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Abstract—Aqueous solutions of the antitumor alkaloid camptothecin, its sodium salt, or a number of
derivatives, when irradiated with 360 nm light in the presence of covalently closed circular DNA,
produced single strand breaks in the DNA. The chromophore essential for the scission reaction consisted
of intact rings A, B, C and D. The overall DNA breakage showed an inverse dependence on oxygen,
and there is evidence for at least two reaction mechanisms. Photosensitization of the alkaloid may
generate radicals which attack DNA or, in the presence of oxygen, generate hydroperoxy radicals. The
photolytic reaction of camptothecin itself proceeded via formation of the photolabile camptothecin
hemiacetal 4 which was isolated and characterized, and which suggests an alternative mechanism. In
the anaerobic pathway, photodecarbonylation of the alkaloid may generate a diradical which can
collapse to the racemized 4 or abstract hydrogen atoms from DNA leading to strand scission. In the
presence of oxygen, the alternative aerobic pathway, in which hydroperoxy radicals are generated, can
supervene leading to the generation of hydrogen peroxide and. then. the principal reactive species, the
hydroxyl radical, which can then attack DNA. The intermediacy of these three species was proven
unambiguously by (i) selective inhibition of scission with superoxide dismutase, (ii) selective inhibition
with catalase, and (iii) spin-trapping and e.s.r. spectroscopy respectively. Certain antibiotics, which
show a preference for binding to A,T rich regions of DNA, showed an enhancement in the extent of
photoinitiated camptothecin cleavage. By contrast, antibiotics which have a preference for binding to
G,C rich regions had a suppressing effect on such photodynamic DNA breakage. Natural negatively
supercoiled CCC-DNA showed a greater extent of photoinitiated camptothecin breakage than DNA
which had been relaxed with a topoisomerase. These results may indicate a weak intercalative interaction
of the alkaloid into the G,C regions of DNA. The relative efficiencies of several synthetic analogues
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of camptothecin in promoting photoinduced DNA cleavage were compared.

Camptothecin 2 is a cytotoxic alkaloid derived from
the the bark and stem wood of Camptotheca acu-
minata (family Nyssaceae), a tree native to China,
The structure was elucidated by Wall et al. [1,2].
Camptothecin inhibits the growth of a wide range
of experimental tumors including murine leukemia
L1210, Walker 256 rat carcinosarcoma, L5178Y,
K1964 and P388 leukemias, Novikoff hepatoma in
vitro, mastcell P815 sarcoma and reticulum cell sar-
coma (A-RCS) [1, 3-8]. Preliminary clinical evalu-
ations of the antitumor effects of camptothecin were
encouraging [9, 10]. However, subsequent clinical
trials demonstrated severe dose-dependent toxic
side-effects [11-13]. It is clear that there is much
room for improvement in its clinical effectiveness;
this may come about by an understanding of its
molecular mechanism of action. There is extensive
evidence, including the rapid inhibition of nucleic
acid synthesis [14-16], the observed fragmentation
of DNA in vitro [14,17], and the lack of effect of
camptothecin on proteins including purified DNA
polymerases and RNA polymerases [14], that nucleic

* Studies related to antitumor antibiotics—XIX.
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acids are the principal cell target sites and probably
underlie the cytotoxic effects of camptothecin [18].
There is no information on the molecular mechanism
by which the observed degradation of DNA occurs.
This prompted the present study of the effects of
camptothecin and a number of derivatives on nucleic
acids.

EXPERIMENTAL
Materials

Camptothecin and the camptothecin sodium sait
were supplied by Dr. Harry B. Wood, Jr. of the
National Cancer Institute, Bethesda, MD. The syn-
thetic camptothecin analogues 8-16 were supplied
by Prof. C. R. Hutchinson, School of Pharmacy,
University of Wisconsin, Madison. The synthetic
camptothecin intermediates 17 and 18 were supplied
by Prof. G. Stork, Department of Chemistry, Col-
umbia University, New York. Olivomycin, chro-
momycin A; and NADPH were obtained from
CalBiochem, San Diego, CA. Distamycin was
obtained from Boehringer Mannheim Canada Ltd.,
Begin, St. Laurent, Quebec. Netropsin was a gift
from American Cyanamid, Lederle Laboratories,
Pearl River, NY. Ethidium bromide, disodium
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EDTA, spermine and spermidine were from the
Sigma Chemical Co., St. Louis, MO. Superoxide
dismutase (EC 1.15.1.1; beef liver erythrocytes) was
from Miles Laboratories, Elkhart, IN., and catalase
(EC1.11.1.6; beef liver) was from the Aldrich Chem-
ical Co., Milwaukee, WI. PM2-DNA was prepared
as described previously [19]; it contained at least 87~
92% CCC form. Partially depurinated PM2-CCC-
DNA was prepared by acid treatment, as described
before [20], and its properties were confirmed by its
characteristic behaviour with the apurinic site-spe-
cific endonuclease VI [21]. Calf thymus topoiso-
merase was prepared as described by Pulleyblank
and Morgan [22]. The stock solution was stored in
50% glycerol at —20°. The activity was such that 2 ul
of this solution were sufficient to completely relax
2.5 ug PM2-CCC-DNA in 15 min at 37°. Endonu-
clease VI was purified according to Verly and Rassart
[21] from Escherichia BATCC 11303.

Melting points were determined on a Fischer-
Johns apparatus and are uncorrected. The i.r. spectra
were recorded on a Nicolet 7199 F.T. spectropho-
tometer; only the principal sharply defined peaks are
reported. The n.m.r. spectra were recorded on Var-
ian A-100 and Bruker 400 analytical spectrometers.
The spectra were measured on approximately 10-
15% (w/v) solutions in appropriate deuterated sol-
vents with tetramethylsilane as standard. Line pos-
itions are reported in parts per million from the
reference. Absorption spectra were recorded with
a Beckman model DB spectrophotometer. Mass
spectra were determined on an Associated Electrical
Industries MS-9 double focussing high resolution
mass spectrometer. The ionization energy in general
was 70 eV. Peak measurements were made by com-
parison with perfluorotributylamine at a resolving
power of 15,000. Kieselgel DF-5 (Camag, Switzer-
land) and Eastman Kodak precoated sheets were
used for thin-layer chromatography. Preparative
layer chromatography was performed with
20 x 20 cm, 1 mm thick plates coated with silica gel
(E. M. Reagents, Darmstadt, Germany).

Methods

Fluorescence assay for detecting single strand
breakage thermally or photochemically in DNA by
camptothecin and derivatives. All measurements
were performed on a G. K. Turner and Associates
model 430 spectrofluorometer equipped with a cool-
ing fan to minimize fluctuations in the xenon lamp
source. Wavelength calibration was performed as
described in the manual for the instrument. One
centimeter-square cuvettes were used. The excita-
tion wavelength was 525 nm; the emission wave-
length was 600 nm. The 100X scale of medium sen-
sitivity was generally used; water was circulated
between the cell compartment and a thermally regu-
lated bath at 23°.

Reactions were performed at 21° in a total volume
of 200 ul buffered with 50 nM potassium phosphate
at pH 7.0. Reaction solutions had concentrations of
1.0 Axo units/ml of PM2-CCC-DNA (92% CCC),
1% 107°M sodium camptothecin, and other com-
ponents as indicated in the legends to the figures.

For the photochemical experiments the solutions
were irradiated with a Sylvania black light at 360 nm,
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at an intensity of 17.50 ergs/fmm?sec (determined by
means of a 0.15M potassium ferrioxalate chemical
actinometer). In control experiments it was shown
that light of this wavelength and intensity had no
effect on DNA. Aliquots of 20 ul were removed at
intervals and analyzed for the extent of strand break-
age by addition to 2.3 ml of the standard pH 11.8
assay solution. This contained 20 mM potassium
phosphate, pH 11.8, 0.2 mM EDTA and 0.5 pug/m]
of ethidium bromide. The conversion of PM2-CCC-
DNA to nicked circular DNA resulted in a 30 per
cent increase in fluorescence in the alkaline ethidium
assay solution. This contained 20 mM potassium
after a heating and cooling cycle since the strands
of DNA were then separable [19]. The fluorescence
was measured using a blank without added sample
which showed a 92 per cent return of fluorescence
after the heating and cooling cycle. For the heat
denaturation, the solutions were heated for 4 min at
96° on a Temp-Blok and cooled to 23°.

Preparative photolysis of camptothecin and sodium
camptothecin. A 10 ml aqueous solution of sodium
camptothecin (30 mg, 77 mM) was irradiated with
a Sylvania black light at 360 nm for 16 hr at room
temperature. A white precipitate formed which was
collected and washed with cold water to give 4[21 mg,
(85% yield) m.p. 218° (dec)]. The hemiacetal 4 was
comparatively pure but was further purified by pre-
parative thick-layer chromatography using CHCl:—
CH;0H (9:1) as eluant.

The mass spectrum showed mol. ion (caled. for
CiyHisN205) 320.1161. Found 320.1160, 313 (M*-
OH), 291 (M*-CH;CHs). The n.m.r. spectrum
showed & (pyridine-ds TMS), 0.82 (t3H, CH;
J =7Hz), 2.07 (m, eleven lines, 2H, -CH>-CH3),
5.00 (s, 2H, -CHx-N), and 5.05 (ABq, 2H-CH:0).
Double irradiation at §2.07 gave a singlet at (.82,
and similar double irradiation at §0.82 gave an AB
quartet at § 2.07. In the infra-red spectrum the signal
at 1750 cm !, characteristic of lactone stretching in
the starting material, disappeared in the photolysis
product hemiacetal.

The identical product 4 was obtained from the
photolysis of camptothecin following the same pro-
cedure except that the solvent system was H.O-
pyridine (4:1).

Electron spin resonance. Electron spin resonance
spectra were obtained on a Bruker ER-400 ESR
spectrometer fitted with a Varian V3601 12inch
magnet with a VFR Hall effect controller. Hyperfine
couplings were obtained by comparison with per-
oxylamine disulfonate (spacing 13.0 G), and g values
were obtained by direct Fieldial measurement.

Spin trapping and e.s.r. detection of hydroxyl and
formyl radicals from photolysis of sodium campto-
thecin and the camptothecin hemiacetal photolysis
product 4. A solution, containing 1.25 X 107*M
sodium camptothecin, or compound 17, 75mM
potassium phosphate buffer, pH 7.0, 6.0 x 107°M
phenyl N-tert-butylnitrone, and 12.5% of methanol-
acetonitrile (1:1), was photolyzed with a Sylvania
360 nm lamp for 2 hr at room temperature. Thee.s.r.
spectrum of the PBN-OH' nitroxide radical was
recorded as a triplet of doublets with hyperfine split-
ting (hfs) a¥ = 16.0 G, ag" = 3.5G and g = 2.0061
(Fig. 4a) [23, 24].
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A similar experiment was performed substituting
the camptothecin hemiacetal 4 for camptothecin.
The e.s.r. spectrum of the identical PBN-OH adduct
was recorded but at a somewhat increased intensity
relative to its generation from camptothecin.

A control experiment performed as above, but
containing no alkaloid, showed that no radical
species were generated.

A solution containing 1.25x 107*M sodium
camptothecin, 50 mM potassium phosphate buffer,
pH8.0, and 50mM 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) was photolyzed with a Sylvania
360 nm lamp for 2 hr at room temperature. Thee.s.r.
spectrum of the DMPO-CO:~ nitroxide radical was
recorded as a triplet of doublets with hfs a™ = 15.8 G,
a'=19.0G and g=12.006 (Fig.4b). A control
experiment performed as above but without pho-
tolysis of the sodium camptothecin showed that no
radical species was produced.

Relaxation of supercoiling in PM2-CCC-DNA by
calf thymus topoisomerase in the presence and in the
absence of potential intercalating agents. The reac-
tions were carried out on a 200 ul scale. The reaction
mixture contained 10 mM Tris-hydrochloride buffer,
pH 8,1 mM EDTA, 0.2 M sodium chloride, approx-
imately 1.0 Asounits/ml  of PM2-CCC-DNA
(92% CCC), and 1 x 107°M camptothecin or ana-
logue. The control did not contain any alkaloid. Five
microliter aliquots of calf thymus topoisomerase
were added to both the sample and the control, and
the mixture was incubated at 37°. Twenty microliter
aliquots were withdrawn at intervals and assayed as
before. The basis of the assay is that the topoiso-
merase relaxes the supercoiling of PM2-CCC-DNA
by a nicking—closing mechanism which produces a
30 per cent decrease in ethidium fluorescence both
before and after the heat denaturation—cooling cycle
because of differences in topological constraints of
the two forms of DNA [25]). Compounds which bind
intercalatively to DNA will also untwist the duplex
and remove the supercoils so that subsequent treat-
ment with the topoisomerase will have no effect.

RESULTS

Solutions of sodium camptothecin show an absorp-
tion maximum at 370nm. When a solution of
4 X 107’ M sodium camptothecin was irradiated on
the threshold of visible light at 360 nm in the presence
of PM2-CCC-DNA, 15 per cent cleavage was
observed in 60 min, as determined by the ethidium
fluorescence assay method. The extent of DNA
cleavage under these conditions increased with the
concentration of the alkaloid: 1 x 107°M (25 per
cent), 2 X 107°M (50 per cent), 5 x 107 M (70 per
cent), 1x107°M (85 per cent) (Fig.1) and
2 % 107° M (95 per cent). The DNA strand cleavage
by photoactivated camptothecin showed a sharp
wavelength dependence. A 2 x 107°M solution of
sodium camptothecin gave, for different wave-
lengths, the following cleavage: 254 nm (0), 360 nm
(75 per cent), 436 nm (0), 546 nm (0) and 577 nm
(0). The observed extent of nicking caused by pho-
toactivation of camptothecin or 17 at 360 nm showed
an inverse dependence on oxygen concentration.
Thus, an oxygenated solution of 1 X 107> M sodium
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Fig. 1. Strand scission of PM2-CCC-DNA by sodium camp-
tothecin under 360 nm irradiation and its selective enzy-
matic inhibition. Reactions were performed at room tem-
perature in 50 mM potassium phosphate buffer, pH 7.0,
and contained 1.0 Azounits/ml of PM2-CCC-DNA
(92% CCC) and 1 x 10™°M sodium camptothecin. The
before heat denaturation ethidium fluorescence readings
are shown as open symbols, and the closed symbols are
fluorescence readings after heat denaturation at 96° for
4 min followed by rapid cooling to 23°. Additional com-
ponents were: (A — A)none; (O— Q) 5 x 107 g/ml cata-
lase; (V—V) 5x107g/ml superoxide dismutase;
(0—0) 1.5x 1072 M sodium benzoate; and (> — )
0.6 M isopropyl alcohol.

camptothecin gave 37 per cent scission in 60 min,
whereas careful degassing with argon resulted in
enhanced nicking to 96 per cent in 60 min under
photoactivation conditions (Fig. 2).

Under aerobic conditions the breakage of DNA
could be suppressed by selective inhibitors (Fig. 1).
Catalase (5 ug/ml) resulted in 25 per cent inhibition,
superoxide dismutase (50 ug/ml) gave a 55 per cent
suppression, sodium benzoate (15 mM) an 80 per
cent inhibition, and isopropyl alcohol (0.6 M) a 90
per cent inhibition.

The corresponding heat denatured enzymes at the
same concentrations, however, resulted in no inhi-
bition. Under the aerobic reaction conditions the
singlet oxygen scavenger, histidine, had no effect on
the observed extent of DNA breakage. The difficulty
in removing the last traces of oxygen is indicated by
the observed suppression of nicking that occurred
with catalase and superoxide dismutase after exten-
sive degassing with argon.

Preparative scale photolysis, at 360 nm, of sol-
utions of either camptothecin or sodium camptothe-
cin afforded cleanly the ring E modified hemiacetal
4 as a white solid (Fig.3). The composition was
established by accurate mass measurement at 320 as
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Fig. 2. Effects of oxygen on the rates of strand scission of
PM2-CCC-DNA by sodium camptothecin under 360 nm
irradiation. Reactions were performed at room tempera-
ture in 50 mM potassium phosphate buffer pH 7.0, and
contained 1.0 Az260 units/ml of PM2-CCC-DNA (92% CCC)
and 1 X 107°M sodium camptothecin. The before heat
denaturation ethidium fluorescence readings are shown as
open symbols and the closed symbols are fluorescence
readings after heat denaturation at 96° for 4 min followed
by rapid cooling to 23°. Additional components were:
(A — A) none; (O — O) degassed with Ar; and (O — )
purged with Oo.
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CisHi16N2O3, using high resolution mass spectrome-
try. The infra-red spectrum shows OH at 3300 cm ™!,
but no ketone carbonyl, in accord with the hemi-
acetal 4 rather than 6. The 400 MHz n.m.r. spectrum
showed a triplet at 0.82 8 which simplified to a singlet
upon irradiating the 2.07 § signal, and an eleven-line
multiplet at 2.07 8 which simplified to a 7Hz AB
quartet upon irradiation of the 0.82 & signal. There
was no evidence of any additional coupling on the
methylene protons which were clearly diastereotopic
in accord with the proposed hemiacetal structure 4
in which ring E had been modified.

Further evidence in support of the suggested
mechanism of formation of hemiacetal 4 from 2 is
the observation that, whereas the chiral alkaloid 2
gives [a]p® = +33.8° in CHCL-CH:OH, 4:1 (lit.
[a]o® = +31.8 [1]), by contrast the hemiacetal 4 was
optically inactive in accord with its racemization via
diradical 5.

In addition, photolysis-of sodium camptothecin 1
in the presence of DMPO afforded the stable
DMPO-CO:~ nitroxide radical, identified by its char-
acteristic hyperfine splittings (hfs) of a¥= 158G
and a" = 19.0 G (Fig. 4b) in accord with published
values [26].

The purified compound 4 at 1 x 107°M, when
irradiated at 360 nm in a solution of PM2-CCC-DNA
containing 2.5% MeOH-CH;CN (1:1), nicked the
latter to the extent of 58 per cent in 60 min, i.e.
closely comparable with that produced by the parent
alkaloid or that of its sodium salt. The DNA scission
produced by hemiacetal 4 was also subject to the
oxygen effect. Thus, whereas irradiation of a
1 X 10~% M solution of 4 containing oxygen induced
28 per cent cleavage of DNA, careful degassing with
argon resulted, under comparable conditions, in 93
per cent DNA scission in the same time of 60 min.
The DNA scission produced by 4 under these con-
ditions was also selectively inhibited by catalase and
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Fig. 3. Photolysis of sodium camptothecin 1 and camptothecin 2 at 360 nm to produce camptothecin
hemiacetal 4 and, in the presence of DNA, strand scission by aerobic and anaerobic pathways.
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Fig. 4. Panel a: Electron spin resonance spectrum (micro-
wave power 25 mW, modulation amplitude 0.2 G, scan
time 1000 sec) of the PBN-OH' radical obtained by 360 nm
photolysis of sodium camptothecin or compound 17 in the
presence of 0.2M PBN at pH7.0. Hfsa"=16.0G,
ag! = 3.4 G and g = 2.0061. Panel b: Electron spin reso-
nance spectrum (microwave power 25 mW, modulation
amplitude 0.2 G, scan time 1000 sec) of the DMPO-CO2~
radical obtained by 360 nm photolysis of sodium campto-
thecin in the presence ¢ of 50 mM DMPO at pH8.0. Hfs
a¥=15.8G, a'' = 19.0 G and g = 2.006.

by superoxide dismutase. Thus, the intermediacy of
0O:~ and H:0: in the action of photoactivated camp-
tothecin on DNA was unambiguously established by
their selective enzymatic removal. While the gen-
eration of the hydroxyl radical and its direct role in
degrading DNA were implicated by inhibition of
scission by free radical scavengers, nevertheless,
owing to the transient and reactive nature of the
OH species, more direct proof of its intermediacy
was required. Irradiation of solutions of camptothe-
cin or sodium camptothecin or of analogues 17 or
18 in methanol-acetonitrile (1:1), at 360 nm, in the
presence of oxygen and of the spin-trapping agent
phenyl N- tert-butylmtrone generated the six-line
e.p.r. spectrum a“=16.0G, ag"=34G and
g =2.0061 (Fig. 4a) characteristic of the PBN-OH'
spin adduct [23, 24]. No such PBN-OH' spin-adduct
was generated in the absence of the alkaloid.

The extent of 360 nm photodynamic campothecin-
induced scission of DNA shows a dependence on the
structure, especially of rings D and E, exemplified
by the camptothecin analogues listed in Table 1. The
essential structural feature required for photoin-
duced DNA cleavage was the moiety containing
intact rings A, B, C and D which gave rise to the
characteristic absorption in the 360 nm region. Thus,
compounds which are not photolabile like campto-
thecin and sodium camptothecin, e.g. 15—18, can
nevertheless lead to DNA cleavage under 360 nm
irradiation. Most of the camptothecin derivatives
effected DNA scission to the extent of 54-92 per
cent in 60 min under irradiation at 360 nm. The
exception was compound 14 which bears a secondary
alcohol moiety at Cs and produced only 10 per cent
cleavage.

In order to determine if camptothecin displays any
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DNA base preference, sequence specificity, or
dependence on DNA topology, the effects of certain
DNA sequence-specific binding agents on the camp-
tothecin in photodynamic scission of DNA were
examined. A solution of 1 X 107 M sodium camp-
tothecin, when irradiated with DNA at 360 nm,
showed a 60 per cent enhancement of nicking in
30 min in the presence of 1 x 107* M netropsin, the
A,T specific binding antibiotic, compared with a
similar experiment without netropsin. The structur-
ally related A,T specific binder, distamycin, at
1.5 X 107* M showed a similar 30 per cent enhance-
ment of nicking in 30 min by sodium camptothecin.
By contrast, 5 X 107> M chromomycin As, which in
the presence of an equivalent of MgClz binds strongly
and preferentially to G,C rich sites, caused a 67 per
cent suppression of DNA cleavage in 2.5% aqueous
acetonitrile in 30 min. The structurally related oli-
vomycin at 5 X 107°M (also a G,C binder in the
presence of an equivalent of Mg?*), like chromo-
mycin As, resulted in a 30 per cent suppression of
DNA scission in 30 min in 2.5% aqueous acetonitrile,
compared to controls. When aliquots of A-DNA were
added to netropsin in a pH 7.0 buffer, the absorption
maximum of netropsin shifted from 322nm to
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Fig. 5. Effect of the topological form of DNA on the rates
of strand scission of DNA by sodium camptothecin under
360 nm irradiation. Reactions were performed at room
temperature in 50 mM potassium phosphate, pH 7.0, and
contained 1% 107°M sodium camptothecin. The before
heat denaturation ethidium fluorescence readings are
shown as open symbols, and the closed symbols are flu-
orescence readings after heat denaturation at 96° for 4 min
followed by rapid cooling to 23°. Additional components
were: (A — A) negatively supercoiled PM2-CCC-DNA
(92% CCC); and (O—O) relaxed PM2-CCC-DNA
(79% CCC) prepared by treatment with calf thymus topo-
isomerase and subsequent chromatography on A-15M
agarose.
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325 nm, indicative of binding, but at the concentra-
tion employed, 1 x 107* M, there was no significant
absorption in the 360 nm region. Similarly, when
aliquots of A-DNA were added to 1 x 107* M dis-
tamycin at pH 7.0, the absorption maximum shifted
from 332 nm to 338 nm and the absorption increased
from 0.93 to 1.03, again indicative of binding, but
there was no significant absorption at 360 nm at the
concentrations employed in the camptothecin
experiment. There are two absorption maxima for
chromomycin As at 408 nm and 320 nm. Addition
of aliquots of A-DNA caused the 408 nm peak to
shift to 416 nm, while the 320nm absorption
remained unchanged. The intensity of the 408 nm
peak increased from 0.34 to 0.377, while the intensity
of the 320 nm peak remained unchanged. Olivo-
mycin shows absorption maxima at 408 nm and
322 nm. Upon addition of aliquots of A-DNA,, the
408 nm absorption maximum moved to 418 nm with
a concomitant increase of intensity from 0.34 to 0.36,
while the 322 nm peak remained unchanged.

It is evident from the suppression of the fluor-
escence of ethidium in DNA in the presence of either
netropsin or distamycin, compared to controls, that
both of these antibiotics bind to DNA and in such
a way as to remove potential ethidium intercalation
sites. Subsequent treatment with calf thymus topo-
isomerase fully relaxed the negative supercoils of
PM2-CCC-DNA, indicating that neither of the A, T
specific binding agents intercalates into DNA. It may
be noted that, while DNA-bound netropsin had no
effect on the enzyme, free netropsin appeared to
interfere with the nicking—closing action of the
topoisomerase. Both olivomycin and chromomycin
As bind to DNA, as evidenced by ethidium fluor-
escence suppression, but the subsequent action of
the topoisomerase on these DNA-antibiotic com-
plexes relaxed the supercoils to a lesser extent.

In view of the results obtained on the effects of
the sequence-specific binding agents on the efficiency
of a camptothecin photoinduced DNA scission, the
effects of the topological form of the DNA were
assessed. Whereas a 1 X 107° M solution of sodium
camptothecin with 360 nm irradiation gave 85 per
cent nicking of PM2-CCC-DNA in 60 min, similar
conditions using topoisomerase-relaxed PM2-CCC-
DNA resulted in only 20 per cent nicking (Fig. 5).
The difference observed was not due to the presence
of the topoisomerase used to relax the DNA, since
when the latter was removed by A-15M agarose
chromatography the result on the extent of DNA
cleavage was the same.

In addition, and in contrast to netropsin, neither
camptothecin nor sodium camptothecin affected the
combined endonucleolytic and ligase action of calf
thymus topoisomerase. Solutions of 1 X 107°M
sodium camptothecin irradiated at 360 nm cleaved
PM2-CCC-DNA to the same extent, whether or not
it had been depurinated previously by pulsed low
pH treatment, when assayed by ethidium fluor-
escence at neutral pH. Neutral pH conditions were
employed in this experiment because the apurinic
sites are cleaved under strongly alkaline conditions.

In a parallel experiment, PM2-CCC-DNA was
irradiated at 360 nm in the presence of 1 X 107°M
sodium camptothecin until about 50 per cent of the
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DNA had been cleaved. The reaction was stopped
and an aliquot was treated with endonuclease VI,
an enzyme which specifically recognizes apurinic
sites. No apurinic sites were formed during PM2-
CCC-DNA cleavage by sodium camptothecin under
irradiation at 360 nm.

DISCUSSION

Considerable evidence has been accumulated from
biochemical and pharmacological studies that the
mechanism of antitumor action of camptothecin is
associated intimately with its effects on nucleic acids
rather than on, for example, replication enzymes
[14-18]. Thus, while the rapid inhibition of nucleic
acid synthesis and the fragmentation of cellular DNA
appear to underlie the cytotoxic effects of the alka-
loid, the molecular mechanism by which the degra-
dation of DNA occurs is not understood [18]. Pro-
vided the results are interpreted with caution, studies
of the chemical modification of nucleic acids by
antitumor agents in vitro can often permit a more
detailed description of the molecular events associ-
ated with cytotoxity and represent a necessary first
step in the examination of the action of these agents
with DNA-histone complexes, nucleosomes, and
then chromatin. Such studies have contributed
to our understanding of the workings of such clinic-
ally important antitumor agents as bleomycin [27,
28], mitomycin C [29, 30], adriamycin [31], dauno-
rubicin [32], maytansine [33] and nitrosoureas,
e.g. 1.3.bis(2-chloroethyl)-1-metrosourea(BCNU)
and  (1,2-chloroethyl)-3-cyclohexyl-1-nitrosourea
(CCNU) [34, 35].

Progress toward a deeper understanding of the
action of camptothecin has been hampered by the
lack of a suitable in vitro method for studying its
reactions with DNA. The present work was moti-
vated by the desire to establish such a system and
to determine the characteristics and structural
dependence.

Camptothecin shows a sharply wavelength-depen-
dent and selective photoactivation at 360 nm, near
its absorption maximum, producing species which
are capable of cleaving DNA. Under aerobic con-
ditions the photoactivated alkaloid reacted with dis-
solved oxygen to generate reactive species including
hydrogen peroxide, the superoxide anion and
hydroxyl radicals (which are implicated in the single
strand scission of DNA [36]); this was confirmed by
the selective inhibition in the rate of DNA scission
obtained by catalase and superoxide dismutase, and
by general free radical scavengers, e.g. sodium ben-
zoate, respectively. In addition, the fact that the
heat-denatured enzymes catalase and superoxide
dismutase, at the same concentration and under
otherwise identical conditions, did not inhibit the
cleavage demonstrates that the previous inhibition
was not due to non-specific protein effects. The
intermediacy of the hydroxyl radical in the scission
process was confirmed by trapping it [37] as a
PBM-OH’ nitroxide spin adduct showing the char-
acteristic six-line pattern with the correct hyperfine
splittings. The results in Table 1 indicate that the
structural moiety essential for photoinitiated DNA
cleavage by camptothecin or its analogues was the
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intact ABCD portion which gave rise to the char-
acteristic absorption in the region of 370 nm.

For a given concentration of sodium camptothecin
or of camptothecin intermediate 17, the extent of
photoinduced DNA scission increased as oxygen was
removed from the system. This behaviour parallels
that of the electron-affinic agents, e.g. metronida-
zole, misonidazole and p-nitroacetophenone [38, 39],
when photolyzed in the presence of DNA, and
indicates two distinct pathways are operative to
cleave DNA, i.e. (i) photoactivation of camptothecin
itself to generate DNA damaging species, and (ii)
secondary reaction of the latter species to generate
superoxide anions, hydrogen peroxide and hydroxyl
radicals. The extreme sensitivity of the system to
oxygen and the difficulty in removing the last traces
of oxygen are illustrated by the fact that even after
prolonged purging with argon the scission of DNA
that accompanies 360 nm irradiation under these
conditions may stil' be selectively inhibited by cata-
lase and superoxide dismutase. There was no evi-
dence that singlet-oxygen was produced during
camptothecin irradiation. These results confirming
the photoactivated generation of reactive oxygen
species by camptothecin and its derivatives are anal-
ogous to recent reports that irradiation of photosen-
sitizers such as rose bengal and other dyes in the
presence of oxygen generates superoxide anions and
other oxygen species [40,41]. These results have
been interpreted in terms of the following
mechanism.

In + hy— In* (1)
In*+R:H->In-H+ R 2)
InnH + O2—In + HOy 3)

The photoinitiator In (methylene blue, rose bengal,
camptothecin, etc.), excited by absorption of a quan-
tum of light, accepts a single electron from R:H
which may be an organic solute or DNA (which then
leads to strand scission) by reaction (2) under anaer-
obic conditions. In the presence of oxygen the initi-
ator radical would be expected to relinquish its
unpaired electron, yielding the perhydroxy radical.
The latter may them lead to the detected species,
superoxide anions, hydrogen peroxide and hydroxyl
radicals (confirmed by the spin-trapping experi-
ment), by the following steps. The generation of
hydroxyl

HOO=0:" + H"

superoxide

(4)

207 + 2H” —— H:0: + O: (5)
M0, U, M0+ 0. (6)
DNA-Fe* + 0, — DNA-Fe’* + O (7

DNA-Fe?' + H:0.— DNA-Fe** + OH + OH"
(8
OH' + DNA — Strand breakage

radicals in such systems was formerly attributed to
the Haber—Weiss reaction (9) but this reaction has

H:0: + 02" - H:0 + OH + OH~ (9)

been shown recently to be quite slow (k <0.3M™!
sec™!) and is unlikely to compete with other steps
involving O>~ [42-44]. It is now considered more

913

likely that OH' radicals are generated by reaction of
O~ and H:0; with traces of Fe* associated with
DNA in steps such as (4) and (5) [45]. Hydroxyl
radicals have been implicated in the direct degra-
dation of DNA by attack primarily at the ribose
sugar [36]. While the above mechanisms may account
for the photoinitiated degradation of DNA by two
distinct pathways under aerobic and anaerobic con-
ditions for camptothecin derivatives 17 and 18, there
is evidence for the contribution of alternative path-
ways in the case of the parent alkaloid and derivatives
involving modification to ring E.

The preparative scale photolysis of either camp-
tothecin or sodium camptothecin afforded the hem-
iacetal 4 (Fig. 3) in excellent yield. Irradiation of 4
in the presence of DNA resulted in very efficient
cleavage in a process which shows characteristics
similar to those using the parent alkaloid, i.e. sharp
wavelength dependence and evidence of two com-
peting pathways, aerobic and anaerobic. These
results may be rationalized as shown in Fig. 3. Irra-
diation of camptothecin 2 results in decarbonylation
via species 3 to give the resonance stabilized diradical
5 which collapses to the hemiacetal 4 which was
isolated and characterized. Irradiation of sodium
camptothecin similarly affords hemiacetal 4.

The intermediacy of diradicals 3 and 5 suggests an
alternative mechanism for DNA scission. In the
absence of oxygen, species 5 could abstract a hydro-
gen atom from the deoxyribose sugar of DNA lead-
ing to strand scission via an anaerobic pathway. In
the presence of oxygen, an interaction between the
intermediate diradical 5 and oxygen may produce
the hydroperoxy radical. The overall result in the
presence of oxygen may be interpreted by the aerobic
pathway suggested in Fig. 3, although other detailed
mechanisms leading to the formation of OH may be
envisaged.

The low observed extent of DNA cleavage of 14
(10 per cent) relative to 10 (81 per cent) may be
mentioned. Compound 14 is the only derivative bear-
ing a secondary alcohol grouping (at position 5)
which, if photolysis is generating superoxide and
hydroxyl radicals, could act as a radical scavenger
and suppress the observed amount of DNA cleavage.

The effects of certain DNA sequence-specific
binding agents on the photodynamic scission of DNA
by camptothecin provide some insight into the influ-
ence of topological changes in the helix on the course
of the reaction. Netropsin is an antibiotic that is
though to bind preferentially to XTTTX sequences
(where X is any nucleotide), i.e. AT rich regions
in the minor groove of bihelical DNA [46, 47].
Recent X-ray evidence on the characteristic shape
of netropsin and models for its binding action support
this contention [48]. The binding specificity of the
structurally related antibiotic, distamycin A, is
TTTTX, again in the minor groove of DNA {49].
Preincubation of the DNA with these two agents
resulted in an enhancement in the extent of camp-
tothecin-induced DNA scission compared with con-
trols. By contrast, the complementary experiments
with chromomycin As and olivomycin, which are
antibiotics that in the presence of an equivalent of
Mg** bind preferentially to G,C rich regions in the
minor groove of duplex DNA {50, 51], show sub-
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stantial suppression of the photodynamic scission of
DNA by camptothecin. Since none of the four
antibiotics absorbed appreciably at 360 nm in the
concentrations used, the observed effects are not
due to preferential absorption of the incident light.
The effects of the sequence-specific binding agents
on the DNA scission by sodium camptothecin could
be interpreted at this stage as showing either (i) a
sequence preference for binding by the alkaloid and
subsequent cleavage of DNA, and/or (ii) a topol-
ogical change induced in the DNA by G,C selective
binders which render the DNA less susceptible to
the sodium camptothecin-induced cleavage and a
different topological change induced by A,T selec-
tive binders which make the DNA more susceptible
to cleavage. In support of the second interpretation
it is clear that, whereas native negatively supercoiled
PM2-CCC-DNA is readily cleaved, the retaxed form
is much less susceptible to a camptothecin-induced
scission. It is possible that the planar aromatic, camp-
tothecin, intercalates with a short residence time into
G,C rich regions of DNA. Since supercoiled DNA
binds intercalators more strongly than relaxed DNA
does [52], this may be sufficient to account for the
observed differences due to topological form noted
above. Such intercalation by camptothecin, if it
occurs, must be relatively weak, since it could not
be detected by the topoisomerase assay. Others have
reported evidence of weak intercalative interaction
of camptothecin [53].

In conclusion, it is evident that solutions of camp-
tothecin or sodium camptothecin, when irradiated
with near-visible light at their absorption maxima,
can produce photodynamic cleavage of DNA. The
reaction appears to take place by at least two distinct
mechanistic pathways, aerobic and anaerobic, and
proceeds via formation of an isolable but photolabile
hemiacetal with the concomitant generation of rad-
ical species of sufficient reactivity to cleave DNA.
The exploration of the characteristics of the pho-
tochemical mode of camptothecin degradation of
DNA led to to the development of a thermal system
for the degradation of DNA by the alkaloid. This
procedure, more akin to the situation that obtains
in vivo, will form the subject of a subsequent paper.
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