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Evidence is presented that single electron reduction is sufficient for rapid electron transfer (ks20 s-’ at pH 8.0 in 0.43 M potassium EDTA) between 
haem olCu,, and the binuclear centre in ‘fast’ oxidase. whereas in ‘slow’ oxidase intramolecular electron transfer is slow even when both Cu, and 
haem (I are reduced (k~0.01 s-l). However, while a single electron can equilibrate rapidly between Cu,. hacm n and Cu, in ‘fast’ oxidase, it seems 
that equilibration with haem R~ is relatively slow (k=2 s”‘). Electron transfer between cytochrome c and Cu,,/haem n is similar for both types of 

enzyme (k=2.4x105 M-’ .s-‘). 

Cytochrome-c oxidase: Cytochrome c: Electron transfer; Binuclear centre; Photoreduction: Bovine heart 

1. INTRODUCTION 

Cytochrome-c oxidase (EC. 1.9.3. l), the terminal 
component of the mammalian electron transfer chain, 
is a redox-linked proton pump [1,2]. It contains four 
redox-active metal centres. Two of these, haem a3 and 
CuB, form a binuclear centre which is the site of interac- 
tion between the enzyme and dioxygen. The other two 
centres, haem a and Cu,,, are involved in accepting 
electrons from cytochrome c [3]. 

It has been suggested that rapid electron transfer be- 
tween haem a/Cu, and the binuclear centre can only 
occur when the enzyme is in the appropriate conforma- 
tion, and that the switch to this conformation from one 
without an efficient electron transfer pathway is induced 
by reduction of haem n or Cu, [4-S]. Hence, two-elec- 
tron reduction would be required for rapid intramolecu- 
lar transfer. This idea has led to the proposal that the 
input and output states, which are obligatory in any 
viable pump mechanism, might correspond with the two 
conformations [6.8], 

The question of whether such a ‘two-electron gate’ 
exists in cytochrome oxidase is complicated by hetero- 
geneity in oxidase preparations. It is known that the 
‘slow’ form of the enzyme shows slow intramolecular 
electron transfer (k=O.Ol s-‘) even when both haem u 
and Cu,, are reduced by excess dithionite whereas much 
faster rates are observed for the ‘fast’ form (k>0.2 s-‘) 
[9-l I]. Hence, the question is only relevant for ‘fast’ 
oxidase, which appears to be the native form of the 
enzyme. 

In previous, preliminary, work we have found some 
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indications that two-electron reduction is not a require- 
ment for rapid electron transfer from haem u/Cu, to the 
binuclear centre in ‘fast’ oxidase [12]. We now present 
the results of further experiments which confirm this 
view. In these experiments we have generated singly- 
reduced cytochrome oxidase using the technique of 
Flash-Induced chemical photoREduction (FIRE} [13]. 
A similar technique has been used recently to examine 
the kinetics of the intermolecular electron transfer from 
cytochrome c to oxidase [14,15]. The present work, 
however, examines the kinetics of intramolecular trans- 
fer of a single electron between the redox centres of 
cytochrome oxidase by comparing two oxidase prepara- 
tions, one of which is completely in the ‘slow’ form while 
the other is completely in the ‘fast’ form. 

A preliminary account of some of this work has al- 
ready been reported [16]. 

2. MATERIALS AND XETHODS 

‘Fast’ cytochromc-c oxidase (defined as showing no slow phase of 
cyanide binding) was prepared from bovine heart as previously de- 
scribed (preps. C and E in [I I]). The ‘slow’ oxidase (defined as showing 
no fast phase of cyanide binding) was a kind gift from Dr J.M. 
Wrigglcsworth and was prcparcd by the method of Kuboyama ct al. 
1171. The stock concentration of both preparations was about 250gM. 
Tweet 80 was present in both casts (0.1% in the ‘fast’ oxidasc and 
0.25% in the ‘slow’). 

PMS (5-methyl phcnazinium methosulphatc) was obtained from 
Lancaster Synthesis Ltd (Morecambe, UK). Horse heart cytochromc 
c came from Sigma (type VI). All other reagents wcrc supplied cithcr 
by UDH (Poole. UK) or Sigma (Poole, UK). 

The single-beam apparatus used for the optical mcasurcmcnts and 
the Xenon flash apparatus wcrc csscntially as dcscribcd bcforc [l8]. 
Two fibrc-optic bundles (I cm diamclcr) placed about 2.5 cm from the 
arc (lenglh 3 mm) wcrc used lo collccl the light and guide il. pcrpcn- 
dicular to the measuring beam, to opposite sides of the IO mm path 
length cuvcttc(cxkrnal and internal widths, I2 mm and 3 mm, rcspcc- 
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tively). To reduce flash artefacts BG 1 filters were placed between the tory ligand. as yet unknown, during its preparation 
lamp and the fibrc-optic bundles and the photomultiplier was protec- 
ted with a WG 360 or GG 495 filter as appropriate. 

[ 16.2 I]. Both ‘slow’ and formate-ligated oxidases can be 
converted to ‘fast’ oxidase by redox-cycling. 

3. EXPERIMENTAL RATIONALE 

3.1. Generation oJ singly-reduced oxidase 
Singly-reduced cytochrome oxidase was generated by 

adding substoichiometric amounts of reductant (up to 
a maximum of 0.2 e-/molecule) to fully-oxidized en- 
zyme. On the initial assumption that the probability of 
an oxidase molecule receiving an electron is the same 
irrespective of whether it is already partly-reduced, we 
would expect 10% double hits at the maximum electron 
load [ 161. However, because of antico-operative interac- 
tions between the redox centres in cytochrome oxidase 
[ 191 we might in fact expect the probability of a partly- 
reduced oxidase molecule receiving an electron to be 
lower than that of a fully-oxidised molecule, hence the 
number of double hits would be less. The effect of dou- 
ble hits on the results will be considered later. 

There is little question that intramolecular electron 
transfer between haem al& and the binuclear centre 
is slow in ‘slow’ oxidase even if both haem a and Cu+, 
are reduced (k==O.Ol s-‘. Refs [9-l 11. By analogy with 
formate-ligated enzyme, it is likely that this arises from 
the lowered midpoint potentials of CuB and haem a+ 
and a low rate constant of dissociation of the ligand. 
Further. there seems little doubt that intramolecular 
electron transfer is fast in ‘fast’ oxidase under the same 
conditions (k>0.2 s-l). Our aim. therefore, is to use 
‘slow’ oxidase as a control to test the idea that two- 
electron reduction is a requirement for rapid intramole- 
cular electron transfer in ‘fast’ oxidase, since if this is 
true then the response of both types of enzyme to one- 
electron reduction should be similar. 

4. RESULTS AND DISCUSSION 

The reductant, cytochrome c’+, was added by FIRE 
using PMSEDTA as the FIRE system [13]. At the flash 
intensity used (lamp output 2.7 J/flash) about 0.15 ,uM 
cytochrome c’+ was produced per flash (90% complete 
in ~25 ms, 99% in cl00 ms). In addition, a high ionic 
strength was used so that the reduction of the cyto- 
chrome oxidase by the cytochrome cZL would be rela- 
tively slow and so easily observable. 

4.1. Single-electron of ‘slow’ cytochronle oxiduse 

3.2. ‘Slorr! ’ oxidase versus yast ’ osidase 
‘Slow’ oxidase appears during the preparation of cy- 

tochrome oxidase, particularly when the pH falls below 
about 8 [ llI12.20]. Ligation of the enzyme by formate 
produces enzyme with similar properties. so it seems 
likely that ‘slow’ oxidase has simply acquired an inhibi- 

Fig. 1. left panel, shows the time-courses of cyto- 
chrome c reduction and reoxidation at S50 nm, and 
haem u reduction at 605 nm after flash-reduction of 
‘slow’ oxidase via cytochrome L’. The spectral contribu- 
tions by cytochrome c at 605 nm and haem a at 550 nm 
were removed by matrix deconvolution [22] using the 
relative extinction coefficients shown in the insert. 
These were obtained by reference to redox spectra of the 
pure components. The data for cytochrome c were 
taken from [13] and the data for haem CI were obtained 
by FIRE of formate-ligated oxidase in the absence of 
cytochrome c (see Fig. 2 in [ 161). The time-courses are 
consistent with equilibration of the electrons only be- 
tween haem u. Cu,., and cytochrome c, as expected for 

I ‘slow’ I ‘fast’ 

AA 

Fig. I, FIRE oT’slow’ and ‘fat’ cytochromc-r oxidasc via cytnchromc C. Stock oxidasc \viIs diluted to ;I find ccmwltriltion of ;I~OUI X PM in 0.43 
M potassium EDTA. p1-l 8.0. contnining 0.09% Iitt~ryl mitltosidc, 400 U/ml ciIttiI;ISc. I7 ,LIM cytochromc c ;III~ 60pM I’MS. Tritn::icnls resulting 
fro111 single flitshes wcrc mcasurcd i\t various \vilvelCItgIhs. Each sat~~plc of axidw rcccivcd IO k~ahcs at 15s intcrwls. The t;mc-cuurscs (wcragcs 
of IO transicnta) arc dccowolutions of the contrihuticms by cytochromc 6” ;II 550 11111 and hacm (I” ill 6flS nm using the rcliltivc extinelim 

coclTicicnts pivcn in 111~ insert in lhc Icft pawA. ‘fhc dashed lint is cqkliwxl iI1 the text. ils ;Irc the tinlc-courses lahcllcd ‘665 11111 txmtl’. 
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‘slow’ oxidase. After 3.5 s. cytochrome c and cyto- kinetic spectra constructed from single transients at 
chrome oxidase are close to redox equilibrium, at which 
point 0.39 ,uM cytocfn-ome cZ* and 1.04 ,uM haem CI?+ 

multiple wavelengths (see example in Fig. 2) and might 
indicate that haem uj has been reduced or has changed 

are present (using extinction coefficients of 18.5 mM-’ spin state. 
.cm-’ for cytochrome c at 550 nm [23] and 20.5 mM-’ As noted before we would expect a small fraction of 
.cm-’ for haem u at 605 nm [24]). From the redox poise double hits in these experiments. In the case of ‘i’ast’ 
of cytochrome c (using En,.cY,,c -260 mV 1251) a value of oxidase we expect the rapid formation of the ‘peroxy’ 
305 mV can be obtained for the E,,, of haem u, which form of oxidase since oxygen is present. This form of 
is in good agreement with published values (e.g. the enzyme is characterized by a redox spectrum with 
[!8.26,27]). Between 5 and 10% of the cytochrome c a peak at 606 nm with an extinction coefficient of about 
reoxidised is unaccounted for in the reduction of haem 10 mM_’ *cm-‘. There may therefore be a slight con- 
(1. This can be accounted for in the reduction of Cu,, tribution by ‘peroxy’ oxidase to the absorbance changes 
which must therefore have an E,,, of 230-250 mV. again at 605 nm. However, no significant variation of the 
in good agreement with published values (e.g. [l&l). individual time-courses from single flashes with total 

It might be noted that the kinetics of cytochrome ( electron load (0.02-0.2 e-Ioxidase) was observed. A 
reoxidation and of haem a reduction do not quite potentially more serious problem with ‘fast’ oxidase is 
match. We attribute this to the energetically-favourabfe the dismutation of singly-reduced enzyme via cy- 
(K= 17) reverse dismutation via cytochrome c of a small tochrome c to form ‘peroxy’ oxidase and perhaps even 
fraction of doubly-reduced oxidase with fully-oxidized ‘ferry!’ oxidase. This could explain both the disap- 
enzyme. If the total electron load is kept below 0.1 pearance of the ‘655 nm’ band, which is absent in both 
e-/oxidase then this discrepancy is not seen and the ‘peroxy’ and ‘ferry!’ oxidase, and the apparent rzoxida- 
time-course of haem II reduction is closer to exponen- tion of haem o. However, this explanation is unlikely to 
tial. However, for the purely practical reason that we be correct because only a slight blue shift of the Soret 
had a limited quantity of ‘slow’ oxidase, we used loads maximum is observed (from 447 nm at 1 s to 446 nm 
up to 0.2 c-loxidase so as to obtain a reasonable signal at 3.5 s) which is much smaller than would be expected 
to noise ratio. given that ‘peroxy’ and ‘ferryl’ oxidase have peaks at 

about 437 nm and 435 nm. respectively [!6]. In addition, 
4.2. Sit~gle-electma wdrction of @st ’ c_~tochrortw osi- since ‘peroxy’ oxidase has a high electron affinity (E,,, 

dlse for the singly-reduced to ‘peroxy’ couple is about 1 V 
Fig. 1. right pane!. shows the time-courses of cyto- [28]), essentially complete reoxidation of cytochrome c 

chrome c reduction and reoxidation at 550 nm, and would be expected if significant dismutation had oc- 
‘haem CI’ reduction at 605 nm after flash-reduction of curred. 
‘fast’ oxidase via cytochrome c. Again, tile spectra! con- We have previously shown that the redox spectrum 
tributions by cytochrome c at 605 nm and haem n at 550 P 
nm were removed by matrix deconvofution using the 0*002~ : n ‘fast’ t = 1040 tams 
relative extinction coef‘ficients shown in the insert in the 
left pane!. It is clear that the time-course of haem N 
reduction is completely different to that obtained with 
‘slow’ oxidase. First, the apparent initial rate of reduc- 
tion is only about 60% of that found with ‘slow’ oxidase AA 
even though the initial rates of reoxidation of cyto- 
chrome L’ are similar (Ii > 1.7~10” Mu’ .s-’ from initial 
rates; see Fig. 3 for a better estimate) and second. after 
reaching a maximum after about 0.8 s there is then a 
partial reoxidation of haem ~1. In addition. the extent of -0*002 * 

reoxidation of cytochrome c is mucfr greater than that I 
I I 

found wit11 ‘slow’ oxidase. 400 500 600 700 

Fig. 1 also shows the time-course of the absorbance h(nm) 

changes at 640 nm minus the average changes at 630 Fig. 2. FIRE or ‘f;lst’ cylochronic-r oxid;lsc: a sample tiinctic spcc- 

and 690 nm (average of 10 transients in each case) for trum. Condikws arc dcscribcd in tbc Iqcnd IO Fig. I, Eitch point is 

both cnzymc types, As expected, there is no change in 
dcrivcd from ;I sin& trnnsicnt mcxurcd 91 the indicakd wavcknp~h. 

the absorbnncc of this wavelength triplet after flash- 
Norc III;II I~IC high basal abrorb;wcc due I(> oxidized cytochronw c 
prcvcntcd mc;IsurcmcnIs below 430 nnl. The conlinuous spcctrurn WIS 

reduction of ‘slow’ oxidasc. Howcvcr, with ‘fast’ oxi- ohl;~incd by intcrpnlation und srnoorhing (using program REGSPL? 

tiasc. after a short lag. thcrc is ;I dccrcasc in the absorb- in [I?!J] with IT = 0.01). 7’hc lower spccIrum. wbioh is ol’f’sct OII the 

ilnce consistent with the disoppcarancc of the ‘655 nm ~~wxis. \V;IS nbtAit,cd by sublractinp il pure rcdox spcclrum of CY~O- 

charge transfer band (E=O.Y mM ‘~cm ‘) associated 
chrome C+ cquivalcnl lo 0.03 j/M. Netc lhat the pure cytochranc c 

with f~iph-spin ferric tlilCll1 tI,a [27]. This is itIS clear from 
sprctrtun ws proccsscd with the in~crpolalioll/smoothillp program 

huforc sublrxlion. 
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obtained about 1 min after FIRE of ‘fast’ oxidase (~0.3 
e-/molecule) in the absence of cytochrome c is charac- 
terised (a) by Soret and alpha maxima at 445 nm and 
605 nm, respectively, and (b) by the presence of a ‘655 
nm’ trough (see Fig. 2 in [ 16]), which are all features that 
are observable 3.5 s after FIRE of ‘fast’ oxidase in the 
presence of cytochromc c. The dashed line in Fig. 1, 
right panel, shows the time-course of cytochrome c re- 
duction and reoxidation deconvoluted using relative ex- 
tinction coefficients based on this spectrum rather than 
the redox spectrum of haem a (values in insert). Note 
that the deconvoluted time-course of ‘haem CI’ reduction 
is essentially unaffected by this change. If we assume 
that any increase in d& is due principally to haem CI’+ 
then we find there to be 0.090 PM cytochrome cZ’ and 
0.25 PM haem a’+ at 3.5 s. Again, from the redox poise 
of cytochrome c, a value of 305 mV can be obtained for 
the E,,, of haem a, which is the same as that obtained for 
‘slow’ oxidase. 

Our working model to explain the observations for 
both ‘fast’ and ‘slow’ oxidases is outlined in the simpli- 
fied reaction scheme shown in Fig. 3. For ‘slow’ oxidase 
a single species, E”. is formed in which the electron can 
only equilibrate between Cu, and haem a. For ‘fast’ 
oxidase the time-course of ‘haem a’* can be described 
by two sequential first order processes, corresponding 
to the reduction and partial reoxidation phases. respec- 
tively. As noted above, the product of the partial reoxi- 
dation appears to be the same as that observed about 

1000 
(I) 

0 E” E' E 

Fig, 3. A minimal reaction scheme for pH 8.0 and high ionic strength. 
In each substatc the order of the rcdox components is Cu,. haem (1. 
Cur, and hacm N,,. with ‘0’ and ‘I’ rcprcscntinp oxidized and rcduccd 
components. rcspcctively. The possibility of double-hits is ignored. 
The rate constants. k, and k,, wcrc calculated from the observed first 
order rate constant for the rcoxidation of cytochromc c from the data 
for ‘slow’ oxidasc. The rittc constant for the step E’ -+ E for ‘fast’ 
oxidasc was obtained by fitting (using the simplex method [29]) the 
analytical solution for two scqucntial first order proccsscs to the timc- 
course for ‘Iracm (I’ reduction and partial rcoxidation, Note that the 
iit was constrained to the obscrvcd rate of rcoxidatian of cytochromc 
c. A Value of 4.1 nrM”‘cm.’ for the extinction cocfticicnt of E at GO5 
nm was also obtained. The vnlucs in parcnthcscs. whcrc shown, arc the 
approximate pcrccntagcs of each substatc obtained by assuming (a) 
t11iit ot1ly lliml 2' contributes to dA,$ :tnd (b) that the rclativc 

midpoint potentials of Cu,, and hacm (I do not change 

1 min after FIRE of ‘fast’ oxidase in the absence of 
cytochrome c, i.e. E, in which the single electron has 
equilibrated with all the redox centres [16]. The question 
then remains as to the identity of the intermediate prod- 
uct. We have found, on the basis of curve-fitting with 
the rate of reduction constrained to the observed rate 
of reoxidation of cytochrome c, that the time-course of 
‘haem a’ reduction/reoxidation cannot be simulated 
using a model in which the intermediate between 0 and 
E is E”. Instead, we find that another intermedia.te, E’. 
with an extinction coefficient (14.5 > &605 > 11.4 mM-’ 
.cm-‘) less than E” (.sbos = 19.5 mM-’ *cm-‘) but greater 
than E (~~~~=4.1 mM-' .cm-‘). is required. Hence, in E’ 
there appears to be rapid equilibrium between haem 
ulCuA and another redox centre which we presume to 
be Cur,. Since E” is not observable we conclude that the 
rate of equilibration of Cu, with haem a/Cu, to form 
E’ must be at least tenfold greater (> 20 s-i) than the 
rate of electron transfer from cytochrome c to the en- 
zyme (approx. 2 s-’ ). Another possibility for inter- 
mediate E’ is that equilibration is rapid between haem 
UK& and haem n,, but this is not supported by the 
observations. In this case we would expect to see (a) no 
lag in the disappearance of the ‘655 nm’ band and (b) 
a high initial ratio between the Soret (444-462 nm) and 
alpha (605-630 nm) peaks, i.e. a value similar to the 
value of 4.6 found for the ratio in fully-reduced minus 
fully-oxidized ‘fast’ oxidase rather than the actual value 
of about 2.6 (see e.g. Fig. 2). 

We conclude that two-electron reduction is not a re- 
quirement for rapid electron transfer from haem a/C& 
to the binuclear ccntre in ‘fast’ oxidase. Nevertheless. 
equilibration of a single electron shared between CuA, 
haem CI and CuU with haem n3 appears to be a relatively 
slow process (k=2 s-‘). This slow equilibration could be 
envisaged as the release or rearrangement of a ligand (or 
ligands) from haem c/3 in a process analogous to that 
suggested for the conversion of ‘slow’ oxidase to ‘fast’, 
i.e. electron transfer (presumably between Cu” and 
haem c/.qj is rapid but the equilibrium is unfavourable 
unless the ligand is displaced [16]. An alternative possi- 
bility is that it represents equilibration along an intrinsi- 
cally slow electron transfer pathway, although this 
seems unlikely given the proximity of Cuu and haem a3. 
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