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The physiological oxidation of heme to biliverdin is catalyzed
by heme oxygenase in a reaction that consumesn@ reducing
equivalents provided by NADPH-cytochrome P450 reductase.
The catalytic sequence involves (a) NADPH- andd@pendent
a-mesehydroxylation of the heme, (b)&lependent elimination
of the a-mesecarbon as CO with concomitant formation of
verdohemel), and (c) NADPH- and @dependent conversion
of verdoheme to biliverdin 2). 180-Labeling studies have
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Figure 1. Absorption spectra observed in the oxidatiorddsy hHO-

1: ferric complex ); Fe€t—CO complex (- - -); F& —CO verdoheme
complex («--). The spectroscopic changes closely resemble those
observed in the oxidation & by hHO-1.

tive 44 The enzyme used for the studies was a recombinant,
truncated version of human heme oxygenase-1 (hHO-1) without
the 23 amino acid membrane anchofhe absorption maxima

of the ferric, ferrous-CO, and ferrous O, hHO-1 complexes

of 4 are red-shifted by 410 nm relative to those 08.5
Reaction of the complex of hHO-1 with (300 ug, 9.9 nmol)
with P450 reductase (1,69, 20 pmol) and NADPH (83:g,
0.1umol) under a partial CO atmosphere arrests the reaction at
a stage identified by its characteristic 614 nm absorption
maximum as the P&—CO verdoheme comple®”-8 This
complex produces a biliverdin upon further exposure t&f O
Reaction of the complex of hHO-1 with the-mesemethyl
substituted derivativel (220 ug, 7.2 nmol) under identical

demonstrated that the oxygens incorporated into both the coconditions produces an identical absorption spectrum (Figure

and the verdoheme oxygen bridge derive from?OReaction
of heme oxygenase with preformadmesehydroxyheme yields
the normal reaction productsAlthough the details of extrusion

1)8 demonstrating the formation of an #e-CO verdoheme
complex.
To obtain enough of the biliverdin for HPLC, UV, and mass

of CO and the formation of verdoheme remain obscure, the role Spectrometric analyses, the reactions were scaled up and run in
of a-mesehydroxyheme as a reaction intermediate appears to the absence of CO. Reaction of the hHO-1 complex \8ith

be well-established. In order to further define the oxidation

(2.6 mg, 86.8 nmol) with P450 reductase @@, 0.75 nmol)

mechanism, we have investigated the oxidation of a heme with @hd NADPH (4.1 mg, 5.@imol) for 1 h at 25°C produced a

an a-mesemethyl substituent that should block-mese

blue-green solution. After acidification to pH 3 with HCI and

hydroxylation and therefore abrogate the catalytic process. We ACOH, the biliverdin was extracted with diethyl ether and was

report here that the normal-biliverdin is formed despite the

shown by HPLC analysis to be a single isomer with a retention

a-mesemethyl substituent and provide evidence that precludes time of 10.9 min and absorption maxima (MeOH) at 364 and

the involvement of an-mesehydroxyheme intermediate in the
oxidation of the modified heme.

To avoid complications due to the asymmetry of heme (iron
protoporphyrin 1X), the present studies were carried out with
the symmetric heme analog@eand itsa-mesemethyl deriva-
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in accord with normal cleavage & at the a-mesecarbon.
Identical reaction, workup, and analysis of the hHO-1 complex
with 4 (2.9 mg, 96.8 nmol) again yielded a single biliverdin

isomer with the same retention time and absorption and mass

spectra as those of the biliverdin product obtained BitiThese
results, particularly the mass spectrum, clearly establish that
hHO-1 oxidizes4 to the samex-biliverdin product as formed
from 3.

To determine if thea-mesemethyl group is catalytically
removed from4 by hHO-1, permitting normak-hydroxylation
and heme cleavage, hHO-1 was incubated ®i#md4 and the
production of CO was monitored by adding ferrous deoxymyo-
globin (max 434 nm) at the end of the incubation. Formation
of the Mb—CO complex {max 422 nm) was readily observed
with 3, but no such complex was detected wdth Cleavage of
4 to the a-biliverdin derivative does not involve the-mese
hydroxylated intermediate.

A possible mechanism (Scheme 1: peripheral substituents not

shown) for the oxidation off that circumvents thex--mese
hydroxy intermediate incorporates elements similar to those
proposed to explain the chemical cleavage of a cobalt porphyrin

bearing a carboxy-substituted naphthalene moiety at the cleaved,s

meso positiod! Thus, reductive activation of o the level

of H,0, yields a ferric peroxide compleX that adds electro-
philically to the heme ring. The resulting catighmay be
stabilized as the epoxide or by combination with a protein
nucleophile. Two-electron reduction and Rinding yield the
peroxide7 that undergoes iron-catalyzed homolytic cleavage.

(11) Chang, C. K.; Avile, G.; Bag, N.J. Am Chem Soc 1994 116,
1212712128.
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Elimination of the methyl-substitute@-mesecarbon, possibly

as acetic acid, followed by intramolecular electron transfer
produces the verdoheme derivati8 The steps beyond
verdoheme are the same for the oxidatiorBafnd 4.

The role of this alternative pathway in the normal oxidation
heme by heme oxygenase remains to be explored, but the
chemistry that it represents is of general significance. It supports
the conclusion that the first step is electrophilic addition to the
heme and makes the search for additional reaction intermediates
attractive.
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