-OH group
in their molecules, the metal complexes of VP-16 showed
relatively low DNA-cleaving properties, compared with those
of other compounds. It seems that the metal ion may bind to
the sugar moiety in VP-16, thus decreasing the DNA-cleaving
activity.

The OH group of the polycyclic skeleton in the PD-related
compounds may be involved in intercalation with DNA mole-
cules. The phenolic group of the E-ring may participate in
complex formation with metal ions in cells. The metal ion
bound with PD-related compounds would be reduced, and the
resulting reduced metal ion or metal complex would then react
with molecular dioxygen, thus producing an active oxygen
species such as -OH. The active oxygen species generated in
this way would then attack the DNA strand. A proposed scheme
for DNA cleavage by the metal complexes of PD-related com-
pounds is illustrated in Fig. 9. In the PD-metal ion systems,
the DNA breakage was found to be much less significant, but
it was greatly promoted by UV irradiation. This suggests that

the formation of demethyl derivatives may be involved. It has
been reported that a catechol derivative, that is, the product of
demethylation of the 3’-methoxy group of the E-ring, exhibits
stronger DNA-cleaving activity than the parent compound (32).
Recently, dihydroxy-etoposide, which is a metabolite of the
clinically active VP-16, has been found to induce DNA cleavage
in the presence of Cu®* ion, indicating that hydroxy radicals
were responsible for the reaction (44). From a chemical view-
point and based on our new findings and those reported for
dihydroxy-etoposide (44) mentioned above, metal ion-induced
DNA cleavage appears to be another powerful and innovative
mechanism for understanding the antitumor activities of PD
and its derivatives. It is also interesting to note that the hydroxy
derivative of VP-16, which is a metabolite of VP-16, is cytotoxic
to human breast tumor cells (32). We are now investigating the
selectivity of DNA-cleaving action of these metal complexes,
to find whether they recognize a singular DNA base.
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