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Replacement of the heme axial ligand His 63 for Met in the
electron transfer protein cytochrome b, renders a variant capable of
performing the efficient coupled oxidation of heme. The
experimental evidence shows that the coupled oxidation of heme
catalyzed by the H63M variant is arrested after the formation of
verdoheme. This may result from the formation of a
hexacoordinated (His, Met) veredoheme complex.

Heme oxygenase (HO) catalyzes the regiospecific oxidative
cleavage of Fe-protoporphyrin IX (heme) to form biliverdin and
carbon monoxide (CO), with concomitant consumption of dioxygen
and electrons provided by cytochrome P-450 reductase.! Using
recombinant HO, many of its structural features and their
corresponding functional relevance have been recently elucidated.
Nevertheless, several key issues have not yet been completely
resolved.” Several hemoproteins, perhaps the most studied of
which is myoglobin, have been studied as models of HO. These
proteins, are known to perform the coupled oxidation of heme by
utilizing O, and ascorbate or hydrazine as electron donors, to yield
biliverdin and CO as products,’ albeit, in a relatively inefficient
manner. Recently, however, a variant of myoglobin (V67A/V68S)
was found to carry out the efficient coupled oxidation of heme with
the concomitant formation of mainly Fe(Ill)-biliverdin.*

In this report we document that when His 63, one of the axial
ligands in outer mitochondrial membrane cytochrome b (OM cyt.
bs; an electron transfer protein), is replaced by Met, the resultant
variant is capable of carrying out the efficient coupled oxidation of
heme. Furthermore, this reaction as catalyzed by the H63M variant,
is arrested at the verdoheme stage.

The H63M variant of OM cyt. b, was synthesized with the aid of
the transformer™ site directed mutagenesis kit and the recombinant
plasmid MRL1.” The mutated gene was subcloned into the pET 11a
vector’ and expressed in E. coli B834(DE3), a Met auxotroph,
grown in M9 minimal medium supplemented with 40 mg/L of Met,
as described previously.® After cell-lysis and ultracentrifugation,
the supernatant was made 3.1 mM in K,Fe(CN), and 1| mM in
imidazole, dialyzed against 10 mM EDTA, 50 mM Tris, ImM
imidazole (pH 7.8 at 4°C) and purified by ion exchange
chromatography.5 Fractions (A,g/A,, < 1.5) were pooled and
dialyzed against 100 mM NaCl, 20 mM Tris, 1 mM EDTA (pH 7.4
at 4°C) in order to eliminate the imidazole. The protein was then
purified by size exclusion chromatography, as described
previously.® The molar absorptivity coefficient of the variant
(€410=108 mM™' cm'") was measured by the pyridine hemochrome
method.

In the ferric state, the variant displays an electronic spectrum with
a well defined band at 630 nm (Figure 1a), attributed to an oxygen-
iron charge transfer transition, and an EPR spectrum with a peak at
g = 6.45 (Figure 1d), suggesting that the H63M mutant and
metaquo myoglobin are spectroscopically similar. Moreover, the
variant was found to readily bind CO in the ferrous form (Figure

Ic) as well as imidazole and CN' in the ferric state, thus suggesting
that the ferric heme is coordinated by His 39. The UV-vis spectrum
of the variant in the ferrous state (Figure 1b), however, shows well
resolved o and [ bands at 558 and 532 nm, respectively, which are
indicative of a low spin Fe?* species resulting from axial
coordination by H and M.
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Figure 1. Electronic spectrum of the H63M variant of OM cytochrome bs.
a) Ferric (solid), b) Ferrous (dashed), ¢) ferrous-CO bound (dotted).
d) Inset: EPR spectrum of the ferric H63M variant (77K).

The coupled oxidation of heme catalyzed by the H63M variant of
OM cyt. by was carried out at 35°C on a jacketed cuvette containing
1 mL of 50 mM phosphate buffer (pH 7.0), 3-4 uM of protein, and
2 mM of L-ascorbic acid (SIGMA), and monitored by UV-vis
spectrophotometry. A decrease in the absorbance of the Soret band
is accompanied by a decrease of the @ and P bands, and the
appearance of a band at 664 nm (Figure 2). Unexpectedly, the
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Figure 2. Changes in the UV-vis spectra of the H63M variant during the
aerobic coupled oxidation of heme in the presence of L-ascorbate.

electronic spectrum obtained after 7 h of reaction closely resembles
that reported for the verdoheme-HO complex.”?* Additional
evidence corroborating the identity of verdoheme as the reaction
product follows: a) The UV-vis spectrum of the reaction product
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extracted with CHCI, and pyridine’ (Figure 3) is almost identical to
that of pure verdohemochrome.? b) The identity of verdoheme was
also conclusively demonstrated by Electrospray Ionization Mass
Spectrometric (ESI-MS) analysis of the reaction product obtained
from reaction mixtures containing the aforementioned
concentrations of protein and ascorbic acid.” The mass spectrum
displays a peak at m/z = 619 (Figure 4), consistent with the mass of
verdoheme, and a minor signal assigned to unmodified heme (m/z
= 616). Samples of unmodified protein (no ascorbate added)
analyzed by ESI-MS showed only the peak at m/z = 616. Control
experiments with WT cyt. bs displayed no reaction.
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Figure 3. UV-vis spectrum obtaincd upon extraction of the reaction product
with pyridine in chloroform.
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Figure 4. Mass spectrum obtained by ESI-MS analysis of the reaction mixture
containing the H63M mutant and L-ascorbate under aerobic conditions.

The regiospecificity of the reaction was assessed by complexing
the reaction product with 2-picoline, extracting the complex into
CHCI, and converting it into biliverdin.'"” Biliverdin was
subsequently esterified in 5% methanolic H,SO, and analyzed by
HPLC.!" The corresponding chromatogram showed only one peak,
which displayed a retention time identical to that of authentic
biliverdin (SIGMA), thus indicating that heme oxygenation as
catalyzed by the H63M variant occurs exclusively at the a-meso
position.

The first step in the coupled oxidation process requires the
formation of a transient O,-Fe>* complex at the heme binding site.
Evidently, for this to occur, one of the heme-iron axial positions
must be available. This particular characteristic likely determines
to a large extent that only pentacoordinate proteins are capable of
performing coupled oxidation reactions. It is therefore interesting,
that despite the fact that the H63M variant is His-Met coordinated
in the ferrous state, as indicated by its electronic spectrum, it is still
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capable of carrying out the coupled oxidation of heme. A plausible
explanation may be that under aerobic conditions, a competition is
established between one of the axial ligands (probably M) and O,
for the 6th coordination site on Fe**. Once the O,-Fe** complex is
formed, dioxygen may be activated by a second reducing
equivalent. Further steps in the coupled oxidation process may
follow the mechanism proposed for the heme degradation reaction
performed by HO. Furthermore, it is also unusual that the coupled
oxidation carried out by the H63M variant does not result in
cleavage of the porphyrin ring, but is arrested upon formation of the
verdoheme-protein complex. This unique property may arise from
the formation of a hexacoordinated (His-Met) verdoheme complex,
which prevents subsequent binding of oxygen to the ferrous heme.
Further studies to determine the oxidation and coordination states
of the verdoheme-H63M complex are currently underway.
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