Biochemistry (Moscow), Vol. 70, No. 2, 2005, pp. 187-194. Translated from Biokhimiya, Vol. 70, No. 2, 2005, pp. 231-239.
Original Russian Text Copyright © 2005 by Saris, Carafoli.

REVIEW

A Historical Review
of Cellular Calcium Handling,
with Emphasis on Mitochondria

N.-E. L. Saris'* and E. Carafoli’

! Department of Applied Biochemistry and Microbiology, Viikki Biocenter 1, P.O. Box 56, FIN-00014
University of Helsinki, Helsinki, Finland; fax: (3580) 19159301; E-mail: nils-erik.saris@helsinki.fi
2Department of Biochemistry, University of Padova, Viale G. Colombo 3,

IT-35121 Padova, Italy; E-mail: ernesto.carafoli@unipd.it

Received September 15, 2004

Abstract—Calcium ions are of central importance in cellular physiology, as they carry the signal activating cells to perform
their programmed function. Ca?" is particularly suitable for this role because of its chemical properties and because its free
concentration gradient between the extra-cellular and the cytosolic concentrations is very high, about four orders of magni-
tude. The cytosolic concentration of Ca?* is regulated by binding and chelation by various substances and by transport across
plasma and intracellular membranes. Various channels, transport ATPases, uniporters, and antiporters in the plasma mem-
brane, endoplasmic and sarcoplasmic reticulum, and mitochondria are responsible for the transport of Ca>". The regulation
of these transport systems is the subject of an increasing number of studies. In this short review, we focus on the mitochondr-
ial transporters, i.e. the calcium uniporter used for Ca>* uptake, and the antiporters used for the efflux, i.e. the Ca>*/Na*
antiporter in mitochondria and the plasma membrane of excitable cells, and the Ca>*/nH™ antiporter in liver and some other
mitochondrial types. Mitochondria are of special interest in that Ca?* stimulates respiration and oxidative phosphorylation to
meet the energy needs of activated cells. The studies on Ca>* and mitochondria began in the fifties, but interest in mito-
chondrial Ca?" handling faded in the late seventies since it had become apparent that mitochondria in resting cells contain
very low Ca’". Interest increased again in the nineties also because it was discovered that mitochondria and Ca?* had a cen-
tral role in apoptosis and necrosis. This is of special interest in calcium overload and oxidative stress conditions, when the
opening of the mitochondrial permeability transition pore is stimulated.
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This article is based on a lecture presented at a recent
Calcium Symposium [1]. Both authors have had long
experience in the field. Saris was introduced to mito-
chondriology by Britton Chance at the Reeves Johnson
Foundation, University of Pennsylvania, Philadelphia, in
1958-59. In the last weeks of his stay Saris discovered that
a pH gradient was formed on addition of Ca?" (Ca) to an
energized mitochondrial suspension, followed by its equi-
libration when a certain threshold was exceeded. The for-
mation of the gradient was attributed to the energized
uptake of Ca, and the later equilibration to the perme-
abilization of the inner membrane (now called the mito-
chondrial permeability transition) (|2, 3], see also review
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[4]). Now it has become clear that the acidification of the
medium on uptake of Ca was due to a chemiosmotic
mechanism in which the uptake was driven by the mem-
brane potential, whereby part of the H" pumped out by
the respiratory chain remained in the medium [5].
Carafoli was trained in mitochondriology in
Giovanni Felice (Licio) Azzone’s group at the University
of Modena [6] and initiated Ca work on mitochondria in
the mid 60s, in the group of Albert Lehninger at the Johns
Hopkins School of Medicine in Baltimore, MD (see [4]).
In this review, we’ll offer a succinct discussion of the
binding of Ca by proteins, and of its transport through
biological membranes; we will also discuss briefly its bio-
logical functions. Addition of Ca pulses to respiring rat
liver mitochondria led to the formation of a pH gradient.
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BINDING AND CHELATION OF CALCIUM IONS

The chemical properties of Ca and their role in the
binding of complex molecules have been discussed and
compared to those of Mg?* (Mg) and other cations by R.
J. P. Williams in several reviews [7-10]. Ca is bound pre-
ferentially by multidentate anions and strong acid anions,
while Mg has strongest binding to neutral nitrogen groups
such as -NH, and imidazole [7]. Cais generally bound by
proteins more strongly than Mg [8, 9]. Importantly, Ca
has far more binding flexibility, i.e., greater variability is
tolerated in the number, angle, and distances of its coor-
dination bonds, which makes it easier for dehydrated Ca
to permeate membranes and reach binding sites deeper
inside proteins [7]. The binding of Ca to individual pro-
teins of biological interest has been discussed in a number
of reviews [10, 11]. Some of these are contractile proteins,
other are regulatory, or involved in transport processes.
An early description of Ca binding to a muscle protein
(parvalbumin), as derived from its X-ray structure, has
been fundamental [12].

The chelation of Caand Mgto nucleotides, especial-
ly ATP and ADP, is physiologically important. The as-
sociation constant of Cato ATP is 4.0, for Mgthe affinity
is slightly stronger (4.2), while the constants are about two
orders of magnitude less for ADP [7]. This means that
ATP effectively buffers both Ca and Mg concentrations
and that the Mg—ATP chelate is the natural substrate for
ATPases and phosphotransferases. Hydrolysis of ATP
thus leads to a substantial increase in the free—often
called ionized—Ca and Mg.

In most cells the plasma membrane is virtually
impermeable for Ca, separating two spaces with a large
concentration difference: the free concentration of Ca**
is about 1.2 mM extracellularly and close to 0.1 uM in the
cytosol of non-activated cells. This makes Ca an ideal sig-
nal substance: even if only traces of it enter the cell
through the opening of Ca channels, they still change the
free concentration significantly, especially close to the
inner channel mouth.

TRANSPORT OF Ca
ACROSS PLASMA MEMBRANES

Ca absorption takes place in the first part (aboma-
sum) of the small intestine. A vitamin D-inducible, Ca-
binding protein suggested to be involved in the transcellu-
lar transport of Ca in the mucosa was described in the
mid-60s (see review [13]). The protein was suggested to
have a role in the accumulation of Ca close to a plasma
membrane Ca transporter.

Plasma membrane channels. The main mechanism
for the import of Ca into cells is via opening of Ca chan-
nels. The opening is usually of short duration. Many dif-
ferent Ca channels have been described, this being an

intensive area of research. A voltage-gated channel was
implied by action potentials recordings in crayfish muscle
fibers in 1958 [14]. Its conductance is around 20 pS,
allowing the passage of about 3:10° Ca ions/sec. The
channel is present in the heart and in much higher den-
sity in the T-tubular membranes of skeletal muscles (see
review [11]). Several types of voltage-gated channels have
been described that differ in sensitivity to inhibitors (ver-
apamil, diltiazem, and dihydropyridines) and activators
(some dihydropyridines and adrenergic neurotransmit-
ters), rate constants, and opening probabilities [11]. The
most common channel of this family is the L-type chan-
nel with relatively long open times, while the T-type
channels open at more negative transmembrane poten-
tials, and the N-type at still more negative potentials.

A channel that has sparked considerable recent
interest is the capacitive calcium entry channel, which is
activated by the emptying of Ca stores in the sarcoplasmic
and endoplasmic reticulum (SR and ER) [15]. It has been
found in many cell types (see review [16]). The interac-
tion with the Ca store state is treated in more detail in the
SR and ER section below.

The Na*/Ca’* exchanger was found in the late 1960s
to be responsible for most of the efflux of Ca [17-19].
Depending on the concentrations of these cations in the
cytosol and external medium and on the direction of the
transmembrane potential, Ca can be also taken up by
exchange against relatively high internal Na* [19]. The
exchanger operates with a stoichiometry of 3 Na*/1 Ca**
[19-21]. Of special interest is the possibility of stimulating
the Ca uptake mode of the exchanger in heart
ischemia—reperfusion, where Na* accumulates in the
cytosol during the ischemia, and promotes Ca uptake
during the reperfusion phase, causing Ca overload [22,
23].

The Ca-ATPase is necessary to reduce cytosolic [Ca]
to the low (100-200 nM) resting levels, which is achieved
using the energy of ATP. It was first described in erythro-
cytes in 1966 by Schatzmann [24]. This pump has high
affinity for Ca with a K, < 1 uM, but rather low transport
capacity (about 0.5 nmol Ca/mg protein per second
[25]). The enzyme is activated by calmodulin [26] (poss-
ibly not in liver [27]), but also by acidic phospholipids and
unsaturated long-chain fatty acids. Various hormones,
i.e., thyroxin, oxytocin, and insulin, have been claimed to
inhibit the pump, depending on the tissue and experi-
mental conditions (see reviews [11, 28]).

TRANSPORT OF Ca BY SARCOPLASMIC
AND ENDOPLASMIC RETICULUM

Uptake of Ca by microsomes derived from what was
later called sarcoplasmic reticulum (SR) of skeletal
muscles was described by Ebashi and Lipman [29] and by
Hasselbach and Makinose [30, 31] in the beginning of the
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1960s. The process required ATP and Mg and was medi-
ated by a transport Ca-ATPase of the P-class as that of the
plasma membrane [11, 28]. It is now called Ca-ATPase
type I and is present in fast-twitch skeletal muscles, while
the type II ATPase is found in slow-twitch muscles and a
subform of that in other cells [32]. Some types of cells
may contain both types of the pump [33]. In the presence
of oxalate, large amounts of Ca are taken up, and Ca-
oxalate precipitates could be demonstrated in the SR in
vivo [34]. The role of SR as a Ca store has now been con-
firmed by numerous studies. The SR is able to reduce the
external [Ca] well below 1 pM, which is sufficient to
remove Ca from troponin C and cause relaxation of the
muscle fibers. The Ca uptake capacity of the ER is
increased by various storage proteins that bind Ca with
low affinity, i.e. calsequestrins, calreticulins, and endo-
plasmins.

The ATPase has been purified and reconstituted: it
was found that maximally two Ca ions are transported per
one ATP molecule hydrolyzed [35]. The ATPase activity
can be hormonally regulated via phosphorylation of the
proteolipid phospholambdan, present in the SR mem-
brane of slow, heart, and smooth muscles in 1 : 1 stoi-
chiometry with the ATPase [36]. The phosphorylation is
carried out by Ca-calmodulin- and cAMP-dependent
kinases that phosphorylate different sites [37]. The three-
dimensional structure of the pump has recently been
solved at atomic resolution [38, 39].

Ca efflux channels. For the release of Ca from the
stores on appropriate signals two channels have been
described: one is activated by inositol-1,4,5-trisphos-
phate (IP;) formed by hydrolysis of phosphatidylinositol-
bis-phosphate (see reviews [11, 40]), the other is the ryan-
odine receptor channel, which is activated by increased
cytosolic Ca, by caffeine, or by ryanodine (see reviews
[11, 41]). The number and kind of channels varies in dif-
ferent cell types. Thus, the Ca stores may differ in local-
ization and mode of excitation—contraction or —mobi-
lization coupling. In muscle, the depolarization of sar-
colemma is transmitted to the terminal cisternae of the
sarcoplasmic reticulum via invaginations and junctions
(T-tubules).

MITOCHONDRIAL CALCIUM HANDLING

Uptake and binding of Ca. In the 1950s-1960s, it was
first found that Ca and other bivalent cations were taken
up by respiring mitochondria or in the presence of ATP
[4]. Even earlier Slater and Cleland [42] found that heart
mitochondria (called sarcosomes at that time) took up Ca
from the medium during homogenization and isolation
and became partly uncoupled. By adding EDTA, this was
prevented and well-coupled mitochondria could be pre-
pared. However, Slater and Cleland concluded that the
uptake was not active, as it took place at 0°C. Binding of
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Mn?* and inorganic phosphate (P;) was found to occur in
respiring mitochondria [43] with the formation of a pH
gradient [3, 44], and uptake of Sr** was also observed in
the presence of ATP [45]. As mentioned, it was not in-
itially accepted that the uptake was energy-driven, but
Britton Chance observed a stoichiometric burst of res-
piration on addition of small amounts of Ca, which was
similar to that seen on addition of ADP [46]. He con-
cluded that it was due to the active transport of Ca. This
was confirmed by Saris [2, 3] as noted in the introduc-
tory paragraph. Massive accumulation of Ca by respiring
liver and kidney mitochondria or in the presence of Mg
and ATP was observed in the beginning of the 60s [47, 48]
and Rossi and Lehninger found that Ca-phosphate pre-
cipitated in the mitochondrial matrix with the stoichiom-
etry of hydroxyapatite [49]. Under these conditions,
ADP/ATP uptake was also observed, which Carafoli et al.
interpreted as being due to absorption on the hydroxyap-
atite deposits [50]. Saris also found increased Ca ac-
cumulation in the presence of P;and added ADP [3]. The
effect of ADP could at least partly have been due to the
increase in negative charges on the matrix side, leading to
the decrease in matrix [Ca], and to the dissociation of Ca
from the transporter, which would stimulate the rate of
uptake and increase the retention of Ca [51]. Saris [3]
found a stoichiometry of uptake of 0.7 Ca/ATP
hydrolyzed, and Rossi and Lehninger [49] found that the
stoichiometry of extra O, consumed in the Ca stimulated
respiration was on a mole basis half that of ADP. For Sr**,
that is transported with the same mechanism, 1.8-2.0
atoms were transported per electron pair passing each
coupling site in the respiratory chain [52].

The Ca uptake mechanism. In the beginning, little
information was available on the mechanism of uptake.
Saris [3] considered various exchange mechanisms, i.e.
Ca?*/2H", Ca**/H",K*, and exchange of H* against Ca*"
plus an anion like P;", as well as a pump driven by the
hypothetical high energy bonds (~) which in those days
were supposed to be formed by energy conservation in the
respiratory chain. Chance suggested fast interaction of Ca
with a carrier at the expense of these bonds [53]. When
the chemiosmotic hypothesis became popular, an uptake
mechanism driven by the proton-motive force (a mem-
brane potential) became a natural choice [5]. Gradually,
this view became accepted, together with the Mitchellian
terms uniport for uptake of an ion alone, antiport and sym-
port for the exchange and cotransport mechanisms. The
Ca transporter was then called the calcium uniporter.

A uniport mechanism would imply a 2H*/Ca*" stoi-
chiometry [5]. Experimentally, this was not easy to show,
since other proton-producing, consuming, and translo-
cating mechanisms had to be excluded. In the end of the
1970s, this stoichiometry was finally established (see
review [54]) in the groups of Lehninger [55] and of Saris
[56]. When the membrane potential was formed as a dif-
fusion potential for K* in the presence of the ionophore
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valinomycin, a corresponding stoichiometry of 2K*/Ca**
was found [57, 58].

Purification of the uniporter. The isolation of the Ca
uniporter would be essential for the understanding of the
mechanism of uptake, i.e., whether it is a carrier or a
channel-forming system. Purification of the uniporter
has proven difficult and has not yet been accomplished.
Early attempts in the beginning of the 1970s in
Sottocasa’s group produced a Ca-binding glycoprotein
from mitochondria suspended in a hypotonic medium in
the presence of EDTA. Its Ca-binding was inhibited [59]
by the uniporter inhibitor ruthenium red [59]. Antibodies
against the protein also inhibited Ca uptake [60].
However, Saris found that the antiserum formed four pre-
cipitation bands in Ouchterlony immunodiffusion tests
and did not inhibit Sr** uptake by the uniporter. A protein
of 13-14 kD having an isoelectric point of 3.4 was eventu-
ally purified from the glycoprotein preparation and called
calvectin [61]. In 1982, Mironova et al. also isolated a Ca-
binding glycoprotein with a molecular mass of 40 kD
from beef heart mitochondria and obtained from it a
small hydrophobic peptide that formed ruthenium red-
sensitive Ca channels when reconstituted in phospholipid
black-lipid membranes [62]. Saris tested antibodies
against the preparation, obtaining in this case only one
precipitation band. The antibodies inhibited the Ca uni-
porter in rat liver mitochondria deprived of the outer
membrane (mitoplasts) and stained mitochondria in
fibroblasts [63]. Further purification of the small peptide
yielded a product with an apparent molecular mass of
only 2 kD [64], which may be a hydrolytic product since
inhibitors of proteases were not employed in the purifica-
tion. The channel formed was Ca-specific, two or more
subunits participating in channel formation [65].
Attempts to sequence the peptide and to clone its gene are
in process. The absorption of the peptide by Sephadex G-
15 indicates affinity for carbohydrates and may explain its
association with a glycoprotein.

Recently other groups have also attempted to purify
and characterize the Ca uniporter [66, 67]. Zazueta et al.
used isoelectric focusing and affinity chromatography
with the labeled inhibitor '®Ru360 to specifically locate
the Ca uniporter and obtained a 90% purified fraction
[67]. An antiserum against a less purified fraction [66]
inhibited Ca uptake into phospholipid vesicles reconsti-
tuted with the preparation. It labeled 18 and 75 kD frac-
tions. By patch-clamping a Ca-specific channel was char-
acterized in mitoplasts [67]. It conducted Sr** as well as
Ca, but the conductances for Mn?" and Ba?" were much
lower. Ruthenium red and Ru360 inhibited, as could be
expected for the Ca uniporter.

Other Ca uniport mechanisms. The Ca uptake
described above concerns mammalian and plant mito-
chondria. However, Zvyagilskaya’s group has found that
fast Ca uptake by mitochondria in the yeast Endomyces
magnusii [68] is mediated by a uniporter, but is stimulat-
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ed (!) by ruthenium red [69]. Polyclonal antibodies
against the purified beef heart mitochondrial fraction also
reacted with a yeast protein fraction. The fast mode of Ca
uptake that has been found in heart [70] and liver [71]
mitochondria could correspond to it; however, in heart
and liver ruthenium red inhibits only at relatively high
concentrations.

Regulation of the Ca uniporter. Interest in mitochon-
drial Ca handling was substantial in the 1960s and 1970s,
after it was found that mitochondria acted as Ca sinks,
accumulating Ca as hydroxyapatite [4]. However, interest
decreased when it was found that mitochondria in resting
cells contained little Ca [72] and that the apparent K, of
the mitochondrial system was too high for significant Ca
uptake to occur in the cytosol [73]. More recently, it was
found that some mitochondria may be located in
microdomains close to Ca channels of the SR and ER
where cytosolic [Ca] may become high on channel open-
ing [74]. Modulating factors have been found that may
activate the uniporter by decreasing its K, for Ca. Ca
itself may be the most important activator, changing the
concentration dependence of the uptake shift from sig-
moidal to hyperbolic, thereby lowering the K, [75-77].
Ca also stimulates Sr** and Mn?* uptake [78]. Mn?>" can
inhibit or stimulate Ca uptake depending on the experi-
mental conditions, but stimulation has been mostly
reported [78-80]. Mg?* and K* decrease Ca uptake, pre-
sumably by decreasing Ca surface binding and making the
kinetics more sigmoidal [81-83]. K* acts also under con-
ditions of opening of the ATP-sensitive K" channels,
thereby decreasing the membrane potential [84].
Polyamines were found to activate the uniporter both in
mammalian mitochondria [85, 86] and in those of
Endomyces magnusii [87].

Efflux of Ca from mitochondria. As expected accu-
mulated Ca is released from mitochondria by
protonophorous uncoupler [88], due to reversal of the
uniporter when the membrane potential is collapsed. In
the presence of ruthenium red to inhibit the uniporter,
efflux of Ca from heart mitochondria was found to be
induced by Na* [89]. Under these conditions, the efflux
was stimulated by respiration possibly due to a Ca?*/nNa*
antiporter with n exceeding 2 [90]. In the absence of
ruthenium red, matrix Ca would be influenced by a Ca
cycle in which Ca is taken up by the uniporter and
released by the Ca>*/nNa* antiporter, Na* being eventu-
ally returned to the cytosol by a Na*/H™ antiporter [91].
This cycling implies some energy dissipation, i.e., it
stimulates respiration. The Na*/Ca?' antiporter was
found to operate in mitochondria of excitable cells, i.e.,
muscle and neurons (see review [92]).

In non-excitable cells, the main Ca efflux system is
thought instead to be a Ca**/nH" antiporter [92], which
cannot be demonstrated in non-energized mitochondria,
indicating that it is not electroneutral [93, 94]. A prep-
aration obtained by Ca-affinity chromatography, when
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reconstituted into liposomes, had Ca’'/H* antiporter
activity. Antibodies reacted with bands at 55 and 66 kD
[95].

The permeability transition. The permeabilization
induced by Ca overloading, originally reported by Saris
[2, 3], is now known to be due to opening of a large pore
in the inner membrane, which is called the mitochondri-
al permeability transition (MPT) (see reviews [11, 92,
96]). The opening of the pore will allow the transit of sub-
stances with a molecular mass <1.5 kD, i.e. nucleotides
are also lost from the matrix so that respiration on NAD-
dependent substrates is inhibited. Electron microscopy
studies have shown that the mitochondrial population is
heterogeneous and the swelling associated with MPT
progressed through the population [97]. In addition to the
stimulation by Ca and P;, and to the inhibition by Mg**
and ADP shown by Saris, it is now known [96] that the
MPT is promoted by prooxidants and free radicals, by
thiol reagents and promoters of S—S bond formation, by
decreased membrane potential, by carboxyatractylate,
fatty acids and increase in pH, while antioxidants, radical
scavengers like butylhydroxytoluene, Mn?*, spermine,
lowered pH, and Ca-chelating substances inhibit it. Thus,
there seems to be a Me?"-binding regulatory site on the
cytosolic side and an opening-inducing Ca-binding site
on the matrix side of mitochondria. The Ca sensitivity of
the MPT is increased by SH oxidation and cross-linking,
with prooxidants modulating also via oxidation of
NAD(P)H [98]. The matrix Ca-binding site seems to be
cyclophilin D, which becomes bound to the pore, pro-
moting opening [99]. Of great importance for studies on
MPT has been the discovery that pore opening is inhibi-
ted by cyclosporin A (CsA) [100, 101]. It acts by binding
to cyclophilin and by removing it from the pore. There is
a complex interaction between Ca, ADP, CsA, and the
adenine nucleotide transferase (ANT) in the interaction
of cyclophilin with the pore (see review [96]).

The components of the MPT pore are still not
known with certainty. ANT is implied by the effect of the
ANT inhibitors carboxyatractyloside and bongkrekate,
the former promoting the c-conformation and pore open-
ing, the latter the m-conformation and its closing [102,
103]. Attempts to isolate components of the pore have
yielded ANT [104]. Another component is the voltage-
dependent anion channel (VDAC) of the mitochondrial
outer membrane [105]. The MPT pore is localized to the
junctions between the inner and outer membranes; thus,
many proteins have been found associated with the ANT.
Complex 1 of the respiratory chain has also been recently
implicated in the MPT [106]. Recently, it was found that
dihydrolipoate—a potent antioxidant (see review [107])—
surprisingly stimulated MPT [108]. This was due to the
formation of a thiyl radical of this dithiol when it was oxi-
dized in a reaction with free radicals. The latter are
formed in one-electron oxidation of other antioxidants
that had reacted with reactive oxygen species (ROS)
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formed in mitochondria [109]. It may stimulate pore
opening mainly by reacting with the dithiol of the pore
complex, resulting in sulfur bridge formation.

There is a mutual relationship between MPT and
ROS formation; ROS stimulate MPT and MPT stimu-
lates mitochondrial ROS formation (see review [110]).
This is also promoted by oxidative damage to lysosomes
[111]. This is of importance in oxidative stress and Ca
overload in ischemia—reperfusion injury [110-112]. The
damage does not occur during the ischemic phase, since
pH is lowered due to glycolysis, and MPT therefore
inhibited, but at reperfusion when oxygen is provided and
pH normalized [113].

Cell death in ischemia—reperfusion often results
from MPT—a finding that has much increased interest in
mitochondrial Ca handling. The MPT increases cell
death by releasing cytochrome ¢ and apoptosis-inducing
factor (AIF) from the inner membrane and the inter-
membrane spaces [ 114]. Skulachev has suggested that this
mechanism has been developed to dispose of cells pro-
ducing increased amounts of ROS [115]. There may also
be other specific release mechanisms involving Ca.
Whether cell death occurs by necrosis or as programmed
cell death (apoptosis) depends eventually on the ATP
level in the cell (see review [116]). The release of
cytochrome ¢ can be prevented by Bcl-2 and some relat-
ed proteins, while other members of the Bcl-2 family
promote cell death by forming channels [117].

Increase in permeability by fatty acids. Ca activates
phospholipase A, (PLA,) leading to the release of fatty
acids. Activation of mitochondrial PLA, by Ca causes
mitochondrial swelling [118], which is inhibited by PLA,
inhibitors and related agents [119]. It was also found that
PLA, activation increases the permeability of liposomes
to Caand H" [120] by forming channels [121], which was
thought to be the main factor in mitochondrial permeabi-
lization by Ca overload [122]. However, fatty acids also
cause uncoupling since they are transported on the ANT
as anions, and then diffuse across the membrane as undis-
sociated acids. They also stimulate the MPT [123, 124].
Interestingly, serum fatty acids increase in myocardial
infarction [125]. Palmitic acid may activate apoptosis
[126, 127], and it has been found that palmitic and stearic
acid bind Ca with the highest affinity among mitochondr-
ial lipids [128].

Ca signaling has increased the interest for Ca han-
dling not only in the field of cell death, but also in the area
of stimulation of metabolism. This began with finding by
McCormack and Denton that Ca stimulated matrix
dehydrogenases, which provided a rational for the Ca
uniporter (see review [129]). Activated cells would have a
greater need for ATP synthesis to meet the increased
energy need. Therefore, the respiratory chain and ATP-
synthase activities should in principle be increased. That
has been difficult to demonstrate. In cancer cells respira-
tion was found to be stimulated by Ca by increased elec-
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tron flow through ubiquinone and complex 111 [130], and
Ca was found to activate ATP synthesis more than could
be accounted for by the stimulation of dehydrogenases,

i.e.,

by an effect on the ATP-synthase [131]. The stimula-

tion is linked to the phosphorylation of the & subunit by

the

platelet-derived growth factor, which operates

through tyrosine kinases [132]. Azarashvili et al. found
that a 3.5 kD peptide that reacts with antibodies to sub-
unit ¢ of the ATP-synthase [133, 134] was phosphoryla-
ted in liver mitochondria. The phosphorylation level was
modulated by Ca and Mg, which influenced the ATP-
synthase and ATPase activities [135, 136].

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.
25.

26.

REFERENCES

. Saris, N.-E. L., and Carafoli, E. (2004) in Calcium in

Health and Disease, Rovaniemi, Finnish Lapland, 5-7 July,
2004 (Saris, N.-E. L., Westermarck, T., Carafoli, E., and
Atroshi, F., eds.) University Press, Helsinki, p. 4.

Saris, N.-E. (1959) Finska Kemistsamf. Medd., 68, 65-72
(Swedish).

Saris, N.-E. (1963) Soc. Sci. Fenn.: Comment. Phys.-Math.,
28, 1-77.

Carafoli, E. (2003) TIBS, 28, 175-181.

Mitchell, P. (1966) Chemiosmotic Coupling in Oxidative and
Photosynthetic Phosphorylation, Glynn Research, Bodmin,
U. K.

Azzone, G. F., Carafoli, E., and Muscatello, U. (1960)
Exp. Cell Res., 21, 447-467.

Williams, R. J. P. (1970) Quarterly. Rev. Chem. Soc., 24,
331-365.

Williams, R. J. P. (1974) Biochem. Soc. Symp., 39, 133-138.
Williams, R. J. P. (1976) Symp. Soc. Exp. Biol., 30, 1-17.
Williams, R. J. P. (1994) Cell Calcium, 16, 339-346.
Carafoli, E. (1987) Ann. Rev. Biochem., 56, 395-433.
Kretsinger, R. H., and Nockolds, C. E. (1973) J. Biol.
Chem., 248, 3313-3326.

Wasserman, R. H., and Taylor, A. N. (1966) Fed. Proc., 28,
1834-1838.

Fatt, P., and Ginsborg, B. L. (1958) J. Physiol., 142, 516-543.
Putney, J. W., Jr. (1986) Cell Calcium, 7, 1-12.

Berridge, M. J. (1995) Biochem. J., 312, 1-11.

Reuter, H., and Seitz, N. (1968) J. Physiol., 195, 451-470.
Blaustein, M. P., and Hodgkin, A. L. (1968) J. Physiol.,
198, 46P-48P.

Blaustein, M. P., and Hodgkin, A. L. (1969) J. Physiol.,
200, 497-527.

Baker, P. E, Blaustein, M. P., Manil, J., and Steinhardt, R.
A. (1967) J. Physiol., 191, 100P-102P.

Reeves, J. P, and Sutko, J. L. (1979) Proc. Natl. Acad. Sci.
USA, 76, 590-594.

Grinwald, P. M. (1982) J. Mol. Cell. Cardiol., 14, 359-365.
Diederichs, F., Wittenberg, H., and Sommerfeld, U. (1990)
J. Clin. Chem. Clin. Biochem., 28, 139-148.

Schatzmann, H. J. (1966) Experientia, 22, 364-368.
Caroni, P, and Carafoli, E. (1981) J. Biol. Chem., 256,
3263-3270.

Romer, P., Gazzotti, P.,, and Carafoli, E. (1977) Arch.
Biochem. Biophys., 179, 578-583.

27.

28.
29.

30.

31

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Lotersztajn, S., Hanoune, J., and Pecker, F. (1981) J. Biol.
Chem., 256, 11209-11215.

Pedersen, P. L., and Carafoli, E. (1987) TIBS, 12, 146-150.
Ebashi, S., and Lipman, F (1962) J. Cell. Biol., 14, 389-
400.

Hasselbach, W., and Makinose, M. (1961) Biochem. Z.,
333, 518-528.

Hasselbach, W., and Makinose, M. (1962) Biochem.
Biophys. Res. Commun., 7, 132-136.

Brandl, C. J., Green, N. M., Korczak, B.,
MacLennan, D. H. (1986) Cell, 44, 597-607.
Thevenod, F., Dehlinger-Kremer, M., Kemmer, T,
Christian, A. L., Potter, B. V. L., and Schulz, 1. (1989) J.
Membr. Biol., 109, 173-182.

Constantin, L. L., Franzini-Armstrong, C., and Podolsky,
R. J. (1985) Science, 147, 158-160.

Hasselbach, W. (1964) Progr. Biophys. Chem., 14, 167-222.
Le Peuch, C. J., Haiech, J., and Demaille, J. G. (1979)
Biochemistry, 18, 5150-5157.

Gasser, J., Paganetti, P., Carafoli, E., and Chiesi, M. (1988)
Eur. J. Biochem., 176, 535-541.

Toyoshima, C., Nakasako, M., Nomura, H., and Ogawa,
H. (2000) Nature, 405, 647-655.

Toyoshima, C., and Nomura, H. (2002) Nature, 418, 605-
611.

Berridge, M., Lipp, P., and Bootman, M. (1999) Curr.
Biol., 9, R157-159.

McPherson, P. S., and Campbell, K. P. (1993) J. Biol.
Chem., 268, 13765-13768.

Slater, E. C., and Cleland, K. W. (1953) Biochem. J., 55,
566-580.

Maynard, L. S., and Cotzias, G. C. (1955) J. Biol. Chem.,
214, 489-495.

Bartley, W., and Amoore, J. E. (1958) Biochem. J., 69, 348-
360.

Mraz, E R. (1962) Proc. Soc. Exp. Biol. Med., 111, 429-
431.

Chance, B. (1956) Proc. 3rd Int. Congr. Biochem. Brussels
(Liebeqc, ed.) Academic Press, pp. 300-304.

De Luca, M., and Engstrom, G. (1961) Proc. Natl. Acad.
Sci. USA, 47, 1744-1747.

Vasington, F. D., and Murphy, J. V. (1962) J. Biol. Chem.,
237, 2670-2672.

Rossi, C. S., and Lehninger, A. L. (1963) Biochem. Z., 338,
698-713.

Carafoli, E., Rossi, C. L., and Lehninger, A. L. (1965) J.
Biol. Chem., 240, 2254-2261.

Rottenberg, H., and Marbach, M. (1990) Biochim. Biophys.
Acta, 1016, 87-98.

Carafoli, E. (1965) Biochim. Biophys. Acta, 97, 107-117.
Chance, B. (1965) J. Biol. Chem., 240, 2729-2748.

Saris, N.-E., and Akerman, K. E. O. (1980) Curr. Top.
Bioenerg., 10, 103-179.

Reynafarje, B., and Lehninger, A. L. (1977) Biochem.
Biophys. Res. Commun., 77, 1273-1279.

Akerman, K. E. O., and Saris, N.-E. L. (1978) in Frontiers
in Biological Energetics, Vol. 2, Academic Press, New York,
pp. 1187-1195.

Azzone, G. F., Bragadin, M., Pozzan, T., and Dell’Antone,
P. (1976) Biochim. Biophys. Acta, 459, 96-109.

and

. Akerman, K. E. O. (1978) Biochim. Biophys. Acta, 502,

359-366.

BIOCHEMISTRY (Moscow) Vol. 70 No.2 2005



59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

HISTORICAL REVIEW OF CELLULAR CALCIUM HANDLING

Sottocasa, G. L., Sandri, G., Panfili, E., de Bernard, B.,
Gazzotti, P., Vasington, E D., and Carafoli, E. (1972)
Biochem. Biophys. Res. Commun., 47, 808-813.

Panfili, E., Sandri, G., Sottocasa, G. L., Lunazzi, G., Liut,
G., and Graziosi, G. (1976) Nature, 264, 185-186.
Panfili, E., Sandri, G., Liut, G., Stancher, B., and
Sottocasa, G. L. (1983) in Calcium-Binding Proteins (de
Bernard, B., Sottocasa, G. L., Sandri, G., Carafoli, E.,
Taylor, A. N., Vanaman, T. C., and Williams, R. J. P, eds.)
Elsevier Science Publishers, Amsterdam, pp. 347-354.
Mironova, G. D., Sirota, T. V., Pronevich, L. A., Trofimenko,
N. V., Mironov, G. P, Grigorjev, P. A., and Kondrashova, M.
N. (1982) J. Bioenerg. Biomembr., 14, 213-225.

Saris, N.-E. L., Sirota, T. V., Virtanen, I., Niva, K.,
Penttild, T., Dolgachova, L. P., and Mironova, G. D. (1993)
J. Bioenerg. Biomembr., 25, 307-312.

Mironova, G. D., Baumann, M., Kolomytkin, O.,
Krasichkova, Z., Sirota, T., Virtanen, I., and Saris, N.-E.
L. (1994) J. Bioenerg. Biomembr., 26, 231-238.

Zhou, S.-D., Mironova, G., and Garlid, K. D. (1993)
Biophys. J., 64, A40.

Zazueta, C., Zafra, G., Vera, G., Sanchez, C., and Chdvez,
E. (1998) J. Bioenerg. Biomembr., 30, 489-498.

Kirichok, Y., Krapivinsky, G., and Clapham, D. E. (2004)
Nature, 427, 360-364.

Zvyagilskaya, R. A., Leikin, Yu. N., Kozhokaru, N. L., and
Kotelnikova, A. V. (1983) Dokl. Akad. Nauk SSSR, 269,
1233-1240.

Bazhenova, E. N., Saris, N.-E. L., and Zvyagilskaya, R. A.
(1998) Biochim. Biophys. Acta, 1371, 96-100.

Sparagna, G. C., Gunter, K. K., Sheu, S.-S., and Gunter,
T. E. (1995) J. Biol. Chem., 270, 27510-27510.

Buntinas, L., Gunter, K. K., Sparagna, G. C., and Gunter,
T. E. (2001) Biochim. Biophys. Acta, 1504, 248-261.
Somlyo, A. P., Urbanics, R., Vadasz, G., Kovach, A. G. B.,
and Somlyo, A. V. (1985) Biochem. Biophys. Res. Commun.,
132, 1071-1078.

Scarpa, A., and Graziotti, P. (1973) J. Gen. Physiol., 62,
756-772.

Rizzuto, R., Brini, M., Murgia, M., and Pozzan, T. (1993)
Science, 262, 744-747.

Kroner, H. (1986) Arch. Biochem. Biophys., 251, 525-535.
Saris, N.-E. L., and Kroner, H. (1990) J. Bioenerg.
Biomembr., 22, 81-90.

Kasparinsky, F. O., and Vinogradov, A. D. (1996) FEBS
Lett., 389, 293-296.

Ernster, L., Nakazawa, T., and Nordenbrand, K. (1978) in
Proton and Calcium Pumps (Azzone, G. E, et al., eds.), pp.
163-176.

Hughes, B. P, and Exton, J. H. (1983) Biochem. J., 212,
773-782.

Allshire, A., Bernardi, P., and Saris, N.-E. L. (1985)
Biochim. Biophys. Acta, 807, 202-208.

Vainio, H., Mela, L., and Chance, B. (1970) Eur. J.
Biochem., 12, 387-391.

Akerman, K. E. O., Wikstrom, M. K. E, and Saris, N.-E.
(1977) Biochim. Biophys. Acta, 464, 287-294.

Bragadin, M., Pozzan, T., and Azzone, G. FE (1980)
Biochemistry, 18, 5972-5978.

Szewczyk, A., and Marban, E. (1999) TIBS, 20, 157-161.
Saris, N.-E., Wikstrom, M. K. F,, and Seppali, A. J. (1969)
FEBS Symp., 17, 363-368.

BIOCHEMISTRY (Moscow) Vol. 70 No.2 2005

86

87.
88.
89.
90.
91
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

193

. Lenzen, S., Hickethier, R., and Panten, U. (1986) J. Biol.
Chem., 261, 16478-16483.

Votyakova, T. V., Bazhenova, E. N., and Zvjagilskaya, R. A.
(1990) FEBS Lett., 261, 139-141.

Reed, P. W,, and Lardy, H. (1972) J. Biol. Chem., 247,
6970-6977.

Carafoli, E., Tiozzo, R., Lugli, G., Crovetti, F., and
Kratzing, C. (1974) J. Mol. Cell. Cardiol., 6, 361-371.
Crompton, M., Capano, M., and Carafoli, E. (1976) Eur.
J. Biochem., 69, 453-462.

Carafoli, E. (1979) FEBS Lett., 104, 1-5.

Bernardi, P. (1999) Physiol. Rev., 79, 1127-1155.

Gunter, T. E., Chace, J. H., Puskin, J. S., and Gunter, K.
K. (1983) Biochemistry, 22, 6341-6351.

Saris, N.-E. L. (1987) Acta Chem. Scand., B41, 79-82.
Villa, A., Garcia-Simén, M. 1., Blanco, P., Sesé, B.,
Bogoénez, E., and Satrustegui, J. (1998) Biochim. Biophys.
Acta, 1373, 347-359.

Zoratti, M., and Szabo, 1. (1995) Biochim. Biophys. Acta,
1241, 139-176.

Hunter, D. R., Haworth, R. A., and Southard, J. H. (1976)
J. Biol. Chem., 251, 5069-5077.

Chernyak, R., and Bernardi, P. (1996) Eur. J. Biochem.,
238, 623-630.

Nicolli, A., Basso, E., Petronilli, V., Wenger, R. M., and
Bernardi, P. (1996) J. Biol. Chem., 271, 2185-2192.
Crompton, M., Ellinger, H., and Costi, A. (1988)
Biochem. J., 255, 357-360.

Broekemeier, K. M., Dempsey, M. E., and Pfeiffer, D. R.
(1989) J. Biol. Chem., 264, 7826-7830.

Toninello, A., Siliprandi, D., and Siliprandi, N. (1983)
Biochem. Biophys. Res. Commun., 111, 792-797.

Le Quoc, K., and Le Quoc, D. (1988) Arch. Biochem.
Biophys., 265, 249-257.

Halestrap, A. P, Kerr, P. M., Javadov, S., and Woodfield,
K.-Y. (1998) Biochim. Biophys. Acta, 1366, 79-94.

Szabé, 1., De Pinto, V., and Zoratti, M. (1993) FEBS Lett.,
330, 206-210.

Fontaine, E., Eriksson, O., Ichas, F., and Bernardi, P.
(1998) J. Biol. Chem., 273, 12662-12668.

Moini, H., Packer, L., and Saris, N.-E. L. (2002) 7oxicol.
Appl. Pharmacol., 182, 84-90.

Saris, N.-E. L., Karjalainen, A., Teplova, V. V., and
Lindros, K. O. (1998) Biochem. Mol. Biol. Int., 40, 127-134.
Morkunaite-Haimi, S., Teplova, V. V., Stolze, K., Kruglov,
A. G., Gille, L., Nohl, H., and Saris, N.-E. L. (2003)
Biochem. Pharmacol., 65, 43-49.

Kowaltowski, A. J., Castilho, R. F, and Vercesi, A. E.
(2001) FEBS Lett., 495, 12-15.

Zhao, M., Antunes, F, Eaton, J. W., and Brunk, U. T.
(2003) Eur. J. Biochem., 270, 3778-3786.

Lemasters, J. J., and Nieminen, A.-L. (1997) Biosci. Rep.,
17, 281-291.

Duchen, M. R., McGuinness, O., Brown, L. A., and
Crompton, M. (1993) Cardiovasc. Res., 27, 1790-1794.
Cai, J., Yang, J., and Jones, D. P. (1998) Biochim. Biophys.
Acta, 1336, 139-149.

Skulacheyv, V. P. (1996) Quarterly Rev. Biophys., 29, 169-202.
Leist, M., and Nicotera, P. (1997) Biochem. Biophys. Res.
Commun., 236, 1-9.

Sharpe, J. C., Arnoult, D., and Youle, R. J. (2004)
Biochim. Biophys. Acta, 1644, 107-113.



194
118.

119.
120.

121.

122.

123.
124.

125.
126.

127.

128.

SARIS, CARAFOLI

Waite, M., van Deenen, L. L. M., Ruigrok, T. J. C., and
Elbers, P. E (1969) J. Lipid Res., 10, 509-688.

Seppali, A. J., Saris, N.-E. L., and Gauffin, M. L. (1971)
Biochem. Pharmacol., 20, 305-313.

Eriksson, E., and Saris, N.-E. L. (1989) Biol. Chem.
Hoppe-Seyler, 370, 1315-1320.

Agafonov, A., Gritsenko, E., Belosludtsev, K., Gateau-
Roesch, O., Saris, N.-E. L., and Mironova, G. D. (1990)
Biochim. Biophys. Acta, 1609, 153-160.

Gunter, T. E., and Pfeiffer, D. R. (1990) Am. J. Physiol.,
258, C755-C786.

Skulacheyv, V. P. (1991) FEBS Lett., 294, 158-162.
Wojtczak, L., and Wieckowski, M. R. (1999) J. Bioenerg.
Biomembr., 31, 447-455.

Oliver, M. E, Kurien, V. A., and Greenwood, T. W. (1968)
Lancet, 1, 710-715.

Kong, J. Y., and Rabkin, S. W. (2000) Biochim. Biophys.
Acta, 1485, 45-55.

Sparagna, G. C., Hickson-Bick, D. L., Buja, M., and
McMillan, J. B. (2000) Am. J. Physiol., 279, H2123-
H2132.

Mironova, G. D., Gateau-Roesch, O., Levrat, C.,
Gritsenko, E., Pavloy, E., Lazareva, A. V., Limarenko, E.

129.

130.

131.

132.

133.

134.

135.

136.

A., Rey, C., Louisot, P., and Saris, N.-E. L. (2001) J.
Bioenerg. Biomembr., 33, 319-331.

McCormack, J. G., and Denton, R. M. (1986) TIBS, 11,
258-262.

Murphy, A. N., Kelleher, J. K., and Fiskum, G. (1990) J.
Biol. Chem., 265, 10527-10534.

Territo, P. R., Mootha, V. K., French, S. A., and Balaban,
R. S. (2000) Am. J. Physiol., 278, C423-C435.

Ko, Y. H., Pan, W,, Inoue, C., and Pedersen, P. L. (2002)
Mitochondrion, 1, 339-348.

Azarashvili, T. S., Odinokova, 1. V., and Evtodienko, Yu. V.
(1999) Biochemistry (Moscow), 64, 556-560.

Azarashvily, T. S., Tyynela, J., Baumann, M., Evtodienko,
Yu. V., and Saris, N.-E. L. (2000) Biochem. Biophys. Res.
Commun., 270, 741-744.

Evtodienko, Yu. V., Azarashvili, T. S., Odinokova, I. V.,
and Saris, N.-E. (2000) Biochemistry (Moscow), 65, 1023-
1026.

Saris, N.-E. L., Krestinina, O. V., Azarashvili, T. S.,
Odinokova, I. V., Tyyneld, J., and Evtodienko, Yu. V.
(2001) in Advances in Magnesium Research: Nutrition and
Health (Rayssiguier, Y., Mazur, A., and Durlach, J., eds.)
John Libbey & Co, London, pp. 101-106.

BIOCHEMISTRY (Moscow) Vol. 70 No.2 2005



