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Abstract

The heme oxygenase (HO) reaction consists of three successive oxygenation reactions, i.e. heme to
a-hydroxyheme, a-hydroxyheme to verdoheme, and verdoheme to biliverdin-iron chelate. Of these,
the least understood step is the conversion of verdoheme to biliverdin-iron chelate. For the cleavage
of the oxaporphyrin ring of ferrous verdoheme, involvement of a verdoheme r-neutral radical has
been proposed. To probe this hypothetical mechanism in the HO reaction, we performed
electrochemical reduction of ferrous verdoheme complexed with rat HO-1 under anaerobic
conditions. On the basis of the electrochemical spectral changes, the midpoint potential for the one-
electron reduction of the oxaporphyrin ring of ferrous verdoheme was found to be —0.47 £ 0.01 V
vs the normal hydrogen electrode (NHE). Because this potential is far lower than those of both flavins
of NADPH-cytochrome P450 reductase, and of NADPH, it is concluded that the one-electron
reduction of the oxaporphyrin ring of ferrous verdoheme is unlikely to occur and that the formation
of the m-neutral radical cannot be the initial step in the degradation of verdoheme by HO. Rather, it
appears more reasonable to consider an alternative mechanism in which binding of O to the ferrous
iron of verdoheme is the first step in the degradation of verdoheme.
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INTRODUCTION

Heme oxygenase (HO?, EC 1.14.99.3) is a microsomal enzyme that catalyzes the O,-dependent
degradation of heme to biliverdin IXa, carbon monoxide (CO) and free iron at the expense of
molecular oxygen and electrons provided by NADPH-cytochrome P450 reductase (CPR, EC
1.6.2.4) [1-3]. The degradation of heme to biliverdin by HO proceeds through a multi-step
mechanism as shown in Fig. 1 [4,5]. The first step is the oxidation of heme to a-hydroxyheme,
requiring O, and two electrons [6-8]. The second step, also requiring O, and an electron, is
the formation of ferrous a-verdoheme from a-hydroxyheme with the concomitant release of
hydroxylated a-meso carbon as CO [9-12]. The third step is the conversion of ferrous a-
verdoheme to a ferric biliverdin-iron chelate for which, once again, O, and three electrons are
required [13]. In the last step, the ferric iron of the biliverdin-iron chelate is reduced and finally
biliverdin and ferrous ion are released from HO.

The conversion of verdoheme to the ferric biliverdin-iron chelate along with the release of
biliverdin is the rate-limiting step in the HO reaction [14]. The degradation of verdoheme is
the least understood of the three successive oxygenation reactions during HO catalysis [13,
15]. It has been well known that hydrolysis of verdoheme to biliverdin can take place in acidic
solution [11]. However, the enzymatic degradation of verdoheme to ferric biliverdin-iron
chelate by HO requires O, and reducing equivalents [16-18] and both lactam oxygen atoms
present in the biliverdin-iron chelate derive from molecular oxygen [19,20].

Involvement of a ferrous verdoheme z-neutral radical, i.e. a one-electron reduced form of the
oxaporphyrin ring of ferrous verdoheme, to which O, binds at a-pyrrole carbon, has been
proposed as a possible mechanism for the cleavage of the oxaporphyrin ring of ferrous
verdoheme [21], as shown in Fig. 2. This proposal is based on the report that the ferrous
verdoheme z-neutral radical can be generated in organic solvent by electrochemical reduction
of ferrous verdoheme [22]. The redox potential of the bispyridine form of ferrous verdoheme
dimethyl ester was —0.903 V vs Ag/Ag* (—0.269 V vs the normal hydrogen electrode (NHE))
in dimethylformamide/pyridine (6:4) plus 0.1 M tetra-n-butylammonium perchlorate. The one-
electron reduction product was confirmed to be a n-neutral radical species by electron spin
resonance. This redox potential value suggests that verdoheme in complex with rat HO-1
(rHO-1) may be reduced by CPR, because the redox potential of FMN (semiquinone/reduced)
in rat CPR is —0.270 vs NHE [23]. However, in the degradation of ferrous verdoheme
complexed with rHO-1 in the NADPH/CPR system, a spectrum such as that of ferrous
verdoheme n-neutral radical has never been observed [8]. On the other hand, the binding of
O5 to the ferrous iron of the verdoheme-rHO-1 complex has been hypothesized as an alternative
mechanism for the HO reaction [5,15]. Matsui et al. have recently claimed that they succeeded
in detecting the O,- and H,O,-binding forms on the verdoheme iron of ferrous verdoheme-
rHO-1 complex [13].

This situation prompted us to carry out electrochemical titration experiments on ferrous
verdoheme-rHO-1 complex as well as heme-rHO-1 complex in order to probe whether or not
the one-electron reduction of ferrous verdoheme-rHO-1 complex by CPR is
thermodynamically favorable. Here we present electrochemical evidence that the reduction by
CPR of the oxaporphyrin ring of ferrous verdoheme complexed with HO is unlikely to occur
from the thermodynamic point of view, and conclude that the formation of ferrous verdoheme
n-neutral radical cannot be the initial step in the degradation of verdoheme by HO.
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EXPERIMENTAL

Materials

Phenazine methosulfate, vitamin K4, anthraquinone-2-sulfonate, benzyl viologen and safranin
T were purchased from Nacalai Tesque (Kyoto, Japan), and methyl viologen and 2-hydroxy-1,
4-naphthoquinone from Tokyo Chemical Industry (Tokyo, Japan). Hemin was obtained from
Sigma. Ferrous a-verdoheme (hereafter referred to as verdoheme) was synthesized and purified
as reported previously [11]. Formation of ferrous verdoheme was confirmed by its optical
absorption spectrum (Anax in aqueous pyridine solution: 397, 505, 534 and 679 nm).
Concentration of the bispyridine complex of verdoheme was determined
spectrophotometrically using €397 = 53.3 mM~1ecm~1 [11]. All spectrophotometric analyses
were conducted on a Varian Cary 50 Bio UV-visible spectrophotometer at 25 °C.

Preparation of heme- and ferrous verdoheme-rHO-1 complexes

A soluble form of rHO-1 lacking the 22-amino acid C-terminal hydrophobic segment was
expressed in Escherichia coli and purified as described previously [24]. The rHO-1 was
reconstituted with 1.2 equiv. of heme and purified by hydroxyapatite (Bio-Rad) column
chromatography as previously described [24].

The reconstitution and purification of verdoheme-rHO-1 complex were performed as reported
previously [11]. Unless otherwise stated, the following manipulations were carried out
anaerobically in a UNILAB glove box system (MBRAUN, Garching, Germany) filled with
N> gas. Briefly, to rHO-1 solution (30 uM) in 0.1 M potassium phosphate buffer, pH 7.0, was
added a slight excess of ferrous verdoheme dissolved in pyridine. The mixture was incubated
at 2 °C for 1 h, and then to remove pyridine and unbound verdoheme, ultrafiltration on
Microcon YM-10 filter (Millipore) and dilution with 0.1 M potassium phosphate, pH 7.0, were
repeated three times. The ferrous verdoheme-rHO-1 complex in 0.1 M potassium phosphate
buffer, pH 7.0, exhibited absorption maxima at 400 (e = 50.2 mM~1 cm™1), 534 and 688 nm
[13].

Electrochemical-optical experiments of heme- and verdoheme-rHO-1 complexes

An optically transparent thin-layer electrode cell (6 (height) x 10 (width) x 1 (thickness) mm),
in which a mesh working electrode (6 x 7 x 0.2 mm) of platinum for the heme-rHO-1 complex
or of gold for the verdoheme-rHO-1 complex, a platinum wire counter electrode and an Ag/
AgCI (3 M NaCl) reference electrode were accommodated, was employed for electrochemical-
optical experiments (BAS, Tokyo, Japan). The optical path length of the electrochemical cell
was 1 mm. The applied potential was controlled by a potentiostat (ALS/CH Instruments
electrochemical analyzer-model 600B (BAS, Tokyo, Japan)) and optical absorption spectra
were recorded on a Varian Cary 50 Bio UV-visible spectrophotometer.

For electrochemical redox titration of heme-rHO-1 complex, the following electron mediator
dyes were included in the sample solution: 15 uM phenazine methosulfate (E,, = +0.080 V vs
NHE, [25]), 15 puM vitamin K, (E, = —0.078 V vs NHE, [26]), 15 uM 2-hydroxy-1, 4-
naphthoquinone (E,, = —0.120 V vs NHE, [27]), 15 uM anthraquinone-2-sulfonate (E, =
—0.230 V vs NHE [25]), 15 uM benzyl viologen (Ep, = —0.350 V vs NHE [25]) and 15 uM
methyl viologen (Ep, = —0.440 V vs NHE, [28]). A heme-rHO-1 complex solution (50 uM) in
0.1 M potassium phosphate buffer, pH 7.0, containing the above mediator dyes was prepared
under anaerobic conditions and then a 0.2 ml portion of the sample solution was anaerobically
transferred into the electrochemical cell. The electrochemical cell was kept at 25°C in the
thermostatic cell holder of the spectrophotometer during electrochemical titration. Absorption
spectral changes from 300 to 700 nm were recorded to monitor the oxidation reaction of the
heme-rHO-1 complex. The spectra of fully reduced and fully oxidized heme-rHO-1 complex
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were obtained by applying the potentials of —0.395 V vs NHE and +0.205 V vs NHE,
respectively. The data were collected by starting from a fully reduced to a fully oxidized form.
It was confirmed that this redox reaction was completely reversible electrochemically. The
midpoint potential of the ferric/ferrous heme couple in heme-rHO-1 complex was calculated
from the Nernst plot using the least-square method.

For electrochemical redox titration of ferrous verdoheme-rHO-1 complex, the following redox
mediator dyes were included in the sample solution: 3 uM safranin T (En,, =—0.290 V vs NHE
[25]), 10 uM benzyl viologen, and 10 uM methyl viologen. A solution of ferrous verdoheme-
rHO-1 complex (0.1 mM) in 0.1 M potassium phosphate buffer, pH 7.0, containing 0.1 M KCI
and the mediator dyes listed above was prepared under anaerobic conditions. Then, a 0.2 ml
portion of the sample solution was anaerobically transferred into the electrochemical cell.
Absorption spectral changes in the region from 300 to 900 nm were recorded at 25°C to monitor
the electrochemical reduction reaction of the ferrous verdoheme-rHO-1 complex. The data
were fitted to the Nernst equation using the least-square method.

Electrochemical titration of heme-rHO-1 complex under anaerobic conditions

To obtain the redox potential of the heme-rHO-1 complex, we performed the electrochemical
oxidation of the ferrous heme complexed with rHO-1 (Fig. 3A). During the electrochemical
oxidation of the ferrous heme-rHO-1 complex that had been obtained at an applied potential
of —0.395 V vs NHE, the Soret absorption peak at 429 nm and the visible peak at 557 nm
decreased and a new Soret peak at 404 nm increased with isosbestic points at 415, 458, 523,
and 600 nm. These spectral changes are consistent with oxidation of ferrous heme to ferric
heme complexed with rHO-1 [29]. The data were collected by starting from a fully reduced
proceeding to the fully oxidized form. It was confirmed that this redox reaction was completely
reversible electrochemically (data not shown). From the Nernst plot constructed from the
absorbance change at 405 nm of the heme-rHO-1 complex as a function of the applied
potentials, the midpoint potential for the ferric/ferrous heme couple in the heme-rHO-1
complex was determined to be —0.087 £ 0.005 V vs NHE (Fig. 3B). This midpoint potential
value agreed closely with those reported previously, i.e. —0.076 V vs NHE for heme-rHO-1
complex [30] and —0.065 V vs NHE for heme-human HO-1 complex [31] (Table 1). The slope
of the Nernst plot, ~0.084, indicated that this process is a one—electron oxidation of ferrous
heme.

Electrochemical reduction of verdoheme-rHO-1 complex under anaerobic conditions

As shown in Fig. 4A, during the electrochemical reduction of the ferrous verdoheme-rHO-1
complex, the 400-, 534- and 688-nm absorption peaks decreased and concomitantly a new
absorption peak at 464 nm appeared. The absorption spectrum recorded at the applied potential
of —0.60 V vs NHE has never been observed in the normal HO reaction. Rather it bore close
resemblance to the absorption spectrum of the n-neutral radical of ferrous verdoheme dimethyl
ester in dimethylformamide/pyridine (6:4) reported by Tajima et al. [22]. Thus we judged that
a n-neutral radical of ferrous verdoheme in complex with rHO-1 was generated by the
electrochemical reduction. This redox reaction was only partially reversible (data not shown),
probably due to a reaction leading to nonproductive decomposition of verdoheme, that does
not lead to biliverdin [8]. While the immediate product of the reaction has yet to be
characterized, a two-electron-reduced anion form of ferrous verdoheme has been indicated as
a possible candidate [32]. Indeed, applying potentials below —0.60 V vs NHE caused further
spectral changes, and this over-reduction was completely irreversible (data not shown). From
the Nernst plot constructed from the absorbance change at 688 nm as a function of the applied
potentials, the midpoint potential for the oxaporphyrin ring of verdoheme complexed with
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rHO-1 was determined to be —0.47 £ 0.01 V vs NHE (Fig. 4B, Table 1). The slope of the Nernst
plot, ~0.063, indicated that this process is a one-electron reduction.

DISCUSSION

CPR is an FAD- and FMN-containing protein that functions physiologically as an electron
donor for the HO reaction as well as for a variety of other hemoproteins such as cytochrome
P450s and cytochrome bg. With the latter hemoproteins, it is established that electrons from
NADPH flow first to FAD then to FMN and finally to their heme groups [33-35]. The midpoint
reduction potentials of the flavin cofactors in mammalian CPRs have been determined [23,
36]. With rat CPR, they are Ep(FADsemiquinone/reduced) = —0.365 V,
Em(FADoxidized/semiquinone) =-0.290 V, En(FM Nsemiquinone/reduced) =-0.270 V and
Em(FMNoxidized/semiquinone) = —0.110 V vs NHE [23] (see also Table 1). On the other hand,
the midpoint potentials of substrate (hexobarbital)-bound rat liver cytochrome P450 and
microsomal cytochrome bg have been reported to be —0.237 V [37] and 0.02 V vs NHE [38],
respectively. In the present study, the midpoint potential of the ferric/ferrous couple in the
heme-rHO-1 complex was found to be —0.087 V vs NHE. Thus the reduction of the heme-
rHO-1 complex, as well as of cytochrome P450s and cytochrome bs, by CPR is a
thermodynamically favorable process.

One-electron reduction of the bispyridine form of ferrous verdoheme dimethyl ester produces
a n-neutral radical of the ferrous verdoheme dimethyl ester in dimethylformamide/pyridine
(6:4) plus 0.1 M tetra-n-butylammonium perchlorate, the redox potential of which is —0.903
V vs Ag/Ag* (—0.269 V vs NHE) [22]. This redox potential value is close to the midpoint
potential of FMNgemiquinone/reduced in rat CPR, i.e. —0.270 V vs NHE. Thus we carried out the
electrochemical titration of verdoheme in complex with rHO-1 to probe whether or not a n-
neutral radical of the ferrous verdoheme could be an intermediate during HO catalysis. From
the spectral similarity between the absorption spectrum of ferrous verdoheme in complex with
rHO-1 at the applied potential of —0.60 V vs NHE and that of the z-neutral radical of ferrous
verdoheme dimethyl ester [22], we concluded that the reduced form of ferrous verdoheme in
complex with rHO-1 is a n-neutral radical of the oxaporphyrin ring of verdoheme with a
midpoint potential of —0.47 V vs NHE; this is the first report of a redox potential for an
intermediate species of the HO reaction. The redox potential of the oxaporphyrin ring of the
ferrous verdoheme-rHO-1 complex was far lower than those of both flavins of CPR, and of
NADPH (Table 1). It should be noted that a verdoheme r-neutral radical-like spectrum does
not appear in the NADPH/CPR-supported degradation of ferrous verdoheme complexed with
rHO-1 [8]. Thus, we consider it very unlikely that CPR can catalyze the one-electron reduction
of the oxaporphyrin ring of ferrous verdoheme in complex with rHO-1.

Sodium dithionite (Na,S,0;,) is a strong reductant with an E,,, of —0.66 V vs NHE at pH 7.0
and 25 °C [39] (Table 1), and should be capable of reducing the oxaporphyrin ring of the ferrous
verdoheme-rHO-1 complex. Indeed, we previously observed a spectrum similar to that shown
in Fig. 4A when the verdoheme-rHO-1 complex was reduced with Na,S,0,4 under anaerobic
conditions and tentatively assigned this spectrum to a w-neutral radical of verdoheme [8].

In summary, it is concluded that the one-electron reduction of the oxaporphyrin ring of ferrous
verdoheme cannot be the initial step in the verdoheme degradation by HO. Rather, it appears
more reasonable to consider an alternative mechanism in which the binding of O, to the ferrous
iron of verdoheme is the initial step in the degradation of verdoheme [13,15]. If this is the case,
it would be of great interest to determine how electrons are transferred from CPR to the Oo-
bound ferrous verdoheme complexed with HO. In this connection, we have recently reported,
with the aid of FMN-depleted CPR, that the electrons required for verdoheme oxidation can
be supplied through a pathway not involving FMN, probably via FAD [40].

J Inorg Biochem. Author manuscript; available in PMC 2010 October 27.
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HO heme oxygenase
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segment
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Fig. 1.

Degradation of heme catalyzed by HO. HO catalyzes the degradation of heme to biliverdin
IXathrough three distinct intermediates, a-hydroxyheme, a-verdoheme and biliverdin-iron
chelate at the expense of O, and reducing equivalents.
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Fig. 2.
Possible reaction mechanism for degradation of ferrous verdoheme to ferric biliverdin-iron
chelate.

J Inorg Biochem. Author manuscript; available in PMC 2010 October 27.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sato et al. Page 10

[ ...
300 400 500 600 700
Wavelength (nm)

@

Potential (V vs NHE)

Fig. 3.

Electrochemical oxidation of heme-rHO-1 complex under anaerobic conditions. (A)
Absorption spectra of the heme-rHO-1 complex (50 uM) during the electrochemical-optical
titration at 25 °C were recorded. The experimental conditions and procedures are described in
the EXPERIMENTAL section. Applied potentials were: from thick solid line to dotted line,
—0.395, —0.195, —0.145, —0.105, —0.075, —0.035, +0.005, and +0.205 V vs NHE. (B) The
Nernst plot obtained from the absorbance change at 405 nm of the heme-rHO-1 complex.
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Fig. 4.

Electrochemical reduction of ferrous verdoheme-rHO-1 complex under anaerobic conditions.
(A) Absorption spectra of the verdoheme-rHO-1 complex (0.1 mM) during the
electrochemical-optical titration at 25 °C were recorded. The experimental conditions and
procedures are described in the EXPERIMENTAL section. Applied potentials were: +0.22
(rest potential,” ), —0.40 (-.-.-.- ), —0.45 (........ ),—0.50(----),-0.55(-...-...-), and -0.60
V (—) vs NHE. (B) The Nernst plot obtained from the absorbance change at 688 nm of the
ferrous verdoheme-rHO-1 complex.
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Midpoint potentials of heme- and verdoheme-rHO-1 complexes and related compounds at pH 7.0.

Compound En(V vs NHE)  Reference

heme (complexed with rHO-1) —0.087 £ 0.005 this work
-0.076 [30]

heme (complexed with human HO-1) —0.065 [31]

verdoheme (complexed with rHO-1) —-0.47 £ 0.01 this work

verdoheme dimethyl ester (in dimethylformamide /pyridine (6:4)) —0.269 [22]

FMN (oxidized/semiquinone, rat CPR) -0.110 [23]

FMN (semiquinone/reduced, rat CPR) -0.270 [23]

FAD (oxidized/semiquinone, rat CPR) -0.290 [23]

FAD (semiquinone/reduced, rat CPR) —-0.365 [23]

NADPH -0.324

Na,S,04 ~0.66 [39]
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