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Molecular Mechanisms of Enzymatic Catalysis by
Cytochrome ¢ Oxidase in the Reaction With
Hydrogen Peroxide: Resonance Raman and Visible
Absorption Studies
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The reaction between oxidized cytochrome oxidase and hydrogen peroxide
is an important model for elucidation of the catalytic functions of the enzyme.
This thesis presents the results of an extensive study on the peroxide reaction
of cytochrome oxidase.

To investigate the intermediates generated in the reaction between
oxidized cytochrome oxidase and hydrogen peroxide: (1) a new microcirculating
system was constructed, (2) a steady-state approach for slow enzymatic reactions
was developed, (3) a new high-performance device for Raman/absorption
simultaneous determination was constructed.

Application of these new technigues to the reaction intermediates of
cytochrome oxidase allowed to perform Raman/absorption inter assignment of the
spectral forms and revealed that:

@...the “Peroxy” intermediate of cytochrome oxidase ( “607nm” form) has an
oxoheme structure of the binuclear center (vr.=0 804cm '), on the contrary
to the widely assumed Fe—-0-0(H) structure. There is a weak hydrogen bond
between the oxygen atom bound to heme as and some residue nearby, which has
a pK. above 10.

@... the “ferryl” intermediate of cytochrome oxidase ( “580nm” form) consists
of multiple oxoiron species. The relative population of these intermediates

is modulated by the experimental conditions, and the individual inter-

mediates are characterized by the Fe=0 stretching modes at 800cm™', 796-794
cm™' and 78lem™ . This is the first observation of multiple oxoiron
intermediates within one oxidation level among all heme enzymes. Inter-

mediates at the “ferrvyl” oxidation state of cytochrome oxidase exhibit
considerably higher sensitivity to the hydrogen isotope in the medium than
the “Peroxy” intermediate. The pK. of the distal residue(s) in the
“ferryl” intermediates is above 10 similar to the case of the “Peroxy”
intermediate.

@...the intermediates in the reaction of oxidized cytochrome oxidase with
hydrogen peroxide have the same vibrational properties as the intermediates
in the dioxygen reaction. This proves that two reactions share the same
pathway.

@...the oxygen—isotope-sensitive Raman band at 355¢m™', which was previously

suggested to arise from the hypothetical Fe-0-0(H) intermediate, was shown
to arise from an intermediate possessing a single oxygen atom bound to the

1

heme iron. On this basis the 355 c¢m™ Raman band was assigned to the

His-Fe=0 bending mode. This band is developed in the “580nm” form. Its

1

Fe=0 stretching band is either overlapped with other bands in the ~800cm™



region or is not enhanced under the present excitation conditions.

@...the “Peroxy” and “ferryl” oxidation levels of cytochrome oxidase are
characterized by different susceptibility to oxygen exchange with bulk
solution under certain conditions despite the similar oxoheme structure.
The oxygen exchange reaction observed for the “ferryl” intermediates and
absence of the exchange for the “Peroxy” intermediate distinguish
cytochrome oxidase from other heme enzymes presumably reflecting its
catalytic specificity.

The transient absorption experiments revealed that:

@...the “607nm” form is the primary intermediate upon binding of peroxide
under transient conditions. On this basis it is concluded that the “607nm
/804cm '” species is an earlier intermediate than the “580nm/785cm '”

species in both peroxide and dioxygen reactions.

@... conversion between the “Peroxy” and “ferryl” oxidation levels exhibits
high sensitivity to the hydrogen isotope in the medium. The observed
effect of H:0 to D20 substitution (5-fold decrease of the rate constant)
was highest among the steps so far characterized.

@...at acidic pH cytochrome oxidase probably exists in form of two sub
populations, which exhibit different properties upon initial binding of
hydrogen peroxide. At alkaline pH a single form of enzyme is present and
the reaction follows the pathway through the “607nm” form. These sub
populations, however, are not related to transitions between “resting” and

“pulsed” forms of enzyme.

These observations indicate that the properties of the binuclear
center of cytochrome oxidase, as a member of superfamily of heme-copper terminal
oxidases, are different from that of heme pockets of other heme enzyﬁés. It
provides evidence that the redox coupling between dioxygen reduction and proton
translocation, as well as gating of H translocation, takes place at the
binuclear center. The fundamental observation of the multiple oxoiron inter-
mediates of cytochrome oxidase might advance the understanding of the molecular
mechanisms of catalysis by heme—copper terminal oxidase to the new stage. It is
proposed that proton-translocation steps are associated with the conversion
between several successive oxo-intermediates, which reflect structural
rearrangements taking place at the active site. The possible roles of Cus in
the cleavage of the 0-0 bond at the “Peroxy” oxidation level and in proton
translocation as a binding site of the released hydroxyl anion are proposed.

The mechanisms of proton pumping were reconsidered in a view of new
observations reported in this study and the recent data from other techniques.

A mechanism of a gradient—-driven ion pump was proposed. As an example,

mechanism of proton translocation by cytochrome oxidase via oxyvgen-relay



switching was constructed on the basis of present experimental data. The new
mechanism is consistent with the basic observations on cytochrome oxidase and

allows to overcome the restrictions contained in the earlier hypothesis.
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