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ABSTRACT. Cytochromec oxidase catalyzes the reduction of molecular oxygen to water, a process in
which four electrons, four protons, and one molecule of oxygen are consumed. The reaction is coupled
to the pumping of four additional protons across the membrane. According to the currently accepted
concept, the pumping of all four protons occurs after the binding of oxygen to the reduced enzyme and
is exclusively coupled to the last two electron transfer steps. A careful analysis of the existing data shows
that there is no experimental evidence for this paradigm. It is more likely that only three protons are
pumped during the second half of the catalytic cycle of cytochrem&idase after the reaction with
oxygen. In this article a variant of a recent mechanistic model of proton pumping by electrostatic repulsion
is discussed. It is based on the electroneutrality principle in a way that in the catalytic cycle each electron
transfer to the membrane-embedded electron acceptors is charge-compensated by uptake of one proton.
The mechanism takes into account the findings with mutant cytochiomedases and explains the
results of many recent experiments, including the effects of hydrogen peroxide.

Cytochromec oxidase (COX) is the terminal enzyme of  at high redox potentials. He discovered two intermediates
the respiratory chains of mitochondria and many aerobic and called them F and P, because he interpreted the
bacteria. It couples the oxidation of cytochrorog the F-intermediaté with its o-band having an absorbance
reduction of oxygen, proton consumption, and water forma- maximum at 580 nm as being an oxoferryl state of the heme
tion to the electrogenic transfer of up to four additional ag iron atom and the P-intermediate, absorbing maximally
protons across the mitochondrial or bacterial membrane. Itaround 607 nm, as a peroxy state with a bound peroxide

thus pumps protonsl) according to dianion between the henagiron and Cuy. A catalytic cycle
- . was proposed (see, e.g., ' in which a bound oxygen
4 cytochrome™ + 8 H"™ + O, — molecule is reduced to a bound stable peroxide species by

4 Cytochrom&:3+ +4HY+2HO 1) electron transfer from the reduced forms of heawand Cu.
© 2 Then one further electron and two protons are needed to

where H* stands for protons taken up from the inside of convert the P-state to the F-state, and finally the O-state is
mitochondria or bacteria and,Hstands for protons released réached by consuming a fourth electron and two protons.
at the outside. Because cytochrorods located on the ~ Such a simple catalytic cycle is shown in Figure 1 (top). In
outside, a total of eight charges is transported across theline with this cycle it was postulated that two protons are
membrane. Cytochronedelivers its electron to a binuclear ~ consumed per P- F and F— O transition §) and that proton
Cua center, which is located close to the outer membrane PUMPINg is exclusively coupled to the-® F and F—~ O
surface. Next the electrons are transferred to a low-spin hemelransitions with two protons pumped per transiti6h This
ain the membrane, and finally to a heragCug binuclear ~ Widely accepted proposal has been challenged recently, on
center, where oxygen reduction takes place (see2refsd the basis of the X-ray crystallographic structure analyses of
3 for extensive reviews). the bacterial 7, 8) and mitochondrial §—11) COXs (12).

It has been of considerable interest to understand theFirst doubts were raised§) upon the finding that only close
mechanism of this fundamental enzyme. Wikstr¢}) has ~ to one proton per functional COX was taken up when the
shown that the electron flow in COX can be partially reversed fully reduced enzyme was oxidized with oxygen [after

flashing off bound carbon monoxide (CO)] and not four as

T Financial support was provided by the Deutsche Forschungsge- would be expe_c_ted froma Catalyt_lc cycle as shown in Figure
meinschaft (SFB 472), the Fonds der Chemischen Industrie, and thel (top). In addition, the observation was madé)(that the
Max-Planck-Gesellschaft. reduction of isolated COX is accompanied by the uptake of

* Abbreviations: CO, carbon monoxide; COX, cytochrooxidase; o protons during the first two electron transfers. The
Ap, electrochemical proton gradient (membrane potential minus 59 mV

ApH, with ApH = pHou: minus pH,); ENDOR, electron nuclear double
resonance; EPR, electron paramagnetic resonance; EXAFS, extended 2The terms P-state or F-state (-intermediates) will be used in the
X-ray absorption fine structure; FTIR, Fourier transform infraredgrdl  following just to indicate that the state (intermediate) has (or is expected
relative dielectric location of hema in the dielectric barrier of the to have) an absorption maximum at 607 nm (P-states) or 580 nm (F-
membrane. states) irrespective of its true chemical structure.
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o evidence for this view. On the basis of the available structural
Bl o data, the results of experiments with site-directed mutants,

HaO
e ZHy/

F Fc+lV=O~][ CUZ+ FC+HI cut E

and careful consideration of the results of electrostatic
calculations, a new detailed mechanistic model for the
catalytic cycle and the coupling of the individual proton-
transfer steps has been presente?).(It makes use of the
electroneutrality principle of Mitchell and Rici%), which
states “that all changes in the binuclear center are made to
be electroneutral by protonation changes”. This principle has

been used to propose a model of proton pump2@ (n
which each electron transfer is accompanied by uptake of
one proton. These protons are trapped in the enzyme and
pumped by electrostatic repulsion from the incoming protons
consumed during the P~ F and F— O transitions. The
new model {2) suggests that one proton is already pumped
during reduction of the binuclear center and will be discussed
in greater detail here. It will be shown that many new results
are in excellent agreement with this model.

H retllon cu™

Hu:\

H‘+/ Fe' cult R

WHICH ELECTRON TRANSFER STEPS ARE
COUPLED TO PROTON PUMPING?

FerlVogll oyl

e l

Analysis of Thermodynamic Dati ref 6 the electron
F FeV=0' cu™ Fell cu* p flow in COX of isolated rat liver mitochondria was reversed
4 0 M through addition of ATP. ATP is taken up by the mitochon-
2H mﬂ,m_._o. CU&/\E’ R dria and hydrolyzed by the ATPase, which establishes
R o (primarily) a membrane potential that reverses the electron
Py flow until equilibrium conditions are reached. A linear
Ficure 1: Previously proposed catalytic cycles of COX. (Top) dependence of the logarithm of the [P]:[F] (at pH 8.3) and
Classical model for the catalytic cycle of COX (modified after ref [F]:[O] (at pH 7.2) ratios on the logarithm of the extracellular
5). Only the binuclear site (heme iron and Cy) is shown. The  [ATP]:[ADP]+[P|] ratio was found with slopes of 0:91 and
oxidized state O is converted to the one-electron reduced state E'O.70—0.75, respectively. These results were interpreted to

The E-state is reduced by uptake of one further electron and forms.

the peroxy state P. The P-state takes up the third electron and twgndicate that 3.6:4.0 protons are translocated per+ F

protons, the first water molecule is released, and the oxoferryl stateand 2.8-3.0 per F— O transition (input parameter 1),
F is obtained. The F-state is transformed to the O-state by uptakebecause it is likely that 4 protons are translocated per

of the fourth electron and two protons and release of the secondextramitochondrial ATP molecule taken up and hydrolyzed.

water molecule. (Bottom) Revised cycle, modified afteri@fThe Further parameters were that two protons are consumed
first two electron transfers are accompanied by the uptake of one

proton each, and the two-electron reduced R-state is formed. Thisduring the P— F transition and one proton during the-+
state binds oxygen and forms compound A and then a first peroxy O transition at pH 7.2 (input parameter 2) and that hegie
state . Py takes up an electron and a (fractional) proton, and is located in the middle of the membrane dielectric (input
another P-state, callegiAs obtained 78). Pz consumes two protons parameter 3). Finally, the data were analyzed in terms of a

to form the first water molecule and is converted to the F-state. : : . L e
The F-state forms the O-state via the hydroxy intermediate H. Fe catalytic cycle in V\,/h'Ch the F~ O tranSItlon was split I.nto
two steps (F— O and O — O) with proton pumping

stands for the iron atom of henag, Cu for Cw, e for electron, -
H;* for protons taken up from the inside of mitochondria or bacteria, coupled to the F— O’ transition and a separate uptake of

and H,* for protons released to the outside. the two substrate protons associated with the-© O

transition of the two-electron reduced R-state to the P-state{ransition (input parameter 4). The validity of these input
is known not to be connected to proton uptake or releaseParameters is discussed in the following:

(13, 14). If both the interpretations of refs and6 and the Input Parameter 1In the analysis of reb it is tacitly
findings of refs14 and15 were correct, a net uptake of six assumed that the reactions catalyzed by ATPase and COX
(to seven) protons per catalytic cycle would result, as are in equilibrium. However, within the chemiosmotic
indicated in an accordingly modified, updated version of the hypothesis both reactions are not in direct equilibrium, but
catalytic cycle 16) of COX (Figure 1, bottom). However, the electrochemical proton gradiemif) is an obligatory
only four protons would be consumed in water formation. intermediate. For input parameter 1 to be correct, both the
The key experiments of refs3 and17 as well as those of  ATPase-catalyzed reaction and the COX-catalyzed reaction
refs14 and15, in contrast to that of re% and6, have found have to be in equilibrium withAp. However, there are
many independent confirmations (see, e.g., i&and19). statements in the literature like “When ATP-hydrolysis is
To elucidate the mechanism of proton pumping it is essential generatingAp a system probably never reaches equilibrium
to know which electron transfer steps are coupled to proton owing to dissipation ofAp...” (21). The existence of proton
pumping. A careful analysis of the basis for the view, that leaks in mitochondria appears to be responsible for this
only the P— F and F— O transitions are coupled to proton dissipation (see ref2 and further references therein).
pumping with two protons pumped per transition, is therefore Therefore, a certain percentage of the four protons pumped
necessary. As will be shown, there is no experimental per extramitochondrial ATP molecule hydrolyzed flows back
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through the proton leaks and is not available for reversing cytochromec is driven by the membrane potential. In the

the COX-catalyzed reactions.

Input Parameter 2The number of protons consumed per
P — F or F— O transition was derived from the linear
dependence of log [P]:[F] and of log [F]:[O] on the
extramitochondrial pH upon reversal of the electron flow in
COX by addition of ATP in the presence of the kKi*-
antiporter nigericin. It was thus concluded from the slope of
2 that two protons are consumed during the-FF transition
and that two protons are consumed pet-FO transition
below an extramitochondrial pH of 7.2. Above pH 7.2 the

argumentation of re24 this effect therefore would be used
twice.

Input Parameter 3As the third input parameter a location
of the active site in the middle of the membrane dielectric
has been used, based on the classical work of Hinkle and
Mitchell (26). The results of the structure analys&s-11)
appeared not to be in a straightforward agreement with this
statement12), because heme hemeas, and Cuy are located
considerably closer to the outer than to the inner surface (see
Figure 2), and the propionate side chains of both heme groups

log [F]:[O] dependence on pH was found to be much less point toward the outer side into a polar region (see8ef
pronounced and was interpreted in a way that no protonswhereas below hema the protein interior is very hydro-

are consumed above pH 7.2, and that pH 7.2 is tRep

phobic. However, it is not clear how to treat the existence

two protonatable groups which are accessible from the of the water-containing D-pathway for proton transfer (see

mitochondrial matrix. Therefore, at pH 7.2 one proton would
be consumed per + O transition. Caused by the presence
of nigericin at an extramitochondrial 'Kconcentration of
32 mM theintramitochondrial pH was calculated to be 6.8
at anextramitochondrial pH of 7.25). This input parameter
has the following shortcomings. First, the free energy of ATP

below) in such a consideration. Experimentally, Hinkle and
Mitchell found a dependence of the redox midpoint potential
on an applied membrane potential by a factor of 0.43 for
valinomycin-induced K diffusion potentials and of 0.50 for
uncoupler-induced Hdiffusion potentials, meaning that an
electron would have to cross 43% (or 50% respectively) of

hydrolysis is pH-dependent: the apparent free energy isthe dielectric barrier from the outer side to hemeThese
higher at high pH values than at lower ones. With the same values, referred to as relative dielectric location of heane
leakiness for protons a higher membrane potential would be(rdla) in the following, would have to be corrected when
created at higher pH values, whereas the pH gradient wouldthe reduction/oxidation of hema& would be accompanied

remain largely unaffected, due to the presence of nigericin.

by a vectorial uptake/release of protons. The observed small

Therefore, the observed pH dependence may be partly cause@H dependence of the redox midpoint potent8)(of the
by changes in membrane potential, and one cannot concludéasolated CO-inhibited beef heart mitochondrial enzyme was

that two protons are consumed perPF transition. The

guantitated later7) as 9 mV/pH unit, indicating uptake of

true value must be lower. The second problem is the use of0.15 protons upon reduction. The published results concern-

an extramitochondrial pH of 7.2 in the experiment of réf
which was performed in the absence of nigericin. It is well-
known that under these conditions iheramitochondrial pH

is at least 0.5 pH unit more alkaline than #seramitochon-
drial pH (see ref22 and references therein). With the
arguments of reb, in ref 6, therefore, a proton consumption
of zero and not of one would have to be used at an
extramitochondrial pH of 7.2. A consumption of two protons
per each P~ F and F— O transition also contradicts all

ing the sidedness of proton uptake/release are controversial.
Artzatbanov et al.Z8) interpreted their results with cyanide-
treated mitochondria as indicating that heaeeduction is
accompanied by slow proton uptake from the mitochondrial
matrix. Later, the conclusion of additional rapid proton
uptake from the opposite side was reach2d B0). More
recently, COX incorporated into liposomes was used, uptake
of 0.86 proton from the inside upon reduction of the CO-
inhibited enzyme and release of the same number of protons

measurements using isolated COX, where in each case (e.g.upon heme oxidation to the outside was reportedl), thus

13, 18, 19) values for proton consumption (just) below one
have been reported. The Wik&tnogroup also uses a

establishing a simple proton pump without participation of
oxygen. However, the high number of protons per electron

consumption of one proton per transition in a recent report reported does not agree with the rather small pH dependence
(23). They have tried to resolve the discrepancy in an earlier of the midpoint redox potential of CO-poisoned CO26(

article 24) by arguing that two protons are consumed at high

27, 30). A pH-dependent release of 6:2.43 proton upon

Ap but only one in its absence. They even postulated thatoxidation of CO-poisoned, reduced cytochrome oxidase to

the P-state contains “two bound ‘mobile’ protons”, the F-state

the outside in similar experiments was found very recently

three, and the O-state four of such protons in the absence 0f32). A release of 0.2 protons was attributed to heme
Ap, and these would be released to the matrix side uponoxidation, which is in much better agreement with the pH

increasingAp. This argumentation is unlikely to be correct
in the light of the structure of COX7{-11) and of the strong

dependence of hema redox potential. With a fractional
proton uptake from the inside of 0.15 klectron upon heme

mutual electrostatic repulsion of protons taken up (or negative a reduction, the r@ value determined to be 0.43 by imposing
charges left behind), as indicated by the results of electrostatica K* diffusion potential 26) would have to be corrected to

calculations 25) and discussed in more detail below. Of
course, an effect ohp on the (K of accessible protonatable
groups in the membrane should exist. For a very Righof
240 mV, the effect on thekpof a protonatable group in the
middle of the membrane dielectric would be 120 mV, and
thus be equivalent to twokpunits. This effect contributes
to the partial reversal of the COX-catalyzed reactién §)

by the increasedp upon addition of ATP, in the same way
as backflow of electrons from the active site to,CGand

0.33, but to 0.5 for proton uptake from the outside. Tha rdl
value of 0.5, as determined from the pH shift-induced H
diffusion potential, would have to be corrected to 0.41 if
hemea reduction were accompanied by proton uptake from
the inside but would not have to be corrected for proton
uptake from the outside, because the pH-shift effect and the
pH dependence of the heraenidpoint redox potential would
cancel each other. Therefore, after a correction for proton
uptake from the outside, the edvalues determined from
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ref 6 but very important for the interpretation of the results
of time-resolved electrometric measurements (see below).

Input Parameter 4Finally, the data were analyzed in terms
of a catalytic cycle §) that uncouples the proton pumping
in the F— O transition from the uptake of the two protons
needed for the formation of the second water molecule. The
existence of an intermediate staté, Quggested to be a
dihydroxy state with OH groups bound to both the heme
az iron and Cu, was postulated, withk values of 7.2 for
protonation of both groups. Pumping of two protons was
assumed to occur between the F- ariestates and uptake
of the two protons for water formation upon transition from
the O-state to the O-state. However, the structural data
available now show that the two OHyroups would come
very close together~2.5 A distance between both oxygen
atoms), resulting in a high electrostatic repulsion. Such a
dihydroxy state therefore is unlikely to be a stable, under
equilibrium conditions observable, intermediate. Second,
protonation of one group would shift the&Kpvalue of the
other by electrostatic repulsion for an incoming proton,
making it impossible that both OHgroups have the same
pK value (anticooperative effect). The proposed existence
of a state Owas required to explain the dependence of the
K-pathway [F]J:[Q] ratio on a valinomycin-induced potassium diffusion

\ potential. The dependence of log [F]/[O] was found to be
\*\ 26.7 mV/decade €), corresponding to transport of 2.2

b charges during the + O transition. It was concluded that
this value originates from one electron being transported from
cytochromec to hemea (0.5 charges) and from pumping of
1.7 protons. A simpler explanation is that 0.5 charges are
due to the electron transport, one proton is taken up from
the opposite side to maintain electroneutrality around the
binuclear site (0.5 charges), and one proton only is pumped,
adding up to 2.0 charges, in reasonable agreement with the
experimental value of 2.2.

Itis important to realize that all proton pump mechanisms
in which incoming consumed protons electrostatically repel
and thus pump protons during the-+ O transition are not
compatible with this input parameter 4. These are the
FiGURE 2: Structure of the minimal functional unit of COX. (A)  published histidine cycle mechanisn®4( 35, 7), and the
View pf;r\]rat[lel to tfhe rt?embrane. I—:}elices. of ?ubunit I aredshown in electroneutrality-based mechanisr2$,(12).

e e o e Son i e, In summary, can be stated tha the thermodynaic data
B-strands), hema (blue, left porphyrin), hemess (blue, right do not provide any evidence for an exclusive coupling of
porphyrin), and Cgl(red dot in front of hemeys) are also shown,  the P— F and the F— O transitions to proton pumping. In

as well as the key residues D124, E278, and K354 (shown in red.) all likelihood three out of the four input parameters are not
The D-pathway of proton transfer leads straight up from D124 and ¢oect. It may, however, be possible that their shortcomings
then to E278. Proton transfer continues via the heme D propionate .

of hemeas to the heme propionate area (A in Figure 3) or toward cancel each ot.her, e.g., if one of the fqur protons translocgted
the other hemes propionate and D399 (B in Figure 3). A possible ~Upon hydrolysis per extramitochondrial ATP flows back via
exit pathway is indicated. Proton transfer from E278 to the binuclear the proton leaks, a compensation is possible by the reduction
site appears to be possible after the formationgirPthe natural of the number of protons consumed perPF and F— O
cycle, but after R only when R has been formed by COO  yransition to one each. But even then the problem with input

treatment (see text). (B) View onto a truncated subunit | from the 4 exi If i 1 b
periplasmic side to show the symmetric location of E278 and D124 Parameter 4 exists. If input parameter 1 were correct, but

with respect to the hema andag iron atoms. Color code is asin ~ Only one proton were consumed per* F and F— O

panel A. transition (input parameter 2) each, as found with the isolated
enzyme, the analysis of r& would result in pumping of

the K" diffusion potential and the Hdiffusion potential are  three protons per P~ F and two or three per F~ O

identical. This finding might either be accidental or indicate transition.

that hemea is indeed located nearly exactly in the middle Analysis of Time-Resad Electrometric DataZaslavsky

of the membrane dielectric, with proton access from the et al. 35) were the first to measure the velocity of the

outside. However, for the time being a final answer to this generation of an electric field across COX-containing lipo-

guestion cannot be given. Theadlalue is quite unimportant ~ somal membranes that were attached to lipid membranes.

for the analysis of the thermodynamic data as presented inUsing a light-sensitive electron donor, they found a rapid
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phase of generation of electric field & 45 us) and two
slower phasest(= 1 ms and 4 ms) for the + O transition

Biochemistry, Vol. 38, No. 46, 19995133

from a fully reduced enzyme under rereducing conditions,
were published 38). It was found that~44% of the

and interpreted the rapid phase as being caused by electrotransmembrane electric field were generated in the initial
transfer to hemea and the slower phases as being caused oxidative phase and-56% during rereduction. This result

by proton uptake and proton pumping. The amplitude of the

clearly contradicts the general interpretation of the results

fast phase was 20% and the sum of the amplitudes of theof ref 6 (“The results show that only two of the electron
slow phases was 80% of the overall electrogenic responsefransfers to the ‘peroxy’ and ‘oxoferryl’ intermediates ... are

resulting in a ratio of 1:4 for the amplitudes of the fast and
slow phases. With the parameters of 6ef ratio of 1:6 (0.5
for the electron transfer, 8 0.5 for consumed protons, plus
2 x 1 for pumped protons) would be expected. Assuming

linked to proton translocation ...."), which led to the paradigm
that all proton pumping occurs during the oxidative phase.
It is now claimed that two protons are pumped during
oxidation and two during rereduction but that the proton

an rdh value of 0.5 and one consumed proton, 1.5 pumped pumping during the rereduction is linked energetically to the

protons were calculated%); with an rdi value of 0.41,

this latter value would be reduced to 1.05 pumped protons;

and with an rdh value of 0.33, it would be reduced further

oxidative phase via a high-energy intermediate.®ow-
ever, the experiment presented to show that 4 protons are
pumped per single turnover of COX indicates pumping of

to 0.66 pumped protons. Therefore, all values are short ofonly ~1.2 protons per enzyme upon oxidation without

the two protons pumped per-++ O transition postulated in
ref 6. More recent work with a bacterial COX showed an
even higher percentage of the fast phe&®),(reducing the

rereduction, whereas upon additional rereduction a total of
~3.8 protons is pumped. Therefore2.6 protons would be
pumped during rereduction alone. This result is inconsistent

sum of pumped plus consumed protons further. Jasaitis etwith the claim that two protons are pumped during oxidation

al. (23) tried to determine the charge translocation stoichi-

and two during rereduction. Actually, there are several

ometries using a similar experimental setup, but they startedindications in the figure presented (figure 2 of 88) that a

the reaction by flashing off CO from the fully reduced

molar excess of @over correctly oriented COX has been

enzyme in the presence of oxygen, thereby creating first aused, leading partially to multiple turnovers (see Supporting
P-state, which is converted to an F-state, and finally to the Information) and to the much higher apparent proton
O-state. They calibrated the relative amplitudes by measuringpumping during rereduction. It must also be noted that the

the electron backflow from hema to Cus, which occurs
after flashing off CO from a three-electron reduced CO-
poisoned COX under anaerobic conditions. With arardl
value of 0.5 the ratio of the amplitudes of the heme~
Cua electron backflow to the sum of the amplitudes con-
nected to the P— F plus F— O transitions was ap-
proximately 1:11, in agreement with one electron transfer
to hemea plus consumption of one proton plus pumping of
two protons per transition. The interpretations have two
shortcomings: First, if the rdlvalue is 0.33, consumption
of one proton plus pumping of one proton per transition
would fit the experimental data equally well. Second, the

fully reduced state is not part of the natural reaction cycle
of COX. It is therefore conceptually incorrect to draw direct
conclusions from such an artificial cycle on proton pumping
in the natural cycle. The postulaté) (that both the P~ F

and the F— O transitions are coupled to pumping of two
protons each is hardly compatible with the new data of ref
38. In the catalytic cycle © follows F and was proposed

to decay to the deenergized O, unless it receives an electron
within less than 20 s. With the existence of-Ghe original
postulate of a reversal of O to F and then to P by an imposed
membrane potential with equal energy inputs for pumping
two protons in the P~ F and the F— O transitions each

calibration procedure was started from a three-electron appears to be impossible, because a much higher energy input
reduced COX, and the electrogenic phases were ascribed tavould be required for the ©- F than for the F— P reversal.

the electron backflow from hemeeto Cu, only. However,
the same group has reported very recer8B) that oxidation
of hemeain CO-poisoned COX is coupled to release of 0.2

protons to the outside in approximate agreement with the

pH dependence of the hengmidpoint redox potential.
Therefore, they might have to correct theiradhlue of 0.5
to a lower effective value (maximally down to 0.4), to

STRUCTURE, PROTON TRANSFER PATHWAYS,
EFFECT OF KEY MUTATIONS, AND
ELECTROSTATIC CONSIDERATIONS

Only subunits | and Il are needed for enzymatic activity
and proton pumping39). Therefore, further discussions of
mechanistic aspects can be restricted to these subunits. Figure

account for the simultaneous release of 0.2 proton to the 2 shows the structure of subunits | and 1l of COX from the
outside, depending on the location of the proton-releasing soil bacteriumParacoccus denitrifican8), together with

site.

the prosthetic groups, the putative proton-transfer pathways,

Summarizing, one can state that the kinetic data also doand three key residues located in these pathways.i€u

not support the claim that the P F and the F— O

located in subunit Il very close to the periplasmic protein

transitions are coupled to pumping of two protons each. Thensurface, hema, hemeag and Cu in the upper, periplasmic
there are two possibilities: either (i) one has to reduce the half of subunit I. The observation that only two potentially

number of pumped protons per cycle or (i) one has to
attribute some proton pumping to the reductive part of the

proton-accepting amino acid residues are found below heme
a, hemeag, and Cy is of functional significance. Between

cycle, because no proton pumping has been observed in thehe polar protein region at the cytoplasmic surface and the

R — P transitions (e.g23). Possibility ii is more likely in

hemes, the only possibly proton-accepting groups are £278

the light of the rather strong statement that four protons are and K354 (see Figure 2). However, E278 (or the homologous

pumped per cycle37).
During the revision of this paper, results of electrometric
measurements upon addition of a small amountpt@rting

residue) appears to be protonated in the oxidized and reduced
states, as deduced from Fourier transform infrared (FTIR)
spectroscopy40—42), in agreement with the results of the
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X-ray crystallographic analyses3,(11) and electrostatic =~ modes at very low temperature upon flashing off CO under
calculations 25). These calculations also indicate that K354 fully reduced, anaerobic conditiongtl), could not be
is neutral in the oxidized and reduced states. K354 is a confirmed withParacoccusCOX (52). The behavior reported
residue within a pathway of proton transfet, (L0), now (41) for the E. coli enzyme was only found with the
called K-pathway §7), leading directly to the active site. ParacoccusCOX, if the enzyme was not fully reduced and
This pathway also comprises T351, the hydroxy group of allowed to warm. There is therefore no basis for the proposal
the hemeas hydroxyethylfarnesyl side chain and Y280. The of a water chain connecting E278 to the binuclear site in
K-pathway seems to be essential for the reduction of hemethe fully reduced COX 49). Such water molecules also
as (37, 43), but the reduction of Guupon the first electron ~ would have been observed in the refined 2.35 A resolution
transfer is still possibledd). K354M mutant enzymes are  structure of the fully reduced bovine COX1Y) if present.
unable to undergo a complete turnover. They can react with The empty space between E278 and the binuclear site appears
H,0,, thereby forming a P-state, and reach the O-state uponto be too narrow to host a chain of water molecules. A
further input of electrons4p). It was suggested that the structural change would be required first to allow it to build
K-pathway is not involved in the part of the cycle that leads up such a chain of water molecules.
from the P-state to the O-stat&7( 43). This suggestion has Other proton-transfer pathways have been sugges®d (
been challenged recently, because the turnover witb,H  However, the residues of these pathways are not well
of K354M mutant enzymes may be slower than that of wild- conserved, and their existence is not supported by any
type enzymesA4B). However, this issue still has to be settled. mutagenesis dat®3g, 54).
The proposal that the K-pathway is used for the fivgb The results of electrostatic calculation®5) using the
protonations during COX reductiodd) appears not to be  coordinates of th®aracoccug8) and bovine COX10) have
correct, because there is only one potential proton acceptorbeen particularly revealing. They were done in order to
namely, the (putative) OHligand of Cy (see below), at  identify possibly proton-accepting groups within the protein
the end of the K-pathway. Therefore, ordye of the first and to calculate the individuaKpvalues of all protonatable
two protons is likely to be taken up via the K-pathway. residues. Although these calculations reproduce well experi-
The D-pathway starts with D124. It leads straight up to mentally determined overall parameters such as the isoelectric
S192 and S193 and then through a presumably water-filled point, the uptake of one proton upon single reduction, two
cavity to E278. From E278, proton transfer either to the heme protons upon double reduction, and a total of 2.4 protons
propionate areas/) or to the active site appears possible. (15) upon further reduction, the assignment of proton uptake
D124N and E278C mutant enzymes, as shown for the to individual amino acid residues is problematic. This is
Escherichia colubiquinol oxidase47—49), possess a similar  caused by small errors in the coordinates, inhomogeneities
phenotype: a residual turnover that is uncoupled from proton of the dielectric coefficient, the strong electrostatic coupling
pumping. E278Q enzymes are completely inactive; the of residues within a cluster above the hemes including the
reaction does not proceed beyond the P-sté8e 0, 51). heme propionates, and nonconsideration of possible structural
The location of both D124 and E278 is symmetric with changes during reduction. However, it is clear that proto-
respect to the heme and hemesg iron atoms (Figure 2B).  nation of an OH group as Cgligand is thermodynamically
Protons therefore would be pulled into the D-pathway most favored upon the first reduction. The residual 1.4
electrostatically equally well from an electron at heasnd protons taken up upon full reduction must be distributed
at hemeas by electrostatic attraction. It has been suggested within the cluster of electrostatically coupled residues above
that E278 might sense the difference of the net chargesthe heme groups. The first proton taken up by the cluster
between the hemairon atom and the binuclear sit&g). A electrostatically repels a second proton, explaining why only
COOH group-in contrast to a COOgroup-possesses an 2.4 protons are taken up upon full reduction and why the
electric dipole moment along the line connecting both oxygen electroneutrality principle is not fully obeyed in the third
atoms. The positive end of the dipole at the Ogroup reduction. The charge-charge interactions between the two
“likes” to be closer to the more negatively charged metal heme groups were calculated @2.5 K units (1 K unit
center. It can do so by a simple rotation around the- Gy equals 60 meV or 1.38 kcal/mol), meaning that reduction of
bond or more pronounced conformational changes. FTIR one heme group will change the redox potential of the other
spectroscopic measurements at 268 K show that the electrorby ~145 mV (“anticooperative effect”). This value is in
backflow from hemeas; to hemea in the two-electron  reasonable agreement with the experimentally determined
reduced CO-inhibited anaerobic enzyme after flashing off one of 124 mV §5). This result, e.g., also means that
CO causes changes of the vibrational bands of E8ZBi addition/release of one proton within the low dielectric
agreement with this proposal. E278 can therefore act as aenvironment of COX shifts theKpvalue of another proto-
switch, triggered by electric fields, that possibly connects natable group at 13 A distance (the distance between the
temporarily established hydrogen-bonded chains leadingheme iron atoms) by-23 pK units. This feature makes it
either to the binuclear site or to the heme propionates. Thehighly unlikely that a highAp can lead to a release of several
observation made with the relat&d coli ubiquinol oxidase,  (up to four) protons from COX as postulated4). Also
that E286 (homologous to E278) changes its vibrational intermediates of the catalytic cycles where two negative
charges approach each other to lesa $d distance without
3The sequence numbering of tRaracoccusCOX is used. D124 an intervening positive charge are energetically disfavored

corresponds to D135/D132/D91, E278 to E286/E286/E242, Y280 to and should-at least-not be observed as stable intermediates.
Y288/Y288/Y244, T351 10 T359/T359/T316, and K354 10 K362/K362/ - g, ch jntermediates are dihydroxy states of the binuclear site
K319 in the Escherichia coli cytochromebo ubiquinol oxidase/ . ; : . .
Rhodobacter sphaeroide€OX/bovine heart mitochondrial cox,  (like O of refs5 and6) or intermediates with an OHas

respectively. Cus ligand possessing simultaneously a deprotonated Y280
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(like P in ref 12, identical to intermediateJfof refs19 and the K-pathway is a long continuous proceSS)( have led
56). If they exist at all, they must be very short-lived. to the proposal that the first proton uptake is kinetically

MECHANISTIC MODEL OF THE CATALYTIC driven and occurs via the D-pathway towards the A and B
lust Fi 2 I k
CYGLE AND ITS COUPLING TO PROTON clusters (Figure 2), and a subsequent slower proton uptake

via the K-pathway (thermodynamically driven) would later
PUMPING BY ELECTROSTATIC REPULSION electrostatically repel and thus pump the proton taken up

O-State.Special care has to be taken to start with the first (12). Yet, our recent results (M. Ruitenberg, A. Kannt,
correct structural model for the oxidized state. This is not K. Fendler, E. Bamberg, B. Ludwig, and H. Michel,
straightforward, because the X-ray structures of the O-stateunpublished results), using electrometric techniques and
only show continuous electron density between the hame  pathway mutants, indicate that the first proton uptake occurs
iron and Cug (8, 11). This density has been modeled as a via the K-pathway and the second one most likely via the
peroxide in bovine COXX1), which appears to be unlikely =~ D-pathway. The results do not exclude the possibility of
in the light of the available spectroscopic information, and proton pumping after the second electron transfer. The result
as a Cg-bound OH and a water as a sixth henag iron of the first electron transfer, as indicated in Figure 3, is thus
ligand in theParacoccusCOX (8). Evidence for a water or ~ an E-state with Cgireduced and its OHligand converted
an OH group as a Cailigand has been provided by a to a water molecule. After the second electron transfer and
combination of EXAFS and ENDOR spectroscoy); A net uptake of one proton, the R-state of Figure 3 with a
negatively charged ligand must be present, because otherwis@roton in the B-site will be reached. A reduction of heage
an enormous electrostatic repulsion would exist between bothby the second electron transfer would be impossible, due to
metals and destabilize the entire COX. Also, a negatively the electrostatic repulsion from the already reduced, Cu
charged ligand is needed to account for the strong antifer- unless this repulsion would be canceled by protonation of
romagnetic coupling between both metals observed by EPRthe OH" ligand of Cu. This is the reason that, in K-pathway
spectroscopy. Even with the Orbne has to wonder how  mutants, reduction of hema is inhibited @4, 43). Next,
the existing charge at the heragiron (formal chargetlIl, molecular oxygen will bind to the reduced binuclear site and
real charget1) and the remaining charge at £of +1 can compound A is formed@().
be neutralized. Charge stabilization by protein dipoles has Pu-State.Compound A spontaneously rearranges without
not been observe®§). However, the charge at the iron is net uptake or release of protons to thefate. On the basis
likely to be compensated by distribution of a partial charge of an analysis of optical spectra, Weng and Bakd) (vere
over its histidine ligand, and the residual partial charge can the first to suggest that the P-state is not a peroxy state but
be stabilized by interaction with the herag propionates, an oxoferryl state with an OHbound to Cuy. They suggested
as indicated by the strong electrostatic couplirizp)( that a tryptophan residue is the source of the missing electron
Similarly, the positive charge at Gican be compensated in analogy to cytochrome peroxidase. Later Kitagawa and
by distributing partial charges over the three histidine ligands co-workers 62, 63) provided evidence by Raman spectros-
and by electrostatic coupling with the hemgpropionates  copy that the P-state is a hydrogen-bonded oxoferryl state.
and D399. The electrostatic calculations provided no hint Following the original proposal that the covalent cross-link
that one of the histidine ligands is present in its imidazolate of Y280 and H276 might be the source of the missing
form (25). Evidence for a water as the sixth ligand of the electron 8), the structure of i shown in Figure 3 has been
high-spin heme has been provided by Cheesman €b8)l. ( proposed several times (e.g., r&4, 64, 12, and56). Py
for the E. coli enzyme. Therefore, the scheme in Figure 3 will spontaneously form the staté Bhown in Figure 3 by
starts with an O-state consisting of the hesgé&on, a water uptake of a proton via the D-pathway, provided the connec-
ligand, an OH bound to Cy, and Y280. The latter appears tion from E278 to the binuclear site is established. Proto-
to be covalently cross-linked to the gligand H276 (1, nation via the K-pathway seems not to be possible, because
8). In each state, the henwiron appears on the left. A the presence of the neutral tyrosine radical may interrupt the
and B~ stand for two clusters of residues (which are K-pathway 64). The uptake of the proton will lead to
subclusters of the cluster identified in r2g) that could electrostatic repulsion of the proton in the B-site, and thus
become protonated upon reduction of heaA~) or the pumping of one proton.'ks thermodynamically much more
binuclear site (B). A and B are not individual residues; A  stable than R, because the charge-compensating proton is
should comprise at least the hempropionates, B the heme  much closer to the introduced negative charge'ithen in
ag propionates and D399. Direct proton transfer from BH to Py. The state Fof Figure 3 has been called faccording
the binuclear site has to be excluded. One now can simplyto ref 66, as it can also be formed directly by reaction of
ask what would happen upon sequential addition of electronsstoichiometric amounts of 40, with the O-state at low pH
to the system under strict consideration of the electroneu- (see below). This Fstate has also been termed CcO5&0).(
trality principle and taking into account the reported proper-  Evidence for a Tyrosine Radicallhe existence of the
ties of the enzyme. covalent tyrosine-histidine cross-link should be taken as

Reduction Phasé he electrostatic calculation2%) show evidence that a tyrosine radical is formed during the catalytic
clearly that the OH ligand at the end of the K-pathway is cycle of COX, because cross-linking of tyrosines is typical
the thermodynamically most favored acceptor for the uptake of a radical reaction catalyzed by peroxidases (see e.g., ref
of the proton that accompanies the first electron input into 68). The tyrosine radical in the \Pstate might not be
the enzyme. However, published statements that the entranceletectable by EPR spectroscopy, due to antiferromagnetic
of the D-pathway-in contrast to that of the K-pathway-is

surrounded by proton-collecting antenna®)(and that the 4 Unfortunately, the term‘Fhas now also been used for an oxoferryl
D-pathway site is rapidly protonated whereas protonation of state where Guhas a charge of1 and Y280 is not a radicabp).
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Ficure 3: Mechanistic model for the catalytic cycle of COX and its coupling to proton pumping by electrostatic repulsion. The left heme
Fe symbol in each state stands for the henfee atom with+I1l or +II as its formal oxidation number. Astands for a proton-accepting

site at the hema propionates. The Fe symbol more to the right stands for the tagrinen. A water molecule (KD) is bound to it in the
O-state. An OH bound to Cyg is shown. B  stands for a common protonation site near the hagreCug binuclear site. For each state the
overall net charge at the henag~e site (without A) is indicated within the left-hand circle, and the net charge in the immediate vicinity
of the binuclear site (including HY, without B) is shown within the right-hand circle. All changes in the boxes are electroneutral. The
reductions of hema during the E— R, F — P, and F— O transitions are charge-compensated by proton uptake via the D pathway; these
protons are stored in the proton-accepting site A. The resulting states arear8ledF', andarF, respectively, wherar stands for heme
areduced. The proposal of a pumping step betwar&nand R is highly speculative; it might be achieved by electrostatic repulsion of the
proton in the A-site by a proton entering the B-site via the D-pathway, if proton transfer from the A-site to the B-site is interrupted. e
stands for electrons transferred from,@a hemea. Protons taken up via the K-pathway are shown g5, those taken up via the D-pathway

as H*, and those taken up via the D- or the K-pathway axH Proton pumping is indicated by a double arrow.s¥ands for the neutral
radical of the H276-H280 cross-link, and ¥ for the tyrosinate. For more details see text.

coupling by the OH ligand of Cwy (61). However, this together so that predictions are difficult to make. Neverthe-
antiferromagnetic coupling might no longer exist in tHe F  less, uptake of a proton that neutralizes an Qjtoup into
state, and the tyrosine radical would become EPR-visible. the center of all three paramagnets may alter their coupling
We could recently show that formation of By treatment to such an extent that the tyrosine radical becomes EPR-
with stoichiometric amounts of D, at low pH (see below)  visible. It should be remembered that an unassigned protein
leads to the appearance of an EPR signal caused by a proteinadical has been observed in COX from bovine heart under
radical and demonstrate that the signal is derived from a turnover conditions in up to 10% of all COX complex&§)
tyrosine radical after incorporation of isotopically labeled If this protein radical can be shown to be a tyrosine radical,
tyrosine into COX 69). Whether Y280 is the responsible strong evidence for this part of the catalytic cycle of Figure
tyrosine still has to be finally demonstrated. The EPR 3 would be provided.

invisibility of the (putative) tyrosine radical Y280n the Why then can a stable P-state be observed after treatment
Pu-state has recently been attributed to spin coupling via of a mixed-valence CO-inhibited COX with,® One should

the covalently linked Cglligand H276 64). However, Y280 keep in mind that in this case the two reducing equivalents
and H276 maintain separateelectron systems that are not and two protons are generated inside the enzyme by a
coplanar. This geometry is not optimal for exchange interac- chemical reaction (C& H,O — CO, + 2H" + 2e7), most
tions and spin coupling. One also has to keep in mind that likely at the binuclear site. Whereas the electrons will reduce
three paramagnets (heragiron, Cus, and Y280) are close hemeaz and Cu, only one proton binding site is available
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at the binuclear site, namely, the OHigand of Cw. The The cycle of Figure 3 extends the electroneutrality
other proton has to leave the “reaction chamber”. This proton principle to hemea reduction. The pumping steps in thg P
may end up in the wrong position and disturb the hydrogen- — F and i — F transitions are nearly identical. The cycle
bond patterns in the proton-transfer pathways. It is suggestedexplains why | and R as well as Fand F have identical
here that the connection between E278 and the binuclear siteoptical absorption spectra. The only difference between the
may not be open when the P-state is generated by €0O/O two F-states, and between the two P-states, is the presence
and may be sluggishly open when it is generated by addition or absence of a neutral tyrosine radical versus absence or

of stoichiometric amounts of 4D, (see below).

Pr - and F-StateNext, the third electron transfer to heme
a would pull in a proton (via the D-pathway) for charge

presence of a neutral tyrosine. This difference is unlikely to
significantly influence the optical absorption properties of
the hemeaz macrocycle. In this catalytic cycle the last two

compensation. The proton would probably be stored aroundélectron-transfer steps are each coupled to pumping of one
the heme propionates. Transfer of the electron to the Y280 Proton only!

radical would convert the latter to a tyrosinate. It is likely
that Y280 has a higheripthan the Cyg-bound HO/OH".
Therefore, immediate transfer of a proton from the water to
the tyrosinate would occur, and a P-state, calles® B
formed. A negative charge will be stabilized much more by
CW'g at the Cuy ligand than at the tyrosine! The gtound
OH~ in P; would receive a proton via the D-pathway (or
the K-pathway considering re#6). This proton would
electrostatically repel and thus pump the proton from BH.
As for the R, — F' transition, the driving force is the
difference of the K values of the Cgtbound HO/OH™ and

the proton-accepting residue in the B-cluster BH. Thus the
F-state is formed, the structure of which seems to be
generally accepted.

From F- to O-StateThe transition starts again with the
transfer of an electron to henma a charge-compensating
proton uptake via the D-pathway, and storage of this proton
around the heme propionates. This proton will be pumped
later. Upon transfer of the electron to hemenother proton
will be pulled in via the D- or K-pathway simultaneously
and convert the oxoferryl group to a ferric hydroxy group.
The incoming proton again would electrostatically repel (and

thus pump) the proton around the heme propionates. The

observable intermediate should possess an @idup at the
hemeag iron (71) and water at Cgli(called I, for inverted
hydroxy, in Figure 3), which then forms the O-state again
by proton transfer from the water to the OH'he existence
of an observable dihydroxy intermediate is less likely,

Effects of HO,. Treatment of oxidized COX with sto-
ichiometric amounts of kD, leads predominantly to a P-state
at high pH but to the Fstate at low pH§7). This observation
can be rationalized by assuming that at high pH one of the
two protons carried into the binuclear site with®4 is
removed from the binuclear site and that the other will be
released as water. This P-state is identical to thestate.
Without removal of one proton from the reaction chamber,
F' of Figure 3 would be generated directly via a short-lived
true peroxy intermediate. The P-state obtained upon addition
of stoichiometric amounts of }@, in ParacoccusCOX at
high pH decays within minutes to'FThis decay is
substantially accelerated upon lowering the pH (A. Kannt,
and H. Michel, unpublished results). This property was
actually used when the presence of a tyrosine radical in F
was demonstrated (see above). The transition cannot be
reversed by increasing the pH again. This observation is in
full agreement with the cycle of Figure 3 and a sluggish
connection between E278 and the binuclear site, when the
Pu-state is generated by,8,. When an excess of ), is
used, the tyrosine radical in thé-§tate might directly react
with a second KO, molecule resulting in the formation of
a true F-state and a superoxide radical; the tyrosine radical
in the Ry-state might also react with a secongdd molecule
to form the R-state and a superoxide radical. Thedate
would then be converted to the F-state as shown in Figure
3. The proposed relations between th®©kHgenerated states
are visualized in Figure 4 for clarity.

because the two negatively charged groups would come toOAGREEMENT WITH RECENT EXPERIMENTS

close together. The two negative charges would be further L
h Mutant Data. The results with site-directed mutants are

apart in a ferric hydroxy/tyrosinate intermediate, making suc
a structure energetically more favorable than a dihydroxy
structure, but such a structure is still not very likely. The
existence of the I-intermediate would not exclude the
existence of a dihydroxy or a ferric hydroxy/tyrosinate
intermediate, if transiently formed, because proton pumping
would occur after formation of a dihydroxy or a ferric
hydroxy/tyrosinate intermediate boéforethe formation of
the I-intermediate.

The cycle in Figure 3A of rel2 cannot be considered to
be a viable alternative to that of Figure 3B of rE2, as
presented here in Figure 3, because thestaté there
contains the OH and tyrosinate close together. In addition,
both the A" and B~ positions cannot be loaded with one
full proton each at the same time, due to electrostatic
repulsion. If that cycle were used, the total yield of proton
pumping from B to O could only be 2.42.5.

5 Note that the state calleckere was termed'Rin ref 12,

in perfect agreement with the cycle presented in Figure 3.
As outlined and explained above, in K354M enzymes heme
a; reduction is inhibited, due to electrostatic repulsion of
the incoming electron by the reducedgCiihis repulsion is
relieved in wild-type COX through uptake of a proton via
the K-pathway, which is not possible in these mutant
enzymes. The catalytic cycle in E278Q enzymes does not
proceed beyond the P-stat#8(50, 51), because the proton
transfer from E278 to the active site is impaired during the
P— F transitions. However, a recent further characterization
of the E278Q mutant enzym&Z2) shows that the O-state of
this enzyme is unable to react with CO, so the combined
treatment with CO/@does not lead to a P-state. As outlined
above, one of the two protons produced in the reaction of
CO with the enzyme has to be removed from the reaction
chamber. These recent results indicate that E278 is involved
in the removal of this proton, which is impossible in the
E278Q mutant enzyme. The analogous restil} that HO,
treatment of this mutant enzyme does not lead to the
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Ficure 4: Proposed relations between the O-state and H-Henerated states of COX. Symbols are as in Figure 3. For details see text.

formation of a -state finds the same explanation. The  Results using the flow-flash technique, when the COX
observation that E278Q enzymes accumulate a P-state whemeaction is started by flashing off CO from the fully reduced
the fully reduced enzyme reacts with, ®ut not when the  CO-inhibited enzyme in the presence of oxygen, have been
oxidized enzyme reacts with COJQr H,O, are fully interpreted to indicate that proton uptake controls electron
compatible. Within the mechanistic model presented, E278 transfer in COX $1, 75). This interpretation appears to
is needed to allow a proton to access the reaction chambercontradict the cycle in Figure 3 where each electron transfer
during the P— F transitions when the reaction has been drives the uptake of one proton and mate versa However,
started by @ from the fully reduced state (full reduction it is evident from the small pH dependence of the heame
has been achieved by artificial electron donors), whereas itredox potential that the fully reduced CO-inhibited enzyme
is needed to allow a proton to escape from the reaction is out of electrostatic balance, because three electrons are in
chamber in the reaction of CO or,8, with the oxidized the transmembrane part of the protein, which are charge-
enzyme. balanced by 2.15 protons only, which means that 85% of
D124N mutants are unable to pump protons but show the reduced enzyme contains 2 protons and 15% contains 3
considerable residual activity. This residual activity can be protons. After the reaction is started, the third electron from
explained by proton backflow from the exit pathway to E278 hemea has to be transferred to the binuclear site and in 85%
and then to the binuclear center. This proton backflow and of the enzyme the third proton has to be taken up before the
the residual activity will be stimulated by/sp as observed  fourth electron can be transferred to hemetherwise the
(46). electron would be electrostatically repelled. It is therefore
There are some exotic cytochrommexidases such as the the third proton uptake that has to precede the fourth electron
bas-type COX from Thermus thermophilyswhere the transfer. This result is fully in line with the cycle of Figure
D-pathway residues D124 and E278 are replaced by aliphatic3 and the electroneutrality principle.
residues whereas K354 is replaced by a threonine. The Electrometric Measurementshe electrostatic imbalance
K-pathway may still operate, whereas a functional replace- of the CO-inhibited fully reduced enzyme also has conse-
ment for the D-pathway would be requiréthe observation  quences when electrometric measurements are performed,
that thebas-type COX fromT. thermophilupumps protons,  starting the reaction by flashing off CO in order to allow
but with a stoichiometry of only~0.5 protons/electrori), oxygen to react with the enzyme. As outlined above, 85%
might indicate that proton uptake toward the heme propionate of the COX molecules will be loaded with two protons only.
areas from the cytoplasmic side via alternate pathways mayAfter the flash and generation of gRtate, the electron from
be rather inefficient hemea will be transferred to the binuclear site as fouié)(
Spectroscopic ExperimentShe demonstration of a ty-  This electron transfer will open the connection between E278
rosine radical in Fis in full agreement with the cycle of and the binuclear site, and a proton will be pulled in via the
Figure 3 (see above). In addition, redox FTIR difference D-pathway into the binuclear site. The electron and the
spectroscopy with COX preparations specificafig-labeled proton will directly convert B of Figure 3 into B without
at the heme propionates indicates the existence of structurapumping of a proton. A proton will then be pumped during
or protonation changes at the heme propionafd} (pon the Rk — F transition. Therefore, only one proton is pumped
reduction, as required for the cycle of Figure 3. during the entire R — F transition when starting from the
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fully reduced CO-inhibited state, and the other proton is been observedl(). This observation led to the proposal of
pumped during the F— O transition, resulting in ap- a mechanism that includes proton release to the outside upon
proximately equal amplitudes of the electrometric signals reduction and reprotonation of D51 involving the (unlikely)

during the B — F and F— O transitions, as observe#d), tautomerization of a peptide bond. Since D51 is only found
and pumping of only two protons during the entire oxidative in COX of animals, the mechanism would not be general.
phase. The very recent observati@8)(that only ~44% of The observation of different positions of D51 in the reduced

the electric field is generated during the oxidative phase whenand oxidized bovine enzyme may find the following expla-
starting from the fully reduced state is consistent with the nation: In the orientation toward the protein interior in the
mechanistic model proposed here. Upon full reduction, three oxidized enzyme D51 might carry a negative charge stabi-
electrons are transferred to hemédemeas, and Cu, leading lized by accepting three hydrogen bonds as publishéy (

to transport of 1.5 charge equivalents with arardalue of When the enzyme is fully reduced, the electron uptake by
0.5. The reduction would be accompanied by uptake of one Cu, (distance only 6.7 Al) will electrostatically repel D51
proton in order to neutralize the OHat Cuy; (0.5 charge from its inside position. If this explanation is correct, the
equivalent), a second proton would be taken up and structural change will not be present in the two- and three-
transported toward the heme propionate areas, therebyelectron reduced enzymes.

crossing a larger part of the membrane dielectr®.(/5 Finally, no plausible mechanism has been suggested how
charge equivalents), and one proton would be pumped.uptake of one proton can drive the pumping of two protons.
Together~3.75 charge equivalents would be transported There is no driving force for preloading two protons, which,
across the membrane during full reduction, leaving only in addition, would electrostatically repel each other.

~3.25 (~46%) charge equivalents for transport in the

oxidative phase. This value is within the error margin of the ACKNOWLEDGMENT
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the proton-transfer pathway between E278 and the binuclear
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number of protons (0.15/e), due to the electrostatic repulsion

from the proton already taken up. The majority of the enzyme
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