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ABSTRACT

A protein was isolated from calf heart inner mitochondrial

membrane with the aid of an electron paramagnetic resonance assay

2+ , M n2+ 2+

based on the relative binding properties of Ca , and Mg
to the protein. The molecular weight of this protein was estimated to
be about 3600 by urea/sodium dodecyl sulfate gel electrophoresis and
amino acid analysis. Tﬂe protein had two classes of binding sites for
Ca2+ by flow dialysis studies. The dissociation constants of the
high- and low- affinity binding sites for ca2* were 9.5 and 33 uM,

2+

respectively. This protein could extract Ca” into an organic

phase. The selectivity sequence of this protein determined from the
organic solvent extraction experiments showed that it favored divalent
cations over monovalent cations. Also, the relative selectivity

. . + + +
sequence for divalent cations was Ca2 ’ Sr2 2 >

3r

> Mn

Mg2+. Ruthenium red and La

were shown to inhibit the
protein-mediated extraction of ca?* into the organic solvent. The
calcium translocation in a Pressman cell mediated by this protein was
selectively driven by a hydrogen ion gradient, with a higher pH on the
donor aqueous phase. When the pH gradient was reversed, no Ca2+
translocation occurred. Also, no ca* translocation was observed

when a gradient of Na+, K+, or Ca2+ was substituted for the H'

gradient.

vi
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The isolated protein was found to be contaminated with a large
amount of phospholipids, which was consistent with the fact that no

2+ into the

extra lipophilic anions were required to extract Ca
organic phase. It was found that there were 150 moles of phospho-
lipids associated with each mole of the protein. Partial delipidation
of the protein was performed by using either the organic solvent
extraction procedure or the silicic acid column chromatography.

2+ transport properties of

Control experiments indicated that the Ca
the isolated protein were not due to the contaminating phospholipids.

A complete delipidation procedure was developed by using Sephadex
LH-20 column chromatography. The mole ratio of phospholipids to the
delipidated protein could be reduced to 0.1 mole of phospholipids per
mole of protein. There were no free fatty acids, hexosamines, or
sialic acids associated with the delipidated protein. The extraction
of Cca?* into an organic phase mediated by the delipidated protein re-
quired the presence of a lipophilic anion, picrate. Picrate also
enhanced the rate of the delipidated protein-mediated ca?*
translocation through a bulk organic phase.

Further characterization of the physical and chemical properties
of the delipidated protein were investigated. It was found that the
2+

delipidated protein becomes more hydrophobic in the presence of Ca

and alkaline pH in the organic solvent extraction experiments. The pH



viii

2+

profile of the mole ratio of Ca® to protein exhibited a typical

titration curve, showing a pKa of 8.0-8.1. The relative cation

selectivity of the delipidated protein determined from the organic

2+, Cazf, Sr2+

3+

solvent extraction experiments was Zn >

2+ 2+

Ruthenium red and La”  were, again shown

2+

Rb<*, Na* > Mn

to inhibit the protein-mediated Ca“ extraction into the organic

phase. Respiratory inhibitors, oligomycin, and an uncoupling agent

2+

had no effect on the Ca“ extraction. Phosphate did not stimulate

the protein-mediated Ca* extraction.

2+

The Ca“ -protein complex appears to have two positive charges.

The delipidated protein only had one class of C32+-binding sites as

2

revealed from the flow dialysis studies. These Ca +-binding sites

had a dissociation constant of 5.2 UM and bound 1 mole of caZ* per

mole of calciphorin. Evidence suggests that this calcium ionophore

protein (named "calciphorin") may be a strong candidate for the ca??
carrier responsible for the influx mechanism in mitochondrial ca*
| 2+

transport system. Two possible models of calciphorin-mediated Ca

transport in mitochondria are proposed.
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BACKGROUND

General features of Ca2+ transport in mitochondria.

2+

The interaction between Ca“’ and mitochondria has long been
recognized since the early 1940's (DuBois and Potter, 1943). It
was not until 1962 that mitochondria were found to be able to
accumuiate lgrge amounts of Ca2+A(Vasington and Murphy, 1962).

Ca2+ transport in mitochondria has been the subject

Since then,
of extensive study. Several recent reviews give a detailed analy-
sis and critical evaluation of the large body of information
accumulated to date (Mela, 1977; Bygrave, 1977, 1978; Carafoli
and Crompton, 1978).

In general, the interaction of Ca2+ with mitochondria can
be divided into two main cateéories: energy-linked accumulation
and energy-independent binding. The energy-linked accumulation
of Ca2+ in mitochondria can be supported by either respiration
(Lehninger et al., 1967), or ATP hydrolysis (Lehninger et al.,
1967; Spencer and Bygrave, 1973). In both cases, Ca2+ is known to
be acéumulated with high affinity (Carafoli and Azzi, 1972; Spencer
and Bygrave, 1973), high rate ( Vinogradov and Scarpa, 1973;
Spencer and Bygrave, 1973), and high capacity in the presence of
phosphate (Lehninger et al., 1967; Spencer and Bygrave, 1973). Res-
piration-supported Ca2+ accumulation is found to be inhibited by
lanthanides (Mela, 1968, 1969; Vainio et al., 1970; Reed and

Bygrave, 1974c), ruthenium red (Moore, 1971; Reed and Bygrave, 1974c),

uncouplers of oxidative phosphorylation and inhibitors of respiration



(Carafoli, 1975), but it is not inhibited by oligomycin (Carafoli,
1975). On the other hand, Ca2+ accumulation supported by ATP
hydrolysis is known to be inhibited by the phosphorylation inhib-
itor, oligomycin, but not‘by respiratory inhibitors (Spencer - and
Bygra\.re, 1973).

The energy-independent binding has been studied by many
authors (Rossi et al., 1967; Scarpa and Azzone, 1968, 1969; Rey-
nafarje and Lehninger, 1969). Scarpa and Azzone (1968) showed
that the Ca?t bound at the mitochondrial surface under anaerobic
conditions was then translocated into the mitochondria when
respiration was initiated. Furthermore. thev showed that the rate
of aerobic Ca2+ translocation was related to the amount of Ca2+
bound to the mitochondrial surface. Later, Reynafarije and Lehninger
(1969) found high . and low-affinity Ca2+;binding sites in respiration-
inhibited mitochondria. - They suggested that. the high-affinity
Ca2+;binding sites may be the Ca2+ transport sites in mitochondria.
Also, it waé suggested by Reed and Bygrave (1974c) that the low
affinity binding sites are probably the Ca2+—binding sites at the
mitochondrial surface described by Scarpa and Azzone (1968). These
results imply that Ca2+ transport in mitochondria is a sequential
process: Ca2+ binds to low-affinity calt binding sites first ,and
then translocates via Ca2+ transport sites under aerobic conditions.

Most authors now agree that the energy - supported penetration
of Ca2+ into mitochondria is a carrier-mediated passive process

driven by a membrane potential (for review, see Bygrave, 1977; Cara-



foli and Crompton, 1978). By applying the Nefnst equation in
different experimental conditions, many investigators have re-
ported.the estimated membraﬁe potentials (Mitchell and Moyle,
1969; Rottenberg and Scarpa, 1974; Nicholls, 1974; Puskin et al.,
1976; Azzone et al., 1976; Massari and Pozzan, 1976). However,
the application of the Nernst equa£ion requires a knowledge of
free ion concentrations both inside and outside of the membranes.
Because part of the accumulated cations can be bound to fixed
anionic sites in the ﬁitochondrial membrane, or complexed with
endogenous anions, e.g. phosphates (Lehninger, 1970), the extent
that Ca2+ remains free in the intramitochondrial matrix is still
a point of argument. The magnitude of the gradient against which
Ca2+ can be transportedvis thus not yet certain. Rottenberg and
Scarpa (1974) have suggested that a large fraétion of the Ca2+
accunulated in the absence of permeant anions is free in mito-
chondrial matrix, while Gunter and Puskin (1972) observed from
the electron paramagnetic resonance (EPR) spectra that Mn2+,
a Ca2+ analog, is mostly bound in regions of high local concentra-
tions within the mitochondria. The latter data may represent
a more realistic picture since free and bound an+ can be dis-
tinguished by using EPR spectroscopy (Gunter and Puskin, 1972).

The specificity of divalen; cations accumulated in mitochondria
has been determined by several groups (for review, see Bygrave,1977).

Vainio et al. (1970)used dual-wavelength spectroscopy and murexide

to measure the rates of oxidation of cytochrome b induced by



divalent cations in rat liver mitochondria. The specificity

~sequence arrived at is: caZt.> se2t > M2t > BaZt . Mg2+ is

not accumulated in rat liver mitochondria under the conditions
favorable for the uptake of Cat and Sr2+ (Lehninger et al.,1967).
Although Mg2+ accumulation in beef heart mitochondria has

been observed (Brierly et al., 1962), there is no evidence that

2+

the Mg“" uptake is a carrier-mediated process (Brierly, 1976).

3

Small amounts of La + have also been found to be accumulated by

rat liver mitochondria (Reed and Bygrave, 1974b). It has been

24 g2+

suggested that the transport of Ca , and Mn2t may operate

by a similar mechanism (Carafoli, 1965; Vinogradov and Scarpa,
1973). Kinetic studies have shown a sigmoidal curve of Ca2+
uptake versus ca2* concentration plot ( Vinogradov and Scarpa,
1973;ASpencer and Bygrave, lé73)L In fact, it is élmost certain

that two molecules of caZt

must be bound to the transport system
to have CaZt transported at significant rates (Vinogradov and
Scarpa, 1973; Reed and Bygrave, 1975).

The mechanism of Ca2+

transport in mitochondria is not
certain. The uniport mechanism has ﬁeen proposed by Selwyn et al.
(1970), Lehninger (1974)’and Rottenberg and Scarpa (1974). The
antiport mechanism has been suggested by Moyle and Mitchell (l977a,‘
1977b, 1977c). Recent studies favor that an influx and an efflux
mechaqisms are responsible for regulating the,Ca2+ transport in

mitochondria (Puskin et al., 1976; Crompton et al., 1977, 1978;

Gunter et al., 1978; Akerman, 1978).



Evidence of the Ca2+ """"""""

The first evidence for the Ca2+ carrier in mitochondria is

that mitochondria show high specificity and high affinity in taking
up divalent cations. Only three divalent cations (Ca2+, Sr2+,
and Mn2+)are accumulated significantly by intact rat liver mito-
chondria in an energy-linked process stoichiometric with electron
transport (Lehninger et al., 1967). The specificity among these
three divalent ions is Ca2+ > Srz+ ; Mn2+ (Vainio et al.,1970).
The initial rate versus Ca2+ concentration plot shows a saturation
phenomenon (Vinogradov and Scarpa, 1973; Spencer and Bygrave, 1973)
which is thought to be a general characteristic of carrier-medi-
ated transport processes (Wyssbrod et al.; 1971).

Substrate competition has been reported by Carafoli (1965).
Carafoli showed that Qhen mitochondria were incubated simultaneously
with Sr2+ and Ca2+, uptake of each ion was found not to be influenced
by the presence of the other ion when their concentrations were
0.5 mM or less. At higher éoncentrations, Catz-+ uptake was still

almost maximal, whereas the Sr2+ uptake was inhibited by CaZ+.

Another piece of evidence for the existence of a Ca2+
carrier ig the mitochondrial membranes is obtained from the dose
response relationship between lanthanide concentration and the
rate of C32+ accumulation (Mela, 1968, 1969). By measuring the
oxidation-reduction change of the respiratory chain carriers

during Ca2+ accumulation, Mela (1969) found that lanthanides at

an extrapolated concentration of about 0.06 nmoles per mg of



mitochondrial protein .specifically inhibited Ca2+ uptake. This
number, 0.06 nmoles per mg of mitochondrial protein, has been

2+

used by Mela (1969) as the concentration of Ca” carrier sites

in mitochondria.

The genetic relationship between the high~affinity Ca2+
binding in reépiration-inhibited mitochondria and their  ability
to accumulate Ca2+ provides another hint for the existence of the
carrier. Using Scatchard plots, Reynafarje and Lehninger (1969) have
reported that there are high—affinity Ca2+-binding sites in respira-
tion-inhibited rat liver mitochondria. Carafoli and Lehninger
(1971) found that mitochondria from all vertebrate tissues they
examined showed high-affinity Ca2+ binding. However,mitochondria from
yeast and blowfly flight muscle, which are unable to accumulate
Ca.2+ in a respiration-dependent process, were reported to possess no

high-affinity Ca2+;binding sites (Carafoli and Lehninger, 1971).

Estimated number of Ca2+ carrier sites in mitochondria.

The first attempt in estimating the number of Ca2+ carrier
sites was made by Reynafarje and Lehninger (1969). Using Scatchard
plots, Reynafarje and Lehninger (1969) have reported that resbiration—
. inhibited rat liver mitochondria.possess two major classes of Ca2+—
binding sites with widely différent affinities. They further found
important similarities between the respiration-inhibited high-affinity
Ca2+ binding and the energy-linked Ca2+ uptake. These observations

have led Reynafarje and Lehninger (1969) to conclude that the high-

. + o . . . . .
affinity Ca2 binding sites are identical to the Ca2+ carrier sites.



The number of high-affinity Ca2+;binding sites, 1.2 nmoles per
mg of mitochondrial protein, is therefore taken by Reynafarje
and Lehninger (1969) as the number of Ca2+ carrier sites.

By measuring the oxidation-réduction change of the respiratory
chain carriers during Ca2+ aécumulation, Mela (1969) found that
lanthanides at an extrapolated concentration of about 0.05-0.07
nmoles per mg of mitochondrial protein specifically inhibited Ca2+
uptake. Thus, this number, 0.05-0.07 nmoles per mg of protein, has
been used by Mela (1969) as the concentration of Caz+carriers that
existg in mitochondria.

Ruthenium red has recently been found to be another poteént
inhibitor of mitochondrial Ca2+ transport (Moore, 1971; Reed and
Bygrave, 1974a, 1974 c). By applying Henderson's kinetic analysis
of tightly bound inhibitors (Henderson, 1972), Reed and Bygrave
(1974c) were able to estimate the concentration of ruthenium red-
sensitive Caz+;binding sites in mitochondria. The number they
estimated wac 0.08 nmoles per mg of protein, which is approximately
the same as the number of carrier sites estimated by Mela (1969) from
the lanthanide experiments. In the same paper, Reed and Bygrave
(1974c) used the same method to estimate La3+-sensitive Ca2+—
carrier sites in mitochondria. The number they published was less
than 0.00l1 nmole per mg of protein. However, there was a miscalcu-
lation in this number. The corrected value should be less than
0.0001 nmole per mg of protein , an extremely small number compared

to 0.4 nmoles per mg of protein for adenine nucleotide translocase



estimated by Henderson (1972) and 0.28 mmoles per mg of protein
t
for both cytochrome b and cytochrome oxidase estimated by Williams
(1968). The main source of error in the estimation of the number
3+ - 2+ . X
of La” -sensitive Ca carrier sites by Reed and Bygrave came from
the applicability of Henderson's derivation under their experimental
conditions. There are two main assumptions in Henderson's simplified
deriviation. These are the enzyme-inhibitor complex is a 'dead-end'
complex and that only one molecule of the inhibitor combines with
a single form of the enzyme. While the ruthenium red experiments did not
seem to be too far away from these criteria, the La3+ experiments did.
La3+ has been shown to be accumulated by intact mitochondria (Reed
+ .
and Bygrave, 1974b). Thus, the La3 -carrier complex can not be
' ' 2+ 2+ .
dead end'. Also, Ca and Mn~ , which are known to be accumulated
by intact mitochondria, show positive cooperativity (Vinogradov
2+ 2+ .
and Scarpa, 1973). Two molecules of Ca or Mn are found to bind
to the transport system in the process of ion translocation (Vino-
gradov and Scarpa, 1973). Although there is no direct evidence
+
regarding how many La3 ions are needed to bind to the transport
system when translocation of La3+ occurs, it seems reasonable to
assume that more than one is needed. Thus the use of Henderson's
‘ i ; : 3+ PR 2+ . . .
derivation to estimate La~ -sensitive Ca carrier concentration is
questionable.
2+ . ;
The number of Ca carrier sites appears to be between
0.05 to 1.0 nmole per mg of mitochondrial protein, and is probably

closer to the former wvalue.



2+ e B s r .
Mechanism of Ca transport in mitochondria.

The most convincing data showing that Ca2+ transport in
imitochondria is a passive process,driven by a membrane potential
across the inner mitochondrial membrane shas been demonstrated by
Scarpa and Azzone (1970). They found that Ca2+ translocation into
mitochondria could be initiated by adding valinomycin in the sus-
pension medium to induce the efflux of K+. Since K+ is thought to
be translocated independently via valinémycin, the only possible
coupling between K+ efflux and Ca2+ uptake under this condition is
believed to be the membrane potential across the inner mitochondrial
membrane generated by the diffusion of K+. Recently, the driving
force for Ca2+ transport in inner mitochondrial membrane vesicles
has also been demonstrated to be the negative~inside membrane poten-
tial (Niggliet al.,1978).

Selwyn et al. (1970) was the first group to investigate
whether the passive Ca2+ movement into non-respiring mitochondria
down an electrochemical gradient occurred via a neutral antiport

(Ca2+/2H+ or Caz+/2K+), an -electrogenic antiport (Ca2+/H+ or
Ca2+/K+), or an electrogenic uniport mechanism. They used light
scéttering to monitdr respiration-inhibited mitochondrial swelling
induced by high external concentrations of wvarious Ca2+ salts.
Swelling should havé occured only when both pH balance and charge
balance are satisfied. In the presence of acetate, Selwyn et al.

(1970) found that swelling did not occur. However, swelling did

occur in the acetate system when an uncoupler which could act to
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transport H+ was added. Acetate is known to .penetrate the membrane
only in its undissociated free acid form (Chappell, 1968). This
finding showed that the carrier could not be a Ca2+/2H+ antiporter,
sinée this mechanism would balance both charge and pH; and the mito-
chondria should have swollen before the additioq of uncoupler. They
also found that thiocyanate-induced swelling to the same degree both
in the presence and the absence of an uncoupler. These results showed
that a neutral antiport Ca2+/'2K+ was not likely, since the replace-
ment of K+ by divalent Ca2+ would have lowered the osmolarity éf the
intramitochondrial fluid and caused the shrinkage of the mitochondria.
According to Selwyn et al. (1970), the thiocyanate experiment also
ruled out Ca2+/H+ antiport mechanism, because this mechanism would
have resulted in an imbalance of pH and hence inhibited the swelling
due to lowering the availability of protons for exchange with the
Ca2+ ions. However, Puskin et al. (1976) suggested that this
Caz+/H+ antiport could occur in conjunction with a substantially
larger Ca2+ uniport activity. The mechanisms which were not ruled
out by Selwyn et al. (1970) were uniport and Ca2+/K+ electrogenic
antiport.

Rottenberg and Scarpa (1974) measured the distributions of

+ + . . . R ,
Ca2 and RbF(ln the presence of valinomycin)across the mitochondrial

membrane. They found that the distribution ratio for Ca2+ was
+
about the same as the square of the distribution ratio ‘for Rb .

+ . . , .
Assuming that the Rb distribution in the presence of valinomycin was

governed by membrane potential obeying the Nernst equation, Kotten-
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berg and Scarpa (1974) interpreted their results as evidence that
Ca2+ uptake in mitochondria is an electrogenic process driven by
membrane potential with a met charge transfer of 2.

An entirely different mechanism was proposed by Moyle and
Mitchell (1977a). 'They estimated the electric charge étdichiometry
of Ca2+ translocation from the number of acid eﬁuivalents that were
exported through the respifafor} chain system per'Ca2+ importedA
through the L33+;sensitive Ca2+ carrier. It was concluded that the
specific Ca2+ carrier is not a Ca2+ uniporter, but is a Ca2+-anion
symporter or a Ca2+/cation antiporter with a net charge transfer of
one. Later, Moyle and Mitchell suggested that the Ca2+—anion
symporter is a Ca2+;phosphate (Moyle and Mitchell, 1977b) or a
Cazf;monocarboxylate (Moyle and Mitchell, 1977¢) symporter. However,
there are serious doubts against a Caz+—anion symporter being the
mechanism for Ca2+ transport in mitochondria. If this mechanism
were true, Azzone et al. (1977) calculated that the concentration of
the anion in the matrix would be either 10 times lower or equal to
that of the outer space assuming that the steady state divalent
cation distribution of either 104 or 103 (Azzone et al.,1976) in
the presence of a membranespotential of 180 mV. However, the
distribution of phosphate was found to be opposite (Klingenberg,
1970). Another criticism of Ca2+—phosphate symport mechanism comes
from Reynafarje and Lehninger (1977). They showed that during
Ca2+ uptake, a net 2 positive charges were transferred even under the

experimental conditions described by Moyle and Mitchell (1977a).
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There have been numerous attempts to .measure the membrane
potential across the inner mitochondrial membrane. The measured
high values vary from 130 to 200 mV (Mitchell and Moyle, 1969;
Nicholls, 1974; Azzone et al., 1976). 1If the uniport mechanism
were the only functional mechanism, a membrane potential of 180
mV would yield an equilibrium-gradient of 106 for C32+. Since
the divalent cation concentrafion in the matrix compartment is not
likely to exceed a few mM (Azzone et al., 1975; Puskin et al., 1976),
an accumulation ratio of 106 would reduce the cytoplasmic Ca2+
concentration to 10-9M. At such a low level of Ca2+, many
cytoplasmic enzyme systems can not function (Carafoli and Cfompton,
1978). Thus, the Ca2+ uniporter alone is not able to regulate the
Ca2+ transpbrt in mitochondria.

Puskin et al.(1976) used EPR to measure the Mn2+ distribution
in the presence of K+ and valinomycin. Since free Mn2+ in mito-
chondria can be measured by EPR (Gunter and Puskin, 1972), this
method of calculating wewbrane potential is Lhoughl Lu be wmore
accurate. However, the membrane potential calculated by using
Mn2+ was usually 40-50 mV lower than that calculated from the K+
distribution in the presence of valinomycin. This finding, to-
gether with the fact that ruthenium red addition to mitochondria
after Ca2+ accumulation causes a slow efflux of Ca2+ from mitochon-
dria (Sordahl, 1974) and alters the steady—statg distribution of

divalent cations across mitochondrial membranes (Puskin et al. 1976)

has led Puskin et al. (1976) to suggest that there may be more than
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one Ca2+ transport mechanism in mitochondria. One of the
Ca2+ transport mechanisms is ruthenium red sensitive (presumably
Ca-z.+ uniport ) and thevothgr is less ruthenium red sensitive.

Ca2+ efflux has attracted much attention recenﬁly. The
efflux of Ca2+ from mitochondria can be induced by prostaglandins
(Malmstrom and Ca:afoli, 1975), fatty acids (Harris, 1977), phos-
phoenolpyruvate (Roos et al., 1978), and Na+ (Crompton et al., 1976,
1977, 1978). Whether the influx and efflux mechanisms are separate
entiﬁies is still debatable. While many authors favor separate
mechanisms for infiux and efflux (Puskin et al., 1976; Gunter et al.,
1977, 1978; Crompton et al., 1977, 1978; Akerman, 1978), Pozzan et al.
(1977) suggest that Ca2+ efflux occurs always through the native
carrier responsible for the Ca2+ influx mechanism.

. . 2+ ,
Attempts at the isolation of the Ca carrier.

Using Scatchard plots, Lehninger and his co-workers .(Reynafarje.
and Lehninger ,(l9§9) Lehninger and Carafoli, 1971) have reported that
respiration?inhibited rat liver mitochondria possess two major classes
of Ca2+;binding sites with widely different affinities. At pH 7.4,
the low-affinity sites can bind about 40 nmoles of Ca2+ per mg of
mitochondrial protein with a Kd larger than 30 uM, whereas the high-
affinity sites can bind 0.1-1.0 nmoles of Ca2+ per mg of protein with

a K, of about 1.0 pyM (Lehninger and Carafoli, 1971). Reynafarje

d

and Lehninger (1969) also found important similarities between the
+

respiration~inhibited high-affinity Ca2 binding and the energy-

24 L , , .
linked Ca  uptake. These similarities include the number of
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of binding sites for'Ca2+, the affinity of the binding sites, and the
competitive effects of various divalent cations. These observations
led Reynafarj e and Lehninger to conclude that the high-affinity Caz+—
binding sites are theAsites of the Ca2+ carrier molecule.

Since the.suggéstion that high - affinity
Ca2+-binding‘sites are the sites of the Ca2+ carrier, the isolation
of éeveral high-affinity Ca2+?binding proteins from mitochondria has
been reported. ‘Lehninget (1971) first extracted a soluble, heat-
labile, high—-affinity Ca2+Fbinding fraction from mitochondria by
using osmotic shock. From this soluble fraction, Gomez-Puyou et al.
(1972) extracted an insoluble fraction,.by ammonium sulfate precip-
itation, which contained a high~affinity Ca2+-binding glycoprotein.
Upon application to analytical gel electrophoresis, this insoluble
fraction showed a major protein band of molecular weight around
67,000 daltons and four other minor bands . No further characteris-
tics of this glycoprotein have been reported.

Later, Utsumi and Oda (1974) extracted from liver mitochondria
a water-soluble fraction containing a glycoprotein. This fraction
can bind Ca2+ and ruthenium red tightly and is able to reverse the
inhibition of Ca2+ transport when added to ruthenium red-treated
mitochondria. But this water-soluble fraction contains more than
six bands according to SDS gel electrophoresis. It is not clear
whether this fraction is identical to the water soluble Ca2+—binding
fraction isolated by Lehninger (1971).

Sottocasa et al.(1972) have also extracted a soluble Ca2+-
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binding glycoprotein from ox liver mitochondfia. The protein
moiety of this glycoprotein has a molecular weight of about

42,000 daltons. This glycoprotein has both high~ and low-

affinity Ca2+ binding_sites as revealed from Scatchard plots. It
has been strongly suggested that this glycoprotein is localized
between the two membranes of mitochondria-as can be realized from
the method of isolation (Sottocasa et al., 19713 Sottocasa et al.,
1972). They have also shown that the glycoprotein is associated
with the ﬁitochondrial membrane only when Ca2+ is present and is
released into intermembrane space when Ca2+ is removed by EDTA. These
findings led Sandri et al.(1976) to classify the glycoprotein as a
"mobile carrier" Which associates with the membrane and translocates
Ca2+ when Ca2+ is present in the medium, but is localized in the
intermembrane space when Ca2+ is not present.

The fact that ruthenium red is a potent inhibitor of Caz+
transport in mitochondria (Moore, 1971) combined with the belief that
ruthenium red is specific for mucopolysaccharides and glycoproteins
have led Carafoli and Sottocase (Carafoli et al., 1971; Carafoli
and Sottocasa, 1974) to concentrate on the isolation of glycoproteins
from mitochondria.They used a chaotropic agent specific for membrane
glycoproteins,lithium diiodosalicylate (Marchesi and Andrews,1971),
to extract glycoproteins. Two classes of glycoproteins with slightly
different .amino acid compositions have been isolated. The monomer
molecular weight of the protein moiety of both glycoproteins is about

30,000 daltons. These glycoproteins have been tested on artificial
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lipid bilayers for the possibility of translocating Ca2+ across

the apolar region (Carafoli et al.; 1974; Prestipino et al, 1974).
An increase of membrane conductance induced by these glycoproteins in
the présénce of Ca2+ has been shown. However, no Nernst potential
due to a Ca2+ gradient across the lipid bilayers can be measured.
lAlso, La3+ inhibition of Ca2+ transport is not demonstrated. These
observations, togethéf with the finding that these glycoproteins are
very hydrophilic, led Carafoli (1975) to postulate that these
isolated glycoproteins may be superficial<Ca2+—binding sites and

are not involved in the transmembrane translocation of Ca2+. The
observed increase of membrane conductance due to these glycoproteins
in the presence of Ca2+ may indicate that Ca2+ is not the charge
carrier species but is required for the absorption of these glyco-
proteins to the membrane. This may be due to the acidic nature of
these glycoproteins, as well as to the presence of sialic acid in
these glycoproteins. .

Recently, Carafoli et al, (1977) used 106.Ru—ruthenium red to
label mitochondria and then removed the soluble proteins by exten-
sive sonication. A hydrophobic fraction containing a major 20,000
dalton protein and 7 other minor profein bands as identified by
SDS gel electrophoresis can bind ruthenium red with high affinity.
Whether this fraction is specific for Ca2+ has not been reported.

Another approach to the isolation of aFCa2+ ionophore from
mitochondria is to release the ionophore by proteolytic digestion.

Blondin (1974, 1975) isolated some oxyoctadecadienoic acid compounds
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from a partial tryptic digestion of lipid . deleted mitochondria.

These compounds are able to interact with,Ca2+ and'Mg2+ and facilitate
the transfer of Ca2+ and_Mg2+ across the mitochondrial inner membrane
or across a carbon tetrachloride phase separating two discontinuous
aqueous compartments. Makhmudova et al. (1975) investigated the
effect of these compounds on phospholipid bilayers. An increase

of electrical conductance with slight--cation-selectivity was
reported. But the sensitivity of Ca2+ transport to ruthenium red

was not mentioned. By using prolonged tryptic digestion, Blondin
et:al. (1977) could also release a K+/Ca2+ ionophore from a 10,000
dalton protein. Howevef, fhe specificity of this ionophore among

divalent catious has nol been luvestigated.
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CHAPTER 1

ISOLATION OF A CALCIUM IONOPHORE FROM CALF HEART

INNER MITOCHONDRIAL MEMBRANE



SUMMARY

A protein Qas isola;ed.from calf heart inner mitochondrial
membrane with the aid of an electron paramagnetic resonance assay
based on the relative binding properties of Céz+, Mn2+, and Mg2+ to
the protein. The molecular weight 6f this protein has been estimated
to be about 30Q0 by urea/sodium dodecyl sulfate gel electrophoresis
and amino acid aﬁalysis. The protein  is shown to have two classes
of binding sites for Ca2+'by flow dialysis studies and can extract Ca2+
into an organic phase. The sélectivity sequence of this protein
determined from the organic solvent extraction experiments shows that
it favors divalent cations over monovglent cations. Also, the rela-
tive selectivity séquence for divalent cations is Ca2+,Sr2+> Mn2+ >
Mg2+. Ruthenium red and La3+ are shown to inhibit the protein-mediated
extraction of<Ca2+ into the organic solvent. The calcium translocation
in a Pressman cell by this protein is selectively driven by a hydrogen
~ion gradient. Control experiments indicate. that the Ca2+ transport
properties of the_protein'are not due to'the contaminating phospholipids.

‘ . . s 2+ . :
Evidence :suggests.that the._isolated. protein may be a Ca“ ‘carrier in the

, . 2+
- mitochondrial Ca transport system.
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INTRODUCTION

Many reactions in célls ére known to be Ca2+ dependent. These
reactions include acfivation'of enzyme systems, activation of contrac-
tile and motile systems, hormonal regulations and several membrane-
linked functions (for eiamples of these reactions, see Carafoli, 1976).
Because of the important roles played by calcium in these reactions,
the intracellular level of'Ca2+ is thought to be very well regulated.

Based on certain assumptions, Carafoli and Crompton (1978)
have calculated that in the heart cells, the total membrane area
available for Ca2+ transport is about 12.2 mz/gm of tissue. Among
which, 877 of the tbtal area beiongs to the inner mitochondrial mem-
brane, whereas the sarcoplasmic reticulum and the sarcolemma occupy
127 and 1%, respectively, of the total area. Thus, in tissue like
heart where sarcoplasmic reticulum is scarce and is less active in
the transport of Ca2+ than in its skeletal muscle counterpart (Tada
et al., 1978), mitochondria may play an important role in sequestering
Ca2+ (Affolter et al., 1976; Carafoli, 1974).

Ca2+ transport in mitochondria appears to be a carrier-mediated
process (Lehninger, 1970; Selwyn et al., 1970; Carafoli and Sottocasa,
1974; Reed and Bygrave, 1974) that responds to a negative-inside mem-
brane potential across the inner mitochondrial membrane (Scarpa and
Azzone, 1970). There have been numerous attempts (Lehninger, 1971;
Sottocasa et al., 1972; Gomez-Puyou et al., 1972; Carafoli and Sotto-

casa, 1974; Utsumi and Oda, 1974; Carafoli, 1973) to isolate a protein
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with characteristics consistent with those expected of a carrier,

i.é.; hi'gh-affinity'Caz,+ binding (Carafoli and Azzi, 1972; Spencer

and Bygrave, 1973); high specificity for-Ca2+ (Lehninger et al.,1967)
and high'sensifivity;to Ca?f transport inhibitors (Moore, 1971; Mela,
1968, 1969; Reéd and Bygrave, 1974). Among these ﬁroteins, a

67,000 dalton protein.(Goméz-Puyou et al., 1972) and a 33,000 dalton

- glycoprotein (Carafoli, 1975) have been implicatedAin Ca2+ transport.
However, it appears that these proteins ﬁay be extrinsic membrane bind-
ing proteins rather than the éa2+Acarrier (Carafoli, 1976; Carafoli

et al., 1974;Prestipinb et al., 1974).

It has been suggested that Ca2+ and MQZ+ are transportéd into
mitochondria via the same carrier (Lehninger and Cérafoli, 1971; Vino-~
~ gradov and Scarpa,.1973). Free Mh2+ shows sextet-hyperfine spectrum .in
electron paramagnetic resonance (EPR) spectroscopy (Gunter and Puskin,
1972; Puskin and Gunter, 1972). When Mn2+ is bound to proteins (Reed
and Cohn, 1970) or phospholipids (Allen et al., 1966), the EPR spectra
do not show hyperfine structire. Thué, the Bound Mn2+ can be disting-
uished from the free M'nz+ in a biological sample. Using Mn2+ as a Ca2+
analog, a novel approach of isolating a low mblecular weight Ca2+ iono-
phoré from calf heart innerimitochOndrial membrane is reported in this
chapter. The isolatioﬁ method is based on the relative binding proper-
ties of Ca2+,Mn2+, and Mg2+ to the protein and usés EPR spectroscopy to
follow the high affinity:Mh2+;binding site(s) through a series of iso-

lation steps. The possible role of this isolated protein in the mito-

chondrial Ca‘_2+ Transport system 1s discussed.
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Some of the'results described here have been reported pre-
viously (Jeng and Shamoo, 1978; Shamoo ahd.Jeng, 1978; Jeng et al,

1978).
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EXPERIMENTAL PROCEDURE

MATERTALS

RbC1, 22NaCl, 54MnClz, 65ZnCl2 and BSSrCl2 were purchased

from New England Nuclear. 45CaCl2 was obtained from Amersham. Sephadex

86

G-~50 (fine)'was the product of Pharmacia. Silicic acid (Bio-Sil A,
100-200 mesh). was obtained from Bio~Rad. Silica gel G plates (250 um)
were products of Fisher Sci. Sequanal grade pyridine and constant
boiling HC1l (6N) were obtained from Pierce. Digitonin, ruthenium
red, deoxycholic aqid, methylene chloride, bovine serum albumin, soy-
bean trypsin inhibitor, horse heart cytochrome c and bacitracin were
all purchased from Sigma. Insulin was obtained from Lilly. All other
reagents used were of the highest commercial purity available.
Phospholipase C was a generous gift from Dr. Richard D. Mavis.
Digitonin and deoxycholic acid were recrystallized in ethanol before

use. Ruthenium red was used without further purification.



METHODS

Calf heart mitochondria were.prepared as previously described
(Crane et al., 1956) with slight modification. The hearts ﬁere ob-
tained from a slauéhtér house and were packed in ice immediately on
the kiiling floor. All fat and conﬂective tissue were trimmed off,
and the muscle was cut into small pieces and passed through a pre-
cooled electric meat grinder. The material was then blended in a high
speed blender. To every 100 ml of mince, 300 ml of buffer (0.25 M
sucrose, 0.5 mM EDTA, and 10 mM Tris.HCl, pH 7.6-7.7) and 1 ml of
6 N KOH were addéd.“ The blender was operated for 40 seconds at full
" speed. .The pH of ﬁhe homogenate was adjusted to 7.8 with 6 N KOH. This
homogenate was immedjately centrifuged for 5 minutes at 3,000 rpm
(1000 x g) in‘a Beckman JA-10 rofor. The red supernatant was deéanted
through a 4~fold cheesecioth and kept, and the sediment and a partially
sedimented buff layer were discarded. The same centrifugation pro-
cedure was repeated. " The supernatant of the second centrifugation
was spun for 35 minutes at 10,000 rpm (11,000 x g) in the same rotor.
.The resulting supernatant was discarded and the mitochondria which had
been sedimented Qere resuspended in one liter of buffer containing
0.25 M sucrose and 10 mM Tris.HCi, pH 7.6-7.7. The homogenized sus-
pension was aggin subjected to centrifugation for 35 minutes at 10,000
rpm. The last step was repeated and the mitochondria were resuspended

in a small volume of the sucrose and Tris.HC1l buffer as described in
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the previous step. Protein concentration was determined by the
biuret method (Jacobs et al.; 1956). The concentration was then ad-
justed to 50 mg/ml; This mitochondrial suspension was divided into
-sgvera; p}astic bottles (50 ml each) and kept in the freezer.

Further fractionation of mitochondria.

Submitochbndriél pa;ti¢les were prepared according'to the method
of Schnaitman and Greenawalt (1968). Recrystallized digitonin (1.2
mg per 10 mg of mitochondrial proteiﬁ) was dissolved in a small volume
of buffer solution (0.25 M sucrose and 10 mM Trié, pH 7.8) prior to use.
Mitochondria were thawed on the day of the experiment. While stirring
gently, ice~cooled digitonim solution was added to the mitochondria
suspension. The final digitonin concentration was 0.57%. This resul-
ting suspension was gently stir;ed for 15 minutes over ice and then
diluted with 3 volumes of buffer solution. The diluted suspension
was centrifuged for 10 minutes at 8,000 x g in a Beckman JA-20 rotor.
The supernatant. was carefully decanted.and the pellet was gently resus—
pgnded in the same volume of isolatibn‘medium. The suspension was cén—
trifuged again at the same spced for 10 minutes. The pellet contained
submitochondrial particles and was resuspended in the buffer solution
at a concentration of about 35 mg/ml.

The submitochondrial particles obtained from the previous step
contain both inner mitochondrial membranes and matrix compartments.
This preparation was fractionated further by treatment with 1.2
mg of Lubrol per 10 mg of protein. The final concentration of Lubrol

was 0.3%. This Lubrol-treated suspension was gently stirred for 15
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minutes over ice and then centrifuged at 144,000 x g for one hour.
The pellet obtained is enriched with inner mitochondrial membranes
(Schnaitman and Greenawalt, 1968). This pellet was resﬁspended in
10 mM Tris; pH 7.8 and the brotein concentration was adjusted to
35 mg/ml.

Inner mitochondrial membranes were fractionated by adding
0.3 mg of potassium deoxycholate (K DOC) per mg of protein in the
presence of 1. M KCl. After stirring for: 15 minutes over ice, the
protein guspension was centrifuged at 105,000 x g for 30 minutes. The
supernatant was divided into 5 ml fractions and stored in a freezer.

For fﬁ:ther fractionation, 5 ml of the DOC-soluble inner
mitochondrial.membrane protein was thawed and dialyzed against 500
ml of column buffer ( 1% K DOC, 0.02% NaN3, and 10 mM Tris.HC1l, pH 7.8)
at room temperature for 2 hoursf The dialysate was centrifuged at
105,000 x g for 30 minutes at room temperature. The supernatant was
then apﬁlied to a Sephadex G-50 column equilibrated with 1%.KX DOC, 0.02%
NaN3, and 10 mM Tris.HCl, pH 7.8. The column was 2 m long and 2.5
cm in inner diameter. The operational pressure was usually 30 cm and
the flow rate was 10 ml per hour. The elgtion profile was monitored
by 280 nm absorbance.

EPR assay of the high—affinity Mn2+;binding protein.

EPR spectroscopy was carried out at 9.5 GHz in a Varian E-12
system. The central field was 3400 gauss. The magnetic field was
swept to meet the resonance conditions. To test for high-affinity

binding, a suitable concentration of MnCl2 was added to a sample and
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and the EPR spectrum was taken."MgCl2 was then added to the same
sample at a concentration 50 times' the MnCl2 concentration and the
EPR spectrum was taken agéin. ‘Free Mn2+ concentration in the solution

could be determined from the formula:

‘where

C = free an+ concentration in mM

K = constant

I = height of the first line

R = receiver gain.

S = average height bf the g=2 standard before and after

" the scan

B = correction factor related to the width of the iines.
The constant in the formula could be detérmined from the slope of
the known concentrafion of MnCl2 in aqueous solutions vs. I/(R x S x B)
plot. The concentration of free Mh2+ in the sample could then be deter-
mined. The concentration of bound Mn2+ was calculated from the diff-
erence of the concentrations. of Mn2+ added to the sample and the free
Mh2+ calculated from'EPR spectrum. The calculated concentration of
bound Mh2+ after the Mg2+ flush is referred to as éhe concentration of
Mg2+;irrep1aceable high-affinity Mh2+Binding sites. The protein con-
centration was determined and the binding per mg of protein was then
calculated. High-af%inityan2+ binding was measured starting with

intact mitochondria. In the binding experiments using mitochondria
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and submitochondrial particles, 30 uM rotenone was added to the
’ ¥y 2+ .
medium to prevent the uptake of Mn~ . Fractions containing a high
. 2+ .. s 24+ . . . s
concentration of Mg ~-irreplaceable high-affinity Mn~ binding sites
were chosen for further purification.

Determination of protein concentration.

When the protein concentration to be determined was in the -
range of 10-20 mg/ﬁl, the biuretAmeEhod (Gornall et al;, 1949) was
applied and crystalline boviné serum albumin (BSA) was used as protein
standard. One hundréd microliters of protein solution were solubilized
in 3 ml of 0.2% K DOC as modified by Jacobs et al. (1956). Three
milliliters of biuret solution (32 NaOH, 0.15% cupric sulfate, and
0.6% sodium potassium‘tartrate) was then added. Corrections were
made for non-biuret color and turbidity by using appropriate blanks.
The absorbance at 560 nm was measured after 20 minutes of incubation
period.

Lower protein poncent:ation ( 0.1-10 mg/ml) was determined
according to the method of Lowry et al. (1951) The protein concen-
tration was calculated from the absorbance at 750 nm measufements with
BSA as the standard.

Gel electrophoresis and glycoprotein identification

Urea/SDS polyacrylamide gel electrophoresis was carried out
according to the method of Swank and Munkres (1971). Cylindrical
gels (5.5 x 120 mm) containing 10% acrylamide, 1% bis-acrylamide,

0.1% SDS, 8 M urea and 100 mM H,PO, , at a final pH of 6.8 adjusted

3

by Tris, were made on the day of electrophoresis. Gels were poly-

merized by the addition of 0.03% (vol/v015 TEMED and 0.02% ammonium
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persulfate. The samples to be analyzed were dissolved at 2 mg/ml

in 1% SDS, 8 M urea; 1% mercaptdethanol,'and 0.01 M H3P04 gdjusted to
pH 6.8 with Tris, énd heated fof 10 miﬁutes at 60° prior ﬁo electropﬁo-
resis . Bromophenol blue' (- 0.005% )'Qés used as the tracking dye. The
reservoir solution contained 0.17% SDS.aAd'O.l M H3P04’adjusted to pH

6.8 with Tris. .Gels were run at constant cufrentldfTZQmAgpe:fgéllover~
night and stained for two'héurs in a golution containing 0.25% Coom-
assie blue, 45% methanol, and 9% acetic acid. These gels were then
destained in 10% acetic acid. Apparent molecular weights were estimated
from log (molecular weight) versus relative mobility plots. Molecular
weight standards used were soybean tr&psin inhibitor (21,300), cyto-
chrome ¢ (11,700), insulin (5,700), ipsulin B (3,400), insulin A (2,300),
and bacitracin (1,400). |

Gels were also stained with periodic aqid/Schiff base (Fair-

banks e£ al., 1971) to identify glycoproteins. After electrophoresis,
gels were immersed in 25%»(vol/vol) isopropanol and 10% acetic

acid overnight, in 10% isopropanol and.;OZ acetic acid for 6 hours,

and then in 107 acetic acid alone for several hours until the background
was clear. Afterwards, gels were dipped in the following solutions

in sequence: 0.5% periodic acid for 2 hours, 0.57% sodium arsenite and

5% acetic acid for 1 hour, 0.1% sodium arsenite and 5% acetic acid for
20 minutes for 3 times, 5% acetic acid for 15 minutes, and finally,
Schiff reagent ( 0.457% basic fuchsin, 0.9% sodium metabisulfite, and
0.09 N HC1l) overnight. Tﬁese gels were rinsed with 0.1% sodium meta~-

bisulfite and 0.01'N HCl1 until the rinse solution failed to turn pink
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upon. addition of formaldehyde;

"Amino ‘acid analysis.

Amino acid analysis wasApérformed according to the ﬁethod of
Spackman ét al. (1958). The purified protein sample (0.1 mg) was
lyophilized in a wvacuum reaction flask. Oﬁe milliliter of Pierce
Aconstant béiling HC1 ( 6N ) was added and the liquid was deaerated un-
der vacuum. The sfopper.éf the reaction flask was then closed and
the flask was placed in a heatiné block at llOOC for 24 hours. After
cooling, the sample was. dried in-a vacuum dessicator over N#OH.The
dry sample was then mixed with 100 ﬁl of citrate starting buffer and
run on a Durrum D500 analyzer.

Ca2+;binding'studies.

To remove the bulk of DOC, purified protein was dialyzed
against 10 mM Tris.HC1l, pH 7.8, for 72 hours.. Ca2+ binding was meas-—
ured by flow dialysis-at 23° in a Teflon chamber set according to the
method of Colowick and Womack (1969). The Teflon chamber set con-
sisted of a lower and an upper cylindrical chamber separated by a
piece of Spectrapor 2000-dalton molecular weight cutoff dialysis
membrane. Both the‘iower and upper chambers were 9.5 mm in diameter.
The depths of the'lower-and the upper chambers were 5 and 25‘mm,respec—
tively. Each chamber had a 7 x 2 mm Teflon flea stirrer. Protein was
added to the upper chamber. The experiment was initiated by adding

45 to the upper chamber. Increasing amounts of non-radioactive

45

CaCl2

CaCl2 were added at later times to displace the Ca bbund to the pro-

tein. The flow rate of the dialysis buffer was about 1 ml per minute.
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One milliliter fractions were collected in a fraction collector and

500 ul was pipetted from each tube to count.the radiocactivity.

Organic "solvent extraction experiments.

In order to prepare the protein for these experiments, column
fractions containing the pure protein were -pooled and dialyzed against
50% (vol/vol) ethanol at 4° for.5-days. The reeﬁiting cloudy dialysate
was centrifuged at 228,000 ing for 30 minutes. The yellowish pellet’
was dissolved in a small volume of sequanal grade pyridine at a
concentration of 1.0 mg/ml. The e#periments were ce;ried out at room
temperature. Depending on the eéperiments, diffefent amounts of pur-
ified protein in pyridine were added to 2 ml of methylene chloride.
One milliliter‘of aqueous phase containing the described concentration
of radiocactive cation . was then added to the orgaﬂic phase; The two
phases were then mixed by vortexing for one minute and separated by
centrifugation in a Beckman TJ-6 table-top centrifuge at 900 x g for
15 minutes at room temperature. Aliquots (0.5 ml) of the methylene
chloride phase were then assayed for radioactivity by liquid scintill-
ation or ? counting.

Bulk phase transport experiments.

Protein-mediated'Ca2+ transport through an organic phase was
measured by using a Pressman cell (Pressman, 1573) at 22°%. This
cell consists of two aqueous phases separated by a stirred organic
phase. Methylene chloride was used as the organic phase. The volume
of the aqueous and organic. phases were 2 and 6 ml, respectively. 45CaCl2

was added to one of the aqueous phases, and the protein was added to the
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organic phase. The organic phase was stirred gently by a stirring
bar. The nonradioactive aqueous side was then assayed for the’
appearance of radioactivity.

PhosphOrus‘detérmination.

Phosphqrus was determined by a modified method of Chen et al.
(1956). Samples containing 10-40 nmol of phosphorus in 13 x 100
mm pyrex test tuBes were mixed with 40 ﬁl 107 Mg(NO3)2' 6 HZO '
in 957 ethanol (Ameé‘énd,bubin, 1960). Each tube was then evaporated
to dryness over a flame with rapid shaking an& further heated in the
flame until the brown fumes had disappeared. After the tubes had
cooled, 0.3 ml of O.S_N HCl was added to each tube. The tubes were
then caéped with marbles and heated in a boiling water bath for 15
minutes to hydroiyze to inorganic phosphate any pyrophosphate formed
in the ashing procedure. After cooling, 0.7 ml of ascorbic acid-
molybdate mixture was added to each tube. This ascorbic acid-molyb-
date mixture , which was made up on:the day of the experiment, con-
tained 1 part of 10% ascorbic acid and 6 parts of 0.427 ammonium

molybdate . 4H,0 in 1 N H,SO These tubes were then incubated at

2774
V45°C for 30 minutes and the absorbance was read at 820 nm. Standards

(0-50 ul of 1 mM NaZHPOA) were treated in the same manner.

Partial delipidation of the isolated protein.

The phospholipids associated with the purified protein were
partially removed by the following two methods:
(a) Methylene chloride extraction.

Protein sample containing 80 ug of purified protein was dried
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under a stream of nitrogen gas in a test tube . The dry sample
;;s then solubilized by adding 2 ml of methylene chloride and
mixed with 2 ml of distilled water for 2 minutes on a vortex mixer.
The two‘phasés were sepafated by centrifugation in a Beckﬁan TJ-6
table-top centrifuge at 1000 ﬁ g for 15 minutes at room temperature.
The aqueous phase was cgrefully withdrawn and kept. The remaining
organic phase was mixéd with another 2 ml of distilled water and the
same procedure repeated. The two aqueous phases were then combined,
lyophilized, and solubilized in pyridine. The protein and phospho-
lipid phosphorus cdncentratioﬁS'were determined and the mole ratio-.
of phospholipid:protein was calculated.
(b). Silicic acid column chromatography.

Silicic acid (Bio-Sil A, 100-200 mesh) was packed in a short -
glass column with a 1}2'cm diameter. _The total bed-volume was
2.8 ml. The column was washed with 102béd-Voiumés of methanol and
then 10 bed-volumes of chlo:oform/methanol (C/M ) 6:1 before the
sample was applied. The sample containing 100 ug of protein in
200 ul of C/M 6:1 was eluted with 15 bed-volumes of C/M 6:1 and
then with 10 bed-volumes of C/M 1:1. Three-milliliter fractionms
‘were collected. Each tube was dried under a stream of nitrogen gas
and re-solubilized in 200 ul of sequanal grade pyridine. An aliquot
( 20 u;) from each tube was then analyzed by TLC on Silica gel G
"plates ( 250 um) with chloroform-methanol-28% ammonium hydroxide
(65:35:5, by volpme) as the developing solvent (Meissner and Fleischer,

1971). The plates were charred at 100°C for ome hour after spraying
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with'chfomerge (Christie, 1976). Fractions containing phospha-
tidylethanolamine (PE).ana cardiolipin (pot separable by this method)
and phosphatidylcholine (PC) as identified with the appropriate
standards were pooled, respectively. Fractions which did not con-
tain any phospholipids by visual analysis were also pooled. These
combined fractions were then dried under nitrogen individually and
each was re-solubilized in a small volume of sequanél grade pyri-
dine. The:protein and phospholipid phosphorus concentrations of
each fraction were then determined and the mole ratio of phospho-
lipid:protein was each calculated.

Phospholipase C digestion of phospholipids.

Phospholipids were digested by phospholipase C according to
the method of Mavis et al. (1972). .This.digestion was carried out
in a two-phase s&stem. Two milliliters of diethyl ether containing
4.2 umol of phospholipid phosphorﬁs to be digested were added to a
screw cap culture tube containing 0.5 ml of 0.05 M potassium phos-
phate buffer, pH 7.0. The assay was initiated by pipetting the
phospholipase C directly into the aqueous phase. The tube was capped
tightly and vortexed for 2 hours at room temperature. The digestion
was terminated by removing the tubg from the mixer and allowing the
phases to separate. Aliquots of the ether phase were then analyzed
by thin layer chroﬁatography'(TLC) on a 250 pmSilica gel G plate
with petroleum ether-diethyl ether-acetic acid ( 80: 75: 1.5, by
volume) as the developing solvent (Mavis, et al., 1978). The plate

was sprayed with chromerge (Christie, 1976) and baked at 100°%C
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for one . hour. Diglyéerides, the products of phospholipase C
hydroiysis, migfatedgin this solvent.éombiﬁation, whereas undi-

- gestad phospholipids stajed at the origin (Mavis, et al., 1978).



RESULTS

EPR assay of high-affinity Mn2+ binding.

+ . . s .

The EPR spectrum of an in distilled water shows six hyper-
fine lines (Fig. 1) due to the interaction of unpaired manganese elec-—
trons with its I = % nuclear spin. The peak-to-peak separation
. + .
in the sextet spectrum of an (H20)6 was determined to be 95
Oe. The proportionality constant K, mentioned in the Methods section,
was determined to be 18.73 (results not shown). The EPR spectra,

. 2+ . .. 2+
demonstrating how the Mg~ -irreplaceable high—affinity Mn~ -
binding sites were determined, are shown in Fig. 2. In this figure

. + '
only the first two peaks of the an (H20)6 sextet spectrum are
shown. The height of the first peak is proportional to the free

2+ . . . 2+ .
Mn concentration in the solution. The total Mn concentration
was the same in every sample. Fig. 2a shows the Mn2+ spectrum in
the buffer solution. The sample used in Fig. 2b was a protein frac-
tion which contained only low-affinity an -binding sites. Upon

. . 2+ 2+ .
flushing with excess Mg~ , all of the bound Mn~ was released into

. . ) + . . .
the medium in the form of free an . This resulted in an increase
in the intensity of the spectrum. Fig.2¢ shows the same experiment
for a protein fraction containing high-affinity Mg2 ~irreplaceable
24 . .. . .. 2+ . . .
Mn~ -binding sites as well as low-affinity Mn" -binding sites.
. . 2+ . 2+
There was a small increase in the free Mn~ .intensity due to Mn
released from the low-affinity binding sites when the solution was
. 2+ . . 2+ .
flushed with excess Mg~ . The sites which Mn remained bound to,

even after the addition of Mg2+, were referred to as the high-

affinity Mn’ -binding sitca.
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Figure 1:

Figure 2:
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The first derivative of the EPR absorption curve versus

2+ in distilled

magnetic field. The sample was 37 UM of Mn
water. The total scan was 1000 Oe, and the peak-to-peak
separation was determined to be 95 QOe. The central vertical
line corresponds to the absorption peak of a g = 2 standard.

EPR spectra demonstrating the identificatién of MgZ+-
irreplaceable high-affinity Mn2+—binding sites, Only two
peaks of the hyperfine Mn2+(H20)6 sextet are shown

2+

here. Total Mn® added to each sample was identical.

2+ in 10 mM

(a) shows the spectrum of 37 UM free Mn
Tris.HCl, pH 7.8. The superimposed spectra in (b) and (c)

were taken before and after the addition of Mg2+. After the

.addition of Mn2+, the decreased intensities in (b) and (c)

compared to (a) were due to Mn2* bound to either low

(LI+L2) - or high (H;+H,) - affinity sites. T; +

2+

T2 represents the total Mn2+ binding. Mg“ was added at

50 times higher concentration than MnZt, Fractions which

contained only low-affinity Mn2+-binding sites showed bound

2+ 2+

Mn®" replaced by Mg and released into free solution.

This resulted in an increase of the spectrum (b). Fractions

2

enriched in high-affinity Mn *-binding sites showed that the

2+

intensity of the free Mn“" spectrum was still small even

after the addition of excess Mg2+ (e).
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Protein purification.

High—affinity Mn2* binding was measured starting with intact
mitochondria. It was found that the high-affinity Mn2+-binding
sites reside in mitoplasts (mitochondria devoid of outer membranes),
inner mitochondrial membranés, and DOC-soluble inner mitochondrial
membrane proteins (results not shown). Since DOC was reported to be
able to bind cations (Hofmann and Small, 1967), the effect of DOC on
the Mn2* binding was thus tested. Table 1 shows that when 37 pM

2+

of Mn“" was added to solution containing 1% K DOC, about ome-third

of the total Mn2+

added was bound to DOC. Thus, whenever samples
containing DOC were used, they were dialyzed against 10 mM Tris.HCIl,
pH 7.8, for at least 72 hours before the EPR assay of high-affinity
Mn2* binding was performed.

The DOC-soluble inner mitochondrial membrane proteins were
dialyzed against 1%Z K DOC, 0.027% NaNB, and 10 mM Tris.HCl, pH 7.8,
fpr 2 hours at room temperature and the dialysate was centrifuged.
The supernatant was found to be enriched with high-affinity Mn2*-
binding sites.

The molecular exclusion chromatography of the supernatant on a
Sephadex G-50 column in DOC yielded a 280 nm absorbance elution pro-
file consisting of 6 major peaks (Fig. 3). The fractions under each
peak were pooled and dialyzed against 10 mM Tris.HC1l, pH 7.8 for 72
hours at 4°C to remove the bulk of DOC before the EPR assay.

Table 2 shows the result of the Mn2+-binding assay for each absorp-

tion peak from the Sephadex G-~50 column. This table shows that the

pellet obtained from the previous centrifugation prior to the
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TABLE 1

The effect of DOC on the EPR assay

of Mn2* binding

Solution

Free MnZ* concentration
in solution (uM)

% Mn2* bound

Standard

Isolation
buffer +
1 M KC1

Isolation
buffer +
1 M KC1 +
1% K DOC

36.9

34.5

24.5

6.5

34

The standard solution was MnCl2 in distilled water. The

isolation buffer contained 0.25 M sucrose and 10 mM Tris.HC1,

pH 7.8.

tions was identical (36.9 uM).

each solution.

The amount of Mn

2+

added to all of the three solu-

EPR -spectra were taken for

The free Mn2* concentration in each solution

was calculated using the equation shown in the Methods section.



Figure 3:
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Elution profile of the DOC-soluble inner mitochondrial
membrane proteins chromatographed on a Sephadex G-50
column. The column was pre-equilibrated with 1% K DOC,
0.02% NaN,, and 10 mM Tris.HCl, pH 7.8, and was eluted
with the same.buffer. The elution profile was monitored by

280 nm absorbance.
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TABLE 2

EPR assay of Mn2+binding for samples from each absorption
peak of the Sephadex G-50 column chromatography

Sample

§32+ binding sites (nmol/mg protein)

Total MgZ*-replaceable MgZ*-irreplaceable
Pellet after 2.0 1.7 0.3
dialysis
Peak 1 9.2 5.7 3.5
Peaks 2 and 19.0 19.0 0
3 combined
Peak 4 81.0 71.8 9.2
Peak 5 112.2 66.3 - 45.9
Pcak 6 211.1 211.1 0

The DOC-soluble inner mitochondrial membrane proteins were

dialyzed against the columm buffer (1% K DOC, 0.02% NaN3, and

10 mM Tris.HCl, pH 7.8) for 2 hours and the dialysate was

centrifuged. The supernatant was chromatographed on a Sephadex

G~-50 column.

The samples eluted from the column were dialyzed

against 10 mM Tris.HCl, pH 7.8, for 72 hours at 4°C to remove

the bulk of DOC before the EPR assay. All of the Mn?*-binding

sites were calculated by comparing with a standard. The

standard was obtained by dialyzing column buffer against 10 mM

Tris.HCl, pH 7.8, for 72 hours at 4°cC.

The Mg2+-replaceable

and Mg2*- irreplaceable Mn2*-binding sites are referred to

as the low- and high-affinity Mn2+-binding sites, respectively.
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2+—binding sites. The first, the

column chromatégraphy had few Mn
second, and the third peaks also had few Mn2+-binding sites. From
the same table, it can be seen that the fourth, the fifth, and the
sixth peaks had a large number of Mn2+-binding sites. While most of
the Mn2+-binding sites of the fourth and the sixth peaks were

2+—replaceable (low affinity), at least 40% of the Mn2*- binding

Mg
sites of the fifth peak were Mg2+—irreplaceable (high affinity).
Thus, the fifth peak, eluted at volume/total column volume = 0.53, was

2+

found to contain the highest number of Mg“ -irreplaceable

Mn2

+-binding sites per mg of protein. Urea/SDS polyacrylamide gel
electrophoresis of protein from this peak showed a single band
(Fig. 4).

By comparison with low molecular weight standards, this protein

N

has an apparent molecular weight of about 3000 daltons (Fig. 5). The
molecular weight was further confirmed from the amino acid analysis
(fable 3). The minimum molecular weight calculated from Table 3 is
2883. The isolated protein gave an intensive pink color when stained
with the periodic acid/Schiffs base reagent (Fig. 6, gels b and d), an
indication that it might be a glycoprotein. Figure 7 summarizes the
isolation procedure. The percent yield of protein at each step of the

isolation procedure is shown in Table 4. The purified protein only

accounts for 0.05% of the total mitochondrial protein.



Figure 4:

Figure 5:
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Urea/SDS gels of protein samples from each peak of the
Sephadex G-50 column chromatography. Gel (a) was the
sample applied to the column. Gels (b) and (c) were early
and late fractions from the first peak, respectively.

Gels (d), (e), (f), and (g) were sample fractions from the
second, the third, the fourth, and the fifth peak,

respectively.

Urea/SDS gels of the isolated protein and the low
molecular weight protein standards. Gel (a) was the

isolated Mg2+—irrep1aceable Mot

-binding protein. Gels
(b), (¢), and (f) were soybean trypsin inhibitor (21,300),
cytochrome ¢ (11,700), and bacitracin (1,400), respec=—

tively. Gels (d) and (e) were insulin (5,700) in the

absence and presence of mercaptoethanol, respectively.

"With the addition of mercaptoethanol, insulin was reduced

to chain A (2,300) and chain B (3,400), which can not be

resolved in this gel system.



fig 4

fig,5
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TABLE 3

Amino acid composition of the isolated protein

Content
Amino acid (mol/mol of protein)
Asx 2
Thr } 4
Ser
Glx 4
Pro 1
Gly 4
Ala 2
Val 1
Ile 1
Leu 2
Tyr 1
Phe 1
His 2
Lys 1
Arg 1
Minimum molecular weight = 2883

Tryptophan content was not determined.



Figure 6:
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Urea/SDS gels of the isolated protein in different
staining systems; ‘Gel (a) contained 10 mg of DOC only.
Gels (b) and (c¢) contained 13 pug of protein which was
twice the amount of protein applied to gels (d) and (e).
Gels (a), (b), and (d) were stained by the periodic
acid/Schiff base method. Gels (c) and (e) were stained
with Coomassie blue. The gels showing protein were run

following dialysis to remove DOC.



u—’

b

- Y

c

R

d 2



dey

#HT



53

Figure 7: Flow chart of the isolation procedure. The single and
double arrows after each centrifugation step represent

supernatant and pellet, respectively.
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TABLE 4

Percent protein obtained in each isolation step

Protein
Isolation step - yield, %
Mitochondria . 100
Mitoplasts 46
Inner mitochondrial 38
membrane
DOC-soluble proteins 22

Purified protein 0.05
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2

Characterization of the Ca +-binding properties

The dissociation constants of the isolated protein for cat*
were calculated from flow dialysis experiments. Fig. 8 is a Scatchard
plot (Scatchard et al., 1957) of the binding data from a flow dia-
lysis experiment. The plot is biphasic, which indicates two classes
of binding sités. The high—-affinity sites had a dissociation constant
of 9.5 uM and bound 170 nmol caZ* per mg of protein. Using 3000
as the molecular weight, the stoichiometry was about 0.5 mol of calt
bound per mol of protein. The low-affinity sites had a dissociation

2

constant of 33 UM and bound 0.8 mol of Ca * per mol of protein.

Organic solvent extraction experiments

Table 5 shows data from the.equilibrium extraction experiments
with organic solvents of dielectric constants ranging from 2 (decane)
to 17.8 (butanol). The concentration of protein in every sample was
25 M. The pH of the aqueous CaClé solution was 7.8. The amount

of Ca2+

extracted into the organic phase was approximately 1.3 mol
per mol of protein, using the assumption that all of the protein was
in the organic phase. The addition of picrate, a lipid—so;uble anion,
showed little effect at pH 7.8 in increasing the amount of ca%*
extracted.in the presence of the protein. The hydrophobicity of the

2+ extracted.

solvent also had little effect on the net amount of Ca
Table 6 shows the relative amounts of various monovalent and divalent

cations extracted into methylene chloride in the presence of the pro-

tein. Divalent cations were greatly favored over monovalent catiomns.



Figure 8:
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Scatchard plot of Caz+-binding'data constructed from
flow diaylgis experiments. The protein sample used was
dialyzed for 3 days against 10 mM Tris.HCl, pH 7.8, to
remove DOC. For high-affinity binding, n = 170 nmol/mg of
protein and K; = 9.5 uM; for low-affinity binding, n =
264 nmol/mg of protein and Ky = 33 wf; n is the number

of Ca2

*-binding sites and K4 is the dissociation con-
stant. K, values were calculated from the ratio of

X intercepts to y intercepts. The number of low-affinity
sites was calculated from the difference between the num-
bers of total Ca2+-binding sites (434 nmol/mg of protein)
2

and high-affinity Ca’*-binding sites.
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TABLE 5

Protein-mediated Ca2* extraction into
different organic phases

Ca2* extracted, UM

Methylene 307 butanol/
Decane Chloride 70Z toluene Butanol

Protein 35 32 29 60
Pyridine 0 0 0 33
Protein + 34 38 35 104
picrate :
Pyridine + 0 0 2 81
picrate

2+ .. 2+

Ca extracted from aqueous phase containing 10 mM Ca

and 10 mM Tris.HCl, pH 7.8, into various organic solvents with

and without the addition of protein. Pyridine-solubilized pro-
tein wac added to various vryganic solvents. ‘The final concen-

tration of the protein was 25 uM. Picrate (500 uM) was

added to see if a lipid-soluble anion facilitated ca* extrac-

tion.
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TABLE 6

Cation selectivity

Sequence Zn > Sr > Ca > Mn > Na > Rb

Ratio 1.9 1.3 1.0 0.2 0.17 0.02

The cation selectivity was determined by the protein-mediated
equilibrium extraction into a methylene chloride phase. The
starting cation concentration in the aqueous phase was 1 mM
buffered by 4 mM Tris.HCi, pH 7.0. The protein concentration
was 0.7 uM. Cations extracted into the organic phases were
measured by direct isotope counting. The amount of cat ex-
tracted was set at 1.0. The ratios shown were normalized to

2+

that of the Ca extracted. .
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CaZ+Awas favored over Mn2* by 5:1, but zn?* and sr?* were both

favored over CaZ+._

Competition studies.

Cation competition and inhibition experiments were also

conducted by the organic solvent extraction procedure. As expected

2+

from the previous data (Table 6), zn?* inhibited Ca®* extraction

into the organic phase more strongly than any other divalent cations

tested (Fig. 9). Monovalent cations (X*, Na¥) inhibited ca*

Sr2+, and Mgz+ demonstrated

2+

extraction only slightly. Ba2+,

+

inhibition intermediate between K% , Na' and that of Zn“ and

Mn2*. La3* and ruthenium red showed the strongest inhibition of

2+

Ca extraction.

Bulk phase transport.

2+

The protein-mediated transport of Ca through a bulk hydro-

phobic phase is shown in Fig. 10. 1In Fig. 10a, the starting ca?*
concentration on both sides was 1 mM. Experiments were run with a pH
gradicnt from 8.4 on Lhe dunor side to 6.0 on the receiver side. When

the pH gradient was reversed, to 5.0 on the donor side and 7.8 on the

2+ 2+

receiver side, no Ca translocation occurred. Also, no Ca

translocation was observed in the absence of a pH gradient (both sides

2+

pH 8.0 or pH 5.0). There was also no Ca translocation when a

+ 2+

gradient of Na+, K*, or Ca** was substituted for the H' gradi-

2+

ent. In the presence of a Ca‘’ gradient (10 mM on the donor side

2+

and no Ca“" on the receiver side) in addition to the pH gradient,



Figure 9:

60

2+ extraction by

Inhibition of protein-mediated Ca
various cations and ruthenium red (RR) into a methylene
chloride phase. Experiments were conducted by the equili-
brium extraction procedure. Starting ca?* concentration
in the aqueous phase as 1 mM in 5 mM Tris.HC1l, pH 7.0.
Protein concentration in the organic phase was 2.5 uM.

The amount of Ca2+ extracted in the absence of any other

cations was set at 100%Z.
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Figure 10:
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+
2 transport from a donor aqueous

Protein-mediated Ca
phase through an organic phase (methylene chloride) to a

. 45, 2+
receiver aqueous phase. (a) ~Ca“ was transported
from pH 8.4 on the donor aqueous phase to pH 6.0 on the
receiver aqueous phase. Protein was initially added to the
methylene chloride phase. The final concentration of the

+ .
2 concentrations on

protein was 2.8 uM. Starting Ca
both donor and receiver sides were 1 mM. The donor and
receiver siaes were buffered with 5 mM Tris (pH adjusted by
HC1) and 5 mM MES (pH adjusted by Tris), respectively.
Experiments were conducted by using Pressman cells. The
control experiments with no protein added and experiments
with reversed HY gradient showed zero tfansport.

(b) Pressman cell experiments in the presence of a caZ*
gradient as wcll as a pH gradient. The donor side was
10 m “>CaCl, buffered with 10 mM Tris.HCl, pH 8.5 and

the receiver side was 10 mM MES, pH 6.5 adjusted with

Tris. The protein concentration was 4.3 uM.
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2+ transport rate through the organic phase was not enhanced

the Ca
(Fig. 10b). Thus, the ca?* translocation properties of the protein

are extremely dependent on a pH gradient.

Lipids associgted with the protein.

vThe ethanol-precipitated protein used in the previously men-
tioned organic solvent extraction and bulk phase transport experiments
was contaminated with lipids. Approximately 150 moles of phosphorus
A wa; found to be associated with each mole of protein (Table 7,
below). Visual analysis of the lipids with approximate standards by
TLC indicated that the lipid composition was about 50% PE, 30% PC, and

less than 5% cardiolipin (Fig. 11).

Partial delipidation.

The work of Tyson et al. (1976) indicated that cardiolipin might

2+ transport properties reported here.

contribute to some of the Ca
In fact, cardiolipin-mediated caZ* transport through a bulk organic
phase under the same condition as that shown in Fig. 10b was con-
firmed (Fig. 12). Thus, it was necessary to delipidate the protein to
see if the.ionOphorous properties were still associated with the pro-
tein.

Blondin et al. (1977) reported a rapid delipidation procedure by
using diethyl ether to solubilize the majority of phospholipids leav-
ing proteins precipitated. However, this approach was not success-

ful. Almost 100% of the protein was found in the ether-soluble phase

and the amount of phospholipids associated with the protein was not



Figure 11:
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Phospholipids associated with the protein. Tﬁe com-
position was analyzed on a TLC plate by comparing with the
phospholipid standards.

(a) 65 ug of the isolated protein.

(b) 35 ug of cardiolipin.

(¢) 35 ug of PE.

(d) 35 ug of PC.

The developing solvent was chloroform-methanol-28% ammonium

hydroxyde (65: 35: 5:, by volume).






wir oy
" 5

¢ 4178

4642



Figure 12:
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Cardiolipin-mediated ca?* translocation in the
Préssman cell assay. The donor side was 10 mM 45CaCl2
buffered with 10 mM Tris.HCl, pH 8.5 and the receiver side
was 10 mM MES, pH 6.5 adjusted with Tris. The concentra-

tion of cardiolipin was 0.42 mM. Methylene chloride was

used as the organic phase.
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changed. By using a methylene chloride extraction procedure, the
amount of phospholipid was reduced to 36 mol per mol of protein
(Table 7).

A better method of dilipidation was to use silicic acid column
chromatography. Cardiolipin and PE were eluted first from the column
with chloroform/methanol (C/M) 6:1. Protein with no phospholipid
contamination by visual analysis on a TLC plate followed as a peak
behind the major phospholipid contamination. PC could be eluted from
the column with C/M 1:1. The phospholipids associated with the
protein were found to decrease down to 13 mol per mol of protein

(Table 7).

Bulk phase transport experiments after partial delipidation

Fig. 13 compares Pressman cell experiments of the partial
delipidated protein and the major constituents of the contaminating
phospholipids. In the experiments shown in Fig. 13, the amount of
each of the phospholipid standards used was identical to the total
amount of phospholipids associated with the protein after partial
delipidation. The protein samples used in Fig. 13a and 13b were
partially delipidated by using methylene chloride extraction and
silicic acid column chromatography, respectively. In Fig. 13a, the

2+

protein—mediated Ca translocation was the slowest. When the

phospholipid content associated with the protein was reduced further,

2+

the amount of protein-mediated Ca“ translocation was increased

2+

whereas the Ca translocations mediated by phospholipids were

decreased (compare Fig. 13b with 13a).
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TABLE 7

Partial delipidation of the protein

Concentration

Methods used Protein Pi% - Mole ratio
in delipidation (mg/ml) (mol/ml) P;: protein

None 1.3 64.4 149
Organic solvent 0.12 1.45 36
extraction
Silicic acid 0.26 1.08 13
column ’

* . 3
Pi = phospholipid phosphorus.

The molecular weight of the isolated protein was taken as
3000 in calculating the mole ratios. The organic solvent used
in the organic solvent extraction delipidation procedure was

methylene chloride,



Figure 13:
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Pressman cellyexperiments with partially delipidated
protein. The donor side was 10 mM 45CaCl2 buffered
with 10 mM Tris.HCl, pH 8.5, and the receiver side was 10
mM MES, pH 6;5 adjusted with Tris.
(a) Protein was delipidated by using methylene chloride
extraction procedure. The concentration of the protein in
the.organic phase was 0.82 uM, and the concentration of
the phospholipid phosphorus associated with the protein was
29 uM. The concentrations of the phospholipids used:
PE, 29 uM; PC, 29 pM; cardiolipin, 14.5 uM (con-
tained 29 uM of phosphorus).
(b) Protein was delipidated by silicic acid column chroma-
tography. The concentration of the protein was 0.72 uM,
and the concentration of the protein-associated phosphorus
was 9 UM, The concentrations of the phospholipids used:

PE, 9 uM; PC, 9 uM; cardiolipin, 4.5 uM.
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Cardiolipin was reported to be able to transport Rb* faster
than Ca* (Tyson et al., 1976) by Pressman cell assay. The same
situation was also observed (Fig. 14), but it was opposite for the

isolated protein.

Phospholipase C digestion.

Another method used to distinguish the protein-mediated Ca2+

transport properties from those of the contaminating phospholipids was
carried out by phospholipase C digestion of phospholipids. The pro-
ducts of the phospholipase C digestion, diglycerides, can be resolved
from the undigested phospholipids by using TLC with petroieum ether-
diethyl ether-acetic acid (80: 75: 1.5:, by volume) as the developing
solvent (Mavis et al., 1978). Figure 15 shows the results of phospho-
lipase C digestion of the isolated protein, cardiolipin, PE, and PC.
It can be seen that both PE and the phospholipids associated with the
protein were almost completely digested. The.majoriCy of PC was also
digested whereas cardiolipin was very resistant to the phospholipase C

+ . .
2 transport properties associ-

digestion. Table 8 compares the Ca
ated with PE and the protein before and after the performance of phos-
pholipase C digestion. The amount of PE-mediated Ca2+ translocation

was decreased while that mediated by the protein remained unchanged

after the phospholipase C digestiom.



Figure 14:
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Comparison between Rb* and ca’* transports in the
Pressman cell experiments mediated by the protein and
cardiolipin. The protein was partially delipidated by
using silicic acid column chromatography. The concentra-
tions of the protein and cardiolipin were 0.72 UM and 4.5
UM, respectively. The donor side contained 10 mM
radioactive cation and 10 mM Tris.HCl, pH 8.5. The
receiver side contained 10 mM MES, pH 6.5 adjusted with
Tris.
® : cardiolipin-mediated Rb* transport.

2+

O : cardiolipin-mediated Ca“ transport.

A : protein-mediated Rb* transport.

2+

A : protein-mediated Ca transport.
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Figure 15: Phospholipase C digestion of the protein and the phos-
pholipid standards. |
(a), (¢), (e), and (g) were undigested protein, cardio-
lipin, PC, and PE, respectively, while (b), (d4), (f), and
(h) were the corresponding digested samples.
The developing solvent was petroleum ether-diethyl ether-

acetic acid (80: 75: 1.5, by volume).
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TABLE 8
The effect of phospholipase C digestion on the caZ+

translocation in the Pressman cell experiments

§§2+ translocated in 30 hours

(nmol)
Protein- PE-
Treatment mediated mediated
none 47 ] 105
Phospholipase C 50 44

The donor side was 10 mM 45CaCl2 and 10 mM Tris.HC1,

pH 8.5. The receiver side was 10 mM MES, pH 6.5 adjusted with
Tris. Protein concentration was 4.3 UM. The concentration of
the phoépholipid phosphorus associated with the protein was

0.64 mM. PE concentration was 0.64 mM.
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DISCUSSION

The ﬁolecula; mechanism of Ca2+ transport in mitochondria
is essentially unsolved after more than 15 years of extensive
study. Several completely dissimilar mechanisms have been proposed.
Aﬁong these are the uniport mechanism proposed by Lehninger (Leh-
ninger, 1974; Lehninger and Brand, 19756) and Selwyn et al. (1970),
the antiport mechanism of Crompton et al, (1976), the symport mech-
anism of Moyle and-Mitchell (1977), and.the theory of more than one
mechanism for Ca2+ transport in mitochondria proposed by Puskin et al.
(1976). Despite the disagreement over the mechanism of Ca2+ trans-
port, it is generally accepted that the transport of'Ca2+ across the
inner mitochondrial membrane is a carrier-mediated process (Carafoli
and Sottocasa, 1974; Lehninger, 1970; Reed and Bygrave, 1974; Selwyn
et al., 1970). One way to study the mechanism of Ca2+ transport in
mitochondria is to isolate this carrier in its active form and study
the mechanism of Caz+ transport in reconstituted systems.

There are several properties associated with this specific
Ca2+ carrier. The minimum criteria required to identify any isolated
protein as the specific Ca2+ carrier should consist of: its
localization in the inner mitochondrial membranes (Pedersen and Coty,
1972), high specificity for Ca2+ (Lehninger et al., 1967), transport
of Sr2+ and an+ as well (Lehninger and Carafoli, 1971; Vinogradov
and Scarpa, 1973), and high sensitivity to inhibitors of mitochondrial

Ca2+ transport systems (Mela, 1968; 1969; Moore, 1971; Reed and



73

Bygrave, 1974).

'ﬁsing-the'facts“that Mﬁ2+'i§AaAgood analog of Ca2+ transport
in mitochotidria (Lehninger et al., 1967; Puskin and Gunter, 1972)
and free‘MﬁZ+ éan'be-distinguished from bbund ﬁh2+ by EPR spectroscopy .
(Gunter and Puskin, 1972), together with the assumption that there
exist high-affinity Mn2+;binding sifes in mitochondria, a protein
has been isoiafed<frbm,inner mitochondrial membrane that is able
to bind Mh2+ with high affinity. The yield of the isolated protein
was determined as 3 ﬁg per mg of mitochondrial protein before the
removal of DOC, which»was‘used to eqﬁilibrate the column (Jeng et al.
1978). Since DOC was shown to interfere with the Lowry protein
determination (Gadl and Holcéinger, 1975), the purified protein was
dialyzéd against 50% ethanol to remove DOC. The adjusted yield of this
purified protein (Table 4), 0.17 nmol per mg of mitochondrial pro-
tein assuming the molecular“weight of the protein is 3000, is. between
the two estima;ednumbers of Ca2+barrier sites reported: 1.2 nmol/mg of
mifochondrial protein-(Reynafarjé and Lehninger, 1969) and 0.06 nmol/mg
of mitochondriéi protein (Mela, 1969), and is closer to the number
arrived at by Mela (1969). This Mn2+—binding protein can also bind
Caz+ with high affinity, as can be seen from Fig. 8. Also, from the
gelectivity sequence obtained by organic sulven; extraction experiments
(Table 6), the isolated protein is more specific for Ca2+ than for Mh2+
and also favors Cazf over'Mg2+ as inferred from the EPR assay of the
isolation procedure. The amount of Zn2+ extracted into an organic

‘ 2+ :
phase is almost twice as much as Ca . In the presence of



74

equal concentrations of Zn2+ and Ca2+; the amount of Ca?+ extracted
into'the'Qrganic pﬁéSe“is;decreased'bj 83%'(Eig‘9): Zn2+ has been
reported to be an inhibitor of Ca2+ uptake by mitochondria of frog
skeletél muscle (Batra, 1973): It is likely that Zn2+ competes for

the C32+ binding site on the proteiﬁ. Other divalent cations (Mn2+,

Sr2+, Ba2+,‘and Mgz+-) have been found to be able to compete for

the same site of Caz,+ binding (Fig. 9) ,whereas monovalent cations
(Na+ and K+)cannot, La3+'and ruthenium red, inhibitors of mitochond~
rial Ca2+ transport (Reed and Bygrave, 1974), inhibit Ca2+ extrac-
tion at very low concentrations. The mole ratio of total La3+ or
ruthenium red to protein for 90% inhibitiqn of the protein-mediated
Ca2+ extraction into the methylene chloride phase was 10:1. Hence, .
La3+ and ruthenium red are potent inhibitors of this Ca2+ ionophore.
An unexpected result in comparison with the data shownwjn Fig. 9

is the large inhibitory effect shown by Mn2+. The previously

mentioned work (Table 6) showed that only a small amount of Mn2+ wa

s
extracted into the organic phase in<comparisonnwith Caz+. This
inhibitory effect may be due to the igteraction between Mh2+ and
Ca2+, which is. consistent with the Caz+;$timulated an+ uptake
observed in mitochondria (Vinoéradov and Scarpa, 1973).

Recently, Blondin et al. (1977) have reported the isolation
of a low molecular weight Ca2+ ionophore.from beef heart mitochondria.
The ionophore is :éleased from a large molecular weight protein by
using prolonged tryptic digestion. This procedure is totally differ-

L, . . 2+
ent from the non-proteolytic isolation of the intact Ca ionophore

reported here. Also, the amino acid composition of their ionophore
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is considerably different from that shown in Table 3.

A major problem in the characterization of the trénsport
properties of this protein is the 1lipid contamination. Tyson et al.
(1976) have shown that phospholipids may function as ionophores in
the Pressman cell assay under certain conditions. Their data
show that cardiolipin transports Ca2+ in the Pressman cell assay.
This cardiolipin—mediate& Ca2+ translocation in the Pressman cell
assay was also confirmed ( Fig. 12) under the same condition that was
used to assay that of the isolated protein (Fig. 10b). This fact
prompted a further investigation into whether part or all of the Ca2+
transport properties of the isolated protein are due to co-purified
phospholipids. The following results strongly indicate that the Ca2+
transport properties associated with the protein are not due to the
contaminating cardiolipin: (a) The rate of Ca2+ transport with
cardiolipin was reported to be insensitive to pH over the range 5.0
to 8.5 (Tyson et al., 1976), while caZt transport with. the isolated
protein is very pH dependent, showing zero caZt transport rate with
no pH gradient. (b) When the mole ratio of associated phospholipids
to protein was reduced to 36:1 by methylene chloride extraction, the
Ca2+ transport rate by the isolated protein was still slower than
those of cardiolipin, PE, and PC, assuming all the associated phos-
pholipids were cardiolipin, PE, and PC, respectively (Fig. 13a). After
the mole ratio of associated phospholipids to protein was decreased
to 13:1 by silicic acid gel chromatography (Table 7), the amount
of calt transported by cardiolipin, PE, and PC were all reduced (Fig.

13b), whereas that of the isolated protein increased. These results

imply that the protein, not the associated phospholipids, plays the
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,major,ﬁole.in the Ca2+ tranéiocation.inAthe Pressmah.cell assay.
(e) Tyson.etﬂal;(1976) fouﬁd'that‘cafdiolipiﬁAcould translqcate
Rb+ faster than Ca2+: Tﬁis obéérvétion was confirmed under the
"condition of the ekperiménfs reported:here.,(Eig. 14) . However, .
the isolated protein tran5ported.Rb+ slowver than Ca2+ (Fig. 14).
The phospholipase C digestion experiments tend to eliminate the
possibility that PE plays a major role in the protein-mediated
Ca2+ translocation. As cén'be seen from Fig. 15, most of the
phospholipids associated with fhe protein were digested by phospho-
lipase C. While digésﬁed PE decreases its ability to translocate
Ca2+ through a bulk organic phase, the phospholipase C digestion
leaves the protein-mediate Ca2+ translocation unchanged (Table 8). Thus,
the Caz+ transport properties of this 3000-dalton protein are proven
not due to the contaminating phospholipids by the indirect methods
mentioned abo?e. A more direct method of showing the independence of
the protein—mediated transport property from those of phospholipids
is to delipidate the: protein completely or to an insignificant amount.
This approach has been suécessful and will be shown in Chapter 2.

The isolated protein stains pink in periodic acid/Schiff base
stain (Fairbanks, 1971), an indication that this protein might be a
glycoprotelu. However, afrer delipidation, the protein is no longer
stained with fhe glycoproteln stain (results will be shown in Chapﬁer
2). This fact togéther with the insignificant amount of carbohydrates
detected in tﬂe delipidated protein (see Chapter 2 for details) assures

that the isolated protein is not a glycoprotein.
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Probably the main objection against this isolated protein
being the specific Ca2+~carrief'comés'from'the.resnltS‘of organic
sélvent extractioﬁ‘experimenté summafized iﬁ Table 5. It is gen-
erally agreed’ that theAdriving force for'Ca2+ tranépért in mito-
chondria is the negative—iﬁsi&e membrané4potential across the inner
mitochondria (Scarpa and Azzone, 1970).: fhis implies that the.Ca2+;
carrier complex is positiveiy'charged. Thus, this specific carrier=
mediated Ca2+ extraction into the organic phase should require lipo-
philic anions, e.g. picrate, to ngutralize the~§omplex as in the case
of Valinomycin-mediated'K+<extraction.iﬁto the organic phaée (Haynes
and Pressman, 1974). Tablg 5 shows that the éddition-of picrate
had little effect in-incfeasing the net amount of Ca,-2+ extraction into
all of the organic phases tested. These experimenté may indicate
either that the Ca2+:protein complex is neutral or that the con-

- taminating phospholipids act as‘iipophilic anions. In Chapter 2, it
will be shown that after complete delipidation, the protein-mediated
Ca2+ extraction into thé’organic-phase absolutely requires picrate,
Thusg, this 3000-dalton frotein seems to be an electrogenic calcium
ionophore proteigAaﬁd is. ‘therefore named "calciphorin'. The exact
role of calciphbrin in thé overall mitochondrial Ca2+ transport
system is not cgrtain. It could act as either the carrier for the
inward transport of.Ca2+ or for the efflux mechanism (Crompton, et al.
-1976; Gunter et al., 1977) in the mitochondrial Ca2+ transport

system.
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CHAPTER 2

THE ELECTROGENICITY OF THE DELIPIDATED

CALCIUM IONOPHORE



SUMMARY

The isolated calcium ionophore protein (named calciphorin) is
delipidated by using Sephadex LH-20 column chromatography. The mole
ratio df,phospﬁolipids to calciphorin can be reduced to 0.1 mole of
phospholipids per mole of calciphorin. There are no free fatty:.acids,

hexosamines, or sialic acids associated with the delipidated calcipho-

2+

rin. The extraction of Ca“” into an organic phase mediated by the de-~

lipidated calciphorin requires the presence of a lipophilic anion,

picrate. Picrate also enhances: the rate of calciphorin-mediated ca2+

translocation through a bulk organic phase. Thus, calciphorin seems to

2+

be an electrogenic Ca“™ ionophore.
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INTRODUCTION

Since the first Introduction by Pressman ( Moore énd Pressmah,
1964 ;Pressman, 1965), the ion transport properties of the ionophores
have created a new field of research. Ionophores, meaning ion bear-
ers, can provide not oﬁly a valuable tool for studies on the linkage
between metabolism and ion transport,but also present perfect models
for studies on the molecular mecﬁanism of the ion selectivity (Press-
man, 1976 ;Gomez-Puyou and Gomez-Lojéro, 1977). 1In general, ionophores
include carriers and channels. Carriers are assumed to.be lipophilic
molecules that bind substrates on one side of the membrane, diffuse
through the lipid bilayer, and dissociate the bound substrates on the
other side of the membrane. Channels are aqueous filled pathways span-
ning the membrane (Shamoo and Goldstein, 1977). Among all the model
carriers . reported, valinomycin (Moore and Pressmén, 1964 ;Pressman,
1965), A23187 (Reed and Lardy, 1972), and X-537A (Pressman, 1973) are
the most commonly used in experiments, whereas gramicidin (Bodanszky
and Perlman, 19695 and alamethicin (Mueller and Rudin, 1968) are the
representatives of model channels.

There are two distinct classes of model carriers. The first class
is the electrogenic carriers, and valinomycin is the best known example.
Valinomycin is electrically neutral and forms a positively charged com-
plex with K*. The K+—valinomycin co&plex can respond to an externally
applied potential across the artificial bilayer membrane causing an

increase in membrane conductance (Eisenman et al,, 1973). The extrac-



" tion of the ion-carrier complex of this class into é bulk organic
phase requires the presence of a lipophilic énion to néﬁtrélize the
complex (Haynes and Pressman, 1974). The second class is the electro-
neutrél carriers. A23187 and X-537A belong to this cléss. The ion-
carrier complex is electricélly neutral. This cbmplex cannot respond
" to an externally applied potential across the bilayer membrane to in-
crease the membfane conductanceu(Wulf and Pohl, 1977),Aand the extrac-
tion of the ion-carrier complex into an organic phase does not require
a lipophilic anion (Pfeiffer and Lardy, 1976).

Despite the fact that these model carriers and channel-formers
act as ion transport mediators when introduced into natural membranes
or artificial bilayer membranes, they have no known in vivo transport
function (Shamoo and Goldstein, 1977). A logical extension to the model
ionophores wqulé‘be'the isotation of ionophores from biological membranes
of higher organisms which have known ion-transport properties (Shamoo and
Goldstein, 1977).

ca2* transport in mitochondria has attracted much interest recently
(Mela, 1977;Bygrave, 1977;Bygréve, 1978; Carafoli and Crompton, 1978).
The reason is at least two-fold. Physiologically, there are lines of
evidence that CaZ* traﬁsport inhmitochondria plays an important role in

2+ concentration (Bygrave, 1978; Carafo-

regulating the intracellular Ca
1li and Crompton, 1978). Kinetically, CaZ* transport in mitochondria

appears to be a carrier-mediated process (Carafoli and Sottocasa, 1974;
Lehninger, 1970; Reed and Bygrave, 1974; Selwyn et al.,1970), and this

Ca2*-carrier complex responds to a negative- inside membrane potential

across the inner mitochondrial membrane (Scarpa and Azzone, 1970). The
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isolation of this carrier would therefore provide é better model

for carrier-mediated transpdrt‘stﬁdies. Indeed, there have been nﬁm-
éroﬁs'attempts to isolate this specific carrier (Lehninger, 1971;
Gomez-Puyou et al., 1972; Sottocasa. et al., 1972; Carafoli and Sotto-
casa, 1974; Utsumi and Oda, 1974; Carafoli, 1975).. However, all of the
‘isolated fractions or puré proteins appear to be hydrophilic, extrin-
sic membrane binding proteins rather than the Ca2+ carrier (Carafoli,
1976 ;Prestipino ‘et al., 1974).

In Chapter 1, a 3000-dalton calcium ionophore protein (named
calciphorin) has been isolated by using a novel approach (Jeng et al.,
1978 ;Shamoo and Jeng, 1978; Jeng and Shamoo, 1978). Calciphorin has
shown high affinity and high specificity for Ca2+, and the calciphorin-

2+

mediated Ca“” extraction into the organic phase is inhibited by low

3+, Also, calciphorin can trans-

concentrations of ruthenium red and La
locate Ca2* through a bulk organic phase. in-Pressman cell experiments
in the presence of a pH step gradient between the aqueous phases, with
high pH on the donor side. However, large amounts of phospholipids
were found to be associated with calciphorin. Indirect experiments
with the partially delipidatéd calciphorin indicate that the transport
properties found are associated with the protein and not the phospho-
lipids. Another ubjection against calciphorin being the specific ca2+*
carricr i3 that the additliun of a lipophilic anion had little effect on
" the net amount of calciphorin-mediated Cazf . extrdction into all of the
organic phases tested. These experiments may indicate either that the
Ca2+-calciphorin complex is neutral or tliat the comnraminating phospho—'

lipids dct as lipophilic anions.
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In this schapter, a complete delipidation procedure is described
and the question as to the electrogenicity of calciphorin is answered.
Some of the results described in this chapter have been reported

previously (Shamoo, et al., 1978).



EXPERIMENTAL PROCEDURE

MATERIALS
45CaCl2 was purchased from Amersham-Searle Corp. Sephadex LH~
20 (25-100um)was obtained from Pharmacia. Silica gel G plates (250
um) were products of Fishér Scientific. Sequanal grade pyridine was
purchased from Pierce. Methylene chloride, mannose, galactosamine
hydrochloride, N-acetylneuraminic acid were obtained from Sigma. All

other reagents used were of the highest commercial purity available.
METHODS

Isolation of calciphorin

Calciphorin was isolated from calf heart mitochondria as detailed
in Chapter 1. Mitochondria were prepared as previously described (Crane
et al.,, 1956). Inncr mitochondrial wmembranes,isolated according to
the Qethod of Schnaitman and Greenawalt (1968), were partially solu-~
bilized with DOC. The DOC-soluble inner mitochondrial membrane was
chromatographed on a Sephadex G-50 column equilibrated with 1% K DOC,
0.02% NaN3, and 10 mM Tris.HCl:pH 7.8. The elution profile was moni-
tored by 280 nm aBsorbance and the fifth major peak was identified as

calciphorin.
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Delipidation of calciphorin by Sephadex LH-20 column chromatography.
Sephadex LH-20 beads in chloroform/methanol (C/M, 6:1) were
packed in a Bio-Rad Econo4coiumn with 0.7 cm in inner diameter. The
total bed-volume was 10 ml. The column was washed with 2 bed-volumes
of C/M 6:1 before the sample was applied. The protein sample used in
this procedure came from the fifth major peak of the Sephadex G-50
coiumn chromatography (Fig. 3, Chapter 1) and had been dialyzed against
50% (vol/vol) ethanol at 4°c for 5 days. The resulting cloudy dialysate
was centrifuged at 228,000 x g for 30 minutes. The yellowish pellet
was dissolved in a small volume of C/M 6:1. The sample containing
200 pug of protein in 200 ul of C/M 6:1 was eluted with 3 bed-volumes
each C/M 6:1, C/M 1:1, and methanol. Three-milliliter fractions were
collected. Each‘tubeu was dried under a stream of NZ' The first 12
fractions were re-solubilized in 200 ul of sequenal grade pyridine while
the rest of the fractions were in the same volumes of methancl. An
aliquot ( 20 pl) from each tube was then analyzed by TLC on Silica
Gel G plates ( 250 ym) with chloroform-methanol-28% ammonium hydrox-
ide ( 65:35:5, by volume) as the developing solvent (Meissner and
Fleischer,~1971). The plates were charred at 100°C for one hour
after spraying with chromerge. Fractions containing
no phospholipids by visual analysis (Fraction C) were pooled. The
rest of the fractions (Fraction B) other than the void volume (Fraction
A) were also pooled. These combined fractions were then dried under
nitrogen individually. Fractions A and B were resolubilized in small

volumes of sequanal grade pyridine and Fraction C in methanol. 'The
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protein and phospholipid phosphorus concentrations of each com-
bined fraction was then determined and the mole ratio of phospholipid:
protein was calculated.

Fatty Acid Analysis.

The total fatty acid content aésociaﬁed with the delipidated
calciphorin was determined using gas chromatography. Before the app-
lication to the gas chromatograph, the fatty acids were converted to
fatty acid methyl esters according to the method or Farquhar (1962)
modified by ‘Salemet al.(1976). Delipidated calciphorin (100 pg)’
was taken to drynéss with a stream of N2 and was re-solubilized in 2
ml of HCl-methanol solution containing 57 HCLl (w/v): and 0:017% butyl-
ated hydroxytoluene (BHT) in anhydrous methanol. The tube was flushed
with nitrogen, capped tightly, placed in a water bath at 60°C for 1
hour, and vortexed occasionally. After removal from the water
bath, 4 ml of'water and 6 ml of petroleum ether with 0.017%7 BHT were
added to the tube. The tube was vortexed and the resulting mixed
phases were separatéd by centrifugation at 1000 x g for 5 minutes. The
petroleum ether extraction was repeated twice and tne extracts were
pooled and concentrated. The final concentration of the fatty acid
methyl esters was about 1 mg/ml of petroleum ether and 3 yl was in-
jected using a Hamilton lambda syringe to a Hewlett Packard Model
5830A gas chromatograph equipped with dual flame ionization detectors.
The solid phase of this gas chromatograph was 107 diethylene glycol
succinate on chromosorb W, and helium was used as tne carrier gas at

a flow rate of 24 ml/min. The temperatures of the injector and the
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detéctof‘were ZCU and 250°C, respectively. A Hewlett Péckérd Model
18856A gas chromatographj terminal was ﬁsed to plot the eIﬁtion pét—
tern of the [ally acid methyl esfers as a fﬁnction of the retention

" time and to compute the area.under each peak. The total amount of .
fatty acids in the sample was estimated by comparison with the total
peak areas of the standards. The standards -used were NHI-F, GLC-60
(both from Supelco), and GLC-006 (Analabs). The free fatty acid con-
tent of the sample was calculated by subtraéting 2 times the amount
of phospholipid phosphorus associated with the delipidated calci-
phorin from the total amount of fatty acids obtained above.

Neutral sugar determination

The total amount of neutral sugars (glucose, galactose, mannose,
fucose; and xylose) associated with the delipidated calciphofin was
determined by the metnod of Dubois et al. (1956) using mannose as the
standard. Samples confaining 20 pg of delipidated calciphorin in me-
thanol were dried in test tubes under a stream of nitrogen and were
resuspended in 200 pl of water by vortexing. Five microliters of
8UZ redistilled reagent grade phenol immediately followed by 500
microliters of concentrated sulfuric acid were then added to each
tube. The stream of sulfuric: acid was directed against the liquid
surface rather than against the side of the test tube in order to
obtain a good mixing. The tubes were allowed to stand for 10 minutes,
vortexed, and then placed in a water bath at 25°C for 15 minutes. The
absoFbance at 490 om was then read. The standards containing 0.5

to 10 ug of mannose in 200 pl of waler were tréeated in the same manner.
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All of the . standards and’samples were prepared at least in tripli-

cate to minimize errors resulting from contaminations.

Determination of hexosamines

The total amount of hexosamines (glucosamine and galactosémine)
associated with the delipidated calciphorin was measured according
to the method of Disché and:Bbrenfreund (1950). Galactosamine hydro-
chloride was used as the standard. Duplicate samples containing 10
ug of delipidated calciphorin in methanol were dried in test tubes
under N2 and were résuspended'in 62.5 yl of water by vortexing. Equal
volumes ( 62.5 pl) of 5% sodium nitrite and 33% acetic acid were then
added to each tube to deaminate the hexosamines and to convert them
to 2,5-hexose anhydrides. The excess nitrous acid was then removed by
adding 62.5 pyl of 12.5% ammonium sulfamate to each tube, and the tubes
were shaken for 30 minutes. at room temperature. For control experiments
without deamination, 187.5 ul of a mixture of equal volumes of 57
sodium ﬁitrite, 337% acetic acid, and 12.57 ammonium sulfamate were
each added to another pair of duplicated samples confaining 10 uyg of
delipidated calciphorin in 62.5 pl of Qater. After shaking, 250 ul
of 57 hydrochloric acid and 25 ul of 17 indqlg in ethanol were added
to each of the deaminated and non-deaminated samples. The tubes were
then placed in a heating block for 5 minutes at 100°C. After cooling,
250 pl of ethanol were added to each tube to remove the slight tur-
bidity which appeared after heating. The tubes were vortexed and the
absorbances at both 492 and 520 nm were recorded. The standards con-

taining 1 to 5V nmoles of galactosamine hydrochloride were treated in
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" "the séme manner. The difference of the absorbance at 492 énd 526
nm (A492- ASZC) for the non-deaminéted solﬁtions was subtr;cted from
the corresponding valﬁes for the deaminated samples or'st#ndard solu-
" tions. The amount of galdctosamine in the sample was éstim&ted from
the (A492- ASZO) vs. galactosamine hydrochloride plot for the standard

solutions.

Determination of sialic acids.

The total content of sialic acids (N-acetyl-, N-glycolyl-, and
ﬁ,O-diacetylneuraminic acid) associated with the delipidated calci-
phorin was determined according to the méthod of Warren (1959). N-
acetylneuraminic acid was used as the standard. Samples containing
10 ug of delipidated calciphorin in methanol were dried in test tubes
under N2’ and were resuspended in 50 pl of water by vortexing. Peri-
odate solution ( 25 pl) containing 0.ZM sodium periodate (meta) in
9M pEOSphoric acid was then added to each tube. The tubes were then
vortexed and allowed to stand at roomﬁtemperafure for 20 minutes.
Arsenite solution ( 250 ul) which contained 107 sodium arsenite, U.5 M
sodium sulfate and 0.1N sto4 waé added next, and the tubes were vor-
texed until a yellow-brown color nhad disappeared. Finaily, 750 pl
of 0.6% thiobarbituric acid in 0.5 M sodium sulfate was. added, the
tubes vorteged and capped with marbles, and then heated in a heating
block at 100°C tor 15 minutes. The tubes were then removed and |
placed in cold water for 5 minutes. After cooling, 1.075 ml of cyclo-

hexanone was added. Each tube was vortexed for 30U seconds and the

phases weré separated by centrifugation in a Beckman TJ-6 table-top
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centrifuge ‘at Y00 x g for 5 minutes. The clear upper cyclohexanone
phase was red and the absorbance at 549 nm was read. The standards
containing 1 to 10 nmoles of N-acetylneuraminic acid were treated in

" the same manner.

Other methods.

The concentrations of calciphorin and the phosphorus associated with
the delipidated calciphorin were determined by the methods of Lowry

et al. (1951) and AmesAand Dubin (1960), respectively. Methylene
chloride was used as the organic phase in the organic solvent extrac-
" tion experiments. CangtranspOrt through:a bulk organic- phase.was
measﬁred by using Pressman cells (Pressmam, 1973). Urea/SDS poly-
acrylamide gel electrophoresis was carried out according to the method
of Swank and Munkres (1Y71).- These methods were described in detail

in Chapter 1.



RESULTS

Delipidation of Calciphorin

Calciphorin was delipidated completely by Sephadex LH-ZO column -
chromatography. Fig. la shows the elution pattern from the Sephadex
LH-20 column run on a TLC plate. The numbers on the plate correspond
to the actual fraction numbers collected from the column. The zeroth
spot was the sample before fractionation. Fractions 1 to 10 were
eluted with C/M 6:1, fractionms 11-20 with C/M 1:1, and the rest of
the fractions with methanol. It can be seen that the bulk of the
phospholipids were eluted in the first two fractions (Fractionm A).
Fractions 13-30, containing no phospholipids by visual analysis, were
combined(Fraction C). Other fractions (3-12) containing only little
phospholipids, were also pooled (Fraction B). Figure 1b shows the
elution profile of DOC on the Sephadex LH-20 column eluted under the -
same condition as that shown in Fig. la. By comparison with Fig. la
and 1b, it can be concluded that there was an insignificant amount, if
any, of DOC present in the Fraction (.

The mole ratios of phospholipid phosphorus to calciphorin in Frac-
tions A, B, and C are shown in Table 1. The mole ratio of Fraction A
shown in this table was an underestimation. Because -~ the presence
of large amounts of phospholipids was found to interfere with the
Lowry protein determination giving a high absorbance at 750 nm (un-
published observation), the concentration of calciphorin in Fraction

A should have been lower than the measured value. Thus, the mole ratio
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Figure 1. TLC plates showing the elution profile from the Seph#-
dex LH—ZO_column chromatography. The nﬁmbers on the plétes éorres-
pond to the actual fraction numbers collected froﬁ thecoluﬁnm The zer-
‘oth spots were samples before applying to the colﬁmn. Fréctions
were eluted by the following solvents: 1 to 10,C/M 6:1; 11 to 20,
C/M 1:1; 21 to 30, methanol. The developing solvent was chloroform-
methanol-287 ammonium hydroxide (65:35:5 by volume).

a) The sample applied to the';olumn was 200 pug of calciphorin.

The zeroth spot was 10 pg of calciphorin.
b) The sample applied to the column was 6.4 mg of DOC. The

zeroth spot was 130 pg of DOC.
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TABLE 1

Phospholipid phosphorus associated with calciphorin

in fractions eluted from the Sephadex LH-20 column

mole ratio

Sample phosphorus:calciphorin
Calciphori? ) . 150
before delipidation
Fraction A 410
Fraction B 5
Fraction C _ 0.3

In calculating the molg ratio,.. 3000 was taken as

the molecular weight of calciphorin. Thirty fractions
were collected from the Sephadex LH-20 column during the
delipidation procedure. These fractions were combined
into 3 groups according to the visual analysis of the
phospholipid content on TLC plates. Fraction A, Fraction
B, and Fraction C were combined from fraction numbers 1

to 2, 3 to 12, and 13 to 30, respectively.
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in'Fréction A should be much higher than 410. The mole f&tio

of phospholipid phosphorus to calciphorin in Fréction c coﬁld be re-
duced to abdﬁﬁ 0.1 by combining only the fréctions elﬁted with me-
thanol from the Sephadex LH-20 column. It will be seen thét_the
presence of phospholipids at a mole ratio of 0.3 does not contribute
to the characteristics associated with célqiphorin (Table 3 and Fig.

3, below). Thus, in order to obtain a higher yield of the delipidated
calciphorin, more frdctions eluted from the Sephadex LH-20 column

were combined in Fraction C. The mole ratio of phospholipid phosphorus
" to calciphorin in Fraction C used in the subsequent experiments was
0.3. The delipidated calciphorin was not soluble in water, but could
be solubilized in methanol.

Fig. 2 shows the resuLt of the urea/SD5 polyacrylamide gel electro-
phoresis of calciphorin before and after delipidation. After delipidation,
calciphorin migrated faster in the urea/SDS polyacrylamide gels. The
mobilities of calciphorin before and after delipidation were 0.54 and
0.68, respectively; The amino acid composition of the delipidated cal-
¢ciphorin was still the same as that shown in Table 3 of Chapter 1 and
the delipidated c#lciphorin lost its pink color in periodic acid/Schiff

base .stain (results not shown).

Prosthetic groups associated with the delipidated calciphorin.

The contents of phospholipid phosphorus,free fatty acids, and
carbohydrates associated with the delipidated calciphorin are shown
in Table 2. Since there are two fatty acid chains associated with

each head group of the phospholipids, the content of free fatty acids
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Figure 2. Urea/SDS gels and:gel scans.of calciphorin before and

after delipidation.' Gels were scanned.at>560 nm.

Top Gel: 7 ug calciphorin before delipidation

Bottom Gel:3 ug calciphorin after delipidation






b:‘;r:-' 1;,’(3 & HQQT
s ER

1 U7 |

™ % ' -

B - . Lige2



- 101

TABLE 2

Prosthetic groups associated with

" the delipidated caleé¢iphorin

Mole ratio

Prosthetic group prosthetic group:calciphorin

Phospholipid phosphorus 0.1
Free fatty acids 0

Neutral sugars
(glucose, galactose, mannose, 0.5
fucose, xylose)

Hexosamines 0
(glucosamine,galactosamine)

Sialic acids ; 0
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was calculated by subtracting 2 times the amoﬁnt of phospholipid
phosphorus associated with the delipidéted célciphorin from the

total amount of fatty acids obtained by gas chromAtogréphy. Except

foﬁ neutral sugars, the samples ﬁsed.in the determination of other
prosthetic groups were obtained from the Sephadex LH-20 column de-
lipidation procedure. By using calciphorin delipidated .from Sephadex

LH - 20 column, the mole ratio of the neutral sugars to calciphorin
was 14:1. None of the other components of the carbohydrates (hexosam-
ines and.siélic acids) were found in the sambie of delipidated calci-
phorin. Since the same mole ratio of neutral sugar to calciphorin was
also found in other fractions containing higher phospholipid content
eluted from the Sephadex LH-2U column (result not shoﬁn) and there

are no known glycoproteins containing neutral sugars as the sole car-
bohydrate component, the measured content of neutral sugars was prob-
ably duévto contamination. Therefore, the possible sources of inter-
ferring substances such as various phospnolipids and high concentrations
of DOC were tested. None of the above substances showed any interference
on the determination of the nettral sugars (results not shown) carried
out by the method of Dubois et al. (1956). Because éalcipnorin was
delipidated'from tne Sephadex LH-20 column and the Sephadex beads were
prepared by cross-linking selected dextran (anhydroglucose polymer)
fractions with epichlorohydrin, it is likely that the neutral sugars
measured in the sample of delipidated calciphorin came from-the degrada-
" tion products of the Sephadex beads. Indeed, control experiments

with Sephadex LH-20 beads gave extremely high readings ‘at 490 nm.



103

By using methylene chloride as the delipidation procedure, it was
found that the mole ratio of neutral sugars to calciphorin was 0.5.
(Table 2). Thus, the total carbohydrate content in calciphorin is

insignificant and calciphorin is therefore not a glycoprotein.

Organic solvent extraction experiments.

The results of calciphorin~mediated Ca2+ extraction into the
methylene chloride phase are shown in Table 3. In the absence of any
lipophilic. ions, the amount of.Ca2+ extracted into the ofganic phase
was only 0.01 mole per mole of calciphorin under the assumption that
all of the protein was in the organic phase. The addition of picrate,
a lipophilic anion, enhanced the mole ratio to 0.25, whereas the
addition of tetramethylammonium, a lipid-soluble cation, had no effect
on the amount of calciphorin~ﬁediated Caz+ extraction. Control exper-
iments with pyridine, in'which calciphorin was solubilized, showed zero
effects on the Ca2+ extraction under all of the conditions. The protein
sample used in the organic solvent extraction'expériments had 0.3 moles
of phospholipids associated with each mole of delipidated calciphorin.
The effects of phospholipids on Ca2+ extraction were therefore tested.
In'the experiments shown. in Table 3, the ‘amount of each of the phospho—
1ipid standards used ;as identical to the total amount of phospholipids
-associated with calciphorin. For all the experiments carried out under
this condition, phospholipid standards were found not to be able to
extract Ca2+ into the organic phase in the presence or absence of a
lipophilic anion, except the small effect of cardiolipin in the pres-

ence of picrate. Since cardiolipin only accounted for less than 5%
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TABLE 3

Effects of lipophilic ions and contaminating phospholipids on

2+

calciﬁhorin—mediated-Ca extraction into the organic phase

Mole ratio, Ca‘" extracted/protein

Addition h calciphorin pyridine cardiolipin PE PC
None 0.01 . 0 -0 0 0
Picric acid 0.25 : 0 0.02 0 0
Tetramethyl-
ammonium 0.01 0 - - -
chloride

The aqueous phase contained 1 ml of 1 mM 45CaCl2 and 5 mM

Tri;;HCI,pH 7.8.- The organic phasg was 2 ml of methylene chloride.
When used, 50 pyM . picric acid or tetramethylammonium.chloride was
added to the aqueous phase. Calciphorin and phospholipid standards in

- pyridine were added to the organic phase. Calciphorin was delipidated
by Sephadex‘LH-QO column chrématography. There were 0.3 moles of
phospholipids associated with each mole of delipidated calciphorin. The
concentrations of calciphorin and the phospholipid standards used were
1.3 and 0.4 uM, respectively. The molecular weight of calciphorin was
taken as 3000 daltons in calculating the mole ratios. The mole ratio
of the cardiolipin-mediated Ca2+ extraction in the presence of picrate
was calculated in the same manner in order to make a direct compar-

ison with the extraction mediated by calciphorin..
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of the total contaminating phospholipids before the delipidation of
calciphorin.(Fig. 11, Chapter'li gnd almost 100% of the cardiolipin
could be eluted in the void. volume du;ing‘the.éephadex LH-20 column
delipidatibn procedure (Fig. la), the émall effect of Ca2+ extracted

due to cardiolipin in the presence of picrate can be neglected.

!
Bulk phase transport experiments.

The rate of Ca2+ translocation from a donor aqueous phase through
a bulk organic phase'to a receiver aqueous pﬁase mediated by the delip-
idated calciphorin was also enhanced by the addition of picrate; Fig.
3 shows the results of the bulk phase transport experiments. In
these experiments, the donor aqueous phase was 10 mM 45CaC12 and 10
mM Tris.HCl, pH 8.5 and the receiver aqueous phase was 10 mM MES, pH
6.5 adjusted with Tris. The rate of calciphorin-mediated Ca2+ trans-
location was enhanced at least twice by the addition of picric acid
to the donor side. Cardiolipin, at the same concentration as that 6f
the phospholipids associated with the delipidated calciphorin, had

. 2+ . . . .
little effect on Ca translocation, while the presence of picric acid

and pyridine showed no effect.
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Figure 3. Bulk phase transport,experiménts with delipidated
calciphorin. The donor aqueous phase was 2 ml of 10 mM 45CaCl2
and 10 mM Trig.HCl, pH 8.5, and the receiver aqueous phase was 2
Aml‘of 10 QM MES, pH 6.5 adjusted with Tris. The organic phase used
was 6 ml of methylene chloride. When used, 50 uM of picric acid

was added to. the donor aqueous phase. Caléiphoi-in and cardiolipin
were added directly to the organic phase. The mole ratio of the
contaminating phospholipi&s associated with caléiphorin was 0;3. The

concentrations of calciphorin andcardiolipin in the organic phase were

1.4 and 0.4 uM, respectively.



Ca?* TRANSPORTED, nmol

20 -

/ A
15 -
2/ CALCIPHORIN
+PICRIC ACID
10
A/A'
CALCIPHORIN
5 ..
A/
‘/ CARDIOLIPIN o
' / PYRIDINE + PICRIC ACID
0 10 20 30

TIME, HR



DISCUSSION

As mentioned in Chaptef*l; a méjor problem in the character-
ization of the transport'pféperties of calciphorin is the lipid con;
tamination. It has been showﬁ that the transport properties are
associated with calciphbrin»rather than the contaminating phospholipids
by indirect approachés with the partially delipidated calciphorin. A
more direct method is to uée Sephadex LH-20 column chromatography to
~delipidate calciphorin (Fig. la). The mole ratio of phospholipids to
calciphorin was redﬁced to an insignificant amount, 0.1 mole of phos-
pholipids per mqle of calciphorin. Ho&ever, a mole ratio of 0.3 was
found to be satisfactory in the subsequent study of calciphoin-associ-
ated transport proberties. At this mole ratio, phospholipids did
not contribute to the calciphorin mediated Ca2+ extraction into the
organic phase (Table 3). Tyson et al. (1976) have shown that cardio-
lipin can function as an ionopHore in the Pressman cell experiments.
Even when the phospholipid content of caléiphorin was reduced down

to a mole ratio.of 13 by silicic acid column Chrométography, the rate

of Ca2

+ transport medicated by calciphorin in the Pressman cell experi-
ments was still much slower than that mediated by cardiolipin assuming
that all of the phospholipids associated with calciphorin were cardio-
‘lipin (Fig. 13b, Chépter 1). However, when the mole ratio of phospho-
lipids to ‘calciphorin was reduced to 0.3 by Sephadex LH-20 column

chromatography, cardiolipin was no longer active as compared with the

+ . . PR
Ca2 transport rate associated with calciphorin in the Pressman cell

107
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experiments (Fig.3). Thus it can be concluded that the transport
properties are associated with calciphorin and not the contaminating
phospholipids.

Both the integer numbers of residues in the amino acid compos-
ition of calciphorin (Table 3, Chapter 15 and the single bénd in the
urea/SDS polyacrylamide gel eleétrophoresis of calciphorin before
delipidatioﬁ (Fig. 6, Chapter 1) give indications that calciphorin is
a pure polypeptide. Although it is not likely, it is still possible
that more than one polypeptide miérated with the same mobility in the
gel as a single band. However, after delipidation; calciphorin migrates
to a épot differeﬁt from that of calciphorin before delipidation(Fig.
2). The chance of more than one polypeptide having similar amino
acid composition, migrating to the same spot in the gel before delipid~
ation, being solubilized with the same organic solvent when eluted from
the Sephadex LH-20 column during the delipidation‘prdcedure and moving
with the same mobility again after delipidation is extremely small. Thus,
the urea/SDS polyacrylamide gel electrophoresis of the delipidated cal-
ciphorin once again assures the purity of calciphorin.

It has been shown that the driving force for Ca2+ transport in
mitochondria is the negative-inside membrane potential across the inner
mitochondrial membrane (Scarpa and Azzone, 1970). This means the Ca2+.-

. carrier complex is positively charged and the extraction of this com-
plex into an organic phase requires a lipopﬁilic anion to neutralize
Atﬁe positive charge of the complex. However, befbre delipidation, the

addition of picrate had little effect in increasing the net amount of
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calciphorin~mediated Ca2+ e#tractibnlinto all of thé organic phases
tested (Table 5, Chapter 1). . Tﬁese éxperiments may indicate either
that the Ca2+-calciphorin‘comple# is neutral or that the contaminating
phospholipids act as lipophilic anions. The latter explanation is
true, since after delipidation the presence of a lipophilic anion

has been shown to be able to. enhance the eitraction of thé Caz+¥calci-
phorin complex into the organic phase significantly (Table 3). 1In
the same table,'a lipophilic cation shbws no effect in enhancing the
calciphorin-mediated Ca2+ extraction-into the organic phase. Thus,
the Ca2+—ca1ciphorin complex is positively charged. Another piece

of evidence to support this point comes from the Pressman cell experi-
ments. In Fig. 3, it can be seen that the rate of calciphorin-
mediated Ca2+ translocation through a bulk organic phase is also en-
hanced by the presence of_pi;rate.

Probably the most distinct property associated with célciphorin
is its hydrophobicity ;nd its insignificant contents in the prosthetic
groups like phospholipids and carbohydrates. There are several reports
of the isolation of high-affinity Caz+;binding proteins from mitochon-
dria (Lehninger, 1971;Sottocasa'et al., 1972;‘Caraf¢li and Sottocasa,
1974; ‘Utsumi and Oda, 1974; Carafoli, 1975). However, all of these
isolated fractions or pure proteins'are water-soluble glycoproteins.
It has been shown that the-Ca2+ carrier is locaiized in the inner mito-
chondrial membrane (Pedersen and Coty, 1972). Thus, the requirement
of hydrophohicity for the Ca2+ carrier eliminates those glycoproteins

as candidates for being the carrier. On the other hand, calciphorin
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is very hydrophobic.- As.mgntioﬁed in Chapter 1, calciphorin is
- soluble in diethyl‘etherxbefore the deiipidation procedure. After
delipidation, calciphorin is-still ‘not water—-soluble. The mole ratio
of phosphqlipids associated'with eaéh molebof calciphorin after
fdelipidatidn can be reducéd to 0.1 and'there is no free fatty acid
associated with calciphorin (Table 2).' Althﬁugh there are some con-
taminating neutral sugars in the delipidated célciphorin due to the"
: degradation'p:oduéfs of the Sephadex LH-20 beads eluted during the
delipidation‘procedure, these contaminating sugars do not partition
into the organicAphase'in the organic sdlvent extraétion experiments.
Therefore, the presences of these neutral sugars does not iﬁterfere with
the -ph§sical—chemiggl proﬁerties aésociaféd'with_calciphorin. ‘A similar
situation has also been reported on the content of neutral sugars
associated with the nicotinic acetyl;holine receptor where the various
amounts of neutral sugafs-de;ected were ascribed to the contamination
from the agarose column used during preparation (Briley and Changeux
1977). The lack of carbohydrate'content of calciphorin is also
consistent with the negative result from the periodic acid/Schiff base
glyéoprotein stain in gels of the delipidated calciphorin. Thus, its
hydrophobicity-and its insignificant content in the prosthetic groups
render calciphorin to be a unique ﬁrotein.

The wmole ratio of Caz+ extracted by delipidated calciphorin
(stoichivimetry) in the presence of picrate is 0.25 (Table 3). However,
these organic EOIVent extraction experiments were not performed under

the optimal cqnditions. It will be shown in Chapter 3 that the vor-
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téxing time, the ratio of picrate to protein, and the pH and
concentration of Ca2+ in ‘the aqueous solution are all important factérs
to achieve thé'optimal stoichiometry of the Ca2+ extraction. Similarly,
the calciphorin-mediated ca?+ transport rate through a bulk organic
phase in the presence of picrate can be enhanced by investigating
the optimal condition. |

The selectivity of this delipidated calciphorin for cations, the
effects of inhibitors: of Ca2+ transport on the calciphorin-mediated
Ca2+ extraction into the organic phase, and other physical and chemical

properties associated with calciphorin will be studied in Chapter 3.
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CHAPTER 3

FURTHER CHARACTERIZATION OF THE DELIPIDATED

CALCIUM IONOPHORE



SUMMARY

The physical and chemical properties of the delipidated

calciphorin were investigated. It was found that delipidated

calciphorin becomes more hydrophobic in the presence of Ca2+

and alkaline pH in the organic solvent extraction experiments.
The pH profile of the mole ratio of Ca2+ to calciphorin exhibited
a typical titration curve, showing a pKa of 8.0+-8.1. The

relative cation selectivity of calciphorin determined from the

. . . 2+ 2+ 2+
organic solvent extraction experiments was Zn > Ca~ , Sr >

2+ + 2+

Rb™', Na > Mn Ruthenium red and La3+ were shown to inhibit

. . . +
calciphorin-mediated Ca2 extraction into the organic phase.

Respiratory inhibitors, oligomycin, and an uncoupling agent had

2+

no effect on the Ca extraction. Phosphate did not stimulate

calciphorin-mediated Ca2+ extraction. The Caz+-calciphorin com-

plex appears to have two positive charges. The delipidated calci-

phorin only had one class of C32+Fbinding sites as revealed from

2

the flow dialysis studies. These Ca +--binding sites had a disso-

2+

ciation constant of 5.2 uM and bound 1 mole of Ca® per mole of

calciphorin. Evidence suggests that calciphorin may be a strong

2+ carrier responsible for the influx mechanism

candidate for the Ca
in mitochondrial CaZ*t transport system. Two possible models of

. X . + . . .
calciphorin-mediated Ca2 transport in mitochondria are proposed.
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INTRODUCTION
One of the‘most'importanf problems in mitochondrial Ca2+
transport that remains to be resolved is the mechanism of calt transport.
Selwym: et al.. (1970) investigated the passive Ca2+ movement into
non-respiring mitochondria down an electrochemical gradient of
various Ca2+ salts. They concluded that the Ca2+ transport
mechanism is either a Caz+ﬁniporter or a Caz+/K+ antiporter. Moyle
and Mitchell (1977) estimated the electric charge stoichiometry of
Ca2+ translocation from the number of acid equivalents that were
exported through the respiratory chain per Ca2+ imported through
the La3+—sensitive Ca2+ carrier. They suggested that the specific
Ca2+ carrier is not a Ca2+ uniporter, but is a Ca2+/phosphate
symporter with a net charge transfer of+l. However serious
doubts on the validity of the antiport mechanism have been raised
(Azzone et al., 1977;Reynafarje and Lehninger, 1977).

The distributions of Ca2+ and Rb+( in the presence of valino-
mycin) across the mitochondrial membrane have been measured by
ﬁottenberg and Scarpa (1974). It was found that the distribution
ratio for Ca2+ was about the same as the square of the distribution
ratio: for Rb+. Assuming that Rb+ distribution inthe presence of
valinomycin was governed by membrane potential obeying the Nernst
equation, Rottenberg and Scarpa (1974) interpreted their results
as evidence that Ca2+ uptake in mitochondria is an electrogenic
process driven by -a membrane éotential with a net charge transfer of

+2.
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There have been many éttempts at measuring the membrane potential
across the inner mitochondrial membrane; The measured values vary
from 130 to ZOOUﬂ7(Mitchell and Moyle, 1969; Nicholls, 1974;

Azzone et al;,1976). Assuming that the uniporter is the sole
mechanism reponsible for the Ca2+ transport in mitochondria, a
membrane potential of 180 mV would suggest that the equilibrium
gradient of ionized‘Ca2+ across the inner mitochondrial membrane
is 106. The maximal Ca2+ conéentration in the matrix compartment
is about 1 mM (Puskin et al., 1976). The uniport mechanism thus
implies that the cytoplasmic Ca2+ concentration is almost 10—9M.
At such a low Ca2+ concentration, many cytoplasmic enzyme systems
will be inactivated (for a summary of these enzymes, see Carafoli
and Crompton, 1978). Therefore, it is not likely that uniport
mechanism. is the only functional process in regulating Ca2+ transport
in mitochondria.

Puskin et al.(1976) used electron paramagnetic resonance (EPR)
spectroscopy to measure the distribution of Mn2+.across the inner
mitochondr£a1>membrane. Since free Mn2+ can be.measured by EPR
(Gunter and Puskin; 1972), this approach in calculating the membrane
potential is probably more accurate. However, the membrane potential
calculated by using Mn2+ is uéually 40-50 mV lower than that calculated
from the K+ distribution in the presence of valinomycin (Puskin et al.,
1976). This finding, together with the fact that the addition of

2 2+

ruthenium red to Ca + loaded mitochondria causes an efflux of Ca

from mitochondria, has led Puskin et al.(1976) to suggest that there
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may be more than one Ca2+

.mechanism in mitochondria. One of the
Ca2+ transport mechanisms is ruthenium red sensitive (presumably,
the Ca2+ uniporter) and the other is'less ruthenium red sensitive.n

Ca2+ efflux from mitochondria has also.been studied by other
groups (Akerman, 1972; Crompton et al., 1977, 1978; Pozzan et al.,
1977; Ramachandran and Bygrave, 1978). It appears that both influx
and efflux mechanisms are involved in regulating Ca2+ transport in
mitochondria. WHether these mechanisms are separate entities is
not clear. While Puskin et al. (1976) and Crompton et al. (1977,
1978) favor separate mechanisms, Pozzan et al. (1977) suggest that
Ca2+ efflux occurs always through the native carrier responsible for
Ca2+ influx in mitochondria. The isolation of the Ca2+ transport
system in mitochondria will provide a possible way to resolve the
disagreements;

In the pfevious chapters, a Ca2+ ionophore (calciphorin) has
been isolated from the inner mitochondrial membrane (Jeng and
Shamoo, 1978; Jeng et al., 1978; Shamoo and Jeng, 1978; Shamoo et
al., 1978). The molecular weight of calciphorin is 3000. Calciphorin
is hydrophobic and does not contain any prosthetic groups like
phosphate and carbohydrates. Also, calciphorin is electrogenic. The
extraction of the Ca2+—calciphorin complex into a methylene chloride
phase requires the presence of a lipophilic anion. These properties
suggest that calciphorin is a likely candidate for the Ca2+ carrier.

In this chapter, the physical and chemical properties of

calciphorin are further investigated. Possible mechanisms for cal-
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ciphorin-mediated Ca2+ transport.in mitochondria are discussed.
Some of the results . described in this chapter have been

reported previously (Jeng and Shamoo, 1979).



EXPERIMENTAL PROCEDURE

MATERIALS

65

.8
86 22 54 anIZ’ and ,SSrCl2 were purchased

RbCl, ““Nacl, Mnc12;

from New England Nuclear. 45

CaCl, was obtained from Amersham. Se-
phadex LH-20 ( 25-100 um) was purchased from Pharmacia. Silica
gel G plates ( 250 um) were products of Fisher Sci. Polypropylene
tubes were obtained from Falcon. Methylene chloride, oligomycin,
rotenone, antimycin A, carbonyl cyanide m—chlorophenylhydrazoné
(CCCP) were purchased from Sigma. All other reagénts were of the
highest commercial purity availablezu'

Purified ruthenium red was a generous gift from Dr. Jerome

S. Puskin.

METHODS

Isolation and delipidation of calceciphotrin.

Calciphorin was isolated from calf heart mitochondria as
detailed in Chapter 1. Mitochondria were prepared as previously
described (Crane et al., 1956). Inner mitochondrial membranes,
isolated according to the method of Schnaitman and Greenawalt(1968),
were partially solubilized with DOC. The DOC-soluble inner mito-
chondrial membrane proteins were chromatographed on a Sephadex

G-50 column equilibraﬁed with 1% KDOC, 0.02% NaN,, and 10 mM Tris.HC1,

3
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PH 7.8. The elution profile was monitored by 280 nm absorbance
and the fifth major peak was identified as calciphorin.

Calciphorin was delipidated using Sephadex LH-20 column
chromatography as described in Chapter 2. The phospholipid content
associated with the delipidated calciphorin was less than 0.3
mole per mole of protein. Delipidated calciphorin was solubilized
in methanol at a concentration of about 0.5 mg/ml, and kept in the
freezer.

Investigation of the optimal conditions in the organic solvent

extraction experiments.

The maximal amount of calciphorin-mediated Ca2+ extraction was
investigated both as a function of extraction time and as a function
of the picriec acid to caleciphorin ratio. In both types of exper-
iments, the organic phase used was 1 ml of methylene chloride, and
the aqueous phase was 0.5 ml of 1 mM 45CaClz, buffered by 5 mM
Tris.HC1l, pH 7.8. The concentration. of calciphorin was 2 pyM in the
organic phase. These phases were mixed in 12 x 75 mm polypropylene
tubes by vortexing and were separated by centrifugation in a
Beckman TJ-6 table-top centrifuge at 1000 x g for 15 minutes. The
tubes were then punctured from the bottom and the methylene chloride
phase was collected. Aliqﬁots (250 ul, duplicated) of the organic
 phase were then counted in a liquid scintillation counter.

In investigating the amount of Ca2+ extracted as a function

of vortexing time, the concentration of picric acid was 100 uM

(picric acid to calciphorin ratio was 25:1) in aqueous phase. When
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the experiments of Ca2+ extraction as a function of picric acid to
calciphorin ratio were penformed,the vortex. - time  was 2 minutes.

The effect df;pH on the amount of calciphorin partitioned in

the organic phase.

The amount of calciphorin partitioned in the organic phase
as a function of the pH in.the aqueous phase was measured by
the organic solvent extraction procedure. The concentration of
calciphorin was 2 uM in the organic phase. The aqueous phase
confained 1 mM CaCl2 buffered with 5 mM Tris or MES depending on
the pH used. For pH ranging from 5.0 to 6.5, MES was used as the
buffer and the pH's weré adjusted by Tris. Tris.HCl was used in
the pH range between 6.5 and 9.5. The organic solvent extraction
experiments were carried out under the optimal extraction conditions
investigated above. An aliquot ( 600 pl) of the methylene chloride
phase from each tube was dried under NZ’ and the amount of protein
was determined by the method of Lowry et al. (1951).

Ca2+-binding studies.

Ca2+?binding was measuréd either by organic solvent ex-.
traction procedure or by flow dialysis experimentsvat room tem-
perature. When the organic solvent extraction procedure was used,
the concentration of calciphorin was 2 uM in the methylene chloride
phase and the concentrations of 45CaCl2 in the aqueous phases
ranged between 2.5 and 500 uM. The extraction was performed under
the optimal conditions described above. In constructing the

Scatchard plots (Scatchard et al., 1957), the bound and the
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free Ca2+ were assumed to‘bé those that appeared in the organic
phase and remained in the aqueous phase, respectively, after the
phaées were separated by centrifugation.

The flow dialysis experiments (Colowick and Womack, 1969)
were detailed in Chapter 1. The concentration of calciphorin in
the upper chamher was 9 uM buffered by 25 mM Tris.HCl, pH. 7.4.
The dialysis buffer was 25 mM Tris.HC1l,pH 7.4. Spectrapor 2000-
dalton molecular weight cutoff dialysis membranes were used.

Determination of the charge on the Ca2+—calciphorin complex.

The charge of the Ca2+;calciphorin complex was determined by
measuring the amount of picrate extracted into the orgﬁnic phase
in the organic solvent extraction experiments. The amount of picrate
extracted was measured spectrophotometrically. 1In preparing the
standard absorbance versus picrate concentration plot, 50 uM
picric acid in distilled water was scanned over the visible wave-
length in a spectrophotometer, and the wavelength of maximal
absorbance was identified. The absorbance at this identified wave-
length! (355 nm) versus picric acid cbncentration in distilled water
plot was then constructed.

The organic solvent extraction experiments were performed
under the optimal Ca2+ extraction conditions described above.
The concentration of calciphorin used in these experiments varied
from 0.5 uM to 5 uﬁ in 1 ml of methylene chloride. The aqueous
phase contained 1 mM CaCl2 and 5 mM Tris.HCl, pH 8.5. 1In each

sample, the total picric acid to calciphorin ratio was 50:1. After
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- the separation of the two phases, 700 pl of the methylene

chloride phase was withdrawn from each sample. Among this, 200

ul of the methylene éhloride phase was counted in a scintillation
counter to meﬁsure the amount of Ca2+ extracted. The rest of the
methylene chloride phase ( 500 ul) was dried under NZ’ resuspended
in 750 ul of distilled water, and the absorbance was read at the
wavelength of maximal picric acid absorption identified above.

In calculating the amount of picrate in the organic phase, two
types of background absorption were subtracted. The first type
was the partition of picrate into the organic phase in the absence
of calciphorin, and the second type was the scattering effect due
to the presence of calciphorin in distilled water.

Other methods.

The concentrations of calciphorin and the phosphorus associ-
ated with the delipidated calciphorin were determined by the methods
of Lowry et al.(1951) and Ames and Dubin (1960), respectively.

The purity of calciphorin was identified by urea/SDS polyacrylamidé
gel electrophoresis (Swank and Munkres, 1971). These methods

were detailed in Chapter 1.
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RESULTS

The optimal conditions in the organic solvent extraction experiments.

The maximal amount of calciphorin-mediated Ca2+ extraction
waé investigated both as a function of the vortexing time and as
~a function of the picric acid to calciphofin ratio.. Fig. 1 .shows
the results of Ca2+ extracted as a function of the vortexing time.
In these experiments, the picric acid to calciphorin ratio used
was 25:1, which was not yet the optimal condition for the Ca2+
extraction'(See Fig. 2, below). From Fig. 1, it can be seen that
at least 2 minutes of vortexing time is required to achieve a |
maximal Ca2+ extraction into the organic phase.

' Fig. 2 shows the results of Ca2+ extracted as a function of
the mole ratio of picric acid to calciphorin. The mole ratio of
picric acid to calciphorin required to optimize the Ca2+ extraction
was found to be 50:1. Therefore, in all of the subsequent organic
solvent extraction experiments, the amount of picric acid added to
the aqueous phase was 50 times that of calciphorin added to the

organic phase, and the two phases were vortexed for 2 minutes.

Factors favoring the partition of calciphorin into the organic phase.

As mentioned in Chapter 1, calciphorin was very hydrophobic
before the delipidation procedure. It could be solubilized in
diethyl ether in the absence of Ca2+. After delipidation, although
calciphorin was not water-soluble, it became less hydrophobic. The
pH and concentration of Ca2+ in the aqueous phase were found to be

critical in the partition of calciphorin into the organic phase.
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Figure 1; The effect of vortexing time on the calciphorin-
mediated Ca2+ extraction into the organic phase. The aqueous
phase was 0.5 ml of 1 mM 45CaCl2 buffered with 5 mM Tris.HCl, pH
7.8, and the organic phase was 1 ml of methylene chloride. De-
lipidated calciphorin (2 nmoles') was added to the methylene
chloride phase and picric acid (50 nmoles ) to the aqueous phase.
In calculating the mole ratio of Ca2+ extracted to calciphorin
added, all of the delipidated calciphorin was assumed to be in the

organic phase and the molecular weight of calciphorin was taken

as 3000.
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Figure 2. The effect of picric acid on the calciphorin-mediated
+
Ca2 extraction into the organic phase. The aqueous phase was

45

0.5 ml of 1 ' mM "~ CaCl, buffered with 5 mM Tris.HC1l, pH 7.8, and

2
the organic phase was 1 ml of methylene chloride. Delipidated
calciphorin ( 2 nmoles ) was added to the methylene chloride phase,
and the indicated amount of picric acid to the aqueous phase. The
vortexing time was 2 minutes. In calculating the mole ratio of
Ca2+ extracted to calciphorin added, all of the delipidated cal-
ciphorin was assumed to be in the organic phase and the molecular

weight of calciphorin was taken as 3000. The error bars shown

in the figure are standard deviations.
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Fig. 3 shows the effect of pH on .the partition of caléiphorin
into the methylene chloride phase. When the pH of the aqueous
phase was above 7.5,all of fhe calcibhorin added in the organic
solvent extraction experiments was found in the methylene chloride
phase. At pH 6.5, both MES and Tris buffers were used. The amount.
of calciphorin found in the organic phase was the same with the -
two buffer systems. Thus the pH profile of calciphorin partitioned
in the organic phase was due to the pH of the aqueous phase and not
to the buffer chosen. Fig,3 also-shows that the amount of picric
acid has little effect on the partitidn of calciphorin into the
organic phase.

The effect of Caz+‘on the partition of calciphorin into
the organic phase is shown in Table 1. At low pH (5.7), the
hydrophobicity of the delipidated calciphorin was not affected by
the presence of Ca2+. At:higher pH's ( 6.7 and 8.7), the partition
of calciphorin was greatly favored in the organic phase in the
pPresence ofACaz+. Thus, at pH higher than 6.7, the effect of Ca2+
is more important than pH in facilitating calciphorin partioned .
into the organic phase. |

Cation selectivity.

Table 2 shows the cation selectivity of the delipidated
calciphorin by organic solvent extraction experiments. The pH of
the aqueous solution was 7.4 .and .the concentrations of':ithe cations

’ 2+ 2+
used were 1 mM. Both Ca~ and Sr were favored over monovalent

cations and Mn2+. But Zn2+ was favored over Ca2+
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Figure 3; The effect of pH on the partition of calciphorin‘into

the organic phase. The experiments were performed by the organic
solvent extraction procedure. Calciphorin ( 2 nmoles ) was added

to the organie phase and picric acid to the aqueous phase. The
vortexing time was 2 minutes. The aqueous phase contained 1 mM

CaCl2 buffered with 5 mM Tris or MES depending on the pH used. In

the pH range between 5.5 and 6.5, MES was used aslthe buffer, and the -
pH's were adjusted by Trié. qu pH ranging from 6.5 to 9.5, Tris.HCl
was used. Different amounts of picric acid were used to see if the
partition of calciphorin was affected. The amount of calciphorin

in the organic phase was determined by the method of Lowry et al.(1951).

0 : MES buffer; picric acid, 50 nmol
A ¢ MES buffer; picriec acid, 100 nmol
] : Tris buffer; picric acid, 50 nmol.

A ¢ Tris buffer; picric acid, 100 nmol
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TABLE 1

The cffect of C32+ on the partition of calciphorin

into the organic phase

calciphorin in organic phase, %

pPH no Ca2+ 1 mM Ca2+
5.7 .70 ' 70
6.7 40 89
8.7 50 108

The experiments were_performed by the organic solvent ex-
traction procedure. Calciphorin ( 2 nmoles) was added to the or-
ganic phase and picric acid ( 50 nmoles.) to the aqueous phase. The
vortexing time was 2 minutes. When added, the concentration of
CaCl2 was 1 mM in the aqueous phase. At pH 5.7, the buffer was
5 mM MES, pH adjusted by Tris. For pH 6.7 and 8.7, 5 mM Tris.HCl
was used as the buffer. The amount of calciphorin in the organic

phase was determined by the method of Lowry et al. (1951).
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TABLE 2

Cation selectivity of the delipidated calciphorin

Sequence Zn > Ca = Sr . > Rb = ©Na > Mn

Ratio 16.7 1.0 1.0 0.6 0.6 0.4

The cation selectivity was determined by the delipidated
calciphorin-mediated equilibrium extraction into a methylene chloride
phase. The cation concentration in the aqueous phase was 1 mM
buffered by 5 mMATris.HCI, pH 7.4. Calciphorin ( 2 nmoles) was added
to.the methylene chloride phase and picric acid (100 npmoles) to
the aqueous phase. The voftexing time was 2 minutes. Cations
extracted into the organic phase were measured by direct isotope
counting. The amount of C52+ extracted was set at 1.0. The ratios

2+
shown were normalized to that of the Ca“ extracted.
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pH profile of Ca2+ extraction.

Fig. 4 shows calciphorin-mediated Ca2+ extraction as a
function of pH of the aqueous phase. The amount of Ca2+ extracted
increased monotonically between pH 5.5 and 8.5 and started showing
saturation at pH higher than 8.5. The amounts of Ca2+ extracted,
at pH's where both MES and Tris buffer were used, were about the
same at each pH. Thus, the pH variation of the Ca2+ extraction was
due to the pH of the adueous solution and not due to the different
buffers used. Fig. 4 also shows the mole ratio of Ca2+ extracted
to calciphorin present in the organic phase. As shown in Fig. 3,
all of the calciphorin added in the organic solvent extraction
experiments was found in the methylene chio}ide phase, provided
that fhe pH of the aqueous phase was higher than 7.5. Thus, for
pH higher than 7.5, the curve obtained for the mole ratio :paralleled
that of the Ca2+ extracted. When the pH of the aqueous phase was
lower than 7.5, the amount of calciphorin present in the organic
phase was calibrated according to Fig. 3. The mole ratio versus
pH curve thus obtained showed a pKa of 8.0-8.1.

2+ . . . . \ .
Ca” -binding studies by organic solvent extraction experiments.

Fig. 5 shows Scatchard plots of Ca2+;binding data constructed
from the organic solvent extraction experiments for different
pH's of the aqueous phases. In these experiments, the bound Ca2+
was assumed to be that which appeared in the organic phase after
the two phases were separated by centrifugation. The concentration

2+ | _
of Ca  remaining in the aqueous phase was taken as the concentration

21 . :
of free Ca“ . The plots at both pH's are biphasic, which indicates
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Figure 4. éalciphorin -mediated Ca2+ extraction and mole ratio
of Ca‘2+ to calciphorin in the organic phase as a function of pH
of the aqueous phasé. The experiments were performed by the
organic solvent extréction procedure. Calciphorin ( 2 nmoles )
was added to the organic phase and picric acid ( 150 ‘mmoles ) to
the aqueous phase. The vortexing time was 2 minutes. The

aqueous phase contained 1 mM CaCl2 buffered with 5 mM Tris or MES
depending on the pH used. In the pH range between 5.5 and 6.5,
MES was used as the buffer, and the pH's were adjusted by Tris.
For pH ranging from 6.0 to 9.2, Tris.HCl was used. Dashed line
shows the total amount of Ca2+ extracted. The mole ratios of Ca2+
extracted to calciphorin present in the organic phase were
obtained by dividing the amount of calciphorin._in :the organic .phase

. 2+
into the total amount of Ca extracted at each pH. The amount of

calciphorin in the organic phase was calibrated using Fig. 3.



-0

e

/

A----A MES
®----® Tyig

A——A MES
O —0 Tris
/ |

| S A [o] a.;
o o # “
g 2 )
Mv = Y% ‘o
e w
s o
x5 W ° q d ,/A
4 N
a
© )
NIHOHJIOTYO ‘+:80 QlLVYYH 370N
~ o n <t e}
(o] o (@] o o
L . 1 . T — 1 ' 1
a = o ~

lowu ‘g310vYLX3 +:8D

95

75 85

pH

6.5

55



136

Figure 5. ScatchardvplotS'of Ca2+4binding data constructed

from the organic solvent eﬁtraction experiments. The organic

phase was 1 ml of methylene chloride containing 2 - uM of calciphorin.
The aqueous phase confaiﬁed varied amounts of 45CaClz, 200 uM

picric acid, and 5 mM buffer. The buffers used at pH 8.5 and 6.5
were Tris.HC1l and MES (pH adjusted with Tris) ,respectively. The
bound and the free Ca2+ were assumed to be those that appeared in

the organic phase and remained in the aqueous phase, respectively,

after the phases were separated by centrifugation.
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that there are two classes of binding sites at each pH.Table 3 shows
the results of these binding studies. At pH 8.5, the high—affinity
sites had a dissociation constant of 42 uM and bound 129 nmole

Caz+ ber mg calciphoriﬁ. Using 3000 as the molecular weight, the:
stoichiometry was about 0.39 mole of Ca2+ bound per mole of calci-
phorin. The low-affinity sites had a dissociation constant of 234
UM and bound 0.29 mole of Ca2+ per mole of caléiphorin. The total
Ca2+ bound, at pH 8.5, was then 0.68 mole per mole of calciphorin.
At pH 6.5, the dissociation constant of the high-affinity sites

( 50 uM ) was not much different from that measured at pH 8.5,

but the number of"Ca2+-binding sites was much lower. It only bound
0.14 mole of Ca2+ per mole of calciphorin at the high-affinity sites.
The low-affinity sites had a dissociation constant of 174 uM and
bound 0.16 mole Ca2+ per mole of calciphorin.

Competition studies.

Cation competition experiments were also carried out by the
organic solvent extraction procedure. As shown in Table 3, the
high-affinity sites had dissociation constants around 50 uM at both
PH 6.5 and 8.5. 1In order to study the competition of other cations
for the high-affinity Ca2+-binding sites, the concentration of
Ca2+ used in these experiments was 50 uﬁ. Fig. 6 shows the results

- i . +o
of the competition experiments. Monovalent cations (K Na ) inhibited

calt 2+

and Mn2* demonstrated stronger

P . . + 2+
inhibition than any other divalent cations tested. Ba2 s, ST,

extraction only slightly. Zn

2+
and Mg showed an inhibition intermediate between K+, Nat and that
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TABLE 3

The dissociation constants and numbers of Caz+—binding sites
' 2+
obtained from the Ca =-binding data

using organic solvent extraction experiments

High affinity Low affinity
. nmol . nmol .
pH . : Kﬂ () n(mg protein) Kd (ut) n(mg protein)

6.5 50 45 174 _ 54

8.5 42 ' 129 234 96

) . ., . . 2+
Kd and n are the dissociation constant and the number of Ca -

binding sites, respectively. Thése values were obtained from the
Scatchard plots shown in Fig. 5. The x-intercepts are the numbers

of Ca2+ binding sites. Kﬁ values were calculatgd from the ratios

of x intercepts to y intercepts. At each pH, the number of low-
affinity sites was calculated from the difference between the numbers
of total Ca2+;binding sites (x-intercept of the low=affinity binding)
and higﬁ- affinity binding sites ( x-intercept of the high-affinity

binding).
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Figure 6. Inhibition of calciphorin-mediated Ca2+ extraction by
various cations and ruthenium red (RR) into a methylene chloride

phase. Experiments were conducted by the equilibrium extraction
procedure. The aqueous phase contained 0.5 ml of 50 uM CaClz,

200 uyM picric acid, 5 mM Tris.HC1l, pH 7.4, and indicated concentrations
of other cations. Calciphorin concentration was 2 uM in 1 ml

of methylene chloride. The vortexing time was 2 minutes. The

amount of Ca2+ extracted in the absence of any other cations was

set at 100%.
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2+

of Zn2+ and Mn The classic mitochondrial Ca2+ transport inhib-

. + . ' PP
itors, La3 and ruthenium red, showed the strongest inhibition of

3+ or ruthenium red added

Ca2+ extraction . Even when the amount of lLa
was half of the delipidated calciphorin, 957 inhibition was observed.
Table 4 shows the effects of respiratory inhibitors (rotenone,

antimycin A), inhibitor - of mitochondrial ATPase (oligomycin), un-

coupler of oxidative phosphorylation (CCCP), and phosphate on cal-

ciphorin-mediated ca2* extraction into a methylene chloride phase. At
a concentration of 10 pM (about 400 pg per mg of protein) - - rotenone,
24

antimycin A, oligomycin, and CCCP had very little effect on Ca
extracted in the organic phase. Phosphate, at the same concentration as
Ca2+, also had little effect on the calciphorin-mediated Ca2+ extraction.

Determination of the charge on the Ca2+—calciphorin complex.

The charge of the Ca2+-calciphorin complex was determined
spectrophotometrically by measuring the amount of picrgte extracted
into the organic phase in the organic solvent extraction experimeﬁts.
Fig. 7 shows the absorbtion spectrum of 50 uM picric acid in distilled
water. The absorbtion peak was found at 355 nm. The absorbance at
355 nm as a function of the concentration of picric acid is shown
in Fig. 8. The plot is linear. The molar extinction coefficient
calculated was 13,000 which is very close to the reported value,
13,700, arrived at by Eisenman et al. (1969). To determine the
charge of the Ca2+—calciphorinvcomplex, Ca2+ and picric acid

extracted were measured from the same sample. Fig. 9 shows the
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TABLE 4

Effects of respiratory inhibitors, inhibitor of mitochondrial ATPase,
uncoupler of oxidative phosphorylation, and phosphate on calciphorin-

mediated C32+ extraction into a methylene chloride phase

% Extraction

Addition
2uM 10uM 50uM

None : 100 100 100
Rotenone 97 90 - -
Antimycin A - 91 -
Oligomycin 94 100 -—
Ccccp 85 107 -
Phosphate 100 88 107

The experimental procedure was the same as shown in Fig. 6.
The amount of Ca2+ extracted in the absence of any competing
substance was set at 100%. Phosphate was added in the form of
Na,HPO,. Rotenone, antimycin A, oligomycin, and carbonyl cyanide

2774

m-chlorophenyl hydrazone (CCCP) were added in ethanolic solutions.
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Figure 7. The absorption spectrum of picric acid in distilled

water. The concentration of picric acid was 50 uM.
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Figure 8. The absorbance at 355 nm versus the concentration of
picric acid. Picric acid was in distilled water. The light

path was 1 cm.
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2+ . . . .
Figure 9. Ca  and picric acid extracted in the organic phase as
a function of the concentration of calciphorin. The experiments
were carried out by the organic solvent extraction procedure. The

aqueous phase contained 1 mM‘45

CaCl2 , picric acid, and 5 mM Tris.
HC1l pH 8.5. The amount of picric acid added to the aqueous phase
was always 50 times more than calciphorin indicated. Ca2+ extracted
was obtained‘by radioactive éounting. Picric acid extracted in

the organic phase was dried under N2’ redissolved in distilled water,
and the absorbance measured at 355 nm. The background readings due
to the partition of picric acid in the organic phase in the absence
of calciphorin and the turbidity of calciphorin in distilled water
were corrected. Both Ca2+ and picric acid extracted were measured
from the same sample. The solid lines were obtained by least-square

fit and the broken lines were simply drawn by connecting two data

points.
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2+ and picrate

results of the simultaneous measur ements of Ca
extracted 'into the organic phase.In this figure, the solid lines
were obtained by the least-square fit while the broken lines were
simply drawn by connecting two data points. The stoichiometry of
the Ca2+ extraction ( mole of Ca2+ extracted per mole of calciphorin)
was about 0.7 when 1 to 3 uM calciphorin was used, and the stoichio-
metry raised up to 0.92 at higher concentration of calciphorin
added. The ratio of picrate to Ca2+ extracted in the entire range

of calciphorin used was about 3:1.

Ca2+;binding¥studies using flow dialysis.

2+
The dissociation constant of calciphorin for Ca in
aqueous phase was measured by flow dialysis experiments. Fig. 10

2

shows a plot of Ca + bound to calciphorin as a function of total

Ca2+ added. This plot shows a saturation phenomenon. When the
2+ . o 2+
total Ca added to the medium was 18 uM, about 807 of the Ca™ -
binding sites were saturated. Fig. 11 shows a Scatchard plot of
the same data. There is only one class of Ca2+ binding sites.
These Ca2+—binding sites had a dissociation constant of 5,2 uM

and bound 343 mmoles of Ca2+

per mole of calciphorin. Using 3,000
as the molecular weight of calciphorin, the stoichiometry was
about 1.0 mole of Ca2+ bound per mole of calciphorin. The same

stoichiometry was also indicated by a Hill plot (Hill, 1910), where

the slope was .equal to 1.0 (Fig.l1l2).
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Figure 10. Cazf-binding data obtained from flow dialysis experiments.
Delipidated calciphorin was 9 uM in 1 ml of 25 mM Tris.HC1l,pH 7.4.
The dialysis buffer was 25 mM Tris.HCl, pH 7.4. The abscissa is. the

concentration of total Cazf added.
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Eigure 11. Scatchard plot of Ca2+¥binding data constructed from
flow dialysis e#periments. The eﬁperimental conditions were the
same as shown in Fig. 10. The dissociation constant obtained was
5.2 uM, and the number of Ca2+-binding sites was 343 nmoles per mg

of calciphorin.
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Figure 12. Hill plot of Ca2+—binding data - from flow dialysis
‘experiments. The experimental conditions were the same as shown
in Fig. 10. The abscissa:.is the concentration of free Ca2+ in the

soiution. The slope of the plot is 1.0.
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DISCUSSION

2+ transport in mitochondria are well

The kinetics of Ca
documented (for review, see Mela,1977;Bygrave, 1977,1978;Carafoli
and Crompton, 1978),. but the mechanism of Ca2+ transport is essenti-
ally not solved. Recent studies of the mechanism of Ca2+ transport favor
that the intramitochondrial Ca2+ is regulated by an influx and an
efflux mechanisms(Sordahl, 1974; Puskin et al., 1976; Crompton et

2+

al., 1977, 1978 ). Whether the pathways for Ca influx and efflux

are identical is still debatable. While Pozzan et al. (1977) have
shown that Ca2+ efflux occurs always through the native influx
carrier, others suggest that the two mechanisms are separated
(Puskin et al.,l1976; Crompton et al., 1978). Despite the disagree-
ment in the efflux mechanism, it is accepted that the efflux mechanism
is either not sensitive to ruthenium red (Crompton et al., 1977) or
ruthenium red is not directly interacting with the efflux pathway
(Pozzan et al., 1977). On‘the other hand, the influx mechanism of
Ca2+ transport is very sensitive to ruthenium red (Moore, 1971;

Reed and Bygrave, 1974a). Calciphorin is very sensitive to ruthenium
red. The calciphorin-mediated Ca2+ extraction into the organic
phase can be inhibited completely by very low concentfations of
ruthenium red ( Fig. Q). The sensitivity to ruthenium red, together
with the hydrophobicity and the electrogenicity lead calciphorin
to be a likely candidate for the Ca2+ carrier reponsible for the
influx mechanism of Ca2+ transport in mitochondria.

As mentioned in Chapter 1, calciphorin is very hydrophobic

149
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before delipidation. In the presence of its native phospholipid
environment, calciphorin can be solubilized in diethyl ether.

After delipidation, calciphorin becomes less hydfophobic. But it

can regain its hydrophobicity in the presence of Ca2+ and alkaline

pH in the organic solvent extraction experiments (Fig. 3 and Table 1).
It is possible that calciphorin undergoes a conformational change in
the presence of Ca2+, binding Ca2+ in its hydrophilic pocket, and
orienting itself in such a manner that the hydrophobic groups face
the lipid milieu.

The pH profile of Ca2+ extracted into the methylene chloride
phase showed a pKa of 8;0-8.1 (fig. 4). It has been reported by
Pfeiffer et al. (1978) that the pKa of 423187, a divalent cation iono-
phore, decreases as the solvent polarity increases. At the interface
betyeeﬁ the aqueous medium and the outer half leaflet of the inner
mitochondrial membrane, the pKa of calciphorin is probably slightly
lower than the observed value from the organic solvent extraction exper-
iments. Reed and Bygravé (1975) have found that the group(s) involved
in the binding of Ca2+ to. the carrier have a pKa of 7.8, by studying
the kinetics of Ca2+ transport in mitochondria. Thus, the groups
responsible for the binding of Ca2+ to calciphorin seem to be identical
to that of the Ca2+ carrier.

Delipidated calciphorin bind; much moré Zn2+ tﬁan Ca2+ (Table 2),
and Zn2+ is also able to inhibit Ca2+ extractiqn into the organic phase
(Fig. 6). Mitochondria have been,reporte& to be the target of heavy metal

poisoning (Aldridge and Cremer, 1955).. It is possible that calciphorin is the
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local. target in mitochondria. Delipidated calciphorin favors Ca2+

and Sr2+ over Mn2+ (Table 2) as was shown for the undelipidated
calciphorin (Table 6, Chapter 1). Table 2 also shows that delipid-
ated calcipho;in favors Ca2+ over monovalent cgtions (Na+ and Rb+).
Although the selectivity ratios found between Ca2+ and monovalent
cations are not as drastic as they were before the removal of the
contaminating phospholipids (Table 6, Chapter 1), monovalent cations
(Na+ and K+)‘are still not able to compete with Ca2+ for extraction into
the organic phase (Fig. 6). Mn2+ demonstrates again a high ability in
competing with ca2t for extraction (Fig. 6 in this chapter and Fig. 9
in Chapter 1). As explained in Chapter 1, the inhibitory effect may
be due to the interaction between Mn2+ and Ca2+, which is consistent
with the Ca2+Fstimulated Mn2+ uptake observed in mitochondria (Vino-

gradov and Scarpa, 1973). Other divalent cations (Sr2+, Mg2+, and

Ba2+) show a moderate inhibition of Ca2+ extraction'(Fig; 6). The
most striking inhibitory effects are shown by La3+ and ruthenium red,
_classic inhibitors of Ca2+ transport in mitochondria. In the presence
of only half the amount of ruthenium red or La3+ as compared with
calciphorin, Ca2+ extraction mediated By calciphorin is decreased by
95%. The stoichiometry of ruthenium red or La3+'bound to calci-
phorin is therefore 1:2.

Other important findings, revealed from the competition studies,
are shown in Table 4. At high concentrations, the respiratory inhibitors

(rotenone, antimycin A), the inhibitor of mitochondrial ATPase (oligomycin),

and the uncoupler of oxidative phosphorylation (CCCP) do not have signif-
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icant effects an Cazf ektraéted into the organic phase. It has

been shown that the"driving force for Caz+ transport in mitochondria
is the negatfye-inside membrane potential (Scarpa and Azzone, 1970).
Binding of Ga2+ would thus be eipected to be insensitive to res-
piratory inhibitors and uncoupling agents (Reed and Bygrave, 1974b).
Iﬁ‘fact,_one of the major criticisms to the high-affinity Caz+-
binding in respiration-inhibited mitochondria reported by Reynafarje
and Lehninger (1969) is that thé high-affinity Ca2+;binding sites
disappear in the presence of 2,4-dinitrophenol, an uncoupling agent
(Southard and Green, 1974; Akerman et al., 1974). Recently, Moyle
and Mitchell (1977) suggested that the Ca?¥ carrier may be a caZt-
phosphate symporter which translocates one positive charge to the
matrix .compartment of mitochondria. However, this hypothesis has been
shown to be based on inadequate data and assumptions (Azzone et al.,
1977; Reynafarje and Lehninger, 1977). The Ca2+ carrier is thus.
expected not to have a binding site for inorganic phosphate. The
results shown in Table 4 are consistent with these findings. At
equal concentrations of Ca2+ and phosphate, C32+ extracted into the
organic phase is not enhanced significantly by the presence of
phosphate.

Without picrate, calciphorin is not able to extract large
amounts of Ca2+ either in the absence or presence of a lipophilic
cation, tetramethylammonium (Table 3, Chapter 2). This eliminates
the possibility that calciphorin.aléne has a net charge of -2 or

is more negatively charged. Also picrate is not found to be extracted
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by calciphorin in the absence of Ca2+ at .pH 8.5 (unpublished ob-
servation). The possibility that calciphorin is positively charged

is therefore eliminated; Thus, calciphorin can either be neutral
or has one negative charge, and the Caz+-calciphorin complex

is expected either to have 2 positive»chérges or one positive
charge, respectively. In the former case, the amount of picrate
extracted should be twice as much as Ca2+ extracted into the
organié phase. In the latter situétion, both picrate and Ca2+
should be extracted in the same amount. Fig. 9 shows that picrate
extracted is three timesAmore than that of Ca2+. It is likely that
Ca2+;calciphorin has 2 positive charges, but the extra picrate
extracted can not be explained. In the experiments shown in Fig.
9, the background readings due to the partition of picric acid into
the organic phase in the absence of calciphorin and the turbidity of
calciphorin in distilled water were corfected. It is possible that
calciphorin in distilled water becomes more turbid in the presence
of Ca2+ and picrate, but there is no strong evidence for it.

An interesting finding among the properties associated with

the delipidated calciphorin is the affinity of calciphorin for
Ca2+ determined by flow dialysis experiments. Fig. 11 shows that
calciphorin has only one class of Ca2+;binding sites. These sites

2 .
have high affinity for Ca +. The dissociation constant is 5.2 uM.

+
Before delipidation, calciphorin showed two classes of Ca2 -binding

. e s . +
sites. The dissociation constants of the high- and low-affinity Ca2

binding sites were 9.5 and 33 uM, respectively. After delipidation,

2+
calciphorin loses its low=affinity Ca  -binding sites. These low-
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affinity binding sites are evidently due.to .phospholipids (Reed
and Bygrave, 1974a). The saturation kinetics in the mitochondrial
Ca2+ transport system is always taken to be the strongest
evidence for the carrier-mediated Ca2+ transport (Vinogradov and
-Scarpa, 1973). Calciphorin also shows a saturation phenomenon in
the Ca2+-binding studies * (Fig. 10) . The observed saturation
kinetics in mitochondria may be due to the limited Ca2+—binding of
calciphorin. From Fig. 11, it is obvious that each mole of calci-
phorin can bind one mole of C52+. The proposed mechanism for the
first step of calciphorin (C)- mediated Ca2+ transport is:

¢ + ca?t > c.ca2t

The Ca2+;calciphorin complex is then moved to the inner phase of the
membrane in response to a negative-inside membrane potential and
dissociates the bound Ca2+ to. the matrix ecompartment. The slope
of log (bound calciphorin]free calciphorin)versus the log [ free Ca2+]
plot is expected to be 1;. Indeed, this slope is obtained as shown
~in Fig. 12.

The stoichiometry of Ca2+ bound to calciphorin increases from
a low value (0.11) to. 0.92 when total calciphorin concentration
‘increases from 0.5 to 5 uM in the organic solvent extraction
experiments (Fig. 9). This fact may indicate that there is a
"cooperative“ effect between calciphorin molecules. Also, only
half the amount of ruthenium red or La3+ as compared with calciphorin
is needed to inhibit the total calciphorin-mediated Ca2+ extraction

into the organic phase (Fig. 6). Although there is no strong evidence,
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it is possible that calciphorin is in a dimeric form. In this

. 2+ N
case,the proposed mechanism for the binding of Ca to dimerized
calciphorin at the external phase of the inner mitochondrial

membrane is:

c+czc,

2+

C, + nCa2+ - C.Ca
« n

2 2

2+ .
where n is the number of Ca bound to one calciphorin dimer.
Assuming Ky and K2 are the equilibrium constants of the two binding

steps, respectively, shown above . Then,

k, = (&2
(C)?

2+

K, = <c20an )

1~

(cp) (ca®™H™

where the quantities in the parentheses represent activities.

Therefore,

<C2C3n2+)
(©)?

_ “2+.n

= Kle(Ca )

The slope of log [bound calciphorin/(free calciphorin)z] versus
log (free Ca2+) plot should yield n, which is expected to be 2.

Fig. 13 shows such a plot, and the slope obtained is 1.7.

- 2+
The two possible mechanisms of calciphorin-mediated Ca
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Figure 13. The plot of log [bound calciphorin/ (free calciphorin)z]
versus log (free Ca).constructed from flow dialysis experiments. The

experimental conditions were shown in Fig. 10. The slope is 1.7.
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transport are depicted in Fig. 14.. Fig. 14(a) shows the possibility
that the transport unit of calciphorin is a monomer. Ca2+ binds

to the Ca2+;binding site of calciphorin}at the external surface

.of the inmer mitochondrial.membrane; This process can be blocked by
either ruthenium red or La3+. According to Table 1, calciphorin
becomes more hydrophobic in the presence of Ca2+ at the physiological
PH. The binding of Ca2+ to calciphorin may induce a conformational
change of the calciphorin molecule such that Ca2+ and its ligands
reside in the interior of the complex leaving the exterior more
hydrophobic. This Ca2+;ca1ciphorin complex can respond to a negative-
inside membrane pdtential generated by respiration or ATP hydrolysis.
Bound Ca2+ ié‘tﬁen'diésdciated into the matrix compartment either in
its free form or bound to the _negatively charged groups (Gunter
and Puskin, 1972). Afterwards, free calciphorin diffuses back to

the external surface of the inﬁer mitochondrial membrane and recycles.
Fig. 14 (b) shows another possible mechanism of calciﬁhorin—mediated
Ca2+—transport, where functional calciphorin is assumed to be in a
dimeric form. In the presence of Ca2+, calciphorin is dimerized.

Tvo molecules of calciphorin bind two.Ca’' (Fig. 13). This binding
process can be blocked by ruthenium red or La3+. The two Ca2+—
binding sites of the two calciphorin molecules may bé nearby so that
only one molecule of ruthenium red or La 3+ is required to inhibit
two Ca2+ extracted by a calciphorin dimer (Fig. 6). Again, calci-

phorin may undergo a conformational change, becoming more hydro-

+
phobic, when Ca2 is bound. The dimerized Ca2+—calciphorin
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Figure 14. Possible mechanisms of calciphorin¥mediated Ca2+

transport in mitochondria. The C-shaped molecule stands for
calciphorin.The invagination of the'C'represents the Ca2+;binding
site.

(a) The tranéport unitiof calciphorin is a monomer.

(b) The transport unit of calciphorin is a dimer.
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complex can move to .the inside of .the inner mitochondrial membrane
. s e ea 2+
in : response to a negative-inside membrane potential. Ca

is then dissociated and calciphorin diffuses back to the external

phase either in monomeric or dimeric form.

In the bulk methylene chloride phase, there are probably three
different complexes..in the dimer hypothesis: monomers.in equilibrium.
with dimers with no Ca2+ bound (C2°), dimers with 1 Ca2+vbound (Czl),
and dimers with 2 Ca2+ bound (C22). In the organic solvent extraction
experiments, calciphorin is shown to have a.”PKa'around 8.0-8.1 (Fig.4).
Probably C22 dominates at higher pH and C21 at low pH. Assuming

there is 207% CZO
021 at pH 6.5. Therefore, a stoichiometry of 0.4 mole Ca2+ bound

to each mole of calciphorin is expected (Fig. 4). At pH 8.5,

. 2
the ratio of C2 to C2

is 8.1. Therefore,in the organic phase the relative abundance of .

0..1..2
C, 1€, :C,

25Z x 0.5 + 552 x 1 = 0.68 (Fig 4). C2l is expected to exist prior
1

1 calculated is 70:30, assuming the PKa
is 20%Z425%:55%Z at pH 8.5. The stoichiometry is then:

to the formation of 0225 At pl 8.5, Ca2+;binding gitco of C2
probably have higher affinity and the number of binding sites is
expected to be 807 x 0.5 = 0.4 mole Ca2+ per mole calciphorin or
133 nmoles Caz$er mg calciphorin (compared with 129 nmoles Rér

mg calciphorin shown in Table 3). The second Caz+ bound in sz
probably has lower affinity and the number of binding sites is

expected to be 55% x 0.5 = 0.28 mole Ca2+ per mole calciphorin

2+ .
or 93 nmoles Ca  per mg calciphorin ( compared with 96 nmoles caZt

in the organic phase, it is expected to have 80% - --=—=ems -ome
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per mg calciphorin shown in Table 3). At .pH 6.5, where the relative
abundance of CZO: Célz C22 is assumed to .be 207:80%:0%, it is
expected there is only one affinity constant observed in the
Ca2+Fbinding studies by organic solvent extraction experiments.
Although the Scatbhard plots shown in Fig. 5 at pH 6.5 are not

. monophasic, the difference in the two dissociation constants
obtained at pH 6.5 do not differ as drastically as that shown a£

pH 8.5. Probably the addition of Ca2+ shifts the equilibrium
favoring formation of dimer from monomer and renders more Ca2+
bound.

Evidence presented here sﬁggests that calciphorin may be a
strong candidate for the Caz-+ carrier responsible for Ca2+
influx in mitochondria. However, whether the functional calciphorin
is a monomer or a dimer is not certain. The dimer hypothe;is can
explain most of the experimental results presented here and also

fits the kinetics data ,:where 2 Ca2+

are required to bind
s . 2+ . . e
to the carrier in order to have Ca transported at significant

rates (Vinogradov and Ecarpa; 1973).
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