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1. Introduction

Although there is general agreement that Ca?
transport depends on the operation of a specific
divalent cation carrier, very little is known about the
molecular properties of the carrier. Hutson [1] has
tried to distinguish between a mobile carrier and a
pore mechanism by studying the effect of tempera-
ture on Ca®" transport. A break in the Arrhenius plot
has been observed.

In membrane vesicles from E. coli, the Arrhenius
plots for active transport display, below the temper-
ature at which lipids undergo transition from the dis-
ordered to the ordered state, a slope which is steeper
with respect to the temperature above the transition
[2—4]. Arrhenius plots have also been reported to be
triphasic with the slope becoming again less steep at
the lower temperature [4].

In interpreting the effect of temperature on active
transport a crucial question concerns the identifica-
tion of the rate limiting reaction. If the Ca®" carrier
operates at a rate faster than that of the H pump the
question arises as to whether the Arrhenius plots
reflect properties of the Ca?" carrier or rather of the
H* pump.

This uncertainty hasbeen eliminated in the present
study by replacing H* extrusion via the aerobic H"
pump with K* diffusion via valinomycin as the
driving force for Ca?* influx. Since the rate of K*
diffusion depends on the amount of valinomycin, the
rate of Ca®" transport may be rendered rate limiting
by using an excess of valinomycin. The Arrhenius
plots for Ca® transport have been compared with
those of other ion transport reactions utilizing either
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pore mechanisms such as gramicidin, or mobile carriers
such as uncouplers, valinomycin or nigericin. The
absence of breaks in the Arrhenius plots, the low acti-
vation enthalpy and the high turnover number suggest
that Ca®" transport in liver mitochondria occurs
through a pore.

2. Experimental

Mitochondria were prepared according to standard
procedures. The rate of Ca?" influx was measured by
using Antipyrilazo III as a free Ca®" indicator. The
experiments have been performed in a DWR Aminco
spectrophotometer equipped with magnetic stirring.
The rate of K* efflux was measured with a selective
K" electrode kept in a thermostated glass vessel with
magnetic stirring. The recording apparatus was a
Radiometer pH meter connected to a Texas recorder.
Both in the spectrophotometric and electrometric
experiments the mixing time was below 0.5 sec. In all
casesrotenone-treated mitochondria were preincubated
for 3 min and the reaction initiated by the addition
of an ionophore inducing K* transport. For each
cation transport analyzed, the rate-limiting step of
the reaction was established by suitable titrations
with the various ionophores.

3. Results
Figure 1 shows Arrhenius plots obtained under
conditions where the rate-limiting reaction was the

transport of ions utilizing a mobile carrier mechanism.
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Fig.1. Arrhenius plots for transport catalyzed by valinomycin,
dinitrophenol, FCCP and nigericin. The plots indicate four
conditions for which the rate-limiting step for transport was
that catalyzed by valinomycin, dinitrophenol, FCCP and
nigericin, respectively. The medium contained in all cases
0.2 M sucrose, 20 mM Tris—HCI (pH 7.4), 2 uM rotenone and
200 uM KCl, Other additions were as follows. For the
valinomyecin catalyzed transport 1 nmol FCCP/mg prot and
12 pmol valinomycin/mg protein. For the dinitrophenol
catalyzed transport, 100 uM EGTA, 10 uM dinitrophenol
and 1 nmol valinomycin/mg protein. For the FCCP catalyzed
transport, 100 uM EGTA, 68 pmol FCCP/mg protein and

2 nmol valinomycin/mg protein. For the nigericin catalyzed
transport 100 uM EGTA and 120 pmol nigericin/mg protein.

The following types of ion transport were analyzed:
H' via FCCP; H via dinitrophenol; K* via valino-
mycin; H' and K" via nigericin. H' transport via FCCP
or dinitrophenol was rendered rate-limiting by mea-
suring the rate of K* efflux in exchange with H' in
presence of an excess of valinomycin and of limiting
amounts of FCCP or dinitrophenol. K* transport was
rendered rate-limiting by measuring the rate of K*
efflux in exchange with H' in presence of an excess
of dinitropheno! and of limiting amounts of valino-
mycin. In the case of nigericin both K* efflux and H'
influx go via nigericin and the rate of exchange isa
function of the amount of nigericin. Figure 1 shows
that in all cases there was a break in the Arrhenius
plot at about 14°C with a steeper slope in the low
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temperature region. The activation energy was

20.1 = 1 kcal/mol below 14°C and 14.2 + 1 kcal/mol
above 14°C, respectively. Lauger [5] has shown that
the transport via a mobile carrier involves 3 steps:

(a) formation of the ion—ionophore complex at the
interface; (b) translocation of the complex through

the hydrophobic core; and (¢) return of the ionophore.,
If the translocation of the charged complex is rate-
limiting, the plot of rate of transport versus Ay, should
be exponential. Figure 2 shows the rates of ion trans-
port versus Ay as measured at various temperatures with
the various carriers. In all cases it is seen that the rela-
tion between rate of transport and Ay is exponen-

tial both below and above the transition temperature.
The experiment of fig.2 thus indicates that the transi-
tion of the charged complex under the electrical field
is always rate-limiting both below and above the
transition temperature and thus excludes that the
breaks observed in the plot of fig.1 are due to the

fact that other steps become rate-limiting, for example,
formation of the complex (which should yield a
saturation plot) or migration of the neutral ionophore
(which should yield a Ay independent relation).
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Fig.2. Dependence of the rate of mobile carrier induced trans-
port on membrane potential. The medium contained 0.2 M
suctose, 20 mM Tris—HCI (pH 7.4), 3 uM rotenone, 50 uM
EGTA, 2 mM phosphate and variable amounts of KCl in order
to vary Ay, Mitochondria 1 mg/ml. 12 or 20 pmol valino-/
mycin/mg protein and 2 nmol FCCP/mg protein; 80 pmol

" FCCP/mg protein and 1 nmol valinomycin/mg protein; 1 nmol

dinitrophenol/mg protein and 1 nmol valinomycin/mg pro-
tein. The figures on the right and on the left refer to experi-
ments carried out at 8°C and 20°C, respectively.
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Fig.3. Arrhenius plots for K* diffusion driven Ca®* transport.
The medium contained 0.2 M sucrose, 20 mM Tris—HCl

(pH 7.4), 2 mM P;, 2 uM rotenone, 200 uM KC1 and

0.7 mg/ml mitochondrial protein.

Figure 3 shows the Arrhenius plot for Ca®" trans-
port. Ca®" transport was rendered rate-limiting by
using an excess of valinomycin. Plots like those of
fig.3 were independent of the Ca*" concentration
provided that a suitable excess of valinomycin was
used. This was tested by running control experiments
in the presence of amounts of FCCP providing rates
of K* efflux higher than those observed in the presence
of Ca®, Figure 3 indicates that there is no break in
the Arrhenius plot and that the activation energy is
9.8 + 1 kcal/mol. Similar results were obtained by
replacing Ca?" with Mn?".
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Fig.4. Arrhenius plot for gramicidin catalyzed transport. The
medium contained 0.2 M sucrose, 20 mM Tris—HC1 (pH 7.4),
2 uM rotenone, 2 mM P;, 200 pM KC1. Gramicidin was
1 nmol/mg protein.
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In order to validate the concept that the difference
between the Arrhenius plots of figs.1 and 3 reflect a
different nature of carrier mechanism the behaviour
of gramicidin was investigated. Ton transport through
gramicidin, which is a pore-forming ionophore,
occurs after a lag phase, presumably the time required
to form the pore. The rate of ion transport in the
experiment of fig.4 was calculated after completion -
of the lag phase, Figure 4 shows that the Arrhenius
plot for gramicidin catalyzed transport was also with-
out breaks. Furthermore the activation energy was
low,ie., 9.6 £ 1 kcal/mol, about the same magnitude
as that found in fig.3 when Ca®" transport was rate-
limiting.

4. Discussion

Vinogradov and Scarpa have favoured a mobile
carrier nature of Ca®" transport on the basis of satura-
tion kinetics [6]. Reed and Bygrave [7] have proposed
a mobile carrier model where the distribution of the
carrier between the two aqueous phases and the rate
of translocation are pH dependent. Hutson [1] has
suggested that the break in the Arrhenius plots at
22-23°C may reflect dependence of the respiratory
chain on the lipid fluidity.

Major criteria to distinguish whether transport
goes via mobile carriers or proteic pores are: (i) the
symmetric effect of inhibitors; (ii) the dimension of
the turnover constant; and (iii) the dimension(s) of
the activation enthalpy. According to the first crite-
rion in case of mobile carriers an equivalent degree of
inhibition is expected on influx or efflux processes
since the effect of specific inhibitors involves binding
of the carrier and then removal of the carrier to an
equal extent for influx and efflux processes. This is
not the case for pore structures where asymmetric
inhibition of efflux and influx processes is expected
due to the fact that the non permeant inhibitors
reach only the external surface of the pore.

According to the second criterion, in case of
mobile carriers the turnover constant reflects the
ratio between transport V.., and number of carriers.
Being kinetically indistinguishable the same definition
applies for transport via pore. However, studies in
model membranes have indicated a turnover constant
several orders of magnitude higher for transport via
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pore with respect to transport via mobile carriers [8,9].

According to the third criterion mobile carriers
and pores have different energy barriers [10,11].
Mobile carriers dissolve the ion in the hydrocarbon
phase. However transport across the membrane still
requires the passage of the charged complex through
alow dielectric medium and thus the overcome of a large
energy barrier. On the other hand, a pore mechanism
implies the presence of a hydrophilic channel with a
high dielectric constant. The activation enthalpy is
expected to be much higher in the former with
respect to the latter case. Furthermore, if transport
via a mobile carrier depends on lipid fluidity it may
be expected that the activation enthalpy be different
in different temperature ranges.

As to the symmetry criterion, it is generally accepted
that Ca?" influx and efflux are not inhibited to the
same extent by Ruthenium Red. Pozzan et al. [12]
have suggested that this is due to the fact that binding
of Ruthenium Red is Ay dependent, and that Ca®*
efflux occurs mostly under conditions where Ay is
collapsed. However, Caroni et al. [13] have reported
that addition of FCCP, which induces collapse of Ay,
does not cause release of bound Ruthenium Red.
Although binding without inhibition would support
Ruthenium Red as an asymmetric inhibitor of a pro-
teic pore, it is still unclear why the EGTA induced
Ca? efflux in static head mitochondria is highly
inhibited by Ruthenium Red. The pore nature of Ca?*
transport in liver mitochondria is then supported by
two lines of evidence.

First, the turnover number of Ca?" transport. On
the basisofa V., for Ca?" transport of 600 nmol/mg
protein/min [14] and an amount of Ruthenium Red
sensitive Ca® carrier of 100 pmol/mg protein the turn-
over number is 260/sec. However replacement of
Ruthenium Red with T, [18] resultsin a number of
carrier sites of 1 pmol/mg protein and thusin a turnover
number 2> 26 X 103/sec. A further increase may be
expected parallel to the identification of more specific
inhibitors of the Ca?" carrier.

A turnover constant of 26 X 10? /sec is smaller
than what is found in the case of gramicidin. On the
other hand, the turnover constants of the other
mobile carriers ionophores are even smaller, FCCP,
13/sec; dinitrophenol,0.33/sec, valinomycin, 600/sec.
This latter value compares well with that found by
Pressman [9].
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The turnover constant K isrelated to the activation
free energy through eq. (1)

RT AG
K=""exp {— — 1
Nh p( RT) M

where NV is Avogadro’s number, & the Planck’s con-
stant, R the gas constant, and T the absolute tempera-
ture. A turnover constant of 26 X 10%/sec corresponds
to an activation free energy AG of 11.5 kcal/mol.
The value may be expected to decrease parallel to
the increase of the turnover number.

The dielectric constant in the channel is related to
the activation free energy through the Born eq. [16]:

2
AG = [_1_ - 1] )
€1 €y r

5 @

An activation free energy of 11 kcal, where ¢; and
€, are the dielectric constants of the pore and of the
aqueous solution, respectively, and r the radius of
the ion, corresponds to a dielectric constant of 24 for
the Ca?* channel. Again this value may further increase
with the decrease of the activation free energy.

Second, an activation enthalpy of 9.5 kcal/mol
and the absence of breaks in the Arrhenius plots. The
activation enthalpy of 9.5 kcal corresponds very well
to that found, both in mitochondria and model
systems for the classical pore forming antibiotic,
gramicidin (cf. fig.4 and [11]). On the other hand,
this low activation enthalpy clearly distinguishes
transport by Ca®" and gramicidin from that mediated
by mobile carriers such as valinomycin, nigericin,
uncouplers. In these latter cases the activation enthalpy
isaround 20 below, and around 14 kcal/mol above, the
break in the Arrhenius plots.

Unfortunately, the uncertainty in the AG do not
permit to know, by comparing with the activation
enthalpy values, whether AS is positive or negative,
which would provide further information on the Ca?
channel.

The molecular nature of the breaks in the Arrhenius
plot of fig.1 requires further investigation. The con-
ductance for valinomycin and monactin [11] has
been shown to undergo a marked reduction below the
temperature of membrane-‘freezing’, which suggests
that mobile carriers are immobilized in a “frozen’ layer.
Other mitochondrial properties also show breaks in
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Arrhenius plots between 14°C and 20°C. The break
presumably does not reflect a phase transition since
this seems to occur in the mitochondrial lipids around
—4°C [17). Furthermore, there are no reports of a
marked temperature dependence of the solubility of
the carriers in the membrane phase in model systems.
Thus the break although suggesting a dependence of
mobile carrier catalyzed transport on the lipid fluidity
may reflect a more complex change in the bilayer
structure.
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