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Abstract: Ptaquiloside (1) is a potent carcinogen isolated from bracken fern. Under weakly alkaline conditions, the
carcinogen is converted intodienone 2 which is thought to be the ultimate agent responsible for bracken fern carcinogenicity.
This study details the selective alkylation and strand scission of DNA with dienone 2. Dienone 2 forms covalent adducts
through N-3 of adenine or N-7 of guanine with opening of the cyclopropyl ring. Under physiological conditions,
spontaneous cleavage of the N-glycosidic linkage occurs primarily at the modified adenines to produce abasic sites.
The abasic sites are so unstable that subsequent backbone breakage occurs via a §-elimination reaction. Product
analyses on sequencing gels and HPLC reveal evolution of the structures of the 5’- and 3’-termini that result from the
abasic sites. In addition, the sequence selectivity for the DNA cleavage is demonstrated. The cleavage rates at the
target adenine residues are affected by both 5/- and 3’-flanking nucleotides. The rank orders are 5'-AT > 5-AG >
57-AC > 5’-AA for 3'-flanking nucleotides and 5’AA > 5-TA > §-GA > 5’-CA for 5’-flanking nucleotides (where A
is a site of cleavage). The most favorable sequence is estimated to be 5-AAAT. The present results on dienone 2 have
also been compared with those of CC-1065 containing a similar reactive cyclopropyl ring.

Introduction

Bracken fern, Pteridium aquilinum, has been known to cause
intestinal and bladder carcinomas inanimals'-3 and alsotoenhance
esophageal cancer riskin human being.* Afterthe intensivesearch
for the carcinogenic principle(s), a new type of potent carcinogenic
compound termed ptaquiloside (1) was isolated from bracken
fern.%® Under weakly alkaline conditions, ptaquiloside (1) is
converted, with liberation of D-(+)-glucose, into an unstable
compound dienone 2 which subsequently leads to the aromatic
compounds such as pterosin B (3).52? Dienone 2 is assumed to
be the ultimate agent responsible for bracken fern carcinogenicity.
Indeed, the cyclopropyl groupin dienone 2 is strongly electrophilic
and dienone 2 can readily react with amino acids, nucleosides,
and nucleotides, under mild conditions.® Since dienone 2 forms
a covalent adduct with DNA and causes DNA strand breaks,’
DNA is the principal biological target of ptaquiloside (1).
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Recently, DNA cleaving activities of both enantiomers of dienone
2 have been evaluated.?

In general, reaction of an ultimate carcinogen with DNA is
regarded as a crucial step in the initiation of chemical carcino-
genesis.%1% Such reactions usually produce a number of DNA
adducts and abasic sites in different portions and in different
locations. The adducts and abasic sites have been proposed as
intermediates in mutagenesis by a variety of genotoxic agents.!!
In the present study, we have disclosed the mechanism, sequence
preference, and product distribution of the DNA strand scission
induced by dienone 2. So far, the 3’-terminal structures at the
DNA cleavage sites produced by alkylating agents such as CC-
1065 have remained unknown.!? This problem has also been
solved in the present study.

Experimental Section

Materials. Ptaquiloside (1),dienone2,and pterosin B (3) were prepared
as previously described.® Stock drug concentrations were made by
dissolving weighed amounts of the drugs in acetonitrile. When stored at
-20 °C, the drug solutions were stable for several weeks as judged by 'H
NMR. Plasmid pBR322 DNA wasisolated from Escherichia coli C600.
Escherichia coli DNA polymerase I large fragment, bacterial alkaline
phosphatase, and polynucleotide kinase were purchased from New England
Biolabs. Restrictionenzymesand plasmid pUC19 DNA werefrom Takara
(Kyoto, Japan). Radiochemicals were obtained from Amersham or
DuPont. Water was distilled and purified through a Sybron Nanopure
II System. All other chemicals used were of commercial reagent grade.

Preparation and Labeling of DNA Restriction Fragments. Restriction
BamHI-Sall fragment from pBR322 was labeled at BamHI cut. The
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5’-end was labeled with polynucleotide kinase and [y-32P]JATP after
treatment with bacterial alkaline phosphatase. The 3’-end was labeled
with [@-32P)JdGTP by using the filling-in function of Escherichia coli
DNA polymerase I large fragment. After digestion with the second
enzyme, Sall, the singly labeled fragment was purified on a nondenaturing
5% (w/v) polyacrylamide gel. The other fragments used in this study
were labeled in a similar manner.

Assay for Damage to Supercoiled DNA. Ptaquiloside (1) or dienone
2 was incubated with 0.25 ng of pure covalently closed circular (form I)
pBR322DNA in 25% (v/v) acetonitrile/ TBE buffer (89 mM Tris-borate,
2.5 mM Na,EDTA, pH 8.0) at 37 °C for 30 min. The samples were
successively precipitated in ethanol to remove all unreacted drug. The
DNA pellets were dried and dissolved in 20 uL of TBE buffer (pH 8.0)
and incubated again in sealed tubes at 37 °C for 25 h. After ethanol
precipitation, the samples were dissolved in 10 uL of loading buffer
containing 0.05% (w/v) bromophenol blue and 10% (v/v) glycerol for
electrophoresis. The different forms of DNA were separated at 15 °C
ona 1% (w/v) agarose gel stained with ethidium bromide (0.5 ug/mL).
The gels were placed on a UV transilluminator and photographed with
Polaroid 665 film.

Cleavage Specificity with End-Labeled Restriction Fragments. Dienone
2 (250 uM) was incubated with 0.25 ug of calf thymus DNA and a trace
(<0.01 ug) of end-labeled DNA (=10 000 cpm) in a total volume of 20
pL. The reactions were carried out at 37 °C for various lengths of time
in 25% acetonitrile/TBE buffer (pH 8.0). When required, the samples
were subsequently treated with 1 M piperidine at 90 °C for 30 min. Each
lyophilized sample was dissolved in 3 uL of 90% (v/v) deionized formamide
containing | mM EDTA and 0.01% (w/v) bromophenol blue and loaded
into a 10% (w/v) polyacrylamide sequencing gel. For product analysis,
a 15% (w/v) polyacrylamide sequencing gel was used. Electrophoresis
was performed at 2000 V in TBE buffer (pH 8.0). DNA sequencing was
carried out by the Maxam-Gilbert method.!3

Alkylation of d(GTAC) with Dienone 2. A solution of dienone 2 (105
mg, 0.482 mmol) in acetonitrile (4.0 mL) was added to a solution of
deoxytetranucleotide d(GTAC) (119 mg, 0.097 mmol) in H,0 (12 mL,
pH 7.5), and the mixture was stirred at 0 °C for 15 h and extracted with
ethyl acetate (6 X 18 mL) at 0 °C. The combined extracts were
concentrated to give crystalline pterosin B (3) (99 mg). The aqueous
layer was freeze-dried to give a colorless amorphous powder. The powder
was purified by HPLC (Develosil ODS-10, 20 X 250 mm, 0.02 M NH;-
OAc-acetonitrile, 100:0 — 40:60, 256 min linear gradient elution, 7
mL/min) to give guanine adduct 4 (8.2 mg, 1.2% based on dienone 2),
adenine adduct 5§ (3.5 mg, 0.5% based on dienone 2), and unreacted
d(GTAC) (86 mg, 73%) as a colorless amorphous powder, respectively.

Guanine adduct 4: UV (H;0) Apax 197 (€ 77 500), 260 nm (31 600);

'H NMR (500 MHz, D;0) 6 1.22 (br d, J = 7.0 Hz, 3 H), 1.53 (brs, '

3 H), 1.82-2.09 (m, 1 H), 2.10-2.44 (m, 2 H), 2.24 (br s, 3 H), 2.28 (br
(13) Maxam, A. M.; Gilbert, W. Methods Enzymol. 1980, 65, 499-560.
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s, 3 H), 2.45-2.95 (m, 8 H), 3.08-3.20 (m, 1 H), 3.33-3.48 (m, 1 H),
3.86-4.46 (m, 15 H), 4 §#-5.06 (m, 3 H), 5.78-5.96 (m, | H), 6.00-6.22
(m, 4 H), 6.95 (br s, 1'H), 7.41-7.46 (m, 1 H), 7.77 (br s, 1 H), 8.28
(brs, 1 H),9.17 (brs, 1 H), a proton of a nucleic acid base in 4 was not
observed; FABMS (glycerol) m/z 1396 (M + Na)*, 1374 (M + H)*.

Adenine adduct 5;: UV (H;0) Apax 192 (¢ 61 800), 263 nm (35 100);
1H NMR (500 MHz, D,0) § 1.18 (d, J/ = 7.3 Hz, 3 H), 1.78 (s, 3 H),
1.97-2.06 (m, | H), 2.20-2.30 (m, 2 H), 2.21 (s, 3 H), 2.24 (s, 3 H),
2.33-2.41 (m, 1 H), 2.50-2.62 (m, 3 H), 2.64 (dt,J = 3.7,7.3 Hz, 1 H),
2.92 (brdd, J = 13.4, 4.6 Hz, 1 H), 3.00-3.08 (m, 1 H), 3.20 (dd, J =
17.4,7.9 Hz, 1 H), 3.28 (dt,J = 15.3,7.0 Hz, | H), 3.36 (dt, J = 15.3,
7.3 Hz, 1 H),3.73(dd, / = 12.8, 3.9 Hz, | H), 3.78 (dd, / = 12.8, 3.4
Hz, 1 H), 3.94-3.99 (m, | H), 4.02—-4.23 (m, 9 H), 4.52-4.57 (m, 2 H),
5.02-5.06 (m, 1 H), 5.90 (brd, J = 7.0 Hz, | H), 6.03 (dd, /= 8.9, 3.1
Hz, 1 H), 6.06 (dd, J = 13.7, 7.6 Hz, 1 H), 6.20 (dd, J = 6.4, 6.4 Hz,
1 H), 6.50 (dd, J = 8.6, 3.7 Hz, 1 H), 7.04 (s, | H), 7.46 (s, 1 H), 7.83
(d, J =7.0Hz, 1 H), 7.83-7.89 (brs, | H), 8.02 (s, | H), 8.59 (s, | H),
three protons were overlapped with the solvent signals; FABMS (glycerol)
m/z 1374 (M + H)*.

Thermal Hydrolysis of Alkylated Deoxytetranucleotides 4 and 5. (i)
Thermal Hydrolysis of Guanine Adduct 4. A solution of guanine adduct
4 (1.7 mg, 1.2 umol) in H,0 (5 mL) was heated at 90 °C for 5 min and
extracted with 1-butanol (4 X 7 mL). The combined extracts were
concentrated, and the residual solid was washed with methanol (2 mL)
togive N-7 alkylguanine 87 (0.4 mg, 95%). The aqueous layer was freeze-
dried and purified by HPLC (Develosil ODS-10, 20 X 250 mm, 0.02 M
NH,OAc-acetonitrile, 100:0 — 40:60, 256 min linear gradient elution,
7 mL/min) to give d(deoxyribose-TAC) 6 (0.8 mg, 63%) as a colorless
amorphous powder: UV (H,0) Amax 198 (¢ 44 000), 261 nm (28 400);
1H NMR (500 MHz, D,0) § 1.75-1.92 (m, 2 H), 1.83 (s, 3 H), 2.01-
2.14 (m, 1 H), 2.21-2.30 (m, 2 H), 2.36 (ddd, J = 11.3, 6.4, 4.6 Hz ,
1 H), 2.75 (ddd, J = 14.0, 5.8, 2.5 Hz, 1 H), 2.87 (ddd, J = 14.0, 7.0,
7.0 Hz, 1 H), 3.52-3.69 (m, 1 H), 3.82-4.02 (m, 4 H), 4.05-4.28 (m,
6 H), 4.40 (br s, 1 H), 4.52-4.57 (m, 1 H), 5.00 (brs, 1 H), 5.22 (m,
0.7 H), 5.54 (d, J = 4.0 Hz, 0.2 H), 5.59 (t, / = 4.9 Hz, 0.1 H), 5.92
(brd, J= 7.6 Hz, | H), 6.00-6.05 (m, 1 H), 6.19 (dd, J = 6.4, 6.4 Hz,
1 H), 6.35 (dd, J = 8.2, 5.8 Hz, | H), 7.40 (s, 0.5 H), 7.42 (s, 0.5 H),
7.79(d,J=17.6 Hz, 1 H), 8.15 (s, 1 H), 8.41 (s, 1 H), two protons were
overlapped with the solvent signals; FABMS (glycerol) m/z 1063 (M +
Na)*, 1041 (M + H)*.

(ii) Thermal Hydrolysis of Adenine Adduct 5. According to the
procedure described above, adenine adduct § (3.2 mg, 2.2 umol) gave
d(GT-deoxyribose-C) 7 (2.5 mg, 100%) and N-3 alkyladenine 97 (0.7
mg, 93%) as a colorless amorphous powder, respectively: 7 UV (H,0)
Amax 265 nm (e 15 400); 1H NMR (500 MHz, D,0) é 1.71 (s, 3 H),
2.02-2.28 (m, 2 H), 2.29-2.50 (m, 4 H), 2.67-2.79 (m, 2 H), 3.78 (dd,
J=12.5,3.9 Hz, 1 H), 3.82(dd, J = 12.5, 3.4 Hz, | H), 3.89-4.21 (m,
7 H), 4.25-4.30 (m, | H), 4.304.35 (m, | H), 4.51-4.57 (m, 1 H), 5.62
(m, 1 H), 6.07 (d, J = 7.6 Hz, 0.33 H), 6.09 (d, J = 7.6 Hz, 0.67 H),
6.19-6.28 (m, 3 H), 7.57 (s, 0.33 H), 7.58 (s, 0.67 H), 7.87 (d, J = 7.6
Hz, 0.33 H), 7.88 (d, J = 7.6 Hz, 0.67 H), 7.93 (brs, 1 H), four protons
were overlapped with the solvent signals; FABMS (glycerol) m/z 1079
(M + Na)*, 1057 (M + H)*.

Thermal Stabilities of Alkylated Deoxytetranucleotides 4 and 5. The
disappearance of guanine adduct 4 or adenine adduct 5 in 0.02 M Tris-
borate buffer (pH 7.5) at 32 °C was monitored by HPLC analysis
(Develosil ODS-5, 4.6 X 250 mm, 0.02 M NH4OAc-acetonitrile, 100:0
— 40:60, 60 min linear gradient elution, | mL/min). The amount of the
compound in the injected sample was determined by the peak area at 260
nm.

Cleavage of d(GT-Deoxyribose-C) 7. A solution of d(GT-deoxyribose-
C) 7 (1.25 mg, 1.13 umol) in Tris-borate buffer (pH 7.5) was heated at
90 °C for 7 h. The reaction mixture was freeze-dried and separated by
HPLC (Develosil ODS-5, 10 X 250 mm, 0.02 M NH4OAc-acetonitrile,
100:0 —40:60, 128 min linear gradient elution, 4 mL/min) to give fractions
A (tg = 4 min), B (tg = 14 min), and C (tg = 16 min). Fraction A was
further purified by HPLC (Develosil ODS-5, 10 X 250 mm, 0.02 M
NH4OAc-acetonitrile, 100:0 — 40:60, 128 min linear gradient elution,
4 mL /min) to give 2’-deoxycytidine 5’-monophosphate (0.2 mg, 51%):
'H NMR (500 MHz, D,0) § 2.31 (ddd, J = 13.7, 6.7, 6.7 Hz, 1 H), 2.39
(ddd, J = 13.7, 6.7, 3.7 Hz, 1 H), 3.91-4.01 (m, 2 H), 4.12-4.19 (m, 1
H), 4.53-4.59 (m, 1 H), 6.12 (d, J = 7.6 Hz, 1 H), 6.33 (t, / = 6.7 Hz,
1 H), 8.06 (d, J = 7.6 Hz, 1 H): FABMS (glycerol) m/z 374 (M +
3Na)*, 352 (M + 2Na + H)*.
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Figure 1. DNA damage by dienone 2. (A) Supercoiled pBR322 DNA (12.5 ug/mL) was incubated at 37 °C for 30 min in the presence of various
concentration of dienone 2. The final concentrations of 2 were 0 mM (lane 1), 0.025 mM (lane 2), 0.125 mM (lane 3), 0.25 mM (lane 4), and 1.25
mM (lane 5). The ratios [2]/[DNA nucleotide] were 0, 0.65, 3.3, 6.5, and 33, respectively. The DNA samples were precipitated in ethanol to remove
unreacted drug and separated on a 1% (w/v) agarose gel stained with ethidium bromide. (B) The same DNA samples as in panel A were dissolved
in TBE buffer (pH 8.0) and incubated again at 37 °C for 25 h. The positions of the supercoiled (form I), relaxed nicked circular (form II), and linear

(form III) plasmid molecules are indicated.

Fraction B was concentrated to give alcohol 10'4 (0.5 mg, 58%) as an
amorphous powder: UV (H;0) Anax 255 nm (e 14 300); 'H NMR (500
MHz, D,0) 4 1.78 (s, 3 H), 1.89-2.04 (m, 0.67 H), 2.14-2.24 (m, 1 H),
2.31-2.38 (m, 0.33 H), 2.44-2.65 (m, 2 H), 2.81-2.90 (m, 2 H), 3.83-
3.91 (m, 2 H), 3.92-4.07 (m, 3 H), 4.08-4.44 (m, 4.33 H), 4.48 (m, 0.33
H),4.58-4.61 (m,0.33 H), 5.64 (m, 0.67 H), 5.76 (m, 0.33 H), 6.28 (dd,
J=64,64Hz 1H),6.36(m,1H),7.62(s,1H),8.00(brs, 1 H), two
protons were overlapped with the solvent signals; FABMS (glycerol)
m/z 790 (M + Na)*, 768 (M + H)*.

Without concentration fraction C was subjected to reduction by NaBH4
(1.0mg,0°C, 1 h). Thereaction mixture was purified by HPLC (Develosil
ODS-5, 10 X 250 mm, 0.02 M NH4OAc-acetonitrile, 100:0 — 40:60,
128 min linear gradient elution, 4 mL/min) to give a 2:1 mixture of
allylic alcohols 12a and 12b (0.3 mg, 35%) as an amorphous powder: 'H
NMR (500 MHz, D;0) 6 1.77 (s, 3 H), 2.41-2.45 (m, 1 H), 2.51-2.75
(m, 1 H), 2.77-2.82 (m, 2 H), 3.83-3.87 (m, 4 H), 4.13-4.38 (m, 6 H),
5.60 (dd, J = 11.0, 10.0 Hz, 0.67 H), 5.79 (dd, J = 15.0, 5.0 Hz, 0.33
H), 5.84 (dt,J = 11.0, 6.0 Hz, 0.67 H), 5.99 (dt, J = 15.0, 6.0 Hz, 0.33
H), 6.26 (dd, J = 6.4,6.4 Hz, 1 H), 6.34 (dd, J = 6.4, 6.4 Hz, 1 H), 7.62
(s, 1 H), 7.97 (s, 1 H), three protons were overlapped with the solvent
signals; FABMS (glycerol) m/z 774 (M + Na)*.

Reduction of Alcohol 10. To the solution of alcohol 10 (0.5 mg, 0.65
umol) in H,O (0.2 mL) was added NaBH, (1.0 mg, 0.03 mmol) at 0 °C.
The mixture was stirred at 0 °C for 1 h, diluted with acetone (0.1 mL),
and concentrated. The residue was purified by HPLC (Develosil ODS-
5,10 X 250 mm, 0.02 M NH4OAc-acetonitrile, 100:0 — 40:60, 256 min
linear gradient elution, 3 mL /min) to give alcohol 13a (0.4 mg, 80%) and
alcohol 13b (0.1 mg, 20%) as a colorless amorphous powder, respectively.

(14) Alcohol 10 was shown to consist of two diastereomers at C-3 of the
deoxyribose moiety in the ratio of 4:1.

(15) There was no background cleavage due to any of protocols that use
heat, piperidine, or long incubation times. -

Alcohol 13a: UV (H20) Amax 193 (e 26 100), 256 nm (16 400); 'H
NMR (500 MHz, D;0) é 1.64-1.74 (m, 1 H), 1.75 (s, 3 H), 1.89-1.99
(m, 1 H), 2.43 (ddd, J = 14.1, 7.1, 7.1 Hz, 1 H), 2.53 (ddd, J = 14.1,
6.1, 3.1 Hz, 1 H), 2.75-2.85 (m, 2 H), 3.72-3.90 (m, 6 H), 3.96 (dt, J
= 11.5, 6.2 Hz, 1 H), 4.07 (ddd, J = 10.4, 5.8, 3.3 Hz, 1 H), 4.18 (br
d,J =124 Hz, 1 H), 425 (brd, J = 12.4 Hz, 1 H), 4.28-4.39 (m, 2
H), 4.88-4.98 (m, 2 H), 6.25 (t, J = 6.7 Hz, 1 H), 6.33 (t, J = 7.0 Hz,
1 H), 7.60 (s, 1 H), 7.98 (s, 1 H); FABMS (glycerol) m/z 792 (M +
Na)*, 770 (M + H)*.

Alcohol 13b: UV (H,0) Amax 193 (e 32 100), 256 nm (17 600); 'H
NMR (500 MHz, D,0) 6 1.75 (s, 3 H), 1.75-1.90 (m, 2 H), 2.43 (ddd,
J =140, 7.0, 7.0 Hz, 1 H), 2.53 (ddd, J = 14.0, 6.0, 3.0 Hz, 1 H),
2.79-2.83 (m, 2 H), 3.74-3.81 (m, 3 H), 3.83-3.91 (m, 3 H), 3.95 (ddd,
J=11.0,6.0,6.0 Hz, 1 H), 4.02 (ddd, J = 11.0, 5.5, 5.5 Hz, 1 H), 4.18
(brd,J =12.2Hz, 1 H),4.26 (brd, J = 12.2 Hz, 1 H), 4.31-4.37 (m,
2 H), 491-4.97 (m, 2 H), 6.25 (dd, J = 6.7, 6.7 Hz, 1 H), 6.34 (dd, J
=17.0,7.0 Hz, 1 H), 7.60 (s, 1 H), 7.98 (brs, 1 H); FABMS (glycerol)
m/z 792 (M + Na)*, 770 (M + H)*.

Results

DNA Cleavage by Dienone 2. The DNA-cleaving activity of
dienone 2 was demonstrated by monitoring the conversion of
covalently closed circular (form I) pBR322 DNA to nicked
circular (form IT) and linear duplex (form III) DNAs. A single-
strand break changes form I DNA to form II DNA, while a
double-strand break, produced either in a direct manner or as a
result of two close-spaced single-strand breaks in complementary
strands, changes either form I or form II DNA into form III
DNA. As shown in Figure 1A, at the reaction with dienone 2
for 30 min at 37 °C, no strand scissions were observed. Further
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Figure 2. Nucleotide-specific DNA cleavage by dienone 2. The 3’-
labeled EcoRI-Pvull fragment from pUC19 was incubated with 2 for 25
h(lanes3and4)or130h (lanes Sand 6). Theratio [2]/[DNA nucleotide]
was 6.5. After removal of the drug, samples (lanes 3 and 6) were heated
at 90 °C for 30 min.!> Lanes 1 and 2 are the Maxam-Gilbert pyrimidine
and purine sequencing ladders.

incubation of the DNA sample for 25 h at 37 °C after removal
of all unreacted drug, however, clearly converted form I DNA
into form Il and form III DN As in a typical single-strand-cleavage
manner (Figure 1B). Theresults suggest that dienone 2 promptly
modifies DNA in a dose-dependent fashion and that the efficient
DNA modification leads to spontaneous DNA cleavage under
the physiological conditions.

Ptaquiloside (1) itself caused only weak DNA strand breaks
under the same conditions. Therefore, the liberation of its glucose
is a crucial step in the DNA cleaving action of ptaquiloside (1).
Indeed, the DNA cleaving activity of ptaquiloside (1) was
strengthened under weakly alkaline conditions.

Nucleotide-Selective Cleavage of DNA by Dienone 2. We
investigated DNA cutting sites of dienone 2 by using 3’-labeled
DNA fragment (EcoRI-Pvull fragment of pUC19 DNA, 232
bp). After incubation of the DNA with dienone 2 at 37 °C for
various lengths of time, the DNA samples were analyzed on a
10% sequencing gel (Figure 2). Inspection of the autoradiogram
demonstrated a time-dependent selectivity of the DNA strand
breakage. When a DNA sample was incubated for 25 h, the
DNA cleavage predominantly occurred at the sites of adenine
residues (Figure 2, lane 4). On the other hand, the incubation
for 130 h gave additional cuttings at the guanine sites (Figure
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Figure 3. Products of thermal and piperidine cleavage of DNA—dienone
2 adducts. 3’- (lanes 1-5) or 5- (lanes 6-8) labeled BamHI-Sall
fragments from pBR322 were treated with 2 at 37 °C for 25 h (lanes 3
and 8). The ratio [2]/[DNA nucleotide] was 6.5. After removal of
unbound 2, the DNA samples were subjected to 25 h incubation at 37
°C (lanes 3 and 8), thermal treatment (lanes 4 and 7), or piperidine
treatment (lanes 5 and 6).! Lane 1 shows no drug treatment. Lane 2
is the Maxam—Gilbert purine sequencing ladder.

2, lane 5). As shown in lane 3, the sample treated with heat at
90 °C for 30 min after the 25-h incubation with dienone 2 also
induced similar DNA strand scission at adenine and guanine
residues. These results indicate that dienone 2 modifies purine
nucleotides within 25 h but that backbone-cleavage preference
at the purine nucleotides is time-dependent.

In order to obtain further information on the mechanism for
the strand break by dienone 2, we analyzed terminal structures
of the drug-cleaved fragments on sequencing gels. The breakage
patterns with 3’-end-labeled DNA reveal 5’-terminal structures
of the fragments. All the bands possessed the same mobility as
the Maxam-Gilbert sequencing markers, indicating the presence
of 5’-phosphate termini (Figure 3, lane 3). On the other hand,
the analysis for 3’-terminal structure by using 5’-end-labeled DNA
showed smearing bands (Figure 3, lane 8), suggesting the presence
of several products. Therefore, the 5’-labeled fragments were
further analyzed by employing a higher resolution (15%)
sequencing gel. Lane 3 of Figure 4 clearly shows triplet bands,
indicating three kinds of products. These species migrated slower
than the Maxam-Gilbert markers with 3’-phosphate termini.
Piperidine treatment quantitatively converted each triplet band
into a single band comigrating with the Maxam-Gilbert se-
quencing markers (Figure 4, lane 5). These results indicate that
three kinds of species are attached to the 3’-terminal phosphoryl
group.

Reaction of d(GTAC) with Dienone 2. Deoxytetranucleotide
d(GTAC) waschosen as a model DN A substrate for investigation
of the interaction of DNA with dienone 2. The reaction was
carried out in 1:3 acetonitrile-water (pH 7.5) at 0 °C!'¢ for 15
h (the ratio [2]/[DNA nucleotide]: 1.24). After removal of
pterosin B (3) formed by reaction with water, the reaction mixture
was subjected to HPLC analysis (Figure 5). Three major peaks
were observed and were separated to afford two dienone—

(16) Under this condition, the tetramer was estimated to be single-stranded
by UV absorption measurements.
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deoxytetranucleotide adducts 4 (1.2% based on dienone 2), §
(0.5%)'" and unreacted starting material d(GTAC).

Thermal treatment of 4 (90 °C, 5 min) afforded d(deoxyribose-
TAC) 6 with liberation of N-7 alkylguanine 8’ (Scheme 1), while
that of § provided d(GT-deoxyribose-C) 7 and N-3 alkyladenine
9.7 The structures of 6 and 7 were determined by spectral data
and confirmed by the HPLC analysis of the nucleosides formed
by the enzymatic digestions of 6 and 7 ((l) snake venom

(17) While the reaction of dienone 2 and d(GTAC) affords 4 (7-G modified
oligomer) and § (3-A modified oligomer) in a 2.4:1 ratio, the A cleavage
bands on the sequencing gels are more intense than the G cleavage bands upon
heating the DNA. Thisconflicting result may be due tothe difference between
the single-16 and double-stranded substrates.

phosphodiesterase and alkaline phosphatase and (2) spleen
phosphodiesterase and alkaline phosphatase). On the basis of
these findings, the structures of the two major adducts 4 and 5§
have been established. The stabilities of the adducts 4 and 5 in
Tris-borate buffer (pH 7.5) at 32 °C were measured by using
HPLC analysis. Their half-lives (,/2) are as follows: 4, ¢,,, =
31 h; §, ;2 = 3.2 h. Thus, the depurination reaction of the
adduct 8 was found to proceed much faster than that of the adduct
4.

Characterization of the Cleavage Products. On heatingin Tris-
borate buffer (pH 7.5, 90 °C, 7 h), backbone cleavage of d(GT-
deoxyribose-C) 7 took place. This cleavage reaction also
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4(a) 1% HCl in MeOH, 26 °C; (b) t-BuMe;SiCl, imidazole, DMF,
23 °C; (c) BzCl, pyridine, 23 °C; (d) BusNF, THF, 23 °C; (e)
(EtOOCN==),, PPh3, PhACOOH, THF, 23 °C; (f) HF-Py, THF, 23 °C;
(g) thymidine phosphoramidite, 1 H-tetrazole, THF, acetonitrile, 23 °C;
then ¢-BuOOH, 23 °C; (h) CHC1,COOH, CH,Cl,, 23 °C; (i) guanine
phosphoramidite, 1 H-tetrazole, THF, acetonitrile, 23 °C; then z-BuOOH,
23 °C; (§) 28% NH;, 50 °C; (k) 0.05 M HCI, 0 or 23 °C; (1) NaBH,,
H;0, 0 °C; (m) i-Bu,AlH, CH,Cl,, 0 °C.
proceeded very slowly under a physiological condition (pH 7.5,
32°C, 29 days). HPLC analysis of the cleavage mixture (Figure
6) showed three major peaks a, b, and ¢. The compound obtained
from the peak a was identified as deoxycytidine-5’-phosphate by
spectral comparison with the authentic specimen. The spectral
analysis suggested that the material obtained from peak b was
alcohol 10. In order to establish the structures of this alcohol 10,
it was reduced with NaBH, and separated by HPLC to afford
the major alcohol 13a and the minor one 13b. The structures of
the two alcohols 13a and 13b were established by the spectral
data and were unambiguously confirmed by the synthesis (Scheme
2). The materialin peak ¢ was so unstable that it was decomposed
during concentration of the solution. Therefore, the solution of
peak c obtained by HPLC separation was immediately treated
with NaBH, to afford an inseparable 2:1 mixture of the stable
allyl alcohols 12a and 12b. The spectral analysis of the mixture
of 12a and 12b suggested the structure of the major alcohol to
be 12a, which was confirmed by the synthesis (Scheme 2). These
findings indicated that the peak ¢ consisted of hemiacetal 11a
and aldehyde 11b in the ratio of 2:1.18 Further, the mixture of
11a and 11b in Tris-borate buffer (pH 7.5) was shown to be
converted into alcohol 10 at 32 °C for seven days (or 90 °C, 5
h). Thus, alcohol 10 was formed by the Michael addition of
water to 11a and 11b. Further, all of the cleavage products, 10,
11a, and 11b, were shown to lead to the dinucleotide d(GpTp)
on heating with piperidine (90 °C, 30 min).

Scheme 27

Discussion

Mechanism of DNA Cleavage. Agarose gel electrophoretic
results of pBR322 plasmid DNA treated with dienone 2 suggest
formation of the single-strand breaksin DNA. Of special interest
is the fact that this DNA cleavage requires no thermal or base
treatments and causes under physiological conditions. In order
to obtain information on a possible mechanism for the DNA
strand scission induced by dienone 2, the positions of the strand
breakage wereinvestigated by examination of the Maxam—Gilbert
sequencing gels. By the incubation for 25 h, the cleavage sites
weredetected only at adenine residues (Figure 2,1ane 4). Further
incubation for 130 h additionally induced the cleavage at guanine
residues (Figure 2, lane 5). This observation indicates that the
spontaneous DNA cleavage occurs primarily at adenine residues.

(18) Under the conditions employed for the NaBH, reduction of hemiacetal
11a and aldehyde 11b to allyl alcohols 12a and 12b, the model compound i
afforded the cis-allyl alcohol exclusively. Therefore, during the NaBH,
reduction, isomerization of 11a to 11b would not take place.
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Dienone 2 was previously reported to alkylate purine residues
at N-7 of guanine and N-3 of adenine.” The depurination rates
of adducts 4 and 5 (¢,/,> 3¥and 3.2 h)!? strongly suggest that
the spontaneous DNA strand scission in the present case is due
in large part to facile depurination of the N-alkylated adenine
residues (Scheme 1). The N-modification of adenine bases with
dienone 2 weakens the N-glycosidic linkage between the alkyl-
adenine adducts and the deoxyribose backbone, and accordingly
the alkyladenine adducts are gradually eliminated from the
deoxyribose moiety. Whereas, the alkylguanine adducts are more
stable under physiological conditions. The resulting abasic sites
are so unstable that they are decomposed by a S-elimination
reaction under physiological conditions, necessarily causing DNA
strand breaks (Scheme 3).

What terminal structures do the DNA fragments bear after
the 8-eliminationreaction? Whilethe CC-1065-directed thermal
cleavage was shown toresult in production of a 5’-phosphate, the
identity of the 3’-end terminus is unclear.!?® In this study, we
have fully determined both the 3’- and 5’-terminal structures
derived from abasic sites after the 8-elimination reaction. The
data (Figure 3, lane 3) clearly show electrophoretic comigration
of the 3’-end-labeled fragments with a Maxam—Gilbert marker
that is known to contain a 5'-phosphate. Thus, the 5’-terminal
structure is a phosphate. On the other hand, the 5-labeling
experiment in Figure 4 demonstrates formation of three kinds of
3’-end termini. The 3’-terminal structures were unambiguously
determined to be 10, 11a, and 11b by using a DN A model system,
d(GTAC).

The above findings allow us to propose a molecular mechanism
of the DNA cleavage by dienone 2. In the first step, dienone 2
forms covalent adducts through N-3 of adenine or N-7 of guanine
with opening of the cyclopropyl ring. Under physiological
conditions, spontaneous cleavage of the N-glycosidic linkage

(19) The loss of adducts from 4 and § comes from single-stranded DNA .16
In general, the rates of depurination of alkyladenine and alkylguanine adducts
from single-stranded DN A are thought to be faster than those observed for
double-stranded DNA. Indeed, thet,,,’s of depurination of dienone~guanine
and dienone—adenine adducts from double-stranded calf thymus DNA were
determined by HPLC tobe 40 and 18 h, respectively. In either case, however,
the dienone—adenine adducts show a more rapid rate of depurination than the
dienone-guanine adducts.
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Figured4. Analysis of 3’-termini ona 15% sequencing gel. The 5’-labeled
Sphl-BamHI fragment from pBR322 was treated with dienone 2 at 37
°C for 25 h (lane 3). The ratio [2]/[DNA nucleotide] was 6.5. After
the treatment, DNA samples were subjected to thermal treatment (lane
4) or piperidine treatment (lane 5).!5 Lane 1 shows no drug treatment.

Lanes 2 and 6 are the Maxam-Gilbert pyrimidine and purine sequencing
ladders.

occurs mainly at the modified adenine residues to produce abasic
sites.?? The abasic sites show a series of evolution as indicated
in Scheme 3.2! An abasic site is so unstable that subsequent
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backbone breakage occurs via a $-elimination reaction to [eave
a 5’-phosphate on the 3’-side of the break (A) and a cis (or trans)
a,B-unsaturated aldehyde on the 5’-side (B or C). The cis a,8-
unsaturated aldehyde B would predominantly exist in the cyclic
hemiacetal form (D), while the trans isomer C would remain to
be in the ring-opened form. A portion of B and C are further
converted into diol E by the Michael addition of water. All of
the products can also be transformed by piperidine treatment
into a single product, a 3’-phosphate, through a mechanism of
piperidine-catalyzed (-elimination followed by a vinylogous
B-elimination. Therefore, the triplet in Figure 4 is presumed to
consist of C, D, and E (see Scheme 3).

Sequence Preference. To explore sequence preference of the
DNA cleavage induced by dienone 2, over 1000 base pairs were
examined by using many fragments of pBR322 DNA such as
BamHI-Sall, Sall-BamHI1, Sphl-Sall, and BamHI-Sphl re-
striction fragments. The results reveal that both 5’- and
3¥’-flanking nucleotides affect the cleavage rates at target adenines.
The rank orders are 5-AT > 5-AG > 5-AC > 5’-AA for 3'-
flanking nucleotides and 5-AA > 5'-TA > 5-GA > 5’-CA for
5’-flanking nucleotides (where A is a site of cleavage). Inter-
estingly, 5’-adenine residues in 5’-AA steps are not cleaved (as
shown in lane 5 of Figure 4), while 3’-adenine residues in 5-AA
steps are most preferentially attacked. The most preferable
sequence of dienone 2 was estimated to be 5-AAAT. This
preference is considerably similar to that of CC-1065; a consensus
sequence analysis of CC-1065 binding site on DNA has revealed
two distinct classes of sequences, 5’-PuNTTA and 5-AAAAA 1222

(20) NMR studies have shown that the predominant form of the abasic
site is a 40:60 mixture of «- and 8-hemiacetals and that the ring-opened
aldehyde tautomer represents less than 1% of the total abasic sites. (a)
Manoharan, M.; Ransom, S. C.; Mazumder, A.; Gerlt, J. A.; Wilde, J. A.;
Withka, J. A.; Bolton, P. H. J. Am. Chem. Soc. 1988, 110, 1620-1622. (b)
Wilde, J. A.; Bolton, P. H.; Mazumder, A.; Manoharan, M.; Gerlt, J. A. J.
Am. Chem. Soc. 1989, 111, 1894-1896.

(21) As to the cleavage mechanism of the deoxyoligonucleotide possessing
an abasic site, Sugiyama et al. has reported similar results: Sugiyama, H.;
Tashiro, T.; Hosoda, M.; Saito, I. Abstracts of Papers I1,6 1st National Meeting
of the Chemical Society of Japan, Yokohama; Chemical Society of Japan:
Tokyo, 1991; 1B133.

(22) (a) Hurley, L. H.; Warpehoski, M. A.; Lee, C.-S.; McGovren, J. P.;
Scahill, T. A.; Kelly, R. C.; Mitchell, M. A.; Wicnienski, N. A.; Gebhard, I.;
Johnson, P. D.; Bradford, V. S. J. Am. Chem. Soc. 1990, 112, 4633-4649.
(b) Reynolds, V. L.; McGovren, J. P.; Hurley, L. H. J. Antibiot. 1986, 39,
319-334. (c) Hurley, L. H.; Reynolds, V. L.; Swenson, D. H.; Petzold, G.
L.; Scahill, T. A. Science 1984, 226, 843-844.
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Figure 5. HPLC analysis of carcinogen-d(GTAC) adducts. Analysis
was performed on a Develosil ODS-5 column (4.6 X 250 mm), elution
with 0.02 M NH¢OAc-acetonitrile (100;:0 — 50:50, 50 min linear
gradient) at a flow rate of | mL/min.
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Figure 6. HPLC analysis of cleavage reaction of depurinated deoxytet-
ranucleotide 7. Conditions are described in Figure 5.

This analogy of selectivity is surprising because CC-1065 is
believed to present an affinity site inside of the minor groove.2?
In dienone 2, it appears to be only a chemical reactivity rather
than a preliminary binding of the drug within the DNA grooves
that governs the adduct formation. There is a possibility that
3’-adenine residues in a sequential AT run are especially reactive
with a cyclopropyl ring.

Comparison with CC-1065. It is proposed that the DNA
cleavage by dienone 2 and CC-1065 occurs through a similar

(23) (a) Boger, D. L.; Munk, S. A.; Zarrinmayeh, H. J. Am. Chem. Soc.
1991, 113,3980-3983. (b)Lin,C.H.; Beale,J.M.;Hurley, L. H. Biochemistry
1991, 30, 3597-3602. (c) Scahill, T. A.; Jansen, R. M.; Swenson, J. D.;
Hatzenbuhler, N. T.; Petzold, G.; Wierenga, W.; Brahme, N. D. Biochemistry
1990, 29, 2852-2860.
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mechanism, namely depurination of the alkyladenine adducts.
However, there are significant differences observed in the
characteristics for the DNA damage between dienone 2 and
CC-1065: (1) dienone 2 forms adducts at guanine residues in
addition to adenine residues and (2) dienone 2 induces the
spontaneous cleavage at adenine base sites under physiological
conditions, whereas CC-1065 causes the cleavage at higher
temperature (>70 °C).122 The covalent adenine-adduct of CC-
1065 has been reported to undergo a retrohomologous Michael
reaction to regenerate the initial cyclopropylpyrroloindole struc-
ture and, presumably, intact DNA.2* This reaction occurs to a
significant extent at 37 °C in neutral aqueous solution, and at
higher temperature competes with depurination of the N-3
alkyladenine. In contrast, the N-3 adenine adduct of dienone 2
appears to depurinate spontaneously at 37 °C within 25 h.
Ptaquiloside (1) is a typical carcinogen, whereas CC-1065 is
anantitumor agent. The biological action of both the compounds
is believed to be attributed to their ability to bind covalently to
DNA. The different effects between ptaquiloside (1) and CC-
1065 may be due to significant distinction in the stability of the
alkylpurine adducts and the reactivity toward adenine and guanine
residues. It is well documented that N-3 alkyladenine adducts
are particularly toxic unless repaired?s and that spontaneous
apurinic sites are rapidly repaired. Therefore, the N-7 guanine
adduct of dienone 2, as it is with aflatoxin,?¢ may be responsible
for the mutagenicity and carcinogenicity of ptaquiloside (1).
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(24) Warpehoski, M. A.; Harper, D. E.; Mitchell, M. A.; Monroe, T. J.
Biochemistry 1992, 31, 2502-2508.
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[McCann, J.; Spingarn, J. E.; Kobori, J.; Ames, B. N. Proc. Natl. Acad. Sci.
U.5.A4.1975,72,979-983]. This mutagen reacts almost exclusively with the
guanine N-7 position, and this reaction is believed to be responsible for its
toxic, mutagenic, and carcinogenic properties [Busby, W. F., Jr.; Wogan, G.
N. In Chemical Carcinogenesis; Searle, C. E., Ed.; American Chemical
Society: Washington, DC, 1984; pp 945-1136].



