
In early studies of the biochemical nature of cellular

respiration, various controversies arose as to the nature of

the oxygen-consuming pathway. An early view proposed

by Chodat and Bach [1] was that the reaction consisted of

an oxygenase that formed an organic peroxide by addition

of molecular oxygen, together with a peroxidase that sub-

sequently utilized this peroxide to oxidize a variety of

reducing species. It was more than twenty years before the

true nature of the reaction was firmly established as a

cytochrome-mediated oxidase reaction [2].

However, as the structural and mechanistic details of

the reaction cycles of peroxidases and cytochrome oxidas-

es have emerged, it has become apparent that their cat-

alytic intermediates have significant mechanistic overlap

and, indeed, that oxidases have a minor peroxidatic side

reaction and that some peroxidases can act as oxidases. It

is the purpose of this article to review and compare mod-

ern understanding of these enzymes and their intermedi-

ates and to assess the design features that confer their bio-

chemical functions whilst minimizing unwanted side

reactions and reactive oxygen species (ROS) generation.

STRUCTURES AND REDOX PROPERTIES

High resolution atomic models of various peroxidas-

es and members of the cytochrome c oxidase (CcO)

superfamily have now been resolved in various ligation

and redox states. Figure 1 illustrates some key features of

the catalytic sites of two of the best characterized peroxi-

dases, horseradish peroxidase (HRP) and cytochrome c

peroxidase (CcP), and that of the bovine member of the

CcO superfamily of oxidases. The active sites have a high

spin heme, either heme B in HRP and CcP or heme A in

CcO. In all three, the proximal side of the heme is ligated

by the N
τ

nitrogen of histidine. In the peroxidases, but

not in CcO, the N
π

nitrogen of the proximal histidine is

hydrogen bonded to an aspartic acid. In CcP, a function-

ally important tryptophan, W191, is also located close to

the proximal heme face but this is replaced by a phenyl-

alanine in HRP. The distal face of the heme in both per-

oxidases forms the active site cavity with a phenylala-

nine/tryptophan-histidine-arginine triad that provides

essential H-bonding and protonation functions during

catalysis [3, 4]. This cavity is separated from the protein

surface by a relatively short access distance for hydrogen

peroxide.

The active site cavity of CcO also involves the distal

heme face and, because of the electronic requirements for
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O–O bond cleavage (see below), it has an additional

redox center, the copper site CuB. CuB is ligated by three

histidines, one of which, H240, is linked to tyrosine,

Y244, by an unusual covalent bond between the H240 N
τ

nitrogen and the ortho ring carbon of Y244 [5]. This cre-

ates a contiguously-linked pentameric ring of amino

acids H240-P-E-V-Y244 that contains glutamic acid,

E242, a residue thought to play a key role in redox-linked

proton transfer chemistry [6]. This active site is deeply

buried within the protein structure and lies approximate-

ly 2/3 of the distance across the membrane from the neg-

ative aqueous phase, with long access/exit channels for

oxygen, water and protons whose details are not yet fully

resolved.

POTENTIALS, REDOX-LINKED PROTONATIONS,

AND ELECTRONEUTRALITY

An important factor in the chemistry of electron

transfer reactions within proteins is the need to minimize

the net charge change of stable catalytic intermediates

[7]. When occurring in regions of locally low dielectric

strength caused by insufficient solvent or protein charge

rearrangements, electron transfer can provide a strong

driving force for uptake of charge-compensating protons

if the protein has appropriately placed protonatable

groups whose pKs are linked to the redox changes. From

a physical point of view, the requirement for charge com-

pensation originates in free energy considerations and the

factors that control redox potentials. These factors have

been discussed previously [7].

Empirical studies of protonic changes associated

with electronic or ligand state changes in CcO have

established that changes within the binuclear center are

strictly charge-neutralized by protonation reactions [8,

9]. Such charge-neutralization by protonation changes

also occurs when charge changes occur within the iron-

heme or distal heme pockets of HRP and CcP [10]

although such coupling is less strict than in CcO. In the

oxidized ground states of both peroxidases and CcO, the

hemes cannot bind oxygen and instead the active sites

contain structured waters that can also ligate the

metal(s). In the case of CcO, it seems likely that the

fourth ligand of CuB is a hydroxide, which provides one

protonation site. The 6th, distal, ligand of heme a3 is

probably a water at neutral pH. However, it is possible

that this water shares a proton “hole” with the phenolic

group of the covalently-linked tyrosine and/or with addi-

tional structured waters in the cavity. The net result is that

the binuclear center cavity can accommodate one or two

charge-compensating protons. In peroxidases, the distal

histidine can provide a site for charge-compensating pro-

tonation when there is a net charge change on the iron-

porphyrin system as occurs, for example, on reduction or

compound II formation [4, 11] or on binding of anionic

ligands [12].

An important difference between peroxidases and

CcO metals that governs their primary catalytic roles is

redox potentials. Specifically, the ferric/ferrous couples

of peroxidases have relatively low midpoint potentials:

Em7 is –270 mV for HRP [11] and –194 mV for CcP

[13]. Both values are pH-dependent in at least part of the

physiological pH range due to redox-linked protonation

Fig. 1. Catalytic sites of HRP, CcP, and CcO. The figures illustrate the heme prosthetic groups and key amino acid residues of: a) recom-

binant HRP isozyme C; b) yeast CcP; c) bovine CcO. Data are drawn from coordinates in PDB entries 1H58 [64], 2CYP [65] and 2OCC

[66].

a b c
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of the distal histidine [12, 14]. In CcP, a second histidine,

H181, located close to a heme propionate, has also been

reported to undergo protonation together with the distal

H52, linked to the ferric/ferrous heme transition and

resulting in two protons bound per electron [13, 15].

However, this unexpected result requires further confir-

mation since, if purely electrostatic in origin, would

require an extreme driving force [16] and instead suggests

major structural changes.

The metal sites of the binuclear center of CcO are

very much higher than those of peroxidases with Em7 val-

ues of roughly +350 mV for both CuB and heme a3 when

all other centers are oxidized [17]. Again both are pH-

dependent due to redox-linked protonation sites. As

noted above, up to two protonation sites may be available

within the binuclear center. However, the redox chemistry

of the CcO metals is complicated by the fact that both

centers interact electrostatically with each other and with

heme a [17], and also because they interact with addi-

tional shared redox-linked protonation site(s) [18]. These

site(s), which are likely to be physically separated from

the oxygen intermediates, have been implicated in the

coupling of electron transfer and vectorial proton translo-

cation [19-21].

CATALYTIC CYCLES OF PEROXIDASES AND CcO

The overall peroxidase and CcO reaction cycles may

be generalized as:

peroxidase: AH2 + H2O2 → A + 2 H2O,

CcO: 4 cyt c2+ + 4H+
in + O2 → 4 cyt c3+ + 2 H2O.

Different peroxidases can use various two-equivalent

(AH2) or one-equivalent donors. CcO requires four one-

equivalent electron donations from ferrocytochrome c,

with uptake of the four required protons from the mito-

chondrial matrix “inside” space. The CcO reaction is fur-

ther complicated by the linked translocation of four pro-

tons across the membrane in which it resides:

CcO: 4 cyt c2+ + 8 H+
in + O2 → 4 cyt c3+ + 2 H2O + 4 H+

out.

A typical peroxidase reaction cycle is summarized in

Fig. 2. The reaction commences with binding and subse-

quent reaction of hydrogen peroxide with the ferric heme

group to produce compound I. The O–O bond has been

broken in this intermediate, a reaction that requires two

reducing equivalents. The first of these is provided by the

ferric iron, which is converted into a ferryl (Fe4+=O)

species. In the case of peroxidases such as HRP and

myeloperoxidase, the second electron comes from the

heme ring itself, forming a π-cation radical [22-25].

However, the radical species is different in other peroxi-

dases. For example, in CcP, the radical resides on W191

[26, 27]. In APX, the radical resides initially on the por-

phyrin ring, but migrates slowly to a more distant trypto-

phan in a pH-dependent manner [28]. It might be noted

that there is no net change to the formal +1 charge in the

ferric → compound I transition and, therefore, no net

protonation change. The next step in the reaction is the

one-equivalent reduction of the radical to form com-

pound II. This ferryl state has a net charge of 0 and should

result in protonation of the distal histidine to its imida-

zolium state [4]. H-Bonding of this imidazolium to the

ferryl oxygen would account for the H/D-sensitivity of

the Fe–O stretch frequency observed by Raman spec-

troscopy [29]. Finally, a second reducing equivalent re-

reduces the ferryl state of compound II back to the ferric

form and, with the uptake of a second proton, releases

water.

The oxidase reaction cycle is inherently more com-

plicated in that four reductions are required to reduce

oxygen to water, the active site is bimetallic and the over-

all cycle is coupled to four additional proton transfers

through the enzyme. Figure 3 summarizes the key inter-

mediates and shows only the binuclear center metal cen-

ters, heme a3 and CuB (for simplicity CuA and heme a,

through which electrons are delivered singly into the bi-

nuclear center, are omitted). The reaction begins from the

oxidized form (O) with two separate one-electron trans-

fers, from cytochrome c via the CuA and heme a cofac-

tors, into the binuclear heme-copper binuclear center to

form, successively, the singly-electronated (E) and

reduced (R) states. These electron transfers are elec-

troneutralized by protonations [8, 9]. The doubly-

reduced binuclear center is then able to bind oxygen to

form “compound A”, a ferrous-oxygen adduct that can

only be observed in stable form at cryogenic temperatures

[30]. Conversion of compound A to the next stable inter-

mediate, the misnamed peroxy form (P), is the most

Fig. 2. The peroxidase reaction cycle of HRP. Hydrogen peroxide

reacts with the ferric state to produce compound I. In the case of

HRP, the radical resides on the porphyrin ring but, as discussed in

the text, may be otherwise located in different peroxidases.

Compound I is reduced to compound II, and compound II back to

the ferric state by two one-electron, one-proton transfers (see

text).
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complex step chemically. Contrary to the original

assumption that it contains a peroxide species, it is now

clear that the O–O bond is already broken to form ferryl

heme a3 in P [31-36]. However, this O–O bond cleavage

requires four electrons: two are provided by the fer-

rous/ferryl transition of heme a3, one is provided by the

cuprous/cupric transition of CuB and the fourth donor

must be a radical-forming species. This donor is still not

known definitively, but most likely is the covalently-

linked histidine–tyrosine that is close to the oxygen

binding site [5, 37-41]. The subsequent catalytic steps are

then equivalent to those of the peroxidase cycle: the next

electron donated from cytochrome c re-reduces the rad-

ical site to form the ferryl (F) intermediate in which fer-

ryl heme a3 remains. Finally, a fourth electron transfer

from cytochrome c reduces the ferryl species back to the

ferric state with formation of water. The P → F → O

steps, as with peroxidase compound I → compound II →

ferric, are each associated with net proton consumption

[8].

PEROXIDASE AND OXIDASE SIDE-REACTIONS

Besides the principal reaction cycles described

above, both peroxidases and CcO undergo a range of

additional reactions that can produce different types of

net reaction cycles, albeit at much lower maximal veloci-

ties. For example, compounds I and II of HRP and CcP

can react with a further molecule of hydrogen peroxide,

extracting a single electron (and, presumably, a proton)

and releasing superoxide. HRP compound I can also be

reduced back to its ferric state with hydrogen peroxide,

resulting in a slow catalatic type of reaction cycle. If the

heme of HRP or CcP is reduced to the ferrous state, oxy-

gen is able to bind to form “compound III”, a species

equivalent to oxyferrous hemoglobin or compound A of

CcO. However, because of the low redox potential of the

heme, the species has significant Fe3+–O2
� character and

dissociation into ferric heme and free superoxide, O2
�, is

relatively rapid. The net result is an oxidase type of reac-

tion that can consume oxygen with the production of the

reactive oxygen species (ROS) superoxide and, after dis-

mutation, hydrogen peroxide.

The reaction of fully oxidized CcO with hydrogen

peroxide to form the peroxy (P) intermediate is well

known [42, 43]. The hydrogen peroxide provides the two

electrons, two protons, and diatomic oxygen that would

normally be provided individually to generate P. This

reaction is shown in Fig. 3. It is equivalent to formation of

compound I by reaction of ferric peroxidase with hydro-

gen peroxide. The P state can react with a second hydro-

gen peroxide to form the ferryl (F) intermediate, again by

a reaction that resembles one possible mechanism for

conversion of peroxidase compound I into compound II.

Since both P and F can accept electrons from

cytochrome c or other electron donors, CcO can, in the

absence of oxygen, act as a cytochrome c peroxidase. This

peroxidatic cycle of CcO is represented by the lower reac-

tion triangle shown in Fig. 3. It has been directly demon-

strated as a ferrocyanide peroxidase activity [44] and the

peroxidase “short-circuit” has been exploited to study the

details of its coupling mechanism [45].

SPECTROSCOPIC FEATURES

OF INTERMEDIATES

OF PEROXIDASES AND CcO

Both peroxidases and CcO have been studied inten-

sively by a range of spectroscopic methods including

UV/visible/near-IR, CD and MCD, EPR and ENDOR,

vibrational mid-IR and Raman, and other spectro-

scopies. Review of this large body of spectroscopic data is

beyond the present scope and we focus here only on some

pertinent UV/visible features that are summarized in the

table. Also included where available are equivalent bands

of cytochrome bo intermediates. This bacterial oxidase,

which oxidizes ubiquinol rather than cytochrome c, is

otherwise highly homologous to CcO in sequence

around, and structure of, its oxygen reduction site, but

the heme in this case is heme O [46], a derivative that is

spectrally very similar to heme B of the peroxidases and,

therefore, is easier to compare. The absorption bands of

compound I/P in relation to those of their equivalent fer-

ric and compound II/F states are particularly relevant to

the present discussion since they can be used to deduce

whether the radical in compound I/P is located on the

heme or on an amino acid.

Fig. 3. The oxidase and peroxidase reaction cycles of CcO. The

oxidase reaction cycle consists of the outer ring of reactions O →

E → R → A → P → F → O. The lower triangle of reactions, O →

P → F → O, represent a cytochrome c peroxidase reaction cycle.

Some details are oversimplified for clarity, such as showing the

electron wholly on CuB in E and wholly on the binuclear center in

R, and the precise steps where water is released are not fully

known. Further details are given in the text.
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PEROXIDASE COMPOUND I

AND THE CcO PEROXY INTERMEDIATE

There are clear similarities between compound I of

the peroxidases and the peroxy (P) intermediate of CcO.

Both can be formed from the fully oxidized ferric state by

reaction with hydrogen peroxide and both result in O–O

bond cleavage by taking one electron from the surround-

ings to form a radical and a second electron from the ferric

heme to produce a ferryl, Fe4+=O2–, state. As noted above,

the location of the radical is different in different peroxi-

dases. When the radical is on the porphyrin ring as in HRP,

the effects on the UV/visible bands are very characteristic

(table). Specifically, the Soret band remains at roughly the

same wavelength as that of the ferric state, but its extinction

coefficient decreases dramatically and the visible region

lacks prominent features [47]. This contrasts with com-

pound I of peroxidases such as CcP (table), or in the slow-

ly forming secondary product of APX, where the radical is

on an amino acid residue. In this case, relative to the ferric

state the Soret band is red-shifted and of at least equal

intensity, and two prominent visible bands are evident [48].

The location of the radical in the P state of CcO has

been harder to specify because it cannot be observed by

Enzyme

Bovine cytochrome c
oxidase

Escherichia coli
ubiquinol oxidase bo

Horseradish 
peroxidase

Yeast cytochrome c
peroxidase

References

[67]

[67]

[67]

[67]

[30, 68]

[69]

[69]

[70]

[71]

[47, 72-75]

[47, 73, 75]

[47, 74]

[47, 74, 76, 77]

[77, 78]

[79]

[79]

[48, 79]

[48]

Comparison of principal UV/visible characteristics of peroxidase and CcO intermediates*

Absorption bands, wavelength in nm
(ε in mM–1·cm–1)

425 (160), 597 (23.8)

444 (203.9), 604 (47.9)

414 (–28), 439 (+23), 564 (+2.4), 
607 (+10.1)

414 (–25.8), 436 (+24.7), 534 (+1.1), 
584 (+4.3)

588-590(+), 608-612(–)

409, 566

427.5, 531.5, 563

582(+)

401(–), 422(+), 557(+)

402-404 (100-110), 495-500 (10), 
641-650 (3)

437 (89), 556-560 (12)

400-407 (50-54), 578-583 (7), 
617-618 (7), 646-648 (6)

420 (80-99), 525-527 (10), 551-556 (10)

415-417, 543-545, 577-578

408 (86), 507 (11), 647 (3)

438 (99), 560 (14)

419-420 (104), 529-530 (12), 560-561 (13)

418, 530, 560

Chemical species

fully oxidized

fully reduced

PM minus O

F minus O

compound A minus CO compound

fully oxidized

fully reduced

PM minus O

F minus O

ferric

ferrous

compound I

compound II

compound III

ferric

ferrous

compound I

compound II

* Where available, absolute absorption spectra and their extinction coefficients are quoted. However, in some instances, it has been necessary instead

to quote difference spectra between two states and in these cases both maxima (+) and minima (–) are given.
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EPR/ENDOR spectroscopy. However, the red-shift and

intensity of the Soret band, and the appearance of promi-

nent visible bands (table), argue strongly against its loca-

tion on the porphyrin ring. Instead, the vast body of data

now point to its location on the covalently-linked histi-

dine–tyrosine structure [5, 37-41]. The H240 is itself a

ligand to CuB and spin coupling with the paramagnetic

CuB
2+ could account for its EPR silence [49, 50]. It has

also been shown, however, that lowering of pH results in

a dramatic alteration of the visible spectrum of P, with the

607 nm band shifting to 575 nm [51], although the Soret

band remains roughly constant. This form has been

termed F• (“F dot”) [52] as it is spectrally similar to the

F intermediate but, because it is isoelectronic with P,

should also contain a radical species. Again, the UV/visi-

ble features are inconsistent with a porphyrin π-cation

radical. F• formation is accompanied by appearance of a

low level (5%) of an EPR-detectable radical that has been

proposed to reside on a tryptophan [50] or tyrosine [53,

54]. Hence, at least to some extent, it appears likely that

the radical itself can redistribute in response to local

charge change caused by protonation changes, as is seen

in APX [28] and, more dramatically, in myoglobin where

the radical is rapidly lost altogether [55]. In the case of

CcO, radical migration is not known to have any mecha-

nistic significance and a role in peroxidases also remains

uncertain [3].

PEROXIDASE COMPOUND II

AND THE CcO FERRYL INTERMEDIATE

The equivalence of peroxidase compound II and the

ferryl (F) intermediate of CcO is even more striking. In

both cases, reduction of the radical present in compound

I or in P leaves only the ferryl, Fe4+=O2–, heme.

Compound II and F can be converted back into their fer-

ric ground states by donation of a single electron (and

uptake of an associated proton). Relative to their ferric

forms, peroxidase compound II and F have the red-shift-

ed Soret bands of undiminished intensity and strong visi-

ble features that are characteristic of ferryl states without

an associated porphyrin radical.

PEROXIDASE COMPOUND III

AND THE CcO COMPOUND A INTERMEDIATE

Comparisons can also be made between the ferrous-

oxygen adducts of peroxidases (compound III) and CcO

(compound A). From a spectroscopic point of view, these

species are characterized by a strong Soret band that lies

between the ferric and ferrous Soret bands and prominent

visible bands that are shifted relative to the ferrous α-

band. However, compounds III and A differ dramatically

in important respects. In the case of compound III of per-

oxidases, the heme potential is sufficiently low that the

species will have significant Fe3+–O2
� character and,

therefore, will easily dissociate into ferric heme and free

superoxide, providing the ROS-producing oxidase path-

way of peroxidases described above. In practice, however,

this undesirable pathway is minimized in peroxidases by

the very low potential of the ferric/ferrous couple so that

the ferrous state should not readily form.

In contrast, oxygen can only bind to CcO to form

compound A when both heme a3 and CuB are reduced,

whereas oxygen binds readily to the ferrous state of per-

oxidases. The precise reason for this behavior of CcO is

not established. It is becoming apparent that CuB may

have a somewhat higher midpoint potential than heme a3

[56]. Hence, in the one-electron state the electron should

be mostly on CuB (as indicated in Fig. 3). However, car-

bon monoxide is also unable to bind unless both heme a3

and CuB are reduced [57] and, since, carbon monoxide

should cause even a single electron to reside predomi-

nantly on heme a3, it seems unlikely that the distribution

of a single electron can be the primary factor that prevents

oxygen/CO binding. The reason instead most likely

resides in the hydroxide/water ligands of the oxidized

metals that preclude binding of other ligands and only

become exchangeable with oxygen when both metals are

reduced. Even if oxygen did bind transiently to the E

state, the much higher ferric/ferrous potential would

minimize superoxide release, as is the case in myoglobins

and hemoglobins [58]. When oxygen does bind to the

two-electron reduced CcO, ROS-producing reactions are

prevented by the extremely rapid four-electron reaction

that breaks the O–O bond and forms P.

STABLE AND TRANSIENT INTERMEDIATES

IN CcO

Many of the properties of the intermediates that are

discussed above have been measured in conditions in

which the intermediates are stable for seconds or minutes.

When working in vivo, both peroxidases and CcO can turn

over many times per second and the catalytic intermedi-

ates might exist only for tens of milliseconds or less. In

general for peroxidases, apart from the issue of radical

migration in compound I [3], the static and transient

forms of the intermediates are likely to be equivalent.

However, this is not necessarily the case for CcO

intermediates, where the reaction cavity is deeply buried

and with different access/exit channels for substrates and

protons, and with coupling between the oxygen reduction

chemistry and addition proton translocating reactions.

One case in point is the R intermediate, a species that can

be formed in a stable state by reaction of the ferric

enzyme with carbon monoxide and oxygen. The carbon

monoxide acts as a donor of two electrons and two pro-

tons to the binuclear center to form R and oxygen then
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binds to form compound A that spontaneously decays to

form P:

heme a3
3+/CuB

2+ + CO + H2O →

heme a3
2+/CuB

+(2H+) + CO2 (R state),

heme a3
2+/CuB

+(2H+) + O2 →

heme a3
2+/CuB

+(2H+)-O2 (compound A),

heme a3
2+/CuB

+(2H+)-O2 → compound P.

The P state formed in this manner (or by reaction

with hydrogen peroxide [42, 43]) is usually termed PM as

it is formed from the R or “mixed-valence state” in which

the binuclear center metals are reduced but heme a and

CuA are oxidized. There is quite reasonable evidence that

a species with the same spectral characteristics can be

formed during the natural catalytic cycle. However, in the

electrostatic model of coupling of proton translocation

with electron transfer, forward electron transfer from

heme a to the binuclear center should protonate a proton

trap site which subsequently loses its proton to the posi-

tive aqueous phase when the oxygen intermediate pro-

ceeds to the next stage and gains a proton. Hence, the R

state in the natural cycle might be expected to have a

loaded trap site that deprotonates to the positive phase

when R reacts with oxygen to produce PM. However, as

noted recently [20], this is clearly not the case when the R

state formed with CO reacts with oxygen to form PM since

the R → PM transition has no electrogenic components

[59] and, therefore, the two protons required for PM pro-

duction are already in the oxygen binding site. Hence, it

is quite possible that the static R state formed with carbon

monoxide has both protons within the binuclear center

(perhaps because of the nature of the CO redox chem-

istry) whereas the R state formed during the natural cat-

alytic cycle has only one proton within the binuclear cen-

ter with the other in the trap site ready for expulsion into

the positive phase.

A second type of P intermediate is formed transient-

ly when the fully-reduced (FR) form of CcO reacts with

oxygen, as has been studied intensively by flow-flash

methods [59, 60]. In this case, oxygen binds and reacts

rapidly to produce a transient species that is optically the

same as PM, but has had an additional electron donated

into the oxygen site from heme a that reduces the radical.

This species has been termed PR [61] and differs from PM

in lacking the radical. Subsequent protonation of PR con-

verts it into the F intermediate. The fact that the radical

site has little or no effect on the optical signature of PM

versus PR is again consistent with the radical being locat-

ed at a site other than the heme ring. In fact, it is only

protonation of PM (to form F• at low pH) or of PR (to

form F), rather than presence of the radical, that results

in the marked change of the visible band from 607 to 575

(F•) or 580 nm (F). In studying these intermediates, how-

ever, consideration must again be given to the problem of

whether their overall protonation pattern is the same as

that of an equivalent intermediate formed in the natural

forward reaction cycle; this is particularly pertinent when

beginning with fully reduced CcO, a species that would

never occur naturally.

It is clear that there are fundamental similarities

between the key compounds I and II intermediates of the

peroxidases and the P and F intermediates of CcO.

Indeed, these and other intermediates can result in vari-

ous peroxidatic, oxidatic, and catalatic side reactions.

What makes the peroxidatic cycle dominate in peroxidas-

es is the low redox potential of the ferric/ferrous couple

and low rate constant for oxygen binding (k =

4.5·104 M–1·sec–1 for CcP) that minimize compound III

formation and a high rate constant (k = 1.7·107 M–1·sec–1

[62]) for reaction of hydrogen peroxide with the ferric

state to form compound I. In the case of CcO, the key

factors that make the oxidase/water cycle dominate are

the higher redox potentials of the metal centers so that

they can be reduced and bind oxygen, and the low reac-

tion rate constant for reaction of the oxidized state with

hydrogen peroxide (k = (3-8)·102 M–1·sec–1 [43]). The

restriction of the ability of oxygen to bind only when the

binuclear center has two electrons means that binding to

the R state (which is very fast (~108 M–1·sec–1 [63]) is fol-

lowed, without the need to wait for further electron trans-

fers from cytochrome c, by very rapid conversion to the P

state (τ ~ 50 µsec). This rapid sequence from oxygen

binding to O–O cleavage precludes ROS formation.

These differences govern the very different physio-

logical roles that these proteins play, even though their

key intermediates show many similarities. Comparison of

these intermediates in relation to the natural catalytic

cycles provides insights into the nature of biological oxy-

gen reduction chemistry and suggests principles for the

engineering of synthetic biomimetic devices.

This overview arises from the many projects and

coworkers since being encouraged to enter the oxidase

area by Peter Mitchell in 1986.

Currently, the work is supported by BBSRC project

grants BB/C50747X/1 and BB/C51715X/1.
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