Vol. 35, No. 3, 1969 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

RESPIRATORY CONTROL AND K+ TRANSPORT IN SUBMITOCHONDRIAL PARTICLES

Ronald S. Cockrell and Efraim Racker
Section of Biochemistry and Molecular Biology
Cornell University, Ithaca, New York 14850

Received April 8, 1969

Respiratory control as measured by stimulation of respiration by an un-
coupler has been demonstrated in certain submitochondrial particles after
treatment with the energy transfer inhibitor, oligomycin (1). Similarly,
respiratory control may be induced in ASU.particles by treatment with DCCD,
dicyclohexylcarbodiimide (2). The latter system has provided means by which
the earliest stages of energy conservation in highly resolved submitochondrial
particles may be examined.

In the present study it was found that submitochondrial particles are
capable of energy-linked K transport and that this expenditure of energy
causes the release of respiratory control induced by DCCD. Evidence is also
provided that respiratory control can be achieved in highly resolved submito-
chondrial particles by means of purified coupling factors without addition of

oligomycin or DCCD.

RESULTS AND DISCUSSION

We have examined the capacity of permeability modifying antibiotics (3,4)
to release DCCD-induced respiratory control in ASU-particles oxidizing DPNH.
In agreement with observations from several laboratories, it was found that
valinomycin in the presence of relatively low concentrations of K+ uncouples
oxidative phosphorylation in intact mitochondria (3,5) but not in submito-
chondrial particles (6-8). However, at very high k" concentrations a small
uncoupling effect by valinomycin has been reported (9). It was demonstrated,
however, that valinomycin markedly uncouples submitochondrial particles in the
presence of NHE (10). As shown in Table I valinomycin released DCCD-induced

respiratory control in submitochondrial particles provided NHE was present.

+
Under identical conditions K+, Rb+ or Cs did not substitute for NHZ. In
the presence of nigericin which alone or together with K" had little or no

effect, valinomycin released the respiratory control. The dependency of this
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+
effect on X 1is also shown in Table I. Uncoupling dependent upon the combina-
tion of K+, valinomycin and nigericin has been demonstrated in chromatophores

from Rhodospirillum rubrum (11) and in submitochondrial particles (10, 12).

TABLE T
EFFECT OF CATIONS AND ANTIBIOTICS UPON RESPIRATORY CONTROL

O2 Consumption

(mpatoms/min/mg prot.)

+Val
- Valinomycin + Valinomyecin Ratio -Val
Addition(s)
R
Tris 112 132 1.2
K" 109 12k 1.1
Ro* 106 136 1.1
cs’ 107 129 1.2
NH), 146 500 3.6
+
X 125 141 1.1
Tris® + Nigericin 72 99 1.4
K+ Nigericin 118 438 3.7

ASU-particles were incubated at 0-4°%. for 10 minutes with 70 n-moles
DCCD/mg and then suspended in medium consisting of 0.25 M sucrose, 20 mM Tris-
acetate (pH 7.5) and 1 mM DPNH at a final concentration of 0.36 mg/ml. Chloride
salts of the indicated cations were added at final concentrations of 20 mM and
valinomycip and nigericin, when included, were present at final concentrations
of 4 x 10"'M and 2 x 10'7M, respectively. Oxygen was measured polarigraphically
in a total volume of 1.2 ml at 22°C.

This similarity between submitochondrial particles and bacterial chromatophores
extends also to the directionality of K+ transport as indicated by the results
summarized in Figure 1.

Submitochondrial particles treated with DCCD accumilated a limited amount
of K which was released on addition of valinomycin. Nigericin stimulated K+
uptake, which was reversed or prevented by valinomycin. Both the spontaneous
and nigericin-stimulated K+ ion movements were found to depend upon the anion
added. Nog was particularly effective in stimulating K+ transport. As in in-
tact mitochondria, these movements of K were energy-linked since they were
prevented by rotenone (0.2 pg/mg) or FCCP, trifluoromethoxycarbonyleyanide-

phenylhydrazone (0.76 uM). It should be noted that in intact mitochondria,
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Figure 1. A-particles incubated 30 minutes with 35 n-moles DCCD/mg at
0-4° ¢. were employed at a final concentration of 3.2 mg/ml. The medium
contained 0.25 M sucrose, 20 mM Tris-NO, (pH 7.5), 0.2 mM KC1, 0.5 mM DPN
and 8.7 mM ethanol in a final volume of33 ml at 22° C. Respiration was
activated by addition of yeast alcohol dehydrogenase, ADH (8.7 ug/ml). Net
changes in K' ion were determined by means of the Beckman 39047 cation
electrode connected through a Corning expanded scale pH Meter to an Esterline
Angus recorder. When included, nigericin, NIG (8 x 1077 M) was added before
activation of respiration; valinomycin, VAL (6.4 x 107! M) was added as
indicated.

valinomyecin stimulates the uptake of K+ and nigericin catalyzes the release of
accumulated K+ (13). This apparent reversal of membrane polarity supports the

proposal that submitochondrial particles are "inside out” (1) and is in line

with the observations that the direction of energy-linked H+ ion translocation

in submitochondrial particles is opposite to that of intact mitochondria (1L, 15)
Induction of respiratory control in submitochondrial particles by energy

transfer inhibitors is therefore accompanied by restoration of K+ transport.

It has been proposed that nigericin acts by stimulating exchange between K+ and

H+ ions (13). Since respiration in submitochondrial particles has been shown

to result in an inward flux of H' it appears that nigericin stimulates K uptake

via exchange with internal H+ ion. Thus the uncoupling effect of valinomycin

in conjunction with nigericin can be explained in terms of an energy-dependent

cyclic cation transport (12, 13). The uncoupling effect of valinomycin plus

NH; in the absence of nigericin is seen as & similar cyclic cation transport

facilitated by the spontaneous penetration by NH3 (16) into the particles where

it combines with H to form NHZ which is extruded in the presence of valinomycin.

These observations may be interpreted in terms of the chemiosmotic coupling
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Figure 2. The conditions were the same as described in the legend to
Table I. Rutamycin (4.5 pg/mg) and FCCP (4 pM) were added as indicated.
When treated with coupling factors, the ASU-particles were incubated with

(18) (115 pg/mg) or Fy + F (19) (90 pg/mg) for 20 minutes at room
temperature. >

mechanism of Mitchell (17) in which it is proposed that H+ ion transported into
submitochondrial particles generates a membrane potential and pH gradient. If
it is assumed that nigericin catalyzes an electrically neutral exchange of K"

for H+, this exchange would collapse the pH gradient without effecting the mem-
brane potential (11, 17). Therefore, the nigericin-stimulated K uptake should

not cause uncoupling. Similarly, spontaneous NH, uptake would result in a

collapse of the pH gradient by neutralization of3internal H+ ion (forming NHE
inside) without effecting the membrane potential. Valinomycin would uncouple
in either case by conducting K or NHI outward as charged complexes (13) there-
by collapsing the membrane potential.

Whether cyclic cation transport per se or similtaneous collapse of a mem-
brane potential and pH gradient is the basis of uncoupling by the antibiotics,
there is apparently a close relationship between the release of respiratory
control and ion transport in submitochondrial particles.

In an attempt to related these observations to physiological respiratory
control in the absence of energy transfer inhibitors, the influence of purified
coupling factors upon the respiration of submitochondrial particles has been
examined. In Figure 2, respiratory control in ASU-particles treated with ruta-
mycin {cf. ref. 1 for oligomycin effects) is compared to similar effects obtained

by addition of F (18) and F5 (19). Treating ASU-particles with F, resulted
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in a partial irhibition of DPNH oxidation which was not relieved by FCCP.
After treatment with both Fl and FS respiration was further inhibited but
was now stimulated by FCCP. That this respiratory control required both Fl
and F5 is indicated by the results shown in Figure 3. The ratio of the

rates of respiration in the presence to those in the absence of FCCP is
plotted as a function of the quantity of coupling factor added. No significant
respiratory control was obtained with either Fl or F5 alone whereas the control
ratio roge to 2.2 with increasing F5 levels in the presence of saturating

amounts of F,. Heating F, or F5 (5 minutes at 70°) abolished their activity.
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Figure 3. The conditlions were the same as described in the legend to
Figure 2 and the indicated quantities of F, and F_ incubated with ASU-
particles for 20 minutes at room temperature.

Although the maximm degree of respiratory control obtainable thus far with
Fl and F5 was less than that elicited with energy transfer inhibitors (Figure 2)
it should be pointed out, that in order to obtain high P:0 ratios in these
particles additional coupling factors (F2 and F3) are required (20). Stim-
lation of respiration by ADP and Pi has not as yet been demonstrated which may
also indicate a need for additional factors. Since the F5 preparation still

contained considerable amounts of F3 an exact delineation of the coupling factor

requirement cannot be made at this time.

In any case, it is apparent from these experiments and from observations

that the energy-dependent enhancement of fluorescence of 8-anilino-l-naphthalene
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sulfonate (21) is lost in resolved submitochondrial particles but can be re-
stored by addition of coupling factors (22), that the process of energy conser-

vation can be restored to a large extent to highly resolved particles by addition

of natural mitochondrial components. Whether the effect of coupling factor in

these experiments is structural (2) rather than catalytic is under investigation.
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