
Bioorganic & Medicinal Chemistry 13 (2005) 5218–5224
ESR studies on DNA cleavage induced by enediyne
C-1027 chromophore
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Abstract—C-1027 belongs to the family of chromoprotein antitumor antibiotics, which contain a carrier apoprotein and a highly
unstable enediyne chromophore. The enediyne spontaneously aromatizes to generate p-benzyne biradical, and subsequently
abstracts hydrogens from the DNA sugar backbone, resulting in cleavage of the double strand. Using spin-trapping methods,
we obtained direct proof of radical intermediates during an DNA cleavage, and found intriguing difference in behavior between
the trapping agents 2-methyl-2-nitrosopropane (MNP) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO): MNP added to the sugar
radicals of the DNA, whereas DMPO directly trapped a phenyl radical or p-benzyne biradical derived from the C-1027
chromophore.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In 1988, Otani and co-workers isolated the antitumor
antibiotic C-1027 from the culture broth of Streptomyces
globisporus C-1027.1 C-1027 possessed potent antitumor
activity against cultured human cancer cells and some
transplantable tumors in mice.2 Elucidation of the struc-
ture of C-1027 revealed that this compound belongs to
the family of chromoproteins3 containing a highly unsta-
ble chromophore (1, Fig. 1)4 and a carrier apoprotein (6,
Fig. 2).5 Although enediyne 1 is reasonably stable when
bound to apoprotein 6, compound 1, in its free form,
quickly aromatizes via a Masamune–Bergman rear-
rangement, even at room temperature (1 ! 5, t1/2 =
50 min in EtOH).4d Previous studies reported that the
nine-membered enediyne 1 equilibrates with p-benzyne
2 in apoprotein 6, and is kinetically stabilized.6–8 In
addition, electron spin resonance (ESR) and mass
spectroscopic (MS) analysis of the C-1027 powder
revealed that apoprotein 6 is cleaved gradually through
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hydrogen abstraction from Gly96 by 2.6a,7 Conversely,
chromophore 1 released from the apoprotein interacts
with the minor groove of the double-stranded DNA,
causing oxidative cleavage after O2 addition with
remarkable sequence selectivity (Fig. 2).9–11 Goldberg
and co-workers demonstrated that the most preferred se-
quence for 1 was 5 0-GTTAT/5 0-ATAAC (restriction sites
underlined).10 Although the outcome of C-1027-medi-
ated DNA damage has been studied in considerable de-
tail, no direct observation of radical intermediates has
been reported.12 As part of our continuing interest in
the chemical behavior of C-1027, we report in this article
the results of ESR and spin-trapping studies on the
DNA-cleavage reaction induced by C-1027.13,14
2. Results and discussion

2.1. Direct observation of ESR signals of C-1027

Although the C-1027 powder exhibits a steady ESR sig-
nal at room temperature,6a no signal due to C-1027 was
observed in a diluted (�1 mM) and highly dielectric
aqueous solution. Interestingly, upon cooling the C-
1027 aqueous solution to �233 �C, a small signal arose,
presumably from carbon radical(s) produced by C-1027
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Figure 1. Structures of C-1027 chromophore 1 and the aromatized product 5.

Figure 2. Overview of the C-1027-mediated DNA-cleavage reaction.
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(Fig. 3A, g = 2.003). Furthermore, when C-1027 and
double-stranded DNA (5 0-TGCCATC/5 0-GATGGCA:
restriction sites underlined)9b were mixed in a aqueous
buffer and then cooled to �233 �C, the intensity of the
ESR signal was enhanced (Fig. 3B), indicating an
increase in concentration of the carbon radical(s). How-
ever, this preliminary study revealed the difficulty in
assignment of the radical species, because of a low S/N
ratio and the potential generation of carbon radicals
of similar g-values through C-1027-induced DNA cleav-
age. Thus, we abandoned the direct ESR measurement
approach to observing the behavior of C-1027.

2.2. Spin-trapping study of C-1027

In response to the negative data in the previous section,
we applied a spin-trapping method using (2-methyl-2-
nitrosopropane, MNP; Fig. 4) and 5,5-dimethyl-1-pyr-
roline N-oxide (DMPO).15–17 Spin-trapping allows the
capture of a reactive radical, which is converted to a
more stable radical adduct detectable by ESR at room
temperature. Importantly, hyperfine coupling (hfc)
parameters of the adducts permit identification of the
initially trapped radical.
The dodecamer 5 0-GCCGTTA1TGCCG/5 0-CGGCA
TA2A3CGGC (7) was chosen as the DNA substrate, be-
cause Goldberg showed, from an extensive gel electro-
phoresis study, that 1 abstracts hydrogen atoms from
the C4 0, C1 0, and C5 0 positions of the A1, A2, and A3

nucleotide sugars of 7, respectively, through sequence
selective binding, as indicated in bold face.10

First, the nitroso spin-trapping reagent MNP was ap-
plied to our system. A mixture of C-1027 and MNP in
aqueous buffer did not produce a signal, indicating that
MNP did not trap the radicals 2–4. No spin adduct was
observed, when single-stranded DNA (5 0-GCCGTTAT
GCCG, 8) and C-1027 were added to MNP. In contrast,
a combination of double-stranded DNA 7, MNP, and
C-1027 in buffer provided the highly anisotropic
spectrum shown in Figure 5A, which contains at least
two signals—the relatively sharp triplet (AN = 1.5 mT)
and a broad overlapping signal. These results indicate
that 1 was bound to 7 and subsequently abstracted
hydrogen from 7 to generate the DNA radicals trapped
by MNP. Since the intensity of the signals increased in a
time-dependent manner (Fig. 6), the trapped radicals
accumulated at room temperature as expected. Impor-



Figure 3. Q-band ESR spectra of C-1027. (A) C-1027 in NTE buffer

(100 mM NaCl, 20 mM Tris–HCl, 1 mM EDTA, pH 7.5) at �233 �C;
(B) C-1027 with double-stranded DNA [d(TGCCATC)/d(GAT-

GGCA)] at �233 �C. The Mn2+ signals were derived from the sample. Figure 5. X-band ESR spectra of MNP spin adducts. (A) C-1027 with

double-stranded DNA 7 and MNP in NTE buffer (100 mM NaCl,

20 mM Tris–HCl, 1 mM EDTA, pH 7.5) under aerobic conditions;

(B) the same mixture under anaerobic conditions.

Figure 6. Time-course of amplitude of the ESR signal (g = 2.006). C-

1027 with double-stranded DNA 7 and MNP in NTE buffer (100 mM

NaCl, 20 mM Tris–HCl, 1 mM EDTA, pH 7.5) under aerobic

conditions.

Figure 4. Spin-trapping reagents used in this study.
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tantly, an identical ESR spectrum was obtained under
anaerobic conditions (Fig. 5B),18 excluding the possibil-
ity that the radicals produced after oxidative cleavage of
the DNA were trapped. Thus, these data strongly sug-
gest that the DNA radicals that formed initially reacted
directly with MNP.

Considering Goldberg�s results,10 the sharp triplet
(AN = 1.5 mT) and overlapping broadened signal in
the present spectrum could be attributed to the A1–
C4 0 adduct (10), and A2–C1

0 and/or A3–C5
0 adducts

(9, 11), respectively (Fig. 7).19 These assignments are
compatible with the hfc constants reported for MNP
adducts of thymidine monophosphate: C4 0 (AN =
1.60 mT), C1 0 (AN = 1.44 mT, ANb = 0.32 mT), and
C5 0 (AN = 1.50 mT, AHb = 0.56 mT). Therefore, we
conclude that MNP did capture radical intermediates
of the DNA cleavage and acted as a substitute for
O2 (Fig. 2).
Next, we performed ESR experiments using DMPO,
which possesses a nitrone function. Surprisingly, when
only C-1027 was added to DMPO in buffer solution,



Figure 8. X-band ESR spectra of DMPO adducts. (A) C-1027 and

DMPO in NTE buffer (100 mM NaCl, 20 mM Tris–HCl, 1 mM

EDTA, pH 7.5); (B) C-1027 with double-stranded DNA 7 and DMPO

in NTE buffer; (C) C-1027 chromophore 1 and DMPO in MeCN (pH

6.8) phosphate buffer (1:1). The hfc constants are AN = 1.48 mT and

AH = 2.09 mT. The triplet signal [�, AN = 1.53 mT (A,B),

AN = 1.44 mT (C)] was assigned as the oxidized product of DMPO

(12, AN = 1.53 mT in water; Makino, K.; Hagi, A.; Ide, H.; Murakami,

A. Can. J. Chem. 1992, 70, 2818).

Figure 9. Possible DMPO-adducts of C-1027 chromophore 1.

Figure 7. Possible MNP adducts of double-stranded DNA 7.
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an ESR signal emerged (Fig. 8A, AN = 1.51 mT,
AH = 2.25 mT). DMPO clearly possessed a different
reactivity compared to MNP. The same hfc values were
observed even in the presence of double-stranded DNA
7, while the spectrum broadened somewhat, presumably
due to increased viscosity caused by the addition of 7
(Fig. 8B). When the isolated chromophore 17,20 was
treated with DMPO in MeCN–H2O, an ESR spectrum
(Fig. 8C) similar to that shown in Figures 8A and B
was obtained, eliminating the possibility of trapped rad-
icals derived from apoprotein 6.6a The observed hfc val-
ues agreed well with those reported for phenyl radicals21

and no doubly trapped spin adduct of biradical 2 was
detected. Consequently, spin adducts were assigned as
13 and/or 14 (Fig. 9), which resulted from single trap-
ping of the p-benzyne biradical 2 or from the trapping
of phenyl radical 3 or 4 (Fig. 1). In addition, the pres-
ence of 13 and/or 14 in the reaction mixture was sup-
ported by time-of-flight mass spectra (MALDI-TOF
MS) spectroscopy [Calcd for C49H56O14N4Cl 959.348
(M�+2H+), found 959.350].

We determined concentrations of the MNP and DMPO
adducts to be between 10�6 and 10�7 M using 2,2,6,6-
tetramethyl-1-pyperidinyloxy (TEMPO, free radical) as
a standard. Thus, the yields of the radical-trapping reac-
tions were �0.1% for both the cases. This low yield is
reasonable in view of the extremely low estimated equi-
librium constant of the process supplying p-benzyne
26,22 and the competing decomposition reaction of the
initially formed unstable radical species.

In our experiments, MNP reacted with DNA sugar rad-
icals, while DMPO added to the chromophore radical 2,
3, or 4. Generally, MNP is strongly electrophilic in
water because of the increased polarity of the NO bond
(t-Bu-Nd+@Od�) in highly dielectronic media.23 There-
fore, MNP tends to add to the highly electron-rich
DNA a-oxo-radicals even though these radicals are
sterically shielded in the minor groove. Since the trap-
ping efficiency of MNP is insensitive to O2 (Figs. 5A
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and B), MNP appeared to compete with O2 in attacking
DNA radicals. In addition, trapping of phenyl radicals
by MNP is reportedly comparable to self-coupling of
phenyl radicals,24,25 and thus MNP is unlikely to repre-
sent an efficient agent for the capture of phenyl radi-
cals.26 MNP would therefore trap nucleophilic DNA
radicals in preference to phenyl radicals.

Conversely, DMPO appears more reactive than MNP
toward phenyl radicals,21,27 and the nitrone function
should not exhibit the strong electrophilic character of
MNP. Phenyl radicals would thus be trapped more read-
ily than would hindered sugar radicals by sterically
demanding DMPO. Furthermore, O2 adds more quickly
to alkyl radicals than to phenyl radicals.28 Therefore, it
is conceivable that DMPO competes with O2 in trapping
phenyl radicals, but not the DNA alkyl radicals that
degrade before DMPO reacts; whereas the strongly
electrophilic MNP can rival O2, leading to the DNA
spin adducts observed.
3. Conclusion

The radical intermediates formed during C-1027-in-
duced DNA cleavage have been observed using
spin-trapping methods under physiologically relevant
conditions. Although the different reactivities of nitroso
and nitrone spin-trapping reagents have been recognized
for a long time, this study is the first application of the
distinct preferences of MNP and DMPO toward radi-
cals, which enables the selective trapping of DNA or
phenyl radicals. MNP was found to be particularly suit-
able for trapping DNA radicals because of its electro-
philicity and insensitivity to steric hindrance. In
addition, our results support the mechanism of
C-1027-mediated DNA cleavage mediated through
benzyne radicals and subsequently formed DNA sugar
radicals. The present method will be useful for analyzing
other radical-mediated biological processes. Further
studies of the chemistry and biology of C-1027 are cur-
rently underway in this laboratory.
4. Experimental

4.1. General method

Q-band (34 GHz) and X-band (9.6 GHz) ESR spectra
were recorded on a Bruker ESP 300 and a Bruker
ESP 380E, respectively, with reference to a standard
sample (Mn2+/MgO). The Q-band ESR settings are
as follows: scan field, 1217.77 ± 10.0 mT; modulation
frequency, 100 kHz; modulation amplitude, 0.5 mT;
receiver gain, 1.6 · 106; time constant, 163.84 ms;
sweep time, 167.77 s; scan, 7; temperature, �233 �C.
The X-band ESR settings are as follows: scan field,
343.11 ± 6.0 mT; modulation frequency, 100 kHz;
modulation amplitude, 0.25 mT; receiver gain,
1.6 · 106; time constant, 163.84 ms; sweep time,
163.77 s; scan, 15 for Figure 5, 1 for Figure 6, 25 for
Figure 8; temperature, room temperature. High perfor-
mance liquid chromatography (HPLC) was conducted
on a HITACHI D-7200 HPLC system. MALDI-TOF
MS were recorded on a Applied Biosystem Voyager
DE STR SI-3 instrument using a-cyano-4-hydroxy cin-
namic acid as a matrix. C-1027 (lot number 941221)
was kindly provided by Dr. Otani (Taiho Pharmaceu-
tical). Synthetic DNA samples were purchased from
Fasmac (Kanagawa, Japan). All the experiments were
conducted at room temperature under aerobic condi-
tions unless otherwise stated. All the reagents were
used as supplied.
4.2. Q-band ESR spectra

(A) Powder C-1027 (0.5 mg, 44 nmol) was dissolved in
water (15 lL). The solution was introduced into a
U 1 mm quartz tube, which was inserted into the
cavity of the ESR spectrometer at �233 �C.

(B) C-1027 (0.5 mg, 44 nmol) in water (5 lL) and the
double-stranded DNA [d(TGCCATC)/d(GATGG
AC)] (30 nmol) in NTE buffer (10 lL, 100 mM
NaCl, 20 mM Tris–HCl, 1 mM EDTA, pH 7.5)
were mixed at room temperature, and centrifuged
for 1 min. The solution was introduced into a U
1 mm quartz tube, which was inserted to the cavity
of the ESR spectrometer at �233 �C.

4.3. Spin-trapping experiments

4.3.1. MNP spin-trapping experiments. MNP (10 mg) in
NTE buffer (1 mL), in a vial, was stirred at room tem-
perature overnight in the dark, before being used in
experiments (ca. 12 mM solution). The MNP solution
(50 lL, ca. 0.6 lmol) was added to a solution of C-
1027 (1.0 mg, 88 nmol) and 7 (30 nmol) in NTE buffer
(30 lL), and the resultant solution was incubated for
1 min at room temperature before being introduced
into a quartz flat cell (8 · 48 mm). Experiments with-
out DNA or with 8 (30 nmol) were performed in a
similar manner. For anaerobic experiments, NTE buff-
er was degassed using the freeze–evacuate–thaw proce-
dure, prior to adding substrates (C-1027, MNP).
Double-stranded DNA 7 in NTE buffer was similarly
degassed and annealed under standard conditions be-
fore use. These reagents were mixed under a nitrogen
atmosphere.
4.3.2. DMPO spin-trapping experiments. C-1027
(1.0 mg, 88 nmol) in NTE buffer (30 lL) and DMPO
(2.5 mg, 22 lmol) in NTE buffer (50 lL) were mixed,
and the resultant solution was incubated for 1 min at
room temperature before being introduced into a quartz
flat cell (8 · 48 mm). For experiments using C-1027
(1.0 mg, 88 nmol) and double-stranded DNA 7
(30 nmol) in NTE buffer (30 lL) were incubated for
1 min before the addition of DMPO (2.5 mg, 22 lmol)
in NTE buffer (50 lL).

4.3.3. DMPO spin-trapping experiments using C-1027
chromophore. C-1027 (10 mg, 880 nmol) in phosphate
buffer (PB, pH 6.8, 100 lL) was injected into a re-
verse-phase ODS column [Cosmosil 5C18-MS
(10 · 250 mm, Nacalai Tesque, Kanagawa, Japan); sol-
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vent, MeCN/20 mM PB (pH 6.8) 50/50; flow rate,
2.0 mL/min; detection, 350 nm; temperature, 40 �C]. In
this solvent system, 1 was partially liberated from the
holoprotein. C-1027 chromophore (tR = 19 min) was
isolated into a vial in the presence of DMPO (80 mg,
706 lmol), and the resultant solution was incubated
for 1 min at room temperature before being introduced
into a quartz flat cell (8 · 48 mm).
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