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SUMMARY

Retention of sodium and chloride by washed mitochondria is described. The obser-
vations supplement data reported previously with respect to retention of potassinm

i. Cidy small amounts of sodium were retained after treatment with electrolvte-
free sucrose: 6.625-0.05 winvles/mg nitrogen or 1.0-2.9 pmoles/ml centrifuged peliet.
This sodium was not found to be completelv exchangeable with free sodium of the
surrounding fluids, and influx of sodium from the medium was not dramatically
stimulated by low concentrations (10~ M) of inorganic mercuric salts. These findings
differ from those reported with potassium and suggest retention by a different mech-
anism.

2. Rates of influx of radicactive sodium or potassium into mitochondrial sub-
stance were inhibited by high co.1centrations (10-1 M) of other cations in the suspend-
ing fluids.

3. Washed mitochondria re aine¢ small amounts, also, of chloride: 0.03-0.05
pmole/mg nitrogen. Retention wa- increased 3-4 fold after treatment with 2,4~
dinitrophenol, and this increase was assaciated with release of equivalent amounts of
inorganic phosphate. -

INTRODUCTION

Mitochondria retain a relatively stable form of potassiuin through washing procedures
using cold isotonic sucrose!.2. This potassium will exchange with free potassium in the
surrounding fluids but not with free sodium. On the basis of evidence summarized
previously®, it appears that potassium ions of the inner volume, between the walls,
are not restrained through the washing procedure and that ions retained are contained
directly in the substance of the wall and cristae.

The experiments of the present report describe absolute quantities and rates of
turnover of sodium and chloride of washed mitochondria. It is presumed that theseions
also are contained in the membranous substance, but other types of compartmentation
may exist.

METHODS AND EXPERIMENTAL PROCEDURE

Mitochondria were isolated, using conventional methods¢, from livers and kidneys of

rabbits that had been starved for 24 h. Sucrose, 0.25 M, buffered with Tris, 0.0025 M
¥
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(pH 7.4) was used throughout as the suspending medium during homogenization,
incubation and washing. As ihe standard experimental procedure, aliquots of once-
washed, freshly prepared mitochondria were incuibated for 10 min at 23° in 5 ml of the
buffered sucrose. Other reagents were included as described in the legends of the
figures. The incubations were terminated by centrifugation at 8ooo x g for 5 min,
and precipitates were resuspended and washed twice prior to analysis. Stable and
radioactive sodium and potassium, and mitochondrial nitrogen were determined with
use of methods described previously?. Mitochondrial chloride was analyzed by the
method of COoTLOVE®.

RESULTS

Quantities of potassium, sodium, and chloride retained by washed mif~zhondria.

The experiment summarized in Fig. 1 was designed to measure the amounic. of
porassium, sodium, and chloride that remain with the mitochondria through various
procedures of incubationn and washing. The first study (“‘control A”) gives values
obtained when the mitochondria were exposed only to the routine preliminary and
final washes. Next, for ‘“‘control B,” a 10-min incubation in isotonic sucrose was
interposed. The somewhat lower column for potassium indicates a loss during treat-
ment with a potassium-free solution at room temperature. In the next vessel the
mitochondria were incubated in 0.1 M KCl, and no decrease in the content of potas-
sium was observed. This suggests increased stability or some compensatory absorption
of potassium from the medium. When 0.1 M KCl was replaced by 0.x M Na(l, the
drop in potassium was observed again as in “contrc! B.” The amount of sodium
retained in this study remained small; but a :neacurable increase to approximately
twice the control values was observed.

pmotes/mg nif rgen

[
Control A Control 8 OIMKCI Q1M NaCl  OIM KCi
+ DnP

Fig. 1. Total amounis of potassium, sodinm and chlui.de retained by washed liver mitochondria.
Equal aliquots from a siugle preparation were incubated {ur 10 min at 23° in 5 ml of 0.25 M sucruse,
buffered with Tris, 0.0025 M (pH 7.4). This buffered sucrose was used throughout as the medium of
suspension for incubation and washing. Inaﬂh&mtbewypﬂp‘mﬂ.m washed mito-
chondruwueexpouedtotwoﬁndmhngprocedum “Control A, " no incabation period in-
cluded; “control B, aliquot incubaied in the buffered sucrume without added sodium or potassium.
Additional reagents were included during the incubation periods in the companion experiments
as indicated. DNP desizmates 2, 4-dinitropbeno’ 2-1073 M.
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In the final experiment, the mitochondria were incubated in the presence
of 2,4-dinitrophenol at 2- 10-* M, a concentration sufficient for complete inhibition of
oxidative phosphorylation. Here the potassium column ‘s significantly lower in
comparison to the measurement made in 0.1 M KCl without dinitrophenol; but the
more dramatic effect is the increase in the content of chloride. This aspect is con-
sidered in more detail with discussion of the data of Fig. 5.

Rates of influx of sodium and potassium

The data of Fig. 2 consider the rates at which exogenous potassium and sodium
ions are incorporated into the mitochondrial substance to become “bound” in such a
way that they are not removed by subsequent washing procedures with isotonic
sucrose. Mitochondria from rabbit kidney were exposed to 0.005 M and o.1 M KCl
label=d with 42K (upper curves) or 0.005 M anc: o v M N»(1 latcled with #2Na {lower
curves). The solid lines designate the total amounts retained and the dotted lines the
influx from the medium. Influx was calculated by dividing the radioactivity of the
washed mitochondria by the specific activity of the e ctrolvte of the incubation
medium.
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Fig. 2. Total amounts of potassium or sodium retained after s aiious times of incubation. The

dotted lines designate the influx as caiculated from measurements of the radioactivity of the

washed mitochondria. Equai aliquots of kidney mitochondria (1.3 mg nitrogen) were incubated in

5 ml of the buffered sucrose contaming 0.005 M or 0.1 M KCl labeled with 0.4 uC of #K and

simultaneously in 0.005 or 0.1 M NaCl labeled with 2 uC of #*Na. The mitockondria were washed
twice after incubation.

Influx of pntassinm was achieved without ipcrease in the total amount retained
which is indicative of exchange activity (see ref. 2.). On the other hand, influx of
sodium when the medium contained 0.1 M NaCl, was associated with an increase in the
total. In this case it appears as though most of the newly acquired material was simply
added io the original. The presence of some exchange activity, however, i< not ex-
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cluded. The data for both sodium and potassium demoistrate a larger influx with
exposure to higher concentrations of electrolyte.

Comparative effects of mercury upon influx of sodium and potassium.

The study of Fig. 3 presents a side-by-side comparison of the efiect of mercury
upon rates of influx of potassium and of sodium. Aliquots of liver mitochondris from a
single preparation were exposed to 0.005 M KCl labeled with **1 and separately to
0.005 M NaCl labeled with 22Na. The mitochondria were washed twice prior to analysis,
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Fig. 3. Effects of increasing concentrations of HgBr, upon the binding of potassium and sodium.

The solid lines refer to the total amounts of electrolyte retained after washing and the dotted lines

to the influx as calculated from measurements of the retained radicactivity. Equal aliquots of liver

mitochondria (0.9 mg nitrogen) were incubated for 10 min in 0.005 M KCl labeled with K and

simuitaneously in 0.005 M NaCl labeled with 33Na. Mitochondria were washed twice prior to
analysis.

As reported previously®, exposure to mercury, 10~° M, for 10 min induces release
of potassium and, simultaneously, a 4- to 6-fold increase in the rate of exchange or of
turnover of the material remaining. Increased rate of exchange serves to explain the
increased influx observed when the concentration of mercury was 10-5 M. At higher
levels the total amount retained was reduced greatly, and despite a high specific
ac.ivity, approaching that of the media, only small amounts of the labeled material
"vere retained.

Comparable observations of the effect of mercury upon sodium revealed two
important differences. First, the capacity to retain sodium was not abolished at the
higher concent:ations of mercury; and second, the caliculated influx did not exceed
20-30 %, of the total.

Inhibitson of the rate of potassium influx wich addition of other cations

Incubation of mitochondria with labeled p.‘assium results in an incorporation
and retention of radioactivity as a manifestation of the potassium exchange reaction3.
Earlier studies? have shrwn that the rate of influx by this mechanism is inhibited in
the presence of increasing concentrations of sodium. The data of Fig. 4 compare
inhibitory effects of Na+, with those of NH*, and lysine. Lysine, with 2 NH,* groups
and one —COO-, was inhibitory, whereas glycine, with one of each, was not. K+,
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NH,* and lysine have been observed to induce qualitatively similar inhibition of the
influx of labeled sodium.

Inhibition of potassium influx by sodium is not due to replacement of one ion or
the other. The amount of retained sodium is insufficient to account for the results in
this way. In one experiment with 0.04 M KCl in the medium, raising the concentration
of NaCl, from zero to 0.1 M, reduced influx of potassium from 203 to 110 mum.les . .
a 10-min period. Retained sodium was increased, but only from 22 to 39 mumoles.
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Fig. 4. Inhibition o1 potassium influx with  Fig. 5. Effect of dinitrophenol upon the release
increasing concentrations of other cations. Equal  of inorganic phosphate and upon the influx of
aliquois of liver mitochondria (1.8 mg nitrogen;  labeled chloride from the media. The influx
were incubated for 10 min in 0.0t M KCl la- was calculated from measurements of the
beled with 4K ir the presence of increasing radicactivity of the finally washed mitochon-
concentrations of glycine, lysine-HCl, NaCl dria. Equal aliquots of liver mitochondria (1.7
and NH,CL. The particles were washed twice  mg nitrogen) were exposed to 0.01 or 0.1 M KCl
prior to analysis. tabeled with *Cl. The figure describes results

obtained in the absence (upper curves) and in

the presence of 2- 1073 M 2,4-dinitrophenol.

Chloride uptake in the presence and absence of dinitrophenol

As was the case with sodium, only small amounts of chloride were retained by
washed mitochondria. A small influx of radioactive chloride was measurable but again,
certain distinction between net uptake and influx due to exchange was not achieved.
Studies with radioactive ®Cl and ®#Br have shown an accelerated rate of infiux with
exposure to 2,4-dinitrophenol. This effect is shown in the experiment of Fig. 5 to be
related to phosphate metabolism. The data compare amounts of exogenous labeled
chloride retained with amounts of endogenous phosphate released after exposure to
the inhibitor. The original, chemically determined content of chloride of these samples
was 0.06 umole. In the absence oi 2 4-dinitropheno! the calculated influx of labeled
chloride eas c.015 or 0 76 umole when exposed to 0.01 or 0.1 M KCl, respectively.
These increased to 0.05 and 0.30 umole, respectively, with addition of dinitrophenol.
The amount of phosphate released was increased from approx. ¢.1-¢.4 gmole with
addition of the inhibitor. Change in the concentrations of K 1 did not affect the release
of phosphate. Qualitatively similar results have been obtained in studies with labeled
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bromide. Increased retention of the halides is a relatively unstable property, one that
is lost with aging or with repetitive washing.

DISCUSSION

The data of Figs. 2 and 5 describe progressive increments in the radioactivity
retained by the washed mitochondria. If, as suggested in the introduction, the ions are
retained directly in the wall and cristae, these data measure influx into the mem-
branous substance. This interpretation is supported by the earlier findings with
potassium showing rates of influx into isolated fragments of the membrane that are
similar to rates recorded for the washed, whole mitochondria?. The data of Fig. 4
suggests competition between the cations for channels of entry.

Relatively small amounts of sodium were retained by the washed particles
(Fig. 1). In addition, studies described in Figs. 2 and 3 have indicated that a portion
of the sodium is not readily exchangeable, and that sodium is only incompletely
removed with expos:re to mercury. These data differ from those reported for potas-
sium?® 2, They suggest that a portion of the sodium is present in a relatively inert form.
Incubation with the mercuric salts, however, did produce a moderate increase in
influx (Fig. 3); and this partial simulation of results obtained with potassium may
mean that up to a fourth of the sodium is held by the same forces that control potas-
sium. It is noted, as an indication of the specificity of the potassium retention mecha-
nism, that 1/4th of the retained sodium amounts only to 1/8oih of the retained po-
tassium.

Two- to threefold increments in the content of chleride were demonstrated after
incubation with 2,4-dinitrophenol. This effect is related to the dinitrophenol stimula-
tion of inorganic phosphate, a phenomenon described by GREEN et al.”. Presumably
labilization and release of phosphate creates a positively charged acceptor site for
retention of chloride. The relationship, however, was not found to be an obligate one
since reduction in the concentration of KCl in the medium reduced chloride influx
without affecting phosphate release.

Dinitrophenol produced qualitatively similar results in studies with labeled
bromide. In the mitochondria, as in the intact cell, similarities in the distribution of
halides cuntrast with dissimilarities observed with Na+ and K+.
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