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Abstract: Bleomycin (BLM), a glycopeptide antibiotic chemotherapy agent, is capable of single- and double-
strand DNA damage. Activated bleomycin (ABLM), a low-spin Fe""—OOH complex, is the last intermediate
detected prior to DNA cleavage following hydrogen-atom abstraction from the C-4' of a deoxyribose sugar
moiety. The mechanism of this C—H bond cleavage reaction and the nature of the active oxidizing species
are still open issues. We have used kinetic measurements in combination with density functional calculations
to study the reactivity of ABLM and the mechanism of the initial attack on DNA. Circular dichroism
spectroscopy was used to directly monitor the kinetics of the ABLM reaction. These experiments yield a
deuterium isotope effect, ku/kp ~ 3 for ABLM decay, indicating the involvement of a hydrogen atom in the
rate-determining step. H-atom donors with relatively weak X—H bonds accelerate the reaction rate,
establishing that ABLM is capable of hydrogen-atom abstraction. Density functional calculations were used
to evaluate the two-dimensional potential energy surface for the direct hydrogen-atom abstraction reaction
of the deoxyribose 4'-H by ABLM. The calculations confirm that ABLM is thermodynamically and kinetically
competent for H-atom abstraction. The activation and reaction energies for this pathway are favored over
both homolytic and heterolytic O—O bond cleavage. Direct H-atom abstraction by ABLM would generate
a reactive Fe'V=0 species, which would be capable of a second DNA strand cleavage, as observed in
vivo. This study provides experimental and theoretical evidence for direct H-atom abstraction by ABLM
and proposes an attractive mechanism for the role of ABLM in double-strand cleavage.

1. Introduction studies on BLM complexes with C8§;2! Cu?2223 and other
Bleomycin (BLM, Figure 1), a glycopeptide antibiotic, is metals?4~27 All studies agree on five nitrogen-based ligands

clinically used in cancer chemotherapy, especially against head,(indicated in bold in Figure 1). The four equatorial ligands are
neck, and testicular cancers and Hodgkin's diséa%dts 'generally accepted to be an imidazole nitrogen, a deprotonated
cytotoxic activity is believed to be due to its ability to carry 2Mide, a pyrimidine nitrogen, and the secondary amine func-
out single- and especially double-strand cleavage of DNA in tionality of the f-aminoalanine. The primary amine of the

the presence of a reduced metal ion and dioxygénThe f-aminoalanine has been proposed as an axial ligand.
highest activityin 0 is found for FEBLM.® Fe'BLM reacts with dioxygen in the presence of reducing

BLM provides five or six ligands for binding to the iron.  €duivalents to form activated bleomycin (ABLM), the last
Because no crystal structure exists, current knowledge of theintermediate detected prior to DNA strand scissiéfit is well

Fe—BLM structure is based on spectroscdﬁyl,4 molecular (13) Loeb, K. E.; Zaleski, J. M.; Hess, C. D.; Hecht, S. M.; Solomon, B. I.
d P deli @5 d ity f ti | lculatiori$:17 and Am. Chem. Socd998 120, 1249-1259.
ynamics modeling; enS|ty unctonal calculations;*" an (14) Smolentsev, G.; Soldatov, A. V.; Wasinger, E. C.; Solomon, Edrg.
Chem.2004 43, 1825-1827.
(1) Umezawa, HAnticancer Agents based on Natural Productscademic (15) Lehmann, T. EJ. Biol. Inorg. Chem2002 7, 305-312.
Press: New York, 1980. (16) Freindorf, M.; Kozlowski, P. MJ. Phys. Chem. 2001, 105 7267-7272.

(2) Carter, S. KBleomycin Chemotherapgcademic Press: New York, 1985. (17) Karawajczyk, A.; Buda, R. Biol. Inorg. Chem2005 10, 33—40.
(3) Lazo, J. S.; Chabner, B. ACancer Chemotherapy and Biotherapy: (18) Xu, R. X.; Nettesheim, D.; Otvos, J. D.; Petering, DBibchemistryl994

Pnn(:lples and PractlceLlpplnkott Raven: Philadelphia, PA, 1996. 33, 907-916.
(4) Hecht, S. M.AAcc. Chem. Re<€.986 19, 383-391. (19) Lui, S. M.; Vanderwall, D. E.; Wu, W.; Tang, X. J.; Turner, C. J.; Kozarich,
(5) Stubbe, J.; Kozarich, J. WChem. Re. 1987, 87, 1107-1136. J. W.; Stubbe, JJ. Am. Chem. S0d.997, 119, 9603-9613.
(6) Stubbe, J.; Kozarich, J. W.; Wu, W.; Vanderwall, D.Atc. Chem. Res. (20) Lehmann, T. E.; Serrano, M. L.; Que, Biochemistry2000 39, 3886-
1996 29, 322-330. 3898.
(7) Burger, R. M.Chem. Re. 1998 98, 1153-1169. (21) Fedeles, F.; Zimmer, Mnorg. Chem.2001, 40, 1557-1561.
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(9) Radtke, K.; Lornito, F. A.; Byrnes, R. W.; Antholine, W. E.; Petering, D. J. Biol. Chem2002 277, 2311-2320.
H. Biochem. J1994 302, 655-664. (23) Lehmann, T. EJ. Biol. Inorg. Chem2004 9, 323-334.
(10) Loeb, K. E.; Zaleski, J. M.; Westre, T. E.; Guajardo, R. J.; Mascharak, P. (24) Mouzopoulou, B.; Kozlowski, H.; Katsaros, N.; Garnier-Suillerot|marg.
K.; Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. S0od.995 Chem.2001, 40, 6923-6929.
117, 4545-4561. (25) Papakyriakou, A.; Katsaros, Mur. J. Inorg. Chem2003 3001-3006.
(11) Lehmann, T. E.; Ming, L. J.; Rosen, M. E.; Que,Riochemistry1997, (26) Papakyriakou, A.; Mouzopoulou B.; Katsaros, N.Biol. Inorg. Chem.
36, 2807-2816. 2003 8, 549-559.
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Figure 1. Structure of bleomycin (likely metal ligating atoms indicated in
bold blue).

and decay of ABLM have been challenging, since ABLM does
not have a distinguishable spectroscopic absorption feature that
can be easily monitored. Past studies involved freegench
methods to monitor changes to the EPR spectrum of ABLM,
or the measurement of DNA cleavage ability of ABLM at set
time points?842

There are two major DNA binding interactions for BLM. The
bithiazole tail binds nonspecifically via partial intercalati®f
or through interactions with the minor grot®.Hydrogen-
bonding interactions between the pyrimidine in the metal binding
domain and the DNA guanine are thought to be responsible for
the sequence specificity of DNA cleavatfe?® DNA strand
scission is initiated through the abstraction of the' @yrogen
atom of the backbone deoxyribose sit§atmainly at pyrimi-
dine nucleotides of preferred sites containing% and 5GT
sequence¥-S3After this initial attack, which generates a radical
centered on the sugar C;DNA cleavage can proceed via two
pathway<$*-5° producing free bases independent gfadd base
propenals when additional, (s available.

established by electron paramagnetic resonance (EPR) Although considerable research has been devoted to the

spectroscopy®-30 Mdssbauer spectroscopyelectron nuclear
double-resonance (ENDOR) spectroscép$zmass spectrom-
etry 33 X-ray absorption spectroscopy (XA%)and magnetic
circular dichroism (MCD) spectroscofthat ABLM is a low-
spin (Is) ferric-hydroperoxo complex, BLMF€e" —OOH.

ABLM can be formed when ferrous BLM, (BLM)He-OH,
reacts with @ or when ferric BLM, (BLM)Fé'—OH, reacts
with excess H0,.28:36Both pathways result in the same ABLM
specieg® and both generate the same DNA cleavage prod-
ucts36:37In the absence of DNA, the decay of ABLM yields
FE'BLM and water as final produc. The rate of ABLM
decay is known to be first order in the concentration of ABLM.
The half-life for the decay of ABLM has been measured to be
~1.5 min at 0°C in buffer (50 mM sodium cacodylate, pH
7.2F7 and ~2 min at 4-6 °C in unbuffered solutio”® To

reactivity of bleomycin, the nature of the active oxidizing species
attacking the sugar C-4nd the mechanism of this-H bond
cleavage reaction are still open issues. Three possible reaction
pathways for the reactivity of ABLM in hydrogen-atom abstrac-
tion from DNA (Scheme 1) have been invoked: (1) Heterolytic
cleavage of the ©0 bond, generating a catalytically active
“FeV=0" species, as has been observed in heme systems, where
the formally “F&’=0" is stabilized by oxidation of the porphyrin
ligand (Por), leading to a (PoW)FeY=0 species (“‘compound

I). (2) Homolytic O—O bond cleavage, leading to a reactive
FeV=0 intermediate and OH radical, as has been shown to
occur for low-spin FEEOOH/R model systems and has been
suggested to occur in mechanistic cycles of models of non-
heme iron enzymes. (3) H-atom abstraction from the' ©f4

the DNA deoxyribose sugar directly by the hydroperoxo

understand the mechanism of ABLM decay, several studies haveC®mplex, ABLM.

analyzed the decay products for reactive oxygen species,

however with different results: one study did not detect
peroxides (HO,) or superoxides (&),38 another identified
small amounts of peroxidé8,and a third observed only small
amounts of hydroxy radicals@H) and superoxide¥. The
fluorescence of the BLM bithiazole tail was observed to be
altered upon ABLM decaft Kinetic studies of the formation
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Soc.200Q 122 11703-11724.
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(37) Natrajan, A.; Hecht, S. M.; van der marel, G. A.; van Boom, JJ.HFAm.
Chem. Soc199Q 112 3997-4002.
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Scheme 1 . Possible Reaction Pathways for ABLM argues against an involvement of the very reactive and unse-

lective hydroxyl radical (produced in homolytic-@ bond
cleavage). A large tritium selection effect observed for the
reaction of ABLM with a DNA model poly(dA-dU) provides
evidence for the involvement of€H bond cleavage in the rate-
determining step® On the other handi®O isotope studied
demonstrate that the -0 bond cleavage is also involved in
the rate-determining step.

The proposed third pathway suggests that ABLM itself is
the active oxidizing species which directly abstracts the
hydrogen atom. A comparison of the reaction energies of the
three proposed pathways for ABLM shows that the reaction
energies for homolytic and heterolytic cleavage are comparable

Pathway 1 is reminiscent of the activation and mechanism and endergonic AG ~ 13 kcal/mol). The direct H-atom

of the heme enzyme cytochrome P450 and has been propose@Pstraction is exergonigﬁ@ = —7 keal/mol) and thus ther-
due to the strong similarity between the chemistry of ABLM Modynamically favored

[l
FeV(BLM) + H,0
heterolytic cleavage

Il
Fe'V(BLM) +°*OH
homolytic cleavage

Il W
FeV(BLM) + H,0 +°R
direct H-atom abstraction

and that of P450 (i.e., H-atom abstraction from unactivatetHC
bonds, hydroxylation, and epoxidatidi¥yé3 However, a detailed
guantum chemical study on the electronic structure of ABLM
and its reactivity® suggested strongly that heterolytie-Q bond
cleavage is energetically unfavorable, less favorable for BLM
than for heme systems by at least 70 kcal/fidHeterolytic

The present investigation extends these studies on the
reactivity of ABLM and evaluates with experimental and
computational methods the kinetics of a direct H-atom abstrac-
tion reaction by ABLM. Since ABLM does not have a
characteristic absorption feature that can be easily monitored,
kinetic studies of ABLM decay have been challenging. How-

cleavage would lead to a product which is best described as aever, using circular dichroism (CD) spectroscopy, we have

(BLM*HFeV=0 with the hole localized on the deprotonated

identified such a feature and have measured the kinetics of

amide, in contrast to the heme compound | species, where theABLM decay and its reaction with hydrogen-atom donor

hole is delocalized over the porphyrin ring. Ligand-to-metal substrates through deuterium isotope studies. Furthermore,
charge-transfer (LMCT) spectra show experimentally that it is density functional calculations were used to map the two-
energetically much harder to remove an electron from the dimensional potential energy surface (PES) for the direct

bleomycin ligand than from the porphyrin rifg% making
heterolytic G-O bond cleavage in BLM energetically much less
favorable.

hydrogen-atom abstraction reaction by ABLM (one dimension
being the cleavage of the-@D bond, the second dimension
the transfer of the hydrogen atom). In addition, we propose a

Pathway 2 was evaluated by studying the electronic structuresyechanism for initiating the second strand cleavage event and

and reactivities of Is ferriealkylperox$® and—hydroperoxé’
model complexes. The bonding of Is'FeOOH is characterized
by strong Fe-O and weak G-O bonds. This species is
thermodynamically and kinetically competent to undergo ho-
molytic cleavage of the ©0 bond to yield F&=0 and*OH.
DFT studies of the reaction mechanism show no additional
activation barrier along the reaction coordingited parallel
study on the homolytic cleavage of ABLM gave similar
results: Theoretically, ABLM is thermodynamically and kineti-
cally competent to homolytically cleave the-@ bond with a
calculated reaction free energy &G = 13 kcal/mol and no
additional kinetic activation barrié.

However, the fact that initial attack occurs through specific
hydrogen-atom abstraction only from the Ce# the deoxyri-
bose sugat? "°with an isotope selection effekt/kp = 2—7,51

(60) Padbury, G.; Sligar, S. @. Biol. Chem.1985 260, 7820-7823.

(61) Murugesan, N.; Hecht, S. M. Am. Chem. S0d.985 107, 493-500.

(62) Heimbrook, D. C.; Carr, S. A.; Mentzer, M. A.; Long, E. C.; Hecht, S. M.
Inorg. Chem.1987, 26, 3835-3836.

(63) Ehrenfeld, G. M.; Murugesan, M.; Hecht, S. Morg. Chem.1984 23,
1496-1498.

(64) Solomon, E. |.; Decker, A.; Lehnert, Rroc. Natl. Acad. Sci. U.S.2003
100, 3589-3594.

(65) Cheesman, M. R.; Greenwood, C.; Thomson, Add. Inorg. Chem1991,
36, 201-255.

(66) Lehnert, N.; Ho, R. Y. N.; Que, L., Jr.; Solomon, EJI.Am. Chem. Soc.
2001, 123 8271-8290.

(67) Lehnert, N.; Ho, R. Y. N.; Neese, F.; Que, L., Jr.; Solomon, H. Am.
Chem. Soc2002 124, 10810-10822.

(68) Lehnert, N.; Ho, R. Y. N.; Que, L., Jr.; Solomon, EJI.Am. Chem. Soc.
2001, 123 12802-12816.

(69) Wu, J. C.; Kozarich, J. W.; Stubbe, J1. Biol. Chem.1983 258 4694—
4697.

contrast the direct H-atom abstraction pathway to the heterolytic
O—0 bond cleavage pathway.

This study provides new insight into the reaction mechanism
of ABLM on a molecular level and the effectiveness of this
anti-cancer drug in DNA cleavage.

2. Methods

2.1. Experimental Procedures. 2.1.1. B8LM. Solutions of ferrous
bleomycin were prepared under strict anaerobic conditions. Bleomycin
sulfate (Calbiochem) was evacuated and back-filled with argon 20 times
in a Teflon-capped conical vial. FNH,)2(SQy),:6H,0 (FE'AS, J.T.
Baker) was purged with argon for 2 h. HEPES buffer (100 mM, Sigma)
was prepared in deionized water and adjusted to pH 7.8 with NaOH.
Deionized water and HEPES buffer were degassed-bybfreeze-
pump-thaw cycles at 1@ Torr in Teflon- and ground-glass-stoppered
flasks. All degassed materials were immediately placed into a Vacuum
Atmospheres Nexus-1 anaerobic glovebosé(ppm oxygen). Ap-
proximately 0.9 equiv of aqueous 'S was added anaerobically to a
solution of bleomycin in HEPES buffer. The salmon-pink-colorel} Fe
BLM solutions were either kept on a cold plate during use or frozen
and stored in liquid nitrogen. Stock solutions typically contained 5 mM
Fe' and 5.6 mM BLM.

2.1.2. ABLM. Activated bleomycin (ABLM) was generated by
addition of oxygenated HEPES buffer to anaerobitBteM according
to the equation

(70) Kozarich, J. W.; Worth, L., Jr.; Frank, B. L.; Christner, D. F.; Vanderwall,
D. E.; Stubbe, JSciencel989 245 1396-1399.
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2F€'BLM + O, — F€"BLM + ABLM Reactants setup:

. _ _ (BLM)Fe"-OOH + "DNA"
In the glovebox, aliquots of F8LM were transferred into gastight

Teflon-capped quartz cuvettes. Just before use, a cuvette was taken
out of the glovebox and inserted into a temperature-controlled cuvette

structure:

holder in the CD instrument. Oxygenated HEPES buffer and/or substrate Fe-Op: 1.8A 4 2 .
was injected into the cuvette as data collection was started. CD spectra ~ 0p-Og: 1.5 A orientation:

were collected on a Jasco J810 spectrophotometer using an S1  H-C4: 1.0A g;o% ) ggﬁ
photomultiplier tube detector and the Jasco Spectra Manager program Op Oq C4‘:H?b¢: 1'77o

interface. ] C4'-04-Op: 175°

Scans from 11 10633 300 cn1! (900-300 nm) were collected at L
approximately 20 s intervals until no further change was observéé ( N
min). From these spectra, it was determined that the greatest change
in the CD spectrum occurred at 22 200¢nt¥50 nm). The CD intensity
at 22 200 cm* was then monitored over 20 min to yield ABLM decay
kinetics.

2.1.3. SubstratesAscorbic acid (Sigma) and 4-hydroxy-tetramethyl-
piperidine-1-oxyl (4-hydroxy-TEMP©QSigma) were purged with argon. ~ Figure 2. Setup and o_rieptation of reactants ABLM and qeoxyribose sugar
Ascorbic acid was dissolved in degassed water and used within 4 h, (for & stereopair of this figure, see Supporting Information).

To prepare 4-hydroxy-TEMPOH, between 0.25 and 1 equiv of
ascorbic acid was anaerobically reacted with 4-hydroxy-TEMPO
according to the equation

2.2. Computational Methods.Spin-unrestricted density functional
theory (DFT) calculations were performed with the Gaussian 03
program packag®.Becke’s three-parameter hybrid functional with the
4-hydroxy-TEMPO + AscH — 4-hydroxy-TEMPG-H + Asc * correlation functional of Lee, Yang, and Parr (B3LY#} was used.

The LanL2DZ basis set, which applies Dunning/Huzinaga full dogble-
2Asc *— AscH + DHA (D95) basis functiori§ on first-row elements and Los Alamos effective
core potentials plus DZ functioffs”® on all other atoms, was used in
all geometry optimizations. Orbitals were plotted using Moléen.

2.2.1. Reaction EnergiesTo determine the thermodynamic param-
eters, the geometries of all reactant and product species have been fully
optimized without constraints, and the frequencies were found to be
real in all cases. All energies were obtained from single-point
calculations on the LanL2DZ-optimized structures using the following
larger basis set: The atoms directly involved in the reactior-@e
O—H; H—C in all reactant and product species) were described by a
large triple< basis set including polarization and diffuse functions on
heavy atoms and hydrogens, 6-3ttG(3df,pd) in Gaussian. The
nitrogens of the bleomycin ligand directly ligated to the iron were
described by a triplé- basis set including a polarization function,
6-311G*. All other atoms were described by an all-electron dogble-
basis set, 6-31G*. The energies given include zero-point and thermal
corrections. Solvation effects were considered using the polarized
continuum model (PCM) as implemented in Gaussian 03 with a
dielectric constante = 4.0 to model the polypeptide and DNA
environment of bleomycin. In all calculations, convergence was defined
to occur when the relative change in the density matrix between
subsequent iterations wasl x 1078,

2.2.2. The Models.The model for ABLM was taken from ref 35,
hich was constructed on the basis of spectroscopic data. The metal
inding domain containing the pyrimidine, deprotonated amide, and

imidazole moieties is completely retained; the primary and secondary
amine ligands are modeled as B (Figure 2, left). The geometry
was fully optimized, which has been shown to change the overall
d structure only slightly (model ABLM in ref 67) and not to significantly
affect the reaction energi€éThe low-spinS= ¥/, ground state of this
ferric—hydroperoxo species is reproduced in the calculations; the high-
spin S = %) state is 10 kcal/mol higher in energy. Similarly, the
(BLM)FeV=0, (BLM)Fe'=0, and (BLM)Fd'—OH species are low-

(where DHA is dehydroascorbic acid). The orange 4-hydroxy-TEMPO
solution turned colorless when ascorbate acid was added. To quantify
the conversion of 4-hydroxy-TEMP@o 4-hydroxy-TEMPG-H, the
disappearance of the 4-hydroxy-TEMP@dical signal was monitored

at room temperature by EPR spectroscopy (Bruker 220-D SRC). The
percentage decrease in EPR signal intensity of the 4-hydroxy-TEMPO
species can be correlated to the percent conversion of 4-hydroxy-
TEMPO to 4-hydroxy-TEMPG-H in its reaction with ascorbate. When
4-hydroxy-TEMPO was reacted with 0.5 molar equiv of ascorbate,
the intensity of the radical EPR signal was observed to decrease by
between 96 and 99%. Therefore, the addition of 0.5 molar equiv of
ascorbic acid produced 9®9% 4-hydroxy-TEMP®-H while mini-
mizing (by stoichiometry) ascorbate as a side product (Supporting
Information, SI-1).

2.1.4. ABLM Reactions. Varying amounts (between 20 and 100
equiv) of 4-hydroxy-TEMPG-H and ascorbate were loaded into
gastight Hamilton syringes, taken out of the glovebox, and transported
to the CD spectrophotometer. Repetitive spectral scans and single-
wavelength kinetics data were collected as described above. A known
amount of substrate was injected into the airtight CD cuvette within
1-2 s after the injection of oxygen-saturated buffer. The concentration
of FE'BLM was typically 0.3 mM, with substrate concentrations
between 6 and 30 mM. Kinetic measurements were repeated at leas
three times for each concentration of substrate used. Control experiment:
were performed where ABLM was reacted with 100 equiv each of
dehydroascorbic acid (DHA) and 4-hydroxy-TEMPQhese decay
products did not affect the rate of ABLM decay.

The rate of ABLM decay as a function of temperature was measure
between 5 and 30C. Between kinetic measurements, the oxygenated
HEPES buffer (96-96% volume of reaction mixture) was submerged
in the recirculating water bath that was also attached to the CD cell
holder to ensure an accurate and constant reaction temperature.

For deuterium ISOtOpe_ studies, all solutions were preparet_:iz_@ D (72) Frisch, M. J.; et alGaussian 03Revision C.02; Gaussian, Inc.: Walling-
(99.9 atom % D, Cambridge Isotope Labs). When anaerobicity was ford, CT, 2004.
required, DO was degassed by-3.0 freeze-pump-thaw cycles. For gig g:gtgv ﬁ- B'Jphé?q'e%e' S}lgfgggségoggzg}ggéz
deuterated HEPES buffer, the pD was taken as the pH meter reading(7s) modern Theoretical then%/ist,r)Dunni’ng, T. H., Jr., Hay, P. J., Schaefer,
+ 0.47* Stock solutions of FBBLM (5.0 mM Fé') prepared in degassed H. F., lll, Eds.; Plenum: New York, 1976.

D,O were allowed to equilibrate anaerobically fora h before use. (763 Hay, P. J.; Wadt, W. R]. Chem. Phys1985 82, 270-283.
)
)

(77) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299-310.
(78) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284—298.
(71) Schowen, K. B. Irsokent Hydrogen Isotope Effe¢tSchowen, K. B., Ed.; (79) Schaftenaar, G.; Noordik, J. . Comput.-Aided Mol. Desigh00Q 14,
Plenum Press: New York, 1978; pp 22883. 123-134 (http://www.cmbi.ru.nl/molden/molden.html).
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spin,S= 1, S=1/,, andS= 1/,, respectively, with the high-spin states  ther(O—0) — opt r(O4—C-4') scan. On the potential energy surface,
(S=2,S= 73/, andS= %) 13, 4, and 6 kcal/mol higher in energy. these scans run perpendicular to the scan elongating th@ Bond
Considering that the hybrid functional B3LYP in general favors high- length.

spin over low-spin states, we are confident the calculations result in A saddle point search without any constraints yielded the transition
the correct ground state, and we have therefore focused on the low-state for this reaction. It has only one imaginary frequency- 95
spin reaction surface. cmL. The vibrational mode of this frequency includes the distal oxygen

To model the natural substrate of ABLM, DNA, the deoxyribose as well as the ‘4nydrogen moving along the common reaction pathway.
sugar moiety was kept in its entirety, the and 3-phosphates were  The energy of the transition state was calculated using the large riple-
substituted by hydroxy ligands, and the base was replaced by a hydrogerbasis set described above and included solvent effects and zero-point
atom (Figure 2, right). energy and thermal corrections.

An extended model of the bleomycin ligand that includes the whole 2 5 4. H-Atom Abstraction by (BLM)FeV=0: Proposed Second
metal binding domain and part of the peptide linker region (see strand Cleavage Attack. For the reaction coordinate of the-4
Supporting Information) was additionally used to ascertain the electronic hydrogen-atom abstraction by (BLM)®e=0, a bleomycir-substrate
structure of the putative “Fe=O" product and energetics of the  starting orientation comparable to that of the first H-atom abstraction
heterolytic cleavage reaction. The optimized geometric structure is not reaction described above was chosen. A similar orientation was found

significantly different compared to the smaller model. in an NMR structure of (BLM)CH—OOH bound to oligonucleotides

2.2.3. H-Atom Abstraction (and Homolysis) by ABLM. The with a mature strand lesid The same parameters as described above
orientation of ABLM relative to the DNA deoxyribose sugar was have been reoptimized at each step along the reaction scan to allow
adapted from solution NMR structures of (BLM)CeOOH bound to for structural changes between reactants and products, and the geometry
oligonucleotides®®! These structures show the hydroperoxo group of the transition state/{de infra) was determined without any structural
pointing toward the hydrogen atom on the C+#holecular modeling constraints.

revealed a distance of 2.5 A between the distal oxygen of the

hydroperoxide and the'4ydrogen’® Figure 2 shows the reactant 4 _pyqrogen has been transferred stepwise from thé @-the sugar

orientation adopted here. _ o _ to the oxygen atom of the (BLM)B&=0 reactant, forming the sugar
During the reaction scans, partial optimizations were carried out to 4qical and low-spin (BLM)Pé—OH. The distance between the C-4

allow for structural changes between reactants and products. At each,, 4 the oxygen was optimized at each step.

step _thg fo.llowmg parameters of the BLM complex have been A saddle point search without any constraints yielded the transition

reoptimized: bond lengths and angles of the twosNHbound to the state, which has only one imaginary frequency-d552 cnt™. The

iron center, the FeO, bond length, and all parameters of the o - .
hvdroperoxo hvdrogen atom. The structure of the suaar moiety was vibrational motion corresponds to the hydrogen atom moving between
ydrop ydrog ’ g Y the C-4 of the sugar and the oxygen atom on the (BLMYFeO.

partially optimized to allow for structural changes associated with the ) o
2.2.5. Heterolytic O-O Bond Cleavage. The possibility of a

transition from the -4 to the radical product with an 3&-4'. All
shC P e heterolytic cleavage of the-©0 bond coupled to a protonation of the

lengths and angles of bonds connected to' @l both C-OH bond leaving OH- d ¢ v (BLM)F&=0 ) d
lengths of the terminal hydroxy groups were allowed to adjust. The vsz\s”g?/aluat;g produce a formally ( ) species and 0

4'-hydrogen parameters were optimized during the scans of the O .
Oq distance. These partial optimizations result in product species, WO Proton sources were considered: (1) A solvated proton, H

scan r(C-H) — opt r(O—C-4): Along the reaction coordinate, the

(BLM)FeV=0, H,0, and a C-4sugar radical, which are structurally ~ (SOIV), whose energyAGso(H") = —262.23 kcal/mol, has been
and energetically very similar to the fully optimized structures (energetic determined by large-scale ab_ |n|t|p calculations on small water clusters
error less than 2 kcal/mol). (H20)n.82 (2) NH;*, a weak acid with . = 9.25, has been used as an

To construct the two-dimensional potential energy surface, the alternative proton source in order to be able to include the protonation
following reaction coordinates were scanned. step in the reaction. Both proton sources yield very similar reaction
scan r(O-0) — fix r(Os—C-4): Stepwise scan elongating the-© energies in a solvent environment and thus can be considered equivalent.

Oy distance fronT(O—0) = 1.5 A, which is the optimized bond length Using NH," as the proton source and starting from the fully

in ABLM, to r(O—0) = 4.5 A. The distance between ABLM and the ~ optimized ABLM + NH,* reactants, one possible reaction pathway
substrate was held constantré@®s—C-4) = 2.5 A, the distance taken ~ for protonation and heterolytic ©0 bond cleavage was followed.

from the solution NMR structure. The position of tHetydrogen atom scan r(O-H) — opt r(O—0) — opt r(O—N): Stepwise scan reducing

was reoptimized at each step (purple line in 2D-PES, Figure 9). the distance between one of the hydrogens on thg"NH,, and the
scan r(O-0) — opt r(O4—C-4): To take into account the flexibility distal oxygen, @ of the hydroperoxide ABLM from the optimized

of the ABLM-DNA binding, the distance to the substrat@s—C-4), distance (Og—Hp) = 1.5 A tor(Og—H,) = 1.0 A. Only five parameters

was reoptimized while the ©O bond length was increased stepwise have been fixed during this scan: the angle and dihedral angle of this

from r(0—0) = 1.5 A tor(O—0) = 2.7 A. The distance between the  hydrogen H, the angle and dihedral angle of the proximal oxygen,

peroxo ligand and the sugar, including the hydrogen atom, decreasesOp, and the distance between the hydroperoxo hydrogen and the distal

gradually, until ar(O—0) > 2.7 A the 4-hydrogen moves spontane-  oxygen, Q.8+ All of the bleomycin ligand and the -0, bond, angle,

ously to the distal oxygen, forming the productgtHand sugar radical and dihedral angle were allowed to optimize at each step.

(red curve in 2D-PES, Figure 9). scan r(O-0O): Subsequently, the 2Oy distance was elongated
scan r(O-H) — opt r(O;—C-4): At selected, fixed @Oy distances stepwise, starting with the optimized value at the end of the previous

(1.8,2.0,22,2.4,25,2.86,2.7,2.9, and 3.1 A), théydrogen atom scan,r(O—0) = 1.5 A, until the G-0 distance reachedO—0) =

was not optimized but transferred stepwise from the’ @4he distal 4.5 A. Now both hydrogens on the distal oxygen were fixed(@—

oxygen of the hydroperoxo, until the optimized bond length(&— H) = 1.02 A. The distance to the Nhivas optimized as well as all the

H) = 1.1 A was reached. The distance between the peroxo unit and other parameters from the previous scan.

the substrater,(O4—C-4'), was reoptimized at each step, analogous to

(82) Hoehn, S. T.; Junker, H. D.; Bunt, R. C.; Turner, C. J.; Stubbe, J.

(80) Neither theS= 0 spin state for the FeR#O species, nor the intermediate Biochemistry2001, 40, 5894-5905.
spin S = 3, for both of the ferric species, are considered, since these are (83) Tawa, G. J.; Topol, I. A.; Burt, S. K.; Caldwell, R. A.; Rashin, A. A.
energetically very unfavorable. Chem. Phys1998 109, 4852-4863.

(81) Zhao, C.; Xia, C.; Mao, Q.; Forsterling, H.; DeRose, E.; Antholine, W. E.; (84) When this parameter is allowed to optimize, the hydrogen moves from the
Subczynski, W. K.; Petering, D. Hl. Inorg. Biochem2002 91, 259— distal oxygen of the peroxo, protonating the nitrogen of the deprotonated
268. amide and resulting in a ferrichydroperoxo species.
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Figure 4. Representative CD traces at 22 200¢r#50 nm) for the decay
of ABLM at 5 °C. The red line represents decay of ABLM in®{ and the
blue line represents decay of ABLM in;D. Dashed lines show the=
Annitial — AA(L — e K fits to the data.
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Figure 3. UV —vis CD spectra from 11 100 to 33 300 cin(900-300 ‘E
nm). (A) Spectra of PEBLM (green), F&'BLM (black), and the initial = 45 -
reaction mixture containing 50% H8LM and 50% ABLM (blue). The 5
ABLM spectrum (red) was obtained by subtracting thé BEM component ~r .
from the spectrum of the reaction mixture. (B) Consecutive scans of the 55 | 1 | |
reaction mixture taken at 20 s intervals for 15 min. Spectra were collected ’ 3.3 3.4 3.5 3.6
at5°C. ' ' 3 '
1/T(x107)
3. Results and Analysis Figure 5. Temperature dependence of ABLM decay at 5, 10, 20, and 30

°C. The experimentally derived activation energy is 23.9 kcal/mol.

3.1. ABLM Kinetics Studies. 3.1.1. Unimolecular Decay.
When Q is added to anaerobic HBLM, oxy-BLM is formed,
which disproportionates to give #8LM and (BLM)Fe!"—
OOH (ABLM). Based on this reaction stoichiometry, it is
possible to obtain the CD spectrum of ABLM (Figure 3A, red)
by subtraction of the F6BLM component from the spectrum
of the reaction mixture and renormalization. The room-temper-
ature CD spectrum of ABLM has a characteristic feature at
~ 1 (~ i i I 35

22 200 leo (~450 nm) that is absent n .bOth FBLM for E; was obtained by varying the linear fit to the data.
and FEBLMC (black and green respectively in Figure 3A). At :

. ) . . . Deuterium Isotope Effects.Deuterated PEBLM was pre-
the concentrations used in these experiments, this band is too

weak to be observed by absorption spectroscopy but is SlJf_pared and incubated for-2 h before use to ensure that all
ficiently intense in CD to allow direct monitoring of the ABLM exchangeable hydrogens on the BLM molecule were replaced

. . . ; by deuterium atoms. These hydrogens are likely to be-+HO
reaction. The intensity of the ABLM band increases when " :
. : and N-H positions, which have been shown to have H/D
oxygenated buffer is added to anaerobid BleM, and at 20 P

. . . .. exchange half-lives on the order of minutes in small mol-
°C it reaches a maximum approximately 10 s after the addition

¢ d buffer. The band then d dini X ecules?®88 A representative trace of the ABLM decay in®
of oxygenated buffer. The band then decreased in Intensity OVerig g in plue in Figure 4. At 20C, the rate constant of

time; no further change was observed afte_r a pe_riod of 20 min. ABLM decay, kagLn(obs), Was 0.018+ 0.003 s when ABLM
Flgurg 3B shows scans of the ABLM reaction mixture taken at |, - prepared in b0 and 0.005+ 0.001 s when ABLM was
20 s intervals. prepared in BO. This yields a kinetic isotope effedtagi vobs Hy
The rate of decay of ABLM was obtained by monitoring the kg s o) 0f 3.6+ 0.9, which is consistent with exchangeable
decrease in intensity of the 22 200 th(450 nm) band as @  H-atom involvement in the rate-determining step of ABLM
function of time. An example of the ABLM decay curves decay.
obtained is shown in Figure 4 (solid lines). The data were fitto  The CD spectrum of the ABLM decay product is identical
a single-exponential decay,= Anital — AA(1 — e, where to that of Fd'BLM. This is consistent with previous studies,
k is the observed rate constant. A fixed concentration of 0.3 showing that the product of ABLM decay is indistinguishable
mM Fe'BLM was used throughout this study. At &, the from F&"BLM by EPR and optical spectroscog¥These results
observed rate constant of ABLM decd§isim(obs), Was deter- indicate that the ligand fields are the same in thé'BeM
mined to be 0.006 8. This translates into an ABLM decay species and the ABLM decay product. Hence, the H-atom
half-life (t2) of ~1.9 min, which is in good agreement with  abstracted during ABLM decay must be an exchangeabielN
reportedty, values of~2 min at 6°C and~1.5 min at 0°C
previously determined by EPR spectrosc®pgnd activity (85) Eggj%ﬁsgggsfrg ang Mechanism in Protein Scienté. H. Freeman:
changes/ respectively. (86) Arrington, C. B.; Robertson, A. Q. Mol. Biol. 200Q 296 1307-1317.

Temperature DependenceThe temperaturel( dependence
of the rate of ABLM decay is shown in Figure 5. The rate of
ABLM decay was measured at least three times at each
temperature. The data were fit to the Arrhenius equation,
A e &RT where a plot of In) against 1T yields a slope-Ey/
R. The experimentally derived activation energy for ABLM
decay was 9.3t 0.9 kcal/mol, and the pre-exponential factor
A was found to be on the order of 10’he standard deviation
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A

Figure 6. 3D NMR structures of (A) (Peplomycin)®e-OOH. Hydrogen
atoms withn 3 A of the OOHmoiety are highlighted as orange balls.
Reproduced from PDB 1AO0%. (B) Co'BLM (PDB 1DEY)2° where
highlighted H-atoms (orange balls) are4 A from the metal center.
(Stereopairs of these structures can be found in the Supporting Information.)

or O—H atom from a non-ligand moiety on the BLM molecule.
While no NMR solution structures of (BLM)He-OOH and
(BLM)Co"'—OOH are available, they are known for two related
species: CH—OOH bound to Peplomycin, a bleomycin
analogue, and C'&LM. The (Peplomycin)Cf —OOH NMR
structure (Figure 6A) shows three amide-N bonds that are
within 3 A of the—OOH moiety. In the closely related ¢BLM
structure (Figure 6B), two of these amide-N bonds are within

4 A of the metal center. These-NH bonds are highlighted in
orange.

3.1.2. H-Atom Donor: 4-Hydroxy-TEMPO —H. To further
test the hypothesis that ABLM is capable of reaction via an
H-atom abstraction mechanism, we reacted ABLM with 4-hy-
droxy-TEMPGO-H, which has one weak ©H bond of ap-
proximately 72 kcal/mol and is known to be a good H-atom
donor. Control experiments showed no effect of dehydroascorbic
acid, DHA (present in the reaction mixture from ascorbate
reduction of 4-hydroxy-TEMP®, on the rate of ABLM decay.
4-Hydroxy-TEMPO-H is found to be stable in the presence of
oxygen and does not have a CD signal in the region of interest.

ABLM was reacted with 26100 equiv of 4-hydroxy-
TEMPO-H. The rate of reaction was found to be accelerated
by increasing the concentration of substrate. A plot of the
observed rate constarkssagainst concentration of 4-hydroxy-
TEMPO—-H is shown in Figure 7A (circles). The kinetic data
were best fit by a straight line with vertical intercept at
KaLm(obs,) Of 0.018 s1, which corresponds to the observed
rate constant of decay of ABLM in the absence of substrate
(vide supra). The slope of the best-fit line yields the rate constant
koy = 1.19+ 0.09 M s71 for the ABLM decay pathway
involving substrate. The rate expression for the rate-limiting
reaction of ABLM with 4-hydroxy-TEMPG-H can be written
as

d[ABLM
—% = kABLM(ObS’H) + Ky [4-hydroxy-TEMPGO-H]

The role of the accessible H-atom in the reaction of ABLM
with 4-hydroxy-TEMPGO-H was further probed by deuterium
isotope studies. ABLM was reacted with 4-hydroxy-TEMPD
in deuterated HEPES buffer. The rate of reaction of ABLM with
4-hydroxy-TEMPG-D was decreased relative to that with
4-hydroxy-TEMPG-H and is shown to increase as a function
of 4-hydroxy-TEMPG-D concentration in Figure 7B (dia-
monds). The best linear fit to the data has the vertical intercept
KasLm(obs,p) Of 0.005 s1, which is the rate constant of decay of

0 0.01 0.02 0.03
[4-OH-TEMPO-H/D] (M)
0.08 I T
0.06
'n
§ 0.04
x 0.02
0
0 0.01 0.02 0.03
[Ascorbate] (M)

Figure 7. Plots of the observed rate constants of ABLM reaction as a

function of substrate concentration at 20. (A) Rate constants versus

4-hydroxy-TEMPO-H concentration (circles, solid line), and rate constants

versus 4-hydroxy-TEMPOD concentration (triangles, dashed line). (B)

Rate constants versus HAsconcentration (squares, solid line), and rate
constants versus DAsconcentration (diamonds, dashed lines).

ABLM in D0 in the absence of substrate (vide supra), and
yields a rate constant ind, kyp, of 0.404+ 0.04 M1 s™1 for
the 4-hydroxy-TEMP®G-H-dependent decay pathway. Thus, the

reaction of ABLM with 4-hydroxy-TEMP®-H has a kinetic
isotope effectKon/kop) Of 3.0+ 0.4, again implicating H-atom
involvement in the rate-determining step of the reaction.

At 4-hydroxy-TEMPG-H concentrations of 20 equiv and
below, the CD spectrum of the final reaction mixture indicated

that F&'BLM was the product. In the presence of 50 equiv or

more of substrate, the product of ABLM decay was a salmon-
pink-colored solution with a featureless CD spectrum between
11 300 and 33 300 cnt (900 and 300 nm), identifying it as
Fe'BLM. Thus, Fd'BLM is formed during the early stages of

the reaction but is subsequently reduced thBEeVl by excess

4-hydroxy-TEMPG-H.88

3.1.3. Reaction with Ascorbate Ascorbic acid is diprotic,
with pK; = 4.1 and K, = 11.8. At pH 7.8, the dominant form
of ascorbate in solution is the monoanion. Ascorbate is widely
used as a reducing agent and is known to be capable of both
hydrogen-atom-transfer and proton/electron-transfer reactions.
The homolytic bond dissociation energy (BDE) for the-B
bond at the carbor to the carbonyl in ascorbate was
calculate@to be similar to that of 4-hydroxy-TEMPEH (~72
kcal/mol). The weakness of this-€H bond suggests that
ascorbate is also a good candidate as a H-atom donor.

ABLM was reacted with between 20 and 100 equiv of
ascorbate. The rate of reaction increased linearly with increasing

(87) Caceres-Cortes, J.; Sugiyama, H.; lkudome, K.; Saito, I.; Wang, A. H.-J.
Eur. J. Biochem1997, 244, 818-828.

(88) 4-TEMPO-H has been shown react with 'lig1bip) to give Fé(H:bip)
via an H-atom transfer that is formally PCET: Mader, E. A.; Larsen, A.
S.; Mayer, J. MJ. Am. Chem. So2004 126, 8066-8067.

(89) The OG-H bond dissociation energy for ascorbate was calculated according
to the reaction RH~> R’ + H' such that BDE(R-H) = [Gsoi(R'"") + Gson~
(H")]. The calculated BDE (using DFT with B3LYP) for ascorbate was 2
kcal/mol more exergonic than the calculated BDE for the weati®ond
in 4-hydroxy-TEMPG-H.
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Table 1. Thermodynamic Parameters for Possible Reaction
Pathways?

AE(gas) AE(solv) AG(solv)
reactivity of ABLM:
homolytic O—0O bond cleavage 25 22 13
direct H-atom abstraction 7 2 -10
heterolytic O-O bond cleavade 104/51 25/26 15/16
reactivity of (BLM)F&V=0:
H-atom abstraction (second strand) 3 4 2

a All values in kcal/mol; for details see Computational Methods (section
2.2).bValues for two proton sources: for a solvated protof(delv) with
AG = —262.23 kcal/mol and for an ammonia ion, hH

amounts of ascorbate (Figure 7B (squares)). With the vertical
intercept set at 0.018 % (KagLm(obs,+), Vide supra), the slope of
the best-fit straight line to the data yields a rate consten,

of 1.7 £ 0.1 M1 s for the ascorbate-dependent decay

Decker et al.
"DNA"
"OH

% i
(BLM)Fe""—

"DNA-radlcal"—q'
H,0 JH

(BLM)FeV=0 4 -

Figure 8. Structures of reactants and products of (a) homolytigdCbond
cleavage and (b) direct H-atom abstraction by ABLM.

(BLM)Fe'”»OOH
‘ID N All

peroxo

.Jq
b dep. amide

pathway. When varying concentrations of deuterated ascorbate

were reacted with deuterated ABLM, a slower rate of reaction
was observed. The rate constant for the ABLM reaction with
deuterated ascorbatksp, was found to be 0.63% 0.04 M1
s~1from the slope of the best linear fit (vertical intercept 0.006
s, which is, within error, the value &agLm(obs,p) Vide supra)

to the kinetic data. The kinetic isotope effect is 2:80.3,
indicating that the reaction of ABLM with ascorbate also
involves a hydrogen atom.

contributions: the greater stability of the Crddical compared
to the hydroxyl radicatOH, and the formation of the stronger
O—H bond of HO compared to the €H bond of the substrate.
Thus, ABLM is thermodynamically competent to undergo
direct H-atom abstraction. This reaction pathway is exergonic
and energetically favored compared to the isolated homolytic
cleavage of the ©0 bond.
Potential Energy Surface.ln addition to the thermodynam-

From CD data, at ascorbate concentrations of 20 equiv, theics, the kinetics must be considered to evaluate the feasibility

product of the ABLM reaction was He&LM. When higher
concentrations of ascorbate were used, the product'BLFg,
indicating that the excess ascorbate reduced tHeEBEW.

3.2. DFT Studies. Density functional calculations were
carried out to gain further insight into the reaction pathways
and mechanism of ABLM and its subsequent reactions.

3.2.1. Homolytic Cleavage and Direct H-Atom Abstraction
by Activated Bleomycin. Two possible related reaction path-
ways are the homolytic cleavage of the-O bond and the direct
H-atom abstraction reaction from the DNA substrate by
ABLM:

Homolysis (BLM)F&'—OOH— (BLM)Fe'V=0 + *OH

Direct H-atom abstraction
(BLM)Fe"—OOH + RH — (BLM)Fe"=0 + H,0 + ‘R

Energetics.Table 1 presents calculated reaction energies for
several reaction pathways of ABLM and (BLM)Fe=O species.
The homolytic cleavage of the -0 bond is energetically
accessible, as shown in previous studies,with a reaction
free energyAG = 13 kcal/mol?® This low energy is due in
part to the relatively high stability of the Fe=O species
produced.

The direct H-atom abstraction reaction combines the ho-
molytic O—O bond cleavage with an H-atom transfer from the
substrate DNA to the leaving OH radical, forming®and a
C-4 sugar radical. This reaction is exergomkd&; = —10 kcal/
mol. The lower reaction energy of this second reaction pathway
compared to that of the homolytic cleavage derives from two

(90) Slight differences in energy values between this and earlier publications
[Lehnert, N.; Ho, R. Y. N.; Neese, F.; Que, L., Jr.; Solomon, B. |Am.
Chem. Soc2002 124, 10810-10822. Solomon, E. I.; Decker, A.; Lehnert,

N. Proc. Natl. Acad. Sci. U.S.2003 100, 3589-3594.] are due to different

basis sets used. These differences are within error and do not change the

overall picture.
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of this reaction pathway. Previous studies have shown that a
homolytic O-O bond cleavage in low-spin He-OOH/R
complexes does not have an additional kinetic barrier along the
reaction coordinaté® 67

We have now investigated the potential energy surface for
the direct H-atom abstraction reaction. The orientation of ABLM
to DNA, modeled here by the deoxyribose sugar moiety, was
adopted from solution NMR structures on (BLM){e OOH
bound to oligonucleotides (for detailed information on the setup
and computational procedures, see Computational Methods,
section 2.2). Figure 8 shows reactants and products of the direct
H-atom abstraction reaction by ABLM (Figure 8b) as well as
the homolytic G-O bond cleavage (Figure 8a).

The reaction surface is two-dimensional: along one reaction
coordinate the ©0 bond is brokenr(O—0) axis in Figure
9); additionally, the 4H-atom is transferred from the substrate
to the distal oxygen of the peroxo ligand along the second
coordinate ((O—H) axis in Figure 9).

In the left graph (Figure 9a), the reactants (ABLMRH)
with a small G-O distancer(O—0) = 2.0 A, and a large
distance to the'4hydrogenr(O—H) = 2.5 A, are in front. On
the right, with a larger(O—0) and a large(O—H), are the
products of a homolytic ©0 bond cleavage. And in the back
are the products of a direct H-atom abstraction, with a large
r(0—0) and a short(O—H) distance. The right graph (Figure
9b) shows the same plot rotated ®§.8C°. Here the products
of the direct H-atom abstraction are in front. The dark purple
line (along one edge) traces the reaction coordinate of the
homolytic O-O bond cleavage, as has been studied previéusly.
The substrate does not take part in this reaction; the distance
from the peroxo to the'4ydrogen atom is large throughout
the reactiony(O—H) ~ 2.5 A.

The lowest energy path on this surface is traced with the red
line: As the O-O bond is elongated, the energy rises steeply
as the G-O o-bond is gradually being broken. A{O—O) ~
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Figure 9. 2D potential energy surface for the direct H-atom abstraction by ABLM.

Table 2. Changes of Structural and Electronic Parameters during

Transition State H-Atom Abstraction by ABLM

reactants TS products
imaginary frequency structure
o) r(O- -0) 150 A 2.73A
\‘/,/ 1(O- -H) 1.45 A 0.98 A
-7 r(H- -C) 1.10A 1.17A
spin densities
Fe 0.90 1.12 1.12
Oprox 0.10 0.89 0.91
Ouist 0.00 —-0.71 0.00
c-4 0.00 —-0.23 —0.82
H-atom 0.00 0.04 —0.01

_ broken at this point. The HC bond is only modestly stretched,

Figure 10. Transition-state structure for the direct H-atom abstraction of r(_H_C) : 1'1_7 A (fro_m 1.10 Alin the reactants), and the-8

ABLM. distance is still relatively long(O—H) = 1.45 A. Thus, the
transition state occurs late along th@®©—0) coordinate, but

2.4 A, the surface levels off. The distance between the distal early with respect to the H-atom transfefD—H).

oxygen and th§'4hydrogen decreases, until O—0) = 2.7 Orbital Interactions and Electronic Structures. Analysis

A, the H-atom is spon_taneously transferred and the IOrOOIUCtS'of the changes in the electronic structure along the reaction

H20 and the sugar radical, form. Th‘? surface energy decrease%oordinate provides insight into the orbital contributions to the

steeply toward product formation (Figure 9b). reaction mechanism.

The transition state (TS) of this reaction is located at this
saddle point (red triangle in plot). This calculated transition state
(Figure 10) has only one negative frequeney;: —195 cnt™.

Its vibrational motion contains the oxygen and hydrogen atoms
associated with the ©0O cleavage and the H-atom transfer
(C—H cleavage and ©H bond formation), as indicated in
Figure 10. The relatively small value suggests a shallow saddle
point, which is consistent with the potential energy surface. The
activation energy for this H-atom abstraction reactioB4gas)

This H-atom abstraction reaction is an electrophilic attack
by ABLM on the electron density of the sugar C-H bond.
According to frontier molecular orbital (FMO) theory, a good
electrophile requires low-lying unoccupied orbitals with large
orbital coefficients on the attacking atom. For the hydroperoxo
to become a good electrophile, the unoccupieddy*-orbital
(Figure 11, top) needs to decrease in energy and become
concentrated on the distal oxygen;&F° This occurs when the
= 18 kcal/mol in the gas phase ai{(solv) = 17 kcal/mol O—Obond is elongated: as the-@ o-bond breaks, the energy
considering the solvent environme#t. of thg O—O o*-orbl.tal decregses and .the orbitals become

The structure of the transition state gives further insight into Plarized, i.e., localized on either the distal oxygeris@o-
the reaction mechanism. Table 2 shows structural and electronicSPin), o the proximal oxygen, gax (5-spin).
parameters of reactants, TS, and products of this H-atom By the transition state this polarization is essentially com-
abstraction reaction by ABLM. The long-@D bond length, plete: the low-lying unoccupied orbital character is localized

r(0O—0) = 2.73 A, indicates that the €0 bond is essentially ~ on the distal oxygen in the-spin manifold (Figure 11, center
left). In the5-spin, the unoccupied orbital character concentrates

(91) These values include zero-point and thermal corrections and have been ; ; ;
determined from calculations with a large triglebasis set (see the on the prOXImaI qugen, one eleptron IS_ partlally tranSferr_ed
Computational Methods section for details). from the F&' to this oxygen (see increasing iron character in
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H-atom abstraction by ABLM would generate, in addition to
the DNA-based radical, a high-valent (BLM)Fe=O (S= 1)
species. Similar Fé=0 species, having heme or non-heme
ligand sets, are known to be very reactive and capable-dfiC
bond cleavag®—°° Here, we evaluate whether the bleomyein

the unoccupied orbital in Figure 11, center right), and the iron F€'=0 species is capable of H-atom abstraction from the DNA
is formally oxidized to F¥. sugar and thus could be the reactive species responsible for
initiation of the second-strand cleavage event.

Figure 11. Correlation of molecular orbitals involved in electron transfer
during the direct H-atom abstraction by ABLM (all orbitals shown are
unoccupied).

As the O-O bond is elongated, interactions between the
proximal and distal oxygens decrease, while interactions

between the distal oxygen and the Chgdrogen increase. Thus, (BLM)Fe"=0 + RH— (BLM)Fe"'OH + 'R

the distal oxygen is bound at all times and has strong interactions

all along the reaction coordinate. No free hydroxyl radit@H, Energetics. Calculations of the thermodynamic parameters
is generated. (Table 1) show that this reaction is thermoneutral, with a free

The interaction of the distal oxygen with the substrate during r€action energy\G = 2 kcal/mol. Here, neither solvent nor
the OO bond cleavage has a stabilizing effect and lowers the €ntropy has a strong effect on the reaction energies. Thus,
energy relative to an isolated homolytic-@ bond cleavage. ~ abstraction of the "4nydrogen atom of a deoxyribose sugar
At the same G-O distance, the activation energy for an isolated Moiety by the (BLM)F&'=0 species is thermodynamically
homolytic cleavage iAE = 27 kcal/mol, compared tAE, = accessible.

17 kecal/mol for the direct H-atom abstraction reaction. Reaction Coordinate.To further evaluate this reaction, we

After the transition state, the reaction proceeds energetically have followed the reaction pathway from the (BLM)FeO
downhill, and the distal oxygen electrophilically attacks the' C-4 (S = 1) reactants (Figure 12, left) through thehydrogen-

of the substrate to form the substrate radical an® KFigure atom transfer to form the (BLM)Fe-OH (S= /) and C-4
11, bottom). sugar radical $ = ¥/,) products (Figure 12, right). Only one

dimension, the position of the hydrogen atom, is needed for
this profile. While the distance between the substrate and the
FeV=0 was allowed to adjust, thé-Bydrogen atom was moved
stepwise toward the oxygen (decreasi@®—H) along the
[r'eaction coordinate; Figure 12, bottom). With decreasirgHO
distance, the energy gradually increases until the transition state
is reached, after which the energy rapidly decreases toward the
final products. It is a smooth transition, as can be seen from
the changes, for example, in the spin densities erGelistance
(see Supporting Information).

Thus, the direct H-atom abstraction reaction by ABLM has
two components: the homolytic cleavage of the-©@ bond
occurs first, generating an ®e=O species, followed by the
H-atom transfer from the C-4o the distal oxygen. This reaction
can be described as a concerted but nonsynchronous reactio
mechanism.

3.2.2. H-Atom Abstraction by (BLM)FeV=0: Initiation
of Second-Strand CleavageDouble-strand DNA cleavage is
mediated by a single bleomycin molecule and occurs only in
the presence of additionalOwhich provides the necessary
oxidizing equivalents for the subsequent steps leading to the(gg) Kaizer, J.; Klinker, E. J.; Oh, N. Y.: Rohde, J.-U.; Song, W. J.; Stubna,

fragmentation of the DNA backbofe?2 The initial direct ?-Z;GKE,}JX?gunck, E.; Nam, W.; Que, L., Jd. Am. Chem. So@004
(94) Rohde, J. U.;‘Que, LAngew. Chem., Int. EQ005 44, 2255-2258.
(92) Absalon, M. J.; Wu, W.; Kozarich, J. W.; Stubbe Biochemistry1995 (95) Na, Y. O.; Suh, Y.; Mi, J. P.; Mi, S. S.; Kim, J.; Nam, \Wngew. Chem.,
34, 2076-2086. Int. Ed. 2005 44, 4235-4239.
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Fe(dxz) % .
O(px) C-4 (_593.’

Figure 13. Correlation of the orbitals involved in electron transfer during
the H-atom abstraction reaction by (BLM)Ee=O (all unoccupiegb-spin).

Table 3. Changes of Structural and Electronic Parameters during
the H-Atom Abstraction Reaction by (BLM)Fe!V=0

reactants TS products
structure
r(Fe—0) 1.65A 1.78 A 1.84 A
r(O- -H) 1.25A 0.98 A
r(H- -C) 1.10A 1.30A
spin densities
Fe 1.23 0.96 0.96
o 0.82 0.58 0.06
c-4 0.00 0.39 0.78
H-atom 0.00 —0.06 0.00

atoms ((O—H) = 1.25 A andr(H—C) = 1.30 A). This behavior

is also reflected in the electronic structure: about half of the
spin density of the final radical has been transferred to thé C-4
at the TS.

During this reaction, one electron is transferred along with
the proton from the substrate C-+a the oxygen to the iron,
which is reduced from Pé to Fé', leaving a radical on the
substrate. A correlation of the orbitals involved in this electron
transfer is shown in Figure 13. Here we focus on the unoccupied
orbitals and the transfer of the hole from the iron through the
oxygen to the C-4on the substrate. The orbital correlation
shows good orbital overlap along the reaction coordinate,
allowing for rapid and smooth electron and hole transfer with
a low activation barrier.

It is also noteworthy that, while the electron is transferred
directly from the carbon of the substrate to the iron, the proton
is transferred from the carbon to the oxygen. Thus, this
“hydrogen-atom” transfer (HAT) is, in fact, better described as
a proton-coupled electron transfer (PCET), where the proton
and the electron are transferred simultaneously, but indepen-
dently, to different acceptor atoms. This is reflected by the fact
that the hydrogen atom does not carry spin density during its
transfer. A similar mechanism has been observed for the H-atom
abstraction reaction by a ferridydroxy specie§’

Thus, the electrophilic properties of the ireaxo reactant
and the good orbital overlap along the reaction coordinate result
in a low activation barrier and potentially fast H-atom abstraction
reaction by (BLM)F&=0. This represents a reasonable mech-

The structure of the transition state is shown in the center of anism for the initiation of second-strand DNA cleavage by the

Figure 12. It has only one imaginary frequeney= —1552
cmL. The vibrational motion of this frequency corresponds to
the hydrogen atom moving between the 'Casd the oxygen

same BLM molecule.
3.2.3. Evaluation of Heterolytic O—O Bond Cleavage.lt
has been proposed that bleomycin utilizes the same oxygen

atoms along the reaction coordinate. The relatively large value intermediate as the heme enzyme cytochrome P450, a formally
indicates a very steep potential energy surface around this saddlé€’=0 intermediate called compound | (Cpl), as the active

point, which is confirmed by the stepwise scan.

The activation energy for this reactionkg(gas)= 10 kcal/
mol in the gas phase an,(solv) = 12 kcal/mol including
solvent environmerft! Thus, these calculations predict that the
high-valent bleomycirriron—oxo species is kinetically com-
petent to cleave the4—H bond of a DNA sugar moiety with
a relatively low activation barrier.

Orbital Interactions. Analysis of the changes in the elec-

oxidant in the H-atom abstraction reaction. Such a species might
be formed via protonation and heterolytic cleavage of theQD
bond.

(BLM)Fe" —OOH + H" — “(BLM)Fe"=0" + H,0

Previous studi€8%4 have shown that, parallel to the heme
Cpl species, the putative “(BLM)Fe=O” is in fact better
described as a (BLM)FEV=0 species, with an oxidized

tronic structure along the reaction coordinate provides further deprotonated amide moiety. To test whether the hole is clearly
details about the reaction mechanism and insights into the originslocalized on the deprotonated amide or additional delocalization

of the relatively low activation barrier.
The reactant Fé=0 (S = 1), with an Fe-dXy)3(xz'y2)?

is possible, an extended model of the bleomycin ligand, which
includes the whole metal-binding domain and part of the peptide

occupation, is highly reactive and a good electrophile. According linker (see details in Supporting Information), was used. The

to FMO theory, large oxo coefficients in energetically low-lying
unoccupied molecular orbitals result in good electrophilic attack.
The strong and covalent iretoxo s-bond results in large
oxygen orbital coefficients in the low-lying half-occupiedd(

y2) orbitals? These orbitals are ideally set up for attack on the
electron density on the €H bond of the deoxyribose sugar
substrate (Figure 13, left).

electronic structure of the “(BLM)Pe=0" species shows that
the amide moieties in the linker region allow for some
delocalization of the ligand hole. The spin density~d3.8 that

is located on the deprotonated amide bound to the iron center
in the smaller model is spread equally over this deprotonated
amide and an adjacent amide on the peptide linker. However,
this extended delocalization is greatly reduced in even a low

A comparison of structural and electronic parameters of the dielectric environment and does not lead to significant stabiliza-
reactants, the transitions state, and the products (Table 3) show#§on (vide infra).
that the TS is centered directly between reactants and products, T0 evaluate the heterolytic-€0 bond cleavage as a possible
with the hydrogen atom located between the oxygen and carbon@lternative reaction pathway for ABLM, we have looked at the

(96) Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, El.IAm. Chem. Soc.
2004 126, 5378-5379.

thermodynamics and a possible reaction pathway.

(97) Lehnert, N.; Solomon, E. 1. Biol. Inorg. Chem2003 8, 294—305.
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(a) (BLM)Fe-OOH (a) 0400 (b) :{“ .
+ NH4* .Hp ' . FP pte
r o

eprot. amide

(b) (BLM)Fe!-O0H,* ~~&
+ NH3 @ Hp

. déprot. ~
amide

Figure 15. Three protonated ABLM structures: (a) protonation of
deprotonated amide, (b) protonation of proximal oxygenr, @nd (c)
protonation of distal oxygen, £

Table 4. Energies of ABLM Protonation Considering Two Proton

Sources?
AE(gas) AE(solv) AG(solv)
(C) (BLM+)FBIV=O + Hzo 3 (a) protonat!on of amide 89/36 16/17 17/18
+NH H (b) protonation of Grox 99/46 19/20 19/20
3 @' P (c) protonation of Q¢ 119/66 38/39 37/38

a All values in kcal/mol; for details see Computational Methods, section
2.2. Values for two proton sources: for a solvated protorfsdlv) with
AG = —262.23 kcal/mol and for an ammonia ion, NH

cytochrome P4582°9 this protonated ABLM species (Figure
Figure 14. Protonation and heterolytic €0 bond cleavage of ABLM: 14b) does not cleave the-@ bond spontaneously. Its electronic
(a) ABLM reactant, (b) protonated ABLM, and (c) products of heterolysis. strycture is best described as a low-spitll FOOH,™.
) ) . ) In a second scan, the-@ bond of the F —OOH," was

Energetics.The reaction energies have been calculated using elongated stepwise, leading to the products (BL#AEV=0
eithere}solvated pro.ton,*.}(BoIv)?%r an ammonium ion, Nk, + H,0 + NHs (Figure 14c). This process is uphill by an
which is a weak acid with I9s = 9.25, as the proton source.  aqgjtional 15 kcal/mol, resulting in an endothermic heterolysis
The gas-phase energies in both cases are very high andyocess with a total energy increase-e80 kcal/molt% No
unfavorable (Table 1). Because a highly charged species,aqgitional activation barrier was found along this reaction
[(BLM)FeV=0]?*, is formed, the stabilization energy due to a ¢qordinate.
solvent environment is significant and substantially lowers the  pyotonated Activated Bleomycin.In the process of evaluat-
reaction energies. The energies in a Solvent are Very Slm”ar foring the protonation Of ABLM as the possible first Step in thls
both proton sources\E(solv) = 25 kcal/mol for H'(solv) and  heterolytic cleavage mechanism, three stable protonated species
AE(solv) = 26 kcal/mol for NH*. The free reaction energies,  were found (Figure 15). All three species are energetically higher
AG(H") = 15 kcal/mol andAG(NH,") = 16 kcal/mol, suggest  than ABLM + H*(solv) or NH;*(solv) (Table 4); i.e., at neutral
that this reaction pathway is energetically accessiblne free  pH ~ 7, all three would lose a proton to either the solvent or a
reaction energies are comparable to those of the isolatednearby moderately weak basic residue.

homolytic cleavage pathway but are25 kcal/mol higher than Structure (a), a ferriehydroperoxo complex with an amide
the free energy for direct H-atom abstractidr¥ = —10 kcal/ instead of a deprotonated amide ligand (Figure 15), is the most
mol). stable of these three protonated species, energetically less

The extended model of the bleomycin ligand changes the favored compared to ABLM- H* by ~17 kcal/mol. Protona-
electronic structure of the “(BLM)Pe=0" species slightly, but  tion of the proximal oxygen of ABLM results in a hydrogen
the consequences for the energetics are not significant. Everperoxide species, Pe-H,O, (Figure 15b), with a long and weak
though the energy for the heterolytic cleavage in the gas phaseFe—Oprox bond, r(Fe—Opox = 2.11 A), which is energetically
is ~20 kcal/mol lower for the model with the linker region unfavorable by~19 kcal/mol. Alternatively, protonation of the
compared to the original model, inclusion of a solvent environ- distal oxygen of ABLM gives a stable Fe-OOH, complex

ment with a dielectric constant = 4.0 reduces the energy  (Figure 15c) which is almost 40 kcal/mol higher in energy than
difference between the two models to 1 kcal/mol. ABLM + H*/NH4*. Thus, ABLM itself is a very weak acid

Potential Energy Surface.One possible pathway has been and not protonated in a neutral environment.

traced on the potential energy surface of the protonation and4. Discussion
heterolytic O-O bond cleavage reaction (for a detailed reaction
scan, see Supporting Information). Using Ntas the proton
source, the reactants ABLM- NH,™ were optimized (Figure
14a). In a first scan, a proton was moved stepwise from the (9g) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod.99§ 120, 8941-8948.
NH,4" to the distal oxygen of ABLM, which involved an energy  (99) Ogliaro, F.; de Visser, S. P.; Cohen, S.; Sharma, P. K.; Shaik, Sn.

. Chem. Soc2002 124, 2806-2817.
increase of 15 kcal/mol. The-@D bond length was allowed to  (100) These energy values are derived from tripleasis set calculations and

The experimental and computational results presented here
indicate that ABLM is capable of direct H-atom abstraction and

; ; Fni include a solvent environment but no thermal, zero-point corrections.
adjust at each step but did n(_)t change from the Optlmlzed value Inclusion of those parameters led to an energy va(selv) = 26 kcal/
of r(0—0) = 1.5 A. So, in contrast to calculations on mol, as shown in Table 1.
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that this process is the energetically preferred pathway whenbate) are similar, because the three reactions initially proceed
compared to a homolytic or heterolytic<@ bond cleavage.  via a similar mechanism. On the basis'&D isotope studies
4.1. Experimental Results: Spectroscopy and Kinetics. 0" ABLM decay, Burger and co-workers propose that@
Earlier studies on the reactions of BLM have determined that bond cleavage is part of the rate-limiting step of ABLM detay.
ABLM is the last iron intermediate detected prior to DNA strand  Stubbe et al. have observed isotope selection efféqatk(~
cleavage. Past kinetic studies were limited by the weak 2—7) for the reaction of ABLM with DNA deuterium-labeled
absorption features of ABLM and relied on indirect methods, N the C-4 position.7°Those results, coupled with the primary
such as product analysis, to obtain kinetic d&:42However, deuterium isotope effect observed here, suggest that the rate-
from Figure 3, ABLM has a characteristic CD feature at 22 200 detérmining step of ABLM reactions involves an-O bond
cm 1 (450 nm) that is relatively strong even at low concentration C'eavage coupled to a direct H-atom abstraction reaction.
(~0.3 mM). By directly monitoring the change of intensity of 4.2. Computational Results: Direct H-Atom Abstraction
this 22 200 cm® band, we were able to directly study the and Second-Strand Lesion.DFT calculations support the
kinetics of the ABLM reaction. We find that the rate of ABLM  hotion that ABLM, a low-spin ferrie-hydroperoxo complex,
decay is slower in BO than in HO and quantitatively yield a IS thermodynamically and kinetically competent to directly
kinetic isotope effect (KIEku/ko) of ~3.6 for ABLM decay. ~ abstract the hydrogen atom from the Cet the deoxyribose
Thus, an H-atom must be involved in the rate-determining step Sugar moiety on the DNA strand. The calculated reaction free
of ABLM decay. From the 3D structure of (peplomycin)Ce energy isSAG = —10 kcal/mol, and the activation energy
OOH and C8BLM (Figure 6), there are at least two amide Ea(S0IV) = 17 kcal/mol. Because of the nature of the transition
N—H bonds on the bithiazole peptide linker that are within State (vide infra), the dependence of the activation barrier on

4 A of the metal center and oriented toward th@OH moiety. the C—H bond strength is expected to be small. This is supported
These N-H bonds are fast-exchanging and could provide the by the good qualitative agreement of the calculated barrier with
H/D atom that is involved in the ABLM decay reaction. the experimentally obtained activation ener@yexp) = 9.3

The rate of ABLM decay is accelerated when ABLM is + 0.9 keal/mol, for the decay of ABLM.

reacted with 4-hydroxy-TEMP©H or ascorbate, both of which Mapping the two-dimensional potential energy surface for
act as hydrogen-atom donors and each of which has Onethis reaction (Figure 9) has provided insight into its mechanism

relatively weak G-H bond (~72 kcal/mol). The rate of ABLM and vyielded the geometric and electronic structures of the

reaction depends on substrate concentrations, and this depent_ransmon state. The transition state occurs late along th©O

dence shows a deuterium isotope effégilko ~ 3, for both reaction coordinate but early with respect to the H-atom transfer,
reactions. These results indicate that an H-atom is also involvedgo_?_)l' Ttr;]e %_—(I)—I bt? nd d'S. essmlentlallél brclk?n((?—?)rlz 2'7_3
in the rate-limiting step of the reaction of ABLM with substrates ), while the ond is only moderately stretched@

and establish that ABLM is capable of hydrogen-atom abstrac- H) = 1.17 A). !:or. t.he lowest energy pathway: the-O bond
tion. needs to be significantly elongated, decreasing the energy of

) . . the O-O o*-orbital, to generate a good electrophile. The
The magnitude and sign of the deuterium isotope effee®) (o mpined electrophilic attack and hydrogen-atom abstraction
observed for ABLM reactions are indicative of a primary isotope reaction is then exergonic.
effect; i.e., ABLM reactions involve an HX bond cleavage.

. . The extent of the hydrogen-atom transfer in the transition
It has been proposed that the reaction of ABLM proceeds via e extent of the hydroge ato ansiter in e transitio
. - | . state can be related to the magnitude of the kinetic isotope effect
protonation of the distal oxygen of the'Ffe OOH moiety and

) KIE), ku/kop, by the Westheimer modé&!® The KIE approaches

o VED (
heterolytic O bond cleavage. to generate gnd unity for transition states which resemble either the reactants
H,0 8101 However, such heterolytic cleavage mechanisms, as

observed in heme systert8.show a solvent deuterium isotope or products. Intermediate transition-state structures are charac-
m . . terized by increasingly large isotope effects and reach a
effect of ku/kp < 2103104 which is not consistent with our y gy ‘arg P

. | Its. The ob dd S foct | maximum for a symmetrical transition state. Using Pauling’s
experimenta resu s. € observe eutenum Isotope e e_ct 'Srelation for the length of partial bond¥]the geometric structure
also not associated with the proton/deuterium on the distal

. . of the calculated transition state can be used to approximate
oxygen of the peroxo unit{OOH vs —OOD), which should 0 (e The transition state is early with respect to thetC
exhibit a secondary inverse isotope effeki/ko < 1) upon  .,5dinate, with an only slightly elongated-& bond, r(C—
cleavage (homolytic or heterolytic) of the—<® bond and H) = 1.17 A, and a long ©H distancef(O—H) = 1.45 A.
formation of HO 1% The estimated KIE isky/kp = 3.1 for this direct H-atom

The deuterium isotope effects for the three reactions (ABLM abstraction reaction by ABLM. This estimate agrees with the
decay, ABLM+ 4-hydroxy-TEMPO-H, and ABLM + ascor- experimentally obtained KIE ofu/kp ~ 3 for ABLM decay,
and for ABLM reactions with the substrates 4-hydroxy-

(101) Burger, R. M.Metal-Oxo and Metat-Peroxo Species in Catalytic TEMPO—H and ascorbate.
Oxidations Meunier, B., Ed.; Structure and Bonding 97; Springer: Berlin,

2000; pp 287303. A comparison between the direct H-atom abstraction reaction
(102) Sono, M., Roach, M. P.; Coulter, E. D.; Dawson, JCHem. Re. 1996 and an isolated homolytic €0 bond cleavage (see section
(103) Traylor, T. G.; Xu, FJ. Am. Chem. S0d.99Q 112, 178-186. 3.2.1) shows that the interaction of the distal oxygen with the

(104) Aikens, J.; Sligar, S. Gl. Am. Chem. S0d.994 116, 1143-1144. : T
(105) Since the product water has a strongefHZD bond and thus a larger substrate du”ng th?&? bond Cleavage has a Sta_blhzmg effect
vibrational force constant, (©H/D), than the peroxide reactant, the  and lowers the activation energy. Thus, a requirement for the
transition state is likely to have a larger{®I/D) force constant compared
to the reactant. This translates into a greater activation barrier and hence
a slower reaction rate for the lighter isotope, hydrogen, than for the (106) Westheimer, F. HChem. Re. 1961 61, 265-273.
deuterium and results in an inverse isotope effect: Klinman, Adp. (107) Pauling, LThe Nature of the Chemical Bon@ornell University Press:
Enzymol.1978 46, 415-494. New York, 1960.
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direct hydrogen-atom abstraction by the ferritydroperoxide, As can be seen from the results in section 3.2.2, the second
ABLM, seems to be the ready availability of the H-atom donor H-atom abstraction event, initiating the second DNA strand
in order to drive the reaction toward the H-atom abstraction cleavage, can be carried out by the high-valent (BLN¥F©

and not the homolytic ©0 bond cleavage. In the BLMDNA intermediate. Several non-heme™=eO (S = 1) model com-
complex, it is known that only the C-4H bond is being broken,  plexes have been synthesi?et3116 and shown to be capable
thus a well-oriented complex, as indicated by (BLMYCe of similar H-atom abstraction reactiof&% DFT calculations
OOH—-DNA NMR structures'®8lis needed for this reactionto  suggest their reactivity to be even higher than that of cytochrome
proceed. P450'17 The (BLM)FeV=0 species, similar to the previously

Hydrogen-atom abstraction by ABLM would generate a high- characterized non-hemeFe-O (S= 1) model complexX? has
valent iron-oxo species, (BLM)P¥=0, and a DNA-based C-4  Very strongo- and z-donor Fe-O bonding interactions. Due
radical, which ultimately leads to DNA strand cleavage through to the covalent FeO z-donor bond a large amount of oxygen

two possible reaction pathways, depending em@ilability 5458 character is transferred to the low-lying unoccupte#ie(d/
Along the Q-independent pathway, which results only in single- dy2) orbitals, making this oxo complex a very strong electrophile.
strand DNA damage, the C-fadical is thought to be oxidized DFT calculations of the thermodynamics show that the
to a C-4 carbocatiort?® Subsequent reaction with,8 would hydrogen-atom abstraction reaction from the 'Cef the

yield a C-4 ketone, leading to DNA strand scission under deoxyribose sugar moiety of DNA by a (BLM)Fe=O species
alkaline conditions. The high-valent e=O species generated is approximately thermoneutrahG = 2 kcal/mol). Scanning
through the direct hydrogen-atom abstraction reaction by ABLM of the reaction coordinate determined the transition state for
possesses high oxidizing power. Calculations show that athis reaction and the activation ener@y(solv) = 12 kcal/mol
(BLM)Fe'V=0 species is able to oxidize the Cradical to the (Figure 12). The transition state for this reaction is much more
proposed C-4carbocation while being reduced to the''Fe symmetrical than that for the first reaction of ABLM with DNA
OH level with a free reaction energhG(solv) = —34 kcal/ (r(C—H) = 1.3 A andr(O—H) = 1.25 A) and gives an estimated
mol (for details, see Supporting Information). Thus, two KIE ky/kp = 6. However, this second hydrogen-atom abstraction
sequential one-electron oxidations of the ‘@#the deoxyribose reaction is predicted to be significantly faster than the first
sugar moiety can be carried out by ABLM, yielding a (BLM)- reaction (i.e., ABLM with DNA), with a lower activation barrier

Fe' species. (Ea(solv) = 12 kcal/mol vsE4(solv) = 17 kcal/mol). Thus, no
In the O-dependent pathway, the C+adical is believed to ~ buildup of an intermediate is predicted or observed.
react with dioxygen to form a peroxyl radical, RQQvhich Importantly, the mechanistic model provides an attractive

after reduction to a peroxide can ultimately lead to formation explanation of how a single molecule of BLM is able to cleave
of base propenal and DNA strand scisstofe-1%°Reduction of both strands of DNA while bound by intercalation of the
the C-4 peroxyl radical by the (BLM)P¥=O to yield a bithiazole tail?? No reactivation after the initial C:dydrogen-
(BLM*")FeV=0 species and ROOH is calculated to be atom abstraction is required; all that is needed is an electron
endergonic, with a free reaction energyG(solv) = +27 kcal/ transfer between the DNA strands and a reorganization of the
mol (see Supporting Information for details). The Q3éroxyl BLM metal binding region from the first to the second cleavage
radical could alternatively abstract a hydrogen atom or perform site$118
addition reactions as occur in autoxidation radical chain 4.3 Comparison to Heme SystemsThe iron—bleomycin
reactions. system has often been compared to heme enzymes, i.e., to the
Double-strand DNA cleavage only occurs through the O heme monooxygenase cytochrome P450. The electronic struc-
dependent pathwé%°and is believed to be responsible for ture of ferrous bleomycin does indeed show some heme
BLM’s cytotoxicity,!!! since it cannot be repaired by DNA characteristics? and many reactions catalyzed by bleomycin
polymerases, which require a template strand to funcfidA. are empirically similar to the reactivity of cytochrome P450.
single bleomycin molecule can mediate double-strand cleavage,Thus, we briefly consider “heme-like” reaction pathways for
and both are believed to be initiated by hydrogen-atom bleomycin and draw a comparison.
abstractiort>92 From the results in section 3.2.2, the (BLM)- In the generally accepted reaction mechanism of cytochrome
FeV=0 (S= 1) intermediate generated by the first hydrogen- P450, a low-spin ferrie hydroperoxo intermediate, often called
atom abstraction can function as the active oxidizing species, compound 0 (Cp0), reacts with a proton, provided by the enzyme
initiating the cleavage of the second DNA strand. One or both pocket, leading to the heterolytic cleavage of the @bond.
of the C-4 radicals can react with £to form a C-4 peroxyl This generates a (PojFeV=0 intermediate, compound | (Cpl),

radical, which could react by either hydrogen-atom abstraction which is believed to be a key active oxidizing spec¢®ésThis
or oxidation of the other C:4radical via intra-DNA electron

transfer, to yield a C-4carbocation and a C-4ydroperoxide. (113) Rohde, J.-U.; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M.
This mechanism does not require the reactivation of the iron ;‘&?_t”l%g% A.; Munck, E.; Nam, W.; Que, L., Brience2003 299
intermediate. (114) Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas, M.; Ho,

R. Y.; Munck, E.; Nam, W.; Que, L., JProc. Natl. Acad. Sci. U.S.A.
2003 100, 3665-3670.

(108) Rabow, L. E.; Stubbe, J.; Kozarich, J. WAm. Chem. S0d.99Q 112, (115) Klinker, E. J.; Kaizer, J.; Brennessel, W. W.; Woodrum, N. L.; Cramer,
3196-3203. C. J.,; Que, LAngew. Chem., Int. EQ005 44, 3690-3694.
(109) McGall, G. H.; Rabow, L. E.; Ashley, G. W.; Wu, S. H.; Kozarich, J. ~ (116) Sastri, C. V.; Park, M. J.; Ohta, T.; Jackson, T. A.; Stubna, A.; Seo, M.
W.; Stubbe, JJ. Am. Chem. S0d.992 114, 4958-4967. S.; Lee, J.; Kim, J.; Kitagawa, T.; Munck, E.; Que, L.; Nam, WAm.
(110) Povirk, L. F.; Han, Y. H.; Steighner, R.Biochemistryl989 28, 5808— Chem. So0c2005 127, 12494-12495.
5814. (117) Kumar, D.; Hirao, H.; Que, L.; Shaik, 3. Am. Chem. So005 127,
(111) Povirk, L. F.Mutat. Res1996 355, 71—89. 8026-8027.
(112) Klug, W. S.; Cummings, M. RConcepts of Geneticth ed.; Prentice (118) Keck, M. V.; Manderville, R. A.; Hecht, S. M. Am. Chem. So001,
Hall: Englewood Cliffs, NJ, 1997; pp 38%427. 123 8690-8700.
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step of protonation and-©0 bond cleavage is very fast, and a
protonated Cp0, Pe-OOH,, has not been experimentally

4.4. Summary.The experimental and computational studies
presented here on the reaction coordinate of activated bleomycin

observed. Calculations suggest that such a species is unstablstrongly support the low-spin (BLM)fe-OOH complex as the

and spontaneously reacts without a barrier to yield Cpl and
H,0.89 |t is believed that the thiolate ligand trans to the
peroxide causes a “push” efféédf;120worth ~30 kcal/mol2!
making CpO0 a strong ba¥&® and facilitating the heterolytic
O—0 bond cleavage.

ABLM is a low-spin ferric-hydroperoxo intermediate similar
to Cp0. However, according to calculated thermodynamics,
heterolytic G-O bond cleavage in BLM is less favorable
compared to that in a model of cytochrome P450M%0 kcal/
mol.%* In further contrast to the heme system, protonation of
ABLM is energetically unfavorable, and a protonated (BLM)-
Fe!' —OOH, species would not sponaneously cleave the@D
bond to generate a Cpl equivalent angDHInstead, this reaction
is endergonic by~15 kcal/mol (section 3.2.3). Contributions

active oxidizing species and a direct hydrogen-atom abstraction
as the reaction mechanism for the initial attack on DNA. The
mechanism for double-strand cleavage by a single BLM
molecule would then involve the Fe=0O intermediate generated
by the first reaction as the active species for the initial second
H-atom abstraction reaction damaging the second DNA strand.
Thus, bleomycin does not follow the heme paradigm, which
involves heterolytic O bond cleavage to generate a reactive
Cpl-like “FeV=0" intermediate. Instead, BLM uses low-spin
Fe''—OOH and F&'=0 species as the active oxygen intermedi-
ates. Interestingly, bleomycin also differs from the non-heme
iron enzymes, which due to their weaker ligand fields have high-
spin ground states for most ferrous, ferric, and ferryl species.
Thus, bleomycin occupies its own space in the world of

to these energetic differences are the delocalization of the holedioxygen-activating biological iron systems.

over the porphyrin ring, the axial thiolate ligand, and the extra

negative charge in the cytochrome P450 system relative to the Acknowledgment. We thank Abhishek Dey and Prof. Dan
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Supporting Information Available: Details on kinetic experi-
ments; complete ref 72; complete 2D-PES of the direct H-atom
abstraction by ABLM, including a contour plot; structure of
extended ABLM model which includes part of the polypeptide
linker region; energies and geometric and electronic structure
details on all scans (H-atom by ABLM and by (BLM)Fe=O,
protonation, and heterolytic-©0 bond cleavage); and Cartesian
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