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Purification and fine structure of reduced
coenzyme Q-cytochrome C reductase in the

mitochondrial membrane∗

Shuji Seki, Osamu Hatase, and Takuzo Oda

Abstract

For the purpose of revealing the molecular organization of the mitochondrial membrane the
authors attempted to clarify the fine structure of reduced coenzyme Q-cytochrome c reductase
and also studied how the CoQH2-cyt. c reductase is arranged in the mitochondrial membrane
by systematic analyses of fractions from the purification process of CoQH2-cyt. c reductase.
1. Purified CoQH2-cyt. c reductase contained high concentration of cyt. b (9.5 mµmoles per
mg protein) and cyt. Cl (4.5 mµmoles per mg protein), and was almost free from cyt. c, a,
flavoproteins, primary dehydrogenases and ATPase. The enzyme complex also showed a high
specific activity (48 µmoles of cyt. c reduced per mg protein per min at 30◦). 2. CoQH2-cyt. c
reductase was composed of particles of about 120 Å in diameter with irregular form, some time
exhibiting electron opaque cores. In the loose aggregates of the particles, the size of each particle
was about 95 Å in diameter. 3. An intimate correlation was observed between the particles of
CoQH2cyt. c reductase and those on the surface of the NADH-cyt. c reductase fraction. 4.
Regular arrays of uniform particles (about 82 Å in diameter with a center to center distance of
about 100 Å) were observed on the surface of the submitochondrial membrane (brown membrane)
obtained from beef heart mitochondria by treatment with deoxycholate (0.1 mg / mg protein) and
KCl (72 g/l). The correlation between these particles and CoQH2-cyt. c reductase was discussed.

∗PMID: 4229456 [PubMed - indexed for MEDLINE] Copyright c©OKAYAMA UNIVERSITY
MEDICAL SCHOOL
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For the purpose of revealing the biochemical functions of mitochondria, it
is important to know the molecular organization, especially how the energy
transducing system is organized in the mitochondrial membrane. Up to the
present time we have studied the correlation of ultrastructure to biochemical
function in the inner membrane of mitochondrial,2a./>. The present communica­
tion deals with the purification of reduced coenzyme Q-cytochrome c reductase
(QH2-cyt. c reductase) from beef heart mitochondria and studies of its fine
structure. A discussion will also be given on the structural arrangement of the
QH2-cyt. c reductase in the NADH-cyt. c reductase fraction and in the inner
membrane of mitochondria.

MATERIALS AND METHODS

Preparation of QH2 : QH~ was prepared by reduction of coenzyme Q
with sodium hydrosulphite according to the method of GREEN et at. s.

Assay method for cytochromes : The concentrations of cytochromes were
estimated from the difference spectra between reduced and oxidized forms.

The extinction coefficients used were as follow: for cyt. b, e=20 mM- I cm- l

(L1562-L1575mIL); cyt, CI, e=19 mM-Icm-I
( L1554- L154ornp).

Protein determination: Protein was estimated by the biuret method of
GORNALL et at. 4. This method seriously over-estimates the protein content due
to the contribution of cytochromes to absorbancy at 540 mIl.. When the protein
concentration was corrected according to the method of YONETANl li

, the values
for the cytochromes are 1.25 times the values obtained by the direct analysis6

•

Assays of QH2-cyt. c reductase, NADH-cyt. c reductase, NADH­
ferricyanide reductase, and succinate-cyt. c reductase activities: Assay
procedures of HATEFI et al.7 for the enzymatic activities of NADH-cyt. c reduc­
tase (NADH2 : cytochrome c oxidoreductase, EC 1. 6. 2. 1) and succinate-cyt. c
reductase (succinate: cytochrome c oxidoreductase, EC 1. 3. 99. 1) were used
with a slight modification. QH2-cyt. c reductase activity was assayed by the
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method of GREEN and BURKHARDs with a slight modification. All these enzyme
activities were assayed at 30°.

Purification of QH2-cyt. c reductase: QH2-cyt, c reductase was prepared
by following the method of HATEFI et al.6 with some modification. Beef heart
mitochondria, prepared from slaughter house materials according to the method
of CRANE et al. s with a slight modification, were suspended in 0.25 M sucrose,
and stored several days at -20°. The mitochondrial suspension was thawed
at room temperature, chilled to 0°, and centrifuged at 20, OOOg for 20 min.
All subsequent operations were carried out at 0°_4°. The supernant fluid was
discarded and the residue was suspended in a Tris-sucrose-histidine solution of
the following composition: Tris-chloride, 0.05 M, pH 8.0, sucrose, 0.66 M,
histidine, 0.001 M. The protein concentration of the suspension was adjusted
to 23 mg per ml. Then potassium deoxycholate (DOC, 10% w/v, pH 10, 0.3
mg/ mg protein) and solid KCl (72 g/l of total suspension) were added while
stirring. After the KCl was thoroughly dissolved, the suspension was centri­
fuged for 30 min at 105, 000 g. In all centrifugal fractionations each fraction
was described as (Sn, Rn); S, supernatant, R, residue, n, fraction No. The
clear red supernatant fluid (Sl) was collected by decantation. A quarter volume
of distilled water was slowly added to the S1I stirring constantly and the suspen­
sion was centrifuged for 40 min at 105,000g (S2, R2). The clear supernatant
fluid was collected and dialyzed against 0.01 M Tris-chloride, pH 8.0, for 3
hr. The dialysate thus obtained was centrifuged at 105,000g for 10 min (Ss,
Rs). The brownish-red residue (Rs) was suspended in a small volume of Tris­
sucrose-histidine solution and stored overnight at - 20°. After thawing, Rs
was thoroughly homogenized in a glass homogenizer fitted with a teflon plunger,
and diluted with Tris-sucrose-histidine solution to a protein concentration of 10
mg/ml. Then potassium deoxycholate (0.5 mg/mg protein) was added. The
enzymatic activity of Rs was determined after the addition of DOC. To Rs al­
ready containing DOC, 16.4 ml per cent (v/v) of a 50% saturated solution of
ammonium acetate (AmAc) was slowly added with constant stirring. After
standing in an ice bath for 15 min, the suspension was centrifuged at 105, 000
xg for 30 min, (S4' R 4). The subsequent fractionations with ammonium acetate
were conducted as mentioned above. To S4 through S9, the following ml per­
centages of 50% saturated AmAc were added respectively: S4, 6.5; S6 3.2 ;
S6, 3.2; S7, 3.5; Ss, 3.5; S9, 7.0; to yield R6 through RIO and SIO' To
S10 7.0 ml % (v/v) of saturated ammonium acetate was added and the mixture
was fractionated, (Su, Ru).

Since it was difficult to adjust accurately the ammonium acetate solution to
5096 saturation, these fraction fluctuated up or down slightly. For this reason
it was necessary to observe carefully the color, solubility, and yield of each
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QH2-cytochrome c Reductase 81

fraction, and refer to the following fractionations. Prior to fractionations, 5096
saturated solution of ammonium acetate was prepared from the stock solution
of saturated ammonium acetate with crystals at 0°. The residue of each frac­
tion was suspended in a small volume of Tris-sucrose-histidine solution and then
used for the assays of various enzymatic activities and electron microscope ob­
servations. The remaining samples were stored at - 20°. The R fractions
gave a spectrum of solubilities in Tris-sucrose-histidine, with early R fractions
being insoluble, later ones more soluble, and final ones above Rg completely
soluble in concentrated solution. When the residues were suspended in Tris­
sucrose-histidine solution to a protein concentration of about 10 mg/ml, Ro and
R7 were almost clear solution, while Rg, RIO and Ru were clear solution. Rg

and RIO vvere stored at 0° for several hours without any turbidity. Rg and/or
RIO, which contained highly active QH2-cyt. c reductase, were suspended in
Tris-sucrose-histidine solution to a protein concentration of 10 mg/ml. Neutral
potassium cholate (10% w lv, 0.4 mg per mg protein) was added to the sample.
Then ammonium sulphate fractionations were conducted as follows. Cold satu­
rated ammonium sulphate (neutralized) was added to a concentration of 65 ml
per 100 ml of protein suspension. After standing in an ice bath for 15 min,
the cloudy mixture was centrifuged at 105, OOOg for 10 min (RIO,Sll RIO-R1).

To Rw Sll 6.9 ml of ammonium sulphate per 100 ml of supernatant was added,
and the mixture was centrifuged as before (RIO-S2, RIO-R2). To the supernatant
(RlO-S2), 8 ml of ammonium sulphate per 100 ml of supernatant were added and
the mixture was centrifuged (RIo-Sa, RIO-Fa). QH2-cyt. c reductase (RIo-Fa) was
collected near the surface of the liquid in the centrifuge tubes as a dark red,
oleaginous material. Infranatant liquid was a clear, pale pink substance and no
precipitate could be detected. The infranatant liquid was carefully withdrawn
with a capillary tube and RwFa was dissolved in Tris-sucrose-histidine solution.
RIO·RI was a light yellow substance which partially dissolved in Tris-sucrose­
histidine solution. RIO-R2 was a light pink substance which completely dissolved
in Tris-sucrose-histidine solution.

Preparation of NADH-CoQ reductase: The R7 which was obtained
from previous fractionations was the most active preparation of NADH-cyt. c
reductase. The fraction was used for the preparation of NADH-CoQ reductase
according to the method of HATEFI et al. g.

Electron microscopy: Negative staining, especially floating method
described by ODAIO, was used. A droplet of the samples suspended in the Tris­
sucrose-histidine solution was spread on the surface of a grid coated with a thin
film of collodion. After a few minutes, excess fluid was removed with filter
paper and the grid was immediately floated on the surface of a drop of 1 %
potassium phosphotungstate, pH 7. O. After some tens of seconds the grid was
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picked up, excess fluid drained off with filter paper, and dried in a vacuum
dessicator. After coating the specimens with carbon, they were examined in
the JEM 7 electron microscope. Micrographs were taken at 80 KV on Fuji film
(FG), at an electron optical magnification of 40, 000 to 50, 000.

RESULTS

Protein recovery and enzymatic activities of each fraction are illustrated in
Tables 1 and 2. These tables also give an outline of color change during the

Table 1 Purifications of NADH2-cyt. c reductase and QH2-cyt. c reductase from
beef heart mitochondria. About the purification-procedures and

assay-methods for oxiclo-reductases refer to the text.
I

Color of Oxido-reductase activities **
I NADH2- Succinate-

Frac- I Preparation Protein samples* IF'
Q2H2

Cyt. c Ferricya- Cyt. C I ~m'Ya·tions precedures recovery G Iy IR
nide mde cyt. c

reductase reductase reductase reductase reductase
(%)

SI {0.25vol. 100 I± + -Itt 3.6 0.04
I

IR2 H2O 8 11tH 2.4 0
ISa Dialysis 30 1.5 20 0.12 1.3

Ra {DOC & 38100 + + tttt 3.7 78 0.18
I

5.7AmAc***
R, (7.1%)**** 7.3 + + +
R:; (9.7%) 8.2 + + I

Ro (11.0%) 6.6 + * 4.3 73 0
I

3.1

R7 (12.3%) 11.9 + -Itt -Itt' 5.6 129 0

I

0 11

R~ (13.5%) 7.8 + tttt 4.0 0 2.3 8.3
Rg i (14.8%) 5.4 HJtj 2.9 74 0.12 8.7 43

RIO 1(17.0%) 10.4 HJtj 24 0.07 i
3.7 31

Rll 1(29.0%) 1.3 -Itt 0
I

* Color of samples: G, green; Y, yellow; R, red ** Oxido-reductase activities are expressed
as /Lmoles of cyt. c or ferricyanide reduced per mg protein per min at 30°. *** Addition of
0.5 mg deoxycholate per mg of protein in a protein concentration of 10 mg per ml and am­
monium acetate in final saturation as indicated. ***'" PH of the solution must be checked and
adjusted at 8.0 with 5N KOH after the first addition of AmAc.

preparation. The greater part of NADH-cyt. c reductase activity was recovered
in Ra• The enzyme complex was purified during the procss of fractionation and
the fraction R7 shows the highest activity of the enzyme complex (5.6 I"moles
of cyt. c reduced per mg protein per min at 30°) and also shows the highest
activity of ferricyanide·cyt. c reductase (J 29 ltmoles of ferricyanide reduced per
mg protein per min at 30°).

The fraction Rg shows the highest enzymatic activity of QH:!-cyt. c reduc-
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QH2-cytochrome c Reductase 83

tase (43 /-'moles of cyt. c reduced per mg protein per min at 30°) as indicated

in Table 1. RIo is next most active after Rg• The speci,fic activity of this enzyme
complex in R 7 is about one-third that of RIo. For this reason QH2-cyt. c
reductase was purified from R g and/or RD. The purification process of QH2-cyt.
c reductase from the RIo, which showed the highest total activity and a high
specific activity of the enzyme complex, is shown in Table 2. The preparation

Table 2 Further purification of QH2-cyt. c reductase from the crude preparation
of the enzyme complex (RIO) by the fractionation with ammonium

sulphate in the presence of cholate.

Preparation Protein Color of samples Q2H2-
Fractions Procedures recovery White tone I

cyt. c
Red tone reductase*

(%)

RIO {Cholate. 100 -ttl-
I

20ammo sulf. **
RlO-Rl (39%) 32.4 ItItl ± 5.3

RlO-R2 (43%) 28.4 * -H+

I
21

RIO- Fs (47%) 21.2 ItItl 48

* QH2-cyt. c reductase activity is expressed as ILmoles of cyt. c reduced per
mg protein per min at 30°.

** Addition of 0.4 mg cholate per mg of protein and ammonium sulfate in
final saturation as indicated.

of purified QH2-cyt. c reductase (RwFs) thus obtained shows a high specific
activity of the enzyme complex (48 /-,moles of cyt. c reduced per mg protein per
min at 30°) and is completely or almost completely free of NADH-dehydroge­
nase, succinic dehydrogenase, NADH-cyt. c reductase, succinate·cyt. c reduc­
tase, as well as cyt. c oxidase activity.

Composition of QH2-cyt. c reductase: The cytochrome concentrations in
the purified QH2-cyt. c reductase (RwFs), estimated from the difference spectra
between the oxidized and reduced forms, were as follows: cytochrome b, 9. 5
m/lmoles; cyt. Cll 4.5 m/-,moles per mg protein. Cyt. c and cyt. a were
absent. As has been previously mentioned, the QH2-cyt. c reductase was com­
pletely free from succinate- as well as NADH·cyt. c reductase activities. The
enzyme complex also does not show any ATPase activity.

Electon microscope observation: Electron microscope observations of ma­
terials from each step through the fractionations have been performed by nega­
tive staining. In this instance, the main findings with respect to QH2-cyt. c
reductase are presented. Fig. 1 is an electron micrograph of the highly purified
QH2-cyt. c reductase. The particles of the enzyme complex are about 120 Ain
diameter and show somewhat irregular form, probably due to the orientation
of the faces of the particles. In the same photograph a structure, which appears
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to be a rod-like arrangement of the particles, can be seen in some places. It is
difficult to see the particles of such structure in the intact mitochondrial memb­
rane. The enzyme complex is observed also in an aggregated form as illustrated
in Figs. 2 and 3. Fig. 3 is an electron micrograph of the enzyme complex which
was frozen and thawed before sampling. In the aggregates, each particle shows
an almost uniform structure (round or polygonal) and uniform size (about 95 A
in diameter). Some of these particles exhibit an electron opaque core. The
fact that a transitional state between the isolated complex and the aggregated
complex can be seen (as illustrated in Fig. 2), indicates that the isolated enzyme
complex in Fig. 1 is the unit or building block from which the aggregates shown
in Fig. 3 arise.

There are seen two major patterns in R JO (Fig. 4). The one is aggregates
of particles which is similar to that of the QH2-cyt. c reductase previously men­
tioned. The other is the structure in which several head pieces are arranged
with stalks on thread-like base-pieces. As a result of systematic analysis through
the process of purification of QH2-cyt. c reductase from RIO, the former was
collected mostly in RwFs, while the latter was collected in RlO-R1 and Rw R2•

The pattern of R g is much the same as that of RIO'

The major pattern of the fraction of NADH-cyt. c reductase (R7) was simi­
lar to the aggregates of QH2-cyt. c reductase (Fig. 5). When NADH-CoQ redu­
ctase and QH2-cyt. c reductase from the fraction (R7) were isolated and purified,
the fine structure of the partially purified NADH·CoQ reductase exhibited thin
membraneous fragments and filamentous structures, while QHz-cyt. c reductase
isolated from the fraction is the same as that previously mentioned. The fact
that the pattern of NADH-CoQ reductase mentioned above could not be found
in R7 probably means that in R7 the NADH-CoQ reductase is covered or inter­
mingled with QH2-cyt. c reductase.

It is important to know how the QH2-cyt. c reductase is arranged and
organized in the mitochondrial membrane. In practice, regular arrays of head­
pieces covering the surface of ETP and the inner surface of the crista of mito­
chondria interfere the observation of QH2-cyt. c reductase. When mitochondria
were treated with deoxycholate (0.1 mg/ mg protein) and KCI (72 g/I), the
cristae were divided into two major components. One is a submitochondrial

Fig. 1 QH2-Cyt. c reductase negatively stained with phosphotungustate (PTA) immediately
after purification from beef heart mitochondria. Most of the enzyme complexes have
an isolated particulate form with average diameter of 120 A. Final magnification was
x140, 000.

Fig. 2 QH2-cyt. c reductase purified and neagatively stained as described under the methods.
The enzyme complexes have an isolated particulate form in some places and looselyag­
gregated form in other places. Between these two forms transitional states are ob­
served. Final magnification was x 112, 000.
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QH2-cytochrome c Reductase 87

membrane (brown membrane) containing electron transfer components and
depleted of the head-pieces, stalks and the thread-like base-pieces. The
other is a part of the elementary particle consisting of several head-pieces connected
with stalks to thread-like base-pieces. On the surface of the former (brown
membrane) possibly containing QH2-cyt. c reductase and other terminal electron
transfer components, there were observed regular arrays of small particles (ab­
out 82 A) in diameter with a center to center distance of about 100 .A (Fig. 6).
These particles might be the QH2-cyt. c reductase as will be discussed later.
Concerning the latter, possibly oligomycin sensitive ATPase, a report will be
made in a separate paper.

DISCUSSION

As described previously, in order to understand the biochemical functions
of mitochondria, it is important to study the molecular organization of the mito­
chondrial membrane. Concerning this problem, there are many reportsll.l2.1S,H,
lh,16. However, up to the present few reports dealing with the arrangement or
organization of the components of the respiratory chain of mitochondria are
available12

•

As regards the molecular structure of QHtcyt. c reductase, FERNAN DEZ
MORAN et al.12 reported that QH2-cyt. c reductase appeared as an electron opa­
que series of particles approximately 40 to 50 A in diameter. However, the
electron micrograph presented in their paper did not show any precise structure
of the enzyme complex nor any relation to the mitochondrial membrane. The
photograph merely shows the pattern of the aggregated form of the complexes.

In the present paper the authors elucidated the molecular structure of the
complex and studied how the complexes are arranged and organized in the mito­
chondrial membrane. Concentrations of cyt. band Cl of the QH2-cyt. c reductase

Fig. 3 QH2-cyt. c reductase which was frozen and thawed before negative staining. The
enzyme complexes are observed mostly in an aggregated form. Final magnification
was x 112, 000.

Fig. 4 An electron micrograph of RJO (a crude fraction of QH2-Cyt. c reductase).
There are seen two major patterns in this fraction. The one is aggregates of particles
similar to that of the QH2-Cyt. c reductase. The other is the structure in which several
head pieces are arranged with stalks on the thread-like base pieces. Final magnification
was x 112, 000.

Fig. 5 The fraction of NADH-cyt. c red~ctase (R7) negatively stained with PTA. The major
pattern of the fraction is similar to the aggregates of QH2-cyt. c reductase. Final
magnification was x 140, 000.

Fig. 6 A submitochondrial membrane, brown membrane, obtained from beef heart mitochon­
dria by treatment with DOC (0.1 mg/mg protein) and KCI (72 gil). On the surface
of the submitochondrial membrane, which are depleted of the head pieces, stalks and
thread-like base pieces from the inner membrane of mitochondria, there are observed
regular arrays of small particles (about 82 A in diameter with center to center distance
of about 100 A). Final magnification was x112,000.
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presented in this paper are 9.5 mlJ.moles per mg protein and 4.5 m/lmoles per
mg protein, respectively, which are higher than the values reported by HATEFI
et al.6 Although it is difficult to compare the specific activity of the complex
with those of others since the assay conditions are somewhat different, the fact
that the complex shows a high specific activity suggests that the cyt. band Cl

are in a complex form. As has been described above, the size and form of the
purified enzyme complexes slightly differ from that of the particles in the ag­
gregates, but a transitional state was observed between them. There are
many possibilities to explain why the form of QH2-cyt. c reductase changes in its
isolation from that in the aggregates or in the mitochondrial membrane. The
change could result from the difference of angles at which faces of the particles
are observed, or that the particles are flattened by the surface tension during
the process of negative staining. As has been described above, the particles ob­
served in NADH-cyt. c reductase fraction may be considered to be QH2-cyt. c
reductase itself.

On the surface of the brown membrane obtained from mitochondria by
treatment with DOC (0.1 mglmg prot.) and KCl (72 gil), electron microscope
observation reveals regular arrays of particles, which frequently exhibit electron
opaque cores. These particles are similar to those of NADH-cyt. c reductase
and the aggregates of QH2-cyt. c reductase, only except that they are a little
smaller than those of QH2-cyt. c reductase. When negatively stained particles
are observed by electron micoscopy, in general, the particles arranged closely
on the surface of a membrane are observed to be a little smaller than the same
particles in the isolated form or in loose aggregates. The surface structure of
the cytochrome oxidase-rich submitochondrial membrane 2a

,2b, which was obtain­
ed from beef heart mitochondria after extraction of cyt. b, C, Cl and NADH-
dehydrogenase, distinctly differs from that of the brown membrane. These facts
suggest that the particles on the surface of the brown membrane are QH2-cyt. c
reductase.

SUMMARY

For the purpose of revealing the molecular organization of the mitochondrial
membrane the authors attempted to clarify the fine structure of reduced coenzy­
me Q-cytochrome c reductase and also studied how the CoQH2-cyt. c reductase
is arranged in the mitochondrial membrane by systematic analyses of fractions
from the purification process of CoQH2-cyt. c reductase.

1. Purified CoQH2-cyt. c reductase contained high concentration of cyt. b
(9.5 m/J.moles per mg protein) and cyt. Cl (4.5 m/J.ffioles per mg protein), and
was almost free from cyt. c, a, flavoproteins, primary dehydrogenases and
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ATPase. The enzyme complex also showed a high specific activity (48 pmoles of
cyt. c reduced per mg protein per min at 30°).

2. CoQH2-cyt. c reductase was composed of particles of about 120 .A in
diameter with irregular form, some time exhibiting electron opaque cores. In
the loose aggregates of the particles, the size of each particle was about 95 A in
diameter.

3. An intimate correlation was observed between the particles of CoQH2­

cyt. c reductase and those on the surface of the NADH-cyt. c reductase fraction.
4. Regular arrays of uniform particles (about 82 A in diameter with a

center to center distance of about 100 A) were observed on the surface of the
submitochondrial membrane (brown membrane) obtained from beef heart mito­
chondria by treatment with deoxycholate (0.1 mg / mg protein) and KCI (72
gil). The correlation between these particles and CoQH2-cyt. c reductase was
discussed.
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