Vol. 4, No. 5, 1961 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ATP INDUCED OXIDATION OF EXOGENOUS CYTOCHROME C IN TERMHINALLY
INHIBITED PHOSPHORYIATING PARTICLES
Britton Chance and Ulla Fugmann
Johnson Research Foundation

University of Pennsylvanisa
Pailadelphia, Pennsylvania

Received February 17, 1961

In previous experiments, an ATP-induced oxidation of mitochondrial
cytochrome (Chance,B. 1961 a,b) has been shown to accompany an energy-
linked reduction of pyridine nucleotide in mitochondria (Chance and
Hollunger, 1960) which have been rendered anaercbic by treatment with
dithionite or which are terminally inhibited by cyanide or hydrosulpaide.
This reaction has been observed in several types of mitochondria:
rat liver, rat brain, and pigeon heart. This type of experiment identifies
reversed electron transfer in the cytochrome chain and provides &
measure of the kinetics and stoichiometry of the ATP-to-electron transfer
reaction. The intact nitochondrial preparations studied are inpermeable
to added cytochrome ¢ and thus are not suitable for a demonstration of
the oxidation of "substrate" amounts of reduced cytochrorie by addition
ol ATP. In nore recent experiments subnitochondrial pariticles have been
obtained from digitonin treated preparstions of pigeon heart mitochondria
(U. Fugmann, unpublished observations); these particles react readily
with added cytochrone c. Ooservations of the oxidation of added cyto-
chrome ¢ on addition of ATP to cyenide or sulfide-inhibited digitonin
particles are reported here.

taterials and ilethods'

A double~bean spectrophotonieter (Chance,l1954) with attached recording
fluoroneter (Chance, Conrad, and Legalleis, 1958) was used for recording
the oxidation of endogenous or added cytochrone ¢ using 550 np as a measur-

ing wave length and 540 mp as a reference wave length (550-540 nu).
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Reduction of pyridine nucleotide was measured fluorometrically with
365 nmp excitation and 450 mp measurement.
Preparations

Pigeon heart mitochondria prepared according to the method of
Hogihara (Chance and Hegihara, 1960) were treated with digitonin
according to the general procedure described by Devlin and lehninger
(1958) but modified specifically by one of us (U.F., unpublished
observations). The particles obtained show a high phosphorylation
efficiency and values of respiratory control 2 in the presence of
glutamate and malate. In addition, they retain considerable pyridine
nucleotide. The reaction medium consisted of 0.27 M mannitol, 0.03 M
sucrose, 0.02 M "tris" (pH T.4) and 1.7 mM versene. The temperature
of the experiments was 26°.

Highly purifitd eytochrome ¢ prepared from pigeon breast muscle
was used ( courtesy Dr. B. Hagihara).

Experivental Procedure

The o:d.dation of cytochrone ¢ was studied as follows (ef Fig 1).
The digitonin particles were suspended in the reaction medium and
treated with 330 pM sulfide. Traces of endogenous substrate caused
reduction of cytochrome ¢ to be largely complete in about 4O seconds.
In this way the contributions of mitochondi'ial and added cytochrome
were separately evaluated. 670 pM ATP was then rapidly stirred into
the suspension and the extent and rate of oxidation of ferrocytochrome ¢
was recorded with the double beam spectrophotometer. The extent and
ra.'te of reduction of pyridine nucleotide was simultaneously recorded
fluorconmetrically.

Experimental Results

Figure 1 illustrates a typical experiment. Addition of sulfide
causes & reduction of 0.8 WM endogenous cytochrone ¢. Addition of ferri-

eytochrome ¢ leads to its reduction and the optical calibrations indicate

318



Vol. 4, No. 5, 1961 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Pyridine Nucleotide Reducﬁonl
365~—+450mpu

330uM Na,S
¢ l 3.1uM Ferri Cytochrome-c
. ————

1.3uM DPNH

’PM

Endogenous
Cytochrome-c

Y,

Exogenous
Cytochrome-c

Cytochrome-c

Cytochrome-c Oxidationr
550-540mp
log Is/1=0.005 (0.5¢m)

l-——SOsec —I-l

Fig. 1. IMustrating the reduction of endogenous cytochrome ¢ and of
exogenous cytochrome ¢ in & sulfide-inhibited preparation. Additionm
of ATP causes oxidation of exogenous cytochrome c and reduction of
endogenous pyridine nucleotide. Digltonin particles of pigeon heart
mitochondria (0.8 M cytochrome c¢). 26° C. (Expt. 276b).

the formation of 3.1 M ferrocytochrome c. Addition of ATP causes an
oxidation of 2.7 M cytochrome c, 3 times the amount of the endogenous
material, Thus st least 1.9 M exogenous cytochrome ¢ 15 oxidized. The
fluoroneter records the similtaneous reduction of mitochondrial pyridine
mucleotide.

The record indicates the oxidation to be stable for a comsidersable
interval; this is aue to the low "ATRase” activity of the preparation.

Since mitochondrial cytochrome ¢ was approximately 25 per cent of
the total in the experiment of Figure 1, it vwas considered desirable to
repeat the experiments over a range of mitochondrial concentrations so
that the oxidation of exogenous eytochrome ¢ could be demonstrated withe
out any question of the contribution of the endogenous material. The
results of such experiments are showr in the graph of Flgure 2 vhere we

bave plotted the micromolar concentration of cytochrome observed to be
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Fig. 2. Effect of variation in the concentration of particles (as
evaluated by the micromolar comcentration of cytochrome c (abscissa))
on the ATP-induced oxldation of cytochrome. In all experiments, the
concentration of exogenous cytochrome c was 3=} M. Other conditions
as in Fig. 1. (Expt. 276b).

oxidized by 670 M ATP-against the micromolar concentration of mitow
chondrial cytochrome c. This graph clearly shows that the oxidation of
reduced cytochrome ¢ by the particles in the mresence of ATP does not
involve an unlimited turmover of cytochrome ¢, and that presumably omly
a stoichiometric amount can be oxidized. At low mitochondrial concen-
trations, the curve rises sbruptly, the initial slope corresponding to
about 10 molecules of exogenous cytochrome ¢ oxidized per molecule of
endogenoubs cytochrome c. At higher concentrations of mitochondrial .
cytochrome ¢, the curve takes on a flatter slope. ".me reaction is

- completely inhibited by 3 y/ml oligomycim and is more than 50 per cenmt
inhibited by 1 7/ml hydroxyquinoline N-oxide.
Discussion

The oxidation of emgeipus cytochrome c in phosphorylating perticles

to which the materiasl is accessible proceeds rapidly and to a high degree
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of completion. The amount of reduced cytochrame ¢ which can be oxidized
by such preparations appears to reach a limiting ratio of roughly 10
molecules of cytochrome c¢ oxidized to 1 molecule of cytochrome ¢ rresent
in the particles. VWhile this ratio closely approximetes the ratio of
pyridine nucleotide (1 electron equivalents) to cytochrome ¢ character-
istic of these particles, only a portion of the total pyridine nucleotide
is reduced. Thus, other substances may also act as electron acceptors for
oxidation of cytochrome ¢ under these conditions, Figure 1 clearly shows
that the rate of the reaction is rapld. Thus, at low mitochondrial cone
centrations the "furnover number" of endogenous cytochrome ¢ in oxidation
of exogenous cytochrome ¢ exceeds 1 sec'l. This rate is no less than the
rate of oxidation of endogenous cytochrome c.

‘i‘ﬁe nature of the oxidant for exogenous cytochrome ¢ requires conm-
sideration. It has been observed spectroscoplically that ATP causes the
oxldatlon of not only endogenous cytochrome ¢ but also of cytochrome a -
(Chance, 1961 a, b). Since cytochrome a is an effective oxidant for
cytochrome ¢, we are inclined to believe that it is the oxidant for
cytochrome ¢ under these conditions. In this case we would be observing
that the cyanide- or sulfide-inhibited cytochrome oxidase can oxidize
ferrocytochrome ¢ by reversed electron transfer.

This interesting reaction suggests new approaches to the mechanism
of phosphorylation and the process of electron transfer.

Summaxry

The oxidetion of exogenous cytochrame ¢ on addition of ATP to a
suspension of sulfide-inhibited digitonin particles from pigeon heart
rmscle has been demonstrated. The reaction is rapid and reaches a degree
of completion depending upon stoichiometric comsiderations; roughly 10
molecules of exogenous cytochrome ¢ can be oxidized per molecule of

endogenous cytochrome c.

321



Vol. 4, No. 5, 1961 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

References

Chance, B. (1954). Science 120, T67.

Chance, B. (1961s). DNature 189, in mress.

Chance, B. (1961b). In Proceedings of the IUB/IUBS Symposium on
Biological Structure and Fumction, Academic Press, Inc., New
York, in press.

Chance, B., Conrad, H., and Legallais, V. (1958). Program and
Abstracts, Biophysical Soclety Meeting, Cambridge, Mass., Pp. L,

Chance, B. and Hegihara, B. (1960). Biochem. Biophys. Res. Comm. 3, 1.
Chance, B. and Hollunger, G. (1960). Nature 185, 666.
Devlin, T. and Iehninger, A. L. (1958). J. Biol. Chem. 233, 1586.

322



