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The degradation of heme by heme oxygenase (HO) involves . . 1.92 .
the formation of a hemeprotein complex in which the heme- 10000 12000 14000
iron coordinates to a neutral imidazole of histidine as in myoglobin Field (G)
and hemoglobiny? followed by three cycles of oxygenation in Figure 1. Q-band EPR spectfaof oxy-8-Hb (A) and oxy-HO (C)
which the heme binds and activates.3> The first monooxy- radiolytically reduced at 77 K. (B) and (D) are EPR spectra of these
genation step of HO catalysis is believed to convert the heme to same samples after annealing at 200 K and 180 K, respectively. Free
a-mesehydroxyheme, and it has been proposed to proceed by radical signals around = 2 are omitted for clarityConditions: T= 2
reduction of the @bound complex to a hydroperoxy-ferric active K, 35.12 GHz, 100 kHz detection. Modulation amplitude 2 G. The
intermediate, rather than the oxo-ferryl form believed to occur in derivative presentation was obtained digitally from absorption mode EPR
P450%4 However, to datex-mesehydroxyheme hasot been envelopes detected under these rapid passage conditions.
detected during physiological HO catalysis. We here use EPR . .
and ENDOR of oxy-ferrous HO reduced at 77 K to establish that 200K (F'9”f°i 1, parts B_and D, respectlvely)_. Each of the spectra
hydroperoxy-HO indeed catalyzes the formation winese has the unmistakable signature of a low-spin ferriheme species,

hydroxyheme, and show that it can do so in situ at temperatures9: ~ 92 > Ge > gs in a strong ligand field (smaf dispersion)®
above 200 K. rather than that o_f a center w_here the major unpaired-spin glensny

One-electron radiolytic cryoreductibhof diamagnetic oxy- resides on the dioxygen moietg, = g%af 7 020~ 0 @SN
hemoproteins in frozen solution at 778! creates a paramag- dioxygen adducts of Co(ll) complexés.

netic species in the environment of the precursor oxy-heme, before h F?Ionvri]ng the arguments in a cfompanion study fOf P450Eam,
relaxation of the heme pocket to equilibrium conformational € ferri-neme primary product of cryoreduction of giyHb at

state?~1* Figure 1 presest2 K Q-band EPR spectfaof the 77 K, whose EPR spectrum is characterizedyby [2.24, 2'“14’ .
species generated by 77 K cryoreductiaof the dioxygen  1-96] (Figure 1A), is assigned as the end-on, (formally) *ferric-
complexes15 of hemoglobing chains (oxyg-Hb; 1A) and of HO peroxo”, species (denotdePO,]eq). As shown earlief,'© at

1C), along with the spectra of these samples after annealing to 180200 K this converts to the hydroperoxy-ferriheme complex
(1c) g P P g whose EPR spectrum has a largespreadg = [2.31, 2.18, 1.94]

1 $orthwetsteLrJn _Univgirsisty.h ! of Medici (Figure 1B). Proton ENDOR spectfd®1%f the 3-Hb [FEPOy] eq
amagata university School o edicine. H H H .

§ Case Western Reserve University School of Medicine. in H,0 (Figure 2A) and [0 (not shown, but see Figure 2;0) .

Il Tohoku University. show the presence of a doublet for an exchangea_ble proton with
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Figure 2. Q-band CW proton ENDOR spectfdaken atg; for reduced
oxy-3-Hb (A) and for hydroperoxy-HO (C), each generated by cryore-
duction at 77 K. The¥) represents the proton Larmor frequency g0
MHz); (00, the hyperfine splitting, A. (B) is the ENDOR spectrum of
hydroperoxypg-Hb produced by annealing cryoreduced gkyb at 200
K. The ENDOR spectrum (D), labelda,O,was taken with hydroperoxy-
HO in D;O buffer; a similar result is obtained with reduced g¥Hb in
such buffer. ConditionsT = 2 K; field modulation amplitude, 2G.

with a significant, although lessened, hyperfine coupling (Figure
2B; A(g1) &~ 8.2 MHz). Preliminary 2-D sets of spectra collected
across the EPR enveldfendicate that the decrease reflects a
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Figure 3. Low-field Q-band EPR spectra of cryoreduced HO, after
annealing at 180 K (B) and 238 K (A); G (A) — (B). Conditions:as
in Figure 1.
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Upon annealing the hydroperoxo-ferric-HO to temperatures
above 200 K its EPR spectrum disappears; it is gone after
warming from 77 K to 238 K for 1 min and then re-cooling to
77 K. To determine the fate of this species we collected EPR
spectra in theg ~ 6 region, where high-spin ferrihemes show
their characteristigy signals. Oxy-HO cryoreduced at 77 K gives
a low-intensity, axial high-spin spectrum from residual ferric-

reduced isotropic interaction. The decrease in coupling, despiteHO which is unchanged by annealing 1200 K, Figure 3B.

the change from H-bond to covalent bond, likely reflects in part

The loss of the signal from the hydroperoxo-ferric-HO intermedi-

a diminished spin density on the hydroperoxy moiety compared ate caused by annealing to 238 K is paralleled by a corresponding

to that on the peroxo one.
The EPR spectrum of oxy-HO reduced at 77 K (Figure 1C)
has a spread ig-values that is greater than that of even fhb

increase in that from high-spin ferriheme, with a change in the
high-spin signal to that characteristic of a species with a rhombic
splitting of its g tensor, Figure 3A. Subtraction of the spectrum

hydroperoxo-ferriheme complex, and indeed is substantially Of the residual ferric-HO (Figure 3B) from that of the 238
greater than that of all previously studied cryo-reduced oxyhe- K-annealed sample gave Figure 3C, which corresponds to a high-

moproteins and hydroperoxo-heme comple¥esNDOR spec-

spin EPR species witly; = 6.07 andg, = 5.72. This is the

troscopy reveals an interaction of an exchangeable proton, FigureSPectrum of high-spin ferria-mesehydroxyheme-HO, which is
2C, whose hyperfine coupling is comparable to that of the proton the only species in the HO catalytic cycle thaves such a

of the ferric-hydroperox@-Hb, Figure 2B. Unlike3-Hb, anneal-

rhombic spectrum? We conclude that the heme of hydroperoxo-

ing the cryoreduced HO sample to 180 K causes only a minimal ferric-HO self-hydroxylates to form the-mesehydroxoheme-

broadening in the EPR spectrum of cryoreduced HO, Figure 1D,

HO, in situ at temperatures abe 200 K.

attributed to subtle structural relaxation of the heme pocket; there  This work for the first time demonstrates that one-electron
is no change in the proton coupling. From these observations wereduction of oxyferrous-HO yields-mesehydroxyheme, thereby

conclude that the @moiety of the precursor oxy-HO is stabilized
by an H-bond, as found previoustyand that reduction of oxy-
HO at 77 K initially produces an H-bonded ferric-peroxo species,
[FePO,]eq, that is not detected. Rather, it promptly converts
77 K, to the hydroperoxo-ferric-HO, which is the species actually

establishing that heme is catabolized through thenese
hydroxyheme intermediate in HO catalysis. Our results further
corroborate the early propo&ahat HO falls into a new class of
heme-containing oxygenases with the hydroperoxo-ferric active
species.

observed. A similar observation has been made for P450cam and

its T252A mutant3 Given the absence of a distal histidine in
HO?? the source of this proton is likely a sequestered water
molecule. The difference ig tensors for the hydroperoxo-ferric-
B-Hb and HO forms is attributed to a difference in the-f2-O
angle of the hydroperoxo ligand induced by differing interactions
with the distal pocket?
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