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Abstract approved 

Preparation of a cytochrome £-cytochrome oxidase complex 

was achieved, using crystalline beef cytochrome£ and purified 

cytochrome oxidase from beef heart muscle, or from the 

Keilin-Hartree preparation. Succinate oxidase was reconstitu­

ted with the complex. 

A mixture of cytochrome oxidase, solubilized with non-

ionic detergent, and excess cytochrome£ was exposed to sonic 

irradiation. The cytochrome £-cytochrome oxidase complex was 

isolated using gel filtration of the mixture. The ratio of 

the concentration of cytochrome £ to cytochrome oxidase in 

the complex was increased with the length of sonic treatment. 

The complex with the maximum ratio of one was separated after 

a 45-60 minute period of sonic irradiation. 

Differential sedimentation and chromatography on Sephadex 

showed the complex to be an integrated entity of two components. 
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The complex could be £armed with cytochrome oxidase and either 

intact cytochrome £ or guanidin~ted cytochrome £· However~ 

both acetylated cytochrome £ and succinylated cytochrome £ 

completely £ailed to £orm any kind o£ complex with cytochrome 

oxidase These results indicate that the interacting £orceo 

between the two components is mainly electrostatic. 

Absolute and di££erence absorption spectra of the carbon 

monoxide compound o£ the comple~ showed a unique, distinct 

maximum at 415 mM. On the other nand, a "£ree mixture" of 

both components exhibited no absorption peak at the same wave 

length in the presence of CO. The £ormation o£ this CO com~ 

pound was prevented by sodium cholate. A£ter separation by 

means o£ cation exchange resin, neither component o£ the 

complex showed the absorption ~aximum at 415 mM in the pre­

sence of CO. From these and other observations, the possi­

bility o£ a con£ormational change in the protein moiety o£ the 

cytochromes as a result of the interaction was hypothesi~ed in 

re£erence to the electron transport mechanism. 

In£rared spectrum of the c~mplex showed no superposition 

o£ absorption bands o£ the two components but showed a unique 

-1
band at 950 and at 1050 em • 

The physiological activity of the complex was veri£ied 

by the £unctional reconstitution o£ succinate oxidase with 

soluble succinate dehydrogenase, the cytochrome £-£
1 

particle 1 

and the complex. The reconstituted succinate oxidase was 



inhibited by the usual respiratory inhibitors in the same 

manner as the Keilin-Hartree heart muscle preparation. The 

carbon monoxide inhibition of the reconstituted succinate 

oxidase was reversed by light. The behavior of the complex 

in the oxidation of ascorbate was the same as that of the 

heart muscle preparation. Addition of a catalytic amount of 

tetramethyl-p-phenylenediamine dramatically stimulated 

ascorbate oxidation. 

The cytochrome oxidase (cytochrome ~plus cytochrome ~3 ) 
was functionally and structurally reconstituted from cytochrome 

a and intact heme a. About sixty percent of the original 

cytochrome oxidase activ~ty was recovered from an incubation 

mixture of cytochrome ~' ascorbate-EDTA, cytochrome £ and 

hematin a. Hematin a was prepared frpm cytochrome oxidase pr 

directly from heart muscle mince by means of metalation of 

purified porphyrin ~· After removal of excessive hematin ~ 

by Sephadex chromatography, the reconstituted oxidase showed 

spectral properties almost identical to those of the intact 

preparation; a slight difference was found at the a-band. 
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MAMMALIAN HEART CYTOCHROME OXIDASE 

GENERAL INTRODUCTION 

In aerobic living systems 7 from plant to m~mmal, cellu­

lar respiration--oxygen metabolism--is one of the most impor­

tant biological fu~ctions, In ~he chemical se~se, the ov~r~ 

all picture of this catabolic pvocess COJilSiStliii of a ''fuel 

cell" w):lich causes a flow of four electron equivalents with 

resultant reduction of one molecule of oxygen. 

This energy flow in the open system is phenomenologi­

Cally manifested by a steady state proce.;;s as the "fate" of 

life in general. Thus, one would expect t~e respiratory 

function to be reflected in a highly organized structur~l 

arrangement on the pa,rt of the living cell~ The electron 

transport system in the subcellular organelle (the mito~ 

chondrion) has been postulated ~ priori as a sequential 

as.;;embly of elementary mechanisms at the molecular level. 

The terminal unit of tpe chain 7 directly connected with 

molecular oxygen, has been characterized as cyto~hrome oxidase, 

which may be functionally defined as the enzyme which cata~ 

lyzes the oxid~tion of reduced cytochrome£ with molecular 

oxygen, and which is sen~itive to carbon monoxide, azide and 

cyanide. 

Warburg recognized an iron-compound, sensitive to carbon 

monoxide, as a respiratory enzyme which was later c~lled 
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11 o:x:y9en transferring enzyme" (87-89)~ Ketlin anQ. Hartree 

suggested th~t Warburg's respiratory enzyme was identical with 

cytochrome ~3 (cytochrome oxidase) (25-33). 

These workers established the conceptual and operational 

vision o:f the terminal o:x;idative enzyme system. Kinetic and 

thermodynamic studies o:f the enzyme followed and yie~ded a 

wealth o:f information on this terminal ~tep of the chain. The 

cytochrome oxidase study has been extensively reviewed by 

Wainio (92), Chance (10), Slater (74), Green (16), Lemperg 

(53), Okunuki (68), and Yonetani (99). 

Slater~~· (76) recently exemplified the three ~ines 

o:f approach to the reaction mechanism between cytochrome £ 

and cytochrome oxidase, in mentioning: (a) kinetic studies 

by Minnaert, (b) physical studies by the present author et ~., 

and (c) thermodynam~c studies by Wainio and Mi~naert. 

Minnaert (61, 62) :formulated a mechanism to e:x:p~ain the 

kinetic anomaly of cytochrome £-cytochrome oxidase inter• 

action by assuming the existence o:f a one to one stoichio­

metric complex between the substrate and the enzyme. However, 

his mechanistic prediction remained to be experimentally veri• 

:fied. 

Wainio (91) attempted to determine an equilibrium con~ 

stant :for the reaction between cytochrome £ and cytochrome a.-
Minnaert (76) also studied this aspect and proposed the 

equilibrium :formulation which gave him a constant value. 
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Nonetheless~ he failed to correctly explain the form of the 

equilibrium constant. 

The awareness of danger in a kinetic approach and the 

importance of physical~ circumstantial evidence to decipher 

the kinetic data have been fully discuss~d by King, especially 

in reference to the electron transport chain enzyme system 

( ~~). 

With this in mind, some important features of the cyto~ 

chrome oxidase will be briefly reviewed in order to depict 

"die Problematik 11 of this enzyme. 

Cytochrome c-Cytochrome Oxidase Comelex 

The existence of some kind of complex between cytochrome 

c and cytochrome oxidase has ~een postulated by several 

workers (15, 20, 61, 66, 69, 77, 76). 

Stotz, Altschul and Hogness (78) have proposed that a 

cytochrome £-Cytochrome oxidase complex of the Michaelis type 

was formed in the aerobic oxidation of cytochrome £• However, 

this proposal has been seriously criticized (73). Okunuki 

~ !l• (68, 69) consider a hypothetic complex of cytochrome c 

and cytochrome oxidase to be an active cytochrome oxidase 

system. From a completely different line of attack, Gibson 

~ !l•t using their rapid flow technique !or the presteady 

and steady states analyses, have reached the conclusion that 

in the reaction of cytochrome £ and cytochrome oxidase an 



active complex is obligatorily formed (15). 

On the other hand, Smith and Conrad (77) have suggested 

an inhibitory complex in order to explain their kinetic re~ 

sults. Hollocher has re-examined the Smith and Conrad data by 

employing a kinetic derivation which considers the reyersible 

formation of inactive complexes between cytochrome c and 

cytochrome oxidase. He has reached the conclusion that the 

predominant species of kinetically inert complex is one tp 

one, and has an association constant in the order of 105 M-l 

(20). There can be seen a striking contradiction between 

these two kinetic predictions of the property of the complex; 

one predicts an active complex, the other predicts an inactive 

complex. 

Reconstitution gf Respiratory Chain Enzyme 

The organization of the respiratory chain was first con­

ceived by Keilin as early as 1925 (25). Indeed, the dis~ 

covery of multiple cytochromes in the chain is the most clear 

reflection of the concept of sequential transfer of electrons. 

Subsequent kinetic studies have made a quantitative !ink pe­

tween the functional manifestation and structural arrangement 

of the components. However, the reconstitution--that is, 

isolation of the fragments and reconstruction of the original 

assembly--has proved a most powerful tool for study of the 

respiratory chain system, as when Keilin and King first 



svcceeded in the reco~stitution ot succinate~oxidase (J5, 

36). The significance o£ a reconstitutive appro~ch was 

fully discussed by King (J8 1 39, 41) and, recently~ by 

Ernster and Lee (15). King~~· (~5) further reported on 

the systematic fragmentation and reconstitution o£ succinate 

oxiQ.ase. 

ln 1939, Keilin and Hartree reported on the ~pectral and 

functional resolution o£ cytoc~rome oxidase into components 

designated cytochromes ~and AJ (J2). Subsequent kinetic 

studies have centered on the question o£ the identity or non-

identity, functional as well as structura~, o£ cytochromes a 

and ~J and nave ended in polemical ~emantics. However, it is 

verY di££icu1t to visualize the £unction~! d~£fe~enqe without 

a structural di£ferenti~tion of tnese two en~ymes in such a 

highly organized system. 

It is the purpose o£ this thesis to present the results 

o£ inquiries into those problems most relevant to cytochrome 

oxiQ.ase, mainly by means o£ the pnysical ~nd biochemic~! 

approach. ~he study consists o£ (I) preparation o£ the cyto­

chrome £-cytochrome oxidase complex and its characterization; 

(2) reconstitution o£ succinate-oxidase with the cytochrome£­

cytochrome oxidase complex; (J) reconstitution o£ cytochrome 

oxidase with cytochrome a and hematin a • .,.... ..... 
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1~ CYTOCHROME £-CYTOCHROME OXIDASE COMPLEX (49, 50~ 51) 

INTRODUCTION 

The existence of a cytochrome £-cytochr9me o~idase com~ 

p1ex is deducible from the concept of the respiratory chain~ 

However, the isolation of the complex h~s been unsucc~ssful. 

Cytochrome £ is easily leached from respiratory particles in 

the presence of dilute salt SQlutions (14, 86), especially 

bile salts (J)o This unfavorable property is further aggra­

vated by the insolubility of cytochrome oxidase. These 

characteristics m~ke the isolation and purification o! tnis 

segment of the respiratory chain directly fro~ mitochondrial 

preparations extremely difficult, if not impossible. 

Thus, an approach by reaction of cytochrome£ with 

cytochrome oxidase h~s peen undertaken, ~ince both cytochr~me 

£and cytochrome oxidase have been purified to a stage witho~t 

contamination by other respiratorily active components but 

with physiological activities. The recent findings show that 

cytochrome oxidase is an acidic protein (79), whereas cyto­

chrome £ is strongly basic and comparatively small in size 

(56, 58). The complex could be formed by electr9static 

attraction, perhaps also being reinforced by other bindings. 

Moreover 1 the molecular sizes and physical behaviors 

differ widely. Thus the complex, if indeed formed, may be 

separated from cytochrome £ and cytochrome oxidase under 
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suitable conditions by means of molecular sieve chromatography 

(19). 

lhis part of the thesis describe~ the actual separation 

of the cytochrome £-cytochrome oxidase complex of 1:1 molar 

ratio from tne reaction mixture of the two components. Other 

forms of the complex are al~o found which are evidently de• 

pendent on the polymertzation state of the crtochrome qxid~se 

employed. Finally~ the characteristics of the comple~ are 

presented. 
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EXPERIMENTAL PROCEDURES 

Materials 

Enzyme Preparations ~- The Keilin-Hart~ee heart mu~cle 

preparation from bee£ he~rt was obtained a~ described by King 

(39). The plJ.rified cytochrome qxidase was prepared £:rom 

bee£ heart muscle in principle according to the method o£ 

Okunuki ~ al. (~7). After refractionation by ammonium sul­

fate, the sample was d~ssolved in a minimal amount of Emasol 

for clarification (96), and subjected to dialysis against 

0.01 M sodium phosphate buffer (pH 7.4) for 12 hours at 

0-4° C to remove ch0late, anq then dialyzed against glass-

distilled water for another 12 hours. The preparation became 

cloudy as detergent w~s removed. Immed~ately after dialysis, 

the sample was lyophilized to complete dryness and kept in 

the desiccator at 0-4° C (98). The yield was 1.5 to 2.0 

grams from 5 kgs. of fresh beef heart mince. 

An alternative isolation o£ cytochrome o~idase from the 

Keilin-Hartree heart muscle preparation was developed. The 

sample from the Keilin-Hartree heart muscle preparation was 

about 20% more active than that prepared by the previous 

method from bee£ heart. The average composition and specific 

activity are shown in Table I. Crystalline cytochrome£ wa~ 

made from beef heart muscle by the methods o£ both Hagihara 

et al. (18) and Margoliash (60). The final product was.....,_ 
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TABLE I 

Properties of cytochrome oxidase preparation 

Iron 9.27 Matoms/gm 

Copper 9~83 ,uatoms/gm 

Ratio: copper/iron l.OJ 

Lipid 19.4:% 

Protein 80.5% 

Specific activity 56 electron equiva~ 
lents/mole cytochrome 
oxidase/sec 

lyophilized and kept at o-4:0 c, desic~ated. The chemically 

modified cytochrome~' l·~· acetylated~, succinylated-, 

and guanidinated-cytochrome c, was prepared after Takemori..... 

~ al. ( 80) • 

Reagents Emasol No. 1130 (polyoxyethylene•sorbitan­-p 

monolaurate), a nonionic detergent, was kindly supp1ied by 

Kao Soap Company, Tokyo. Sephadex G-75 and G-200 were pur­

chased from Pharmacia, Uppsala, Sweden. Polyvinylpyrrolidone 

was procured from K & K Laboratories, Inc., New York; 

Amberlite IRC-50 from Rohm & Haas Company; carbon monoxide 

of C. P. grad~, from the Matheson Company, was used without 

further purification; and TMPD (tetramethyl-p-phenylenediamine 

dihydrochloride) from Eastman Organic Chemicals. L-ascorbic 

acid and ethylenediamine tetra-acetate were p~rehased rrom 
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Fisher Scientific, F~ir Lawn, New Jersey, and Sigma Chem~cal, 

St. Louis, respectively. 

Methods 

The concentrations of cyto~hrome £ and cytochrome oxidase 

(in terms of heme~) were determined spectrophotometrically 

according to the difference (redu~ed minus oxidi~ed) of tqe 

~1 -1
absorQancy indices of 19.0 x mM x em at 550 mp (55) and 

11.0 x mM-l ~ cm-l at 605 mp, respectively with Cary model 11, 

Applied Physics Corporation, Monrovia, California, or Zeiss 

Spe~trophotometer PMQ 11, Carl Zeiss, Oberkocnen/W~rtt, 

Germany. On determination of the concentration of one cyto­

chrome component in the presence of the other, it was ob~ 

served that at a concentration as low as 3 pM o! both no 

significant interference was detected in either the reduced 

or oxidi~ed form of the purified enzyme in 0.1% EmasolllJO (in 

phosphate buffer, pH 7.~). That is, both the contribution of 

cytochrome £ to the difference in absorbancy (reduced minus 

oxidized) at 605 mM and the coptribution of cytochrome oxidase 

to the difference in absorbancy (reduced minus oxidized) at 

550 mp are negligible at the above mentioned concentration of 

of each component. The ~bsorbancy of oxidase reduced with 

dithionite was measured at least five minutes after the addi~ 

tion of tne reagent to the sample, while the sample was kept 

ice cold. Reoxidation of cytochrome ~ by cytochrome oxidase 
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present during the handling of reading probes was prevented by 

the addition of 10~ 3 M sodium azide which did not cause any 

spectral cha~ge of the cytochromes. These results were con­

firmed by separation of the individual components in th~ resin 

chromatography. The concentrations of iron, copper, protein, 

and lipid were determined by the procedures as described by 

King~~· (~J). Sonic irradiation was con~ucted in a 

Raytheon 250 W, 10 KC sonic oscillator, model DF~Ol, with or 

without replacement of air in the chamber with nitrogen gas. 

Each two minutes of sonic exposure was followed by ~ one­

mipute interlude, quring which the chamber was kept at ~9 C 

by circulating ice water. Infrared spectroscopy was made by 

the KBr disc method with the apparatus of Perkin-Elmer 

Corporation, Norwalk, Connecticut. Carbon monoxide treatment 

was made by bubbling a fine stream of CO gas through the 

dithionite-reduced preparation retained in an ice bath (97). 

Vltracentrifugati9n was made with a Spinco preparative ultra­

centrifuge, model L, No. 50 rotor at 0-~° C. 

Sephadex Column Pr~paration and Afplication of the 

Samele (19) -- The Sephadex G... 75 or G-200 powder was first 

suspended in glass-distilled water and stirred thoroughly. 

After sedimentation at room tempe~ature in about 20 minutes, 

the supernatant was siphon~d out and the procedure was 

repeated for complete removal of fine particles. The aggre­

gates, if any, wer~ removed by allowing the suspension to run 



through a JO-mesh net. The decanted suspension of the hydra­

ted Sephadex was stirred in 0.01 to 0.05 M sodium Phosphate 

buffer (pH 7.~) containing 0.1% Emasol 1130 1 poured into the 

column tubel and allowed to sediment. The glass tub~s used 

for the column were 1.5 em and ~.5 em in diameter and t~e 

column beds were made 1~ em and 30 em high, respectively. 

The packing was carried out in the cold room at 4° C, When 

the packing was finished, fresh buffer was added to percolate 

through the bed. The upper surface of the bed of the column 

was smoothed down by stirring the uppermost layer of the bed 

gently and allowing the grains to settle for 30 m~nutes. This 

procedure was also repeated before each new run. The sample 

was sucked up into a glass dropping-pipette and was layered 

under the buffer on the top of the column. A flow rate was 

adjusted to 7.2 ml per hour for a smaller co~umn. 

Rf Value Determination -- After applying the sample tQ a 

smaller column, a 0.6 ml fraction was collected at five 

minute intervals with a 11 Technicon 11 Time-flow fraction collec­

tor. The position of the band in the G-200 column was deter­

mined when five ml of eluate was obtained in about 40 minutes 

at 4: 0 c. 

Preparation of Cytochrome Oxidase from the Keilin­

Hartree Heart Muscle Preparation -­

1. The Keilin-Hartree preparation from beef heart was 

obtained as previously and suspended in 0.1 M phosphate~borate 
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buffer (pH 7.~) at a final protein concentration of 20 to 25 

mg/ml. Subsequent operations were carried out at 0~~° C un­

less otherwise stated. The pH of the protein solutions was 

maintained in the range of 7.0 to 7.5. 

2. to the suspension a 10% sodium cholate in 0.1 M 

phosphate buffer (pH 7.~) was added to a final cholate con­

centration of 2%, and the mixture was stirred gently for an 

hour. 

J. Solid ammonium sulfate was added to 0.25 saturation, 

the mixture adjusted to pH 7.0 to 7.5 with 1 N NaOH and 

allowed to stand overnight at 0° c. 

~. About 30 minutes after making the solution to o.~o 

saturation with solid ammonium sulfate, it was centrifuged at 

23,000 x g for JO minutes (Spinco L, Noo 21 rotor, 15 1 000 

r.p.m.). The precipitate was discarded. 

5. Solid ammonium sulfate was further added to the 

supernatant to 0.55 saturation. After JO minutes it was 

centrifuged at 23,000 x g for 30 minutes. 

6. The precipitate was dissolved in a 0.1 M phosphate 

buffer (pH 7.~) containing 2% sodium cholate to about one­

third the volume of heart muscle preparation, and then made to 

0.30 saturation by the addition of saturated ammonium sulfate 

solution. The mixture was allowed to stand overnight. It was 

then centrifuged at ~0 1 000 x g for ~0 minutes (Spinco L, No. 

21 rotor, 20,000 r.p.m.). 



7. The supernatant was adjusted to O.~o saturation by 

the addition of saturated ammonium sulfate solution, incubated 

one hour, then centrifuged at 23,000 x g for 30 minutes. 

8. The precipitate was dissolved in the same chelate­

phosphate buffer and then made to 0.26 saturation with satu~ 

rated ammonium sulfate solution. The mixture was allowed to 

stand overnight, and then centrifuged at 7 7 000 x g for 20 

minutes (Lourdes, 9RA rotor, 7,500 r.p.m,). Saturated 

ammonium sulfate solution was added to the supernatant to 

0.33 saturation. After an hour, it was centrifuged at 7,000 

x g for 20 minutes. The precipitate was dissolved in the 

cholate-phosphate buffer solution. 

9. The above fractionation (Step 8) was repeated until 

the preparation was spectrophotometrically f~ee from other 

components. 

10. The final precipitate was dissolved in 0.05 M ph0s­

phate buffer (pH 7.4) containing 0.1% Emasol 1130 to one­

thirtieth the volume of the original heart muscle preparation. 

The clear solution was dialyzed against a cold 0.05 M phos­

phate buffer containing 0.1% Emasol for 12 hours. 

11. If it was necessary, the sample was lyophilized after 

further dialysis against cold distilled water for 12 hourso 

Determination of oxygen uptake was done polarographically 

by a Gilson Medical Electronics oxygraph, model K, at 25° C. 
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RESULTS 

~reparation of Cytocnrome c~Cytochrome Oxidase Complexes 

and Electronic Absorption Spectra of the Complex 

Two and eight-tenths pmoles of cytochrome oxidase lyo­

philized preparation was dissolved in 10 ml of cold 0.01 to 

0.025 M sodium phosphate buffer (pH 7.4) containing 0.1 to 

0.25% Emasol 1130 at 4° c. Subsequent operations were per­

formed at the same temperature unless otherwise indicated. 

The solution was sonically irradiated as previously descri~ed 

for 20 minutes. Then to this solution was added 5.6 pmoles 

of cytochrome£ lyophilized preparation. The mixture was 

exposed to further irradiation for another 25 minutes. 

Jmmediately afterward, 0.5 ml of the mixture was carefully 

layered on the top of a Sephadex cplumn (1.5 em in diameter 

and 12 em in height) under the buffer surface which had been 

equilibrated with 0.01 M phosphate buffer {pH 7.4) containing 

0.1% Emasol 1130 as described in the procedure. For effi­

ciency, two to three ml of the original mixture was applied to 

a larger Sephadex column (4.5 em in diameter and 30 em in 

height). The column was subsequently developed with the same 

quffer. Sixty fractions, 0.6 ml each, were collected from a 

smaller Sephadex column (G-200) at a flow rate of 7,2 ml per 

hour with a fraction collector. During the development, the 
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reddish-brown colored zone was rapidly separated into two 

fractions. The first band, consisting of cytochrome £ and 

cytochrome oxidase, appeared with an Rf value of approximate~y 

0.6e The second, slow-moving band containing only cytochrome 

£ 7 showed an Rf value of about 0.1. The clear ~eparations of 

the~e two fractions w~re always obtained under the conditions 

as described above. The actual Sephadex fractionation of the 

cytochrome£ and cytochrome oxidase mixture is shown in Fig. 1. 

The resultant elution pattern in Sephadex column chromatogra­

phy is seen in Fig. 2. Determination of the 0omponent con­

centration in each traqtion was made after dilution with the 

same buffer to the proper concentration. The ra~io of cyto­

chrome£ and cytochrome oxidase was found to be unity as 

shown in F, G9 H, and l, Table II. The absorption spectra of 

the complex fraction which contained cytochrom~ £ and cytp~ 

chrome oxidase in 1:1 ratio is shown in Fig. JA and JB. The 

difference spectrum of the cytochrome £ and cytochrome oxidase 

comp~ex is shown in Fig. 4. The absorption maxima of the 

reduced complex may be assigned for the components as follows: 

-Com;eonept Band AbsorJ:!tion 
maximum (m!!) 

Cytochrome c 415.... 'V 
Cytochrome oxidase y 443-4 
Cytoqhrome c ~ 523 
Cytochrome c ex. 550_. 
Cytochrome oxidase ex. 605 
Cytochrome c and 

cytochrome - oxidase u. v. 271.6 



Fig. 1. Sephadex column chromatography of the sonically 

irradiated mixture of cytochrome £ and cytochrome oxidase. 

A. Five minutes after the sample application. 

B. Fifteen minutes after the sample application. 
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Fig. lA 

Fig . l B 



Fig. 2. Elution pattern of the cytochrome £•cytochrome 

oxidase comple~ of molar ratio 1 from a Sephadex column. 

(l) The complex. 

(2) Free cytochrome £• 
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TABLE II 

PreEaration of cltochrome c-cltochrome oxidase comElexes 

Time of Composition of 
sonic Ratiocomplex obtained 
irradia-

Exp. tion Fractions Cyt • ..£ Oxidase (Cyt.,£)/{Oxidase) 

Min. f.lM f.lM 

A 0 
No. 
No. 
No. 

18 
19 
20 

8.4 
6.3 
4.2 

36.4 
33.6 
22.4 

.22 

.19 

.18 (av.=.l96) 

B 0 Average 6.5 33.1 .196 

c 30 

No. 
No. 
No. 
No. 
No. 
No. 

19 
20 
21 
22 
23 
24 

11.0 
13.1 
14.2 
17.4 
15.4 
6.8 

21.8 
25.4 
25.4 
35.5 
29.1 
13.6 

• 51 
.52 
.53 
.49 
·53 
.50 (av.=.52) 

D 30 Average 7·3 13.6 .54 

E 30 Average 16.3 31.0 .52 

F 45 

No. 18 
No. 19 
No. 20 

--­ * 
No. 24 

5.8 
18.4 
18.8 

15.4 

6.3 
18.2 
18.2 

16.4 

.92 
1.01 
1.03 

.94 (av.=.975) 

G 45 Average 32.5 35.0 .94 

H 60 Average 30.0 JO.O 1.00 

I 45 Average 19.0 18.2 1.04 

(A) Two-tenths pmole of lyophilized cytochrome oxidase was 
dissolved in one ml of 0.025 M phosphate buffer (pH 7.4) con­
taining 0.25% Emasol 1130 at 0° C. Four-tenths pmole of 
crystalline cytochrome..£ was added and homogenized with a 
glass hand homogenizer. Five-tenths ml of mixture was applied 
to Sephadex G-200 column (1.5 em in diameter, 12 em in length), 
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equilibrated with 0.01 M phosphate buffer (pH 7.4) containing 
0.1% Emasol llJO. It was subsequently developed with the 
same buffer. Rf of the complex band was 0.58. Three-tenths 
ml of the fractlon was collected. 

(B) One and four-tenths pmoles of oxidase and 2.4 pmoles 
cytochrome £ were mixed and homogenized thoroughly. The mix­
ture was fractionated as before. 

(C) One and four~tenths pmoles of oxidase was dissolved in 
five ml of 0.025 M phosphate buffer containing 0.25% Emasol 
at 0° C. The solution was sonicated for 20 minutes at 4° C 
in the Raytheon sonic oscillator. A one-minute interlude 
followed each two minutes of sonic exposure. One ml of 2.4 
mM crystalline cytochrome £ solution was added. The mixture 
was sonicated another 10 minutes. Five-tenths ml of the mix­
ture was applied to the column and fractionated as before. 
Six-tenths ml of fraction was collected with the fraction 
collector. 

(D) and (E) Seven-tenths ~mole and 1.4 pmoles of oxidase, 
1.2 pmoles and 2.5 pmoles of cytochrome£ were used respec­
tively. 

(F) Two and eight-tenths ~moles of oxidase and 5.6 pmoles of 
cytochrome c were mixed in 10 ml of 0.025 M phosphate buffer 
(pH 7.4). The mixture was sonically irradiated for 45 minutes. 
(Five-tenths ml of the sonicated mixture was applied to the 
same column as described above.) Six-tenths ml of fraction 
was collected in every five-minute interval. The sonic 
treatment was the same as above except for the time period. 
Nos. *21 7 22 7 and 23 fractions were extracted for infrared 
spectroscopy. Rf value of the complex band was about 0.6 and 
of the cytochrome£ band, about 0.1. 

(G) Two and eight-tenths pmoles of oxidase and ).2 pmoles were 
used. Total volume of sonicated mixture was six ml 7 which was 
irradiated for 45 minutes. 

(H) One and nine-tenths ~moles of cytochrome oxidase and J.2 
pmoles of cytochrome £ were used. They were dissolved in 
seven ml of 0.025 M phosphate buffer containing 0.25% Emasol 
and sonically irradiated for 60 minutes. 

(I) One and four-tenths pmoles of oxidase and 5.5 pmoles of 
cytochrome£ were used. The mixture was dissolved in 10 ml of 
phosphate buffer containing Emasol 7 and irradiated for 45 
minutes before fractionation. 



Fig. JA. Absorption spectra of cytochrome .s,-cytochrome 

oxidase complex. 

For absolute spectrum of the oxidized form of the cyto­

chrome .s,•cytochrome oxidase complex, the complex solution con­

sisting of 3.3 JlM each component was used without any further 

treatmentd The solvent of the complex was a 0.05 M phosphate 

buffer (pH 7.4) containing 0.25% Emasol llJO• The reference 

Solution consisted of the same buffer solution. 

For absolute spectrum of the reduced form of the complex, 

the oxidized form of the complex wa$ reduced with a few !)rains 

of sodium dithionite in the presence of 10•3 M sodium azide. 

After addition of the reducing reagent, the mixture was 

allowed to stand for tive minutes in an ice bath. For abso­

lute Co spectrum, the reduced form of the complex was flushed 

with a fine stream of ptire CO for one minute ih the ice bath. 

For the reference of the above two, the same bUffer solution 

containing the same amount of dithionite and azide was used. 

These spectra were scanned with a Cary spectrophotometer, 

model 11, at 2$ 0 c. 

Fig. JB. The absolute absorption spectra of the complex 

(1:1) in the ultraviolet region. 

Concentration of the complex was 1.87 JlM (oxidized 

form). 
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Fig. 4. Difference spectra of the cytochrome £-cytochrome 

oxidase complex. 

The cytochrome £-Cytochrome oxidase complex consisted of 

five ~M of each component. A £ew grains of sodium dithionite 

were used £or reduction of the complex with 10~ 3 M sodium 

azide• For the oxidized form, the isolated complex solution 

was used without any further treatment but with addition o£ 

lO~j M azide. The solvent used for the complex solution was 

0.05 M phosphate bu££er (pH 7.4) contalhing 0.25% Emasol. 

The spectra were scanned with a Cary spectrophotometer, 

model 11, at 25° c. 
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These maxima are essentially in agreement with the 

literature values (5 1 68, 97 1 99). 

The effect of sonic irradiation on the molar ratio of 

the two components was also examined and the results are 

shown in Table II. It is more likely that prolonged treat­

ment of the mixture produced a complex of higher cytochrome £ 

to cytochrome oxidase ratio. At zero time the ratio was 0.2; 

30 minutes after sonic treatment the ratio was 0.5. However, 

the ratio was never greater than unity even after 60 or 90 

minute sonic irradiation. 

Infrared Spectra of the Complex and Individual Components 

The samples of the enzymes for infrared spectroscopy were 

prepared from a dry powdered purified preparation by the KBr 

disc method. The disc was made under the pressure of 22,000 

Psi and the thickness of the disc was an average of 0.7 mm. 

Only transparent, good pellets were employed for the spectrum 

and the enzyme preparations were kept at 0° C until spectra­

scopic operation. The cytochrome £-cytochrome oxidase complex 

was taken from the Sephadex column and lyophilized after con­

firming the ratio of component content as shown in Table II. 

Infrared spectra of cytochrome £-cytochrome oxidase and their 

complex (1:1) are shown in Figs. 5 1 6 and 7. 

From the protein nature of all samples, strong bands are 

-1
observed at around 3300, 1650 and 1525 em due to N-H 



Fig. 5. Infrared spectrum of cytochrome £-cytochrome 

oxidase complex. 

The cytochrome ~~cytochrome oxidase complex was 

obtained, as previously described, from Sephadex chroma­

tography of the sonically irradiated mixture of cytochrome 

£ crystalline preparation and cytochrome oxidase. After 

confirming the ratio of cytochrome £ to cytochrome oxidase 

as one to one~ the sample was lyophilized. The preparation 

was kept in a desiccator at cOld temperature. The KBr disc 

for the complex was prepared und~r a ~r~ssure of 2S,OOO PsiC 

the thickness of the disc was 0.700 mmo The sample disc was 

kept at 0° C until spectroscopic operation. 
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Fig. 6. Infrared spectrum of cytochrome £~ 

The crystalline cytochrome£ preparation used was 

made from beef heart muscle by the method of Margoliash. 

The iron content of the material was estimated at 0.45%. 

The KBr disc was prepared under a pressure of 22,000 Psi 

and the thickness of the pellet was 0.680 mm. The sample 

was kept at 0° C until spectroscopic operation. 
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Fig. 7. Infrared spectrum of cytochrome oxidase. 

The cytochrome oxidase prepared from beef heart muscle 

by means of Okunuki's method (67) was dialyzed extensively 

to remove any detergent at the final stage Of the prepara­

tion; 12 hours against 0.01 M phosphate buffer (pH 7.4), 

and another 12 hours against glass-distilled water, both 

at 4° c. The dialyzed material was lyophilized and kept 

in a desiccator at -8° c. The infrared sample was made by 

KBr disc method; thickness, 0.695; pressure used for making 

the pellet, 22,000 Psi. The sample was kept at 0° C urttil 

spectroscopic operation. 
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stretching mode, C=O, and N-H bending mode o£ typical amide 

linkage respectively (4, p. 203). The spectrum o£ the 

complex di££ers mainly in the appearance o£ the new bands near 

=1
950 and 1050 em • The complex absorption is not likely a 

superposition of cytochrome~ and cytochrome oxidase as would 

be expected £rom mechanical mixture. The fading peak at 

=l =l
1110 em and the appearance o£ a peak at 1050 em can be 

interpreted as some interaction between OH and anionic Qroups 

(47). The marked shift in the absorption peak o£ NH bands in 

the complex is noticed compared with those in other authentic 

samples. They can also be interpreted as the interaction among 

the NH residues o£ cytochrome £ 1 known to have 18 lysine
2 

residues (58), and other functional groups, probably anionic, 

in cytochrome oxidase. 

Integrity o£ the Cytochrome c-Cytachrome Oxidase 

Complex; Dissociation o£ the Complex 

One-hal£ ml o£ complex solution (cytochrome£: cyto­

chrome oxidase ratio, 1:1; heme concentration, 36 pM each; 

both in oxidized form), after being concentrated about three 

times with the aid o£ polyvinylpyrrolidone, was rechromato~ 

graphed under the same conditions with the same column o£ the 

Sephadex G~200 as was used for the isolation. One single 

homogeneous band descended through the 12 em column with an 
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R value of about 0.6. The eluted fraction contained an 
f 

aver20e 0f 11.2 ~M cytocl1rome £and 10.9 ~M cytochrome 

oxidase. Two ml of the complex solution was recovered. There 

was no diffusion or broadening of the band in the column for 

several hours on stopping the flow of the developing solvent. 

One ml of isolated cytochrome £-cytochrome oxidase 

complex (ratio 1:1; and about 35 ~M each) was mixed with 6.7 

ml of 0.025 M Na-phosphate buffer (pH ?.4) at 4° C and the 

mixture was centrifuged at 114,000 x g for 120 minutes using 

a Spinco preparative centrifuge, model L, No. 20.7 rotor at 

The concentration of the components in the resultant 

precipitate was determined spectrophotometrically after one 

washing with the same buffer. The ratio between component 

concentrations was maintained unity after centrifugation under 

the above conditions. 

Examination was made on the effect of ionic strength on 

the dissociation of the complex. The basal medium used con­

sisted of 0.01 M phosphate buffer (pH 7.4), then a series of 

media of different ionic strengths (that is, 0.03, 0.11, 0.18, 

and 0.41) were prepared by adding 0.6 M NaCl to this buffer. 

A o.A ml 3liquot of the complex solution (ratio, 1:1; 33.6 

pM) was mixed thoroughly with the prepared media. They were 

centrifuged with a Spinco preparative centrifuge, model L, 

No. 50 rotor, at 151,000 x g for 300 minutes at 4° c. Super­

natant and precipitate were analyzed to determine the 
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concentrations of both components spectrophotometrically. The 

percentage of dissociation was plotted against the ionic 

strength 1 as shown in Fig. 8. 

The complex was subjected to Amberlite IRC-50 column 

chromatography which consists of a weak cation exchange resin. 

A small column with dimensions of 0.5 em in diameter and 3 em 

in length of resin bed was made to handle a small amount of 

sample. The resin was equilibrated with 0.15 M ammonium 

phosphate (in terms of NH:) containing 0.25% Emasol 1130. 

After application of 1.0 ml of the sample solution to the 

upper surface of the resin bed with a dropping-pipette, the 

sample was developed with the same solvent. The cytochrome 

oxidase fraction, easily identified by its yellowish-green 

color, passed through the column, while reddish cytochrome c 

was trapped in a thin layer near the surface of the column. 

Three ml of the developing solvent was added to completely 

elute cytochrome oxidase. Then the cytochrome ~ fraction was 

eluted with 0.25 M ammonium phosphate. After standardizing 

the collected volume of each fraction combined with washings, 

the concentration of each component was determined spectra~ 

otometrically with each eluting solvent as reference. Not 

only was the molar ratio of each component maintained at unity 

after fractionation, but also the absolute molar value of each 

component was in good accord with that in the complex solution. 



Fig. 8. Dissociation of cytochrome £-cytochrome bXidase 

complex at different ionic strengths. 

The basal medium used was 0.01 M phosphate buffer 

(pH 7.~) and a series of solutions of different ionic 

st~engths (O.OJ, 0.11, 0.18~ and o.~l) was made by adding 

0.6 M NaCl aqueous solution to this medium. Eight-t*nths 

ml of cytochrome £-cytochrome oxidase complex consisting 

of 36.6 pM of each component was made up to 10.2 ml with 

the media and mixed thoroughly at 0° c. The duplicate 

samples were then centrifuged at 151 7000 x g for 300 

minutes at ~o C. The centrifugal ~otor was stopped 

without braking. The supernatant was carefully sucked 

out with a dropping-pipette. The precipitate was sus~ 

pended in the same medium and homogenized. The concen­

trations of cytochrome £ and cytochrome oxidase were 

determined spectrophotometrically. Cytochrome £ was 

found in the supernatant with a negligible amount of 

cytochrome oxidaseo Dissociation percentage was calcu• 

lated from the concentration of cytochrome £ in the 

supernatant to that in the precipitate. 
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The separated complex compQnent was used for CO treatment, 

which will be described later. 

Complex Formation o£ Chemically Modified Cytochrome c 

with Cytoch~ome Oxidase 

The chemical modification o£ cytochrome ~ has been re~ 

ported to result in the loss o£ the activity or activation in 

its interaction with cytochrome oxidase (80). It may consti­

tute a critical test £or the hypothesis o£ complex £ormation 

o£ cytochrome £ and cytochrome oxidase~-due to their electro­

static ~atupe--to examine the parallelism between activity and 

complex £ormation o£ modified cytochrome £ 1 which is believed 

to be sealed in its lysine residue with imported chemical 

groups. 

The acetylated, succinylated and guanidinated cytochrome 

C WaS prepared £rom a crystalline preparation o£ cytochrome £• 

The modified cytochrome £was mixed with a 20~minute sonically 

irradiated sample o£ cytochrome oxidase in 0.025 M phosphate 

bu£!er (pH 7.~) containing 0.25% Emasol 1130 and sonically 

treated £or another JO minutes. Subsequent fractionation 

with Sephadex G-200 was conducted as previously. 

As shown in Table III, while the guanidinated cytochrome 

s formed the complex with cytochrome oxidase in 1:1 ratio as 

well, both acetylated and succinylated cytochrome£ failed to 
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TABLE Ill 

Formation and activity of the cytochrome c-cytochrome 

oxidase complex from chemically modified cytochrome c 

Activity of 
Activity of "free 11 components 

Cytochrome c Formation complex in mixture 

"Native" 
(npt modified) + ++ + 

Acetyl a ted ,.. 

Succinyla,ted 

Guanidinated + ++ + 

form a complex of any kind. The guanidinated cytochrome .£. 

and cytochrome oxidase ~omplex also gave act~vity comparable 

with that of intact cytochrome.£., in both ascorbate oxidation 

and succinate oxidation in reconstitutive activity, measured 

as described later. Both acetylated and succinylated cyto­

chrome .£., 20 pM each in concentration, were entirely inactive 

to 1 ~M cytochrome oxidase when ascorbate or the reconstituted 

succinate cytochrome .£. reductase served as an electron donor. 

CO-compound and CN=compound of the Complex 

It was observed that the cytochrome ,£-cytochrome oxidase 

complex gave a disti~ctive peak at 415 m~ in the CO difference 
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spectrum (Fig 9). 

On the other hand~ sonically irradiated cytochrome c and 

cytochrome oxidase did nat show any anomaly in their CO 

spectra (Fig. 10). 

The comple~ containing cytochrome ~ and cytachrame 

oxidase in 1:1 ratio was separated into individual compon~nts 

by IRC-50 resin chromatography. The separated components were 

treated with CO. No 415 mp peak, as seen in the complex, w~s 

found with either fraction (Fig. ll)e 

Furthermore, the complex solution was pretreated with 2% 

cholate at 30° C £or varying durations o£ time (o, 10, and 20 

minutes) before CO treatment. The 415 mp peak in the CO 

difference spectrum diminished with the increase o£ incubation 

tim~ to complete disappearance, while other peaks remained in 

good accord with reported data (Fig. 9) (5, 68, 97). 

A peak similar to that at 420 mp in the heart muscle 

preparation CO spectrum was found in the reconstituted succi­

nate oxidase, as described later (~. page 66) (Fig. 12). 

The complex in the oxidized state was treated with 0.02 M 

KCN for 20 minutes at 25° C (86). The 408 mp peak shifted to 

the red region but less than 5 m~, According to Tsou (86) 

eXOQenous cytochrome £ gives more than 5 mp shift on CN incu­

bation. 



Fig. 9. CO difference spectrum of cytochrome £-cytochrome 

oxidase complex and effect of cholate. 

The cytochrome £-cytochrome oxidase complex consisted 

of 5.6 pM of each component in 0.025 M phosphate bUffer 

(pH 7.~) containing 0.1% Emasol 1130. The s6lution was in~ 

cubated with 2% sodium cholate in a 30° t water bath for o, 

10, and 20 minutes. After incubation, each solution was 

cooled in the ice bath, a few grains of dithionite and 10-3 

M sodium azide were added to each 9 then each solution was 

treated with pure CO as described previously. the scanning 

was made 15 minutes after CO treatment-~during which the 

reaction mixture was kept in the ice bath--against the 

dithionite reduced form of the complex. The base line was 

scanned with reduced form of the complex against the same 

referenceo 
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Fig. 10. Absorption spectra of cytochrome oxidas~ after 

50 ~inutes of sonic irradiation. 

Four pmoles of cytochrome oxidase prsparation were 

dissolved in 10 ml of 0.25 M phosphate buffer containing 

0.25% Emasol llJO. The solution was subjected to sonic 

irradiation at ~Q c for 50 minutes with a naytheon 

sonic oscillator at full output. The sample for spectrum 

wa~ made by diluting the sonically irradiated en~ym~ solu­

tion 50 times with the same phosphate buffer solution. 

The enzyme was reduced with a few grains of dithionite and 

also treated with pur~ CO for one minute after reduction. 
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Fig• 11. Absorption spectra of cytochrome£ separated 

from the cytochrome £-cytochrome oxidase complex. 

The cytochrome £ fraction of the cytochrome £­

cytochtome oxidase complex was obtained by means of the 

procedure described before. About 3.5 ~M of cytochrome£ 

fraction was treated with pure CO for one minute alter re­

duction with a few grains of dithionite 7 as described pre• 

viously. The absolute oxidized 1 reduced, and CO spectra 

were made with a Cary spectrophotometer, model 11, with the 

sam~ salt solution (0.25 M ammonium phosphate, pH 7.~), 

c6htainirlg the same amount of dithionite as that U$ed for 

the reduction of the component, as a reference at 25° C. 
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Fig. 12. CO specta~ 

(A) The cytochrome £-cytochrome oxidase complexe 

(B) Reconstituted succinate oxidase. 

(C) The Keilin-Hartree heart muscle preparation. 

The cytochrome £-cytochrome oxidase solution of 0.025 M 

phosphate buffer (pH ?.4) in 0.1% Emasol llJO contained each 

component in a ratio of 1:1 and 10 pg protein in one ml. The 

reconstituted succinate oxidase was prepared as described in 

Part I!, and suspended in the same buffer at a concentration 

of 1.5 mg per ml. The Keilin-Hartree heart muscle preparation 

was made as previously and diluted to 2.0 mg per ml with the 

same buffer. Each enzyme solution was treated by bubbling 

with CO for one minute after reduction with a few ~rains of 

sodium dithionite. The scanning in the Soret region was made 

by a Cary spectrophotometer, model 11, with the corresponding 

reduced-form solution as a reference, at 25° C. 
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Fig. 13. CN compound of the cytochrome .s_-cytochrome oxid.ase 

complex. 

KCN, to a final concentration of 0.02 M9 was added to 

the oxidized form of cytochrome .s_-cytochrome oxidase complex 

consisting of 4.2 pM of each component in 0.025 M phosphate 

buffer (pH 7.4) containing 0.25% Emasol 1130. The mixture 

was allowed to stand at 25° C for 20 minutes. The average 

shift of the peak at the Soret band to longer wave len~ths 

was about 4.3 mp. 
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Ascorbate.Oxidation with Cytochrome c-Cytochrome 

Oxidase Complex and TMPD Stimulation 

The behavior o£ the complex in the oxidation o! ascorbate 

was also examined. The reaction mixture contained ~5 mM sodium 

phosphate bu££er, ~5 mM ascorbate and 2o5 mM EDTA~ cytochrom~ 

£-cytochrome oxidase complex consisting o£ 1.7 pM o£ each 

component; pH 7.~; total volume, 2.5 ml; temperature, 25° c. 

The oxygen uptak~ was as low as 1.5 pM o per AM oxidase per
2 

minute. To this reaction mixture 0.2 mM TMPD (N,N,N 1 ,N 1 ­

tetramethyl~p-phenylenediamine) (23) freshly prepared, was 

added. The remarkable increase in oxygen uptake was observed 

as high as thirty times that o£ the system without TMPD. The 

oxygen absorption of the system was completely inhibited by 

-~ 1 x 10 M potassium cyani4e (Fig. lQ). 

The Keilin~Hartree heart muscle preparation has been 

known to be rath~r inactive in ascorbate oxidation, as care­

fully examined by Slater (73). Three-tenths a£ mg o£ the 

heart muscle preparation per ml was added to the same reac~ion 

mixture above mentioned minus the cytochrome ~-cyto.cnrame oxi­

dase complex. The comparable extent o£ stimulation in oxygen 

uptake was also observed on the addition o£ an equal amount of 

TMPD (Fig. 1~). The behavior o£ the ascorbate-TMPD-heart 

muscle preparation system toward cyanide was also identical 

with that o£ the cytochrome ~-cytochrome oxidase complex. 



Fig. 1~. Ascorbate oxidation with the cytochrome £-cytochrome 

oxidase complex and with the Keilirt-Hartree heart muscle prepa­

ration. 

The reaction mixture contained 25 mM sodium phosphate 

bu££er, 25 mM ascorbate and 2.5 mM EOTA, cytochrome £-cyto­

chrome oxidase complex consisting of 1.7 pM o£ each component 

or 0.3 mg per ml o£ the heart muscle preparation; pH 7.~; total 

volume 2.5 ml; temperature 25° c. The o2 uptake was measured 

with a G.M.E. oxygraph, model K. The reaction was initiated 

by addition o£ the enzyme to the reaction mixture. The time 

course is shown in decrease o£ o concentration in pM. About
2 

three minutes after starting reaction, freshly prepared TMPD 

was tipped into the reaction mixture to a final concentration 

-~o£ 0.2 mM. Finally, 1 x 10 M KCN was added to the reaction 

mixtureo 
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DISCUSSION 

The purified cytochrome oxidase has been reported tp be 

polymeri~ed (79). The molar ratio of cytochrome~ to cyto­

chrome oxidase (heme ~) in the complex depends upon the time 

of ~he treatment by sonic irradiation; the longer the tr~at• 

ment, the higher the ratio of the compo~ents of the p~oduct. 

However, no comp!ex of a ratio higher than pne was obtaineQ 

even a{ter prolonged sonication of the mixture. The state 

of cytochrome oxidase in mitochondrial preparations is not 

known; .!. ~riori consiQerat;ions indicate that it Jllay not be 

in a polymeric form. 

The classic experiment of Tsou (86) has clearly demon~ 

strated a parallel between the restoration of activity and 

structural co~position of cytochrome ....c in a deficient prepa~ 

ration. The tormation of the cpmplex i~ not due to non~ 

~pec;ific adsorption ot cytochrome £ to the cytochrome oxidase, 

since a definite stoichiometric relation is followed. Also 

the complex showed behaviors similar to those of more compli~ 

cated mitochondrial preparations towards a number of agents 

or treatments such as: inseparability by differential 

centrifugation, dissociation in concentrated salt Solutions, 

extraction of cytochrome £ by bile salt. The formation of 

the complex differs from that of the lipid-soluble cytochrome 

£' although the cytochrome oxidase used contained about ~0% 
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1 ipid. The lipid-soluble cytochrome£ may be formed in a much 

higher but varying concentration with respect to cytochrome 

c. Moreover, cytochrome£ may be "dissolved" in or adsorbed 

on other particulate preparations such as the cytochrome 

b-_£ particle and succinate cytochrome.£ reductase (40 1 81) 11 

almost in unlimited proportiomrather than in a definite 

stoichiometric relationship as in the cytochrome _£-cytochrome 

oxidase complex. Richardson and Fowler (?1) have reported the 

binding of cytochrome ..£ by their DPNH oxidase preparation. 

Depending on the cytochrome..£ concentration used, molar 

ratio (cytochrome.£ : heme~) from 0.5 to 2.8 have been 

found. 

Ball, Strittmatter and Cooper (2) have observed maxima 

at 415 mp and 430 mp in the carbon monoxide difference 

spectrum of their "electron transmitter system" (1) when 

ascorbate is used as the reductant. using their data, the 

corresponding carbon monoxide difference spectrum was re­

plotted as shown in Fig. 15. 

It can be seen that these maxima are at the same 

positions for those observed in the cytochrome _£-cytochrome 

2X]dase complex, although the absorbance ratio of 415 to 

4JO mp of these preparations differs, An absorption maxima 

similar to this has been reported in some bacterial prepara­

tions of electron transport enzymes (64, 94). When dithionite 



Fi~. 15. Replotted CO difference spectrum of Ball's 

"electron transmitter system" (1, 2). 
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QO 

is used as the reducing agent, the ~15 and ~30 m~ maxima are 

replaced by a maximum at ~23 m~ (2). 

Chance (6, 7, 8), in his study o£ carbon monoxide re­

action with cytochrome oxidase, has reported that preparations 

with appreciable hemoglobin content gave a peak in the CQ­

difference spectrum at ~2~ m~, and Ball's ~23 mp peak might 

be due to this pigment. The higher the K (K = delta D~~5/2 2 

delta D~33 >, the lower the he~oglobin contamination. Thus 

from those preparation~ in which K is approxim~tely equal to
2 

six, Chance (6) observed a maximum at ~30 mp only. Slater, 

Colpa-Boonstra and Minnaert (11, 75) have implied that the 

observation of ~23 mp in the carbon ~onoxide difference 

spectrum o£ the heart muscle preparation may be due to myo­

globin. The carbon monoxide ~ifference spectrum of myoglo~in 

snows a maximum at ~22 mv (75). Judging from tne history of 

the preparation of the complex, it is not likely to have 

hemoglobin or myoglobin as a contaminant. The K~ value of the 

complex is very high and approaches infinity. That the 415 mp 

peak in the difference spectrum in the cytochrome £-cyto~hro~e 

oxidase complex is not due to contamination or to an alteration 

of the components during the preparation, comes from various 

lin~ of evidence: (1) The components, either prior to the 

preparation of the complex, or subsequently dissociated from 

the complex, do not show the 415 mp maximum. (2) The ~15 mp 
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ma~imum disappears when the complex is incubated with cholate 

(i·~· when cholate has dissociated the complex into its compo­

nents). (3) When the complex is reconstituted with cytochrome 

£reductase, no 415 mp peak is observed; instead a 423 mp peak 

appearse (4) A ":free mixture" o:f both components exhibits no 

absorption peak at the same wave length in the presence o:f 

carbon monoxide. 

It is speculative whether the 415 mp maximum is due to a 

conformational change o:f cytochrome c and/or cytochrome oxi­

dase in the complex. In this connection, it may be mentioned 

that the trichloroacetic acid modified cytochrome £ or poly­

mer o:f cytochrome £ :forms a carbon monoxide compound which 

gives a 415 mp maximum (57, 59). 

Butts and Keilin re-examined the carbon monoxide compound 

of cytochrome£ at extreme pH (below three and above twelve) 

and :found an absorbancy decrease in the a region and an in­

crease at 415 mp at these pH (5)~ One can say that a definite 

conformational change in the protein moiety o:f cytochrome £ 

takes place at extreme pH. The heme group which is situated 

in a crevice o:f the protein in the physiological state, 

according to Theorell and Akesson (83), might be exposed to 

reaction with carbon monoxide by such a conformational change. 

Thus, it may be concluded that the cytochrome responsible :for 

the 415 mp peak in the carbon monoxide spectrum is most 

probably cytochrome £ and such an anomaly can be caused by 



62 

conformational change as a result of interaction with c.yto­

chrooe oxiaase resulting in complex formation. Close obser­

vation of the spectrum reveals a trough at about the 550 mp 

region 1 occurring simultaneously with the 415 mp peak. Pre­

treatment of the complex with cholate diminishes both the 

415 mp peak and the 550 trough in the carbon monoxide 

spectrum. 

These conformational changes can be also substantiated 

from the infrared spectra of the complex. The definite 

changes in radical groups are reflected in shifts at various 

regions and in the occurrence of new peaks. 

Here it is well to recall the question on the carbon 

monoxide spectrum raised by Ball~~· (2). Due to the 

fact that the ascorbate reduced CO difference spectrum of 

the complex also shows 415 mp and 430 mp maxima, and that 

cytochrome~ is rather insensitive to ascorbate reduction, a 

423 mp peak in the dithionite reduced CO spectrum could be 

attributed to the superposition of the absorptions of cyto­

chrome oxidase 1 cytochrome~ and cytochrome~ in part, with­

out any contamination by myoglobin. In this connection, 

~J~etani's interpretation of the disparity between his and 

Chance's observations on the 430 mp peak of the CO difference 

spectrum of cytochrome oxidase is noteworthy (96). This can 

be substantiated by the fact that reconstituted succinate 

oxidase exhibits a 423 mp maximum in a CO spectrum which 
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preparation may be completely free from myoglobin. Based on 

Chance's criterion, a cholate~treated Keilin-Hartree heart 

muscle preparation, in which the K value is much higher than
2 

six 1 also shows a 42J mp maximum. 

Then why does Chance (6) observe a maximum at 430 mp but 

not at 41.5 mp in the heart muscle preparation? This can be 

explained from a consideration of ~'solubility" of the prepa~ 

ration and accessibility to carbon monoxide of the other 

cytochromes 1 excepting cytochrome ~3 • Chance did not treat 

the preparation with detergent. The "solubility" of his 

preparation might not be comparable to Ball's electron trans­

mitter system (1) 7 or the the cytochrome ~~cytochrome oxidase 

complex where detergent was extensively applied. 

Final judgement of the validity of the hypothesis that 

the CO 41.5 m~ peak is due to conformational change on the 

part of cytochrome~ resulting from complex formation with 

cytochrome oxidase (which differs from polymerized cytochrome 

c or alkaline- and acid-treated cytochrome£) may come from 

examination of the physiological activity of the cytochrome 

£-cytochrome oxidase complex. This will be described in the 

..-:lll0wing part. 
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2, RECONSTITUTION OF SUCCINATE OXIDASE WITH CYTOCHROME c­
CYTOCHROME OXIDASE COMPLEX (50) 

INTRODi:)CTION 

While the reconstitution of succinate oxidase and succi­

nate cytochrome £ reductase identical to the intact oxidase 

and the intact reductase has been successful (JS, 36, 40), 

reconstitutive study of the terminal part of the electron 

transferring chain is proposed, especially with the cytochrome 

£-cytochrome oxidase complex described previously. 

This also constitutes a physiological test of the 

complex per se. The attempt was made to reconstitute the 

succinate-cytochrome oxidase system from soluble succinate 

dehydrogenase and the cytochrome .£··£ particle with the
1 

cytochrome £-cytochrome oxidase complex. 

This part of the thesis describes the successful recon­

stitution of the succinate oxidation system and its kinetic 

examination. A comparison was also made between the recon­

stituted succinate oxidase and the intact preparation, such 

as the Keilin-Hartree heart muscle preparation. 



EXPERIMENTAL PROCEDURES 

Materials 

The soluble succinate dehydrogenase was prepared from 

the Keilin-Hartree heart muscle preparation up to the stage 

of the gel eluate by method III (J6). The cytochrome £-~1 
was made from the heart muscle preparation (81). 

Antimycin A was obtained from Wisconsin Alumni Research 

Foundation; thenoyltrifluoroacetone from Aldrich Chemical 

Company. 
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RESULTS 

Reconstitution of Succinate Oxidase with Cytochrome c­

Cytochrome Oxidase Complex, Soluble Succinate Dehydrogenase 

and Cy t; o chrome b- c 1--:P~a=r~t:;..;::.::..·.;;.c.;;l~e::...z.i__T::...;;.u;;;;.r..;n.;;..;;.o...;v_e:;.;r;._.;;N;.;u::..m;.;;.;.;b...;e;;.;r;... 

The reconstituted succinate cytochrome~ reductase was 

made from both freshly made soluble succinate dehydrogenase 

(0.4 mg/ml) and cytochrome £-~1 particle (6 mg/ml) at a 

volume ratio of 4 to l. The cytochrome ~-cytochrome oxidase 

complex was prepared as previously (1:1 1 oxidized form, JO pM 

each). 

The soluble succinate dehydrogenase (80 pg/ml) plus 

cytochrome £-~1 particle (1,2 mg/ml) or reconstituted succi­

nate cytochrome c reductase consisting of the same amount of 

succinate dehydrogenase and cytochrome b-~1 particle was 

inactive, even in the presence of an additional 20 pM cyto­

chrome ~' in the catalytic oxidase of succinate. The cyto­

chrome ~-cytochrome oxidase complex alone was also inactive 

in catalyzing the oxidation of succinate. 

The reconstitution of the succinate oxidation system 

wAs conducted as follows: the reaction mixture contained 

the final concentrations of 25 mM phosphate buffer, 40 mM 

succinate, either soluble succinate dehydrogenase plus cyto­

chrome £-~1 or the reconstituted succinate cytochrome~ re­

ductase, the cytochrome ~-cytochrome oxidase complex of 1:1 
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ratio; total volume 2.5 ml; pH 7.4; temperature, 25° C. The 

conce~trations of succinate dehydrogenase and cytochrome b-e 
- -1 

were 80 pg/ml and 1.2 mg/ml 1 respectively. The reductase 

consisted of 80 pg of soluble succinate dehydrogenase and 

1.2 mg of cytochrome £-£ particle per ml. The cytochrome £
1 

and cytochrome oxidase contents of the complex were 1.2 ~M 

each. The components were added to the buffer solution in 

the following order: succinate, succinate dehydrogenase and 

cytochrome ~~£1 particle or succinate cytochrome£ reductase, 

and the cytochrome £-cytochrome oxidase complex. 

value of this system amounted to approximately 55 1 000 pl of 

oxygen per hour per ~mole of cytochrome oxidase content of 

the complex. This system did not require any additional free 

cytochrome£ (Fig. 16). 

Titration of Reconstituted Succinate Cytochrome c Reductase 

with Cytochrome c~Cytochrome Oxidase Complex; Turnover 

Number of the Reconstituted Succinate Oxidase 

The catalytic activity of the system was proportional to 

the concentration of the cytochrome £-cytochrome oxidase 

complex. When the same amount of succinate cytochrome £ 

reductase was titrated with the complex, the activity measured 

as oxygen consumption increased linearly at first and gradu­

ally fell off as shown in Fig. 17. The calculated molar 

ratio of cytochromes b : £ : £ : cytochrome oxidase at the
1 



Fig. 16. Reconstitution o£ succinate oxidase with succinate 

cytochrome £ reductase and cytochrome £-cytochrome oxidase 

complex. 

The reaction mixture contained the final concentration 

o£ 25 mM phosphate bu££er, 40 mM succinate, succinate cyto­

chrome c reductase and the cytochrome £-cytochrome oxidase 

complex; total volume, 2.5 ml; pH 7.4; temperature 25° c. 

The reductase consisted o£ 80 pg o£ soluble succinate de­

hydrogenase at the gel eluate stage and 1.2 mg of cyto­

chrome ~~£1 particle per ml. The cytochrome£ and the 

cytochrome oxidase contents o£ the complex were 1.2 pM 

each. Additions: (1) succinate; (2) succinate cytochrome 

c reductase; and (3) the cytochrome c-cytochrome oxidase.... ­
complex. 
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Fig. 17. E££ect o£ the concentration of the cytochrome .s.­

cytochrome oxidase complex on the activity o£ the reconsti­

tuted succinate oxidase. 

The reaction mixture contained 25 mM phosphate buffer, 

~0 mM succinate, succinate cytochrome .£ reductase (80 pg o£ 

soluble succinate dehydrogenase plus 1.2 mg of the cyto­

chrome .!?...;.£1 particle in one ml) and the indicated aniouhts 

o£ the cytochrome £-cytochrome oxidase complex; total 

volume, 2.5 ml; pH 7.~. The ordinate is the activity in 

pl of oxygen consumed at 25° C per minute of the complex 

of one to one molar ratio (cytochrom~ £ to cytochrome oxi­

dase). The abscissa is the concentration of the complex 

in pM cytochrome oxidase present. 
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highest specific activity was about 2 1 : 1 l King re­0 

ported turnover number of the succinate oxidase to be 7 1 500­

101000 in the heart muscle preparation and the reconstituted 

system, which consists of succinate dehydrogenase and 

alkaline-treated heart muscle preparation {42). The turnover 

numbers are expressed in moles of succinate oxidized per 

minute per mole of succinate dehydrogenase flavin added or the 

cytochrome oxidase present. The turnover number of the pre­

sent reconstituted succinate oxidase is shown in Table IV, 

with King's data for comparative purposes. 

These three preparations appear to be comparable with 

respectm both succinate dehydrogenase and cytochrome oxidase. 

Inhibition of the Reconstituted Succinate Oxidase1 

CO Inhibition and the Effect of Light 

The activity of the system was almost completely in­

hibited by the usual respiratory poisons, such as Antimycin A, 

cyanide, and azide, but not by Amytal. It was also inhibited 

by thenoyltrifluoroacetone and competitively by malonate 

(Table V). The heart muscle preparation was inhibited in 

its oxygen uptake in succinate oxidation by carbon monoxide 

treatment, It was observed that this carbon monoxide inhibi­

tion was noticeably relieved with illumination by white light 

on the reaction cell of the oxygraph 1 in the presence of a 

few percent of dissolved oxygen. Likewise the reconstituted 
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TABLE IV 

Turnover number of the reconstituted succinate oxidase 

Succinate 

Heart muscle dehydrogenase 

preparation 
(42) Cytochrome 67o X 10 

2 

oxidase 

Succinate 
dehydrogenase 

King ( 42) 
Cytochrome 

2
Reconstituted oxidase 5.4 X 10 
system 

Succinate 
dehydrogenase 

The present 
Cytochrome 

2
oxidase 8.0 X 10 

The turnover numbers are expressed in moles of succinate 
oxidized per minute per mole of succinate dehydrogenase flavin 
added or cytochrome oxidase content. For the present systemj 
the flavin content of the succinate dehydrogenase was calcu­
lated on the basis of 1.2 mpmoles flavin per mg protein at the 
stage of gel eluate. 



TABLE V 

Inhibition of reconstituted succinate oxidase 

Inhibitor Concentration Inhibition rate 

M % 

KCN 1 
4 

X 

X 

10-4 
10-5 

94 
78 

NaN 
3 

3 X 10~ 4 60 

Antimycin A 3 pg/ml 78 

Malonate 8 X 10~ 3 70 

Thenoyltrifluoro­ 3 X 10-5 83 
acetone 

Amy tal 3 X 10-J 0 

succinate oxidation system was relieved with light after 

treatment with carbon monoxide (Fig. 18). These results 

agree with the previous reports (8, 9; 90, p. 144). 



Fig. 18. Photo-irradiation e££ect on the carbon monoxide 

inhibited reconstituted succinate oxidase and the Keilin­

Hartree heart muscle preparation. 

The reaction mixture o£ 2.5 ml contained 40 mM succinate, 

25 mM sodium phosphate bu££er (pH 7.4) and the enzyme system 

(1.3 mg o£ the Keilin-Hartree heart muscle preparation in one 

ml, or the reconstituted succinate-cytochrome oxidase consist­

ing o£ cytochrome _£-cytochrome oxidase complex --1.2 MM o£ 

each component--1.2 mg cytochrome £,-_£ , and 80 Jlg succinate
1 

dehydrogenase in one ml). The reaction mixture was bubbled 

with pure co in the oxygraph cell at 25° to reduce the oxygen 

level to 3.3 pM. Then the oxygen level was enlarged to a full 

scale o£ 30 em span by manipulation o£ the sensitivity adjust­

ment• The scanning was operated at the maximum speed to deter­

mine oxygen uptake. The illumination on the water-jacketed 

reaction cell was made with 11 Viewlex 11 slide projector (500 W) 

at a distance of 60 em during the scanning. The light beam 

was focused to the cell by placing a magni£yihg lens (7 em in 

diameter)in the light path at 40 em £rom the project6r. 
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Activity of Complexes of Different Ra~ios 

of Cytochrome c to Cytochrome Oxidase 

As previously described 1 other forms of the cytochrome 

oxidase complex with 0.5 and 0.2 ratios of cytochrome£ to 

cytochrome oxidase have been isolated. A comparison was made 

of the activities of these complexes as well as the mixture of 

the free components in the reconstitution of succinate oxidase. 

The reaction mixture contained 25 mM sodium phosphate 

buffer 1 40 mM succinate, succinate cytochrome£ reductase 

(?Opg of succinate dehydrogenase plus l.J mg of the cyto­

chrome b-e particle) and the complex or ''free components" at 
- -1 

1.0 pM cytochrome oxidase; total volumej 2.5 ml; pH ?.4; 

temperature 25° C. "Free components" (cytochrome c and 

cytochrome oxidase) were added in the same amount as that in 

the complex. Before addition, the cytochrome oxidase was 

subjected to sonic irradiation for about 45 minutes. It can 

be seen that the activity increases with the ratio. Further­

more 1 in the reconstitution of the succinate oxidase 1 the 

specific activity of the complex of 1:1 ratio of cytochrome 

£ to cytochrome oxidase was nearly twice as much as that of 

its components when the latter were added in the free form. 

On the other hand, those forms of the complex with the lower 

ratios of cytochrome£ to cytochrome oxidase exhibited almost 

the same activity as if the components were in the uncombined 



state (Table VI). 

TABLE VI 

Comparison of the activity of the cytochrome c-cytochrome 

oxidase complex with the free components in the reconsti­

tution of succinate oxidase 

Specific activity 
Molar ratio of 
the complex (pl. 02 consumed/minute/ Activity ratio 

pmol.e cytochrome oxidase) 
(c:ytochrome c) complex 
(cyt. oxidase) Complex Free components (free components) 

1.0 760 420 1.8 

340 280 1.2 

.2 190 170 1.1 

The reaction mixture contained 25 mM phosphate buffer, 
40 mM succinate 1 succinate cytochrome£ reductase (70 rg of 
succinate dehydrogenase plus l.J mg of the cytochrome ~-£1
particle) and the complex or "free components" at 1.0 rM of 
cytochrome oxidase; total volume 1 2.5 ml; pH 7.4; temperature 
25° Co "Free components" (cytochrome £ and cytochrome oxidase) 
were added in the same ratio as that in the complex. Before 
~edition, the cytochrome oxidase was subjected to sonic 
il':';:tdiation for about 45 minutes. 
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EffPc+ of B~ffer Concentration~ Detergent and pH on the 

Su1.~~0~te Oxidase Activitv of the Reconstituted Svs~Pm 

The reaction mixture of 2.5 ml contained 40 mM of succi­

nate, 25 mM sodium phosphate buffer 7 unless otherwise speci­

fied1 and an enzyme system 7 which was either 1.3 mg of the 

Keilin-Hartree heart muscle preparation in one ml or the 

reconstituted succinate cytochrome oxidase consisting of 

cytochrome £-cytochrome oxidase complex (1.2 pM of each) 7 1.2 

mg of cytochrome £-£ particle and 80 ~g of succinate dehydro­
1 

genase per ml. 

Employing the sodium phosphate buffer (pH 7.4) 7 the effect 

of phosphate buffer concentration on the succinate oxidase 

activity was determined in the range of concentration from 

0.01 to 0.1 M. The succinate oxidase activity of the recon­

stituted system was inhibited JO% at 50 mM and 50% at 0.1 M. 

The Emasol 1130 7 non-ionic detergent, inhibited 40% at 

a concentration of 5% (v/v). Sodium cholate 7 anionic deter­

gent 7 at 0.5% inhibited 50% of the succinate oxidase activity. 

The optimum pH was also examined with the reconstituted 

succinate oxidase using both 25 mM of sodium phosphate 

bu~fer and 25 mM sodium-citrate-phosphate buffer. The 

optimal pH of the reconstituted system coincided with that of 

the heart muscle preparation at 7.4-7.6 in both buffers 

(Figs. 19 and 20). 



Fig. 19. Optimal pH £or succinate oxidase activity of the 

reconstituted succinate oxidase. 

The pH o£ the 25 mM sodium-phosphate buffer ranged 

£rom 5.6 to 7.8; 25 mM sodium-citrate-phosphate bu££er 5.8 

to 8.0. The reaction mixture o£ 2.5 ml contained ~0 mM 

suocinate 7 25 mM bu££er and the reconstituted succinate 

oxidase (1.2 mg o£ cytochrome b-e and Bb ug succinate 
- -1 r 

dehydrogenase in one ml; 1.2 pM cytochrome £-cytochrome 

oxidase complex 7 one to one ratio). 

(1) Sodium-citrate-phosphate buffer 

(2) Sodium-phosphate bu££er 
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Fig. 20. Optimal pH £or succinate oxidase activity o£ the 

K~ilin-Hartree heart muscle preparation. 

The pH o£ the 25 mM sodium-phosphate buffer ranged 

£rom 5.6 to 7.8; 25 mM sodium-citrate-phosphate bu££er 

5•8 to 8.0. The reaction mixture o£ 2.5 ml contained 40 mM 

sticcinate, 25 mM bu££er and 1.3 mg o£ the Keilin-Hartree 

heart muscle preparation in one ml. 

(1) Sodiumdcitrate-phosphate bu££er 

(2) Sodium-phosphate buffer 
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DISCCSSION 

In reference to the anomaly of a carbon monoxide com~ 

pound of the cytochrome £-cytochrome oxidase complex, the 

polymerized form of cytochrome ~ was mentioned" This poly­

merized form of cytochrome £ was inactive toward cytochrome 

oxidase; the active sites of cytochrome c could be sterically 

hindered or block each other (57 1 59). The cytochrome £ in 

the cytochrome £-cytochrome oxidase complex does not belong 

to this category of polymerized cytochrome£ because the 

complex on the basis of its molar composition is more active 

than the free cytochrome c in the oxidation of succinate. 

Butt and Keilin (5) have viewed the formation of a carbon 

monoxide compound by cytochrome c as an indication of its 

autoxidizability. They state (5): 

The increment in the ability to combine with CO 
was accompanied by an increase in the ability to 
catalyze the oxidation of ascorbate and a de­
crease in the ability to react with the succinic 
dehydrogenase-cytochrome system of the heart 
muscle preparation. 

It is clear that the cytochrome c in the complex does not 

conform to this behavior because of the fact that it is much 

less active in the oxidation of ascorbate than in that of 

succinate (56, 84, 85)o It has been observed that an exact 

parallel exists between the decrease of catalytic activity of 

the complex and the dissociation of the complex by the addi­

tion of concentrated salt solution to the reaction medium. 
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"Endogenous" cytochrome £ has been shown to be incorporated 

into the respiratory chain (34j 86) and more active than the 

exogenous component (14, 73, 86); the catalytic activity of 

the complex is twice as high as that of the free components. 

Moreover, the behavior of the complex toward the N,N,N',N'­

tetramethyl-p-phenylenediamine-ascorbate system is exactly 

the same as that of mitochondrial preparation, such as the 

Keilin-Hartree heart muscle preparation. The maxima of CO 

spectrum similar to those of the complex were also observable 

in a clarified intact succinate oxidase, such as Ball's 

"electron transmitter system," when ascorbate was employed as 

a reductant. 

The CO spectrum, optimal pH and behaviors toward avail­

able respiratory poisons of the reconstituted succinate oxi­

dase with the complex were found to highly resemble the 

intact preparation. 

In comparing the turnover numbers, it was found that the 

present reconstituted succinate oxidase accorded a lower value 

with respect to succinate dehydrogenase than either the heart 

muscle preparation or King's reconstituted succinate oxidase. 

This discrepancy is explainable by the fact that the succinate 

dehydrogenase is extremely labile under the conditions of the 

reconstitution experiment and the amount of enzyme actually 

incorporated is lower than that of the total amount employed. 

On the other hand, the turnover number with cytochrome oxidase 
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is still comparable. 

In view of these considerations, one can think the cyto~ 

chrome £-cytochrome oxidase may exist as such in the respira~ 

tory chain. The isolated components show properties different 

from those in the chain but once the components are re­

incorporated, the original properties are resumed. In the 

case of the complex, the behavior resembles that of the seg­

ment in the chain containing cytochrome £ and cytochrome 

oxidase. 
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.3. "RECONSTITUTION'' OF ('.) fOCHRO~E OXIDASE FROM 

CYTOCHRO~E a AND HEMATIN a (52) 

INTRODl 1"':T IO~ 

The dispute on the identity or non-identity 1 functional 

as well as structural 1 of cytochrome~ and ~J has already 

been outlined. Recent isolation of cytochrome a free from 

cytochrome a by Horie and Morrison (21) leads toward a con­
-J 

vincing direction for resolving the question. The criterion 

used by Horie and Morrison is 1 however 1 based only on the 

spectral properties. 

Enzymatic activity of the cytochrome ~ preparation has 

been examined recently by King and Kuboyama (46) and it has 

been found to be active as an electron acceptor. 

The isolated cytochrome~ is essentially insensitive to 

carbon monoxide 1 does not react with oxygen and exhibits 

absorption spectra different from cytochrome oxidase. 

It may be proposed that during the isolation of cyto­

chrome ~~ the heme ~ attributable to cytochrome ~3 might be 

modfified or destroyed so that the resulting heme~ could no 

longer function as a prosthetic group of cytochrome ~3 • If 

this is the case, cytochrome oxidase activity should be re­

stored by introduction of intact heme ~ to the cytochrome ~ 

preparation under proper conditions. 

This part of the thesis presents restoration of cytochrome 
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oxidase activity of cytochrome ~prEparation with incorporated 

heme~~ and spectral properties of the reconstituted cytochrome 

oxidase. 
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EXPERIME~TAL PROCEDURES 

Materials 

Cytochrome a was isolated from cytochrome oxidase by a 

modification of Horie and Morrison (21). Initial dithionite 

reduction was conducted for five minutes, followed by 15 mM 

cyanide incubation for JO minutes at 0-4° c. The final prepa­

ration was dialyzed against 50 mM sodium phosphate buffer 1 

pH 7.4, containing 0.5% Emasol llJO at 0-4° C for 18 hours. 

Hemin a was freshly prepared from cytochrome oxidase lyo­

philized preparation by means of a procedure similar to those 

by Morrison and Horie (65) and Takemori and King (82). Hemin 

a was also made from beef heart mince by means of metalation 

of purified porphyrin~ (6J). Palladium-asbestos for reduc­

tion of cytochrome ~ was obtained from Fisher Scientific 

Company. Crystalline catalase was procured from Worthington 

Biochemical Corporation, Freehold, New Jersey. 

Methods 

Hematin a Solution -- Hemin a was dissolved into a 

minimal amount of 0.05 M sodium hydroxide and, after it was 

com~letely dissolved, was diluted 10 to 20 times its volume 

with 0.1 M phosphate buffer, pH 7.4. If any particulate rna­

terial was present, the solution was clarified by filtration. 

The final concentration of hematin a solution was determined 
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by a pyridine hemochrome method (82), The pyridine was kept 

over KOH and purified by distillation. 

Determination of the Oxygen Uptake -- Oxygen uptake by 

the enzyme system was determined by a G,M,E. oxygraph at 25° 

C as previously described. The rate of oxidation of the re­

duced cytochrome~ was measured spectrophotometrically with a 

Cary, model 11 (98). 

Cytochrome a Concentration -- Cytochrome a concentration 

was determined for the reduced form, using an extinction 

-1 -1
coefficient of 22.8 mM x em at 600 m~ (21). 
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RESULTS 

Absorption Spectra of Cytochrome a Preparation 

The absorption spectra of the reduced form and the carbon 

monoxide compound of the cytochrome ~ preparation are shown in 

Fig. 21 • The maxima in the absolute spectrum of the dithio­

nite reduced form are at 602 mp, 515 mp, and 440 mp for the 

a- 1 ~-, and Soret bands, respectively. The maxima in the 

carbon monoxide absolute spectrum are at 602 mp and 439 mp 

for the a- and Soret bands, respectively. The present cyto­

chrome a preparation was practically insensitive to carbon 

monoxide and very similar to that of Horie and Morrison (21). 

"Reconstitution" of Cytochrome Oxidase 

from Cytochrome a and Hematin a 

The prepared cytochrome ~ showed no cytochrome oxidase 

activity, namely it could not consume the dissolved oxygen 

with the ascorbate-cytochrome c electron donor system and 

failed to oxidize the reduced cytochrome c with molecular 

oxygen. 

Incubation mixtures were made from cytochrome ~~ ascor­

bate-EDTA, and cytochrome~ (oxidized and reduced), as tabu­

lated in Table VII. These systems were allowed to stand at 

room temperature. The oxygen uptake was measured by succes­

sive sampling of aliquots from the incubation mixture. 



Fig. 21. Absorption spectra of cytochrome~ preparation. 

Cytochrome~ was dissolved in 0.1 M sodium ph6sphate 

buffer (pH 7.4) containing 1% Emasol 1130 after 18 hours 

dialysis. The concentration was 7 pM, or 1.26 mg protein 

per ml. 

Reduced form 

--~---------- Treated with CO after reduced 
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TABLE VII 

S~ems used for "reconstitution" of cytochrome oxidase 

from cytochrome a and hematin a* 

8 
(j) Cyt. c Cyt • ..£ 
+' rn Cyt. a (oxidiz-;d) (reduced) Hematin a Ascorbate EDTA 
:>-. 
til J.lM pM pM pM mM mM 

1 30 30 30 

2 30 30 30 

3 30 30 30 20 1 

4 30 30 20 1 

5 30 20 1 

6 30 20 1 

~~ Basal medium: phosphate buffer, 0.1 M, pH 7.4 

The reaction mixture for polarographic assay consisted 

of: 0.1 ml of enzyme, 20 ~M cytochrome_£, 30 mM ascorbate, 

1.5 mM EDTA, and 50 mM phosphate buffer; total volume, 2 ml. 

As shown in Fig. 22, the "reconstitution" of cytochrome 

oxidase proceeded gradually and reached a plateau in 45 

minutes at room temperature by incubation of cytochrome a and 

hematin a in the presence of an electron donor system, namely 

ascorbate and cytochrome c in a neutral pH. The reconstitution 

took place in the system with a sufficient amount of reductants. 

Even in the system (System 2 of Table VII) containing equi­

molar concentrations of cytochrome ~' hematin a and reduced 



Fig. 22. Reconstitution o£ cytochrome oxidase £rom cytochrome 

a and hematin a.- ..... 

The numbers labeled on the curves refer to the Systems 

used as shown in Table VII. At time intervals indicated, ali­

quots o£ the incubation mixture were withdrawn for determina­

tion o£ the cytochrome oxidase activity. The activity as ex­

pressed on the ordinate was determined polarographically at 25° 

C in a mixture containing 50 mM phosphate bu££er, pH 7.4; 

ascorbate, 30 mM; EDTA, 1.5 mM; cytochrome£, 20 ~M; and an 

amount o£ enzyme equivalent to 0.75 j.lM cytochrome.!! plus 0,75 

pM hematin.!! £or Systems 1, 2, 3, 4, and 6, or equivalent to 

1.5 pM hematin.!! £or System 5; total volume, 2.0 ml. 
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cytochrome £ 7 no reconstitution was observed. Calculations 

from four experiments similar to the one depicted in Fig. 23 

gave a.n average value of 250 mpmoles 0 reduced per minute
2 

per mpmole of cytochrome ~ at 25" c~ determined both polaro­

graphically and spectrophotometrically with reduced cytochrome 

c at 50 pM. 

The recovery of cytochrome oxidase activity of the recon­

stituted system registered 60% of the cytochrome oxidase used 

as a control. The oxygen uptake was not affected by addition 

of catalase up to as high as 1 mg of crystalline catalase per 

ml 7 but was inhibited to about 90% by 0.1 mM cyanide or 1 mM 

azide. 

Spectral Properties of the "Reconstituted" Cytochrome Oxidase 

The spectral study of the "reconstituted" cytochrome 

oxidase was conducted with samples purified by chromatography 

on Sephadex G-75 column, using 0.1 M sodium phosphate buffer 

containing 1% Emasol 1130. On development of the applied 

sample, three distinct bands were observed: the first band 

was of a greenish color and retained full cytochrome oxidase 

activity; the second band contained only cytochrome £i and 

the third one consisted of hematin ~ as detected spectrally.7 

Fig. 23 shows the spectra of the oxidized and reduced forms 

of the reconstituted cytochrome oxidase and its carbon 

monoxide compound. It may be noted that all absorption 



Fig. 23. Absolute spectra of reconstituted cytochrome oxidaseo 

Curve 1 7 the dithionite=reduced; Curve 2 9 the dithionite= 

reduced and subsequently treated with carbon monoxide; and 

Curve 3 7 the oxidized. 
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maxima occurred ~t the s~me positions as in the intact cYtQ­

c4rome oxidase. Likewise, tbe Soret peak of the carbon 

mo~oxide compound was ~Jl m~. The difference (reduced= 

oxidized) spectrum and t4e spectr4m of the cyanide compound 

of the r~con~tituted cytochrome oxidase (yurve ~' Fi~. 2~) 

were also essentially the same as those of tpe intact prepara­

tion. Moreover, treatment of the cyanide complex with carpon 

monoxide shifted the Soret peak from 441~3 to 4)0-32 m~ 

(Curve 2, Fig. 2~); in other words, carbon monoxide displaced 

cyapide attached to the reconstituted oxidase as it does in 

intact cytochrome oxidase. 



Fig. 24. Effect of cyanide and carbon monoxide on absolute 

spectrum of reconstituted cytochrome oxidase. 

Curve 1~ the cyanide compound of the dithionite-reduced 

oxidase; Curve 2~ the above system was then saturated with 

carbon monoxide. 
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DISCUSSION 

Recently Horie (22) comm~nted on the absorption ma~ima of 

his cytochrome~ preparat~on, assuming a simt~arity between 

ferricytochrome ~ anQ ferricytochrome ~3-cyanide ~omplex~ 
However, any snift in ab~orption maxima occurring in the cytop 

chrome ~preparation is m~inly attributable to the extent or 

destruction or mod~fication of the cytochrome oxidase by the 

preparative reagents, The observed maxima of the reduced 

form an9 the carbon monoxide compound of the present cyto­

chrome ~ pr~parat~on rang~d from 6oo to 602 m~ and qqQ to 439 

mp in the ~- and Soret bands 1 respectivelyo According to 

Horie, ~- and Soret maxima of cytochrome ~ are more likely at 

6oa mp and qql to 44o mp, respectively. 

Although it may be noted that all absorption maxima 

occurred at the same positions as in the intact cytochrome 

oxidase, the shift at the red region for the carbon monoxide 

compound of reconstituted cytochrome oxi4ase differed slightly 

from intact cytochrome oxidase. The ~-bands of practically 

all spectra of the reconstituted cytochrome ox~pase were 

slightly less symmetrica~ than those of intact cytochrome 

oxidase~ These disparities might possibly be due to: (1) 

tbe reconstitute~ cytochrome oxidase was not saturated (or 

was oversaturated) by added hematin ~ and/or (2) the linkages 

between added hematin ~ an~ protein differed !rom those in 
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the original. 

Si~ilar att~mpts have been made by Kiese (~1) and Paul 

(70) w~th horse-radish peroxidase and by Yamanaka and Ok~n~ki 

(90) with pseudomonas cytoc~rome oxidase. lt seems reasonable 

that the total pict~re of a cytochrome oxidase molecule con­

sists of protein (whic~ ~s composed of one or more than one 

peptide cPain) and heme a of a single chemical specie~ which 

coordinates with ligand groups located at different sites in 

the tertiary structure of the protein moiety (44). Such a 

structural difference in the periphery of ~eme ~ might cause 

a dramatically f~nctional difference between cytochro~e ~ and 

cytochrome ~J' The heme ~ group attributable to cytochrome ~, 

can be eas~ly subject to carbon monox~de and cyanide attach­

~ent and also to porohydride modification after cyanide 

treatment in tqe reduced state, while the heme ~ group at~ 

tributable to cytochrome ~ remains hindered for the~e treat­

ment~, A similar view was a!so extended by Hor~e (22). 

Several possibilities can be considered for the mechanism 

o:f "reconstitution" of cytochrome ~ by introduction of heme .!,o 

The removal of heme ~ from cytochrome oxidase may :furnish the 

opportunity tor the intact heme~ to re-coordinate to the 

intact ligand groups~ However, the possibility of modified 

heme ~ remaining at the original site on the protein cannot be 

ruled out. In this case, reconstit~tion can take place by 

~eans of a simple exchange reaction between moc;Ii:fied inactive 
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heme a ana intact heme a.- ..., 

In analogy with the activation or induced tryptpphan 

pyrrolase by hematin (17), original ox~dase may not be sat~-

rated wtth heme~ groups, with ~noccupied potential cqordina­

tion sites occurring on the protein moiety. T~e third possi~ 

bility of reactivation is that it may be due to the s~pple~ 

mentation of intact heme a to those potential coordin~tion 

sites. 

The "reactivation" of cytochrome ~ could happen on:J.y 

under certain conditions~ that is, by the incubation at room 

temperature of the mixture of cytochrome a, hematin ~ and1 

cytochrome £ with a sufficient amount of ascorbate at neutral 

pH, lt was noted that the oxidized form of cytochrome £ with 

ascorbate could not be repJaced ~Y the same concen~ration of 

reduced cytochrome £• 

! ~riori consideration of the process of biosynthesis 

of hemoprotein and the asymmetric form of heme ~~~1:3:5 tri­

metnyl~2 a-hydroxyalkyl-~ ~~alkylvinyl-8-formyl-6:7~di (~~ 

carboxyethyl) iron porphy.rin~·may rationalize the requirement 

for the reconstitution of specific conditions such that 

physiological processes are operative. 
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GENERAL DISCUSSION 

The reeonstitution study offers not only confirmation 

of sequential arrangement of the electron carriers, but also 

an opportunity to examine th~ interaction mechanism between 

the aqjacent ones. 

From the spectral anomaly of the carbon mono~ide compound 

of the cytochrome £-cytochrome oxidase complex, it has been 

proposed tb~t ~ conformational change in the protein moiety 

could be taking place when both components are brought into 

complex formation, analogous to the behavior of cytochrome£ 

in solutions of extreme pH~ 

From the experiment with modified cytochrome £ and cyta~ 

Chrome oXidase, it has alSo been concluped that the inter­

action between cytochrom~ £ and cytochrome o~idase involves 

electrostatic forces. 

The isolated complex was in the oxidized form; in the 

reduced state of the c 0mplex, cytochrome £ was found to be 

susceptible to carbon monoxide. The recent studies on cyto­

chrome £ disc!osed the difference between the requced and 

oxidized states witb respect to the physicopchemical proper~ 

t~es of this hemoprotein, that is: monomolecular laYer (2~), 

optical rotary dispersion (12), crystalline forms (18), 

digestion by proteolytic enzymes (9J), chromatography (56), 

dissociation 0f the ligand complexes (72), and proton 
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ma~netic resonance (48). These differences due to the oxida­

tion state of the hemoprotein can be best explained only on 

the basis of a change in the protein conformation (59). 

Tne~e observations may reveal the close relationship 

between the charge distri~ution in the whole molec4le of 

hemoprotein and the ~rotein conformation (54). 

This view c~n be further extended in the respi~atory 

chain enzy~e system. The electron flow through the chain 

may cause change ip the state of the electron carr~ers and 

that can be associated with reversible structural changes in 

the sequential arrange~ent in order to facilitate a close 

contact between adjacent components. A conformational change 

in the conjugated protein molecul,es, a closer contact at 

active sites between qisFrete comp9nents and a chan~e in tpe 

reduction~oxidation state in electron carriers may represent 

a "Trinitarian" ma~ife~:?tation of an electron transport 

m~cnanism in the respiratory chain. 

The original proposal of a physical approach to the 

electron transport enzyme system might be, to some extent, 

demonstrated in the present thesis. The same approach to 

other subjects in the bioc~emical field has been developed in 

a profusion of ways, enha~ced by the development of borderl.ine 

fields. This may represent a trend in modern biocbe~istry. 

However, biochemistry was originally established as a 

discipline by the abiogenesis dispute between Liebig and 
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Pasteur in tne middle 1800's over tpe mechanism of fermenta­

tion. This c~p serv~ ~s a ~lue to the formulation of a w~y 

of thinking intrin~ic to biqchemistry, a "biological way of 

thinking." nather tha~ mystifying biological phenom~~a, 

this may suggest th~t the physico-chemical approacn is not 

the ultimate methodology in biochemistry as illustrated by a 

great deal of examples as landmarks in the history of bio­

chemistry. 
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SUMMARY 

1. Preparation of a cytochrome ~-cytochrome oxidase,_ 

complex was achieved by means of molecular sieve chromatogra­

phy. 

2. Spectra~ (visible, u.v., and infrared) properties of 

the complex were examined. 

3. Based on the observation of the spectral anomaly of 

carbon monoxide compoun~ of the complex, the possibility Qf a 

conformational change in hemoprotein~ on complex formation was 

hypothesized. 

Chemically modified cytochrome c preparations were ..... ' 

employed to elucidate the interaction mechanism of cytochrome 

c and cytochrome oxidase in the complex. 

5. The physiological significance of tbe complex was 

reflected by demonstratiqn of the re~onstitution of succinate 

oxidase with soluble succipate dehydrogenase and the cyto­

chrome ~-s1 partic~e. 

6. Reconstitution of cytochrome oxidase from cytochrome 

a and hematin ~ was achieved. 
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