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There is now considerable support for the pro-
posal that mitochondnal cytochrome oxidase
{cytochrome aa3) has a proton-pumping activity
[1-3). This property of cytochrome oxidase is ther-
modynamically acceptable because the drop in re-
dox potential across the cytochrome oxidase reac-
tion is sufficient to drive the movement across the
membrane of at least two positive charges, of
which at least one must be a translocated proton,
against accepted values of the mitochondrial pro-
ton electrochemical gradient [1—3]. However, there
is disagreement {4] with the view that cytochrome
oxidase is a proton pump and, as originally pro-
posed by Mitchell [5], it would certainly be possi-
ble for the mitochondrial respiratory chain to gen-
erate a proton electrochemical gradient without
any proton-pumping activity by cytochrome oxi-
dase. The same arguments could be made for
many bacteria, but the purpose of the present pa-
per is to discuss for the species Nitrobacter how the
operation of a proton-pumping cytochrome oxi-
dase could be the only mechanism for generating a
proton electrochemical gradient.

In Nitrebacter only one reaction provides energy
for growth. This is the oxidation of nitrite by oxy-
gen, a reaction that according to chemiosmotic
principles [5] must be linked to the generation of a
proton electrochemical gradient across the celi
membrane. This gradient in turn drives ATP syn-
thesis and also reversed electron transfer from ni-
trite to NAD(P) in order to provide reducing
power for growth [6—8]. Electrons flow from nitrite
to oxygen via a shorl respiratory chain that begins
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with a nitrite oxidase enzyme which is linked via a
c-type cytochrome to a cytochrome oxidase gener-
ally thought to be of the aay-type [9-11). Electron
spin resonance studies in combination with redox
titrations have shown that the nitrite oxidase has
some strong similarities, including the presence of
molybdenum, with the respiratory nitrate reduc-
tase enzyme of a denitrifying bacterium [12]. In-
deed in cell-free membrane vesicle preparations
from Nitrobacter under anaerobic conditions the
nitrile oxidase can acl as a nitrate reductase when
a suitable reductant such as NADH is present
[6—8].

The coupling of electron flow from nitrite to
oxygen to the generation of a proton electrochem-
ical gradient has to be understood against the fol-
lowing background. First, the midpoint potentials
of the nitrate/nitrite couple (+420 mV) and of
some of the components of the nitrite oxidase [12]
are considerably higher than that of the c-type
cytochrome (+274 mV) [9]. Second, in membrane
vesicles with the opposite orientation to the intact
cell the rate of oxidation of nitrite by oxygen is re-
duced by reagents that are expected to collapse the
membrane potential, but not by reagents that col-
lapse the pH gradient [13]. Inhibition of oxygen re-
duction cannot be attributed to a secondary effect
of these reagents as direct electron-transport inhib-
itors, because the initiation of ATP synthesis,
which is expected to decrease the membrane po-
tential, is also accompanied by an inhibition of the
rate of electron flow to oxygen [13]. The latter ob-
servation is paralleled by the finding that in elec-
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tron transport particles the extent of steady state
reduction of cytochrome ¢ by nitrite is consider-
ably decreased upon addition of an uncoupler
[14,15]. These aspects led Cobley [15] to propose
scheme A (fig.1) for the coupling of electron flow
to the generation of the proton electrochemical
gradient. The novel feature was the suggestion that
hydride is transferred from the nitrite oxidase to
cytochrome ¢, using an unidentified component of
the electron-transfer chain. Cobley’s scheme ac-
counted for the enhancement by the membrane
potential of the rate of nitrite oxidation. Electro-
genic movement of hydride or its equivalent would
be enhanced by the membrane potential which
would be relatively positive on the side of the
membrane where cytochrome ¢ is located.
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In terms of energetics, scheme A predicts the
translocation of one proton and also just one net
positive charge out of the cell for each two elec-
trons passing from nitrite to oxygen. ATP synthesis
by the proton-translocating ATP synthase is be-
lieved to require the elecirogenic movement of at
least 2 protons into the ceil [15,16]. Thus the
scheme of Cobley (A) allows a maximum P : 2 e~
ratio of 0.5. Scheme B (fig.l) shows an alternative
mechanism suggested by Mitchell [17] and by Al-
eem [7] in which hydrogen transfer is envisaged to
occur across the membrane between the sites of ni-
trite oxidation and cytochrome ¢ reduction. Ener-
getically this scheme predicts the movement of
both two protons and two net positive charges out
of the cell for each two electrons flowing. Thus it
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Fig.1. Schemes to account for the coupling of electron flow from nitrite to oxygen in Nifrobacter to the generation of a

proton electrochemical gradient: ‘in’ refers to the cytoplasmic side of the plasma membrane of the cell; ‘out’ refers to

the external side of the membrane. Cytochrome «; has not definitely been established as a component of the nitrite
oxidase complex (see text).
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would be consistent with claims of a P : O ratio=1
for nitrite oxidation [18] (but note that lower val-
ues have been reported [13]). However, scheme B
does not account [15] for the observation that dis-
sipation of a membrane potential reduces both the
rate of electron transfer [13] and the steady state
extent of cytochrome ¢ reduction {15].

Scheme A is an ingenious atlempt to rationalise
what is known about the oxidation of nitrite by
oxygen, but has the defect of predicting a relatively
low yield of ATP and requires the postulate of an
unorthodox, although not impossible, hydride-
translocating component in the respiratory chain.
Since scheme A was proposed [15], the evidence
has emerged that cytochrome aay of the mitochon-
drial respiratory chain has a proton-pumping func-
tion [1—3]. In addition, several lines of evidence in-
dicatc that the aaz-type oxidase of Paracoccus
deniirificans 1s similarly a proton pump [19-21].
When this feature of aay-type oxidases is taken
into account it is possible to rationalise energy cou-
pling in Nitrobacrer in terms of scheme C (fig.1).

The postulate (scheme C) of an electron-carry-
ing process between nitrite oxidase and cylo-
chreme c together with a proton-pumping function
of cytochrome aa3 (with proposed stoichiometry of
2 H*/2 e~) means that two protons and two net
positive charges would be moved out of the cell for
¢ach two electrons flowing from nitrite to oxygen.
The predicted P:O ratio is thus higher than in the
scheme where trans-membrane hydride transfer
was suggested (scheme A). Scheme C clearly does
not require any novel type of respiratory chain
component to act between nitrite oxidase and cyto-
chrome ¢; simple electron transfer is all that is en-
visaged. The movement of electrons outward
across the membrane from nitrite oxidase to cyto-
chrome ¢ will be favoured by a membrane poten-
tial, positive on the cytochrome ¢ side. The electro-
chemical potential [22] of an electron on cyto-
chrome ¢ will be raised relative to that of nitrite
oxidase by an amount equal to that of the mem-
brane potential, provided that electron transfer be-
tween these two components takes place across the
full width of the membrane. If the membrane po-
tential is of the order of 150 mV (cytochrome ¢ side
relatively positive), a typical situation in bacteria
[16], the redox equilibrium between nitrite oxidase
and cytochrome ¢ will be markedly displaced in
favour of reduction of the latter. By analogy with
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milochondrial systems, the rate of cytochrome ¢
oxidation can be expected to depend on the steady
slate concentration of reduced cytochrome ¢ [23],
and therefore the rate of nitrite oxidation by oxy-
gen in Nitrobacter will decrease if the membrane
potential is collapsed. In comparison with scheme
A, scheme C predicts a greater increase in the
steady state reduction of cytochrome ¢ for a given
value of the membrane potential. This is because
in scheme A only one negative charge is moved
from nitrite oxidase for each two electrons trans-
ferred to cytochrome ¢, and so that the membrane
potential would only be half as effective in en-
hancing the extent of reduction of cytochrome c¢ as
predicted by scheme C.

At present the cytochrome aay of Nitrobacter,
which in one case has been reported to be a three
subunit enzyme [10] in contrast to other two sub-
unit bacterial aa3-type oxidases [24], has not been
tested to determine whether it is a proton pump.
Such experiments are now required. Discrimina-
tion between the schemes might also be made by
studies with cells of whether oxidation of nitrite by
electron flow via cytochrome ¢ to ferricyanide is
accompanied by release of 1 H */2 ¢~ (scheme
A), 2 H*/2 e— (scheme B) or 0 H*/2 e
(scheme C) into the aqueous phase external to the
cells. :

Ingledew and Chappell [25] reported that ATP
hydrolysis shifted the mid-point potential of cyto-
chrome ¢ from +274 mV to 4+ 360 mV when mea-
sured in electron-transport particles which had the
inside-out configuration. These observations are in
qualitative agreement with scheme C because ATP
hydrolysis would be expected to generate a mem-
brane potential, interior of the vesicles relatively
positive, and as the redox potential would have
been measured in the aqueous phase external to
the vesicles, a shift to higher measured potential of
the e-type cytochrome would be expected (see
[22]). The measurements of Ingledew and Chap-
pell [19] suggest that ATP hydrolysis must have
generated a membrane potential of —9%0 mV.

The site of nitrite oxidation is shown in fig.1 and
in other publications [7,15] as being on the cyto-
plasmic surface of the cell membrane. The evi-
dence for this location is that inside-out vesicles
readily oxidise nitrite [13—15] and that therefore
the site of nitrite oxidation is taken to be on their
external surface. At first sight this location would
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appear pointless because it requires that the cells
must have an otherwise unnecessary mechanism
for import of nitrite and export of nitrate. How-
ever, although an external location for nitrite oxi-
dation would avoid the need for a transport system
for nitrate and nitrite it would not be so satisfac-
tory for linking the nitrite oxidation reaction
(E°1 = +420 mV) to a cytochrome ¢ with an E°o! of
+274mV. If nitrite oxidase and cytochrome ¢
were both on the same external surface of the
membrane in the cell then the steady state extent
of reduction of cytochrome ¢ would be low be-
cause the membrane potential would have no in-
fluence on the position of equilibrium.

It has been pointed out that the redox span be-
tween mitochondrial cytocrome ¢ and oxygen is
sufficient to allow the pumping of 1 H+t /e
against accepted values of the proton clectrochem-
ical gradient [1—3]. If this proton pumping did not
occur, a less than maximal conservation of free en-
ergy available from redox reactions would occur
[1-3]. When viewed from the standpoint of Nitro-
bacter it would be almost profligate for cyto-
chrome @a3 not to have a proton-pumping func-
tion with a stoichiometry of at least 1 H+ /e—, as
this type of bacterium effectively relies on electron
flow from cytochrome ¢ to oxygen alone to gener-
ate the proton electrochemical gradient that is
needed for both ATP synthesis and reversed elec-
tron flow to NAD(P). A higher stoichiometry of
proton pumping, and thus higher yield of ATP and
NAD(P)H, might be thermodynamically feasible,
depending on the actual E-values for the NO3—/
NO;  and % 0y/H;0 reactions in the cell and
the magnitude of the proton electrochemical gra-
dient.

The atiraction of scheme C is that it does not in-
volve any feature that has not already been docu-
mented in other systems. It is nevertheless worth-
while considering combining schemes A and C.
The result of this would be a mechanism in which
3 H* and also three positive charges would move
out of the cell per two clectrons flowing. Whether
this is thermodynamically possible would depend
on the same factors as have been discussed above
in connection with the possibility that cytochrome
ag; might pump more than one proton per elec-
tron flowing to oxygen. The combination of
schemes A and C also illustrates what could be a
general mechanism for a proton (ranslocation
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stoichiometry of three per two electrons flowing
through a segment of a respiratory chain. Exactly
such a stoichiometry has been suggested for the
NADH dehydrogenase region of the mitochon-
drial respiratory chain [1-3].

In this article, cytochrome a; has been taken to
be associated with nitrite oxidase and cytochrome
aay has been designated as the terminal oxidase, in
agreement with previous proposals [7—9]. How-
ever, Ingledew [26] has suggested that cytochrome
aay may be absent from at least some Nitrobacter
species and that cytochrome a; might be the termi-
nal oxidase. If after further study this view should
prove correct, scheme C could be retained, with
the modification that cylochrome @) would be re-
moved from its tentative position in the nitrile ox-
idase complex and placed as a proton-pumping
terminal oxidase instead of cytochrome aas.
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