
Bwchlmlca et Bwphystca Acta, 461 (1977) 218-230 
~) Elsevier/North-Holland Biomedical Press 

BBA. 47329 

REACTION OF CO WITH CYTOCHROME c OXIDASE 

TITRATION OF THE REACTION SITE WITH CHEMICAL OXIDANT AND 

REDUCTANT 

DAVID F WILSON and YUR.IKO MIYATA 

Department of Btochemlstry and Btophysws, Unwerstty of Pennsylvama, ~edtcal School, Phdadelphm, 
Pa 19174 ( U S A )  

(Received December 30th, 1976) 

SUMMARY 

The number of reducing eqmvalents reqmred to form the reduced cytochrome 
a 3-CO compound has been determined for suspensions of submltochondnal particles 
and for isolated cytochrome c oxldase Anaerobic preparations were titrated reduc- 
tlvely wllh NADH and oxldatlvely with 02 m the presence of high concentrations of 
CO (0 4 to 0.8 mM) whde momtoring reduction of cytochrome a and the formation of 
the reduced cytochrome a 3-CO compound by their characterlstlc absorbance changes 
Analysis of the titration data show that 2.0=I=0 3 and 2 14-0 2 reducing equivalents per 
mol of cytochrome oxldase (per cytochrome a) are reqmred for formation of the 
reduced cytochrome aa-CO compound m submltochondrlal particles and isolated 
cytochrome c oxldase, respectively. In each case, the formation of the CO compound 
is proportional to the number of eqmvalents accepted by the preparation, ln&catmg 
that the two equwalents are equal and the effective n value for the reaction is 2.0 
Potent~ometnc t~trat~ons of cytochrome c ox~dase using the cobalt orthophenanthro- 
lene complex (Era, 7 o = 0.37 V) as medmtor give the same half-reductton poten)lal 
values for cytochrome a and a3 as those obtained using the ferro-ferrlcyanlde couple 
The formation of the reduced cytochrome aa-CO compound at pH 7.0, m the presence 
of 0 6 mM CO and with CO-orthophenanthrolene as medmtor occurs with a half- 
reduction potentml of 0.45 V and reqmres two electrons These data confirm and 
extend the observation of Lmdsay et al. (Arch Blochim Blophys (1975) 169, 492- 
505) that both the "invisible" copper and cytochrome a 3 must be reduced in order for 
CO to brad with h~gh affinity. 

INTRODUCTION 

Mttochondnal cytochrome c oxldase is responsible for the transfer of reducing 

Abbrevmtlons Co(oph)3 is the cobalt complex of orthophenanthrohne MnS+CyDTA is the 
manganese complex of trans-l,2-dlammocyclohexanetetraacetlc aod  
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eqmvalents from cytochrome c to molecular oxygen wah concomitant synthes~s of  
adenosine tnphosphate (ATP) at s~te 3 of the respiratory chain. Thus, this heme- 
protein carries out two reactions essential to the existence of h~gher organisms" the 
reduction of molecular oxygen to water and the transductlon of the free energy 
available in the redox reactions mto a form suitable for ATP synthesis The reductmn 
of molecular oxygen to water as carried out by cytochrome c oxldase occurs at redox 
potentmls greater than 0 6 V relatwe to a hydrogen electrode [1, 2] and is responsible 
for the control of mltochondrla respiration [1, 3] Although the site of the reactmn of 
molecular oxygen and CO has early been recognized [4-6], the mechamsm of the 
reaction has remained obscure. One electron reduction of the 02 to bound O2- would 
be expected to have an E m value near --0.3 V [7, 8] and could not be expected to 
occur as an essentml mtermedmte in a reactaon which occurs at near 0.6 V. Mecha- 
nisms mvolvang a two electron reduction are more feasible as the Em value for 02 
reduction to bound 022-  is near 0 8 V [7] The two electrons can either come from a 
single heine iron (oxidizing It to Fe 4+) or from a heme iron and a second redox com- 
ponent, such as the "mws~ble" copper. 

The cytochrome a3-CO compound tltrates potent~ometmcally as a two electron 
acceptor [9, 10] and one CO molecule as bound for each actwe site [9-12]. This 
provades ewdence that both the "mvlsJble" copper and cytochrome a a are revolved m 
the active site for oxygen reduction. This ewdence has been challenged [13] on the 
bas~s of  coulometnc tltratlons of ~solated cytochrome oxldase m the presence of CO, 
m which 3 equwalents per cytochrome a were removed from the fully reduced prepara- 
tion without oxidizing the CO compound. Slnc~ only 4 eqmvalents per cytochrome a 
were required to fully reduce the preparation m the absence of CO, ~t was concluded 
that the formztlon of the reduced cytochrome a3-CO compound reqmred only one 
equwalent/cytochrome a 

In the present commumcat~on, we report the t~tratton of cytochrome c ox~dase 
m the presence of CO with chemlcal reductant (NADH) and chemical oxidant (02) 
which confirm our prewous observation [9, 10] that reduction of both cytochrome a3 
and the "inwsible" copper are reqmred for formation of the reduced cytochrome 
a3-CO compound at CO concentratmns less than 1 mM 

MATERIALS AND METHODS 

Submltochondnal particles were prepared from pigeon breast mltochondrla 
asolated as described m references 14 and 15 Cytochrome c oxidase purified to a heme 
content of 12 nmol/mg protein was prepared from pigeon breast mltochondma by a 
modlficataon of  the proc_-dure of Sun et al [16] and was generously supphed by 
Dr. Marm Erecmska. 

All tltratlons were carrxed out in an anaerobic cuvette w~thout a gas phase A 
solution of  50 mM phosphate buffer, pH 7 0, containing 0.2 mM EDTA was saturated 
w~th CO gas at atmospheric pressure, the submaochondrlal particles or cytochrome c 
oxldase then added, and the anaerobic cuvette sealed. The remaining 0 2 w a s  removed 
by resplrataon wath NADH (submltochondnal particles) or 20 ktM phenazme metho- 
sulfate plus NADH (cytochrome oxidase) After the suspension became anaerobic, 
the preparatmns were titrated reductively using NADH solutions and oxidatively 
w~th 02 using medmm saturated with oxygen at 0-4 °C When ox~dase was tltrated, an 
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equimolar concentration of cytochrome c was added in order to faclhtate equihbra- 
tion between the NADH and the redox components of the oxidase. The concentration 
of NADH was determined enzymatlcally with lactate dehydrogenase for each solution 
used m tltrations. An extinction coefficient of 6.22 mM- 1 at 340 nm was used for 
calculations. The oxygen concentration of the O2-saturated medium was measured by 
titration w~th NADH m the presence of submltochondnal particles. 

Spectra of the absorbance changes which occurred during oxidation and reduc- 
tion were measured using a Johnson Research Foundation scannmg dual wavelength 
spectophotometer. A spectral half-bandwidth of the measuring hght beam was less 
than 1 nm. The spectrophotometer has a digital memory unit which retains any 
selected absorption spectrum, subtracts it from subsequent spectrum and then plots 
the resulting difference spectrum 

Titratlons using the wavelength pairs 590-575 nm, and 605-575 nm were car- 
ned out using a 4-beam spectrophotometer with 1.5 nm half-bandwidth interference 
filters mounted m an air driven turbine (for details, see ref. 17). 

The trans-l,2-dmmmocyclohexanetetraacetic acid complex of Mn 3+ was 
generously supplied by Dr. Scot Wherland of the Chemistry Department of the 
California Institute of Technology in Pasadena. The cobalt orthophenanthrolene 
complex was prepared by adding a 3 3-fold molecular excess of orthophenanthrolene 
to a 50-mM aqueous solution of Co(NO 3)2 and stirring until the orthophenanthrolene 
was completely in solution. Ahquots of this solution were then used as required. 

RESULTS 

Potentiometric analysis of  the half-reductton potenttals and n values for the components 
of  cytochrome oxtdase 

Potentlometnc analysis of the redox properties of the components of cyto- 
chrome oxtdase has been hampered by the limited number of the available redox 
mediators. Only the ferro/ferncyanlde couple has the desired Em value, electro- 
chemical activity, water solubility and optical properties suitable for titratlons m the 
potential region of approx. 0 3-0.5 V. Because any redox mediator may interact 
with the component being measured (leading to erronous measured Em value of the 
latter), controls which Involve measurements in the presence of a completely different 
mediator system are necessary to estabhsh with full confidence the half-reduction 
potential value of any redox carrier. 

The Co(oph)a (the cobalt complex of orthophenanthrohne) reacts readily with 
cytochrome oxidase, has the Era7 o of 0.37 (n = 1) and only weak absorbance in the 
visible region of the spectrum (ref. 18, personal commumcatlon from S Wherland) 
Mn 3 + CyDTA (the manganese complex of trans-l,2-diamInocyclohexanetetraacetlc 
acid) has an E~, 4 7 of 0.81 V, and although its oxidized complex has a deep red color, 
the reduced form is colorless [19]. At redox potentials more negative than 0 6 V, the 
Mn 3 + CyDTA is essentially quantitatively reduced and thus can be used conveniently 
as an oxidant in p otentlometric titratlons of cytochrome c oxldase with Co(oph)a as a 
redox mediator m place of ferncyamde. The half-reduction potentials for cytochrome 
a and a 3 obtained m these tltrations are mdlstinguishable from those repotted pre- 
viously [20-22]. Since Co(oph)3 has either a +2  charge (reduced form) or +3  charge 
(oxidized form) while ferrocyamde has a --4 charge, and ferrlcyamde a - 3 charge, it 
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Fig 1 PotenUometr lc  t i t rat ion o f  the format ion  o f  the reduced cy tochrome aa -CO c o m p o u n d  as 
measu red  at 430 n m  mi nus  410 n m  SubmltOChondrlal particles f rom pigeon hear t  muscle  were 
suspended  at 2.5 m g  protein  in a 50 m M  phospha te  buffer, pI-[ 7 0, and  placed m a sealed cuvette 
CO was present  at a final concentra t ion  o f  600 # M  Phenazene  methosulfa te  (40/zM) d lamlnodurene  
(20 # M )  and  Co(oph)a  (400 # M )  were added and  anaerobiosls  obta ined by addi t ion o f  ahquo t s  o f  a 
di thlonite solut ion.  After  anaerobiosJs,  the t i t rat ion was carried out  reductively with dlthlonIte ([:]) 
and  Oxldatlvely with M n  s+ Cy~DTA solut ion (11) The  solid line is a theoretical t i t rat ion curve for 
the t i t ra t ion o f  a com ponen t  with an  n value o f  2 0 and  an  Em of  0 450 V The  measured  E .  ~s plotted 
on  the ordinate  and  the logar i thm o f  the ratio o f  [reduced form]  to [oxidized form] is plotted on the 
abscissa A t  this h igh  C O concentrat ion,  it is a s sumed  that  essentially all o f  reduced form is b o u n d  to 
CO and tha t  the only  species present  in significant a m o u n t s  are the reduced form bound  to CO and 
the oxidized form (see ref  10) 

is unhkely that the two &fferent me&ators could glve rise to slmdar errors in potenuo- 
metric measurements. 

Moreover, because of its lack of absorbance in the Soret region, Co(oph)a can 
be used as a redox mediator in titratlons of the reduced cytochrome aa-CO compound 
by momtormg the absorbance changes at 430--410 nm. Data obtained for a suspension 
of submitochondrtal particles in the presence of 0.6 mM CO are given m Fig. 1. In 
agreement with previous measurements using the 590 nm absorption band [9, 10], the 
formation of the CO compound occurs with an Era7 o of 0 45 V when the CO concen- 
tration is 0.6 mM and the n value for the titration is 2.0. The data for the oxidative and 
reductlve titratmns fall on the same straight line (Fig. 1) and are mdependent of the 
Co(oph)a concentrations at values above 50 #M (to greater than 1 mM). 

The concentration of the Co(oph)3 used m the potentiomemc tltrations is 
high relative to that of cytochrome c oxldase. Since the Co(oph)3 accepts more than 
95 70 of the reducing equivalents during reductlon, the rate of formation of the 
reduced cytochrome a3-CO compound by endogenous donor is insignificant (less than 
5 7o of that shown in Fig. 2). The measured formation of the cytochrome as-CO 
compound at a given Eh value, is the same in both oxidative and reductlve tltrations 
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and is mdependent of the concentration of Co(oph)3 above 50 #M (to greater than 
1 mM). 

Attempts to determme the number of reducing equivalents m the reduced 
cytochrome a3 CO compound by titration with Mn 3+ CyDTA were unsuccessful 
Addtton of ahquots of the Mn 3 + CyDTA solution to fully reduced enzyme m the 
presence of CO caused stepwJse oxidation of cytochrome a (and the "vtslble" copper), 
but the reduced cytochrome a3-CO compound remains reduced even when a more 
than 50-fold excess of the oxidizmg agent was added Addmon of either Co(oph)3 or 
ferrocyamde facilitated the oxldatton of the CO-compound, but the oxidation was 
followed by a rereductlon by an endogenous donor This mdtcates that m the absence 
of redox medmtors, Mn 3 + CyDTA does not interact rapidly enough with the cyto- 
chrome a3-CO compound m order to accomplish tts oxtdatton (a kmettc problem) m 
the presence of the endogenous electron donor(s). This endogenous donor must be 
present m relattvely large concentrations as all efforts to exhaust it by repeated oxida- 
tton cycles were unsuccessful Moreover, its potential must be h~gh because the rate of 
reduction of the cytochrome a3-CO compound was much greater when the CO- 
compound was highly oxidized than when it was more than half reduced. 

Tttratlon of  submttochondrtal partlcles and eytochrome omdase m the presence of CO 
Cytochrome oxidase, both m the submltochondrlal particles and in tsolated 

state can be titrated reducttvely with NADH and reoxtdmed with its natural oxidant 
molecular oxygen whtch, in contrast to Mn3+CyDTA never fatls to find raptd access 
to its active rote. An example of the tttratlon of an anaerobic suspenmon of submlto- 

I/J- r NADH 2/.,I NADH IO/~1 0 2 O5/.,.I NADH I#! NADH 2/.~' NADH 
, + , , , ,  , , , , + i J i r i l l  , ) + + ~ , i ,  i i i i i I , , 1 i I ~ , , t , , i  

.,'k Absorbonce .,.-" 

v / /  , , \  \ 
~ 605nm-575nrn / ~ 

-~ " L  , '  3M,[, .,~, ' - ~  

A Absorbonce O8Min k.., 

- i t  -,,_, 

Fig 2 Titration of  a suspenmon of submltochondnal  particles with N A D t t  and oxygen The submlto- 
chondrlal particles were suspended at room temperature m a 7-ml sealed cuvette at 12 mg proteln/ml 
m a medium containing 50 m M  phosphate buffer, p i t  7 0, and 600/~M CO After reduction with 
NA.Dtt  (to estabhsh anaeroblomS), the sample was reoxldlzed with ahquots of  a saturated solution 
of  oxygen (approx 4 °C, final concentratxon 1 6 mM)  The measurements presented were begun when 
a shght excess of  oxygen was present and the traces represent measurements at 605 -575 nm and 590- 
575 nm respectively. Ahquots  of  N A I ) t t  solution (approx 12 mM)  or oxygen solution were added 
as indicated The instrument sensmvlty for each wavelength pair and the chart speed are indicated 
on the figure Note that he total absorbanee changes at 605-575 nm are much larger than those at 
590-575 nm and different instrument gain settings were used to emphamze the latter 
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chondnal particles supplemented with CO is presented m Fig. 2. The absorbance 
changes due to the reduction of cytochrome a (605-575 nm) and those due to the 
reduction of the cytochrome a3-CO compound (590-575 nm) were measured simul- 
taneously using a 4 beam, rime-shared filter spectrophotometer. After anaeroblosls 
and reduction w~th NADH, the preparation was reoxidized with oxygen saturated 
medium (see Methods). A shght excess of O2 was added to ensure 100 % oxldanon of 
the cytochrome a3-CO compound. After the excess of oxygen was consumed a parnal 
reduction of the cytochrome a3-CO compound was observed, manifested by a slow 
increase m absorbance at 590-575 nm This reducnon occurred m every preparation 
examined and was caused by the presence of the endogenous high potential donor(s) 
described above with respect to the experiments with Mn 3 +CyDTA The extent of the 
more rapid phase of the spontaneous reduction w~th this endogenous donor was never 
greater than 50 % of the cytochrome a3-CO compound whlch indicates that the Em of 
the former is greater than approximately 0 48 V. 

Following the partml reduction of the cytochrome a3-CO compound caused by 
the endogenous donor, ahquots of an NADH solunon induced rapid stepwlse reduc- 
tion, first of the remaining CO compound and then of cytochrome a. A second cycle of 
oxidation with oxygen and reduction with NADH shown m Fig. 2 was recorded 
using a chart speed 2.5 rimes faster than that used prewously. It can be seen that the 
reduction with endogenous donor is slower than that with NADH. After the initial 
approx. 25 % reduction of the CO-compound, it contributes negligibly (less than 
10 %) to the stepwlse increases m absorbance caused by the addmon of NADH. 

In suspensions of both submltochondrlal particles and cytochrome oxldase, the 
formation of the reduced cytochrome a3-CO compound precedes reduction of cyto- 
chrome a as evidenced by the increase m absorbance at 590-575 nm and decrease m 
absorbance at 605-575 nm. As more reducing equivalents are added and cytochrome 
a becomes reduced, the absorbance increases at both 590-575 nm and at 605-575 nm. 

Fewer points were taken during the oxidattve ntratlon with molecular oxygen 
both because it is a secondary standard and because at the high concentration of CO 
used in the experiments, the rate of oxidation of the reduced cytochrome a3-CO com- 
pound by oxygen is slower than its rate of formanon on addition of NADH. 

Absorption spectra of  components being oxtdtzed and reduced in the ntrations 
Identification of the components being oxidized and reduced can be made by 

comparing their spectra and absorption mamma with those of cytochrome a and 
cytochrome a3-CO compound. Tltranons were therefore carried by scanning the 
absorbance from 510 to 630 nm, using 575 nm as the reference wavelength (for the 
details see methods). A reductwe titranon of purified cytochrome c oxldase with 
NADH is shown in Fig 3 The basehne was obtained for a fully oxldlzed sample and 
reduction induced by stepwlse addition of NADH. The first addmons of NADH 
cause formation of the reduced cytochrome a3-CO compound w~th ~ts characteristic 
absorbance maxlmum at 590 nm. The CO compound is nearly completely reduced 
(> 90 %) before cytochrome a and c become reduced (< 10 %). Cytochrome a and c 
are reduced almost to the same extent, which indicates that their Em values are 
w~thm -4-0 01 V. 

Pamcular attention is drawn to the fact that the reduced cytochrome a3-CO 
compound contributes approx. 50 % of the 590-575 nm absorbance change (see also 
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Fig. 3 The absorption spectra of the components being reduced m the titration ofcytochrome oxadase 
with NADH Purified cytochrome c oxldase was suspended in a sealed cuvette at 7 6/tM cytochrome 
a m a medmm containing 50 mM phosphate, pH 7 0, and 600 pM CO Cytochrome c (8.4 pM) and 
phenazlne methosulfate (40/tM) were added and anaeroblosls achieved by adding ahquots of NADH 
After anaeroblosls, the preparation was reoxl&zed with ahquots of oxygen solution and the spectrum 
of the fully oxidized preparation recorded as a basehne The d~fference spectra were then measured 
at each stage of a reductwe titration (see Fig 2) and are numbered m sequence starting w~th the fully 
OXl&zed basehne 

Figs. 4 and 5) and a small negative absorbance change at 605-575 nm. The remaimng 
absorbance changes measured using these wavelength pa~rs are contributed by cyto- 
chrome a reduction. 

The dependence of  the observed absorbance changes on the reducing equwalents present 
m cytochrome oxtdase 

Data taken from experiments of the type shown m Fig. 1 were evaluated as 
plots of  the measured absorbance change against the number of reducing equivalents 
per cytochrome a present in the system and are shown in Fig. 4 for cytochrome 
oxidase and m Fig. 5 for submitochondnal particles. The fully oxidized system is 
considered to have zero reducing equivalents. Addition of N A D H  increased the 
number of  reducing equivalents until complete reduction was reached and then 
ad&tion of  oxygen decreased the number of  reducing equivalents untd complete 
oxidation was again achieved. The end point for the formation of  the reduced cyto- 
chrome as-CO compound was considered to coincide with the beginning of  reduction 
of cytochrome a as determined by the increasing absorbance at 605-575 nm. The 
reduction of cytochrome a is then considered to require the eqmvalents added or 
subtracted during the change in absorbance at 605-575 nm. Since the absorbance 
changes are linear functions of  the eqmvalents added during most of  the titration, we 
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Fig 4 The stoJch]ometry of the reducing eqmvalents accepted by isolated cytochrome c oxtdase 
during reduction with N A D H  and ox]datlon by 02 The preparation of isolated cytochrome oxldase 
was suspended as described m the legend to Fig 1 and t~trated both reduct~vely w~th N A D H  and 
oxldatlvely with O2 Two complete cycles of reduction and oxidation were analysed and the measured 
absorbance change plotted on the ordinate The absossa is the number of reducing equivalents per 
cytochrome a present m the preparation as calculated from the reducing equivalents added (NA.DH) 
or removed (02) 

have extrapolated the hnear poruon to 0 and 100 ~ formation of the reduced cyto- 
chrome a3-CO compound or reducuon of cytochrome a. The reducing eqmvalents 
required for each are indicated m Table I. A series of seven d]fferent preparat]ons of 
isolated cytochrome oxadase were tttrated and the results in the table are the averages 
data for each preparat]on. Analysing the data from the NADI-I titrattons, the forma- 
tion of the reduced cytochrome a3-CO compound was found to reqmre 2.1:k0.2 
reducing equw/cytochrome a, while the reduction of cytochrome a required 2 0~0.3 
reducing equiv./cytochrome a. In three different preparations of submltochondrial 
pamcles, the formation of the reduced cytochrome a3-CO compound reqmred 2 0:k 
0.3 equw./cytochrome a to form the CO compound. Analys]s of the oxygen t]trat]on 
data is in good agreement with the values from the NADH tltrations. The number of 
equivalents which accompames the reduction of cytochrome a is much more uncertain 
m submltochondnal pamcles than m ]solated oxldase because of contributions due to 
cytochromes c and cl and the Rleske iron-sulfur protein, m addmon to cytochrome a 
and the "vislble" copper. Cytochrome cl (Era 7 o -=-0.215 ¥),  bound cytochrome c 
(Era 7 o ----- 0.235 V), and "visible" copper (E m 7 o = 0.245 V) have half-reduction 
potentials more negative than does cytochrome a (E,, 7.0 = 0.26 V m the presence of 
CO). Therefore, cytochrome a titrauons are non-hnear and extrapolation of the 
hnear portion includes only approximately 70 ~o of the equivalents required for total 
reductmn. 
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Fig 5 The stmchlometry of the reducing eqmvalents acpected by a suspension of submltochondnal 
parUcles during reduction w~th NADI-[ and oxtdauon by 02 The submltochondrml particles were 
suspended as described in the legend to Fig 2 and tltrated reductwely with NADI-[ and oxtdatlvely 
with O2 Two complete cycles of reductton and oxldat]ort were analysed and presented m the figure 
The measured absorbance change is plotted ort the ordinate and the number of reducing equwalents 
per cytochrome a presertt in the preparation plotted on the abscissa 

DISCUSSION 

Tltratlons of  cytochrome oxldase in submltochondnal  particles and m isolated 
state with N A D H  and oxygen presented in this work show that two reducing equwa- 
lents are required for the formation of  the reduced cytochrome an-CO compound. 
This confirms the results obtained using potentiometrlc titrations with either fern/ 
ferrocyanlde [9, 10] or Co(oph)3 (this work) as redox mediator. Furthermore, since 
the absorbance change due to the reduced cytochrome a 3-CO compound is proportio- 
nal to the amount  of  the reducing equivalents added or subtracted throughout the 
entire titration curve, the two equivalents are formally identical ~ e. the two redox 
components have equal mxdpomt potential and n values m the presence of CO. 

TltraUon of cytochrome ox]dase from fully oxtdiz:d to fully reduced requires 4 
reducing equwalents per cytochrome a both in the absence (23-25) and in the presence 
of  CO (4 1 t 0  3, this paper) Thus, there Is no evidence for the existence of any addi- 
tional redox components m the presence of CO In the absence of CO, the four redox 
components are identified as cytochromes a and a3, the "visible" copper and the 
"invisible" copper, each with an n value of 1 0 In the presence of 0 4-0 8 mM CO, 
both cytochrome a and the "invisible" copper can be independently measured to have 
an n value of  1 0 and E m 7 o value of  approx 0.25 V This leaves the invisible copper as 
the redox component which, m addition to cytochrome a3, 1s involved m CO binding 
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(Note that the experimentally measured E~, value of the cytochrome an-CO compound 
of 0.45 V at 0.4--0.8 mM CO agrees well with that calculated from the E m values of 
cytochrome a 3 (0.36 V), the invisible copper (0.34 V), and the Kd for CO of approx 
0.4 #M (see ref. 10). One assumes that both must be reduced in order to bind CO with 
high affinity.) 

The role of the invisible copper m the binding of CO has been questioned 
recently by Anderson et al. [13]. The apparent difference in experimental results 
presented m this work and those of Anderson et al., lies in the experimental approach 
In the potenuomemc analyses (iefs. 9, 10, and this paper) and m tltratlons with 
chemical oxidants and reductants (this work), the CO compound was oxidized and 
reduced and the equwalents were directly measured; while m the coulometmc tltra- 
tions, the CO compound was not oxidized and reduced and the reducing equivalents 
were calculated indirectly from the difference between the number of equivalents 

10" o 

590nm-575nm 

5 

/ /,' / /  
<1 / / "  ~ "  605nm-575nm 

o - " - " " /  , f  "- 
o zo 3'o 4b 

Reducing Equtvolents Per Cytochrome o 

Fig 6 The expected pattern of the t i trat ion of cytochrome c oxidase m the presence of CO according 
to two different models TheoreUcal curves have been calculated for the absorbance changes at 590- 
575 nm (0 and d )  and 605-575 nm (O and i , )  during titratlons of  cytochrome c oxldase assuming 
two different models Model A CO binds with high affinity only when both  the invisible copper and 
cytochrome as are reduced The formation of  the CO compound would then have an n value equal 
to 2 0 and Era7 2 of 430 mV (Era7 2 = 0 34 V for the invisible copper, 0 36 V for cytochome a3 and 
the Ka for CO is approx 0 4 #M)  while both  cytochrome a and the "visible" copper have Em values 
of  0 25 V Model B CO binds with high affinity to reduced cytochrome aa and this reaction is essen- 
trolly independent of  the invisible copper. The formation of  the CO compound would then have an n 
value of  1 0 and an Era7 2 of  0 54- V (Era7 2 = 0 36 V for cytochrome a3 and the Ka for CO is approx 
0 4/z M) whde the invisible copper, the visible copper, and cytochrome a would be 0 34, 0 25, and 
0 25 V respectively The calculated functions are for the cytochrome c oxidase in the absence of  added 
cytochrome c The reduced cytochrome an-CO compound is considered to contribute 60 ~o of  the 
590-575 nm absorbance change and 0 ~ to the 605-575 nm absorbance change. The symbols are 
placed on the calculated curves for ~dent~fication purposes only, as the curves are continuous functions. 
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reqmred to oxidize cytochrome oxidase in the absence (4 equiv.) and presence (3 
equiv.) of CO. The failure to oradtze the CO compound in experiments of Anderson 
et al. [13] may arise from a combmation of the slow rate of interaction of  the reduced 
cytochrome a3-CO compound with added non-physiological oxidants (compare our 
results with Mna+CyDTA) and the presence of a high potential endogenous donor 
which, because of ~ts high potential, affects only the titrations in the presence of CO. 
The presence of this endogenous donor may also account easily for the extra reducing 
equivalent m the experiments of Anderson et al. [13]. 

The two postulated structures for the CO binding site of cytochrome oradase, 
one revolving two components, cytochrome as and the invisible copper (refs. 9, 10, 
and this work), and the other involving only a single component [13], give rise to 
quite different titration curves Mathematical stmulattons for the two models are 
given in Fig. 6. In A, the curves represent the simulated absorbance changes for the 
case m which the formation of the CO compound requires 2 equivalents, while in B, 
the curves illustrate the simulated absorbance changes for the situation in which the 
formation of the CO compound reqmres only 1 reducing equivalent. (All the informa- 
tion used to compute the curves is presented in detail in the legend of Fig. 6.) It can be 
seen that the experimental curves shown m Figs. 4 and 5, fit well to a two-electron 
model represented by the curves shown in A. 
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