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ABSTRACT: Histidine-63, one of the heme axial ligands in outer mitochondrial membrane cytocliome
(OM cyt bs) has been replaced by a methionine. The H63M variant performs the efficient and regioselective
coupled oxidation of heme in order to produe®0% of thea-isomer of verdoheme. The variant was
characterized by electronic, EPR, and NMR spectroscopic studies which indicate that the ferric form is
a high-spin species whose heme is coordinated by histidine-39 in the proximal site and likely by water in
the distal site. The coordination of methionine to the ferric heme was ruled out on the basis of NMR
spectroscopic studies. Addition of imidazole to a solution of the ferric variant results in the formation of
a species axially coordinated by imidazole and histidine-63. The reduction potential of the variant was
found to be+110 mV in the absence of exogenous imidazole a8@ mV in the presence of imidazole.
These values compare well with the reduction potential of myoglobin (50 mV) and wild-type O cyt
(—102 mV), respectively, consistent with the axial ligation described above. The ferrous variant, on the
other hand, is a low-spin species coordinated by histidine-39 and methionine-63. Carbon monoxide (CO)
readily displaces Met-63 from its coordination site on the ferrous heme, whereas CO cannot completely
displace Met-63 from its coordination site on verdoheme. Consequently, the mechanism of inhibition for
the oxidation of verdoheme to iron-biliverdin in the H63M variant appears to be similar to that observed
for the heme-heme oxygenase complex in the presence of CO.

Heme-containing proteins play a crucial role in maintain- coordinated axial ligands, and in general, these proteins do
ing life in essentially all living organisms. Examples of these not bind molecular oxygen or peroxides. On the other hand,
proteins include the oxygen carriers hemoglobin and myo- the heme in most other types of heme-containing proteins is
globin, in which the heme active center is used by the protein coordinated by a proximal axial ligand, therefore, providing
as an oxygen-binding site. Cytochromes, on the other hand,an accessible vacant distal site where molecular oxygen,
are electron-transfer heme proteins in which the heme activeperoxides, and other exogenous ligands can bind.
site is shuttled between different oxidation states in orderto A large effort has been directed to understand the effect
accept or donate electrons (cytochrobg cytochromec). that changes in axial ligation have on the properties of heme
Heme-containing enzymes are also capable of reacting withproteins (—13). Protein semisynthesis and, in particular,
molecular oxygen to perform monooxygenation reactions sjte-directed mutagenesis have been exploited to generate
(cytochrome P450) or react with peroxides to carry out heme proteins with novel heme-axial ligation. For example,
peroxidase reactions (horseradish peroxidase, cytochtome Raphael and Gray reported that replacement of methionine-
peroxidase). Itis remarkable that despite the wide range ofgp, a heme axial ligand in cytochronee with a histidine
chemical functions displayed by heme-containing enzymes (2) or with a cysteine §) results in heme proteins with
and proteins, they all share the same prosthetic group,reduction potentials similar to those displayed by microsomal
protoheme IX. Important properties such as the reduction cytochromebs and cytochrome P45, respectively. Horse
potential and reactivity exhibited by the heme active site in heart myoglobin has been converted into an electron-transfer
several different heme proteins are modulated by the protein upon replacement of the distal valine-68 residue with
structural characteristics encountered in their heme-bindingg histidine. This resulted in a bis-histidine coordinated
cavities. One of the most significant structural characteristics species with spectroscopic characteristics similar to those of
governing the activity of hemoproteins is the coordination cytochromebs (4). Replacement of the proximal axial ligand
environment of the heme iron. For example, the heme in of human myoglobin with cysteine resulted in a ferric species
electron-transfer proteins is coordinated by two strongly whose heme is coordinated by a proximal thiolate and whose
spectroscopic characteristics are similar to those of cyto-
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Coupled Oxidation by the H63M Variant of Cist

performing the efficient coupled oxidation of heme. The
coupled oxidation of the heme in the H63M variant is
arrested at the verdoheme stage and proceeds @t
regioselectivity for theo-meso position. The only other
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Electronic Absorption and EPR SpectroscopyV—vis
spectra of the H63M variant were collected on a Hewlett-
Packard 8452A diode array spectrophotometer equipped with
a jacketed cuvette holder connected to a thermostated water

example of a mutant protein capable of performing the bath. EPR spectra of samples containing the H63M variant
efficient and regioselective coupled oxidation of heme is that in the presence and in the absence of imidazole (1.0 mM)
reported for theV67AV68S double variant of horse heart were acquired using a Bruker EPR spectrometer operating
myoglobin (4). at 9.35 GHz. The samples were analyzed at 4.1 K under

the following conditions: receiver gain, 10 1%, micro-
EXPERIMENTAL SECTION wave power, 0.200 mW; modulation frequency, 100 kHz;
Site-Directed Mutagenesis, Protein Expression, and Pu- modulation amplitude, 5.69 G.

rification. The transformer site-directed mutagenesis kit  NvR Spectroscopy Expression and purification of the
(Clonetech) and the recombinant plasmid MR2B)(were H63M variant enriched withL-[13C]Jmethyl methionine
used to construct the mutants following a protocol outlined [3CHsSCH,CH,CH(NH,)COH, Aldrich] was carried out as
previously @1). The sequences corresponding to the Mu- yegcrihed above. Proton decoupléd-NMR spectra of the

tagenic primers designed to introduce mutations H63M, pg3\ variant were obtained at & with the aid of alnity
H39M, and that corresponding to the selection prirdéh|i{ Inova NMR spectrometer operating at'&C-spectrometer
to Bglll) are S-CCGAATCTTTCGAAGATGTTGGCAT-  feoquency of 150.57 MHz. The protein solutions (typically

GICTCCGGATGCGCG-3 5"CCCGTTTC,CTGTCTGAA' 1.5 mM) were exchanged with perdeuterated sodium phos-
ATGCCGGGCGGCGAAGAAGTTCTGC35-GGGGAT- phate buffer g = 0.10 M; pH 7.0, not corrected for the
AACGCAGGAAAGAAGATCTGAGCAAAAGGCC-3, re- isotope effect). In a separate experiment, l0 of a
§pect|vely. The underlined COdan represent mlsmat(:h‘:‘sconcentrated imidazole solution was added to the solution
Im‘ﬁldeu;i?att%c?Zre]irea\t/se;ggurg;?::g?ﬁto the pET 11a Vectorcontaining the variant to achieve a final concentration of 1.0
and expressed iBscherichia colB834(DE3), a methionine mM. Typically 3200 scans were collected over a 33 kHz

irooh E ) f the H63M variant ied spectral width, with an acquisition time of 0.5 s and a
auxotropn (9. Expression ortne variant was carmed o4y ation delay of 1.5 s. The spectra were referenced against
out following a procedure similar to that described by Rivera

. - ; an external reference solution consisting of 35% (v/v) of
et alt. %G)I'thm b”eft'. 1IIO Lt OI:L M9 m|.n|mall Teéjla'tiugplel_- dioxane in DO, and processed with a line broadening of
(r;e:neE V(\iloli eBSSS; AP(IIDaEg;ecﬁltzorgvgi)l\?v?lcgvaefniﬁt Wr:w]en 1.5 Hz. The heterocorrelated multiple-quantum coherence
the ODyo reached a value of 0.801.0, biosynthesis of the (HMQC) (20a) spectrum of the H63M variant in the absence

polypeptide was induced by adding IPTG (isopropyl- of imidazole was acquired with spectral widths of 18 kHz

thiogalactoside) to a final concentration of 1.0 mM and the for 'H and 7 kHz for™®C, a'Joy set to 140 Hz, water
. S presaturation during the relaxation delay (1.5 s), and WURST

culture supplemented with 40 mg ofmethionine per L of d . f
fermenting cells. Approximately 10 min after induction of ecoupling on the’*C channel (.ZOb)' The data_ were

-nting - PP y . . collected as an array of 4k 1K points, which after linear
protein synthesis, 17 mg @-aminolevulinic acid and 100 diction in thet: di . d ’ filing in both
mg of FeSQ@-7H,0O were added to each liter of cell culture. s_re Iction 1n §1 dlme4n;|2nK gnt zer?_ fing - bo
The cells were harvested by centrifugati®h after induction IMensions produced a ata matrix.
of protein synthesis. Longer incubation times after induction ~ Electrochemistry Cyclic voltammetry experiments were
of protein synthesis resulted in the formation of a green color carried out with a BAS 50W computer-controlled poten-
on otherwise reddish cells. The harvested cells were tiostat. Materials, experimental setup, and methods used in
subsequently resuspended and lysed as described previousifie voltammetric determination of the reduction potentials
(18). Cell debris was separated by ultracentrifugation, the of the H63M variant were identical to those described by
supernatant made 3 mM insRe(CN), and 1 mM in Rivera et al. (21). The voltammetric experiments were
imidazole, and then dialyzed (Spectrapor:8900 MWCO)  typically carried out with solutions consisting of M
at 4.0°C against ion-exchange buffer (10 mM EDTA, 50 protein and 0.20 mM polylysine, in a total volume of 250
mM Tris, and 1.0 mM imidazole, pH 7.8). The desalted L of MOPS (100 mM, pH 7.0). Transmission mode
solution was then loaded onto an anion-exchange resinspectroelectrochemical titrations were carried out in cell
(DE52, Whatman) previously equilibrated with ion-exchange bodies constructed of polyacrylate that had an optically
buffer and eluted with a linear salt gradient (0.0 to 0.50 M transparent gold minigrid (200 wires/in, 70% transmittance,
NacCl) containing 1.0 mM imidazole. Fractions with purity Buckbee Mears Co., St. Paul, MN), quartz windows, a gold
ratio (Azso nnfA412 ) < 1.5 were pooled, dialyzed against minigrid counter electrode, and a compartment for the Ag/
gel filtration buffer (100 mM NaCl, 20 mM Tris, and 1.0 AgClI reference electrode. The details of the spectroelec-
mM EDTA, pH 7.4), concentrated by ultrafiltration (Y3 trochemical cell and titrations have been reported elsewhere
Diaflo ultrafiltration membranes, Amicon), and further (22). Typical solutions used for these experiments contained
purified by size-exclusion chromatographyg). Fractions 64 uM H63M variant, 50 mM imidazole, and 50 mM
with a purity ratio @oso/As10) < 0.5 were pooled, dialyzed phosphate buffer, pH 7.0. Methyl viologen (3.0 mM) and
exhaustively against 50 mM phosphate buffer, pH 7.0, and [Ru(NH)s)¢]Cls (0.80 mM) were added as mediators. Elec-
concentrated by ultrafiltration to approximately-8 mL. tronic spectra were taken every 20 mV in the range 2800
Protein concentrations were determined using the molarto —380 mV vs a Ag/AgCl reference electrode. The
absorptivity coefficient determined by the pyridine hemo- spectrum of completely oxidized and completely reduced
chrome methodef;o = 108 mMt cm™Y) (19). species were obtained atL00 and—500 mV, respectively.
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Ficure 1: Electronic spectra of the H63M variant of OM dy (a) Fe(ll); (b) Fe(lll) species obtained by dialyzing a solution containing
the ferrous variant, dithionite (0.10 mM), and dithiothreitol (1.0 mM); (c) Fe(lll) species obtained by oxidizing the
Fe(ll) species with ferricyanide; (d) Fe(lll)-imidazole complex. (e) Fe{@O complex.

Coupled Oxidation AssaysCoupled oxidation reactions (75/25). The retention time of the product generated from
were carried out at 33C with solutions containing 14M the coupled oxidation of the heme in the H63M variant was
of the H63M variant in 1.0 mL of 50.0 mM phosphate buffer, compared to those obtained from samples of authentic
pH 7.0. The reaction was initiated by addition of a o-biliverdin (Sigma), and from samples obtained by coupled
concentrated solution of sodium ascorbate to achieve a finaloxidation of iron protoporphyrin IX in the presence of
concentration of 2.0 mM in the reaction mixture, and the pyridine.
reaction was stopped after 7.0 h by cooling to 200 An
800uL aliquot of the resultant solution was extracted with  RESULTS
a mixture of pyridine (0.10 mL) and CHE(1.0 mL), and . o ) .
the chloroformic phase was transferred to a test tube, dried Protein Purification and Electronic SpectreCentrifuga-
over anhydrous NSOy, concentrated with a gentle stream  tion of the B834(DE3) cedl 3 h after induction of protein
of nitrogen to approximately 5Q6L, and analyzed by UV synthesis produc_es ared pellet_due to the overexpression of
vis spectrophotometry. the OM cyt_b5_var|ant. After lysis and_ult_racentrlfugathn_,

Mass SpectrometryThe coupled oxidation reaction (10 the mutant is in the reduceq sta_tg as |nd|cate_:d by_ its visible
mL) was performed as described above and stopped afterSPectrum (Figure 1a), and it oxidizes upon dialysis. When
10 h by cooling to £C. The resultant solution was dialyzed the H63M variant is oxidized during the dialysis process,
against 40 mM NHHCO; and subsequently concentrated by S electronic spectrum (Figure 1b) dlsplgy_s a b_a_nd at 6_560
ultrafiltration to approximately 60QuL. One hundred nm. On the other har_wd, When_ the proteln is oxidized with
microliters of the resultant solution was diluted with 300 an excess of potassium ferricyanide in the presence of
of 10 mM ammonium acetate and then injectegd(3min) imidazole, |mmed|at(_aly after.ult.racentn.fugatlon, the spectrum
into a Sciex API Ill triple quadrupole mass spectrometer of the.resultant ferric protein is devpld of the_ band at 6_60
equipped with an atmospheric pressure ion source. Sampling®M (Figure 1c). These re_:sults prowd_ed the first indication
of the positive ions was achieved in the first quadrupole using that the ferrous H63M variant reacts with oxygen to produce
a voltage difference of 125 V. Increments of 0.1 amu were & derivative whose electronic spectrum displays a peak at
collected in the range 4661000 amu. 6§0 nm. The electronic spectrum of the fernc_vanant

HPLC Analysis The regioselectivity of the reaction was displays a charge-transfer transition at 630 nm (Figure 1c)
assessed by analysis of biliverdin dimethyl ester isomers with indicative of a high-spin state. The spin state of the ferric
the aid of a Beckman System Gold HPLC chromatograph Variantwas corroborated by its EPR spectrum which _dlsplays
equipped with a diode array UWis detector. Samples Signals withg values at 6.45 and 2.1@6), typical of high-
(dissolved in chloroform) were prepared as follows. A SPin ferric hemes with histidine as the proximal Ilgand. On
solution containing the reaction product (10 mL) was thg other hanq, the ferrous protein appears to be in the low-
extracted with a mixture of 2-picoline (2.0 mL) and CHCI  SPin state, as indicated by the resolwedand/;-bands (558
(5.0 mL). The conversion of verdoheme to biliverdin was an_d 528 nm, respectively) observed in its electronic spectrum
accomplished by addition of KOH followed by the addition (Figure 1a). Furthermore, when CO is bubbled through a
of HCI to the chioroformic phase, as described by Saito and solution of the ferrous variant, a stable’FeCO species is
ltano 23). Synthesis of the dimethyl esters was carried out formed, as indicated by its electronic spectrum (Figure 1e).
as described by O’Carra and Collerag4), Coupled When a solution containing the ferric protein was loaded
oxidation of the pyridine hemochrome was carried out as onto an ion-exchange column, a red band was formed at the
described by Torpey and Ortiz de Montellai@b), Samples top of the column, as expected. However, when the salt
were injected into a Beckman Ultrasphere ODS C18 column gradient was started, the characteristic red color of the
(4.6 mmx 25 cm) and separated by isocratic elution with a holoprotein disappeared gradually, leaving behind a green
mixture 20:80 consisting of methanol:methanol/water color characteristic of heme devoid of axial ligands. This
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FIGURE 2: 13C-NMR spectrum of the H63M variant labeled with 5 AL
L-13C-methyl methionine. (a) Fe(lll); (b) Fe(Ih)imidazole com- 2.6
plex. Resonances not arising from Met 63 in spectrum (a), i.e., 2.7 —
those observed in the range between 14.00 and 14.90 ppm, do no -
shift upon formation of the Fe(llfyimidazole complex. Resonances T L VLA
highlighted with arrows arise from Met-63 upon formation of the B¢ (ppm)

Fe(lll)—imidazole complex. ) .
Ficure 3: HMQC spectrum of the H63M variant labeled with

indicated that the ferric variant loses its heme during the L-[**CImethyl methionine.
elution process, presumably due to electrostatic interactions ) ] o ]
between the heme propionates and the anion-exchange resif"ethyl groups are in relative close proximity to the ferric
This suggests that the hemEI63M complex is significantly ion, hence favormg dipolar interactions with the unpaired
weaker than the heme-wild-type dy complex. To purify electron on the fernc heme. It is noteworthy, however, tha_t
the holoprotein by ion-exchange chromatography, the solu- the chenj|ca}l shift range o.bservgd for the methyl carbon; in
tion containing the ferric H63M variant was made 1.0 mm @ll methionine residues is typical of methyl carbons in
in imidazole and then loaded onto an ion-exchange column, diamagnetic molecules. This implies that the sulfur atom
previously equilibrated with ion-exchange buffer containing N Met-63 is not coordinated to the ferric heme iron.
1 mM imidazole. The holoprotein was eluted, subsequently Addition of imidazole to a solution of the variant results
dialyzed in order to remove the imidazole, and then purified in large shifts for the resonances arising from Met-63. The
by size-exclusion chromatography. The electronic spectrum position of the resonances arising from Met-63 in the
of the ferric H63M-imidazole complex (Soret band at 412 H63M—imidazole complex is highlighted by arrows in
nm and a visible peak at 530 nm) (Figure 1d) is similar to Figure 2b. There are four resonances arising from Met-63
that obtained from wild-type OM cyls, hence suggesting  because there are two orientations of the methionine and two
that the heme becomes hexacoordinated in the presence ofrientations of the heme in the active site. Furthermore, these
imidazole. The incorporation of imidazole as the sixth ligand resonances become narrower upon binding of exogenous
was corroborated from the EPR spectrum of the H63M imidazole, hence suggesting a weaker dipolar interaction
imidazole complex, which displays signals wighvalues between the methyl carbons and the unpaired electron on
characteristic of low-spin ferric hemoproteigs= 3.04, 2.22,  the heme iron. This indicates that the methyl group in Met-
and 1.45. 63 is displaced further away from the heme iron upon binding
NMR SpectroscopyTo determine whether Met-63 binds ~ of imidazole. In contrast, the resonances between 13.90 and
to the ferric heme, the H63M variant was expresse@.in  14.80, which are thought to arise from Met-1, Met-23, and
coli B834(DE3), a methionine auxotroph. This strategy Met-70, are not affected (Figure 2b). Additional evidence
permitted the labeling of the variant witiC-methyl me- that Met-63 is not bound to the ferric heme was obtained
thionine. Thel®C-NMR spectrum of the labeled variant from the'H chemical shifts arising from the methyl groups
(Figure 2a) displays eight resonances between 13.90 andn the H63M variant. Thest chemical shifts, which were
16.50 ppm. These resonances arise from Met-1, Met-23,0btained with the aid of an HMQC experiment (Figure 3),
Met-63, and Met-70. On the basis'®-NMR spectroscopic  are characteristic of methyl groups in diamagnetic environ-
studies, it has been previously demonstrated thabgig a ments, thus clearly indicating that Met 63 is not bound to
mixture of two interconvertible isomers that differ by a 180  the ferric heme.
rotation about thex—y-meso axis of the heme&7). The Electrochemistry The reduction potential of the H63M
ratio of isomeric populations A:B in the case of OM variant was measured by spectroelectrochemistry and by
cytochromebs is 1:1 28). Itis also known from the crystal  cyclic voltammetry in the presence and in the absence of
structure of OM cyts (16) that the side chain of Met-23 is  imidazole. A family of spectra obtained during the spec-
in van der Waals contact with the heme substituents on troelectrochemical titration of the variant in the presence of
pyrrole I, and that Met-80 is in van der Waals contact with imidazole is shown in Figure 4, along with the Nernst plot
the heme substituents on pyrrole Ill. On this basis, it is (inset). The reduction potential of the imidazeld63M
possible to propose that the intense signal at 14.06 ppmcomplex, which was shown to exist as a low-spin Fe(lll)
(Figure 2a) arises from Met-1, while the two sets of species, was found to be92 mV vs NHE. The reduction
resonances at 14.11, 14.45 and 14.64, 14.82 ppm originatepotential of this species measured by cyclic voltammetry was
from Met-23 and -70. Each set consists of two resonancesfound to be—80 mV vs NHE (Figure 5a). By comparison,
of almost equal intensity due to the heme isomeric mixture the reduction potential of OM cybs (a bis-histidine
A:B = 1:1. The three resonances between 15.40 and 16.50coordinated species) measured potentiometrically under
ppm appear to arise from Met-63. The relatively larger width similar conditions is—102 mV vs NHE 29). The spectro-
of these resonances seems to indicate that their correspondinglectrochemical measurement of the reduction potential
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FiIGURe 4: Spectroelectrochemical titration of solutions containing
the H63M variant (64M) in the presence of imidazole (50 mM). . . .
(Inset) Nernst plot constructed from the dependence of the FIGUREG: Changes in the electronic spectrum of the H63M variant

absorbance at 424 nm on the applied potential. The Nernst slope isof OM cyt bs during the coupled oxidation of heme in the presence
62 mV. of ascorbate.
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FicurRe 5: Cyclic voltammograms obtained from solutions contain- PYridine in chloroform.
ing the H63M variant of OM cybs (90 M), in the presence (a)
and in the absence (b) of imidazole (50 mM). A gold disk electrode mV (30), sperm whale myoglobin, 55 m\8{), and human

was modified with3-mercaptopropionate and the voltammogram mvoglobin, 50 mV 81), consistent with a species in which
was obtained in the presence of 0.20 mM polylysine (MV8970), hgmg is axially Iiga(ie)d by a proximal histigine
with a scan rate of 20 mV/s. The potential axis shown is with respect )

to the Ag/AgCl reference electrode but the reduction potentials in  Coupled Oxidation of Heme The addition of excess
the text are given with respect to the NHE. ascorbate to a solution of the H63M variant previously
exhibited by the H63M variant in the absence of imidazole equilibrated with air was monitored spectrophotometrically
was more difficult to obtain due to the gradual decomposition (Figure 6). The electronic spectrum of the ferric H63M
of the protein during the course of the potentiometric titration. variant before addition of ascorbate was identical to that
The reduction potential obtained for the variant from several shown in Figure 1c. Addition of ascorbate results in
potentiometric measurements is 110 mV vs NHE. To reduction of the variant, as demonstrated by the Soret band
substantiate this value, its reduction potential was measured420 nm) and visible peaks at 558 and 528 nm that are
by cyclic voltammetry (Figure 5b) and found to Bel30 characteristic of a hexacoordinated low-spin ferrous heme.
mV vs NHE. It has been previously reported that when As the coupled oxidation reaction proceeds, the intensity of
electrodes modified with polyelectrolytes are utilized for the Soret band at 420 nm decreases with the concomitant
voltammetric measurements of the reduction potential of increase of a peak at 402 nm. The peaks at 528 and 558
cytochromebs, the observed values are consistently more nm also disappear, giving rise to a peak with absorption
positive than those measured potentiometricdlly 29). An maxima at 534 nm. It is also evident from Figure 6 that as
explanation for the observed anodic shifts has been proposedhe reaction progresses, a peak with absorption maxima at
recently @1). Consequently, the value of the reduction 660 nm is formed, whose intensity increases as the reaction
potential measured potentiometrically for the H63M variant proceeds. The electronic spectrum obtained after 7.0 h of
(110 mV), appears to be reasonably close to the true value.reaction (Figure 7a) is very similar to the spectrum reported
It is also noteworthy that this value compares well with the for the pyridine hemochrome of verdohen82), therefore
reduction potential displayed by horse heart myoglobin, 45 implying that verdoheme is the product of the coupled
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the pyridine hemochrome was incubated with ascorbate. It
is known that during the coupled oxidation of the pyridine
hemochrome, all four meso positions are attacked by oxygen
- to produce a random mixture of isomeric biliverdir&3,(
b 34). The chromatogram obtained from a sample derived
from the coupled oxidation of the pyridine hemochrome
=t displays four peaks with retention times ranging-612.0
min (Figure 8c). This experiment demonstrates that the four
isomeric biliverdins can be separated with the conditions
utilized in the analysis of the reaction products by HPLC.
a Consequently, it can be concluded that the coupled oxidation
of heme performed by the H63M variant occurs witB0%
o 40 80 120 160 200 regioselectivity for thex-meso position.

min
Ficure 8: Chromatograms obtained from solutions containing the

dimethyl ester derivatives of (a) biliverdin obtained from the . C .
verdoheme that is formed upon coupled oxidation of the heme in _ Sligar and Egeberdg) replaced histidine-39, a heme axial

the H63M variant, (b) standard biliverdin, and (c) biliverdin ligand in rat microsomal cybs for a methionine. On the
obtained from a coupled oxidation reaction of iron protoporphyrin basis of EPR and resonance Raman spectroscopic studies,
IX'in agueous pyridine. these authors reported that the ferric form is a six-coordinated
high-spin species. These authors also reported that it was
not possible to conclude whether Met-39 or a water molecule
act as the sixth axial ligand in the ferric H39M variant of
microsomal cyts. The reduction potential of this protein
was found to be-240 mV vs NHE 85), as compared with

DISCUSSION

oxidation reaction performed by the H63M variant of OM
cytochromebs.

Additional evidence corroborating that verdoheme is the
product of the coupled oxidation of the heme in the H63M
variant of OM cyths was obtained by incubating a more , ;
concentrated solution of the variant with ascorbate. The 6 ”!V for the W|Id—_type protein36). Furthermore, the H39M
reaction was stopped after approximately 10 h and the variant of rat mu;rospmal cyt_)5 was found to catalyze
reaction product extracted as the pyridine hemochrome imomtermolecular o'X|dat|ve react|ons., dgmonstrated W'Fh the
chloroform. The electronic spectrum obtained from the hydrogen pero>_<|_de-dependent oxidative demethylano_n of
resultant chloroform solution (Figure 7b) is identical to the N,N-d|methylan|_l|ne_ 69 _On _the other hand, when His-
spectrum reported by Lagaria3? for the pyridine hemo- 63, the other aX|aI.I|ggnd in mlcrosom{al cy_tochro.baarvas
chrome of verdoheme. Moreover, in a separate experiment,mUtated toa methionine, thg apoprotein failed to incorporate
the coupled oxidation reaction was quenched by cooling the heme during cell fermentatior87).
reaction mixture to 4.6C. The ascorbate-containing solution ~ BY comparison, the evidence presented in this report
of the variant was Subsequent'y dia'yzed vs a 40 mM solution demonstrates that the H63M variant of outer mitochondrial
of ammonium bicarbonate at 4°C. The resultant solution ~ Membrane (OM) cybs exists as a high-spin ferric species
was concentrated by ultrafiltration, diluted with ammonium coordinated by a proximal histidine residue (His-39), and
acetate and analyzed by electrospray mass spectrometry. Thékely, by a distal water (discussed below). NMR spectro-
resultant mass spectrum displays a small peak correspondingCopic studies provided strong evidence indicating that Met-
to unmodified hemer/z= 616), and a large peak corre- 63 is not coordinated to the ferric heme iron. The reduction
sponding to verdohemem(z = 619), thus conclusively potential of the H63M variant of OM cys was found to
demonstrating that the product of the coupled oxidation be +110 mV vs NHE, a value in close agreement to that
performed by the H63M variant is verdoheme. displayed by myoglobin. It is also noteworthy that the

Regioselectiity of the Coupled Oxidation ReactiorThe mitochondrial H63M variant performs an efficient intra-
regiospecificity of the reaction performed by the H63M Molecular oxidative reaction, the coupled oxidation of heme.
variant was assessed by extracting the verdoheme produce®n the other hand, the H39M variant of OM dytdoes not
upon coupled oxidation into 2-picoline, hydrolyzing it to incorporate heme during cell fermentation.
iron-biliverdin in basic picoline, followed by acidification Heme Axial Ligation The EPR and electronic spectra of
of the picoline solution in order to produce biliverdia3j. the ferric H63M variant of OM cybs are similar to those
The biliverdin was then esterified with methanol and the displayed by met-aquomyoglobii3), indicating that the
resultant dimethyl ester derivative analyzed by HPLC. The heme in the ferric variant may be coordinated by His-63 in
chromatogram obtained for the sample derived from the the proximal side and by water in the distal pocket.
coupled oxidation performed by the H63M variant (Figure Coordination of water in the distal pocket of the ferric variant
8a) shows a peak with retention time of approximately 8.0 can be inferred from the band at 630 nm that is observed in
min. A sample of biliverdin dimethyl ester (Figure 8b), its electronic spectrum. In myoglobin, this band has been
which was derived fronw-biliverdin, displays a peak with  assigned to an FeO charge-transfer transitioB%). When
retention time identical to that observed for the product of imidazole is added to a solution of the ferric H63M variant,
the coupled oxidation performed by the variant. This is the resultant electronic spectrum (Figure 1d) is very similar
strong evidence suggesting that the coupled oxidation to that displayed by ferric OM cyts (28), with Soret band
performed by the variant is regioselective, with oxygen at 412 nm and visible peaks at 530 and 556 nm. It is
attacking thex-meso position, as is observed in the case of therefore possible to suggest that the exogenous imidazole
myoglobin and heme oxygenase. In a separate experimentcoordinates the heme iron in the distal site, producing a ferric
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low-spin species, as manifested by the disappearance of the
band at 630 nm (Figure 1d). Consistent with coordination
of the heme by a proximal histidine, the reduction potential
of the H63M variant in the absence of imidazole was found
to be 110 mV vs NHE, a value that is in good agreement
with the reduction potentials observed for myoglobin. Also
consistent with the proposed heme axial ligation, the reduc-
tion potential of the variant measured in the presence of
imidazole is —90 mV vs NHE. This value is in good
agreement with theE° measured for the bis-histidine
coordinated OM cybs, —102 mV @9), implying that His-

39 coordinates in the proximal site and exogenous imidazole
coordinates in the distal pocket. It is important to note,
however, that the electronic spectrum of the reduced species
(Figure 1a) shows well-resolved andf-bands at 558 and
528 nm, respectively, and a Soret band at 424 nm. This
spectrum is indicative of a low-spin Pespecies, hence
indicating that, upon reduction, the heme is coordinated by
His-39 and by Met-63. Fe-biliverdin Verdoheme

Conclusive evidence indicating that Met-63 does not Ficure 9: Schematic representation of the reaction pathway for
coordinate the heme in the ferric variant was obtained from the conversion of protoporphyrin IX into Fe-biliverdin by heme
NMR spectroscopic studies performed withC-methyl Oxygenase.
methionine- labeled protein. THEl and!3C chemical shifts 04
arising from the methyl groups in all four Met residues of
the ferric H63M variant resonate in their expected diamag-
netic region, 13.617.0 ppm for'*C and 1.86-2.90 ppm 031
for *H (Figures 2 and 3). Coordination of Met-63 to the
ferric ion of the heme should result in the observation of
contact shifts for théH and*3C nuclei in the methyl group
of Met-63. These contact shifts are a consequence of
unpaired electron density originating from the ferric ion 01l
which is delocalized into the methionine side chain via the
S—Fe coordinative bond. In fact, this is observed in the case
of cytochromec, where the Met-80 methyl protons resonate 0.0
at—21 ppm B9). In summary, the evidence discussed above
indicates that the ferric variant is coordinated by His-39 in
the proximal side and by water in the distal side, whereas
the corresponding ferrous species appears to be coordinate
by His-39 and Met-63.

Coupled Oxidation of HemeHeme catabolism is carried  for the reaction catalyzed by HO. Whereas the coupled
out by the enzyme heme oxygenase (HO) via the NADPH- oxidation of free heme in aqueous pyridine produces a
dependent cleavage of heme to biliverdin and carbonrandom mixture of four biliverdin isomers, the coupled
monoxide 40). The heme oxygenase reaction proceeds via oxidation of heme in heme proteins is regioselective. For
a sequential mechanism in which catalytic turnover of HO example, coupled oxidation of heme in myoglobin yields
requires NADPH-cytochrome P450 reductase as a source ofalmost exclusivelyx-biliverdin, whereas human hemoglobin
reducing equivalents and molecular oxygd@-43). The yields 60%a-biliverdin, and 40%(-isomer (4, 34, 48).
catalytic cycle of heme oxygenase (Figure 9) parallels that Incubation of the H63M variant of OM cytochrontog with
of cytochrome P450 in that an oxyferrous complex is formed ascorbate results in the formation ®00% o-verdoheme,
which accepts a second electron from cytochrome P450as demonstrated by its electronic spectrum (Figure 7), by
reductase in order to form an activated oxidizing spedids (  electrospray mass spectrometry, and by HPLC analysis
The activated oxidizing species in HO adds a hydroxyl to (Figure 8).
the hemen-meso position, thus producirg-hydroxyheme The formation of verdoheme and not iron-biliverdin upon
(45), which undergoes a subsequentde@pendent elimina-  coupled oxidation of the heme in the H63M variant may
tion of the hydroxylatedr-meso carbon as CO, with the arise from the formation of a hexacoordinated (Hidet)
concomitant formation ofi-verdoheme (Figure 9). Finally, ferrous-verdoheme-protein complex. The formation of a
o-verdoheme is cleaved in an NADPH- and-@pendent  hexacoordinated species can be inferred from the electronic
manner to produce-biliverdin (23, 46). A related reaction  spectrum arising from the product obtained by incubating
is that of coupled oxidation, in which heme is reacted with the H63M variant with a 100-fold excess of ascorbate (Figure
a reducing agent, usually ascorbate or hydrazine, and10a). This spectrum displays a band at 660 nm which is
molecular oxygen47). The coupled oxidation of heme almost identical to the one observed in the electronic
produces biliverdin via the formation of intermediate species spectrum of the ferrous pyridine hemochrome of verdoheme
such as hydroxyheme and verdoheme, as shown in Figure 32). By comparison, the electronic spectrum of the ferrous

COH COH CO-H COH

Heme

02

Absorbance

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)
Ficure 10: Electronic spectra obtained from the product of the

aoupled oxidation reaction of the heme in the H63M variant (a)
efore, and (b) after saturating the solution with carbon monoxide.
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pentacoordinated verdoheme in heme oxygenase displays @nd other heme-containing proteins is likely to shed light
band at 690 nm405). These observations suggest that into the details of oxygen activation performed by heme
molecular oxygen cannot readily displace Met-63 from its oxygenase X4). The evidence presented in this report
coordination site on verdoheme, hence arresting the coupledndicates that further research with the H63M and related
oxidation reaction at the verdoheme stage. Consequently,variants of OM cytbs may provide important insights related

the mechanism of inhibition for the oxidation of verdoheme
to iron-biliverdin in the H63M variant is similar to that
observed for turnover of the hembeme oxygenase complex
in the presence of carbon monoxid®,(50), and is consistent
with the proposal that further oxygenation of verdohemo-
chrome to iron-biliverdin occurs only with pentacoordinated
verdoheme complexe$). In a similar fashion, ligands
that bind both the fifth- and sixth-coordination sites of
verdoheme with relatively high affinity inhibit the formation
of biliverdin from verdoheme2Q3).

Additional evidence for the relatively strong coordination
bond formed between Met-63 and the verdoheme iron was
obtained from a solution containing the product formed upon
incubating the H63M variant with ascorbate. The electronic
spectrum of the reaction product, H63Merdoheme com-
plex, is shown in Figure 10a. When this solution was

saturated with CO, the band at 660 nm decreased in intensity,

with a concomitant increase in the intensity of a new band
at 635 nm (Figure 10b). The latter arises from verdoheme
coordinated by His-39 and CA@g, 49, 50). It is noteworthy
that the band at 660 does not disappear completely upon
saturating the solution with CO for 20 min. However, when
air is bubbled to displace the carbon monoxide, the band at
635 disappears and the intensity of the band at 660 nm
increases to yield the original spectrum (Figure 10a). By
comparison, when a solution of the ferrous H63M variant
(Figure 1a) was bubbled with CO, the carbomonoxy complex
(Figure 1b) is formed immediately. These observations taken
together imply that the H63M complex is capable of
activating oxygen in order to perform the oxygenation of
heme. On the other hand, Met-63 coordinated to the
verdoheme iron in the H63M variant is not readily displaced
by CO. Consequently, it is likely that Met-63 cannot be
displaced by @ from its coordination site on verdoheme,
which is consistent with the fact that the coupled oxidation
of heme in the H63M variant is arrested at the verdoheme
stage.

Concluding Remarks Heme oxygenase catalyzes the
NADPH- and cytochrome-P450-reductase-dependent oxida-
tion of heme to biliverdin and carbon monoxidd). It has

been proposed that carbon monoxide generated by the hemel0-

oxygenase system functions as an important second-mes
senger molecule5@, 53). Therefore, the detailed under-
standing of the mechanism by which heme oxygenase
converts heme to biliverdin is of important physiological

relevance. Although several important advances have been 12.

made toward the understanding of the mechanism by which

heme oxygenase activates heme, important issues such a

the details of oxygen activation are not fully resolved yet.
Furthermore, it has been suggested that the mechanism o

oxygen activation displayed by heme oxygenase appears to

be different from the mechanism displayed by cytochromes
P450 and peroxidaseS(, 54, 55). Additional progress in
this area has been difficult due to the lack of a three-

dimensional structure for heme oxygenase. It has also been ~
proposed that understanding the detailed mechanistic aspects

of the coupled oxidation reaction performed by myoglobin

to the mechanistic aspects of heme oxygenation performed
by heme oxygenase. In comparison to other heme-containing
proteins known to undergo coupled oxidation, the heme in
cyt bs is largely exposed to the aqueous environment. In
addition, the heme-binding affinity exhibited by the H63M
variant appears to be lower than that exhibited by the wild-
type protein. These structural properties compare well with
those postulated for the active site in heme oxygenase, which
is thought to bind heme with lower affinity and with larger
exposure to the agueous environment than observed for most
heme-containing proteins.
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