Cryogenic Photolysis of Activated Bleomycin to Ferric Bleomycin
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Activated bleomycin (ABLM) is a drugFe(lll)—

hydroperoxide complex kinetically competent in DNA attack

(via H4 abstraction). This intermediate is relatively stable, but its spontaneous conversion to ferric bleomycin

(Fe(lln-BLM) is poorly characterized because no observable intermediate product accumulates. Light was

shown to trigger ABLM attack on DNA in liqu

id at 30 °C, so ABLM was irradiated (at its 350 nm ligand-

to-metal charge-transfer transition) at 77 K to stabilize possible intermediates. ABLM photolysis (quantum
yield, @ = 0.005) generates two kinds of product: Fe¢(BILM (with no detectable intermediate) and one
or more minor (+2%) radical G-Fe—BLM byproduct, photostable at 77 K. Adding DNA, even without its
target H4, increases the quantum yield of ABLM conversioti0-fold while suppressing the observed radical

yield. Since cryogenic solid-phase reactions

can entail only constrained local rearrangement, the reaction(s)

converting ABLM to Fe(lllyBLM must be similarly constrained.

Introduction
Activated bleomycin (ABLM: HOG-Fe(lll)-BLM), the

kinetically competent drug species, spontaneously decays to

ferric bleomycin (Fe(l1HBLM) while initiating the degradation
of DNA, if present!™ by a 4H abstractiorf. The reaction
pathways of ABLM formation (Scheme 1) are analogous to
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those of heme-containing peroxidases and oxygenases in which aThe activation pathways for irerbleomycins involve reductive

Fe(lll) heme complexes react with HOOR or Fe(ll) complexes
react with Q@ and one-electron reductatts. The moderately
stable ABLM 12 ~ 2 min at 0°C) provides a model for these
enzymes’ elusive ferrichydroperoxy intermediate (compound
0, ref 8). But, conversely,

activation of complexed dioxygen. The dashed arrow indicates where
photolysis occurs withhw at 350 nm, the LMCT transition.

absence of DNA.A DNA 4'H isotope selection effettC is

the mechanistic details of Subsequemconsistent with an approach to ar-O scission transition state

ABLM chemistry have escaped characterization because ABLM that is almost independent of #i—C bond lengthening, as

stability presents a kinetic bottleneck that would limit the
observable accumulation of any subsequent intermediate.
The reactive products of-©0 scission from heme-containing
peroxidases and oxygenases, known as compounds | &nid Il
have provided models for possible ABLM reaction intermedi-

ates. The enzymatic hydroperoxy precursor species have been

cryotrapped, using reducing electrons provided by cryoggnic
irradiation, and then characterized by ENDOR (electmouclear
double resonance) determinations of theirFedistances and
orientation to the hem&:14 These enzymes can then mediate
either heterolytic or homolytic ©0 scission to form reactive,
monooxygenated, high-valent iron intermediates and free radi-
cals!>16The organic oxidations by intermediates of P450 and
other oxygenases are comparable to ABLM-mediated H-
abstraction and hydroxylation at DNA-G4and ABLM can
mediate other such enzymes' reactions as WéflABLM O —O
scission? is the rate-limiting step in its spontaneous (and first-
order) reaction under ambient conditions in the presence or
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predicted by density functional modeliRgThus O-O bond
scission figures importantly in the mechanisms of both ABLM
and oxygenases, although it is not yet certain in either case
whether the peroxide intermediates can initiate attack di-
rectly 1521.22

An approach to triggering ABLM ©0 scission for closer
observation was suggested by the photolability of its cobalt
homologue, HOO-Co(lll)-BLM, 2326 which is otherwise much
more stable than iron ABLM, a stability that was exploited for
NMR structural determinations of this ABLM model (structure

1 of Chart 1)27-34 (The overall chemical structure of bleomy-
cins, a~1.5 kD glycopeptide antitumor antibiotic family, is
provided in the Supporting Information, structut&) Light
triggers an attack of HOOCo(lll)-BLM on DNA.2 ABLM
photolysis, at its~350 nm (28 600 cml) ligand-to-metal
charge-transfer wavelengthwas conducted at 77 K to create
and stabilize ABLM products, particularly for characterization
by cryogenic electron paramagnetic resonance (EPR) and
ENDOR spectroscopies.

lExperimental Methods

Materials. Blenoxane, a gift of Bristol Laboratories, contains
approximately 60% bleomycin A 30% B, and 10% other
bleomycins: it was dissolved in water and standardized opti-
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CHART 1. ABLM Metal Center, Showing Co(lll) in
Magenta (Assumed Isostructural with Fe(lll)), BLM
Nitrogen Ligand Macrocycle, and OOH~ with the Distal
Hydroperoxy Proton Labeled Ha?

Activated Bleomycin

Hydroperoxide

aThe amide protons labeledgHand H: are sufficiently close to
hydrogen bond the hydroperoxy oxygens and to provide protons for
the cryophotolytic conversion of ABLM to Fe(IHBLM. This structure
is taken from the Co(IIFABLM analogué* (PDB file 1MXK).

cally 3° Calf thymus DNA was purchased from Sigma; HPLC-
purified d(GGAAGCTTCC) and d(GGAAATTTCC) were
from Oligos Etc. (Wilsonville, OR); d(GGAAG) and d(TTCC)
were from TriLink (San Diego, CA). Proligo (Boulder, CO)
supplied a DNA analogue lacking the bleomycin target-C
H4': d(GGAAGC-TTCC), where ¢ designates a'®-,4'-
methylene-bridged “locked” ribocytidine. This locking modi-
fication stabilizes DNA base stacking and increases the DNA
duplex dissociation temperatute Temperature titrations of
hyperchromicity confirmed the duplex state of all three 10-mers
over 0—25 °C without annealing. Nucleic acids were dissolved
in buffers, reconstituted iPH,0 if needed after lyophilization,
and standardized opticall§’Fe(ll) was prepared from metallic
57Fe (94 at. %, from Cambridge Isotope Laboratories (CIL,
Cambridge, MA)) in dilute?H,SO, (Aldrich) and partially
neutralized by addition of NfDH.2 170, (90 at. %), ethylene
glycol-13C, (99 at. %), and KO (84 at. %) were from Sigma-
Aldrich; 2H,O (99.9 at. %) and perdeuterated ethylene glycol
(98 at. %) was from CIL. All other chemicals were of reagent
grade.

ABLM for EPR spectroscopy was prepared by adding-Fe
(NH4)2(SOy)2-6H,0 solution to bleomycin in sodium-phosphate
buffer, pH 7.8 (unless specified) at4 °C with vigorous
(Vortex) mixing under air (for Fe< 0.4 mM) or G (for Fe >
0.4 mM). This method of preparing ABLM in phosphate buffer
creates a 1:1 mixture of low spin ferric ABLM and high spin
ferric Fe(lll):BLM (g = 4.3), the latter readily distinguished
from the low spin ferric Fe(IIBBLM and ABLM by EPR. The
high spin state of Fe(lItBLM in phosphate buffer may reflect

Burger et al.

dioxygeni’O, the 5Fe and 'O showed their previously
documented spectral effects on ABLM prior to photolysis and
on the low spin Fe(lIBBLM EPR spectrd As was done
previously, samples of entirely low spin ferric Fe(IBLLM were
prepared from P&(NH4)(SQy)2:12H,0 plus BLM in 20 mM
Na—HEPES, pH 7.8840

Spectroscopic Methods.X-band EPR (9.52 GHz) was
measured with an ER-200 IBM Bruker X-band spectrometer
equipped with a standard T& EPR cavity and an LTR-3
Helitran system (APD Cryogenics, Allentown, PA) that con-
trolled temperature in the-660 K range. X-band spectroscopy
was performed on samples in 3 mm (Wilmad, Buena, NJ) or 2
mm i.d. (Vitrodynamics, Mountain Lakes, NJ) quartz tubes at
15 K unless otherwise noted, and data were collected in a PC
using the EW Software routines (Scientific Software Services,
Plymouth, MI). Q-band (34.1 GHz) ENDOR measurements
were performed on 2 mm i.d. samples under dispersion (
rapid passage field-modulated conditions with a cryogenically
tunable Thky1 Q-band resonat6t as previously reportetf;, 44
at 2 K, using a data accumulation software package previously
described. Optical absorbance was measured with a Shimadzu
model UV-1601 spectrophotometer.

For quantitation of Fe(lll)-BLM species by EPR, the pro-
portionality of their EPR derivative features to their concentra-
tions was first determined by interconverting these species in a
single sample as previously descrifefiBLM was estimated
by derivative peak height @ = 1.94, low spin Fe(l1)BLM)
by derivative peak height aj; = 1.89, and high spin Fe(IH)
BLM by peak-to-peak derivative height gt= 4.3. (The same
g = 1.89 line shape is seen with Fe(tBLM formed either by
de novo complexation in HEPES, by ABLM decay at@, or
by photolysis at 77 K.) The novel radical species were
quantitated by their doubly integrated EPR derivatives and
comparison to those of ABLM and Fe(HBLM. The course
of photolysis was estimated by fitting species concentration
versus irradiation as described immediately below.

Sample Irradiation. EPR tubes were irradiated at 350 nm,
when desired, under liquid Nin a narrow, quartz insert X-band
EPR sample dewar (Wilmad), within a Rayonet Photochemical
Reactor (“Srinivason-Griffin” model, Southern New England
Ultraviolet Co., Hamden, CT). The incident light intensity was
determined by ferrioxylate actinomett§using briefly irradiated
actinometry samples (of acidske(GOs)3) matched in geometry
and Agso to the photolyzed samples. Photoreduction to Fe(ll)
was then assayed 510 after complexation with added 1,10-
phenanthroling® (Incident light intensity and absorbance are
given in einsteins/min, where one einsteirll mol of photons).

In 3 mm EPR tubes 0.2 mL samples received lu6thsteins/

min; in 2 mm tubes 0.06 mL samples received Q/&tstein/

min. At 350 nm ABLM and Fe(lIBBLM have almost identical
absorbencies~3000 Mt cm 1)246 and are the only light-
absorbing species in the samples. The absorption in all samples
approached 100%. The amounts of ABLM and Fe(BOM in

phosphate becoming an iron ligand and weakening the iron each sample were estimated by EPR spectrometry before and

ligand field. DNA, if desired, was added next and then ethylene
glycol (to 50% (v/v)), and the mixture was transferred to a quartz
EPR tube and frozen in liquid Nwithin ~1 min of Fe(ll)
addition. At 4°C, in phosphate buffer, ABLM converts to Fe-
(1) -BLM with t12 ~ 2 min2 In samples with phosphate buffer
(but no DNA) the low spin Fe(lIlBLM product of ABLM
cryophotolysis is readily distinguished from high spin Fe(lll)
BLM produced spontaneously before freezltg’ For samples

prepared in protonated solvent, in deuterated solvent, in deu-

terated solvent with®’Fe, and in deuterated solvent with

after partial photolysis, and quantum yields of ABLM photolysis
(® = AABLM per equiv light it absorbed) were obtained from
the initial rates of ABLM cryophotolysis, calculated from the
rate constant of the single-exponential decay that fit the course
of photolysis. The possibility was addressed that the finite
thickness of the sample and absorbances of ABLM and Fe-
(111 -BLM might significantly diminish the flux in the interior

of our 2 or 3 mm sample tubes and thereby distort the photolysis
kinetics, but calculations showed that this would be negligible
in our samplesAgso ~ 3 cnTl).
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Reactions of ABLM with DNA. Incubations for cleavage
of DNA or oligonucleotide, to assay ABLM activity, were
conducted at OC unless otherwise stated, in polypropylene
tubes. ABLM was formed by adding Fe(ll) solution to aerobic,
phosphate-buffered BLM. Cleavage was assayed colorimetri-
cally*¢ by means of the stoichiometric proddétyase propenal
(trivial name for 3-(pyrimidin-1-yl)-2-propenals and 3-(purin-
9'-yl)-2-propenal®), which forms a chromophore with 2-thiobar-
bituric acid (productsz, = 1.58 x 1> mM~1).49 DNA cleavage
reactions were terminated by addia@ vols of TBA reagent
(42 mM 2-thiobarbituric acid, 1 mM EDTAY and, after 20
min at 90°C and then coolinghsz, Wwas measured. Additionally,
the oxygen-independent formation dfieto abasic lesions by
ABLM makes DNA alkali-labile*>° These lesions were assayed
using HPLC analysis of intact and cleaved 10-mers, d(G-
GAAGCTTCC), before and after treatment at pH 11.5 for 10
min at 65°C followed by neutralization. A reversed phase C-18
column (15x 0.4 cm, 5um beads), was eluted at 1 mL/min
with 0—30% acetonitrile, 0.1 M triethylammonium acetate, pH
6.5 over 15 min.

Colder, liquid-phase DNA cleavage reactiors3Q °C, Table
1) were conducted within a 10 cm clear quartz dewar containing
a 44% ethylene glycol bath chilled by submerged dry ice chips.
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TABLE 1: Effect of Light on DNA Cleavage (Base
Propenal) Yield in Liquid

incubation with base propenal yielfl:M)

ABLM & lhat—30°C plus 5 min at 25C (dark)
in dark 3.9 28.2
in light (350 nm) 13.3 27.1

aSamples (0.1 mL) contained 0.22 mM bleomycin, 1.3 mM calf
thymus DNA (nucleotides), 20 mM sodium-phosphate buffer, pH 7.8,
and 44% (v/v) ethylene glycol; 0.20 mM H&IH,)2(SQy)2:6H,0 was
added last to initiate reactions at30 °C. The irradiated samples
received 52ueinsteins over 1 h. For reaction termination and base
propenal assay, 0.7 mL TBA was added.

A —30 °C incubation mixture illumina@ 1 h at 350 nm
achieved 49% completion, over triple the rate in the dark at
that temperature. Thus, light triggers DNA cleavage by ABLM
under cold liquid conditions. When the partially photolyzed
sample is warmed to room temperature, it provides the same
final cleavage yield as shown by a control sample kept-¢ark
and very similar to another incubation conducted entirely at
room temperature. Thus, the DNA product of photolysis in cold
liquid is identical to that of spontaneous, dark, ABLM action,
and the photolysis does not alter the stoichiometric cleaving

The thermocouple-monitored temperature was maintained within efficiency. The—30 °C DNA cleavage due to photolysis (Table
0.5°C. Corex incubation tubes of 15 mL each were suspended 1) shows a quantum yield ~ 5 x 10~ (9.4 nmol additional

in the dewar (within the Rayonet Photochemical Reactor), and
each contained 0.1 mL in which75uM ABLM absorbed~20
ueinsteins over 1 h. Some tubes were masked with foil for
unirradiated controls. Reactions were initiated by addind.2

of Fe'(NH4)2(SQy)2 solution to the other chilled constituents
(98uL, 45% ethylene glycol). For termination, TBA was added,
followed by assay of base propenal. Actinometry was performed
as above using matched samples.

Proton ENDOR Interpretation. The frequencies of proton
ENDOR featuresPvenpor, center, to first order, at the free
proton nuclear Zeeman frequeney, TakingA as the hyperfine
coupling, one finds the ENDOR frequencies to be split away
from vp by £/,A for protons coupled to the electron spifa
doublet. Thus, proton ENDOR frequencies, occurring &5
or as “=" Zeeman branches, &%

P+ _
V enpor = |Vp = A2

1)

First-order expressions for ENDOR frequencies hold when
vp > A2, as is the case here with a magnetic field~df.2 T
andvp in the 50 MHz range. For the work reported here, where
hyperfine couplings are measured at a particgaalue, often
at the maximag-valueg; for a particular low spin ferric species,
the hyperfine coupling is given the designatiafg;).” Under
rapid passage conditions the intensity of the’ ‘and the "
branches need not be the safté®51.52However, the major
information from ENDOR is in the frequency of features from
which hyperfine couplings are derived and not in the ENDOR
intensity, which may be affected by spin relaxation, RF, and
microwave power levels:p and the measure®enpor of the
“—" pranch suffice to determinA.

Results

Liquid-Phase ABLM Photolysis. In —30 °C solutions in
the dark, DNA cleavage by ABLM is slow. Measured by
production of its stoichiometric product, base propenal, it was
only 14% complete in 1 h, as compared to an incubation mixture
subsequently warmed for completion at 26 (Table 1).

base propenal per 2@einsteins absorbed by ABLM). Since
cleavage (under atmospherig)ds usually accompanied by
approximately equal formation of its alternativelkéto abasic
lesion32 the overall ABLM quantum yield is probabhy1073.
ABLM Photolysis at 77 K. The spontaneous cleavage of
DNA by ABLM is even slower at lower temperatures. Cryo-
photolysis (in a glass) leads neither to DNA cleavage nor to
4'-keto abasic lesions (data not shown). Instead, ABLM and its
cryophotolysis products were monitored by EPR spectroscopy
at 15 K after illumination at 77 K in a 50% ethylene glycol
glass kept at<77 K. Over 6-80 min of irradiation (6-133
ueinsteins/sample), the spectrum of ABLML,(02, g3 = 2.26,
2.17, 1.94) was supplanted by that of its usual product, Fe(lll)
BLM (01, 92, g3 ~ 2.42, 2.18, 1.89) as shown in Figure 1 with
a sample prepared at natural isotopic abundance. Under ambient
conditions in the phosphate buffer used, Fe(B)M is high
spin ferric but, when produced by cryophotolysis of ABLM, it
is low spin until thawed. Figure 1S (Supporting Information)
compares the low spin X-band spectra of ABLM to those of its
Fe(lll)-BLM products after 20 min (partial) cryophotolysis for
samples respectively prepared in natural protonated solvent, in
deuterated solvent, and in deuterated solvent Wiffe or
dioxygeni’O. Figure 2S (Supporting Information) shows the
only EPR difference between Fe(HBLM produced by cryo-
photolysis and by mixing Fe(lll) with BLM: a 0.02 decrease
in the value ofg;.

Origin of the H,O Ligand of Fe(lll) -BLM Produced
Cryophotolytically. Following the cryophotolysis of!’O-
ABLM, which itself displays a broadened, (intermediate
g-value feature) (Figure 1S), a previously unselermadening
of the Fe(lllyBLM g, feature is conspicuous. The comparison
of g2 EPR line widths of%0- and the'’O-Fe(ll)-BLM samples
(30 vs 50 G) made by complete cryophotolysis of ABLM is
provided in the top two traces of Figure 2. The implication of
the broadening is that, following hydroperoxide cryophotolysis,
a 1’0 atom remains in situ as the,® oxygen ligand of Fe-
(1) -BLM. The "O-broadened species can also be made using
H,’O when mixing solutions of Fe(lll) and BLM, as shown
by the bottom spectrum of Figure 2.
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Figure 1. X-band EPR spectra of ABLM cryophotolyzates. The sample
(0.2 mL, natural isotopic abundance) received lu&msteins/min at
350 nm for 0, 20, 50, and 80 min at 77 K; it contained 1 mM Fe, 1.1
mM BLM, 20 mM sodium-phosphate buffer, pH 7.8, and 50% (v/v)
ethylene glycol. High spin Fe(IHBLM (g = 4.3, not shown) constitutes
about half the FeBLM in this sample. These spectra were obtained
at 15 K, 6 G field modulation, 200 s of spectrum accumulation, 2 mW
power, andvepr = 9.525 GHz. Note that the cryophotolytically
produced Fe(lIBBLM remains low spin even though Fe(HBLM
prepared de novo in phosphate buffer would be high spin.
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Figure 2. Effects of oxygen isotopes on Fe(HBLM EPR line width.
Compare the broadened Fe(iBLM (at g;) from cryophotolyzed
700-ABLM (0.5 mM in 20 mM sodium-phosphate buffer, pH 7.8) to
that of Fe(lllyBLM from %00-ABLM in an otherwise identical sample.
Fe(lll)-BLM from cryophotolyzed "OO-ABLM and Fe(lllyBLM
dissolved in watet’O (HEPES buffer) have identical EPR line
broadening. Spectroscopic conditions were as for Figure 1.

Similar Local Structure of Fe(lll) -BLM Prepared Directly
and by Cryophotolysis of ABLM Revealed by ENDOR of
Exchangeable ProtonsThe underlying proton features of Fe-
(1) -BLM are sensitive to the coordinating BLM ligand structure
and the axial Fe ligangf: These proton couplings are largest at

Burger et al.
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Figure 3. Exchangeable, strongly coupled, proton ENDOR of Fe(lll)
BLM. Spectra are from (A) Fe(lIlBLM (2 mM) prepared de novo
under ambient conditions from Fe(lll) and BLM, no DNA, (HEPES
buffer); (B) as in (A) but in deuterated solvent; (C) FedB)LM from
cryophotolysis of ABLM (0.5 mM) with no DNA present (phosphate
buffer); (D) Fe(lll)}BLM from cryophotolysis of ABLM (0.6 mM) in
the presence of 0.7 mM d(GGAAGCTTCLC)HEPES buffer). The
conditions for proton ENDOR spectra weie= 10075 G ¢p = 42.89
MHz, g = 2.418) for Fe(lll)BLM. Spectra were obtained under
adiabatic rapid passage conditions at 2.0 K with larg@.2 G) 100
kHz field modulation,~0.25uW microwave power, and-20 W RF
(radio frequency) pulsed with a 1/90us duty cycle and swept at 4
MHz/s. Each spectrum was compiled+10 min.

will be presented elsewhere to provide the details of angles and
distances to these nearby exchangeable protons.

The strongly coupled exchangeable proton ENDOR observed
atg; are compared in Figure 3. As was found for rapid passage
ENDOR of the peroxidases and oxygenases at fipeextre-
mum>7-55the Pv~gnpor branch, located below the free proton
NMR frequency, is more intense than the enpor branch. The
couplings,A(gy), can be readily estimated from tfie enpor
branch, shown here. Spectrum 3B, of Fe(BL)M in deuterated
solvent, shows that the exchangeable protons are responsible
for the labeled outlying features. The spectra of directly
complexed Fe(lll+ BLM in HEPES buffer (spectrum 3A), of
Fe(ll1)-BLM formed by cryophotolysis of ABLM in the absence
of DNA (Figure 3C) in phosphate buffer, and of Fe(iBLLM
formed by cryophotolysis at 77 K with d(GGAAGCTTCL)
present (spectrum 3D) differed but slightly. The featuresnd
p respectively had coupling&(g;) = 13.2 and 7.8-8.5 MHz.

Radical EPR Spectra. Together with the conversion of
ABLM to Fe(lll)-BLM, a complex radical spectrum appears
nearg = 2.00 having features sensitive to exchangeable protons,
57Fe, and'’O of the initial ABLM (Figure 4). The radicals did
not form in irradiated controls lacking ABLM, even those
containing Fe(lIBLM. This spectral product was refractory
to further 350 nm illumination or storage at 77 K but disappeared
on thawing. Except for exchangeable H, no solvent nucleus (i.e.,
170 of H,170 or the covalently attacheltH or 13C of ethylene
glycol) affected the cryophotolytically produced radical EPR
spectra. The comparison of radicals induced by ABLM cryo-

01 = Omax are consistent with the expected dipolar coupling to photolysis in natural or perdeuterated solvent distinguished

axial water, and are different from those observed from ABLM.

between exchangeable and nonexchangeable H hyperfine fea-

The ENDOR spectra here simply present an experimental probetures. The finer spectral resolution of the radical in perdeuterated

of local structure, and angle-selected ENDOR verguslue

solvent also clarified hyperfine changes attributable to both
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Figure 4. Effects of'H, 2H, 1’0, and®"Fe spin isotopes on EPR spectra
of radicals from cryophotolyzed ABLM. Samples of ABLM (0.5 mM

signal amplitudes from ABLM, Fe(IIlBLM, and the radical peak. The
sample contained ABLM prepared without DNA in protonated solvent.

[ABLM] was estimated by the EPB= 1.94 derivative, [Fe(lI)BLM]

was estimated by the ERR= 1.89 derivative, and the radical intensity
was estimated from the peak-to-peak derivative height of the radical,

in 20 mM sodium-phosphate buffer, pH 7.8) were prepared with either )| as measured for Figure 1.

natural abundance constituentsl), perdeuterated solvent3), 1’0,
and?H, or5Fe ancPH, as shown. Irradiation was 320 einsteins/mol of
ABLM. The spectra of A were obtained at-90 K and of B at 15 K.
EPR conditions wer 3 G field modulation, 200 s total signal
accumulation over the field range shown, 2 mW power, agg =
9.525 GHz.

57Fe (| = ;) and'’O; (I = 5/,) products, and thé’O-derived
features are particularly conspicuous in Figure 4A. Figure 4
additionally shows radical sensitivity to changing the temper-
ature between 9 and 15 K. The effects of temperature on the
radical spectra from ABLM photolyzed in perdeuterated solvent
(Figure 3S, Supporting Information) include major changes over
6—50 K, and these changes are reversible with temperature.
The radicals must reside near the Fe and O from ABLM.
Although the bleomycin iron ligands include five nitrogens
(Chart 1), we have detected no obvious nitrogen participation
in the radical. These radicals were not further characterized with
regard to structure or additional nuclei involved. Despite their
conspicuous EPR derivative spectra, the radicals shown con-
stitute only +2% of the original Fe-BLM spins, so ENDOR
characterization of them was prevented by the superimposed
signals of Fe(ll)BLM and ABLM.

Effect of DNA on the Course of ABLM Cryophotolysis.
The progressive conversion of ABLM (without DNA present)
to Fe(lll)-BLM and radical EPR species is shown in Figure 5.

LA LA B | T T T T T

1008 i
I
,c%) 80 b
8 6ol . ABLM, no DNA
£ ;
g 40 A .
S lm A
© H ..
£ 209° ABLM+DNA Aa T
1 IR By
8 |

o{ ™ .

L L /I/Il T L L
0 5 10 15 20 40 80 120 160 200

Illumination, nE

Figure 6. Change in ABLM cryophotolysis upon DNA addition. The
percentage change in ABLM was estimated bygle1.94 EPR signal,
measured as for Figure 1. The quantum yield (efficiency) of photolysis
is markedly increased by the presence of DNA, these 0.2 mL samples
contained 1 mM FeBLM with 5 mM DNA.

These three species were monitored over time and photon dos@'ABLE 2: Quantum Efficiency (®) of ABLM

using EPR spectrometry as described under Experimental

Methods. Since the radicals appear almost simultaneously with

the conversion of ABLM to Fe(IlRBLM and persist after
ABLM photolysis is complete (Figure 1), they and Fe(dBLM

are alternative products of cryogenic ABLM photolysis. As
guantitated, the photolytically produced Fe(B)L.M accounted
for approximately two-thirds of the decrease in the ABLM; thus
it is possible that some products of ABLM photolysis, unlike
Fe(lll)-BLM, escape EPR detection.

When DNA is present during ABLM irradiation, the cryo-
photolysis quantum yield increases over an order of magnitude.
The progress of ABLM cryophotolysis is shown in the presence
and absence of calf thymus DNA (Figure 6). The effect of DNA
on the photolysis quantum yield far exceeds its minor effect
(<1.3-fold) on the rate of spontaneous ABLM decay in
phosphate buffered solutioAsThis is consistent with DNA

Cryophotolysis
DNA present o2
none 0.0053t 0.0005
calf thymus DNA 0.063t 0.008
d(GGAAGCTTCC) 0.065+ 0.015
d(GGAAATTTCC), 0.087+ 0.012
d(GGAAGCTTCC), 0.085+ 0.012

a Errors calculated from the computed initial rate of cryophotolysis.

changing the interaction of ABLM and light without the DNA
otherwise labilizing the @0 bond. The>10-fold increase in
quantum yield occurred both with heterogeneous (calf thymus)
DNA and several olignucleotide duplexes that differ in their
susceptibility to ABLM under ambient conditiof%as shown

in Table 2. These oligonucleotides were (1) d(GGAAGCT-
TCC), which contains a single preferred d(GpC) target sequence
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that specifically binds to the bleomycin and is targeted for attack scission &1.3-fold), it seems more likely that the effect of DNA
by ABLM;5758 (2) the analogous d(GGAAATTTCG)which at 77 K (>10-fold) is not exerted directly on the-@D bond
contains no d(GpC) or d(GpT) target sequence and that bindsstability or that the hydroperoxide orientation is less important
less specifically to bleomyciff, (3) the uncleavable {1%: for its scission at ambient temperature. The LMCT excited state
Table 1S of the Supporting Information) analogue d(GGAAGC  resulting from an electron transferred from bleomycin to metal
TTCC), where C designates the'®-,4-methylene-bridged  could produce a radical, localized on the bleomycin macrocycle,
target rG. (For the course of ABLM photolysis with d(G-  which might, if stable at 77 K, account for the minority radical
GAAGC-TTCC), present see Supporting Information, Figure species observed. The density functional treatment of ABLM
4S.) In case 3 the large increase in cryophotolysis quantum yieldwas addressed to the energetic cost of heterolytic, homolytic,
occurs even though the DNA target H4is absent. This and H-abstraction mechanisms for hydroperoxide scisditn.
uncleavable oligonucleotide did not inhibit cleavage of its natural would be desirable to enlist such a treatment to explain the
analogue (Table 1S in the Supporting Information) under detailed photolytic mechanism of ABLM-©0 hydroperoxide
ambient conditions, but its effect at enhancing the cryogenic bond scission and its perturbation by DNA as well as the
photolysis of ABLM indicates that it still interacts with ABLM.  possibility of forming unusual radicals. The absence of any
detected intermediate in the conversion of ABLM to Fe(lll)
Discussion BLM is consistent with a direct reaction but not a proof.
Continuing investigations of this process at lower temperatures
The activity of photolysis-triggered DNA cleavage by ABLM  and shorter time intervals could strengthen or disprove the
(in —30°C liquid) is analogous to that of spontaneously reacting assertion that there is no intermediate.
ABLM. Both are detected by formation of base-propenal, @  gg(ij) -BLM Product of Photolysis. The EPR spectra of
stoichiometric DNA cleavage produ@t;l’hg final DNA cleav- Fe(lll)-BLM, whether as prepared de novo or by cryophotolysis
age yield of photolyzed ABLM (at-30°C) is the same as that ¢ Ag) \, are virtually identical. However, the maximgivalue
of spontaneously reacting ABLM. The Fe(HBLM product of (~2.42, Supporting Information, Figure 2S) was slightly less
ABLM cryophotolysis in a 77 K glass has the same EPR and j, yhe cryophotolytically produced Fe(IHBLM, so the splitting

ENDOR signatulres as the product formed spontane.ously. (in o its metal by orbitals may differ slightly from that of the Fe-
HEPES) at ambient temperature. A broadened EPR line width () + BLM mixture

at g» was a definitive reporter fot’O in ABLM.2 Now the g, . )
: : The comparison of Fe(INBLM prepared cryophotolyticall
region of Fe(lllyBLM, whether produced cryophotolytically from 1700- F(;rléOO-ABLI\SI sﬁows%ngmbiguoﬁsﬁl that)t/hIQGy

from Y’O0-ABLM or prepared by addition in liquid 17O, . _ )
: . : : ligand of Fe(lllyBLM derives from the dioxygen of ABLM.
shows, by an identical broadening, that the photolysis process_l_he strongly coupled exchangeable protons of FeBIIM

ields bound HO (orOH") from the cleaved hydroperoxide- . i )
}/70. The excr?;ng((aable pro)ton ENDOR, WhiChyW05|d include c_)bserved by ENDOR’ which WO.UId include thpse of itaCH
that of the bound kD, is identical for Fe(lIlBLM made at ligand, must originate near the ligated Fe(lll) in ABLM. The
ambient temperature (in HEPES) and for Fe{BLM generated NMR stu_dy of the_3C40(III) h_omologue O.f ABLM shovv_s that
from ABLM. Two differences seen between the liquid phase the peptide cha}ﬁi contains t‘_NO amide protons d'rPTCtEd
and the cryophotolytic reactions are that, with the latter, () toward the proximal oxygen, which are labeled &hd H in
DNA, when present, does not suffer its usual lesions and (b) structurel. One or both of these could become gCHproton
unusual radical species arise that show EPR evidence of nearby’! the Fe(lllyBLM cryophotolytic product.
170 and57Fe tracers. The importance of cryogenic photolysis ~ Unless ABLM photolysis releases a 2@xidant species,
of ABLM in understanding the basis of ABLM reactivity is as conversion of ABLM to a ferri-aquo BLM complex requires
follows: a 2e reduction, which may be performed internally by some
Electronic Structural Basis of ABLM Photolysis. The BLM moiety. When the residual activity of photolyzed ABLM
optical transition at the wavelength used to drive photolysis is Was assayed after addition of DNA and more Fe(ll), it was found
that of the 350 nm ligand-to-metal charge transfer (LMET), to be dlmlnlshed., like that of “redox inactivated” ABLM, which
thought to arise from a shift of electron density to the metal had been permitted to decay spontaneously. In neither cryo-
from orbitals at the deprotonated amide of the bleomycin. The Photolyzed ABLM nor redox inactivated ABLM has any unique
calculations of Neese, Solomon, and co-workets2lindicate damage been unambiguously characterized. Preliminary efforts
that at ambient temperature with DNA present the breaking of {0 characterize such damage by MS, NMR, or optical changes
the relatively weak hydroperoxide-eD bond is coupled to the ~ In the BLM moiety are in progress.
abstraction of DNA-H4 Because neither cryophotolytic nor Radical Species ProducedAlthough it is common to find
ambient, spontaneous, hydroperoxide scission require DNA to radicals produced during photolysis, the ones described here
be present, an accessible'k#not necessary for these reactions. depend on ABLM for formation, and they report nearby nuclei
The 350 nm photon, having an energy of 82 kcal/mol, can presentin the initial ABLM. It is not clear if the radical species
provide an activation energy not thermally available even at are byproducts of the prevalent pathway to FeDM or of
ambient temperatures. Thus, it is possible that an optically driven a different reaction mode. Several potential modes of ABLM
LMCT might induce a metal charge transfer to an antibonding hydroperoxide scission have been proposed involving heterolytic
orbital of the hydroperoxide ligand, leading to—@ bond or homolytic scission or this latter with hydrogen abstractibn.
scission. The likelihood of electron transfer to the hydroperoxide Heterolytic scission requires considerable activatfobut the
will depend on the orientation of the hydroperoxide ligand with 82 kcal/mol photon could in principle provide this. The unusual
respect to metal d orbitals, and the orientation of the hydro- nature of the radical is evident in the hyperfine contributions
peroxide might be modulated by the presence or absence ofof 17O and 5’Fe (derived from ABLM) and the radicals’
DNA,32 thus providing a rationale for the enhanced quantum temperature dependence, a feature of radicals spin-coupled to
yield of ABLM photolysis in the presence of DNA. However, Fe, such as those found in high valent irayxo porphyrin
since DNA has little if any effect on spontaneous ABLM-O analogues of compoundd Although the stoichiometric propor-
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tion of the radical product species was small, their very existence

suggests that cryophotolysis can provide a high valent-iron

J. Phys. Chem. &

(14) Davydov, R.; Kofman, V.; Fujii, H.; Yoshida, T.; Ikeda-Saito, M.;
Hoffman, B. M.J. Am. Chem. So2002 124, 1798.
(15) Neese, F.; Zaleski, J. M.; Zaleski, K. L.; Solomon, EJ.|.Am.

oxo species that had been thought too energetic to occur asspem. s0c200q 122 11703,

ambient temperature intermediates.

Conclusions

The demonstrated cryophotolytic conversion of ABLM to Fe-
(1 -BLM may proceed by providing access to the excited
electronic states of ABLM that permit ©0 peroxide bond
scission. Cryogenic ABLM photolysis experiments show that
(1) spectroscopically identified low spin Fe(HBLM is formed
with no detectable intermediate, at 77 K, upon ABLM photolysis
with DNA either absent or present; (2) the presence of DNA
conveys a>10-fold enhancement in the quantum yield of
ABLM cryophotolysis; and (3) minor quantities of conspicuous

radicals also form, having an unusual complexity and reversible

temperature dependence in the region 656 K. They are

photostable at 77 K and show proximity of exchangeable

protons,>Fe, and’0O, whenever these were initial ABLM
constituents-thus indicating an iron-oxy character.
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