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A number of extremely potent enediyne antitumor antibiotics
have been isolated from culture filtratesSifeptomycespecies.
Although these antibiotics are believed to genegatenzyne-
type biradicals through cycloaromatization under certain condi-
tions, no direct EPR measurements of carbon radical species 538 40 - 350
generated from enediyne antibiotics have been repériad.
chromoprotein antibiotic, C-1027, which is a 1:1 complex
composed of a carrier apoprotein and a DNA-cleaving enediyne
chromophoreX),®is found to show an EPR spectrdrithe naked
chromophorel is highly labile and undergoes spontaneous
cycloaromatization at ambient temperatéfe:> We have pos-
tulated thatl is protected by the apoprotein through kinetic
stabilization and is in equilibrium with the-benzyne form %),
although the equilibrium concentration 8fis extremely small
(Figure 1)! Here, we characterize the radical species in C-1027 Figyre 2. Continuous wave (a, X-band) and pulsed two-dimensional
antibiotic by EPR spectroscopy, which provides strong evidence nytation EPR spectra (c, contour plot; d, staked plot) of C-1027 antibiotic
for equilibration betweerl and 2. powder observed at room temperature. Simulation spectra for the radicals

Powdered C-1027 antibiotic always exhibits a steady EPR were calculated assuming a homogeneous line width of 1.5 mT gith
spectrum (X-band, 9.4 GHz) at room temperature (Figure 2a). values of 2.010 and 2.003, respectively. The zero-field splitting parameters
As long as the antibiotic is sealed in a vial and refrigerated, the for the radical pair in the text were obtained by computer simulation. To
broad powder-pattern EPR spectrum can be observed for at leasteproduce the observed spectrum, three components were added in the
appropriate ratio.
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4 years. The chromophoflemust be responsible for these signals,
because the apoprotein itself does not yield an EPR spectrum.
At least two signals with differeng values, approximately 2.01

and 2.003, appeared to overlap. Neither signal shows large
hyperfine couplings. Thg values, 2.01 and 2.003, indicate that
these components should be assigned as a peroxy radical and a

.carbon-centered radical, respectivelyhe latter signal became
"stronger when the antibiotic was kept in a vacuum.

We searched for triplet species related to pHeenzyne-type
biradical2 in the EPR spectra, since there remains a possibility
that2 in equilibrium is detectable due to a small singl&iplet
energy gag. Careful analysis of the X-band EPR spectrum
indicated a very weak pair of signals at 3373.8 and 3484.3 G
(Figure 2a), which could be the outermost signals of randomly
oriented triplet species. If this is the case, the zero-field splitting
parameterp, is easily read as|R| = 11.05 mT, and the inner
signals may overlap with the signals of peroxy and carbon-
centered radicals. This EPR spectrum was successfully simulated

(6) McCain, D.; Plke, W. EJ. Magn. Resonl975 20, 52.

© 2000 American Chemical Society

Published on Web 01/19/2000



Communications to the Editor

by superimposing the two signals centered at2.010 and 2.003
and the triplet signal withD/hc| = 0.0052 cm* and |E/hc| =
0.0017 cm?® (Figure 2b). A forbiddenAms = +£2 transition
spectrum in they = 4 region, which is often an indicator of a
triplet state, was not observed, becauseAhg = +2 transition
is known to be extremely weak or completely absent in systems
with very smallD values® However, the existence of a triplet
component has been unambiguously demonstrated by the two-
dimensional electron spin transient nutation pulsed EPR measure-
ment? The contour plot (Figure 2c) and the staked plot (Figure
2d) clearly revealed th8= 1 speciesd, = 8.9 MHz) in addition
to S= Y%, (w, = 6.3 MHz). Thus, at least three paramagnetic
species are contained within the C-1027 antibiotic.

TheD value corresponding to spirspin dipolar interaction is
very small in the present system. The average distahbefveen
the two unpaired electrons of the observed triplet species was
calculated to b 8 A by point dipole approximationlj = —(3/
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Therefore, we conclude that the triplet species is not the biradical # o . H+1CH,CONH,
2 but instead is a possible radical pair derived fram .ookg,m d\?’&‘y o o ()

Our NMR structural study on the complex between the o<y o N m/z=1444.7
C-1027 apoprotein and the stable aromatized chromopHyte ( NaOS A“"ﬁ"cm\ ol H)
suggests that the-proton of Gly96 residue can be abstracted by fla Alat o< 1 degraded
the nearby C6 radical &in equilibrium with1. Thus, we propose e (6) NHe () A'a%"«% peptides
a mechanism of radical generation in C-1027 antibiotic (Figure Fadicel o ®

NH,

3). The possible slow hydrogen atom abstraction from the
apoprotein by2 within the binding pocket and the subsequent
addition of Q to the carbon-centered peptide radicgl Would
form a peroxy radical®).* The triplet species detected by EPR
is most likely a transient radical pair between a glycinyl radical
(5) and an aryl radicald) immediately after hydrogen abstraction.
The NMR-derived binding structut®indicates that the distance
between C3 oft and the @ atom of Gly96 is 7.3k 0.4 A, which

m/z=9086

Figure 3. Proposed mechanism for generating paramagnetic species in
C-1027 antibiotic.

Evidence for degradation of the apoprotein throufjlvas
obtained by MALDI-TOF-MS. An antibiotic aged for 4 years
showed strong new peaks at 9086 and 1444.7 Da, which

agrees with the distance between members of the radical paircorrespond to apoprotein fragmersand 9, respectively, in

calculated from EPR data (vide supra). The peroxy radical
detected by EPR is very likely an alkyl,@dduct 6), based on
the lower reactivity between phenyl raditand Q. The carbon-
centered radical lacking large hyperfine coupling would be the
aryl radical3 with no strongly interacting-hydrogent3 Although

addition to the original peak at 10 498 Da corresponding to the
intact apoprotein. Formation of dioxetan@) (from 6 and
subsequent peptide cleavage would be a rational explanation for
the generation of these two fragments. MALDI-TOF-MS also
showed appreciable peaks corresponding to oxygenated aroma-

aryl radicals are known to abstract hydrogen at the rate of diffusion tiz€d chromophores at 862.2 and 878.2 Da, besides the significant

control in solutiod* and cannot be detected by EPR at ambient
temperaturé? 3 s likely to have a sufficient lifetime to be detected
within the binding pocket before hydrogen abstraction. However,

peak at 846.2 Da [M-1] corresponding td, which suggests that
2 and/or3 were trapped by ©to some extent.
The apparent rate of bimolecular hydrogen abstraction by the

3 should possess some freedom of motion to break the radicalC6-0 radical of 2 is very slow due to the extremely low
pair and further, at a certain period due to the inherent high €quilibrium concentration and the inherent slow tate in

reactivity}* abstract hydrogen from the apoprotein to form the
stable product. Trapping the alkyl radicab by O,, on the other
hand, is likely to occur more rapidy during the period of
hydrogen abstraction b§.
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addition to the near orthogonal €6la—Ca orientation]® as
suggested in the binding structure 4{~91°).1° Therefore, the
C-1027 antibiotic can exhibit a steady EPR spectrum because of
a constant flow of radicals generated by dynamic processes
(Figure 3). A similar EPR spectrum was also observed for
kedarcidin antibiotic powder (Supporting Informatidfy).

The present study shows strong evidence for equilibrium
betweenl and2 in the apoprotein and a chemical mechanism of
self-inactivation of the C-1027 antibiotic. These observations may
also strengthen our understanding of the molecular basis for mode
of action of antitumor chromoprotein antibiotics in cleaving DNA
and aid in the design of new anti-cancer drugs with specific
delivery systems.
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