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Active-Site Modeling

A Functional Model of the Cytochrome ¢
Oxidase Active Site: Unique Conversion of a
Heme—p-peroxo—Cu" Intermediate into Heme-
superoxo/Cu"+*

Jin-Gang Liu, Yoshinori Naruta,* and Fumito Tani

Cytochrome ¢ oxidase (CcO), the terminal enzyme of the
respiratory chain, catalyzes the four-electron reduction of
molecular oxygen to water at a low overpotential without the
release of the toxic reactive intermediates superoxide and
peroxide.!! The active site of the enzyme at which dioxygen
reduction takes place is composed of heme a;/Cug dinuclear
center. Heme a; is ligated axially by a histidinyl imidazole,
and Cug is coordinated with tridentate chelation by three
histidine ligands, one of which (His240) is linked to a tyrosine
residue (Tyr244) by a covalent bond (in the bovine enzyme
sequence).’! The function of this unprecedented Tyr—His
cross-link has provoked considerable interest, and it has been
proposed to function either as an electron and proton donor
to dioxygen bound to heme a; or to provide a means to fix Cug
in an optimal configuration at an optimal distance from
heme a; during the catalytic reduction of O,.!

The reduction of dioxygen by CcO has been proposed to
proceed via various intermediates; oxyheme (a heme-super-
oxide complex) and oxoferryl intermediates have been
observed spectroscopically. ¥l A peroxide species [Fe"'-0,—
Cu"]* has been proposed as a possible intermediate in the
catalytic cycle, but has yet to be observed in the enzyme.
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Thus, the exact role of the Cug center in the binding and
activation of dioxygen are not yet well defined. The con-
struction of functional biomimetic molecules that closely
resemble the native enzyme active site is crucial for the
elucidation of the CcO catalytic mechanism. Considerable
progress has been made in the creation of heme/copper model
compounds that provide further understanding of the enig-
matic heme ay/Cug dinuclear center in CcO.”! Few of the
previously reported synthetic models, however, bear a mimic
of the Tyr—His cross-link, a feature which appears to play an
important role in the mechanism of dioxygen reduction
catalyzed by CcO.*® Recently, a heme-containing CcO-
active-site model was reported which lacks the axial imidazole
ligand and contains covalently appended copper-chelating
groups and a cross-linked Tyr—His mimic. It reacts with
dioxygen to form a stable peroxide species at low temper-
ature.””) Toward the construction of closer structural ana-
logues of the CcO active site, a fully integrated model
[(LN*°M)Cu/Fe(TMPIm)] (1a) was prepared. We report
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1a:R=H
1b: R = MOM

herein spectroscopic evidence that the formation of a heme—
p-peroxo—Cu" species is followed by conversion into a heme—
superoxo/Cu’ intermediate during the oxygenation reaction
with this new model compound. The unique conversion of the
transiently formed p-peroxide into the corresponding super-
oxide species revealed by this synthetic model may provide
some clarification of the ill-defined mechanism of dioxygen
reduction by CcO.

The oxygenation reaction of 1a was monitored by UV/Vis
spectroscopy. Exposure of 1a to O, in CH;CN/THF (20 %) at
—70°C leads to distinctive spectral changes with clear
isosbestic points, as shown in Figure 1. The Soret band shifts
from 426nm (¢=88500M'cm™') to 429nm (e=
81600mM 'cm™') with a slight decrease in intensity, whereas
the Q band at 533 nm (e =12000M 'cm™) disappears, and a
new band at 538 nm (¢ =9300m 'cm ") develops. This species
formed at low temperature, intermediate A, is unstable (¢,, =
0.5h, —70°C), and its gradual transformation into interme-
diate B is marked by a shift in the Soret band at 429 nm to
425 nm, whereas the Q band shifts from 538 nm to 550 nm
(Figure 2). Intermediate B is observable in the temperature
range of —70 to —30°C, and its UV/Vis spectral characteristics
resemble those of the copper-free heme—superoxide species,
observed with the same system under similar experimental
conditions.
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Figure 1. UV/Vis spectral changes of 1a upon exposure to dioxygen in
20% CH;CN/THF at —70°C. Spectral interval is 1 min. Inset:
resonance Raman spectra of intermediate A formed from a) '°O, and
b) '30,; c) difference spectra of a) minus b); conditions: 20%
CH;CN/THF, —70°C, excitation at 413 nm, 20 mW.
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Figure 2. Absorption spectral changes of intermediate A in the course
of decay in 20% CH,CN/THF at —70°C. Spectral interval is 20 min.
Inset: resonance Raman spectra of intermediate B derived from

a) '*0, and b) ®0,; c) difference spectra of a) minus b); conditions:
20% CH;CN/THF, —35°C, excitation at 413 nm, 20 mW.

Resonance Raman spectroscopy was used to probe the
binding of dioxygen to la under the same experimental
conditions used for UV/Vis spectroscopic measurements.
Raman spectra of intermediate A exhibit two groups of
isotope-sensitive bands, one at 787, 803 cm ™' (*°0,)/751 cm™!
(**0,), and the other at 611cm™ (**0,)/584 cm™ (**0,)
(Figure 1, inset). Bands at both 787 and 803 cm ™" are assigned
to the O—O stretch (vo_o) vibration. The appearance of two
bands near 800 cm™' with '°O, may be caused by vibrational
coupling between the bound O, molecule and the internal
vibration mode of the porphyrin (799 cm™"), which produces
the spectral split.'”! In the case of '*O,, however, the two
original bands disappear, and only one band at 751 cm™ is
observed. This observation rules out the existence of two
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potentially bound O, species. The observed vy, o value is
comparable to those of our previously reported peroxide
compounds®  (for example, [(TMP)Fe"—O,—Cu"(5-
MeTPA)]*: 790cm™ (*°0,)/746 cm™ ('0,)) and is also
similar to those of the reported dioxygen adducts in the
peroxy state (TMP-5-MeTPA = N-{2-[10,15,20-tris(2,4,6-
trimethylphenyl)porphyrin-5-yl]phenyl}-6-{[bis(5-methylpyri-
din-2-ylmethyl)amino]methyl}nicotinamide).”! The band at
611 cm ™' is assigned to the vg,_o, mode of a peroxo species.
The value of the g, o, band observed herein is quite similar to
those reported for peroxo-myoglobin!'*! (617 cm™) and low-
spin iron-peroxide model compounds (617-632 cm™").['>
Thus, the Raman bands for the O—O stretch and the Fe—O
stretch are observed simultaneously for the initially formed
intermediate A.

Raman spectra of intermediate B, however, do not exhibit
an oxygen-isotope-sensitive band in the region near 800 cm ™!
or above. Instead, an isotope-sensitive band is observed at
574cm™  (*%*0,)/548 cm™! (*0,) (Figure?2, inset). The
observed isotopic frequency shift (Av__ . =26 cm™') matches
well with the expected value for the vp,_o, mode in the
diatomic  harmonic  approximation.  Oxymyoglobin*!
(570 cm™), oxyCcO™ (572 cm™), the reported CcO model
compound™! Fe—O,/[Cu(NMePr)]* (570 cm™"), and all well-
characterized examples of heme—superoxide complexes man-
ifest similar Fe—O, stretch vibrations.'"! Accordingly, the
Raman band at 574 cm™' is assigned to the Fe—O, stretch
vibration of a superoxide species. More importantly, upon
oxygenation of the copper-free complex with the same
system, an oxygen-isotope-sensitive band appears at
576 cm ™! (1%0,)/549 cm™!' (**0,), which indicates formation
of the expected heme—superoxide species and is consistent
with the UV/Vis spectroscopic results. Furthermore, the
oxidation marker band (v,) of the porphyrin in resonance
Raman exhibits a clear frequency shift from 1357 cm™' for the
reduced Fe'-heme unit of 1a to 1365 cm ™' for the Fe"™-heme
moiety of the superoxide-like intermediate B, via 1361 cm™!
for the initially formed peroxide intermediate A. The v, band,
which can be clearly identified without interference from
other modes, is sensitive to the extent of m back-donation
from iron to the m* antibonding orbitals of porphyrin.'”!
Consequently, when the s back-donation decreases, an
increased frequency of v, is observed. The spin-state marker
band (v,) of the porphyrin ring appears at ~1563 cm™' for
both intermediates A and B, consistent with the presence of a
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Scheme 1. Dioxygen binding and subsequent transformation proposed for the model compound 1a. Im=
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six-coordinated low-spin ferric heme. By comparison with
these values, the v, band appears at 1552 cm™! for the high-
spin dioxygen—-heme/Cu adduct with the parent model com-
pound,”! which lacks the axially bound imidazole.

Further evidence comes from EPR spectroscopic experi-
ments. Frozen samples of both intermediates A and B are
EPR silent. The EPR-silent character of the former is
ascribed to the strong antiferromagnetic coupling between
the Cu" and Fe'" ions through a peroxo (O,?) bridge as
observed in other examples.>*! Tt also rules out the presence
of a side-on n>-peroxo-heme/Cu' or Cu" adduct, because the
side-on m’-peroxo-heme moiety produces a strong EPR
marker signal at g=4.2.% In the case of intermediate B it
may be understood that the Cu' complex sits just above, or is
directed away from the superoxide Fe"-0,  moiety without
direct contact between the two metal ions. Therefore we
conclude that the dioxygen adduct intermediate A, initially
formed from the heme/Cu model compound 1la, is an
imidazole-ligated low-spin heme—p-peroxo-Cu" species (u-
1,2 or p-n*m"), which is subsequently transformed into a more
stable superoxide intermediate B.

The preferred formation of a heme-superoxo/Cu' inter-
mediate derived from its precursor, heme-peroxo-Cu",
rather than from the direct oxygenation of 1a tempts us to
postulate the scenario of dioxygen binding to this heme/Cu
model compound. Exposure of the reduced Fe"/Cu' form to
dioxygen may initially result in a transient end-on Cu"™-O,"
species en route to the heme—p-peroxo—Cu'! intermediate.!'”)
The p-peroxo intermediate thus formed is quite unstable
owing to the electron-push effect of the axial imidazole,”” and
as a result, the bound peroxide breaks away from the cupric
ion to form the thermodynamically more stable heme-
superoxo/Cu' intermediate. The redox couples of the two
metal centers integrated in 1a (heme—superoxo/heme—peroxo
and (L™O")Cu'/Cu") are likely to be responsible for this
unique transformation. When the potential of the former
couple is more negative than that of the latter, the conversion
of heme—peroxo—Cu" into heme-superoxo/Cu’ becomes ther-
modynamically allowed.?!! The nearby cross-linked cresolyl
OH group could facilitate the conversion of the newly formed
peroxide into the superoxide by hydrogen-bonding stabiliza-
tion, possibly by water molecules (Scheme 1).1%!

Notably, a similar bridged peroxo complex is also
generated through the oxygenation of an analogous model
compound 1b, in which the cross-linked phenolic hydroxy
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function is protected by a methoxymethyl (MOM) group. Its
0O—O stretch (vo_o) mode appears at 788 and 804 cm ™' (°0,)/
752cm™! (®0,), and the vy o stretch mode appears at
617cm™  (0,)/589 cm™ ('®0,). All oxygen-sensitive
Raman bands of the peroxide formed with 1b shift slightly
to higher wavenumbers relative to those of 1a. The UV/Vis
spectroscopic features of the MOM-protected peroxide in
solution are quite similar to those of the peroxide initially
generated (intermediate A) from 1a; the thermal decay of the
MOM-protected peroxide, however, gives a heme-p-oxo—
Cu" species, and quite unlike that of the superoxide species
associated with 1a.

The heme-superoxide intermediate B from 1a is stable
below —30°C and does not revert to the deoxy state even
under vacuum. On the other hand, the process of dioxygen
binding to the corresponding distal copper-free complex in
the same ligand system is reversible, and the oxy species
reverts to its deoxy form when argon is bubbled through the
solution, a vacuum is applied, or the temperature is increased.
The evident difference between these two complexes may
suggest that a copper complex in the distal site avoids the
superoxide-releasing autoxidation of the heme-superoxide
intermediate, thereby enhancing the binding of dioxygen to
iron, possibly in cooperation with hydrogen bonding with the
phenolic OH group.

In summary, a novel heme/Cu CcO model has been
prepared in which the heme iron center is axially ligated by a
proximal imidazole group and the copper is bound to a cross-
linked N-(2-hydroxyphenyl)imidazole ligand; these moieties
represent two important residues around the heme a;/Cuy as
observed in the enzyme active site. Spectroscopic evidence
demonstrates the unique transformation of the heme-u-
peroxo-Cu" intermediate into the heme-superoxo/Cu' spe-
cies in the course of the oxygenation reaction at low
temperature. The superoxide intermediate is thermodynami-
cally more stable than its precursor in the presence of a trace
amount of water. With this heme/Cu model compound, initial
binding of the copper ion to dioxygen en route to the heme—p-
peroxo—Cu" species is proposed. These results imply that
during the process of dioxygen binding and activation as
catalyzed by this model compound, the copper center not only
plays a role as a redox center but also stabilizes the heme—
superoxide intermediate; the phenolic hydroxy group plays a
dominant role in the generation of the corresponding super-
oxide intermediate. This synthetic model study also suggests
that after one-electron reduction of the oxyheme unit in CcO
under physiological conditions, O—O bond cleavage could
occur through a heme-hydroperoxy rather than a heme-—
peroxo—Cu species.

Experimental Section
The UV/Vis electronic spectra were recorded on a Hamamatsu PMA-
11 CCD spectrophotometer with a D,/W, light source. O, gas
previously dried with molecular sieves was introduced with an O, line
to a degassed solution of 1a or 1b (1.0x10™*molL™") in 20%
CH;CN/THF in a 0.2-cm quartz cuvette at —70°C.

Resonance Raman spectra were obtained on a SpectraPro-300i
spectrometer (Acton Research) with a 2400-groove grating, a
Beamlok 2060 Kr ion laser (Spectra-Physics), a holographic super-
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notch filter (Kaiser Optical Systems), and a LN-1100PB CCD
detector (Princeton Instruments) cooled with liquid N,. Spectra
were collected in spinning cells (2.0-cm diameter, 1500 rpm) at —70°C
for intermediate A and —35°C for intermediate B, at an excitation
wavelength 1 =413.1 nm (20 mW), 90° scattering geometry, and 5-
min data accumulation. Peak frequencies were calibrated relative to
indene and CCl, standards (accurate to +1cm™'). During each
Raman experiment, UV/Vis spectra were collected simultaneously.
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