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Cation Transport by Mitochondria 

T h o m a s  E. Gunter  1 

INTRODUCTION 

Mitochondrial cation transport controls a num- 
ber of vital mitochondrial functions and is also 
involved in many mitochondrial responses to altered 
conditions. Mitochondrial matrix free Ca 2+ concen- 
tration ([Ca2+]m) is increasingly recognized as a pri- 
mary metabolic mediator. Because Mg 2+ and K + 
function as cofactors in a wide range of vital reac- 
tions in the mitochondrial matrix, maintenance of 
homeostatis of these ions is very important. Further- 
more, K + also plays a role in control ofmitochondrial 
volume. While the physiological function of the native 
mitochondrial permeability transition pore (PTP) 
protein is currently the subject of speculation, it is 
clearly involved in at least part of the response to 
hypoxia and ischemia in many cell types, particularly 
during reperfusion. Thus, mitochondria probably 
play a role in determining whether irreversible 
damage to tissue occurs following both heart attack 
and stroke. 

As we learn more about these important mito- 
chondrial cation transport functions and the mechan- 
isms that mediate them, the experimental tools with 
which we seek to answer questions about the electro- 
physiological and biochemical characteristics of these 
mechanisms become increasingly sophisticated. Elec- 
trophysiological techniques using patch clamping or 
mitochondrial membrane components incorporated 
into planer bilayers can tell us considerably more 
about the conductance properties and alternative 
states of the cation transporters than can the older 
approaches involving measurements of transport 
kinetics. Isolation and reconstitution of the cation 
transporters opens the door not only to identifying 
the specific protein or complex responsible for a 
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given mechanism, but also to accessing the powerful 
array of tools available through molecular biology. 
Sequencing these proteins will allow comparison of 
sequences of these mitochondrial transport systems 
with what may be related transport systems from the 
plasma membrane and other cellular membranes. 
Production of sufficient amounts of these proteins 
through molecular biological approaches could lead 
to structural studies utilizing X-ray crystallography or 
NMR to provide detailed structural information on 
these transporters. 

The purpose of this mini review series is to bring 
the reader up to date with respect to what is known 
about the characteristics of these cation transport 
mechanisms and their physiological functions. It 
also updates the reader on progress in applying the 
more sophisticated electrophysiological techniques 
and reconstitution techniques to studies of these 
mechanisms. 

THE Ca 2+ TRANSPORT MECHANISMS AND 
THEIR PHYSIOLOGICAL ROLES 

Mitochondria have been known for decades to 
increase their rate of ADP phosphorylation many 
fold in response to increases in [ADP] and [Pi], and 
perhaps in some cases in response to decreases in 
[ATP]. This "substrate-product feedback" system 
has been held to be the basis of metabolic control at 
the mitochondrial level. More recently it has been 
found, primarily through NMR data, that in at least 
some important types of tissues (e.g., heart and liver), 
[ADP] and [Pi] do not increase nor [ATP] decrease as 
the work load within the cells increases (Balaban, 
1990; Balaban and Heineman, 1990; Brosnan et al., 

1990; Halow, 1993; Heineman and Balaban, 1990; 
Katz et al., 1987, 1988, 1989; Koretsky et al., 1989, 
1990). Clearly, substrate-product feedback control 
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cannot be operating in these cases. Since changes in 
the cell which require a modification of the metabolic 
rate are generally signaled to the cell through hor- 
mones, neurotransmitters, or growth factors (i.e., 
through primary messengers), the agent of these 
changes within the cell cytosol must undoubtedly be 
a common second messenger. A likely choice of a 
second messenger is cytosolic [Ca2+]c, already 
known to be rapidly requestered by mitochondria. 
Intramitochondrial [Ca2+]m has been reported to be 
capable of increasing the rate of oxidative phos- 
phorylation through activation of a series of steps in 
the metabolic pathway including dehydrogenases 
coupled to the tricarboxylic acid cycle, electron trans- 
port, phosphorylation at the F1FoATPase, and ade- 
nine nucleotide transport (Denton and McCormack, 
1990; Gunter et  al., 1994; Hansford, 1985, 1991). 
Thus Ca 2+ activation is viewed as functioning 
through distributed control (Brand and Murphy, 
1987; Brown, 1992; Kacser and Burns, 1973). 
Clearly, increases in [ADP] and [Pi], perhaps along 
with decreases in [ATP], can function as a "default 
mechanism" in metabolic control, with the Ca 2+- 
mediated system superseding the default system in a 
least several important tissues. A major physiological 
role of the mitochondrial Ca 2+ transport mechanisms, 
i.e., those mechanisms which control [CaZ+]m, is now 
believed to be control of the rate of production of 
ATP. 

Individual liver mitochondria containing endo- 
genous levels of [CaZ+]m, bound to a cover slip, are 
shown on the journal cover through fluorescence of 
intramitochondrial fura-2 (a calcium indicator). The 
partially resolved mitochondria are seen with the 
indicator excited at 380nm and emitting at 510nm. 
Because the size of the individual pixels is significantly 
less than the resolving power of the microscope and 
camera system, the ratio of the background-corrected 
total intensity of light excited at 340 nm and emitted at 
510 nm to that of light excited at 380 nm and emitted 
at 510nm over an intact mitochondrion should be 
taken as a measure of [Ca2+]m for that mitochon- 
drion. The inset shows a magnification of the indi- 
cated region on the lower left side. 

Three of the reviews below address important 
aspects of this control of cell metabolism by intra- 
mitochondrial [Ca2+]m: First, "Transport of Calcium 
by Mitochondria" by K. K. Gunter and T. E. Gunter 
describes what is known about the three mechanisms 
of Ca 2+ transport found in the mitochondrial inner 
membrane, i.e., the mitochondrial Ca 2+ uniporter, 

the Na+-dependent Ca 2+ efltux mechanism, and the 
Na+-independent Ca 2+ efltux mechanism. Second, 
"Mitochondrial Free Ca 2+ Concentration in Living 
Cells" by S-S. Sheu and M-J. Jou reviews the evi- 
dence for sufficient uptake of Ca 2+ from cytosolic 
Ca 2+ pulses to activate the intramitochondrial Ca 2+- 
linked metabolic activation steps. Third, "Physio- 
logical Role of Mitochondrial Ca 2+ Transport" by 
R. G. Hansford reviews the evidence that [Ca2+]m 
regulates pyruvate dehydrogenase and the tricar- 
boxylic acid cycle in response to increased tissue 
energy demands. This review also describes the 
impact of mitochondrial Ca 2+ transport on changes 
in cytosolic free calcium concentration ([Ca2+]c) and 
proposes that a failure to sufficiently elevate [Ca2+]m 
in response to an increase in work load may lead 
to specific types of cardiomyopathies of metabolic 
origin. 

THE MITOCHONDRIAL Ca2+-INDUCED 
PERMEABILITY TRANSITION 

Mitochondria from all vertebrate species studied 
have been found to undergo a transition in the perme- 
ability of their inner membrane to small ions and 
molecules, induced by matrix Ca 2+ and an additional 
inducing agent (Gunter and Pfeiffer, 1990). Following 
this permeability transition, mitochondria exchange 
the small ions and molecules of their matrix with 
those of the external medium and lose their electro- 
chemical proton gradient, thereby becoming incom- 
petent to mediate oxidative phosphorylation. 
Induction of this permeability transition causes col- 
loid osmotic swelling of the mitochondria. This highly 
permeable state can be reversed by removal of Ca 2+ or 
by addition of one of a small group of pharmacologi- 
cal agents similar to the immunosuppressant drug, 
cyclosporin A. Reversal of the permeabilized state 
can restore the mitochondrion's ability to mediate 
oxidative phosphorylation. This permeability transi- 
tion is mediated by a highly conductive pore, usually 
called the permeability transition pore (PTP), whose 
open probability is increased by binding of Ca 2+ and 
is greatly decreased by binding of cyclosporin A. 
Many other factors such as pH, membrane poten- 
tial, and the presence of inducers or inhibitors of the 
PTP influence the open probability of this pore. It is 
not currently known whether the pore per  se has a 
physiological function or only opens under patholo- 
gical conditions. Regardless of the importance of the 
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possible physiological function of the PTP, it has been 
found to occur under many pathological conditions as 
evidenced by swollen mitochondria and by the protec- 
tive or ameliorating effects of cyclosporin A. Current 
views of this permeability transition pore are pre- 
sented in a discussion of recent research on the PTP 
by P. Bernardi, K. M. Broekemeier, and D. R. Pfeiffer 
in "Recent Progress on Regulation of the Mito- 
chondrial Permeability Transition Pore: A Cyclo- 
sporin-Sensitive Pore in the Inner Mitochondrial 
Membrane." 

MITOCHONDRIAL TRANSPORTERS OF Na +, 
K +, AND Mg 2+ 

K + and Mg 2+ are found in significantly higher 
concentrations in the cell cytosol than in serum or 
interstitial fluids, while Na + is found in much higher 
concentrations in serum than within cells. The higher 
cytosolic concentrations of K + and Mg 2+ (140 and 1- 
2 mM, respectively) cause problems for mitochondrial 
transport of these ions which are not experienced with 
Na + or Ca 2+. Specifically, a very active uniporter for 
either K + or Mg 2+, like that which exists for Ca 2+, 
would be disastrous. If active uniporters which trans- 
ported these ions at physiological concentrations 
existed at a mitochondrial membrane potential of 
150 mV, and if extramitochondrial concentrations of 
these ions could be maintained in the cytosol, then the 
intramitochondrial free concentrations of these ions 
would equilibrate with the extramitochondrial con- 
centrations at internal concentrations of around 
48M for K + and over 100M for Mg 2+, respectively. 
This is clearly far from viable or realistic, for it would 
imply that mitochondria in cell types containing high 
numbers of mitochondria (muscle, nerve, liver, etc.) 
would stockpile more of these ions that exist in the 
cytosol. Nevertheless, many intramitochondrial reac- 
tions like those of the cytosol require K + or Mg 2+. 
Therefore, the mitochondrial membrane has evolved 
so as to have low permeability to these ions. The Mg 2+ 
and K + transporters control these ions without 
sequestering them in much higher concentrations 
than are found in the cytosol. In the process, K + 
transport is also used as part of the mechanism con- 
trolling mitochondrial volume, a parameter which is 
thought by some to also be linked to control of meta- 
bolic rate. There is evidence that mitochondrial Mg 2+ 
may also be an important regulatory component of 
the cell and that it may be partially controlled through 

the action of hormones. However, until recently the 
available methods for study of mitochondrial trans- 
port of Mg 2+ have been expensive, inadequate, or 
inconvenient. Recently, new probes used with fluores- 
cence spectroscopy or with NMR have offered attrac- 
tive techniques for studying the transport of this ion. 
The mitochondrial transport of Na +, K + and Mg 2+ is 
described by G. P. Brierley, K. Baysal, and D. W. 
Jung in "Na + and K + Uniporters and Exchangers", 
and by D. E. Jung and G. P. Brierley in "Mg 2+ 
Transport by Mitochondria" in this mini review 
series. Jung and Brierley also discuss the new tech- 
niques now available for study of Mg 2+ transport 
and some of the results obtained using these new 
techniques. 

Na +, whose concentration in the cell cytosol 
(around 5-10mM) is much lower than that of K +, 
can be more easily used as an aid in controlling the 
concentration of other ions, such as Ca 2+. Na + is 
known to be transported across the mitochondrial 
inner membrane via two important exchangers: the 
rapid Na+/H + antiporter and the Na+/Ca 2+ anti- 
porter, which jointly play a role in control of mito- 
chondrial matrix [Ca2+]. There is also evidence for a 
ruthenium red-sensitive uniporter for Na +, although 
many properties as well as the physiological role for 
this mechanism are unclear. Transport of this ion is 
also discussed in the review by Brierley et al. 

STUDIES OF RECONSTITUTION OF 
MITOCHONDRIAL CATION TRANSPORTS 

Isolation of the mitochondrial proteins and pro- 
tein complexes responsible for transport of cations 
across the inner membrane is a daunting task. The 
primary problem is that this membrane is loaded 
with protein (perhaps as high as 80%). Each com- 
ponent of the electron transport chain is present, for 
example, in concentrations of the order of 1 nmol/mg 
protein. The cation transporters of interest are gener- 
ally present in far lower concentration. The mito- 
chondrial Ca 2+ uniporter, for example, has been 
estimated to be present in amounts between 0.01 
and 0.001 nmol/mg protein. It is likely then that with- 
out some process of selection for a transporter of 
interest, an ordinary polyacrylamide gel (PAGE) pat- 
tern of the protein bands from this membrane would 
not show a band for the transporter when the more 
common components of the membrane showed dark 
bands. Furthermore, all of these transporters are of 
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necessity membrane proteins. This brings its own 
set of problems. In many cases it is difficult to isolate 
a membrane protein from the membrane phos- 
pholipids, even with the gentlest detergent, with- 
out denaturing the protein. Even in the presence of 
these difficulties, however, there has been some suc- 
cess in isolating, identifying, and reconstituting these 
mitochondrial cation transport proteins. Con- 
siderable work has been done on purifying the mito- 
chondrial Ca 2+ uniporter (Gunter and Pfeiffer, 
1990; Mironova et al., 1994; Saris et al., 1993). 
Recently, successful reconstitutions of both the 
Na+/H + exchanger (Garlid et al., 1991) and of the 
Na+/Ca 2+ exchanger (Li et aI., 1992) have 
been reported. This recent work and more is 
discussed in this series in the review "Mitochondrial 
Cation Transporters: A Progress Report" by 
K. D. Garlid. 

ELECTROPHYSIOLOGICAL STUDIES OF 
MITOCHONDRIAL INNER MEMBRANE 
CHANNELS 

There are severe limitations on how thoroughly 
the properties of mitochondrial membrane transpor- 
ters can be analyzed in the intact mitochondrial mem- 
brane system. As discussed above, the mitochondrial 
inner membrane contains a very high concentration of 
protein, with those involved in electron transport pre- 
sent in much higher concentrations than those which 
transport cations such as Ca 2+. When working with 
intact mitochondria, we have very limited control of 
the concentration of the transporter, of the membrane 
potential, and of the free concentration of transported 
ion on at least one side of the transport membrane. 
Much more control is available when the same trans- 
port system can be studied using patch clamp techni- 
ques or can be integrated into a planer lipid bilayer 
under conditions where control of substrate concen- 
tration can be maintained on both sides of the mem- 
brane. Under these conditions, a wide range of 
electrophysiological techniques can be used to ana- 
lyze the transport systems. However, because the con- 
ditions and techniques of study are very different 
under conditions where patch clamp or planar lipid 
bilayer techniques can be used compared to those in 
vivo or those employed in the older kinetics studies 
using intact mitochondria, and because the new con- 
ditions could lead to the introduction of additional 
artifacts, it is often difficult to identify unequivocally 

the transporters studied by electrophysiological meth- 
ods with their counterparts in the intact mitochon- 
drion. The review by M. Zoratti and I. Szabo 
"Electrophysiology of the Inner Mitochondrial Mem- 
brane" describes the results of these new electro- 
physiological studies as well as the similarities and 
differences in the transporters studied there and 
those in intact mitochondria. 
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