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SUMMARY

Thz number of reducing equivalents required to form the reduced cytochrome
a,-CO compound has bzen determined for suspensions of submitochondnal particles
and for isolated cytochrome ¢ oxidase Anaerobic preparations were titrated reduc-
tively with NADH and oxidatively with O, n the presence of high concentrations of
CO (0 4 to 0.8 mM) while monitoring reduction of cytochrome a and the formation of
the reduced cytochrome @;-CO compound by their characteristic absorbance changes
Analyss of the titration data show that 2.0+-0 3 and 2 1+0 2 reducing equivalents per
mol of cytochrome oxidase (per cytochrome a) are required for formation of the
reduczd cytochrome ¢,-CO compound in submitochondrial particles and 1solated
cytochrome ¢ oxidase, respzctively. In each case, the formation of the CO compound
1s proportional to the number of equivalents accepted by the preparation, indicating
that the two equivalents are equal and the effective n value for the reaction 1s 2.0
Potentiometric titrations of cytochrome ¢ oxidase using the cobalt orthophenanthro-
lene complex (E,, ;, = 0.37 V) as mediator give the same half-reduction potential
valuzs for cytochrome a and a, as those obtained using the ferro-ferricyanide couple
Thz formation of thz reduced cytochrome a,-CO compound at pH 7.0, in the presencs
of 0 6 mM CO and with CO-orthophenanthrolene as mediator occurs with a half-
reduction potential of 0.45V and requires two electrons These data confirm and
extend th2 observation of Lindsay et al. (Arch Biochim Biophys (1975) 169, 492-
505) that both the “invisible” coppzr and cytochrome a5 must b: reduced in order for
CO to bind with high affinity.

INTRODUCTION

Muitochondrial cytochrome ¢ oxidase 1s responsible for the transfer of reducing

Abbreviations Co(oph); 1s the cobalt complex of orthophenanthroline Mn3*CyDTA 1s the
manganese complex of trans-1,2-diaminocyclohexanetetraacetic acid
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equivalants from cytochrome ¢ to molecular oxygsn with concomitant synthesis of
adenosine triphosphate (ATP) at site 3 of the respiratory chain. Thus, this heme-
protein carries out two reactions essential to the existence of higher organisms- the
reduction of molecular oxygen to water and the transduction of the free energy
available in th= redox reactions into a form suitable for ATP synthesis The reduction
of molecular oxygen to water as carried out by cytochrome ¢ oxidase occurs at redox
potentials greater than 0 6 V relative to a hydrogen electrode [1, 2] and 1s responsible
for the control of mitochondria respiration [1, 3] Although the site of the reaction of
molecular oxygzn and CO has early bzen recognized [4-6], ths mechanism of the
reaction has remained obscure. One electron reduction of the O, to bound O, would
be expzcted to have an E,, valus near —0.3V [7, 8] and could not be expected to
occur as an essential imtermediate 1n a reaction which occurs at near 0.6 V. Mecha-
nisms 1nvolving a two electron reduction are more feasible as the E,, value for O,
reduction to bound 0,2~ 1s near 0 8 V [7] The two electrons can either come from a
single heme 1ron (oxidizing 1t to Fe*™*) or from a heme 1ron and a second redox com-
ponent, such as the “mvisible” copper.

The cytochrome a;-CO compound titrates potentiometrically as a two electron
acczptor [9, 10] and one CO molecule 1s bound for each active site [9-12]. This
provides evidence that both the “invisible” copper and cytochrome a; are involved 1n
thz active site for oxygen reduction. This evidence has besen challenged [13] on the
basis of coulometric titrations of 1solated cytochrome oxidase m the presence of CO,
m which 3 equivalents per cytochrome a were removed from the fully reduczd prepara-
tion without oxidizing the CO compound. Sincz only 4 equivalents per cytochrome a
were required to fully reduce the preparation in the absence of CO, 1t was concluded
that ths formztion of the reduced cytochrome a;-CO compound required only one
equivalent/cytochrome a

In the present communication, we report the titration of cytochrome ¢ oxidase
in the presencz of CO with chemical reductant (NADH) and chemical oxidant (O,)
which confirm our previous observation [9, 10] that reduction of both cytochrome a;
and the “invisible” copper are required for formation of the reduced cytochrome
a;-CO compound at CO concentrations less than 1 mM

MATERIALS AND METHODS

Submitochondrial particles were prepared from pigeon breast mitochondria
1solated as described 1n references 14 and 15 Cytochrome ¢ oxidase purified to a heme
content of 12 nmol/mg protein was prepared from pigeon breast mitochondria by a
modification of the proc:dure of Sun et al [16] and was generously supplied by
Dr. Maria Erecinska.

All titrations were carried out 1n an anaerobic cuvette without a gas phase A
solution of 50 mM phosphate buffer, pH 7 0, containing 0.2 mM EDTA was saturated
with CO gas at atmospheric pressure, the submitochondrial particles or cytochrome ¢
oxidase then added, and the anaerobic cuvette sealed. The remaining O, was removed
by respiration with NADH (submitochondrial particles) or 20 uM phenazme metho-
sulfate plus NADH (cytochrome oxidase) After the suspznsion bscame anaerobic,
the preparations were titrated reductively using NADH solutions and oxidatively
with O, using medium saturated with oxygzn at 0—4 °C When oxidase was titrated, an
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equimolar concentration of cytochrome ¢ was added in order to facilitate equilibra-
tion between the NADH and the redox components of the oxidase. The concentration
of NADH was determined enzymatically with lactate dehydrogenase for each solution
used 1 titrations. An extinction coefficient of 6.22 mM ™! at 340 nm was used for
calculations. The oxygen concentration of the O,-saturated medium was measured by
titration with NADH 1n the presence of submitochondrial particles.

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

Titrations using the wavelength pairs 590-575 nm, and 605-575 nm were car-
ried out using a 4-bzam spectrophotometer with 1.5 nm half-bandwidth interference
filters mounted 1n an air driven turbine (for detauls, see ref. 17).

The trans-1,2-diaminocyclohexanetetraacetic acid complex of Mn3* was
generously supplied by Dr. Scot Wherland of the Chemustry Department of the
Califorma 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 ), and stirring until the orthophenanthrolene
was completely 1n solution. Aliquots of this solution were then used as required.

RESULTS

Potentiometric analysis of the half-reduction potentials and n values for the components
of cytochrome oxidase

Potentiometric analysis of the redox properties of the components of cyto-
chrome oxidase has bzen hampered by the hmited number of the available redox
mediators. Only the ferro/ferricyanide couple has the desired E, value, electro-
chemucal activity, water solubility and optical properties surtable for titrations in the
potential region of approx. 0 3-0.5 V. Because any redox mediator may interact
with the component bzing measured (leading to erronous measured E,, value of the
latter), controls which involve measurements in the presence of a completely different
mediator system are necassary to establish with full confidence the half-reduction
potential value of any redox carrier.

The Co(oph); (the cobalt complex of orthophenanthroline) reacts readily with
cytochrome oxidase, has the E_, , of 0.37 (n = 1) and only weak absorbance in the
visible region of the spzctrum (ref. 18, personal communtcation from S Wherland)
Mn3* CyDTA (the manganese complex of trans-1,2-diaminocyclohexanetetraacetic
acid) has an E,, , of 0.81 V, and although 1ts oxidized complex has a deep red color,
the reducad form 1s colorless [19]. At redox potentials more negative than 0 6 V, the
Mn’* CyDTA 1s essentially quantitatively reduced and thus can be used conveniently
as an oxidant 1n potentiometric titrations of cytochrome ¢ oxidase with Co(oph); as a
redox mediator 1n placz of ferricyanide. The half-reduction potentials for cytochrome
a and a, obtained 1n these titrations are indistinguishable from those repotted pre-
viously [20-22]. Since Co(oph)s; has erther a -2 charge (reduced form) or +3 charge
(oxidized form) while ferrocyanide has a —4 charge, and ferricyamide a — 3 charge, 1t
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Fig 1 Potentiometric titration of the formation of the reduced cytochrome a;~CO compound as
measured at 430 nm minus 410 nm Submitochondnal particles from pigeon heart muscle were
suspended at 2.5 mg protein in a 50 mM phosphate buffer, pH 7 0, and placed in a sealed cuvette
CO was present at a final concentration of 600 uM Phenazene methosulfate (40 uM) diammodurene
(20 uM) and Co(oph); (400 M) were added and anaerobiosts obtained by addition of aliquots of a
dithionite solution. After anaerobiosis, the titration was carried out reductively with dithiomite ((1)
and oxidatively with Mn?* CyDTA solution (M) The solid line 1s a theoretical titration curve for
the titration of a component with an # value of 2 0 and an E,, of 0 450 V The measured E, 1s plotted
on the ordmate and the logarithm of the ratio of [reduced form] to [oxidized form] 1s plotted on the
abscissa At this high CO concentration, 1t 1s assumed that essentially all of reduced form 1s bound to
CO and that the only species present 1n significant amounts are the reduced form bound to CO and
the oxidized form (see ref 10)

is unlikely that the two different mediators could give rise to similar errors in potentio-
metric measurements.

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

The concentration of the Co(oph); used 1n the potentiometric titrations is
high relative to that of cytochrome ¢ oxidase. Since the Co(oph); accepts more than
959 of the reducing equivalents during reduction, the rate of formation of the
reduced cytochrome a;-CO compound by endogenous donor is insignificant (less than
5% of that shown in Fig. 2). The measured formation of the cytochrome a,-CO
compound at a given E, value, is the same in both oxidative and reductive titrations
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and 1s independent of the concentration of Co(oph); above 50 uM (to greater than
1 mM).

Attempts to determine th: number of reducing equivalents in the reduced
cytochrome a; CO compound by titration with Mn** CyDTA were unsuccessful
Additon of aliquots of the Mn3* CyDTA solution to fully reduced enzyme 1n the
presence of CO caused stepwise oxidation of cytochrome a (and the “visible”” copper),
but the reduczd cytochrome @;-CO compound remains reduczd even when a more
than 50-fold exczss of the oxidizing agent was added Addition of either Co(oph); or
ferrocyanide facilitated thz oxidation of the CO-compound, but the oxidation was
followed by a rereduction by an endogznous donor This indicates that in the absence
of redox mediators, Mn** CyDTA does not interact rapidly enough with the cyto-
chrome a;-CO compound 1n order to accomplish 1ts oxidation (a kietic problem) 1n
the presencz of the endogenous electron donor(s). This endogenous donor must bz
present 1n relatively large concentrations as all efforts to exhaust 1t by repeated oxida-
tion cycles were unsuccessful Moreover, its potential must bz high because the rate of
reduction of the cytochrome a;-CO compound was much greater when the CO-
compound was highly oxidized than when 1t was more than half reduced.

Tutration of submitochondrial particles and cytochrome oxidase n the presence of CO
Cytochrome oxidase, both m the submitochondrial particles and 1n 1solated
state can be titrated reductively with NADH and reoxidized with 1ts natural oxidant
molecular oxygen which, in contrast to Mn**CyDTA never fails to find rapid access
to 1ts active site. An example of the titration of an anaerobic suspznsion of submito-
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Fig 2 Titration of a suspension of submitochondrnal particles with NADH and oxygen The submito-
chondrial particles were suspended at room temperature 1n a 7-mi sealed cuvette at 12 mg protein/ml
in a medium contaming 50 mM phosphate buffer, pH 7 0, and 600 uM CO After reduction with
NADH (to establish anaerobiosis), the sample was reoxidized with aliquots of a saturated solution
of oxygen (approx 4 °C, final concentration 1 6 mM) The measurements presented were begun when
a slight excess of oxygen was present and the traces represent measurements at 605 —575 nm and 590—
575 nm respectively. Ahiquots of NADH solution (approx 12 mM) or oxygen solution were added
as mdicated The mnstrument sensitivity for each wavelength pair and the chart speed are indicated
on the figure Note that he total absorbance changes at 605-575 nm are much larger than those at
580-575 nm and different instrument gain settings were used to emphasize the latter
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chondnal particles supplemented with CO 1s presented 1n Fig. 2. The absorbance
changzs due to the reduction of cytochrome a (605-575 nm) and those due to the
reduction of the cytochrome a,-CO compound (590-575 nm) were measured simul-
taneously using a 4 bzam, time-shared filter spectrophotometer. After anaerobiosis
and reduction with NADH, the preparation was reoxidized with oxygen saturated
medium (see Methods). A slight exczss of O, was added to ensure 100 % oxidation of
the cytochrome a;-CO compound. After the exczss of oxygen was consumed a partial
reduction of the cytochrome a;-CO compound was observed, manifested by a slow
increase 1n absorbance at 590-575 nm This reduction occurred 1n every preparation
examined and was caused by the presence of the endogenous high potential donor(s)
describzd above with respect to the expertments with Mn3*CyDTA The extent of the
more rapid phase of the spontaneous reduction with this endogenous donor was never
greater than 50 % of the cytochrome a;-CO compound which indicates that the E,, of
the former 1s greater than approximately 0 48 V.

Following the partial reduction of the cytochrome a;-CO compound caused by
the endogenous donor, aliquots of an NADH solutton induced rapid stepwise reduc-
tion, first of thz remaining CO compound and then of cytochrome a. A second cycle of
oxidation with oxygen and reduction with NADH shown in Fig. 2 was recorded
using a chart speed 2.5 times faster than that used previously. It can be seen that the
reduction with endogenous donor 1s slower than that with NADH. After the initial
approx. 25 %, reduction of the CO-compound, 1t contributes neghgibly (less than
10 %) to the stepwise increases 1n absorbance caused by the addition of NADH.

In suspensions of both submitochondrnial particles and cytochrome oxidase, the
formation of the reduced cytochrome @,-CO compound precedes reduction of cyto-
chrome a as evidenced by the increase in absorbancz at 590-575 nm and decrease 1n
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 oxidative titration 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 a;-CO com-
pound by oxygen is slower than 1ts rate of formation on addition of NADH.

Absorption spectra of components being oxidized and reduced in the titrations

Identification of the components being oxidized and reduced can be made by
comparing their spectra and absorption maxima with those of cytochrome a and
cytochrome a;-CO compound. Titrations 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 reductive titration of purnfied cytochrome c oxidase with
NADH 1s shown in Fig 3 The baseline was obtaned for a fully oxidized sample and
reduction 1nduced by stepwise addition of NADH. The first additions of NADH
cause formation of the reducad cytochrome a;-CO compound with its characteristic
absorbance maximum at 590 nm. The CO compound 1s nearly completely reduced
(> 90 %) before cytochrome a and ¢ become reduced (< 10 %). Cytochrome @ and ¢
are reduced almost to the same extent, which indicates that their E, values are
within 4001 V.,

Particular attention 1s drawn to the fact that the reduced cytochrome a5-CO
compound contributes approx. 50 ¢ of the 590575 nm absorbance change (see also
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Fig. 3 The absorption spectra of the components being reduced n the titration of cytochrome oxidase
with NADH Purified cytochrome ¢ oxidase was suspended 1n a sealed cuvette at 7 6 uM cytochrome
a 1n a medium contaming 50 mM phosphate, pH 7 0, and 600 uM CO Cytochrome ¢ (8.4 uM) and
phenazine methosulfate (40 #M) were added and anaerobiosis achieved by adding aliquots of NADH
After anaerobiosis, the preparation was reoxidized with aliquots of oxygen solution and the spectrum
of the fully oxidized preparation recorded as a baseline The difference spectra were then measured
at each stage of a reductive titration (see Fig 2) and are numbered n sequence starting with the fully
oxidized baseline

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

The dependence of the observed absorbance changes on the reducing equivalents present
n cytochrome oxidase

Data taken from expesriments of the type shown in 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 in Fig. 5 for submitochondrial particles. The fully oxidized system is
considered to have zero reducing equivalents. Addition of NADH increased the
numbsr of reducing equivalents until complete reduction was reached and then
addition of oxygen decreased the number of reducing equivalents until complete
oxidation was again achieved. The end point for the formation of the reduced cyto-
chrome a;-CO compound was considered to coincide with the begmning of reduction
of cytochrome @ as determined by the increasing absorbance at 605-575 nm. The
reduction of cytochrome a 1s then considered to require the equivalents added or
subtracted during the change in absorbance at 605-575 nm. Since the absorbance
changes are linear functions of the equivalents added during most of the titration, we
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Fig 4 The stoichiometry of the reducing equivalents accepted by 1solated cytochrome ¢ oxidase
during reduction with NADH and oxidation by O, The preparation of isolated cytochrome oxidase
was suspended as described 1n the legend to Fig 1 and titrated both reductively with NADH and
oxidatively with O, Two complete cycles cf reduction and oxidation were analysed and the measured
absorbance change plotted on the ordinate The abscissa is the number of reducing equivalents per
cytochrome a present 1n the preparation as calculated from the reducing equivalents added (NADH)
or removed (O,)

have extrapolated the linear portion to 0 and 100 ¢, formation of the reduced cyto-
chrome a,-CO compound or reduction of cytochrome a. The reducing equivalents
required for each are indicated m Table I. A series of seven different preparations of
1solated cytochrome oxidase were titrated and the results 1n the table are the averages
data for each preparation. Analysing the data from the NADH titrations, the forma-
tion of the reduced cytochrome a;-CO compound was found to require 2.14-0.2
reducing equiv /cytochrome a, while the reduction of cytochrome @ required 2 04-0.3
reducing equiv./cytochrome a. In three different preparations of submitochondrial
particles, the formation of the reduced cytochrome a;-CO compound required 2 0+
0.3 equiv./cytochrome a to form the CO compound. Analysis of the oxygen titration
data is in good agreement with the values from the NADH titrations. The number of
equivalents which accompanies the reduction of cytochrome @ 1s much more uncertain
1n submutochondrial particles than 1n 1solated oxidase because of contributions due to
cytochromes ¢ and ¢, and the Rieske ron-sulfur protein, in addition to cytochrome a
and the “visible” copper. Cytochrome ¢, (E, 7, = 0.215V), bound cytochrome ¢
(Ep 70 =0235V), and “visible” copper (E, 7, = 0.245V) have half-reduction
potentials more negative than does cytochrome a (E,, , o = 0.26 V 1n the presence of
CO). Therefore, cytochrome a titrations are non-linear and extrapolation of the
linear poition mncludes only approximately 70 % of the equivalents required for total
reduction.
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Fig S The stoichiometry of the reducing equivalents acpected by a suspension of submitochondrial
particles during reduction with NADH and oxidation by O, The submitochondrial particies were
suspended as described 1n the legend to Fig 2 and titrated reductively with NADH and oxidatively
with O, Two complete cycles of reduction and oxidation were analysed and presented 1n the figure
The measured absorbance change 1s plotted on the ordinate and the number of reducing equivalents
per cytochrome a present in the preparation plotted on the abscissa

DISCUSSION

Titrations of cytochrome oxidase in submitochondrial particles and in 1solated
state with NADH and oxygen presented 1 this work show that two reducing equiva-
lents are required for the formation of the reduced cytochrome a;-CO compound.
This confirms the results obtained using potentiometric titrations with either ferr/
ferrocyanide [9, 10] or Co(oph); (this work) as redox mediator. Furthermore, since
the absorbance change due to the reducsd cytochrome a5-CO compound 1s proportio-
nal to the amount of the reducing equivalents added or suttracted throughout the
entire titration curve, thz two equivalents are formally identical 1¢. the two redox
components have equal midpomnt potential and # values 1n the presence of CO.

Titration of cytochrome oxidase from fully oxidizzd to fully reduced requires 4
reducing equivalents per cytochrome a both 1n the absencz (23~25) and 1n the presence
of CO (4 140 3, this paper) Thus, there 1s no evidence for the existence of any addi-
tional redox components 1n thz presence of CO In the absence of CO, the four redox
components are identified as cytochromes @ and a,, the “visible” copper and the
“invisible” copper, each with an n value of 10 In the presence of 0 40 8 mM CO,
both cytochrome @ and the “invisible” copper can bz independently measured to have
annvalue of 1 0 and E,, , , value of approx 0.25 V This leaves the invisible copper as
the redox component which, in addition to cytochrome a;, 1s involved in CO binding



227

D AWOIYD0145/s)ud]eAINbd
palnseaws oy} 01 AINQLIIUOD O BWOIY0340 FUIpN[OUI ‘SHUSUOAWOD XOPaI Y} JO [[8 Puk sapdied [BLIPUOYI0IIWGNS JOJ UOIFI p JWIOIYD0IAD Y} Ul
SUOIOII0D OU U3A(Q JARY AIAY ], UOIBII] Y} JO UOISI 12yl A[UO S109PE UOIIDaLI0d 3y} pue (¢ S1) v SWOIYd0)A> 0} [ajeied syl I SUIOIYD
=042 3Y], 2 AWOIY’0}A> PSPpPE JO UOHESIUUOD 9y} SUIOBIIGNS £Q PIIDIII0) UIDG SBY OSEPIXO OWIOIYI0)AD PIJBIOSE SY) 10f BIEP YL xx

"HA'VN 10§ 250Y} 0] SANR[II SAN[BA UONIRIII] S} UL AJI[IqRLIBA 984 3y} 10] S)UNOddE SIY], Uonei) Suunp Sunpuey oyl
pue (0, $ xoidde) uonnjos ay} Jo arnjeradwia) Y} 0] JANISUSS A19A UOLBIJUIIUOD SI YIM (SPOYII]N 93S) pIepuels IRpuU0I3S © St UAFAXQ ¥

TS Fe6sE 8IFP9E€  hFSTT STTFO00T - - - - - - aBeloAay
SLe 6v ¢ 69 C (294 0L L €1 s 9 € L6 ¢ 844 1§ 01 €
Sh € 8¢ ¢ €81 S8 1 S6 ¥1 €L L gL 987 ce8 2081 4
LTy 8 € we 081 L1191 09 L 088 89 ¥ tv 8 €0 LT 1 saponted
[eripuoydonuIgng
8I'FT81 1€ Fe661 LE FSST L1 F80CT - - - - - - afeioAy
9L 1 881 8I¢C 08I 8v 91 S8 11 ILL 1L €T el 9L 8 L
- veT - ore 9¢ 01 £¢ S - - LS IsL 9
161 861 092 v1'e P8 I1 006 80 L 659 tb 8 ISL 9
€re 8¢ €T 86°1 00 Tl L9 S 9§ 42 SLS IS 6 v
¥ 1 9T ¢ (234 9t T Lt 6S 91 06 S8 LS vl IS 1 €
89 1 8¢ T v6 C 807¢ 8v 91 0€°01 898 6v ¥ L9 90 82 [4
81 91 Vo€ 1T €L 1T LS Tl 61¢CI 906 96 11 18 6T I
z z 00-fr 0D-fp
o HAVN .lE D JWOIYd  JWOIYd » SWOIYd  SWOIYd (™) ()
D aWO1Yd014> 0)D-£D SWOIYD0)Kd -0142 -014> ~0145 -0)4p 7 PWOIY> 2 dwoIyd
——— -0142 ~0143 SBPIX0 JWOIYI0IL)D)
xxD SWOIYd0ILd/s1udfeainby (W) HAVN [BIOL (A7) ¥*0 1®10L jelo], jelo], osjdwesg

D 3WOIYD04d JO uononpal 27 o pue punodwods QD 3yl jo
uoneuLo} J; 001 10§ anjeA a1 Ystjqelsd 0} sd[dy wu ¢/6-609 18 8uryd 20URqIOSqe 2ANIsod ayj 0] SHNGLIUOD ¥ SWOIYI0IAD JO UOIRdONPal A[Uo
1By} UONIBAISSQO AU [ ¥ SWOIYD0IAD JO UONINPA 10 pUunodwiod 9D~y SWOIYd034d PIanpal ay) JO UOIIBULIOY % Q0 PUE () 01 9AIND UOHBIIN oY)
Jo uonpiod esury oy} Junejodel)xs £q PauIBIQO 2Jom SAIND UoneIm Y3 Jo uonod esur] syl Junejodenxs Aq PauIB)qO 212M 2AIND UOHIRIIIG )
Jo uoniod yoes Joj pasmbar 7 pue HAVN JO SUONEBIIUDUO Y], § PUBp SALJ ur umoys se eiep ay) Sunjojd £q pasA[eur s1om Suonein Sy L

D FWOYHDOOLAD 40 NOLLONATY FHL ANV
ANNOdNOD 0D-7 FNOWHIOLAD AIDNARY FHL 40 NOLLYIW 04 FHL Y04 aadiN0Oad SINTTVAINDT ONIONATY FHL

[3T1dVL



228

(Note that the experimentally measured E,, value of the cytochrome a;-CO compound
of 0.45V at 0.4-0.8 mM CO agrees well with that calculated from the E,, values of
cytochrome a; (0.36 V), the nvisible copper (0.34 V), and the K for CO of approx
0.4 uM (see ref. 10). One assumes that both must be reduced n order to bind CO with
high affinity.)

The role of the mvisible copper mn the binding of CO has been questioned
recently by Anderson et al. [13]. The apparent difference mn experimental resuits
presented 1n this work and those of Anderson et al., lies in the experimental approach
In the potentiometric analyses (1efs. 9, 10, and this paper) and m titrations with
chemical oxidants and reductants (this work), the CO compound was oxidized and
reduced and the equivalents were directly measured; while 1n the coulometric titra-
tions, the CO compound was not oxidized and reduced and the reducing equivalents
were calculated indirectly from the difference between the number of equivalents
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Fig 6 The expected pattern of the titration of cytochrome ¢ oxidase in the presence of CO according
to two different models Theoretical curves have been calculated for the absorbance changes at 590~
575 nm (0 and A) and 605-575 nm (@ and A) during titrations of cytochrome ¢ oxidase assuming
two different models Model A CO binds with high affinity only when both the invisible copper and
cytochrome a3 are reduced The formation of the CO compound would then have an n value equal
t020 and Eny ; of 430 mV (Eny 2 = 034V for the invisible copper, 0 36 V for cytochome a3 and
the K, for CO 1s approx 0 4 uM) while both cytochrome a and the “visible” copper have E,, values
of 025V Model B CO binds with high affinity to reduced cytochrome a3 and this reaction is essen-
tially independent of the ivisible copper. The formation of the CO compound would then have an n
value of 1 0 and an Ey7 ; 0f 0 54 V (Eny 2 = 0 36 V for cytochrome a3 and the K for CO 1s approx
0 4 ¢ M) while the mvisible copper, the visible copper, and cytochrome ¢ would be 0 34, 0 25, and
0 25 V respectively The calculated functions are for the cytochrome ¢ oxidase in the absence of added
cytochrome ¢ The reduced cytochrome a3-CO compound is considered to contribute 60 %, 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 1dentification purposes only, as the curves are continuous functions.
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required to oxidize cytochrome oxidase in the absence (4 equiv.) and presence (3
equiv.) of CO. The failure to oxidize the CO compound 1n experiments of Anderson
et al. [13] may arise from a combination of the slow rate of interaction of the reduced
cytochrome a;-CO compound with added non-physiological oxidants (compare our
results with Mn®*CyDTA) and the presence of a high potential endogenous donor
which, because of its 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
equrvalent in the experiments of Anderson et al. [13].

The two postulated structures for the CO binding site of cytochrome oxidase,
one 1nvolving two components, cytochrome a5 and the invisible copper (refs. 9, 10,
and this work), and the other involving only a single component [13], give rise to
quite different utration curves Mathematical simulations for the two models are
given in Fig. 6. In A, the curves represent the simulated absorbance changes for the
case . which the formation of the CO compound requires 2 equivalents, while m B,
the curves illustrate the stmulated absorbance changes for the situation in which the
formation of the CO compound requires only 1 reducing equivalent. (All the informa-
tron used to compute the curves is presented 1n detail in the legend of Fig. 6.) It can be
seen that the experimental curves shown 1n Figs. 4 and 5, fit well to a two-¢lectron
model represented by the curves shown 1n A.
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