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STUDIES ON THE ELECTRON TRANSPORT SYSTEM
XXIII. COENZYME Q OXIDASE

YOUSSEF HATEFI™ with the technical assistance of FELIPE QUIROQZ-PEREZ
Fustitute for [Enzvuze Research, Universiiyv of Wisconsin, Madisya, Wise. (U.5..1.)

(Received September 6th, 1958)

SUMMARY

The preparation and properties of a submitochondrial enzvme system containing
predominantly cytochrome a have been described. This system is capable of catalyzing
the oxidation of reduced coenzyme Q by molecular oxygen. This particulate enzyme
requires the presence of both cytochrome ¢ and a lipoprotein of mitochondrial crigin
in order vo catalyze the above reaction. The results presented in this communication
suggest that coenzyme Q is situated in the aferementioncd lipoprotein between
cytochromes b and ¢.

The abbwreviations used in the text are as follows: DPX and DPNH, oxidized and reduced
diphosphopyridine nucleotide; ADP, adenosine diphosphate: Tris, TristhydroxymethyDamino-
methane; and QH,, the recduced form of coenzyme (). Coenzyme Qy4?* was the homologue used
throughout this investigation.

* Postdoctoral trainee of the University of Wisconsin, Enstitute for-Enzyme Research.
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INTRODUCTION

Previous communications from this laboratory have shown that coenzvme Q, a newly
recognized lipid quinane of mitochondrial origin, is a member of the terminal electron-
transport system' % which undergoes in the mitochondrion rapid reduction in presence
of substrates such as the citric acid cycle intermediates, B-hydroxybutyrate, and
DPNH. Its reduced form (QH,) is oxidized rapidly when mitochondria are incubated
under acrobic conditions. These reactions of bound coenzyme Q were also studied in
scveral submitochondrial particles, In addition, similar oxido-reduction reactions
were shown to occur when purified coenzyme Q was added to a system containing
catalytic quantities of mitochondrial particles®3. It was also demonstrated that
mitochondrion-bound coenzyme () undergoces oxido-reduction during the process of
phosphoryvlative cleetron transportt. The oxido-reduction behavior of coenzyme () is
influenced by the presence or absence of inorganic phosphate and ADP. Thus, in
absence of added ADP, inorganic phosphate greatly diminishes the rate of oxidation
of mitochondrion-hound QH,. This condition of arrested electron transport due to
absence of a high-energy phosphate acceptor can be corrected by ADP, in presence
of which QH, is rapidly oxidized?. These results, therefore, indicated that this newly
discovered compound is a membor of the electron-transport system of mitochondria
which mav play a significant role in phosphorylation.

In the present investigation, an attempt was made to isolate from the mito-
chondrial electron-transport chain the simplest segment which was capable of ca-
talvzing the oxidation eof QIi, by molecular oxygen. Previous work® had shown
that the reduction of mitechondrion-bound coenzyme Q was inhibited by antimycin
A. This finding indicated that coenzyme O was situated on the oxygen side of cyto-
chrome &, since according to GREEXN ef al.® as well as Caaxce and his collaborators?d
the reduction of cytochrome b is not inhibited by antimycin A. Therefore, a knowledge
of the components required for the oxidation of QH, would further assist in localizing
this compound relative to other members of the electron-transport system. The present
communication describes the preparation and properties of a particle derived from
heart mitochondria which catalyzes the oxidation of QH, by molecular oxygens.
This particle contains essentially eytochrome @ and very little red hemcs. Tt requires
the presence of cytochrome ¢ as well as a lipoprotein, isolated from mitochondria

by Basrorb axn GreEN®, in order to catalyze the oxidation of QH, by molecular
OXVECn,

METHODS
Preparation of the cnzyme system

The enzyme system can be prepared by two different methods which will be
referred to as preparations 1 and 11,

Preparation I. The clectron-transport particle (ETP) is isolated from crude
homogenates of beef-heart mitochondria in the same manner as described previously?!o.
This particle is then treated with deoxycholate (0.5 mg/mg protein} in presence of
Tris buffer, pH 8.0, and the green and red fractions of ETP are reparated by cen-
trifugation. The properties of these two fractions have already been describedii, The
.25 .M sucrose suspension of the green fraction of ETP is homogenized, adjusted to
a proutein concentration of 1o mg/ml, and mixed with o.1 vol. 2.5 A sodium acetate

Refereneces poo1y3,



VoL, 34 (1959) ELECTRON TRANSPORT SYSTEM. XXIIT 183

bufter, pH 5.7. The mixture is immediately centrifuged for 5 min at 30,000 rev./min
in the No. 40 rotor of the Spinco preparative centrifuge. After centrifugation, the
supernatant fluid is discarded and the residue is suspended in an amount of o.125 3¢
sucrose (0.1 M with respect to Tris chloride, pH 8.0) equal to the volume of the
discarded supernatant. The suspension is thoroughly homogenized. Then, deoxy-
cholate (102, pH 7.5) is added with stirring until a concentration of r mg deoxy-
cholate/mg protein is reached. The partially clarified suspension is centrifuged for
§ min at 10,000 rev./min in the No. 40 rotor of the Spinco centrifuge. The clear,
supernatant fluid is then decanted carefully and recentrifuged in the same rotor for
45 min at 40,000 rev./min. The sediment which forms after centrifugation is collecied
and suspended in 0.25 M sucrose. All the above operations should be carried out
at 0°. The yield of the product, as calculated from the total protein content, is about
12 to 13 %, by weight of the protein of the starting suspension of ETP.

Preparation I1. A suspension of becf-heart mitochondria in o.25 17 sucrose is
adjusted to a protein concentration of 15 mg/ml and acidified to pH 5.7 by addition
of z.5 M sodium acetate buffer, pH 5.7. The mixture is immediately centrifuged
for 5 min at 15,000 rev./min in the No. 3o rotor of the Spinco centrifuge. The super-
natant fiuid is discarded and the sediment taken up in a mixture of equal volmmes
of 0.2 M Tris, pH 8.0 and 0.25 M sucrose. The suspension is thoroughly homogenized
and brought to the original volume with the Tris—sucrose mixture. Then, deoxycholate
is added to a concentration of 1 mg/mg protein, and the partially ciarified suspension
is centrifuged for 5 min at 15,000 rev./min in the No. 30 rotor of the Spinco centrifuge.
The clear, supernatant fluid is further cerntrifuged for 60 min at 30,000 rev./min,
wherenpon the red hemoproteins remain in solution while-the coenzyme O oxidase
systém sediments. The green sediment is taken up In 0.25 1 sucrose. The suspension
is homogenized and adjusted to a protein concentration of 10 mg/ml. The treatments
with acetate buffer and dcoxycholate are once again repeated on this fraction. The
yield of the second green sediment on the basis of total protein is about 10°, of the
original mitochondrial suspension,

Both preparations I and II are vellowish-green in color, form an opalescent
suspension in 0.25 M sucrose, and can be siored conveniently at -—zo0” with little
loss of activity. In order to distinguish the above preparations from other mitochon-
drial derivative particles mentioned in this communication, they shall be referred
to henceforth as coenzyme () oxidases T and 11,

The assay svstam

The assay of enzymic activity was carried out as follows. In a glass-stoppered
test tube were placed 30 pmoles Tris-chloride, pH 7.3, 2.02 mg cytochrome ¢, 0.4 mg®
lipoprotein®, about 150 to zoo mpmoles QH, dissolved in 0.02 ml ahsolute ethanol,
and 0.25 M sucrose to a final volume of 1.0 ml The enzyme was added last and the
tubes were incubated at 387 for the periods of time indicated in the respective tables.
The gas phase was air. After incubation, the tubes werc withdrawn from the bath
and immediately T ml o.x N HCIO; was added to each tube in order to terminate
the reactions by denaturing the enzymes. Then, 1 ml 95°; ethanol and 2 ml of
“spectro-grade” cyclohexane were added to cach tube. They were then sieppered

* The weight refers to the total dry weight of the lipoprotein including lipid.
References p. 193,
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and placed on a horizontal, reciprocal shaking-machine for 45 min. Addition of
ethanol helps the extraction of coenzyme ¢ into cyclohexane, The contents of the
tubes (after shaking) were transferred to conical test tubes and these were centrifuged
in a clinical centrifuge for z min. Then, the clear cyclohexane layer was withdrawn
and the spectrum of coenzyme Q in cyclohexane was recorded by the DK-2 Beckman
spectrophotometer. Calculation of the degree of oxidation of QH, from such spectra
has been described in a previous communication?®,

Preparation of reduced coenzyme Q

Crystaliine coenzyme Q (3 to s mg) was placed in a glass-stoppered test tube and
dissolved in 1 ml absolute ethanol. Then, 3 mg solid KBH, were added and the tube
was flushed with nitrogen. Upon reduction by KBH,, the golden yvellow colorof
coenzyme ) diminished and the solution becomes a very pale yellow. At this point
0.1 ml 6 N HCl was added to the tube in order to decompose excess KBH,. The
presence of acid also stabilizes the QH,. Then, ¥ ml water and 2 ml cyclohexane were
added and the mixture was shaken for a few minutes in order to extract the QH,
into cyclohexane. The cyclohexane layer was then withdrawn, evaporated under
vacuum to dryniress and the reduced quinone was taken up in absolute ethanol to the
desired concentration. QH, in ethanol is slowly oxidized in air. Therefore, the prepa-
rations were either kept under nitrogen or used immediately. The molar concentra-
tion of coenzyme Q was calculated on the basis of Elle = 165 for coenzyme Q at

cm
275 mu and the approximate molecular weight of 850,

Estimation of the coenzyine Q content of the particulate enzymes

In a previous communication, a method was described for the extraction of
coenzyme ) in which the particles were heated at about go® in presence of 0.5 M
KH,PO, prior to extraction with cyclohexane®. This procedure, although satisfactory
for mitochondria and some of the derivative particles, fails completely when applied
to coenzyme ) oxidase. Consequently the procedure described below was used in
this case. About 30 mg of particle protein suspended in 3 ml 0.25 M sucrose were
placed in a glass-stoppered test tube. Then, 150 ng pyrogallol and 5 ml of freshly
prepared 10 % KOH in ethanol {95 %) were added. The tubc was fitted with a reflux
condenser (a conieal centrifuge tube packed with ice and placed on top of the test
tube so that the tapered end hangs inside, works equally well) and the mixture was
refluxed at 85° for 30 min. The tube was then cooled to room temperature and the
contents extracted three times with 3 ml each of “spectro-grade” cyclohexane.
The cyclohexane extracts were combined and washed twice by shaking in a separatory
funnel with 5 ml each of water. Then, the cyclohexane solution was transferred to a
round-bottom flask and the solvent was removed under vacuum. The material which
remained in the flask was taken up in a known volume of absolute ethanol and its
spectrum recorded before and after addition of KBH,. The spectrum of such extracts
shows the characteristic ultraviolet spectrum of cocenzyme Q with a single peak of
absorption at 275 mp. Upon addition of a few grains of solid KBH,, the characteristic
absorption spectrum of QI, with a peak at 290 my appears. The concentration of
caoeznzyme Q was calculated from the difierence in the absorptions of oxidized and
reduced coenzyme Q at 275 mpu. The E'%: value for the difference in the absorptions
of oxidized and reduced coenzyme Q at 275 mpu has been found?? to be 142.

References p. 193,
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MATERIALS

Cytochrome ¢ was obtained from Sigma Chemical Co., deoxycholic acid from Matheson
Coleman and Bell Division of Mathcson Company, Inc. and “spectrograde” cyclo-
hexane from Eastman-Kodak Co. Cocnzyme Q was prepared according to the
procedure already described™ and was sapplied by the Merck Sharpe and Dohme

Laboratories. The lipoprotein was kindly provided by Dr. R, E: Basrorp and cyto-
chrome ¢, by Dr. ). E. GREEN.

RESULTS
Activity and rvequivemenis of the enzyme svsiem

As was pointed out earlier, preparations I and II of the enzyme require the
presence both of cytochrome ¢ and of the mitochondrial lipoprotein? in order to
catalyze the oxidation of QH, by molecular oxygen. Table I shows that mitochondria
are capable of catalyzing the oxidation of QH, without any additions, the presence
of cytochrome ¢ and lipoprotein improving slightly the activity of the system. By
comparison, coenzyme O oxidase Il is completely devoid of activity unless both
cytochrome ¢ and the lipoprotein are added. In the supplemented system, fresh
preparations of coenzyme ) oxidase II are capable of catalyzing the oxidation of
about 340 mumoles QH,/min/ing enzyme protein at 38°.

TABLE I

THE REQUIREMENTS OF COENZYMi {) OXIDASE T1

e Moles of OH, avidized

Hxpr, mysfom - [P ————
mitochondria*  cosezyae O eriduse
1 Enzyme 27 o
LEnzyme + lipgprotein 41 Q
IEnzyme -+ cytochromec 31 5.7
Lnzyvme -+ lipoprotein -+ ¢yvtochrome ¢ 45.5 447
2 Enzyme 3b.5 2.5
Enzyvme -+ lipoprotein -+ cvtochrome ¢ 54.0 PRI

I Assay vonditions: 50 gmoles Tris chloride, pH 7.5; 103 mumoles QFL,: 0.1 my enzyme protein;
= and where indicated, 0.4 mg lipoprotein and o.02 mg cytochrome . Duration of incubation at 38°
- was 1.5 min in Expt. 1 and 4 min in Expt. 1,

* Heavy Leef-lieart mitochondria®? were used in this experiment.

Coenzyme Q oxliase I, which is obtained irom E'TP, is much more active than
“ preparation II. The formrr can catalyze the oxidation of about G2 mpumoles
-~ QH,/min/mg protein at 38° (Fig. 3). Figs. 1 and 2z show the activiiy of this system
Z'as a function of the concentration of cytochrome ¢ and the lipoprotein. The enzyme
/ preparation is incapable of catalyzing the oxidation of QH, in the absence of either
- of these two components. However, in presence of catalytic amounts of cytochrome ¢
- and the lipoprotein, a substantial degree of oxidation occurs, As seen in Fig. 1, there
“is & rapid rise in the rate of oxidation of QH, as the amount of added eytochrome ¢
“is increased to about 0.02 mg in the test system, but beyond this level increase of
" cytochrome ¢ has only a slight effect. In the case of the lipoprotein also (Fig. 2), a

References p. 193,
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rapic rise in activity is observed as the level of the lipoprotein ig increased to about
0.2 to 0.4 mg in the assay system, while beyond this range of concentration addition
of more lipoprotein becomes increasingly inhibitory. Fig. 3 shows the linear relation-
ship Letween the concentration of enzyme and the rate of oxidation of the reduced
quinonc. Cytochrome ¢ cannot be replaced by a purified preparation of lipid-free
cvtachrome ¢;*'. Nor does the addition of cytochrome ¢, along with cytochrome ¢
stimulate the rate of oxidation of QH, The absolute lack of a stimulatory effect
by cytochrume ¢, suggests that in this system cytochrome ¢, is not involved in the
transfer of electrons from coenzyme Q to oxygen (Table II, Expt. 2}. The lipid-
soluble form of cytochrome ¢, recently descrilred by WIDMER axD CRANE?, is capable
of replacing in part both the lipoprotein and cytochrome ¢. As seen in Expt. 1 of
Table II, the absolute requirement of the system for both cytochréme ¢ and the lipo-
protein cnuld be satisfied to some extent by the addition of lipid cytochrome ¢ alone.

_..-—o—/"/‘.

e

7O

N oW od oo

QO 0o 0 O O
T T T

N o w b oo oo

c o0 O O O
T

o
PER CENT OXDIZED
COENZYME Q FORMED

o

o0l 002 o065 004 02 04 06 o8
mg CYTOCHROME ¢ ADDED mg LIPCPROTEIN ADDED
Lig. r. Etfect of concentrution of cytochrome ¢, Tig, 2. Effect of concentration of the lipoprotein.
Conditions: 150 mpmoles QHy; o0 mg coen-  Conditions: 150 mpmales QH,; 0.1 mg coen-
zyvme (3 oxidase | protein: 30 gmaoles Tris  zyvme ) oxidase 1 protein: 50 pmoles Tris
chioride, pll 7.5. o.4 mg lipoprotein; and  chloride, pH 7.5; v.02 mg cytochruome ¢; and
cytochrome ¢ as indicated. The tubes were  lipoprotein as indicated. The tubes were incu-
menbated for 37 see at 38 . bated for 75 sec at 387,

= [ [S. -
ogoio:'OO

PER CENT OXIDIZED
COENZYME Q FORMED

0ioEz 04
mg OF
ENZYME PROTEIN

Fig. 3. Concentration curve for coenzyme (3 oxidase 1. Conditions: 178 mpmoeles QFH,. Additions

of buffer, lipoprotein, and cytochrome ¢ as in Table 1. The tubes were incubatoed for 3u sec at 387,

It may be added that lipid cytochrome ¢ can be made by mixing water-soluble
cytochrome ¢ with the lipoprotein and extracting the lipid cytochrome ¢ formed
by heptane®. The above results suggest that the water-soluble form of cytochrome ¢
perhaps cannot react with coenzyme O, which is a lipid material utterly insolubls
in water (see also Table V), This interaction occurs probably in the milieu of the
References b, 145,
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TALLE U
EFFECTS OF LIPID CYTOCHROME ¢ AND CY TOUHROME £,

Expt, Aedditenns W O avidizod
I Nune ©
Catochrome ¢ 0.3
Lipoprotein 3
Cytachrome r -4 lipoprotein 675
Lipwd cyviochraome ¢ 31
Lipid cvtochrome ¢ -+ lipoprotein 33
2 None 53
Cytochrome ¢ -+ lipoprotein 43.5
. Cyvtochrome o) - lipoprotein 3
Cytochrome ¢ - cyvtochrome oy - lpouprotein Z.f

Assay conditions: 140 myumoles Q1L,;, 0.4 myg coernzvme () exidase T protein and lipid cvetochrome ¢
and cytochrome ¢, in amounts cguivalent to evtochrome ¢, Uther additions as in Table L. Duration
of intcubation at 387 was 30 scc in Expto o amt 45 scein Expt. 2.
lipoprotein, where cytochrome ¢ assumes a lipid character. It should be pointed
out that the lipoprotein contains a very high amount of coenzyme Q (about 7.5 mg/g
dry weight) and can be isolated from mitochondria with bound cytochrome ¢*.

ETP, the particle from which preparation I is derived, shows no requirement
for added cytochrome ¢ in catalyzing the oxidation of QH, Howecver, as in the case
of mitochondria, a small and variable degree of stimulation in the rate of oxidation
of OH, by ETP is observed when the system is supplemented with the lpoprotein
{Table 1II). After ETP is treated with deoxycholate, the green fraction which is
obtained shows an absolute requirement for cytochrome ¢ in the oxidation of QH,
bat still has only a partial requirement for the lipoprotein (Table 1I11). Thus, if seems
that the pH 5.7 treatment is a necessary preliminary for achieving an absolute
requirement for the lipoprotein. Detailed studies on the oxido-reduction reactions of
added coenzvime Q as catalyzed by mitochondria or EUP have been carried out by
LESTER AND RaMasarya and will be presented separately.

The coenzyme Q oxidasc system is inhibited by antimycin A, KON, NaN,, or
ZnCl,. Fig. 4-a shows the Inhibition of the oxidation of QH, by added antimycin A,

TABLE [11

EFFECTS OF LIPOPROTEIN AND CYTODCHROME ¢ WITH E'TL* AND THE GREEN FRACTION oF TP

Co QH oxidized

Fazyme | - e
Lesslipnpratzin . Less eviochronte ¢ Comiplete systen

ETP 32 HG.5 00,5

Green fraction 0.5 3} T}

Assay conditions: tSo mpmoles QIH, and 0.1 mg enzyme protein. Bufter, cvtechrome ¢ and lipo-
protein additions as in Tuble 1. The tubes were incubated for 1.5 min at 387,

" The analytical studies of Basrorn™ Lave shown that this lipoprotein contains 3 % lipid
and only 59, protein. Phospholipids compose about 03 ©,, of its lipid content. Puriiied lipoprotein
migrates as a single peak when subjected to electrophoresis or ultracentrifugation®.

. References poorgs.



G0 Y. HATEFI vorL. 34 (1959}

It is seen that very minute quantities of antimycin A are sufficient for ncarly complete
inhibition of the reactions, ZnCl, also is a potent inhibitor in the system. Fig. 4-b
shows the effect of increasing concentrations of ZnCl, and the corresponding diminu-
tions in the degree of oxidation of QH,. As would be expected, cyanide completely
inhibits the acrobic oxidation of QII,, presumably by interacting with the cytochrome
oxidase system of the enzyme preparation (Table IV). Azide also has some inhibitory
eficet when added at rather high concentrations. As seen in Table IV, Cut+ ions have
a stimulatory effect in the system. Whether this stimulation is due to the cffect of
Cu+t+ on the reduction of cytochrome ¢ by (QH, or on the cytochrome oxidase system
has not been investigated. It was shown, however, that copper docs not affcet a
nonenzvinic oxidation of QH,.

70, — 70,
3 T .
E s0 51 50
b § 5 2
O x40 S o 40
[TL)
m 1
E s 30 E' E 30
Y& 20 - & 20
x Z B @
et BE
o 10 O 10
® - ] ] it "
G5 03 ] o6 002 004  ooe' o1
(a} ag ANTIMYCIN A ADDED (13} Aimoles Zn Cl, ADDED

Fig. 4. Inhibition of coenzvme () oxidase by (a) antimycin A and (b) ZnCl,. Conditions: 147
mpmoles QH, and o.1 mg coenzyme @ oxidase 1 protein. Additions of bufier, lipoprotein, and
cvtochrome ¢ as in Table L. The tubes were incubated for 2.5 min at 38°.

TARBLE IV

EFFECTS OF CYANIDE, AZIDE, AXD COPPLER

Fapt. Additions % Qs exidised

i None 035
KON, 10 grmoles 2.5

2 None 03
NaXNy,, 20 gmoles 35

3 Nono 40
CusOy,, o1 gmole 51
CusSiy,, o3 pmole 7O
Cubiy, o5 pmale 8]

Assay conditions: 150 mamoles (O, antd 01 mg coenzyvime () oxidass T protein. Bufier, cytochrome
¢, and lipoprotein additions as in Table i, Daration of incubation at 38 - was 2.5 min in Expts.
1 and z and 1 minin Expt. 3.

As was pointed out in a previous communication?, submitochondrial particles
lacking the cytochrome oxidase system are capable of catalyzing the oxidation of
externally added QH, hy external ferricytochrome ¢. Concomitant with the oxidation
of QH,, cytochrome ¢ becomes reduced. Therefore, it was of interest to determine
whether the aforementioncd lipoprotein catalyzes the interaction between QH., and

fleferences p. 195,
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cytochrome ¢ or whether still another component, ¢.g. an enzyme, is required. This
possibility was tested by adding OH, to a cuvette containing oxidized cytochrome ¢
and measuring the rate of reduction of cytochrome ¢ at 550 mpu. Table V shows that
there is an insignificant rate of reduction of cytochrome ¢ in such a system, which i
definitely enhanced in presence of the lipoprotein. However, as it is seen in the last
column of Table V, these rates are not at all comparable fo the overall rate of oxidation
of QH, as catalyzed by coenzyme Q oxidase. The rates in the latter system are several
hundred-fold faster than the highest rate recorded for the interaction of QH, and
ferricytochrome ¢ in preserce of the lipoprotein alone.

TABLE WV

NON-EXNZYMIC REDUCTION OF CVTOCHROME ¢ BY REDUCED COENZYME (2

Ahditions Fhation of mcudation mpp Mol eyl ¢ Retic fJor 2 electinn
- R 2 ein) redaced transfoeranin

Cvtochrome ¢ 4 (:3”:3 K] o570 [ WX
Cytochrome ¢ -1- ©YH, Iy 143 a. 1ol
Cytochrome ¢+ O1l, -+ Hpoprotein 2 3.4 .85

Cytachyome ¢ - O, + lipopratein 353 10,260 0. 3600
Cvitochrome ¢ 4 €18, -+ lipoprotein 11 tr.5T 0.30.4

Aagsay conditions 50 pmoles Uris chloride, pH 7,51 0.3 myg ferricytochrome ¢; 700 myomaoles QM.
a2 mglipoorotein; and ¢ 23 3 suerose Lo .o mb. The experiiments were ecarviced oot at 25 .

The need for an enzyme system to catalyze the reduction of cytochrome ¢ by
OH, was further confirmed by experiments in which coenzyme Q oxidase was
replaced with a highlv active cytochrome ¢ oxidase'. The preparation of cytochrome ¢
oxidase used in thesc studics was capable of catalyzing the oxidation of about 40—15
pmoles ferrcevtochrome ¢ min ‘'mg protein, As scen in Table VI, the raduced guinone
was rapidly oxidized in presence of coenzyme O oxidase, while cytochrome oxidase
was practically incapable of catalyzing this reaction. These results indicate, therefore,
that coenzyme ) oxidase contains an enzyme system which catalyzes the reduction
of cytochrome ¢ by QH, and that the lipoprotein is required for the reaction, The
cytochrome ¢ oxidase activity of coenzyme Q oxidase has beer discussed elsewhere?”,
It has been shown that coenzyme O oxidase preparations catalyze the oxidation
of cytochrome ¢ in the absence of added lipoprotein at rates two to four times faster

TABRLE VI
COZNZYME (F OXIDASE ACTIVITY OF CYTOUCHROME £ DXIDASE

Fruration of incubation

FRIlVIne Vo OHG axidized

faein}
Coenzyvme () oxidase [ 1 S
Coenzyme Q oxklase 1 5 3.5
Coenzvime O oxidase 1 10 L T
Cyvtochrome ¢ oxidase ! 0
Uvtochrome ¢ oxidase 5 12.5
Cytochrome ¢ oxidase 1o tg

Assav conditions: 137 mumoles (M1, o.30 mg of evtochrome ¢ oxidase protein and o.47 mg
caenzyme () oxidase protein. Additions of butfer, evtochrome ¢, and lipeprotein as in Table 1,
The experiments were conducted at 387,

Refevences p. 1095,
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than the rate at which QH, is oxidized. However, the presence of the lipoproteins
though not mandatory as it is for the oxidation of OH, in the same system, increases
the rate of oxidation of cytochrome ¢ (ref.l?}, It may be added that this lipoprotein
also stimulates the activity of highly purified preparations of cytochrome oxidase!”.

CRANE AND GLENN!! have reported that the green fraction of ETP has DPXNH
oxidase activity when supplemented with cytochrome ¢ but is devoid of succinoxidase
activity. DPNH oxidase activity was found to be absent in preparations of cocnzyme
O oxidase, which are made from the green fraction of ETP. It was found that the
DPNH oxidase activity of the green fraction of ETP could be enhanced by addition
of the lipoprotein to the reaction mixture, while coenzyme Q oxidase showed no
DPNH oxidase activity even in the presence of both cytochrome ¢ and the lipoprotein.

Components of coenzyine Q axidase

The reduced and oxidized spectra of coenzyme Q oxidase are shown in Fig. 5.
It is seen that the concentration of cytochrome a*, as represented by the absorption
peak at 605 mp is very much higher than the concentration of the red hemoproteins.

450 500 600 700
WAYELENGTH IN mp

Fig. 5. The spectrum of cacnzyme @ oxidase I1. Protein concentration was 4.7 mg/ml in presence
of 39, deoxvcholate. The broken line represents oxidized spectrum and the full line after reduction
with dithionite.

The small absorption bands between 570 and 500 mu indicate the a and g bands of
these hemoproteins, possibly largely of cytochrome §. Coenzyme Q oxidase 11 has
about 2.9 mpmoles cytochrome a/mg protein and only 0.04 mamoles/mg protein of
cvtochromes b and ¢, combined. Coenzyme Q oxidase I contains about 3.5 mugmoles
cytochrome @/mg protein and about 0.05 mpmoles of the other cytochromes. These
values werce calculated from the extinction at 6o5 and 5384 myu of deoxycholate-
solubilized preparations after reduction with dithionite, It is very interesting that the
ratio of cytochrome g to the other hemoproteins is the same in both preparations
of coenzyme () oxidase, As was discussed earlier, cuenzyme Q oxidase I is two to
three times as active as preparations of coenzyme Q oxidase II on the basis of unit
protein weight. The cytochrome a level of the two preparations also suggests that
coenzyvme () oxidase 1 is the more purified preparation.

By the procedure described in the METHODS scction, the quinonc content of
coerzyme () oxidase I was estimated to be 2.g4 mg/g protein and that of coenzyme Q
oxidase IT was found to be 2.88 mg/g protein. As was reported earlier®, the molar
concentration of coenzyme () in mitochondria is about five times that of cytochrome 4.

in coenzyme () oxidase I, however, there is only about 1.0 mole coenzyme (/mole
cytochrome .

* In this communication no distinction will be made between cytochromes a and #,.
References p. 1935.
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H was pointed out above that the method of extraction of cocnzyme Q by
treatment of particles with KH, PO, at go® and then extraction with cyclohexanc®
failed when applied to ccetizyme Q oxidase. It was thought possible, therefore, that
ther¢ might be two forms of coenzyme ©) in mitochondria, one released by KH,PO,
and the other by saponification with aleoholic KOH. This possibility was tested by
heating mitochondria in KH,PO,, extracting with cyclohexane, then saponifving
the extracted protein and extracting again. It was found that nearly all of the co-
enzyme () was removed in the first extraction, It was evident, therciore, that both
methods extract almost all of the mitochondrial coenzyme Q. The lipid material

removable by hot ethanol® was about 10 2, of the total protein content in cocnzyme Q
oxidase I and about 6 % in oxidase II.

DISCUSSION

The studies reported here clearly indicate that coenzyme () is situated on the substrate
side of cytochrome ¢. It has been previously shown that the lipoprotein of Basrorn
Axp GREEX" contains a very high amount of bound coenzyme ). Also, no other
mitochondriai fraction which is free of the lipoprotein has yet been found to contain
large amounts of coenzyme Q. Thus, it scemns that this lipoprotein is the ocus for
mitochondrial coenzyme (). These findings and the evidence presented in previous
communicatinns®*—* suggest, thercfore, that coenzyme O is located in the above
lipoprotein between cytochromes b and ¢. Cytochrome ¢, does not seem to be involved
in the oxidation of coenzyme Q. It cannot replace cytochrome ¢ in the coenzyme Q
oxidase system and, when added in conjunction with cytochrome ¢, it does not have
a stimulatory effect. Other studies* have shown that reduced cytochrome ¢, is oxidized
very rapidly in a system containing catalytic amounts of cytochrome ¢ and cyto-
chrome oxidase!™. The presence of cytochrome ¢ for the oxidation of reduced cyto-
chrome ¢, via cytochrome oxidase was mandatory. Thus, in an experiment where
the rate of exidation of cytochrome ¢ was found to be 27.5 pmoles/min/mg enzyme
protein, the corresponding rate of oxidation of cytuchrome ¢, in presence of catalvtic
quantities of cytochrome ¢ was 21.6. This rate was zero in the absence of added cyto-
" chrome ¢. These results further suggest that the pathway involving coenzyme Q is
different from that invelving cytochrome ¢, since the immediate electron acceptor
for hoth coenzyme () and cytochrome ¢, appears to be cytochrome ¢,

The finding that lipid cytochrome ¢ alone can partially satisfy the requirement
of the cocnzyme Q oxidase system for both cytochrome ¢ and the lipoprotein suggests
that at lcast onc funciion of the lipoprotein is to facilitate the intcraction between a
hydrophobic molecule (coenzyme Q) and a water-soluble one (cytochreme ¢). The
stimulatory cfect of the lipoprotein in the nonenzymic reduction of eytochrome ¢ by
reduced coenzyme Q supports this view. The inhibitory effect of antimycin & in the
coenzyme O oxidase system suggests that externally added QH, is oxidized by
way of the coenzyme () contained in the added lipoprotein. It was shown in previous
communications?—1 that in presence of antimycin A the reduction of bound coenzyme
Q of mitochondria is inhibited. Therefore, it appears that antimycin A prevents the
reduction of coenzyme Q contained in the lipoprotein. Thus, in the case of mitochon-

* W, Hateri, unpublished observations.
References p. 143,
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drion-bound cocnzyme O, where this compound is situated in the lipoprotein, an
inhibition of reduction was observed. While in a system such as coenzymoe Q oxidase,
where added QH, is oxidized only when the lipoprotein is present, the oxidation of
added QH, {or in other words the reduction of lipoprotein-bound coenzyme Q) was
inhibited by antimycin A. When mitochondria are used as catalyst for the oxidation
of externally added QH , this process also is inhibited by antiniycin A, The possibility
that antimycin A inhibits a process in the lipoprotein is rather appealing since the
lipid nature of the latter agrees well with the solubility properties of antimycin A.

The occurrence of coenzyme Q in the lipoprotein in large concentration as well
as the abselute requirement for lipoprotein in the coenzyme Q oxidase system in-
dicates that coenzyme Q should perhaps be considered as the functional component
of a more complex entity, namely the lipoprotein. This situation may be analogous -
to the cytochromes, wherein the hemes are the functional moieties. Thus the lipo-
protein would correspond to the protein component of the cytochromes, with the
difference that the former is suited for solubilizing the hydrophobic coenzyme Q
molecules. The finding that cytochrome ¢ can combine with the lipoprotein and assume
a lipid character, the form in which it scems to rcact with coenzyme Q, further
emphasizes the important role of the lipoprotein in the electron-transport system.
It has been reported in a separate communication that this lipoprotein stimulates the
activity of highly purified cytochrome ¢ oxidase preparations?, This finding suggests
that the form of cytochrome ¢ which acts as a substrate for cytochrome ¢ oxidase
may be the same as that which is associated with the lipoprotein. Not many cases
have been investigated where a lipoprotein is invelved in an enzyvmic reaction.
Anecther example of this nature is the thrombeplastic lipoprotein which has been
isolated and studied by CuarGarr and his collaborators!®,

1t was shown in a previous communication? that the oxido-reduction reactions
of mitochondrion-bound coenzyme Q under steady-state conditions is influenced by
the presence or absence of phosphate and ADP in the reaction medium. In the presence
of phosphatc and the absence of ADP, coenzyme Q was rapidly reduced and its rate
of oxidation was remarkably decreased. Addition of ADP to the medium atfected
an oxidation of the reduced quinone. These findings indicated that a component of
the system forms a high-cnergy intermediate with inorganic phosphate, which in
the absence of an acceptor system such as ADP can no longer undergo cyclic reactions.
As a result, electron transport ceases and the electron carriers remain in the particular
state of oxidation or reduction dictated by the mechanism of oxidative phosphoryla-
tion. This state of arrested electron transport was found to accompany a shift in the
oxido-reduction state of both coenzyme Q and DPN toward increased reduction.
Then, when ADP was added, the high-energy phosphorvl group was presumably
transferred to ADID and concomiwwntly cocnzyme Q and DPNH were oxidized,

Racently, Tobn and his associates®™ as well s Harrison® have preoposed that
quinoid compounds may be the eleetren carriers which react with inorgauic phosphate
to form a high-energy phosphate intermediate during the process of oxidative phos-
phorylation. Topb and his collaborators have presented evidence that guinol phos-
phates can undergo dephesphorylation concomitant with oxidation. They have also
shown that oxidative dephosphorylation of such compounds can result in the forma-
tion of pyrophosphate, Z.e. phosphorylation of orthophosphate. These observations
correspond rather well with the efiects of phosphate and ADP on the oxido-reduction
Refevences p. 1035,
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hehavior of coenzyme ) in that in presence of phosphate the reduced form of coenzyme
Q s stabilized, while oxidation of QIH, is affected when a phosphate acceptor is
available.

The possibility chat coenzyme () may form an intermediate with phosphate,
which like many other high-cnergy phosphate compounds may be labile in aquecus
media, suggests a very important role for the lipoprotein with which coenayme Q is
associated. It is possible that the lipid milicn of the ipoproteon is the necessary medium
for stabilizing such an intermediate,
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