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Summary

The binding of cytochrome ¢ to the cytochrome bc; complex of bovine
heart mitochondria was studied. Cytochrome ¢ derivatives, arylazido-labeled at
lysine 13 or lysine 22, were prepared and their properties as electron acceptors
from the bc, complex were measured. Mixtures of bc, complex with cyto-
chrome ¢ derivatives were illuminated with ultraviolet light and afterwards sub-
jected to polyacrylamide gel electrophoresis. The gels were analysed using dual-
wavelength scanning at 280 minus 300 and 400 minus 430 nm. It was found
that illumination with ultraviolet light in the presence of the lysine 13 deriv-
ative produced a diminution of the polypeptide of the bc; complex having
molecular weight 30000 (band IV) and formation of a new polypeptide com-
posed of band IV and cytochrome c. Band IV was identified as cytochrome c,,
and it was concluded that this hemoprotein interacts with cytochrome ¢ and
contains its binding site in complex III of the mitochondrial respiratory chain.
Illumination of the bec; complex in presence of the lysine 22 derivative did not
produce changes of the polypeptide pattern.

Introduction

In recent years various techniques have been applied to the mitochondrial
respiratory chain in order to elucidate the sequence of its electron transfer
components. Spectroscopic techniques have been used, where applicable, to
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ing a nitroazidobenzene ring attached at lysine residue 13 and 22, respectively.
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establish the sequence of reduction of the electron carriers and their standard
redox potentials.

On the basis of kinetic evidence [1] it was found that cytochrome ¢, donates
electrons to cytochrome c. Measurements of the standard redox potentials [2]
of these cytochromes would indicate the same order. The mentioned sequence
is also supported by results from studies with electron flow inhibitors [3].
Direct evidence, that cytochrome ¢, is the binding site for cytochrome ¢, how-
ever, is not yet available. Many other subunits may play a role in the be¢;, com-
plex as binding site(s) for cytochrome ¢ and the kinetic data would not reveal
them if they had no spectroscopically detectable group. On the basis of its
accessibility to dissociating agents and its high midpoint potential it is conceiv-
able, for example, that the iron sulfur protein functions between cytochrome
¢, and ¢ [4].

More recent experiments were devised to elucidate the structural aspects of
the interaction between cytochrome ¢ and cytochrome bc, complex. It was
shown that the same lysine residues of cytochrome ¢ became shielded when
this protein formed a complex with cytochrome ¢ reductase or with isolated
cytochrome ¢; [5]. Also stability constants of these complexes, as well as of
the complex formed between the cytochromes ¢ and b were measured. The
results indicated that cytochrome ¢ combines with cytochrome ¢ reductase
[5,6] and isolated cytochrome c¢; [5,7] but not with isolated cytochrome b
[5]1. The interaction of other subunits of complex IIl with cytochrome ¢ has
not yet been studied. On the other hand, the region of the cytochrome ¢ mole-
cule interacting with the reductase has been defined {8,9].

In the investigation reported here, the binding of arylazido derivatives of
cytochrome ¢ to the purified bc; complex was studied. Upon illumination, the
azido group was converted to a nitrene [10] able to react with the nearest C-H
bond and consequently to cross-link the cytochrome ¢ derivative to its binding
site.

Similar experiments to those reported here were already performed to
identify the subunit of cytochrome ¢ oxidase interacting with cytochrome ¢
[11].

Materials and Methods

Preparation of the bc, complex and measurement of its enzymatic activity

Mitochondria were prepared from bovine heart according to the method of
Blair {12]. The bc, complex was isolated according to Hatefi and Rieske
[13,14] and stored in small portions at —80°C. Enzymatic activity was mea-
sured according to the procedure of Wan-and Folkers [15] using Coenzyme @,
as a substrate, which was reduced as described in Ref. 14,

Preparation of arylazido-cytochrome c derivatives

The arylazido labeling of cytochrome ¢ was performed as described [11].
The cytochrome ¢ was dissolved in 1.4 ml of 0.1 M sodium bicarbonate buffer,
pH 8.5. 9 mg of 4-fluoro-3-nitrophenylazide in 100 pl of ethanol was added.
The reaction was carried out in the dark with continuous stirring at 37°C. After
50 h, the reaction mixture was centrifuged in a bench centrifuge and the super-
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natant passed through a Sephadex G-25 column equilibrated with 10 mM
ammonium phosphate, pH 7.2. The labeled products were fractionated on a
carboxymethyl-cellulose column (1 X 55 cm). Fractions of labeled cytochrome
¢ were eluted over a period of 18 h with 25 mM ammonium acetate, pH 7.2 at a
flow rate of 12 ml/h. The distribution of labeled cytochrome ¢ showed two
peaks, the former indicating a ratio of azido groups per cytochrome ¢ molecule
of more than two and the latter a ratio of two. Afterwards, the ammonium
acetate concentration was increased linearly to 200 mM, the pH being main-
tained at 7.2, and fractions of singly-labeled and non-labeled cytochrome c
were eluted. These fractions were dialysed against distilled water and concen-
trated by lyophilisation. The number of azido groups per cytochrome ¢ mole-
cule was determined from the ratio of absorbance at 480 nm to that at 408 nm
and by electrorhoresis on cellulose acetate strips in 50 mM Tris acetate, pH
7.2, at 200 V for 1h. The location of the azido groups in the cytochrome ¢
molecules was inferred [11] using pepsin digestion [16] followed by chro-
matography of the digests on thin layer plates in the solvent mixture 1-butanol/
acetic acid/pyridine/water (10 : 15: 3 : 12, v/v).

Interaction of cytochrome ¢ with the bc, complex

A sample of isolated be, complex was thawed and dialysed overnight at 4°C
against 50 mM Tris-HCI, 0.4% sodium cholate, pH 8. The incubation mixture
consisted of 200 ug of the bc, complex, 25 mM Tris-HCl, 0.2% sodium cholate
and 12 pM cytochrome ¢ derivative, pH 8, in a volume of 400 ul. After 15 min
in the dark at 4°C, the mixtures were illuminated in glass cuvettes with a 100
watt ultraviolet lamp at 4°C for 1 h. After illumination, a small amount of
sodium dithionite was added to the samples to reduce non-reacted azide and
the mixture was passed through an Amberlite CG 50 column (5 X 20 mm)
equilibrated with 50 mM ammonium acetate, pH 7.2, to remove most of the
free cytochrome c¢. 50 ul of the eluate was mixed with the dissociating solution
(see below) in equal proportions and applied to the polyacrylamide gels.

Electrophoresis

Electrophoresis was performed according to Weber and Osborn [17]. The
protein was dispersed in the dissociating solution of 2% SDS, 10% mercapto-
ethanol, 50 mM sodium carbonate, 1 mM iodoacetic acid and 10% glycerol and
incubated for 15 min on ice before electrophoresis. The electrophoresis
apparatus was cooled with running water. The migration distance was about
7 cm. After electrophoresis the gels were placed in 12% trichloroacetic acid for
2h and then washed overnight with 10% isopropanol, 7% acetic acid. Sub-
sequently, they were put into quartz tubes and scanned with a gel-scanner
attachment for an Aminco DW-2A dual wavelength spectrophotometer built in
this laboratory [18]. Some gels were also stained with Coomassie blue as
described by Weber and Osborn [17] and their absorbance at 600 nm was
measured. Bovine serum albumin, ovalbumin, trypsin and cytochrome ¢ were
used as standards for molecular weight determination. In some experiments,
gels were also stained with tetramethylbenzidine to detect heme. Directly after
electrophoresis, the gels were placed into a warm saturated solution of tetra-
methylbenzidine in 10% isopropanol, 7% acetic acid and incubated for 15 min.
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They were then placed into the scanning cuvette filled with 30% hydrogen
peroxide. After 1 to 2 min the greenish-blue bands of heme-containing peptides
were developed and the gels were immediately scanned at 540 nm.

Materials

Horse heart cytochrome ¢ (type VI) was obtained from Sigma, 4-fluoro-3-
nitrophenylazide from Molecular Probes, Roseville, Michigan, and Carboxy-
methyl cellulose from Whatman. Coenzyme @, was a gift from Hoffmann-La
Roche, Basel, Switzerland. All other reagents used were of the highest purity
commercially available.

Results

Labeling of cytochrome ¢

Arylazido derivatives of cytochrome c, obtained from the reaction with
4-fluoro-3-nitro-phenylazide were separated by carboxymethyl cellulose chro-
matography into fractions of multi-, doubly-, singly- and non-labeled cyto-
chrome c. In the fractions of singly-labeled derivatives, only cytochrome ¢
labeled at either lysine 13 or lysine 22 should be present [11], and pepsin
digestion and thin-layer chromatography of the derivatives [16] were in agree-
ment with this. It was very difficult, however, to separate these two derivatives
on the ion exchange column. However, although the net charge of the deriv-
atives is exactly the same, the charge distribution is different in the lysine-13-
and the lysine-22-labeled derivatives of cytochrome c, thus allowing their com-
plete separation [11,19]. Although in our case it was impossible to obtain com-
pletely purified species, the ratio of lysine-13 to lysine-22 derivative became
smaller the later the fraction was eluted from the carboxymethyl-cellulose
column, The two fractions used in the present study are about 90% pure. They
will be called NAP-13-cytochrome ¢ and NAP-22-cytochrome ¢, indicating that
the corresponding derivative was largely prevailing.

Enzymatic activity

The enzymatic activity of the purified be, complex was measured with both
arylazido cytochrome ¢ derivatives as well as with native cytochrome c. In all
cases the activity measured varied between 5 and 6 umol of cytochrome c
reduced per mg of complex III per min when 10 uM coenzyme Q,; was used as
electron donor and 8 M cytochrome ¢ as acceptor. The activity was fully
inhibited by antimycin A at the concentration of 1 pg/ml.

Electrophoretic analysis of the polypeptide composition of native bc, complex
and of its derivatives cross-linked with cytochrome ¢

Fig. 1 shows the subunit pattern of the purified bc; complex as obtained by
scanning the unstained gel at 180 minus 300 nm directly after electrophoresis.
The enzyme contained seven polypeptides with molecular weights as indicated
in Table I. A very similar polypeptide distribution was obtained when the gel
was stained with Coomassie blue and scanned at 570 minus 530 nm (not
shown).

Scanning of the gel at 400 minus 430 nm (Fig. 1) showed that heme was



523

o
o
T

400 - 430 nm ———

Absorbance 280 - 300 nm
ot
o
wn

Direction of Migration —p

Fig. 1. Dodecyl sulfate polyacrylamide gel pattern of the isolated bc; complex as obtained by scanning
at 280 minus 300 nm (solid line) and at 400 minus 430 nm (dashed line).

associated with only one band (band IV, molecular weight 30 000). This band
can be attributed, therefore, to cytochrome c,, since this is the only polypep-
tide in the enzyme containing covalently bound heme. Staining of the gels with
tetramethylbenzidine gave the same result, further supporting the conclusion
that band IV of the enzyme is cytochrome ¢,. After the incubation and illu-
mination of the bc; complex in presence of native cytochrome ¢, the enzyme
underwent electrophoresis and the resulting gel was scanned at 280 minus 300
nm giving the pattern shown in Fig. 2a. No changes were observed in the high
molecular weight region in comparison with the pattern presented in Fig. 1. A
new polypeptide, having an apparent molecular weight of approx. 12 000 was
also detected from its absorbance at 400 minus 430 nm and furthermore was
stained by tetramethylbenzidine (not shown). This band, which was clearly
cytochrome ¢, remained associated with the bc, complex or, alternatively, with
lipids [20] present in the enzyme preparation and was not removed by passing
down the Amberlite column, v

When the bc, complex was incubated and iHuminated with NAP-22-cyto-
chrome c¢ present (Fig. 2b) the same result was obtained as with native cyto-
chrome c¢. No new band was formed, nor were other significant alterations of

TABLE 1

MOLECULAR WEIGHTS OF bcy SUBUNITS AS ESTIMATED FROM POLYACRYLAMIDE DODECYL-
SULFATE GEL ELECTROPHORESIS

Polypeptide Molecular weight (X1073)
1 53
11 50
II1 . 38
IV cytochrome cy 30
v 26
Vi 13

vl 12
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Fig. 2. Electrophoretic analysis and polypeptide composition of the bc; complex after illumination in the
presence of: (a) native cytochrome c¢; (b) NAP-22-cytochrome ¢; (¢c) NAP-13-cytochrome c. Solid lines,
scanning at 280 minus 300 nm. Dashed lines, scanning at 400 minus 430 nm, Experimental details are
described in Materials and Methods.
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the polypeptide pattern noticeable, suggesting that cytochrome ¢ labeled at
lysine 22 did not bind covalently to any subunit of the b¢, complex.

Fig. 2¢ shows the subunit pattern of the bec, complex after incubation and
illumination with NAP-13-cytochrome c. In the pattern obtained by scanning
the gel at 280 minus 300 nm the band attributed to cytochrome ¢ (as in Fig. 2a
and 2b) is visible, but in addition a new band of apparent molecular weight
of 45 000 appeared, while band IV (cytochrome ¢,) was diminished. The new
band absorbed also at 400 minus 430 nm, suggesting that it contained heme. It
is important to note that the molecular weight of this new band is approxi-
mately equal to the sum of the molecular weight of band IV plus that of
cytochrome c.

Discussion

Studies of the effects of lysine modifications on the interactions of cyto-
chrome ¢ with the bc, complex have provided a ‘map’ of the region of the cyto-
chrome c¢ surface involved in binding to the reductase. Ahmed et al. [ 8] found
that, at high ionic strength, cytochrome ¢ modified at lysine 22 has the same
ability to accept electrons as the native cytochrome ¢, whereas modification of
lysine 13 strongly inhibits electron transfer. It was concluded that lysine 13 is
involved in the binding of cytochrome ¢ to the bc, complex, whereas lysine 22
is not. A similar conclusion was reached by Speck et al. [9] and Rieder et al.
[21]. From these studies it can also be concluded that the regions of cyto-
chrome c¢ involved in the binding to cytochrome ¢ reductase or to cytochrome
¢ oxidase overlap to a large extent. Experiments carried out to identify the
polypeptide(s) of cytochrome ¢ oxidase which interact(s) with cytochrome ¢
have been undertaken with the use of photoaffinity labels covalently attached
to the lysine-13 or lysine-22 residues of cytochrome c. In fact, these two resi-
dues have the peculiarity of reacting most readily with 4-fluoro-3-nitrophenyl-
azide [11] and in addition, they are very useful in studying the interaction of
cytochrome ¢ with the oxidase or reductase since lysine 13 is in the center of
the binding area whereas lysine 22 is outside it [9].

From the studies discussed above, it was expected that NAP-13-cytochrome
¢ should cross-link with the be, complex whereas NAP-22-cytochrome ¢ should
not. '

Measurements of enzymatic activity of the bc; complex with cytochrome ¢
derivatives as electron acceptors showed that there is no change in the func-
tional properties of the derivatives. For all the types of cytochrome ¢ used, the
measured activities were identical. This is in agreement with Ahmed et al. [7]
who found that a derivative at lysine 13 is as active as electron acceptor as
native cytochrome ¢, if the enzymatic activity is measured at low ionic
strength. In all cases the activity was inhibited completely by antimycin A. It
can be inferred, thus, that the interactions of the bc, complex with the aryl-
azido derivatives of cytochrome c are the same as those with native cytochrome
c.

The formation of the bc,-cytochrome ¢ complex in the dark was studied
using arylazido derivatives under a variety of experimental conditons, such as
varying pH, ionic strength or concentration of cytochrome c. If the incubation
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was performed at low ionic strength (5—10 mM Tris-HCl, pH 8.0) a large
amount of cytochrome ¢ was bound-non-specifically to the bc, complex. This
resulted in the appeareance of a large band of molecular weight 12 000 follow-
ing polyacrylamide gel electrophoresis of the complex. It is possible that a com-
plex was formed between cytochrome ¢ and phospholipids present in the be,
preparation. On the other hand, at higher ionic strength (around 25 mM Tris-
HCl, pH 8.0) the preferential interaction of cytochrome c derivatives with the
protein moiety of the bc; complex was obtained. This is in agreement with the
observation of non-specific and specific binding of cytochrome ¢ to the be,
complex at low and high ionic strength, respectively [6]. Since it was impor-
tant to diminish the non-specific interaction of cytochrome ¢ with the enzyme
and its accompanying phospholipids and to reveal the specific interaction,
higher ionic strength was used in further investigations.

Illumination of the dark complex between NAP-13-cytochrome ¢ and the
reductase resulted in the formation of a covalent product. This product could
not be dissociated by high ionic strength or ion-exchange chromatography. The
polypeptide profile of the complex obtained after polyacrylamide gel electro-
phoresis in the presence of sodium dodecyl sulfate, resulted in a specific dimi-
nution of band IV of the reductase (apparent molecular weight of about
30000) and in the appearance of a new band (apparent molecular weight of
about 45000). This means that band IV (molecular weight 30 000) and cyto-
chrome ¢ (molecular weight 12000) form a cross-linked product of molecular
weight 45 000. This suggestion is supported by the evidence that the new band
formed had the absorbance of a heme-containing polypeptide on scanning the
gels at 400 minus 430 nm.

Since this is the only difference observed in the polypeptide profile of the
bc, complex affer cross-linking with NAP-13-cytochrome ¢, we conclude that
band IV of the bc,; complex is the binding site for cytochrome c. This band can
be unequivocally identified as cytochrome ¢, from the fact it is the only one
which absorbs at 400 minus 430 nm, and at 540 nm after staining with tetra-
methylbenzidine.

Tllumination of bc, complex in presence of NAP-22-cytochrome ¢ did not
result in any change of the polypeptide pattern. This indicates that lysine 22 is
not located in the region of binding of cytochrome ¢ to the bc; complex. A
similar result was found before, using the same photoaffinity label, for cyto-
chrome ¢ oxidase [11]. This is consistent with previous findings [9,21] that the
sites of binding of cytochrome ¢ with the oxidase and the reductase are very
similar,

In conclusion, the results presented in this study indicate that cytochrome
¢, is the binding site of cytochrome ¢ in the bc, complex.
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