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SUMMARY

Afiy has bzen determined in steady state mitochondria, by measuring the
magnitude of ApH on the distribution of acetate and of Ay on the distribution of
K™, tetraphenylphosphonium, Ca%*, Sr>* and Mn?".

(1) The matrix concentration of divalent cations has been calculated from the
total cation uptake, from the increase of matrix volume and from the ESR sextet
signal of Mn(H,0)¢2". The [cat**); based on osmotic data is about five times higher
than that based on ESR measurements. The [cat?*]; based on total uptake is much
higher than that based on osmotic data at low cation/protein ratios.

(2) In the presence of 10 mM acetate the maximal 4y on Ca** is about 130
mV and on Sr?* is 95mV. 4y on Mn?* is 91 or 109 mV, according to whether
[cat?*]; is calculated from ESR or osmotic data. Under the same conditions, ApH is
about 60 mV. Hence, Afi, on divalent cations is between 151 and 190 mV.

(3) 4y on K*, in valinomycin treated mitochondria with 10 mM acetate or
2 mM Pi, drops from 200 mV, at low [K*], to almost zero parallel to the increase of
[K*],- 4pH is 30 mV at low [K*] and about 42 mV at 600 uM K. Hence 4i,; drops
from 227 mV to lower values with the increase of [K™],.

(4) Maximal 4y on triphenylmethylphosphonium is 143 mV.

(5) When 4jiy is measured simultaneously on divalent cations and on K*, the
values on K* tend to approach those on Ca2™, while those on Sr?* are about 50 mV
lower.

(6) It is concluded that the steady state mitochondrial energy potential is
equivalent to a Ajiy between 150 and approx. 190 mV.

INTRODUCTION

The determination of 4y (the proton electrochemical potential) in intact
mitochondria involves the measurement of the distribution of two permeant species,
a weak acid and a strong base [1, 2]. The weak acid is thought of as reflecting ApH
and the strong base, 4y (where ApH indicates proton concentration gradient and Ay
the membrane potential). Application of the Nernst equation to the distribution of
the strong bases provides Ay. Ay, is then given by:
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Afiyy = —59 ApH+ 4y

ApH has bzen determined through titration [1), and the distribution of 5,5-dimethyl-
2,4 oxazolidinedione [2, 3] and of acetic acid [4]. The values of ApH in steady state
mitochondria vary between 24 and 83 mV [I1-6]. 4y has been determined on the
distribution of K* in valinomycin-treated mitochondria. The values of Ay in steady
state mitochondria vary bstween 136 and 198 mV [1-5]. Recently, Rottenberg [6] and
Rottenberg and Scarpa [7] recorded a Ay of 36 mV for Na* and K* in gramicidin-
treated mitochondria and a Ay bztween 33 and 100 mV for K* and Ca’* in valino-
mycin-treated mitochondria. The discrepancy between higher and lower values of
ApH and Ay has not bzen explained.

The present work aims to extend previous studies on the dztermination of Ay
and ApH by comparing the values on the univalent and the divalent cations and by
investigating the role of several factors, i.e. pH, osmolarity, cation/protein ratios etc.
Two major discrepancies are observed: (a) in the case of divalent cation, 4y decreases
in the ordzr Ca?* > Mn?* > Sr?*; (b)in the case of K*, 4y is markzdly dependent
on the amount of K* added, and, at low |K™],, is higher on the univalent than on
divalent cations [8]. The latter discrepancy is reduced when Ay is measured simul-
taneously on the univalent and divalent cations and increased with the increase of
univalent and decrease of divalent cation permeability. Steady state Af,, varies
between 150 and approx. 190 mV depending on the ion taken into consideration.

EXPERIMENTALSY

Rat liver mitochondria were prepared as described previously [9] and washed
free of EDTA. Incubation of mitochondria was carried out for 3 min in a standard
medium of the following composition: 0.2 M sucrose, 10 mM acetate/Tris, 5 mM
Hepes pH 7.0, 2 mM succinate/Tris, | mM p-hydroxybutyrate. Changes to this
medium were as described in the legends to the figures. The medium was bubbled
with oxygen and the reaction started with the addition of mitochondria. The reaction
was terminated by centrifugation in the rotor S-12 of the Sorvall RC 2B centrifuge.

The matrix water was determined with a double labelling technique employing
*H,0 and [C14] sucrose, where *H,0 measures the total pellet water and sucrose the
extra matrix water [3, 7]. The mitochondrial pellet was dissolved in a Triton-contain-
ing liquid scintillation medium and counted in the TriCarb 2455 liquid scintillation
spectrometer. In control experiments the extramatrix water was also measured with
3Cl~ and ['*C]methylamine [4]. No difference was observed among the three
measurements.

4pH was determined, essentially as indicated by Nicholls [4], by measuring
‘the distribution of [*H]acetate between supernatant and peliet. The number of
counts of [*H]Jacetate in the pellet may be overestimated for two reasons. One, the
acetate present in the extramatrix water. Two, the acetate bound to the membrane.
The first correction was made by measuring the extramatrix water with sucrose. The
second correction was made by determining the number of counts in an uncoupler-
supplemented sample. The concentration of acetate in the matrix was then calculated
by dividing the corrected counts of acztate for the volume of matrix water as mea-
sured with 3H,0.
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Ca’* and Sr?* were determined with “°Ca?* and ?°Sr?*. *3Ca’* was mea-
sured in the **C channel. °°Sr?* emits particles scattering in a wide energy range. The
measurements were carried out on the particles with low energy by using the *C
channel. In kinetic experiments, Ca?* and Mn?* were measured with a dual wave-
length spectrophotometer in the presence of 100 uM murexide (wavelengths 540-
500 nm). It is to be noted that the uptake of divalent cations in the presence of 10 mM
acetate resulted in a large decrease of absorbance, due to swelling, which was not
completely compensated by the dual wavelength spectrophotometer. In order to
account for the swelling changes the absorbance change of the murexide supplemented
sample was corrected for the absorbance change of the murexide unsupplemented
sample.

[K*)//[K*], was determined essentially as describsd by Nicholls [4]. The
incubation medium was identical to that used for the divalent cations, except that
valinomycin was always present. The procedure is based on the assumption that, in
valinomycin-treated mitochondria, although a tracz amount of 8°Rb* is added, the
distribution of 8°Rb* is identical to that of K*. This permits to calculate the [K* ],/
[K*], ratio by determining in fact the [Rb* ];//Rb*], ratio. K;* has bzen calculated,
when no other pzrmeant cation is present, on the assumption that K* contributed to
half the osmolarity of the matrix space [2]. A similar assumption has been used by
Nicholls |4]. The values so obtained are very close to those calculated with other
approaches [1]. In the absencz of added K*, [K™*], was calculated, also on the basis
of the 8®Rb™* distribution, by assuming an endogenous K* content of 80 nmol/mg
protein [5]. In kinetic experiments K* was determined with the K™ electrode
[2].

Triphenylmethylphosphcnium was determined by adding to the incubation
medium, containing variable amounts of triphenylmethylphosphonium, a trace
amount of [*H]triphenylmethylphosphonium and then determining the distribution
of the radioisotope between pellet and supernatant. [*H]triphenylmethylphospho-
nium was kindly provided to us by Dr. R. Kabach.

The determination of Mn?* was carried out by following the ESR spectra at
X band (9100 M) with a Varian V-4502 spectrometer [10]. The micrcwave frequency
was approximately 9.5 GHz. The modulation amplitude (M) was 16 G, the recorder
time constant 0.3 s, and the scanning rate 250 G/min. All measurements were carried
out with a quartz capillary permanently positioned into the resonance cavity. The
capillary was connected with a continuous flow apparatus in order tc avoid anaero-
biosis [10]. Under the experimental conditions used, the ESR spectrum of Mn?*
bound to the membrane or chelated by EDTA was negligible. Then, the concentration
of free Mn2* in water was calculated from the signal height [11]. The height of the
derivative curve from the maximum to the minimum was a linear function of the
concentration of manganous ion in the range investigated 5-500 uM. To obtain the
free Mn2 " in the matrix, excess EDTA was added; EDTA caused an instant quenching
of the signal of Mn?* free in the outer medium [12-14], while initiating a slow decay
of the signal of Mn2* free in the matrix. The decay is due to an EDTA-induced Mn?"*
efflux from the matrix with quenching of the signal when the ion reaches the outer
phase. Extrapolation of the Mn?™ signal at zero time after addition of EDTA indicates
the amount of free Mn?2* in the matrix. The concentration of free Mn?2* in the matrix,
is obtained by dividing the amount of internal Mn?* for the matrix volume [10].
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RESULTS

Ay and Afiy with divalent cations

Fig. 1 shows the increase of matrix volume during uptake of Ca?* and Sr2* in
the presence of 10 mM acetate. The cation uptake was accompanied by a marked
increase of the matrix volume. The increase was slight up to 30 nmol psr mg protein.
Since the increase of matrix volume is due to osmotic equilibration, it may be expected
that it should be dependent on the osmolarity of the medium. This is also shown in
Fig. 1. Decrease of medium osmolarity induced a proportional increase of matrix
volume at the various cation/protein ratios. A plot similar to that shown for Ca?* and
Sr2* has been reported for Mn?* [10].

Fig. 2 shows the calculation of [cat?*}; in the case of Ca?* and Sr?* as based
on two different assumptions. First, that the whole cation taken up is free in the
matrix. Such an assumption has been used in the presence of either 1 mM [7] or 10
mM acetate [5]. In this calculation, the determination of the matrix volume is unable
to correct for the extent of cation precipitated or bound. Second, that the increase of
matrix water is due to the presence of osmotically-active calcium or strontium
diacztate. In the latter case, within the assumption that the whole volume change is due
to osmotic equilibration between outer and inner space during penetration of calcium
diacetate, the uptake of 1 ul H,O corresponds, in a 270 mosM medium, to the pene-
tration of 90 nmol calcium diacetate. The concentration of free Ca®™ is then calculated
by dividing the osmotically active Ca?* by the total volume of the matrix. The above
calculation also implies that the movement of H* ions is negligible. This is actually
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Fig. 1. Increase of matrix volume during uptake of Ca2+* and Sr2* (acetate),. The medium contained
in 2ml, 5mM Hepes, pH 7.0, 2 mM succinate/Tris, 1 mM g-hydroxybutyrate, 10 mM acetate/
Tris, 6 mg mitochondrial protein and variable amounts of CaCl, or SrCl,. The concentration of
sucrose was 0.15, 0.2 or 0.25 M. Duration of incubation was 120 s in the presence of CaCl, and 240 s
in the presence of SrCl,. The matrix volume was determined with the double labelling technique as
described in the Methods.
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Fig. 2. Calculation of [cat®*];. Experimental conditions as in Fig. 1. Continuous lines, [cat**];
calculated by assuming an activity coefficient of 1 for the total cation taken up. Dashed lines, [cat®>*];
calculated from the data of increase of matrix volume reported in Fig. 1. For further details,
see the text.

the case with 10 mM acztate. It is seen that the use of the two assumptions leads to a
large discrepancy in the calculation of [cat**]; at low cation/protein ratios. This is
presumably due to the fact that the presence of acetate does not solubilize the osmoti-
cally inactive cations but rather brings into the matrix further cations in addition to
those inactive [10, 12-14]. At high cation/protein ratios, on the other hand, where
most of the cations are free in the matrix in the presence of acetate, the error due to
the presence of an osmotically inactive fraction becomes smaller. Fig. 2 shows a close

TABLE I
EFFECT OF pH AND Mg?* ON dy WITH Ca?* AND Sr?*

Experimental conditions as in Figs. 1 and 2. 0.2 M sucrose, 4.2 mg protein. [cat*]i was calculated
on the increase of matrix volume, see Fig. 2. Mg2*, when added, was 10 mM. The two values of
Ay refer to two cation/protein ratios, i.e. 119 and 179 nmol cation/mg protein, respectively. The
values of ApH recorded for Ca%* were 61, 62, 62, 42 mV in the absence and 60, 62, 62, 46 mV in the
presence of Mg?* at pH 6.2, 6.7, 7.2 and 8.0, respectively. The values of 4pH recorded for Sr2+
were 58, 60, 58, 30 mV in the absence, and 54, 57, 61, 30 mV in the presence of Mg?* at pH 6.2,
6.7, 7.2 and 8.0 respectively.

pH of Ay (mV)
incubation medium e
Caz+ Sl-2 +
without Mg?*  with Mg?* without Mg?*  with Mg?*
6.2 114- 98 114-104 85-81 76-75
6.7 136-135 121-115 88-88 87-81
7.2 136-135 120-119 91-89 87-85

8.0 120- 76 118- 89

41-77 67-58
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similarity for the calculation of [cat?>*]; between Ca2* and Sr?™*, and also a similar
correlation in respect to the osmolarity of the medium. Perhaps the extent of sigmoidic-
ity was slightly enhanced in the case of Sr?*.

Table I shows the effect of pH and Mg?* on 4y calculated on Ca?* and Sr**
distribution at two cation/protein ratios. Ay was lower at more acidic and alkaline pH
and highest near neutrality .10 mM Mg>* caused a decrease of 4y of 15mV with
Ca?* but not with Sr*¥. Again, Ay was considerably higher, i.e. up to 50 mV with
Ca?* as compared with Sr2*. Sincs the values of ApH were about the same for the
two cations, namely around 60 mV, 4/, was about 180-190 mV in the case of Ca?*
and 150 mV in the case of Sr?™*.

The increase of the amount of cation added was accompanied by a decrease of
Ay of about 10-15 mV between 40 and 200 nmol/mg protein. At 40 nmol/mg protein,
the values of Ay were about 10-15 mV higher when [cat?*]; was calculated on the
total cation uptake rather than on the osmotic changes. The difference was much
higher below 40 nmol/mg protein and negligible above 150 nmol/mg protein. Ayr was
almost independent of the osmolarity of the medium within the range 0.13-0.28 osM.

Fig. 3 shows the determination of [Mn?*];, [Mn?™ ], and 4y through the ESR
technique. The curve relating {[Mn?*]; to the increase of cation/protein ratio was
sigmoid similar to that based on the osmotic data (cf. Fig. 2). However [Mn?*]
was about 4-5 times lower when based on direct measurement of the ESR sextet of
Mn?* - (H,0) as compared to the osmotic values (cf. Fig. 2 and ref. 10). This is
presumably due to a shift in membrane bound ionic species. The concentration of
[Mn?*], in steady state was more similar to that of Ca?* than to that of Sr2*. Ay
decreased from 91 mV at 40 nmol/mg protein to 73 mV at 200 nmol/mg protein.
When [Mn?*]; was calculated on the osmotic data, Ay was about 16 mV higher and
thus approached the values for Ca®* (not shown).

[M"Z*:Ii
15 \ 115 1150
s
& >
(o]

o : i
NC q
z O
[} sl

1 1
50 100 150 200
2
Mn +adcled , nmol/mg protein

Fig. 3. ESR determination of accumulation ratio for Mn2*. Experimental conditions as in Fig. 1.

For details as to the determination of Mn2* see the Methods and ref. 10. Sucrose concentration:
0.2 M.
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Fig. 4. Ay for triphenylmethylphosphonium at various cation/protein ratios. Experimental conditions
as in Fig. 1. Sucrose concentration, 0.2 M. Protein, 3.2 mg. Calculation of {triphenylmethyl-
phosphonium* ]; was done either by assuming an activity coefficient of 1 for the total cation taken up
or by assuming as free only the difference in cation uptake 410 mM acetate.

Ay and Afiy with univalent cations

Fig. 4 shows the calculation of [cat™]; and 4y in the presencz of triphenyl-
methylphosphonium. [cat® ], was calculated either on the assumption that the whole
cation taken up in the presence of 10 mM acstate was osmotically active, or that the
fraction of osmotically active cation corresponded to the difference in cation uptake
+10 mM acetate. The second assumption is more likely to be correct because of the
negligible osmotic changes occurring in the absence of anions. It is seen that a
sigmoid curve was obtained with the latter but not with the former assumption. The
discrepancy between the two values of [cat*]; was particularly large at low cation/
protein ratios. Ay reached values of 204 mV when calculated on the former and 144
mV when calculated on the latter assumption. The uptake of triphenylmethylphos-
phonium was not accompanied by a restoration of the state 4 respiratory rate. The
respiratory rate increased proportionally to the increase of triphenylmethylphos-
phonium indicating a progressive membrane damage.

The K* distribution was remarkably constant and was not greatly affccted by
changing the pH from 6.2 to 8.0, by replaczment of P; with acztate, addition of Mg?*
or of EDTA (Fig. 5). 5mM Mg?* caused a decrease of 41 of 5-8 mV only in the
absence of added K*. Ay decreased, in the absence of acetate, from 188 mV in
absence of added K* to 130 mV with 600 uM K™, and, in the presence of 10 mM
acetate, from 194 mV in absence of add:d K* to 148 mV in the presence of 600 uM
K* [1-5].

Measurements in the presence of both univalent and divalent cations
The question arises as to whether the discrepancy between the results on
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TABLE I1

SIMULTANEOQUS DETERMINATION OF Ay WITH K* AND Ca2?*. EFFECT OF VALINO-
MYCIN

Ca?* Valinomycin Matrix volume [K*]h Ay [Ca2+], Ay
{nmol/mg protein) (nmol/mg protein) ulxmg protein (mM) (mV) (mM) (mV)
107 0.08 1.2 29.3 136 57.0 135
107 0.2 1.2 34.5 144 53.4 132
107 0.6 1.3 34.5 144 53.4 130
107 0.9 1.3 28.8 137 57.4 127
167 0.08 1.4 22.1 127 62.0 122
167 0.2 1.6 24.2 131 60.5 123
167 0.6 1.5 33.7 146 54.0 124
167 0.9 1.5 31.5 143 55.7 124

Experimental conditions as in Figs. 1 and 5. 0.2 M sucrose, 10 mM acetate/Tris, 5 mM Hepes,
pH 7.0, 2 mM succinate/Tris, 1 mM g-hydroxybutyrate, 100 #uM KCI and 4.16 mg mitochondrial
protein. Time of incubation 120 s. The matrix volume, the 3°Rb* and #3Ca?* distribution were
measured in parallel samples.

univalent and divalent cations occurs also when Ay is measured in the presence of
both cations. This is shown in Table II. The calculation of [cat™ ]; in this experiment
deserves a comment. In the case of [K*],, the calculation is done by dividing the
total K* content by the matrix volume. The calculation implies an activity coefficient
of 1 for K*. In the case of [Ca?*]; the calculation is done by assuming osmotic
equilibrium between matrix and outer spacz. The osmotic activity of calcium acetate
cannot exceed the difference between total osmolarity and the contribution to the
internal osmolarity of K acetate. This calculation permits to correct the internal Ca?*
concentration for the degree of precipitation and binding of divalent cations. The data
for [Ca®*]; so obtained were slightly higher in respect to those obtained in the experi-
ment of Fig. 2 in the absence of valinemycin. Two points emerge from the data of
Table II. First, 4y on divalent cations was very close to that observed in the absence of
valinomycin, while 4y on univalent cations was diminished by 50-60 mV. Second,
[K*]; and hence Ay on univalent cations first increased with increase of valinomycin,
and then, at the highest amount of valinomycin, decreased. The increase of Ay is in
accord with a correlation of Ay with the K* permeability while the inhibition is
presumably due to an uncoupling effect of valinomycin (lack of discrimination
between K* and H*). Ay was also measured simultaneously for K* and Sr?*. The
results were comparable with those obtained in the case of Ca?*. The 4y on K*
decreased from 200 to about 147 mV, while that on Sr?2* remained at about 90 mV.
The data of Table I are different from those of Rottenberg and Scarpa [6]. This is due
to two facts. First, the requirement for osmotic equilibrium in the calculation of
[cat™ ], was not taken into account by Rottenberg and Scarpa [6]. From their Table I,
it is seen that in 0.22 osM, [K™ ]; was calculated to be 34, 78, 100-230 and 180 mM at
1,2, 5and 10 mM [K™*],, respectively. Second, in the experiments of Rottenberg and
Scarpa, mitochondria were presumably in state 3 (cf ref. 15). The release of respira-
tory control increases parallel to [K* ], and the respiratory rate is already three times
the resting rate above 1 mM [K*],.
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Fig. 6. Effect of K+ on the simultaneous determination of Ay with K*, Ca?* and Sr?*. Experimental
conditions as in Table II. 0.2 M sucrose 4.1 mg mitochondrial protein, 0.7 nmol valinomycin/mg
protein. 170 nmol Cat?*/mg protein. Determinations as indicated in Table I1I. Ay on K+ in presence
of Ca?+ (O —~(Q) and Sr?* (@ — @), respectively.

Fig. 6 shows the determination of 4y on K*, Ca?* or Sr** atincreasing [K* ],.
The values at 0.1 mM [K ™ ], were similar to those of Table. II. Above 0.5 mM |K*],,
there was a gradual decrease of A on K™ to values close to those reported by Rotten-
berg and Scarpa [6]. At low [K™*],, the Ay calculated on Ca?* and Sr?* were 127 and
86 mV, respectively. At high [K*],, the 4y on divalent cations decreased almost
parallel to the 4y on K*. The values of 4 on K* and Ca?* were closest bstween 1
and 10 mM [K ], [6]. Fig. 7 shows that addition of Mg?* increased the discrepancy
between the values of Ay determined in the presence of K* and Ca2* from about 15
to more than 30 mV. Table III summarizes the values of ApH, 4y and Afiy measured
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Fig. 7. Effect of Mg2* on the simultaneous determination of Ay with K+ and Ca2*. Experimental
conditions as in Table I1, 0.2 M sucrose, 50 uM KCl, 4.2 mg mitochondrial protein and 0.6 nmol vali-
nomycin/mg protein. 180 s of incubation. Determination of Ay as indicated in Table II. Amount
of Ca?*was 169 nmol/mg protein.
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Fig. 8. Charge stoicheometry during K *-driven Ca?* uptake. The medium contained 0.2 M sucrose,
20 mM LiCl, 5 mM Tris - Cl, pH 7.0, 2 uM rotenone, 150 uM KCl, 3.2 mg protein/ml. The Ca?+
uptake was initiated by 0.2 ug valinomycin. The K * efflux was followed with the K * specific electrode.
The Ca?+ uptake was determined with 40 #M murexide. Open and closed symbols indicate presence
and absence of 2 mM Li acetate, respectively.
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in the presence of univalent and divalent cations. It is seen that the presencz of divalent
cations resulted at low [K™*], in a lowering of the values of 4ji;; calculated on K*.
Furthermore, the values of Afiy on divalent cations were always lower than those on
K™ and the difference was more marked when Sr2* was taken into account.

Stoicheometry of passive divalent cation transport

It bas been shown [16-18] that addition of valinomycin to intact mitochondria
causes an efflux of K* down the conczntration gradient, which may be coupled to
Ca?™ uptake. Fig. 8 shows that the K*/Ca2* stoicheometry was 2 at all Ca%* concen-
trations, whether acetate was present or not. Thus, under concentrations where the
K*/Ca?* exchange occurred in the presence of either an exczss of K* or an excess of
Ca?*, and whether or not acetate was providing protons for acidification of the
matrix, hydrogen ions were not involved in the transport of Ca2*. Incubation of
mitochondria in Ca(SCN), results in a large swelling interpreted as due to electro-
phoretic influx of Ca?* driven by the SCN™ gradient [19, 20]. Incubation of mito-
chondria in media containing varying proportions of Ca(SCN), and calcium diacetate
resulted in a decrease of swelling proportional to the decrease of Ca(SCN),. This
indicates that the restriction to Ca®* penetration is due to lack of SCN™ charges and
not to alkalinization of the matrix which could bz compensated by acetate. The lack
of swelling in calcium diacztate further indicates that the extent of opzration of a
H™"/Ca?* antiporter in intact mitochondria is negligible.

DISCUSSION

4y for divalent cations have been reported previously [5, 7]. Ca?* was assumed
as completely free in the matrix, in the presence of either 1 mM acetate [7] or of 10
mM acetate [5]. Both assumptions are unlikely to be correct at low cation/protein
ratios because of the sigmoidicity of the plot, increase of matrix volume vs. amount of
cation added (Fig. 2). Direct measurements of free Mn?* in the matrix by ESR
technique [10] also indicate that the presence of acetate does not eliminate precipita-
tion or binding which precede the accumulation of free calcium diacetate in the matrix
[10]. Thus the assumption of an activity coefficient of 1 for divalent cations, whatever
the concentration of acetate, causes an error which is greater at low cation concentra-
tions and becomes negligible above 200 nmol cation/mg protein. Furthermore
[cat®*]; calculated on the osmotic data is 5 times higher than [cat?*]; from direct
ESR measurements. Presumably, a part of the Mn2* penetrating in the matrix
replaces K* bound to the negative charge of the phospholipids. Thus the volume
increase reflects the increase of divalent cation concentration but not of divalent
cation activity. Rottenberg and Scarpa [6] found in the presence of 160 nmol Ca?*/
mg protein a Ay for Ca?* of 99 mV which decreased to 75 mV in the presence of
10 mM KCIl. Massari and Pozzan [5] found a Ay of 126 mV at 44 nmol/mg protein
where the binding error is higher, and a 4y of 82 mV at 178 nmol Ca2* /mg protein.

In the present work, maximal 4y is about 130 mV for Ca?* and 109 mV for
Mn?* when [cat?*]; is calculated on the increase of matrix volume. On the other
hand, the 4y for Mn?* is 95 mV when [Mn?2* ], is calculated on the ESR signal. The
Ay for Sr®* is still lower than that for Ca2* and Mn?*, reaching values of 95 mV
when [cat?*]; is calculated on the osmotic data. Addition of Mg?* or extreme pH
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cause appreciable changes in the steady state Ay. The latter effect is presumably due to
interference with energy coupling.

A large variation in 4y has been recorded in the case of the univalent cations.
Rottenberg and Scarpa [7] reported 4y for K* between 67 and 100 mV. These values
are somewhat lower than those reported by Padan and Rottenberg [3]i.e. 136 mV,
and considerably lower than those observed by Rossi and Azzone [2], Mitchell and
Moyle [1], Nicholls [4], Massari and Pozzan [5] and observed here. A major reason
for the differencz in K* accumulation ratios resides in the [K ™ ], at which the experi-
ments are carried out. The mitochondrial membrane being highly permeable to
water, the internal osmotic pressure is identical to the external and the K* matrix
concentration approaches half the osmolarity of the medium [2]. At high [K*],
sincz [K*]; cannot exczed half the osmolarity of the medium, the attainment of a
large accumulation ratio requires a large reduction of [K* ], and therefore a massive
uptake. At 1-2 mM [K*],, the K* uptake already leads to extensive swelling [15],
which is reflected by a high respiratory rate (state 3). At still higher [K*],, say above
5 mM, the extent of active K* uptake becomes negligible in respect to [K* ], and the
accumulation ratio becomes an expression of the contribution of the cation to the
osmolarity of the supporting medium, i.e. the ratio is equal to 1 when K* provides
half the osmolarity of the medium.

Maximal Ay for triphenylmethyl phosphonium is 204 mV when calculated on
the assumption of an activity coefficient of 1 for the total cation taken up and 143 mV
when calculated on the assumption that only the increase of cation uptake due to the
presence of anions corresponds to cations free in the matrix. The [cat]; calculated on
the second assumption is more likely to be correct. Thus the Ay in the presence of
triphenylmethylphosphonium is not far from that observed in the presence of 500 uM
K*.

The discrepancy between the values of 4y on Ca?*, Mn?* and Sr** on one
side, and between univalent and divalent cations on the other gives rise to two ques-
tions. First, the reason(s) for the discrepancy; second, the validity of these measure-
ments for the evaluation of the mitochondrial energy potential. The higher Ay on K,
in respect to the divalent cations, is unlikely to be due to the operation of a divalent
H*/Cat?* antiporter leading to cation extrusion. This would cause energy dissipa-
tion and is therefore in contrast with the low rate of state 4 respiration. A net charge
transfer of 1 during divalent cation transport is also unlikely. The analysis of the
passive fluxes of divalent cation indicates that the K+/Ca?™ ratio is always 2, whether
Ca?* is in excess or not, and is unmodified by acetate. A kinetic restriction is also
unlikely since the accumulation ratio with all the cations used is time independent.
Two arguments support the view that the accumulation ratio for K* at low [K™], is
not a valid indication of the dimension of Ay in steady state mitochondria. First, as
will be discussed in a future paper (Azzone, G. F. and Pozzan, T., unpublished) a
part of the K* distribution is uncoupler-insensitive; this suggests that K* distri-
bution depends partly on osmotic equilibrium [2]. Second, that steady-state mito-
chondria possess a primary respiratory chain-generated 4y of 200 mV is in contrast
with a physiological consideration [8] concerning the regulation of the concentrations
of free Ca* in the muscle cell. A 4y of 200 mV corresponds to an accumulation ratio
of 107. Since the matrix concentration of Ca?* hardly exceeds 107* M under physio-
logical conditions an accumulation ratio of 107 in steady state mitochondria would
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cause a decrease of [Ca?* ], down to 107 '° M. However, in the cytosol of the muscle
cell, 1071° M Ca?"* is too low a concentration to permit muscle contraction. On the
other hand, an accumulation ratio of 10* for Ca®* is compatible with a [Ca?* ]; in the
matrix of 1072 M and a [Ca2"], in the cytosol of 10~7 M, which is the limit for the
physiological operation of the sarcotubular system.

The relative constancy of the values of Ajiy suggest that this parameter may be
a valid indicator of the mitochondrial energy potential, provided that the measure-
ments are made on several permeant species. The mitochondrial energy potential is
“equivalent” under steady state conditions to a 4/ between 150 and 190 mV [21-23].
In the present paper we have used the terminology 4/i,, which is more widely accepted,
instead of osmotic potential used by us in preceding papers [21, 22]. Although the
term osmotic potential implies broader assumptions than Afiy, both osmotic potential
and Ajiy are calculated on the H* and cation distributions. The assumption of electro-
chemical equilibrium required for calculating Ay, by applying the Nernst equation to
the cation distribution, is independent of whether Ay is originated by a primary
electrogenic proton pump or by a primary electroneutral proton pump followed by a
diffusion potential. That 4Y may originate as a diffusion potential cannot be excluded;
for example the magnitude of the discrepancy between the values of Ay on K* and
Ca?* is dependent on the relative permeability of the membrane for the two cations.
Also the magnitude of Ay on the various divalent cations correlates with the mem-
brane permeability for the cations.
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