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ABSTRACT: Rapid diffusion of hydrophilic molecules across the outer membrane of mitochondria has been 
related to the presence of a protein of 29 to 37 kDa, called voltage-dependent anion channel (VDAC), able to 
generate large aqueous pores when integrated in planar lipid bilayers. Functional properties of VDAC from 
different origins appear highly conserved in artificial membranes: at low transmembrane potentials, the channel 
is in a highly conducting state, but a raise of the potential (both positive and negative) reduces drastically the 
current and changes the ionic selectivity from slightly anionic to cationic. It has thus been suggested that VDAC 
is not a mere molecular sieve but that it may control mitochondrial physiology by restricting the access of 
metabolites of different valence in response to voltage and/or by interacting with a soluble protein of the 
intermembrane space. The latest application of the patch clamp and tip-dip techniques, however, has indicated 
both a different electric behavior of the outer membrane and that other proteins may play a role in the permeation 
of molecules. Biochemical studies, use of site-directed mutants, and electron microscopy of two-dimensional 
crystal arrays of VDAC have contributed to propose a monomeric p barrel as the structural model of the channel. 
An important insight into the physiology of the inner membrane of mammalian mitochondria has come from 
the direct observation of the membrane with the patch clamp. A slightly anionic, voltage-dependent conductance 
of 107 pS and one of 9.7 pS, K+-selective and ATP-sensitive, are the best characterized at the single channel 
level. Under certain conditions, however, the inner membrane can also show unselective nS peak transitions, 
possibly arising from a cooperative assembly of multiple substates. 

KEY WORDS: mitochondria, outer membrane channels, VDAC, inner membrane channels, mCS channel, 
planar lipid bilayer, patch clamp. 

1. INTRODUCTION 

Mitochondria are the cellular organelles re- 
sponsible for the major production of ATP, nec- 
essary for the life of the cell. For years, a great 
deal of effort was devoted to the understanding 
of their metabolic routes and to the unraveling 
of the molecular mechanism of energy transduc- 
tion mediated by the inner membrane proteins. 

After the general agreement on the principles dic- 
tated by the chemiosmotic hypothesis, other top- 
ics have replaced mitochondrial bioenergetics as 
the general interest. However, the fact that of all 
mammalian intracellular channels, those of mito- 
chondria were the first to be observed directly 
with the patch clamp technique (Sorgato, Keller, 
and Stuhmer, 1987) has undoubtedly acted to 
revitalize attention on this organelle and to open 
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new perspectives in the knowledge of its physi- 

In the outer mitochondrial membrane, a few 
conductances characteristic of channels have been 
described. The vol tage-dependent anion channel 
(known with the acronym VDAC but also as mi- 
tochondrial porin) was the first discovered by 
Schein, Colombini, and Finkelstein (1 976). It is 
present in mitochondria of the entire eukaryotic 
kingdoms; it has been isolated, sequenced, and 
characterized extensively structurally and elec- 
trophysiologically. It thus deserves a wider anal- 
ysis also with respect to its presumed implication 
in the control of’ mitochondrial physiology. A 
poor correspondence with the functional features 
of VDAC integrated in planar bilayers has how- 
ever emerged from more recent analyses of the 
outer membrane (Tedeschi, Mannela, and Bow- 
man, 1987; Thieffry et al., 1988; Moran et al., 
1992), some of which are indicative of the pres- 
ence of channels distinguishable from VDAC. 

The electrophysiological study of the inner 
membrane started much later (Sorgato, Keller, 
and Stiihmer, 1987) and the ill-defined picture 
of many of the observed conductances appear 
commensurate with the immaturity of the field. 
Similar uncertainties apply also to channels de- 
scribed by patch clamping other intracellular 
membranes (Rahamimoff et al., 1988; Lemmens 
et a]., 1989; Mazzanti et al., 1990), which makes 
it desirable that this common effort also accel- 
erates the pace of identification of the precise 
function and mechanism of all these channels. 

Isolation of proteins involved in channel ac- 
tivity of the inner membrane has just begun; this 
article therefore focuses on data related to their 
functional aspects. 

The electric properties of mitochondrial 
membranes have been investigated with the planar 
bilayer and the patch clamp techniques. The first 
technique has been applied more extensively to 
the outer membrane, the second to the inner one. 
Because conflicting data have been obtained with 
the two techniques, a brief introduction to the 
methodologies will be given to put in immediate 
context the appreciation of the discrepant results. 

ology. 

II. ELECTROPHYSIOLOGICAL 
TECHNIQUES 

Ion channels are membrane proteins that form 
water-filled pores through which ions can flow 

passively down their electrochemical gradient 
(Figure 1). The ability to conduct ions is ex- 
pressed in electric terms (siemen = 1/0hm) by 
the conductance value, which, according to Ohm’s 
law, is the ratio of the current flowing through 
the channel and the potential difference across 
the membrane. 

Properties of channels are best studied by 
measuring the current flowing through a channel- 
containing membrane. In the presence of ionic 
solutions of known concentration and of a con- 
trolled electric field (voltage-clamp condition), 
the estimated current (I) is defined as 

I = yN po (V-Vi) 

where y is the channel conductance, N the num- 
ber of channels present in the membrane under 
investigation, po the probability of the channel to 
be open under those particular conditions, V the 
imposed potential difference, and Vi the equilib- 
rium potential of the flowing ion. The value of 
this latter parameter can be approximated to that 
of the concentration gradient of the ion (ex- 
pressed in logarithmic terms, as in the Nernst 
equation). The measured current can be micro- 
scopic or macroscopic, depending on whether N 
is = 1 or much greater than 1. With microscopic 
currents, the conductance of a single channel can 
thus be directly evaluated together with the mean 
open probability and kinetics (in terms of time 
constants of the open and closed states). On the 
other hand, by looking at macroscopic currents, 
the y N po term is obtained, which is useful 
especially for studying channels’ po in response 
to external parameters such as membrane poten- 
tiaI difference or effector concentration. Addi- 
tionally, analysis of the decay time of macro- 
scopic currents can provide clues to the single 
channel kinetics. 

The potential difference at zero current is 
usually measured to determine the ion selectivity 
of a channel. Solutions containing different con- 
centrations of the same salt are placed at the two 
sides bathing the membrane. Depending on the 
valency of the permeable ions, a different po- 
tential value (reversal potential) will be found to 
equilibrate with the logarithmic ratio of the con- 
centrations (strictly speaking of the activities) so 
that no net current can be detected. With this 
value and the known ion concentrations, the 
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FIGURE 1. Schematic representation of an ion channel. A channel is a macromol- 
ecule embedded in the bilayer, limiting a pore through which ions flow down their 
electrochemical gradient. Constrictions in the pore due to the presence of specific 
charges or of steric hindrance confer the ionic selectivity. The properties of a channel 
to pass from the open (conducting) to the closed (nonconducting) state are provided 
by the gating mechanism. In the figure, one of the several operational modes of such 
mechanism (Hille, 1984) is represented, that is, a movement of a domain (gate) 
causing occlusion of the pore. AV is the potential difference across the membrane. 

Goldman-Hodgkin-Katz constant field equation 
is then applied to determine permeability ratios. 

The patch clamp and the planar bilayer meth- 
ods have generally been used to obtain the above 
measurements. The patch clamp technique 
(Hamill et al., 1981) provides the possibility of 
recording currents through an electrically iso- 
lated, small piece of a cellular membrane or of 
a liposome (Figure 2). A clean, fire-polished pi- 
pette, connected to the current measuring circuit, 
is driven to the membrane surface and when the 
two are in contact, the application of a slight 
negative hydrostatic pressure through the pipette 
allows the formation of a tight seal between the 
membrane and the glass of the pipette (cell- 
attached configuration; see Figure 2A). Ideally, 
the seal has a very high electric resistance (gi- 
gaseal), a prerequisite for measuring small cur- 
rents flowing through one or few channels pres- 
ent in the patch. Starting from this configuration, 

by various manipulations, it is possible to obtain 
other configurations each of which has several 
experimental advantages. One is the excised in- 
side-out patch, obtained by pulling away the pi- 
pette from the cell or organelle, that will allow 
direct access of added molecules to the inner face 
of the membrane (Figure 2B). Otherwise, by 
breaking the patch either by high negative pres- 
sure or by voltage pulses, determination of the 
macroscopic current of the whole membrane is 
possible (whole cell configuration; see Figure 2C). 

In contrast to the patch clamp, which permits 
the behavior of channels to be followed in their 
native environment, the planar lipid bilayer tech- 
nique relies on artificial membranes (Figure 3). 
Two methods are most frequently used to form 
bilayers separating two aqueous compartments. 
In one, the bilayer is obtained from phospholipids 
dissolved in organic solvents (usually aliphatic 
hydrocarbons) painted onto a hole of a hydro- 
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FIGURE 2. Schematic representation of the patch clamp technique. (A) By applying a slight negative 
pressure to the tip of a pipette attached to a membrane (cell-attached configuration), a high-resistance 
seal can form between the glass and the membrane. Current flowing through the small membrane 
patch can therefore be measured by a current-voltage converter amplifier under controlled potential 
difference. (B) If the patch in A is detached from the rest of the membrane, then the excised inside- 
out configuration is obtained. In either A and B patches, unitary current events can be resolved. (C) 
Vice versa, if the patch in A is broken, then access to the whole membrane is gained (whole cell 
configuration). This allows measurement of macroscopic currents, for example, in response to a 
voltage step, as shown. For other details, see text. 

phobic septum separating the two compartments 
(called cis and trans chamber) (Mueller et al., 
1963). In the other, lipid monolayers are first 
formed at the air-water interface of each com- 
partment and then made to meet at the hole by 

raising the water level (Montal and Mueller, 
1972). Channels are incorporated into the bilayer 
by fusion of proteoliposomes or channel-con- 
taining detergent micelles, usually added to only 
one side. Successful incorporations are easily de- 
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FIGURE 3. Schematic representation of the planar bilayer technique. (A) Chan- 
nel-containing vesicles can be incorporated in a lipid bilayer formed at the hole of 
a septum separating two aqueous compartments (see text). This process can be 
followed by the stepwise current increase at a given applied voltage. Single channel 
(B) or multichannel (C) currents can thus be measured. 

tected under voltage clamp by step increases of channel-containing side after occurrence of the 
the bilayer current (Figure 3A). Hence, by con- desired number of fusions), it is possible to study 
trolling the amount of channel incorporation (i.e., microscopic (Figure 3B) or macroscopic (Figure 
by choosing the right size of the hole and/or the 3C) currents. To our knowledge, except for two 
amount of material to add or by dialyzing the studies (Schein, Colombini, and Finkelstein, 
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1976; Mirzabekov et al., 1993), fusion with planar 
bilayers of isolated outer membranes, or VDAC 
in the experiments here reviewed have always 
involved the use of small amounts of detergents 
(usually Triton X@-lOo), as their presence greatly 
enhances the rate of incorporation (Colombini, 
1983). 

Similar to the above described method is the 
so-called tip-dip technique, where the bilayer is 
formed directly at the tip of a microelectrode. 

111. CHANNELS IN THE MITOCHONDRIAL 
OUTER MEMBRANE 

A. Electrophysiological Characteristics 
of the Outer Membrane 

The definition of the electric properties of 
either the outer mitochondria1 membrane or of 
the isolated VDAC has been carried out primarily 
with the method of the planar bilayers. These 
data are presented first and then compared with 
more recent analyses of the outer membrane ac- 
complished with other techniques, such as the 
patch clamp and the tip-dip. 

1. Planar Bilayer Studies 

In 1976, Schein, Colombini, and Finkelstein 
found almost fortuitously a high conductance 
channel belonging to mitochondria of Parume- 
cium aureliu. As a crude extract of inner and 
outer membranes had been incorporated in planar 
bilayers, the channel was at first tentatively 
thought to belong to the inner membrane (Schein, 
Colombini, and Finkelstein, 1976). Later, on 
fractionation of mitochondrial membranes from 
rat liver, Colombini (1979) conclusively attrib- 
uted it to the outer membrane. The channel was 
termed voltage-dependent anion channel (VDAC) 
(Schein , Colombini , and Finkelstein, 1976) be- 
cause of both its ability to discriminate anions 
over cations under certain conditions and its strong 
voltage dependence. These features were found 
to be retained by other proteins of apparent mo- 
lecular mass 29 to 37 kDa, extracted by different 
means from mitochondria of primitive and ad- 
vanced eukaryotic cells (fungal, yeast, protozoa, 
plant, insect, fish, and a variety of mammalian 

cells) (Colombini, 1983; Palmieri and De Pinto, 
1989; Freitag, Neupert, and Benz, 1982; Roos, 
Benz, and Brdiczka, 1982; De Pinto, Prezioso, 
and Palmieri, 1987; De Pinto, Benz, and Pal- 
mieri, 1989; Forte, Adelsberger-Mangan, and 
Colombini, 1987; Ludwig, Benz, and Schultz, 
1989; De Pinto et al., 1985, 1987, 1991a; Lud- 
wig et al., 1988). Recently, a 31-kDa protein 
with identical electric properties has been isolated 
from human B lymphocytes total membranes 
(Thinnes et al., 1989, 1990) and a mitochondrial 
34-kDa protein was detected in human heart by 
Western blots (Towbin et al., 1989). 

The electric characteristics of VDAC from 
all species studied are amazingly similar in arti- 
ficial membranes and hardly resemble features 
of other known channels: these are large con- 
ductance, high and symmetrical sensitivity to po- 
tential differences of opposite sign, change of 
ionic selectivity as a function of the applied mem- 
brane potential. 

In the presence of 1 M KCI, the conductance 
ranges between 4 and 4.5 nS (Colombini, 1979, 
1983; Smack and Colombini, 1985; Roos, Benz, 
and Brdiczka, 1982; Fiek et al., 1982; Pfaller et 
al., 1985; Forte, Adelsberger-Mangan, and Col- 
ombini, 1987; De Pinto et al., 1985, 1987, 1989, 
1991; Ludwig et al., 1986, 1988; Thinnes et al., 
1989), although a slightly lower estimate of 3.7 
nS was recently demonstrated (Mirzabekov et al., 
1993). Other more pronounced differences are 
the 2.5 nS value of Paramecium uureliu VDAC 
(Ludwig, Benz, and Schultz, 1989) and the di- 
verging estimations of 2.8 and 5 ns for Neuro- 
sporu CMSSU VDAC (Dill, Holden, and Col- 
ombini, 1987, and Freitag, Neupert, and Benz, 
1982, respectively). The pore conductance is a 
linear function of the specific conductance of the 
bulk aqueous phase and does not show saturation 
with increasing salt (at least for KCl, from 0.01 
M to 4 M) (Colombini, 1986). For example, the 
conductance measured at 0.1 M KC1 is approx- 
imately 10-fold less than at 1 M KC1 (Roos, Benz, 
and Brdiczka, 1982; Freitag, Neupert, and Benz, 
1982; Ludwig, Benz, and Schultz, 1989; Ludwig 
et al., 1986, 1988; De Pinto et al., 1991a) (Table 
1) (see, however, Mirzabekov et al., 1993). 

The high conductance, however, is the 
expression of a state that VDAC assumes only 
under limited conditions, that is, when the ap- 
plied potential difference is of low magnitude 
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TABLE 1 
Main Single Channel Conductances Found in the Outer Mitochondria1 
Membrane 

Conductance VDAC 
(pS) in 0.15 M responsible 

Method salt for activity Voltage dependence Ref. 

Planar bilayer 600-750* Yes Symmetrical 1, 2 
31 5* No n.d. 3 
420* No Symmetrical 4 

Asymmetricat 5, 6 

Asymmetrical 7 

Tip-dip >440**, >660*' No 

Patch clamp of 99, 152, 220, 7'** 

mitochondria 307 

Patch clamp of 97, 156, 244, Asymmetrical 7 3"' 

proteoliposomes 535 
650 Yes Symmetrical 8 

Note: n.d.: not determined; *: reported values were calculated from those found at 0.1 
M KCI; *': the first value is found in mammalian outer membranes (5), the second 
is found in yeast outer membranes (6); *'*: VDAC was detected immunologically 
(7). 

1. Colombini (1989), 2. Benz (1990), 3. Dihanich et al. (1989), 4. De Pinto et at. (1991a), 
5. Thieffry et at. (1988, 1992), 6. Fevre et al. (1990), 7. Moran et al. (1992), 8. Wunder 
and Colombini (1991). For further details see text. 

(from 0 mV to approx 2 20 mV) (Benz, 1990; 
Colombini, 1980; Smack and Colombini, 1985; 
Doring and Colombini, 1985a; Benz and Brdi- 
czka, 1992; Schein, Colombini, and Finkelstein, 
1976; Ludwig et al., 1986, 1988; Colombini et 
al., 1987; Forte, Adelsberger-Mangan, and Col- 
ombini, 1987; De Pinto et al., 1989). In fact, the 
macroscopic conductance-voltage curve for rat 
liver VDAC of Figure 4 is taken as proof that 
channels switch to lower conducting levels at 
potential differences higher than approximately 
k 20 mV. Under these conditions, VDAC is still 
open (because it can allow ions to permeate), 
albeit the conductance decreases the higher the 
potential difference. In contrast to the maximal 
conducting state, called the open state, the mul- 
tiple sublevels are defined closed states. Appar- 
ently, VDAC is incapable of having a completely 
nonconductive conformation, even at potential 
differences higher than 80 mV (Ludwig et al., 
1986; De Pinto et al., 1989; Benz, 1990; Benz 
and Brdiczka, 1992). Conversely, Mirzabekov et 
al. (1993) have shown that exposure to voltages 
higher than 2 60 mV induces an irreversible 

decrease of VDAC single channel conductance 
to only few percentages of the full open state. 

The ability to'close symmetrically on voltage 
increase is common to W A C  of different origins. 
What apparently varies, is the probability of clo- 
sure for a given magnitude of the applied poten- 
tial. This can be better appreciated from the re- 
ported values of n, which can be considered as 
a quantitative expression of a channel voltage 
sensitivity ( ie . ,  the higher the value, the greater 
the steepness of the conductance-voltage curve), 
if the conductance-voltage data are analyzed as- 
suming a two-state system with a Boltzmann dis- 
tribution (Ehrenstein, Lecar, and Nossal, 1970; 
Schein, Colombini, and Finkelstein, 1976). Val- 
ues around 2 (De Pinto et al., 1987, 1989, 1991a; 
Adelsberger-Mangan and Colombini, 1987; Lud- 
wig et al., 1988; Ludwig, Benz, and Schultz, 
1989; Ben?, Kottke, and Brdiczka, 1990) or 
around 4 (Schein, Colombini, and Finkelstein, 
1976; Colombini, 1983; Bowen, Tam, and Col- 
ombini, 1985; Doring and Colombini, 1985a; 
Smack and Colombini, 1985; Forte, Adelsber- 
ger-Mangan, and Colombini, 1987) but also 
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FIGURE 4. Conductance-voltage relationship found for rat liver VDAC. 
VDAC was isolated according to Colombini (1 983) and was added to the cis 
side of the planar bilayer setup. Solutions were symmetrical 1 M LiCI, 5 m 
M CaCI,, 50 m M  LiMops, pH 7.2. Triangular voltage waves, applied in the 
direction of decreasing electric fields, were used to measure the macroscopic 
current of the multichannel-containing bilayer. The conductance at each 
voltage was normalized to the maximal conductance found. (Modified from 
Doring, C. and Colombini, M., Biophys. J., 45, 44-46, 1984. With permis- 
sion.) 

higher than 6 (Mirzabekov and Ermishkin, 1989; 
Ermishkin and Mirzabekov, 1990) have been de- 
termined. By following the same analysis as just 
referenced, the value of the membrane potential 
(Vo) at which the VDAC population has an equal 
(0.5) probability to be in the open or closed state 
has been evaluated. In general, with either set of 
results, Vo increased as n decreased, which in- 
dicates an unchanged value for the energy needed 
to close the channel (Ehrenstein, Lecar, and Nos- 
sal , 1970; Schein , Colombini , and Finkelstein, 
1976). 

It is not known whether the discrepancy con- 
cerning n is methodological. There are indeed 
differences in the bilayer lipid composition, in 
the methods both to form the planar bilayer (see 
Section 11) and to isolate the outer membrane or 
VDAC (with or without detergents). As for the 
voltage control, either triangular waves (Schein, 
Colombini, and Finkelstein, 1976; Colombini, 

1980; Smack and Colombini, 1985; Doring and 
Colombini, 1985a; Forte, Adelsberger-Mangan, 
and Colombini, 1987) or discrete voltage steps 
(Ludwig et al., 1986; Benz, 1990; Benz and Brdi- 
czka, 1992) were generally applied. Inherent to 
these distinctive protocols is the measurement of 
the current at different times after the voltage 
change, and there is no stringent proof against 
the possibility that evaluations correspond to dif- 
ferent stages of the channel relaxation process. 
However, according to Ludwig et al. (1986), who 
described by far the lowest response to voltage 
of VDAC from rat brain (n being I),  the different 
values could be suggestive of different roles of 
the outer membrane in different cells. As it stands, 
lack of consensus on the n value even for identical 
VDACs (Forte, Adelsberger-Mangan, and Col- 
ombini, 1987; Ludwig et al., 1988, Colombini, 
1983; Doring and Colombini, 1985a; Benz, 
Kottke, and Brdiczka, 1990; Schein, Colombini, 
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and Finkelstein, 1976; Ludwig, Benz, and 
Schultz, 1989) makes it difficult to derive any 
reliable conclusions from these data. 

As shown in Figure 4, the response of VDAC 
to electric fields of opposite direction looks es- 
sentially symmetrical. There have been reports 
in favor of an asymmetrical behavior of VDAC, 
however, where the current decrease of single- 
or multi-channel-containing bilayers occurred 
preferentially at only one sign of the applied volt- 
age (Roos, Benz, and Brdiczka, 1982; Freitag, 
Neupert, and Benz, 1982; Fiek et a]., 1982; De 
Pinto et al., 1985; Pfaller et al., 1985; Ludwig 
et al., 1988; Benz, 1990). Although the validity 
of these results has been disputed for the use of 
solvent-containing membranes (Colombini, 1983, 
1989), they could now assume a renewed rele- 
vance in the light of recent evaluations of VDAC 
stoichiometry (see Section IIIC). 

Two independent approaches have been used 
to estimate the diameter of the channel in the 
open state. One relies on the conductance value 
(y) for a single VDAC, assumed as a 6-nm long 
cylinder (1) filled with a solution whose specific 
conductivity (a) equals that of the external 
aqueous medium. Thus, with a of 110 mS/cm 
for the 1 M KCI solution, the diameter (2r) of 
the pore, readily calculated from the equation 
(Benz et al., 1978) 

y = om2/1 

has been found to vary from a minimum of 1.3 
nm [for Paramecium VDAC, whose conductance 
is exceptionally low (Ludwig et al., 1988)] to 
approximately 1.7 nm for VDAC of other cells 
(see Benz, 1990). Although questioned by others 
(Colombini et al., 1987), the applicability of this 
equation was considered justified by the almost 
constant value of the yla ratio found at any KCI 
concentration (Roos, Benz, and Brdiczka, 1982; 
Ludwig, Benz, and Schultz, 1989; Ludwig et al., 
1986, 1988). 

The other determination, based on the per- 
meability exclusion of molecules with known 
Stokes-Einstein radius from liposomes contain- 
ing outer membranes (Colombini, 1980), has 
provided a twofold higher value of 4 nm. Given 
the heterogeneity in the molecular weight of the 
polyethylene glycol found unable to permeate 
proteoliposomes (Colombini, 1980), this value 

has been judged frequently to be an overestimate 
(Ludwig et al., 1988; Benz, 1990). 

A kinetic description of single channels (in 
terms of dwell time distribution) in planar bilay- 
ers has never really been tackled, primarily be- 
cause of the slow kinetics apparently relating to 
the transitions of VDAC between different levels 
of conductance at any fixed applied potential (but 
see Ermishkin and Mirzabekov, 1990; Mirzabe- 
kov et al., 1993). Indeed, the only reported fea- 
ture is of at least 1 min for VDAC full open 
lifetime at low potential differences (Roos, Benz, 
and Brdiczka, 1982), and Figure 5 confirms that 
the steady state behavior under voltage clamp is 
rather sluggish. Additional data came from the 
analysis of conductance changes of a bilayer after 
insertion of single active channels at one given 
potential difference (as exemplified in Figure 3A, 
right side) that indicated that closing transitions 
of different size are only rare events at low volt- 
ages (Colombini, 1980; Freitag, Neupert, and 
Benz, 1982; Roos, Benz, and Brdiczka, 1982; 
Fiek et al., 1982). According to Roos, Benz, and 
Brdiczka (1982), these have a magnitude of ap- 
proximately 50% of the maximal conductance, 
whereas Colombini (1980) found two definite 
substates of 1 and 3.5 nS, respectively. As the 
magnitude of the applied electric field increases, 
the number and frequency of the closing transi- 
tions increase accordingly (Roos, Benz, and 
Brdiczka, 1982). VDAC has then been best de- 
scribed as a channel with one, large, open state 
and several different low conducting states (Col- 
ombini, 1979, 1980; Ermishkin and Mirzabekov, 
1990; Schein, Colombini, and Finkelstein, 1976; 
Freitag, Neupert, and Benz, 1982; Roos, Benz, 
and Brdiczka, 1982). 

On the other hand, determination of the time 
constants for the transition from the open to the 
closed states (or vice versa) has been estimated 
with more confidence in multichannel-containing 
bilayers, by following changes in current on volt- 
age steps of substantial magnitude. It was then 
unambiguously defined that the rate at which 
channels opened, on passing from high to low 
potentials, is very fast, with a value that must be 
lower than the resolution time (of approximately 
1 ms) of the particular recording instrumentation 
connected to the planar bilayer setup (Colombini, 
1979; Schein, Colombini, and Finkelstein, 1976; 
Ludwig, Benz, and Schultz, 1989; Ludwig et al., 
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I '  I 

FIGURE 5. Recording of VDAC single channel events with the planar 
bilayer technique. VDAC from Paramecium aurelia was isolated according 
to De Pinto et al. (1987) and added to the cis side. Currents were recorded 
from planar bilayers initially containing 3 channels (upper trace) and then, 
after insertion of an additional one (arrow), 4 VDAC channels (lower 
trace). Solutions were symmetrical 0.5 M Tris HCI, pH 7.2. The voltage 
protocol consisted in a pulse from 0 mV to + 50 mV, followed by a step 
from 0 rnV to - 50 mV. (From Ludwig, O., Benz, R., and Schultz, J. E., 
Biochim. Biophys. Acta, 978, 31 9-327, 1989. With permission.) 

1986, 1988). Conversely, a rate on the timescale 
of seconds characterized the closing phenomenon 
occurring when the applied potential changed from 
low to high values (Schein, Colombini, and Fin- 
kelstein, 1976; Colombini, 1979; Freitag, Neu- 
pert, and Benz, 1982). Closure was described by 
a single exponential decay, whose rate constant 
decreased with increasing of the voltage steps 
(Colombini, 1989; Ludwig, Benz, and Schultz, 
1989; Ludwig et al., 1986, 1988). 

As expected from the large current mediated 
by the channel, access of ions to the water-filled 
pore of VDAC is restricted more by the mobility 
of the ions in the aqueous phase (Ludwig et al., 
1988) than by a selectivity filter (see legend to 
Figure 1). In spite of this, VDAC is able to dis- 
criminate between ions of different valence, and, 
for what has been interpreted as extremely rel- 
evant to the physiology of the outer membrane 
(see Section III.D), VDAC changes ionic selec- 
tivity on increase of the potential difference. In- 
deed, in the presence of equally mobile ions, 
VDAC in the open state conducts anions with a 
slight preference; vice versa, at high potential 
differences, when VDAC is in the closed state, 
the current is mainly due to cations. By meas- 

uring reversal potential values in the presence of 
a KCl gradient (see Section 11), the C1- over K+ 
permeability ratio for the open state was found 
to be S 2 (Roos, Benz, and Brdiczka, 1982; 
Ludwig, Benz, and Schultz, 1989; De Pinto et 
al., 1985, 1987, 1989, 1991a; Ludwig et al., 
1986, 1988; Colombini, 1979; Smack and Col- 
ombini, 1985; Doring and Colombini, 1985a; 
Forte, Adelsberg-Mangan and Colombini, 1987; 
Adelsberger-Mangan and Colombini, 1987), 
whereas the K' over C1- permeability ratio for 
the closed states varied extensively (described 
later in this section). 

Implicit to the phenomenology of conduct- 
ance decrease occurring with increasing mem- 
brane potentials (Figure 4) is the notion that 
VDAC changes conformation accordingly and that 
each closed conformation is the more energeti- 
cally stable for that given voltage value. There 
are two mechanisms generally at work in voltage- 
dependent channels to sense a variation in the 
electric field and to respond with a change in the 
channel conformation, that is, a movement of 
charged domains or a change of the dipole mo- 
ment in the direction of the electric field. In the 
case of VDAC, at variance from the suggestion 
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that both positive and negative charges partici- 
pate in large numbers in the gating mechanism 
( M h k k o v  and Ermishkin, 1989; Ermishkin and 
Mirzabekov, 1990), only a set of positive charges 
was identified by Colombini and co-workers by 
several lines of evidence, which are now sum- 
marized. 

One clue was provided by following changes 
in the voltage sensitivity consequent to the chem- 
ical reaction of rat liver VDAC with succinic 
anhydride, whose derivatization of positive amino 
residues converts them to negative carboxyl 
groups. Thus, modification of VDAC positive 
charges was expected to result in a parallel change 
of the voltage sensitivity. The effect of the re- 
agent was tested on VDAC in either the open or 
the closed state (at low or high potential differ- 
ence, respectively) and under conditions whereby 
the addition of the reagent occurred at positive 
or negative potential (to only one side of the 
bilayer). With VDAC in the open state, loss of 
the typical response to voltage of the macroscopic 
conductance was observed irrespective of the sign 
of the voltage present at the side of reagent ad- 
dition (Doring and Colombini, 1984, 1985a). If, 
on the contrary, succinic anhydride was added to 
VDAC in the closed state, then voltage desen- 
sitization was detected preferentially with the re- 
agent added to the negatively charged side, sup- 
porting the view that the conformation achieved 
at negative voltages is different from that at pos- 
itive voltages and that only the former would 
facilitate the access of the anhydride to the gating 
charges (Doring and Colombini, 1985b). In any 
case, once succinylation took place, diminution 
or elimination of voltage dependence was pos- 
sible at either sign of the potential difference 
(Doring and Colombini, 1985a, 1985b). Despite 
other effects observed after derivatization (loss 
of conductance or complete closure of channels), 
these results were nevertheless rationalized by a 
model where the molecular bases for the re- 
sponses of VDAC to positive and negative po- 
tentials were based on the same set of fixed pos- 
itive charges, asymmetrically located, to form 
two separate gating systems operative under op- 
posite electric fields (Doring and Colombini, 
1 985 b) . 

An important corollary to these experiments 
was the observation of a parallel change in se- 
lectivity of the open state from anionic to cationic 

(Doring and Colombini, 1985a). This result al- 
lowed the proposition that the same set of positive 
charges was responsible also for the preference 
of VDAC to conduct anions at low potentials. In 
view of the low selectivity, these charges would 
then contribute to creating within the pore the 
proper electric environment for flow of anions, 
rather than be directly involved in ion conduc- 
tion. 

Further evidence for a gating mechanism in- 
volving movement of positive charges was pro- 
vided by other approaches. Bowen, Tam, and 
Colombini (1985) eliminated the voltage depen- 
dence by titration of amino groups with increas- 
ing pH. The pK, value of 10.6 led to the impli- 
cation of the positive charges of lysines in the 
voltage sensitivity. 

Additional proofs for the presence of charges 
at the gate of the channel came from Mangan 
and Colombini (1987) who searched for com- 
pounds able to alter the voltage dependence in- 
directly by an electrostatic interaction with the 
gating mechanism. One was the highly nega- 
tively charged dextran sulfate with a too large 
molecular weight (8 kDa) to enter the pore, Dex- 
tran sulfate needed a negative potential to be ef- 
fective, which means that, under these condi- 
tions, it accumulated at the local positive region 
in the vicinity of the mouth arising from anion 
depletion at the negative potential side of the 
channel (see inset of Figure 4 in Mangan and 
Colombini, 1987). In contrast to succinylation, 
the action of dextran sulfate was to increase &a- 
matically both the rate and the extent of closure 
of VDAC even at those (low) potentials at which 
the channel is usually kept in the open state (n 
increasing up to 14-fold, with no substantial 
change in nV, at 62 p M  dextran sulfate). As 
predicted, the effect on the steepness of the volt- 
age dependence increased with voltage and the 
amount of added reagent, resulting in an increase 
of the probability of finding the channel in the 
closed state at any negative potential difference. 

Within the same strategy, another negatively 
charged molecule was tested (Colombini et al., 
1987), the so-called Konig’s polyanion (Konig 
et al., 1977, 1982), a copolymer of methacrylate, 
maleate, and styrene (in a 1:2:3 ratio) with a 
molecular weight of 10 kDa. The behavior of this 
amphipathic molecule was more complex, prob- 
ably because it can bind to the lipid-protein 
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boundaries through its lipophilic portion. In fact, 
on the one hand, Colombini et al., (1987) found 
that it could affect VDAC voltage sensitivity sim- 
ilarly to dextran sulfate when added to the neg- 
ative side of the membrane. On the other hand, 
there was an additional clear block on some chan- 
nels, not necessarily voltage dependent (Col- 
ombini et al., 1987), but also a stabilization of 
the open state taking place when the polyanion 
was added to the positive side of the bilayer (De 
Pinto et al., 1989; Benz et al., 1988; Benz, Kottke, 
and Brdiczka, 1990). 

At all events, if the closed sate were asso- 
ciated with movement of charges, as proposed, 
then a change in selectivity would be expected 
to occur even under unmodified conditions (i.e., 
without added effectors). This was indeed proved 
by Ludwig, Benz and Schultz (1989), De Pinto 
et al. ( 1989), and Zhang and Colombini ( 1990), 
who showed that on closure at high potential 
differences, VDAC was clearly preferring K+ 
over C1- , even though more than one value for 
the cationic permeability seemed to correspond 
to any of the closed states (Colombini, 1989; 
Zhang and Colombini, 1990). 

Experiments were carried out to determine 
whether the lower conductance of the closed con- 
formation depended merely on a local constric- 
tion of the channel entrance and/or on a more 
generalized diminution of the pore with reduction 
of the volume available for the flow of ions. Both 
the diameter decrease of around 20% [estimated 
from fluxes of radiolabeled glucose (Colombini, 
1986)] and the substantial volume change [mea- 
sured under osmotic stress (Zimmerberg and Par- 
segian, 1986)] of VDAC at high potential differ- 
ences supported the notion that the conformational 
change consequent to closure was inducing a steric 
block over the entire length of the channel. 

Subsequently, Colombini et al. (1987) de- 
termined a smaller diameter value of 1.8 nm from 
the largest nonelectrolyte still permeable through 
liposomes containing VDAC in the presence of 
Konig’s polyanion and attributed it to the closed 
state of the channel. If a reduced permeability 
cut-off is clearly evident, at face value the= seems 
to be no formal proof for identity of polyanion 
molecular action in systems (such as the planar 
bilayer and liposomes) that cannot be controlled 
in the same way. For example, no potential dif- 
ference was applied in liposomes. In addition, 

complications arise from the behavior of the an- 
ion copolymer in planar bilayers where, if a neg- 
ative potential seems necessary for VDAC clo- 
sure in the presence of polyanion (Colombini et 
al., 1987; De Pinto et al., 1989; Benz et al., 
1988; Benz, Kottke, and Brdiczka, 1990), pre- 
vention of closure at potential values as high as 
80 to 100 mV is, on the other hand, demonstrated 
for the reagent added at the positive side of the 
membrane (De Pinto et al., 1989; Benz et al., 
1988; Benz, Kottke, and Brdiczka, 1990). Fi- 
nally, complete block of VDAC was also ob- 
served (Colombini et al., 1987). Pertinent to these 
uncertainties are the results of De Pinto et al. 
(1990), where no change in the chromatographic 
properties of VDAC (in terms of shield or ex- 
posure of charges) was found in the presence of 
high concentrations of Konig’s copolymer and in 
the absence of any membrane potential. 

In essence, the picture that has emerged from 
functional studies in planar bilayers is that VDAC 
has properties highly conserved in all eukaryotic 
cells. These include a large conductance, a poor 
selectivity for small ions, and the presence of 
two positively charged sensors that are respon- 
sible for the steep symmetrical closure in re- 
sponse to potential differences of opposite sign. 

2. Patch Ciamp and Tip-dip Studies 

This rather uniform electric picture of the 
outer mitochondria1 membrane was upset when 
other methods were used to study its electro- 
physiology, even though, with these methods, 
diverging results have sometimes been obtained. 

The suspicion that the outer membrane in situ 
was not behaving as previously described was 
first aroused when a patch pipette was applied to 
intact liver mitochondria (i.e., to the outer mem- 
brane) (Figure 6A) that had been obtained from 
mice treated with cuprizone, a copper-chelating 
agent that induces the formation of liver mito- 
chondria of larger size (Suzuki, 1969; Tandler 
and Hoppel, 1973). This experiment showed a 
channel that could not be readily identified as 
VDAC for its lower conductance value (Sorgato, 
Keller, and Stuhmer, 1987). Other experiments 
of this type also resulted in few data consistently 
reminiscent of the VDAC behavior in planar bi- 
layers (Tedeschi, Mannella, and Bowman, 1987). 
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A 

FIGURE 6. Liver mitochondria (A) and mitoplasts (B) visualized with phase contrast microscopy. Mitochondria, 
obtained from mice either treated (here) or not (see text) with cuprizone, are subjected to osmotic stress for removal 
of the outer membrane. Pieces of the outer membrane can remain attached to the inner one through tight connections, 
giving rise to the so-called cap regions (indicated by the arrow). Thus, in patch clamp experiments with mitoplasts, 
care is taken to place the pipette outside the clearly visible cap regions. 

In fact, only in rare instances did the macroscopic 
conductance-voltage relation show the typical 
bell-shaped curve (as in Figure 4). At best, a 
conductance decrease on augmenting the poten- 
tial (as expected for VDAC-containing mem- 
branes) was detected when the electric field was 
of one particular direction (positive relative to 
the pipette potential). Under the same conditions 
but with negative potentials, an increase in cur- 
rent was otherwise detected. Thus, a possible 
second channel-forming protein was hypothe- 
sized in the outer mitochondria1 membrane. In 
subsequent studies, the mode of action of this 
non-VDAC channel was further explored (Kin- 
nally, Tedeschi, and Mannella, 1987), and a 
model was developed to explain the voltage-de- 
pendent increase of the outer membrane con- 
ductance (Tedeschi, Kinnally, and Mannella, 

1989; Kinnally et al., 1989). More precisely, the 
experimentally observed distinct kinetics for the 
exponential increase of the conductance at neg- 
ative potentials were taken as suggestive of a first 
phase, with activation of single channels, and of 
a later phase, where channels would assemble 
together to give rise to a higher conductance oli- 
gomeric entity. 

If this model fits well with the experiments 
on the temperature sensitivity of the aggregated 
state (Kinnally, Tedeschi, and Mannella, 1987), 
no evidence of such behavior was found in the 
only other study of integral mouse liver mito- 
chondria carried out with the patch clamp (Moran 
et al., 1992). Discrepancy becomes more signif- 
icant in the light of the presumed density of the 
hypothetical second channel (and of VDAC) in 
the outer membrane that, parenthetically, would 
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have made the use of low salt medium (10 mM 
KCl) almost compulsory for successful experi- 
ments (Tedeschi, Mannella, and Bowman, 1987; 
Kinnally, Tedeschi, and Mannella, 1987). On the 
contrary, Moran et al. (1992) showed not only 
recordings of single channels with fast kinetics 
of the open-close transitions, but also that these 
were measurable at physiological 150 mM KCl 
(Figure 7). Undoubtedly, the in situ analysis re- 
vealed new features of the outer membrane. In 
more detail, at least five sets of conductances 
could be distinguished on the basis of single- 
channel conductance and voltage sensitivity: one, 
apparently voltage independent, of less than 70 
to 80 pS , the other of 99,152, and 220 pS , which 
showed a higher open probability at positive po- 
tential values of the pipette (Table l ) .  A con- 
ductance of 307 pS, similar in magnitude to that 
previously described for the outer membrane 
(Sorgato, Keller, and Stiihmer, 1987), was also 
present. Finally, reversal potential determina- 
tions in outer membranes containing liposomes 
demonstrated a general cationic selectivity. 

Integral liver mitochondria from mice not 
treated with cuprizone, such as those used by 
Moran et al. ( I  992), have such small dimensions 
as to render problematic the application of the 
patch clamp. Contrary to mitoplasts (see Figure 

6B), in whole mitochondria, the outer and inner 
membranes cannot be distinguished with a phase 
contrast microscope (see Figure 6A) and, there- 
fore, the possibility that the pipette is testing the 
inner, and not the outer, membrane cannot be 
ruled out a priori. However, two pieces of evi- 
dence militate against this hypothesis. One is that 
channels with the same combined characteristics 
(conductance values associated with the voltage- 
dependence and cationic selectivity) are not found 
in the inner membrane (Section 1V.A). The sec- 
ond argument regards the almost identical results 
obtained by patch clamping the outer membrane 
that had been isolated from rat brain and recon- 
stituted in liposomes without detergents (Moran 
et al., 1992). These two sets of observations thus 
make one confident of the location of the found 
channels. 

Consistent with the possibility of recording 
discrete single-channel currents in the outer 
membrane, is the report where the tip-dip method 
(whereby membranes form bilayers at the tip of 
a pipette) was used to study mitochondrial elec- 
trophysiology. With both mitochondrial mem- 
branes, mainly from bovine adrenal medulla or 
cortex (Thieffry et al., 1988, 1992; Henry et al., 
1989), or with the outer membrane isolated from 
rat or ox liver (Chich et al., 1991), slightly ca- 

V, = +20 m V  

d l  a 

I 

500 msec 

V, = -20 m V  

FIGURE 7. Recording of currents from an integral mouse liver mitochondria 
with the patch clamp technique. The configuration used was a mitochondria- 
attached patch, and solutions were symmetrical 150 m M KCI, 0.1 m M CaCI,, 
20 m M Hepes-KOH, pH 7.2. Arrows indicate 0 current levels. The sign of 
the voltage (Vp) refers to that of the pipette. (From Moran, 0. et al., Eur. 
Biophys. J., 20, 31 1-31 9, 1992. With permission.) 
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tionic conductances were found (pNa +/pC1- 4) 
rapidly fluctuating in a voltage-asymmetrical 
fashion between at least three levels separated by 
220 pS transitions (in 150 mM NaC1). This chan- 
nel is usually referred to as PSC (peptide-sensi- 
tive channel) (see Section IIID.2). Confirmation 
of these results has been obtained recently with 
membranes incorporated in planar bilayers or in 
patches of giant liposomes (Thieffry et al., 1992). 
The different electric features, the sensitivity to 
proteases of the voltage-dependent fluctuations 
(Thieffry et al., 1988; Chich et al., 1991), and 
a similar behavior detected both in wild-type and 
WAC-deficient yeast mitochondria @VIE et al., 
1990; Thieffry et al., 1992) strongly indicated 
that the channel-forming protein was not VDAC 
(Table 1). 

Despite the different approaches and the in- 
homogeneous results, the experimental evidence 
gathered with techniques other than the planar 
bilayers is indeed suggestive of an outer mem- 
brane electric behavior not under the control of 
VDAC. It is thus important to discuss the find- 
ings encountered by Wunder and Colombini 
(1991) in their patch clamp investigation in phys- 
iological salt of proteoliposomes containing Neu- 
rospora crussu mitochondrial membranes. Here, 
the major conductance value found, the slow and 
fast kinetics displayed by the membrane patch in 
the closing and opening events on voltage 
changes, together with the expected effect of 
Konig 's polyanion were interpreted as strongly 
supporting a primary role for VDAC (see Table 
1). At variance with the results from planar bi- 
layers, however, a current decrease in proteolipo- 
somes was frequently prevented at high negative 
command voltages. The proposed explanation 
envisaged a curvature present in the patch mem- 
brane (and absent in the planar bilayer), which 
would be the indirect cause of a structural hin- 
drance for the movement of the VDAC-positive 
voltage sensor at negative membrane potentials. 
Significantly, a similar asymmetrical response to 
voltage was also found by Moran et al. (1992) 
in the native membrane. Thus, at this point, the 
crucial issue is to understand which of the two 
situations, the planar bilayer or the membrane 
under a patch, is the closest to the physiological 
membrane. 

If we can take refuge in methodological causes 
to explain different data obtained with reconsti- 
tuted systems (alternative procedures used to iso- 
late the biological samples and/or to prepare the 
proteoliposomes), the same cannot be advocated 
when comparison is made with in situ studies. 
Thus, in the first instance, very few points of 
convergency are obvious. To our minds, the sim- 
plest possible explanation is that one or more 
channels different from VDAC are present and 
active in the outer membrane of mitochondria 
other than Neurosporu crassa. Indeed, it is in 
this fungus where the highest concentration of 
VDAC was estimated [higher than 50% of the 
total protein content (Mannella, 1982) and around 
4104 VDAC/pm2 in phospholipase A,-treated 
membranes (Mannella, 1984)l. Hence, the re- 
sults of the patch clamping by Wunder and Col- 
ombini (1991) would fit the expectations of this 
hypothesis, with VDAC being the most detect- 
able channel in fungal membranes, and at the 
same time, would not necessarily disagree with 
the diverging features encountered by others in 
the patch clamping of mammalian outer mem- 
branes where VDAC is present, but to a lower 
extent (De Pinto et al., 1987). Nevertheless, it 
is important to recall here that mammalian VDAC 
was detected immunologically in both native and 
reconstituted outer membranes analyzed with the 
patch clamp (Moran et al., 1992). 

As discussed later (Section III.D.l), a pro- 
tein, isolated from the mitochondrial intermem- 
brane space, was proved to interact potently with 
VDAC in planar membranes (Holden and Col- 
ombini, 1988). In principle, its presence in the 
patched integral mitochondria should be ensured 
during the isolation of the organelle and could 
therefore provide the sought explanation of the 
unorthodox, although presumably more physio- 
logical, behavior of the native membrane. The 
question is why the same electric pattern is de- 
tected in liposomes with the isolated membrane, 
where the modulator is likely to be lost. Along 
a similar line of thought, the possibility should 
be considered that VDAC interacts with other 
membrane components, whose attachment may 
remain unaffected by proteoliposomes formation 
in the absence of detergents. In fact, recent iso- 
lation protocols have demonstrated that VDAC 
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is associated with other membrane proteins (Sec- 
tion III.D.4). 

3. Other Channels in the Outer 
Membrane 

As mentioned before, application of the patch 
clamp technique to whole mitochondria indicated 
that the outer membrane may harbor a channel 
different from VDAC. This view was proven for 
the cationic channel also detected in yeast mu- 
tants lacking VDAC (Thieffry et al., 1988, 1992; 
Henry et al., 1989; F&vre et al., 1990; Chich et 
al., 1991). Interestingly, Dihanich et al. (1989), 
by examining detergent-solubilized outer mem- 
branes of a similar yeast mutant in planar bilay- 
ers, concluded that the observed slightly cationic 
channel of 210 pS conductance (in 0.1 M KCl), 
which had more rapid kinetics than standard 
VDAC (Table l), could nevertheless be present 
along with VDAC in the outer membrane of wild- 
type yeast mitochondria. Similarly, De Pinto et 
a]. (1991a) were able to identify a second pore- 
forming protein, with molecular mass and elec- 
tric features close to, yet distinguishable from, 
VDAC, in the liver outer membrane of the fish 
Anguillu unguillu (Table 1). 

Finally, in reconstituted and in in situ ex- 
periments with the outer mitochondrial mem- 
brane of rat brain and mouse liver, respectively, 
much smaller conductances than those described 
hitherto (in the range of approximately 20 to 50 
pS in 150 mM KC1) and apparently voltage-in- 
dependent were recorded (Moran et al., 1992). 
The interesting aspect of this finding is that ent- 
ities of the same kind have been detected in the 
inner membrane and contact sites fraction (see 
Sections IV.A.2, IV.A.4). 

B. Structural Features of VDAC from 
Electron Microscopy, Molecular Biology, 
and Biochemical Studies 

I .  Electron Microscopy 

A considerable effort has been devoted to 
the understanding of the molecular structure of 
VDAC, and recognition must undoubtedly be paid 

to the remarkable body of work provided by Man- 
nella and co-workers, who tackled this problem 
first with electron microscopic techniques (Man- 
nella and Bonner, 1975a; Mannella, 1981, 1982) 
well before there was knowledge of the protein 
primary sequence (Mihara and Sato, 1985). The 
outer membrane used in these studies is that from 
the fungus Neurosporu crussu . In negatively 
stained specimens, VDAC crystalline arrays were 
observed to form sporadically (Mannella, 1982; 
Mannella and Frank, 1982) or in larger amounts 
after membrane treatment with soluble phospho- 
lipase A2 (Mannella, 1984). This finding greatly 
helped the study of two-dimensional crystals by 
transmission electron microscopy not only on 
specimens negatively stained by different pro- 
cedures (Mannella, 1984; Mannella, Rader- 
macher, and Frank, 1984; Mannella and Guo, 
1990; Guo and Mannella, 1992; Guo et al., 1992), 
but also on unstained membranes, either frozen 
dried and metal shadowed (Thomas et al., 1991) 
or simply frozen hydrated (Guo, 1990; Mannella, 
Guo, and Cognon, 1989). Recently, the outer 
mitochondrial membrane has been examined with 
a scanning transmission electron microscope 
(Thomas et al. , 199 1). All this effort has resulted 
in important information with respect to the sur- 
face topology and three-dimensional reconstruc- 
tion of the VDAC channel, despite the still low 
resolution obtained (1 to 2 nm). 

With any specimen, the electron microscopic 
images have constantly shown the presence of 
cell units composed of six circular elements, 
identified with certainty as VDAC proteins by 
immunogold electron microscopy (Mannella and 
Colombini, 1984). These are mainly disposed in 
parallelogram arrays with a twofold rotational 
symmetry (Figure 8A) (Mannella, 1986; Man- 
nella, Colombini, and Frank, 1983; Mannella, 
Ribeiro, and Frank, 1986). Figure 8B shows a 
three-dimensional computer-reconstructed image 
of both sides of frozen-dried and metal-shadowed 
outer membranes where channels appear struc- 
turally symmetrical (Thomas et al., 1991). 

Considering each element of the unit cell, 
this could be best represented by a hollow cyl- 
inder normal to and entirely traversing the mem- 
brane (Mannella, 1989; Mannella, Radermacher, 
and Frank, 1984; Mannella, Guo, and Cognon, 
1989) with a length of 3 to 3.5 nm (Guo et al., 
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FIGURE 8. (A) Correlation average of electron microscopic images of oblique arrays of VDAC channels from unstained, frozen- 
hydrated Neurospora crassa outer mitochondrial membranes treated with soluble phospholipase A*. Within the space limited by 
arrows, a unit cell composed of 6 elements is visible. The low contrast regions correspond to water-filled pores, the darker 
regions to the protein. In particular, arrows indicate the protein arms extending laterally at the corners of the unit cell. Bar: 5 nm. 
For details see text. (From Mannella, C. A., Forte, M., and Colombini, M., J. Bioenerg. Biomembr., 24, 7-19, 1992. With 
permission). (B) Three-dimensional image reconstruction of the top and bottom surfaces of the two-dimensional arrays of 
Neumspora crassa outer mitochondrial membranes. Membranes were treated with soluble phospholipase AP, frozendried, and 
Pt-shadowed. White plateaus correspond to VDAC protein domains more exposed to the membrane surface. (From Thomas, L. 
et al., J. Struct. Bid., 106, 161-171, 1991. With permission.) 
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1992) and with symmetrical openings on either 
side of the membrane (Thomas et al., 1991). The 
majority of the protein does not protrude to the 
membrane surface (Mannella, Guo, and Cognon, 
1989; Thomas et al., 1991), which could well 
explain the general resistance of VDAC to pro- 
teolysis (Mannella and Bonner, 1975a; Freitag, 
Neupert, and Benz, 1982; Holden and Colom- 
bini, 1988). Refined crystal-modeling studies on 
frozen-hydrated specimens have pointed to a mean 
value of 3.8 k 0.1 nm for the projected cylinder 
diameter (Mannella, Guo, and Cognon, 1989). 
The cylinder wall is most probably made of anti- 
parallel p strands with residues alternatively fac- 
ing the inside and outside of the pore (see Section 
111. B .2). Hence, given a value of approximately 
0.5 nm for the protrusion of the residues on either 
side of the wall, the outer diameter would be 
around 4.8 nm and the inner (lumen) diameter 
about 2.8 nm (Mannella, Guo, and Cognon, 
1989). The latter value for the water-filled pore 
agrees well with other structural data (Mannella 
and Frank, 1984; Mannella, Ribeiro, and Frank, 
1986) but is just within that estimated from func- 
tional studies that ranges between 1.7 and 4 nm 
(see Section 1II.A. 1). A slightly smaller diameter 
of 2.2 nm has been measured more recently in 
crystalline arrays of the outer membrane embed- 
ded in aurothioglucose (Guo and Mannella, 1992). 

As for the estimation of the outer diameter 
of the cylinder, given that the center-to-center 
distance of adjacent crystals in the parallelogram 
lattice is within 4.5 to 5.5 nm (Mannella, 1986; 
Mannella and Frank, 1984; Mannella, Ribeiro, 
and Frank, 1986), the value of 4.8 nm has posed 
severe constraints to the thickness of the wall of 
the cylinder and, consequently, to the number of 
p sheets forming the wall. 

As mentioned, VDAC channels crystallize 
into ordered arrays that, however, may have dif- 
ferent lattice angles (Mannella 1984, 1986; Man- 
nella and Guo, 1990; Mannella, Colombini, and 
Frank, 1983; Mannella, Ribeiro, and Frank, 1986; 
Thomas et al., 1991). In phospholipase A,-treated 
membranes, the most frequently observed of such 
polymorphs is the so-called “oblique” lattice, 
bearing an angle of 109” between the lattice vec- 
tors, a and b, of 13.3 nm and 11.5 nm, respec- 
tively. In this array, lateral protein arms are seen 
to extend into the phospholipid domain from each 
comer of the unit cell (Figure 8A). A less fre- 

quent arrangement is that defined as “con- 
tracted”, that is, adjacent rows in the arrays ap- 
pear to slide with respect to each other, leading 
to a diminished unit cell area and an angle of 99” 
(with a = 13 nm, and b = 10 nm). Another 
major difference between these two polymorphs 
is the absence of the lateral arms in the contracted 
lattice. Hence, the oblique state appears to be 
stabilized by the interaction of the protein arm 
with the bilayer, and any detrimental effect on 
this interaction would possibly facilitate transi- 
tions to the contracted form. 

Two experimental conditions have been found 
to increase the percentage of the contracted lattice 
concomitant to the disappearance of the oblique 
array. One was a prolonged incubation with phos- 
pholipase A,, which provoked shrinkage of the 
lipid patches located outside the channel hex- 
amer, indicating that loss of phospholipids was 
a necessary factor for the phase transition to take 
place (Manella, 1986). The other was the addi- 
tion of organic molecules such as the Konig’s 
synthetic anionic copolymer (Mannella and Guo, 
1990; Guo and Mannella, 1992) and of a syn- 
thetic peptide corresponding to the targeting se- 
quence of subunit IV of the mitochondria1 res- 
piratory chain enzyme cytochrome oxidase 
(Mannella, Guo, and Dias, 1992). The choice of 
such molecules was intentional: the polyanion for 
inducing closure of VDAC (Colombini et al., 
1987; De Pinto et al., 1989; Benz et al., 1988; 
Benz, Kottke, and Brdiczka, 1990); the targeting 
sequence to test the possible involvement of the 
channel in the import machinery for mitochon- 
drial precursors (including cytochrome oxidase 
subunit IV) en route to their final destination (see 
Section 111. D. 2). 

Analysis of the outer membrane in the pres- 
ence of either molecule showed increased dis- 
order and contraction of the crystal lattice, point- 
ing to an interaction with VDAC. In fact, by 
mapping the areas of negative stain exclusion due 
to accumulation of the molecules, it was con- 
cluded that the synthetic precursor binds specif- 
ically to the arm regions of VDAC arrays (Man- 
nella, Guo, and Dias, 1992), whereas polyanion, 
given its amphipathic nature, would probably bind 
to protein-lipid interface areas (Guo and Man- 
nella, 1992). Regardless of the mode, direct or 
indirect, either molecule would nevertheless in- 
teract with the am-s and cause their freeing from 
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the bilayer and array contraction (Guo, 1990; 
Mannella, Guo, and Dias, 1992). Therefore, the 
occurrence of two events seems necessary for 
phase transition, displacement of arms, and loss 
of phospholipids. 

In light of these results, one might expect a 
direct link between crystal polymorphism and 
VDAC functional states (open and closed). How- 
ever, this does not appear to be the case because 
of the recent finding of lack of correlation be- 
tween type of array and size of the pore diameter, 
that is, the large and restricted diameter are pres- 
ent in both oblique and contracted arrays (Guo 
and Mannella, 1992). On the other hand, Kon- 
ing’s polyanion was shown to favor the reduction 
of the projected lumen diameter of a single VDAC 
from 2.8-2.2 nm to 1.4-1.7 nm (Mannella and 
Guo, 1990; Guo and Mannella, 1992) in line with 
the diminished permeability of polyanion-treated 
VDAC (Section 1II.A. 1) .  These results have thus 
been interpreted as indicative of a relation be- 
tween structural changes of VDAC crystals (al- 
though not linked necessarily to contraction) and 
functional states of the channel and are the basis 
for a proposed mechanism of closure (Section 
UI. B .2). 

No doubt, the possibility of having crystals 
in the membrane has provided the necessary start- 
ing point for the three-dimensional study of an 
integral membrane protein in its natural milieu. 
As it stands, however, suggestion of a functional 
significance of crystallization, albeit fascinating, 
sounds premature. Possibly, in such aggregated 
state, VDAC behavior could be influenced by the 
vicinity of other VDAC molecules. However, one 
still has to understand whether VDAC particular 
arrangement in hexameric clusters, seen abun- 
dantly at the electron microscope after phospho- 
lipase A, treatment, occurs as such in vivo and 
in mitochondrial outer membranes other than those 
from Neurospora crassa. Apparently, in mam- 
malian mitochondria, phosphotungstate and sil- 
icotungstate, not phospholipase A,, can induce 
the formation of paracrystals whose arrays are 
more similar to those of sarcoplasmic reticulum 
CaZ+-ATPase than to VDAC crystals in Neuro- 
spora crassa (Mannella et al., 1992; see also 
Parson, Williams, and Chance, 1966). Mannella 
(1987, 1988, 1989, 1990) put forward the hy- 
pothesis that VDAC could organize itself natu- 
rally in periodic arrays on action of endogenous 

phospholipase A,. This enzyme is activated by 
calcium and, thus, different calcium levels (i.e., 
different cell-activated states) would in turn reg- 
ulate the formation of the arrays and also, pre- 
sumably, the physiology of the outer membrane. 
In this respect, it is certainly unfortunate that the 
electric characteristics of the outer membrane have 
never been analyzed under controlled phospho- 
lipase activity. 

2. Molecular Biology and Biochemical 
Studies 

Of all mitochondrial channels, VDAC is the 
only protein whose primary structure is known 
from cDNA sequencing or amino acid determi- 
nation: 282 to 283 amino acids compose the fun- 
gal Neurospora crassa, the yeast Saccharomyces 
cerevisiae, and the human B lymphocytes and 
skeletal muscle VDAC (Mihara and Sato, 1985; 
Forte, Guy, and Mannella, 1987; Kleene et al., 
1987; Kayser et al., 1989; Jiirgens et al., 1991). 
In all cases, the protein has a basic and relatively 
hydrophilic character [45.5% of polar and charged 
amino acids in yeast VDAC (Forte, Guy, and 
Mannella, 1987) and 56% in  the human VDAC 
(Kayser et al., I989)I. Sequence homology among 
the polypeptides of different origins is not high: 
43% between fungal and yeast protein (Kleene 
et al., 1987) and 24% and 29% between the hu- 
man and the yeast and fungal VDAC, respec- 
tively (Kayser et al., 1989). 

In spite of the low similarity of the amino 
acid sequence, evolutionary pressure has not 
evolved in changed structural-functional corre- 
lations in the light of the highly conserved electric 
behavior of VDAC in planar membranes (see 
Section III.A.l). As for the secondary structure 
predictions, the many strands with alternating po- 
lar and apolar residues, found repeatedly in VDAC 
of different origins, have been judged suitable 
for constructing the wall of the pore with anti- 
parallel p sheets (Kleene et al., 1987; Forte, Guy, 
and Mannella, 1987; Blachly-Dyson et al., 1989; 
De Pinto et al., 1991b) in analogy with bacterial 
porins (Weiss et al., 1991), which nevertheless 
bear no sequence homology with VDAC and dis- 
play different electric patterns (Benz, 1985; Forte, 
Guy, and Mannella, 1987). The alternating res- 
idues would ideally satisfy the necessary hydro- 
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phobic (with the bilayer) and hydrophilic (with 
the water-filled pore) interactions of the pore 
(Kleene et al., 1987; Forte, Guy, and Mannella, 
1987; Blachly-Dyson et al., 1989; De Pinto et 
al., 1991b). However, a different number of p 
strands has been predicted, connected by proline 
or adjacent charged amino acids: 15 to 19 (Forte, 
Guy, and Mannella, 1987) and 12 (Blachly-Dy- 
son et al., 1989, 1990; Peng et al., 1992a) for 
yeast VDAC; 12 to 16 for yeast and fungal VDAC 
(Kleene et al., 1987); 16 for human VDAC (De 
Pinto et al., 1991b). 

In no case were hydrophobic stretches de- 
tected that are compatible with a helixes suffi- 
ciently long to span the bilayer (Forte, Guy, and 
Mannella, 1987; Kleene et al., 1987). Yet, the 
overall amphipathic nature of the NH,-terminal 
in all polypeptides consistently argues for an a 
helix conformation in this region. The actual lo- 
cation of this strand (composed of 18 to 24 amino 
acids, depending on the origin), whether embed- 
ded in the membrane (Blachly-Dyson et al., 1989, 
1990; and Peng et al., 1992a) or exposed to the 
surface (De Pinto and Palmieri, 1992; Forte, Guy, 
and Mannella, 1987; De Pinto et a]., 1991b), is 
still a matter of controversy. 

In general, the choice of the number and of 
the type of intramembrane strands is based pri- 
marily on the use of secondary structure predic- 
tion algorithms (Fasman, 1990). However with 
VDAC, other pieces of information have con- 
tributed to select one or the other model. For 
instance, Blachly-Dyson et al. (1989, 1990) and 
Peng et al. (1992a) have elegantly combined mo- 
lecular genetics and biophysics to locate a certain 
number of amino acid residues inside or outside 
the membrane. They have done so by monitoring 
the ion selectivity of the open state (by reversal 
potential value determination) of VDAC isolated 
from yeast strains bearing one or more mutations 
at selected sites, in particular, at charged amino 
acids. The rationale underlying this work was that 
an altered selectivity would have been consistent 
with the location of the replaced amino acid in 
an intramembrane strand and an unchanged se- 
lectivity with the replaced amino acid being out- 
side. Following this reasoning, data available from 
29 of such mutants have led to the proposal of 
the channel wall made of 12 p strands plus the 

NH,-terminal a helix (Blachly-Dyson et al., 1990) 
(Figure 9A). The rest of the protein (approxi- 
mately 50%) would instead protrude from either 
side of the pore. 

It may be too simplistic to assign such a 
definite result to the substitution of an amino acid 
and the more so in the case of a charged residue. 
Of course, the interpretation of an unequivocal 
relation between selectivity and position of a mu- 
tated amino acid, inside or outside the channel’s 
lumen, may be valid. On the other hand, it is not 
easy to discard the possibility that local pertur- 
bations after single amino acid substitutions may 
propagate over a short or long range, sufficient 
to provoke a disturbance both of the pore’s sec- 
ondary structure and of selectivity. The almost 
unchanged conductance found in VDAC’s mu- 
tants (Blachly-Dyson et al., 1989, 1990; Peng et 
al., 1992a) may be at least one reason to question 
this hypothesis, but not to exclude it at this time. 

De Pinto et al. (1991b) followed a completely 
different approach for establishing the trans- 
membrane topology of mammalian VDAC. Us- 
ing biochemical (proteases) or immunological 
(with antibodies raised against the whole protein 
or a synthetic peptide mimicking the N-terminal 
piece) assays on integral and broken ox heart 
mitochondria, they concluded that whereas the 
majority of the VDAC polypeptide is embedded 
in the bilayer (for a total of 16 p strands), the 
NH,-terminal a helix and two major intercon- 
necting loops are exposed to the cytoplasmic side 
of the membrane (Figure 9B). This leads to an 
asymmetric disposition of VDAC in terms of 
structure and charge distribution. That several of 
the positively charged residues were likely to be 
located on the hydrophilic surface of the channel 
had already been suspected by testing the inter- 
action capacity with ion exchange columns by 
VDAC dissolved with detergents of different 
chemicophysical properties (Palmieri and De 
Pinto, 1989; De Pinto et al., 1990). A fairly good 
homology found in the sequence of the a helix 
of phylogenetically distant VDACs and its par- 
ticular location have led De Pinto et al. (1991b) 
to support the involvement of the strand as a 
voltage sensor. Interestingly, the same number 
of p strands and a similar charge disposition was 
found for each subunit of the porin channel of 
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A 

B 

FIGURE 9. Model of transmembrane arrangement for yeast (A) and human (B) VDAC. (A) A barrel 
consisting of 1 a helix and 12 p strands is proposed for yeast VDAC after site-directed mutations. 
Substitution of boxed residues altered the channel’s selectivity, whereas no change was found for 
mutations at the circled residues (Blachly-Dyson et al., 1990). (From Mannella, C. A., Forte, M., and 
Colombini, M., J. Bioenerg. Biomembr., 24, 7-19, 1992. With permission.) (B) A barrel consisting 
of 16 p strands is proposed for human VDAC afler biochemical and immunological assays (De Pinto 
et al., 1991 b). Note that the N-terminal a helix and the major loops face the cytoplasmic side of the 
membrane. Boxed residues are positively charged and circled residues negatively charged. (From 
De Pinto, V. and Palmieri, F., J. Bioenerg. Biomembr., 24,21-26, 1992. With permission.) For details 
see text. 
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Rhodobacter capsulatus, whose crystal structure 
has been determined down to 1.8 8, (Weiss et 
al., 1991). 

What is the relation of a particular number 
of strands to the overall geometry of the channel? 
As discussed recently by Mannella, Forte, and 
Colombini (1 992), the hypothetical number of 
strands (mainly in the p sheet conformation) that 
would form a cylinder with a fixed C,-backbone 
diameter (for instance, of 3.8 nm, as in Mannella, 
Guo, and Cognon, 1989) can vary somewhat, 
provided that the inclination of the strands with 
respect to the long axis of the channel, assumed 
uniform for simplicity, is also varied. Hence, no 
tilting is required with 23 strands fitting the chan- 
nel wall. Otherwise, a tilt of 35" is necessary for 
about 18 strands and one of 60" if the wall is 
lined by only 13 strands. Of course, the length 
of the cylinder would shorten with the increased 
tilting. According to Peng et al. (1992b), who 
favor the smallest number of total strands (13), 
such a hypothetical decrease in length would re- 
spond nicely to three-dimensional reconstruction 
images of electron micrographs, showing that 
VDAC is, in fact, shorter than the membrane 
(Thomas et al., 1991). Nonetheless, as pointed 
out by Hille (1984), a channel must have a min- 
imum length to ease entrance of ions restricted 
otherwise by the phospholipid barrier. In the case 
of VDAC, the resulting length of 2.2 nm for the 
cylinder (Mannella, Forte, and Colombini, 1992) 
seems perhaps too short to justify its large con- 
ductance. 

Two models have been proposed to depict 
tentatively the structural alterations encountered 
by VDAC when passing from the open to the 
closed state, essentially from the following ex- 
perimental results. The first result is that the volt- 
age sensor is made of positive charges that need 
to move along the entire electric field to account 
for the voltage-dependent closure (Bowen, Tam, 
and Colombini, 1985; Doring and Colombini, 
1985a; Adelsberger-Mangan and Colombini, 
1987; Forte, Adelsberger-Mangan, and Colom- 
bini, 1987). The second result is that on closure 
VDAC undergoes a large change in conductance, 
ion selectivity, and volume concomitant to a dras- 
tic reduction of the pore diameter (Colombini, 
1986, 1989; Benz, 1990; Zimmerberg and Par- 
segian, 1986; Zhang and Colombini, 1990; Lud- 
wig, Benz, and Schultz, 1989; Benz, Kottke, and 

Brdiczka, 1990; Colombini et al., 1987; De Pinto 
et al., 1989). Finally, energy difference between 
the open and closed states is minimal (Bowen, 
Tam, and Colombini, 1985). Consensus over 
these data is widespread except for the location 
of the voltage sensor, which is supposedly intra- 
lumenal in one case or in someway linked to an 
external domain in the other. 

The first model was proposed by Colombini 
(Colombini, 1989; Zhang and Colombini, 1990) 
and supported further by site-directed mutage- 
nesis experiments showing that lysines, crucial 
for voltage gating and selectivity mechanisms (see 
Section 1II.A. l), were part of the wall of VDAC 
pore in the open state (Blachly-Dyson et al., 1989, 
1990) but not after closure (Peng et al., 1991, 
1992a). The transition from open to closed was 
then postulated to occur by a physical dislocation 
of p strands from the interior to the exterior of 
the channel associated with an overall decrease 
of the circumference of the pore wall. 

The second model (Mannella, 1990; Guo and 
Mannella, 1992) stemmed from observations of 
electron microscopic pictures of VDAC whose 
large or reduced diameter could be best corre- 
lated, respectively, with the presence, or the ab- 
sence, of the extended protein arm (see Section 
1II.B. 1). Hence, closure was hypothesized to be 
consequent to the insertion of the flexible arm 
into the lumen of the channel, causing partial 
blockage but not necessarily a decrease per se of 
the outer wall circumference. As a working hy- 
pothesis, in this model the protein arm (or a do- 
main interacting with it) is best identified with 
the voltage sensor, and other data pointing to the 
involvement in the gating process of two super- 
ficially exposed lysines per VDAC monomer (De 
Pinto et al., 1990) corroborate the proposal. 

C. Stoichiometry 

At this point, it should be rather clear that 
the picture of VDAC, emerging from both struc- 
tural and sequence analyses, is that of a barrel 
with a thin wall able to accommodate only a 
single layer of p strands. But, what is the mo- 
lecular stoichiometry of the channel? Interpre- 
tations of almost all biochemical and electro- 
physiological data have long suggested a 
contribution of two subunits to the formation of 
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a functional channel (Colombini, 1986, 1989; 
Linden and Gellerfors, 1983; Mangan and Col- 
ombini, 1987; Holden and Colombini, 1988; 
Zhang and Colombini, 1990; Schein, Colombini, 
and Finkelstein, 1976; Pfaller et al.,  1985; 
Blachly-Dyson et al., 1989, 1990). A strong piece 
of evidence for this hypothesis is the quasi-sym- 
metrical response of VDAC in planar bilayers to 
potential differences of opposite sign (Colom- 
bini, 1986; Benz, 1990) or to the addition to both 
sides of the membrane of natural or synthetic 
effectors (Doring and Colombini, 1985a; Man- 
gan and Colombini, 1987; Holden and Colom- 
bini, 1988; Zhang and Colombini, 1989; Dill, 
Holden, and Colombini, 1987; Benz, Kottke, and 
Brdiczka, 1990; Colombini et al., 1987). This 
was interpreted as an availability of the voltage 
sensor, or of the binding sites for the added mol- 
ecules, to either exposed faces of the channel. 
Thus a dimer, composed of two identical subunits 
but with opposed orientation, seemed the most 
plausible hypothesis (Colombini , 1989; Doring 
and Colombini, 1985b; Blachly-Dyson et al., 
1989, 1990). 

The question of stoichiometry has been ap- 
proached also by calculating the relative surface 
area occupied by VDAC in projected density 
maps, which led Mannella (1986, 1987) to sus- 
pect that the aperture of the pore was too small 
to accommodate two polypeptide chains. Based 
on other arguments, Forte, Guy, and Mannella 
(1987) and De Pinto et al. (1 99 1 b) also favored 
a stoichiometry of 1. Apparently, two additional 
pieces of evidence have recently reinforced such 
a conclusion: the mass per unit area estimated by 
scanning transmission electron microscopy of 
VDAC crystals (Thomas et al., 199 1) and genetic 
manipulations combined with electric measure- 
ments (Peng et al., 1992b). In the latter case, 
experiments were carried out with VDAC ex- 
tracted from yeast strains containing both the wild- 
type gene and a mutant gene altered specifically 
so as to yield functional channels with unaltered 
conductance but with different ion selectivity 
(Blachly-Dyson et al., 1990). With a dimer, the 
expectation was the recording of intermediate se- 
lectivity displayed by the chimeric protein. Fail- 
ure to observe such values has thus been rec- 
ognized as strong proof for a monomeric form 

of the channel (Peng et al., 1992). Yet, a slight 
uncertainty surrounds the validity of this conclu- 
sion, as the possibility of a nonfunctional asso- 
ciation between the wild-type and mutant mono- 
mers was not considered. 

Unequivocal evidence that the molecular 
stoichiometry of VDAC is in fact 1 would un- 
doubtedly represent an important contribution to 
the field of mitochondria1 channels. Thus, the 
implication of such information would allow a 
much more confident construction of the sec- 
ondary structure of VDAC. At the same time, 
however, it could question the validity of the 
interpretation of many electrophysiological data 
as the basis of the proposition of a dimer and, in 
particular, of the symmetric response of VDAC 
to voltages of opposite sign (Figure 4). Indeed, 
it should be considered that symmetric behavior 
is typical of VDAC in planar bilayers but not of 
“patched” mitochondria (Moran et al., 1992). 

In recent work intended to clarify the di- 
verging results obtained with the two methods, 
Mirzabekov et al. (1993) found criteria whereby 
the behavior of the outer membrane in bilayers 
was consistent with that displayed in a pipette 
patch, except for the voltage sensitivity, which 
remained symmetrical. In light of all this, there 
are two possibilities. One is that the VDAC 
monomer harbors two gating sensors [as already 
suggested for the dimeric form (Colombini, 
1989)], each of which responds to the electric 
field of one particular direction only when the 
protein is in planar bilayers. The second is that 
VDAC inserts in bilayers in both directions. As 
naive as this latter possibility may appear, it 
seems, to our knowledge, that its veracity has 
never really been probed thoroughly, despite some 
incongruous data of VDAC in planar bilayers. 
For example, Benz (1990); Colombini (1986); 
Roos, Benz, and Brdiczka (1982); Freitag, Neu- 
pert, and Benz (1982); Fiek et al. (1982); De 
Pinto et al. (1985); and Ludwig et al. (1988) did 
describe an asymmetrical dependence in terms of 
extent and kinetics of closure to potential differ- 
ences of opposite sign, but then these data were 
either not supported sufficiently (Benz, 1990) or 
interpreted as being the result of some imperfec- 
tion in the planar membrane or in the protein 
itself (Colombini, 1983, 1986, 1989). 
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D. Physiology of the Outer 
Mitochondrial Membrane Channels 

Our previous concentration on the structural 
and electric characterization of the outer mem- 
brane should not obscure other observations 
pointing to an involvement of VDAC and of other 
channels in the physiology of mitochondria. The 
most important clues to this issue are now dis- 
cussed. 

7. VDAC as a Controlled Pathway for 
Mitochondrial Metabolites 

The study of the permeability of the outer 
mitochondrial membrane goes back to the 1960s 
(O’Brien and Brierly, 1965; Pfaff et al., 1968), 
if not earlier (Werkheiser and Bartley, 1957), 
when a generalized permeability to small metab- 
olites, except for macromolecules such as cyto- 
chrome c (Wojtczak and Zalustra, 1969), was 
found. At the same time, Parson, Bonner, and 
Verboon (1 965), with electron microscopic in- 
vestigations, found the presence of cavities in 
negatively stained outer membranes of mung bean 
mitochondria [but not of rat liver (Parson, Wil- 
liams, and Chance, 1966)], subsequently iden- 
tified by X-ray diffraction and biochemical char- 
acterization with a 30-kDa polypeptide (Mannella 
and Bonner, 1975a, 1975b). 

Yet, it was only after the discovery of large 
pores with electrophysiological techniques 
(Schein, Colombini and Finkelstein, 1976; Col- 
ombini, 1979) that a closer search for proteins at 
the basis of the outer membrane permeability 
eventually started. Measurements of permeability 
in proteoliposomes showed that polypeptides of 
approximately 30 kDa allowed passage of mole- 
cules with molecular weight of 6 to 8 kDa (Zal- 
man, Nikaido, and Kagawa, 1980; Linden, 
Gellerfors, and Nelson, 1982a) and these cor- 
responded to the channel-forming proteins in 
planar bilayers (see Section III.A.l). VDAC is 
one of the (if not the) most abundant proteins of 
the outer mitochondrial membrane of primitive 
and advanced eukaryotic cells (Mannella and 
Bonner, 1975a; Mannella 1982; Freitag, Neu- 
pert, and Benz, 1982; Forte, Adehberger-Man- 
gan, and Colombini, 1987; Fiek et al., 1982; 
Reizman et al., 1983; De Pinto et al., 1987), and 

the overall weight of evidence from different ap- 
proaches points strongly to this protein as the 
conduit for the exchange of metabolites through 
the outer membrane. Frequently, this function 
has been related to that of porins of the outer 
envelope of Gram-negative bacteria (Benz, 1985). 

The molecular sieving attributed to VDAC 
does not axiomatically imply a relevance to the 
physiology of mitochondria. This would be the 
case if the access to VDAC were regulated so to 
allow, or hinder, the passage of metabolites and 
metal ions essential for mitochondrial processes. 
Evidence accumulated from in vitro experiments 
with planar bilayers argues in favor of such a 
possibility, as the highly conserved voltage-gat- 
ing properties of VDAC cause the induction of 
substantial changes in pore size, permeability, 
and selectivity in response to only discrete dif- 
ferences in the electric environment (see Section 
1II.A. 1). The proof both of these changes also in 
integral mitochondrial suspensions and of the ex- 
istence of a potential difference across the outer 
membrane should be cardinal to this view. 

As one approach to this question, Benz et al. 
(1988) and Benz, Kottke, and Brdiczka (1990) 
treated suspensions of rat liver mitochondria with 
the synthetic negatively charged copolymer 
(Konig’s polyanion) (see Section III.A.1) to as- 
certain whether the impairment of oxidative 
phosphorylation and of several inner membrane 
carriers observed previously in mitochondria in 
the presence of the copolymer (Konig et al., 1977, 
1982) could be reinterpreted on the basis of a 
restricted permeability of adenine nucleotides 
through the outer membrane itself. In fact, ad- 
dition of the reagent to integral mitochondria pre- 
vented activation of the intermembrane-located 
adenylate kinase and creatine kinase by added 
ADP or ATP, respectively. Moreover, polyanion 
inhibited access of intramitochondrially synthe- 
sized ATP to exogenous hexokinase, which is 
supposed to bind to the cytoplasmic side of VDAC 
(Linden, Gellerfors, and Nelson, 1982b; Fiek et 
al., 1982). As parallel experiments in planar bi- 
layers proved that VDAC in the polyanion-in- 
duced closed state was definitively preferring cat- 
ions over anions (Benz, Kottke, and Brdiczka, 
1990), all these results were taken to support the 
notion of the possible regulation of mitochondrial 
metabolism by the outer membrane through 
VDAC permeability changes (Benz et al., 1988; 
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Benz, Kottke, and Brdiczka, 1990; Benz and 
Brdiczka, 1992). 

However, this interpretation contains some 
elements of uncertainty. We have already alluded 
to the risk of inferring that conclusions obtained 
in one system under some conditions are trans- 
portable to others kept under varied experimental 
constraints (see Section III.A.l). In this partic- 
ular case, the fact that the change in selectivity 
(from anionic to cationic) of VDAC by polyanion 
(added on either side of planar bilayers and in 
the presence of a high electric field) made sense 
with the impermeability to negatively charged 
nucleotides of polyanion-treated nonrespiring mi- 
tochondria does not necessarily exclude different 
causes as the basis of a similar phenomenology. 
To overcome this obstacle, Benz et al. (1988) 
proposed that a difference in surface potential 
between the two faces of the outer membrane 
(Benz, 1985) would provide the necessary re- 
quirements for a similar action of polyanion in 
intact mitochondria and planar bilayers. Unless 
more compelling evidence is given, however, it 
is not yet possible to exclude other, perhaps un- 
specific, effects of polyanion on the outer mem- 
brane permeability of the isolated organelle. 

A second impetus for the acceptance of the 
regulation of mitochondrial metabolism by VDAC 
has come from the isolation from the intermem- 
brane space of different eukaryotic mitochondria 
(Neurosporu crussu, potato or rat liver) of a neg- 
atively charged protein that is able to affect, in 
the same way, VDAC derived from other sources 
(Holden and Colombini, 1988; Liu and Colom- 
bini, 1991). This conserved ability was inter- 
preted as a recognition of a crucial role exerted 
by the protein on VDAC. 

Indeed, in planar bilayers, in the presence of 
a negative field at the side of the addition, nano- 
molar quantities produced a strong increase in 
the extent and rate of VDAC closure at high po- 
tential differences and inhibition of the rate of 
the reopening process that is commonly observed 
when voltage is switched from high to low Val- 

ues. A possible binding of the protein to the chan- 
nel was then proposed (Holden and Colombini, 
1988; Liu and Colombini, 1992a). A permeabil- 
ity change of the outer membrane of intact potato 
mitochondria was also attributed to the added 
natural modulator, as oxygen consumption by the 
respiratory chain and activity of adenylate kinase 
did not respond normally to ADP supply (Liu 
and Colombini, 1992b). Although one is forced 
to envisage that the natural protein, present in 
the intennembrane space, is lost or becomes in- 
active during isolation of mitochondria, the dis- 
covery of a natural effector that is able to mod- 
ulate VDAC behavior is certainly of great interest 
and encourages the belief of a controlled per- 
meability of the outer membrane to metabolite 
fluxes. Particularly suggestive is to imagine that, 
in vivo, no membrane potential is needed to 
change the permeability of the outer membrane 
but that the protein has a different capability to 
bind to the channel depending on the prevailing 
metabolic states of the cell. Alternatively, as al- 
ready proposed (Liu and Colombini, 1992a), the 
protein could simply greatly amplify the effects 
of variations of the potential difference across 
the outer membrane. * 

If the latter hypothesis is compatible with the 
electrophysiological experiments, it poses the 
question of how and if the outer membrane can 
maintain a potential difference when ions can 
flow through VDAC, even in the more closed 
states. Still, however unproved, there is no strin- 
gent reason for denying the existence of a small 
membrane potential generated by nondissipative 
processes, such as a Donnan potential, for ex- 
ample, that could be regulated by mechanisms 
like protein phosphorylation, ion binding, etc. 
(Liu and Colombini, 1991, 1992a, 1992b). On 
the other hand, at this stage, other suggestions 
for the existence of an intrinsic membrane po- 
tential due to asymmetry of membranes or of an 
electric coupling between the inner and outer 
membrane (Benz, 1990; Benz and Brdiczka, 
1992) seem more conjectural. 

* A strong indication in favor of the physiological importance of VDAC comes from the recent discovery of multiple 
isoforms of the channel in the human genome. Two of these isoforms (HVDACI and HVDAC2) are found to be expressed 
in many human cell lines and to produce functional channels when expressed in a yeast strain lacking wild-type VDAC 
(Blachly-Dyson, E. ,  Zambrowicz, E. B . ,  Yu, W. H . ,  Adams, V., McCabe, E. R. B. ,  Adelman, J . ,  Colombini, M.,  and 
Forte, M.,  Cloning and functional expression in yeast of two human isofoms of the outer mitochondrial membrane 
channel, VDAC, J .  B i d .  Chem., 268, 1835-1841, 1993). 
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2. VDAC or Other Outer Membrane 
Channels as Path ways for Mitochondria/ 
Precursors 

The majority of mitochondrial proteins are 
encoded by the nuclear genome and synthesized 
on the cytoplasmic ribosomes. Proteins belong- 
ing to the inner membrane bear targeting infor- 
mation either in a region close to the N-terminal 
of the mature protein or in a cleavable N-terminal 
peptide extension (Hartl and Neupert, 1990. See 
also Arizmendi et al., 1992; Walker et al., 1992). 
One of the most intriguing steps in mitochondrial 
biogenesis is the binding of precursors to, and 
their passage across, the two membranes to reach 
the functional destination. A great effort has been 
devoted in the past few years to clarify this com- 
plex process and recent reviews present in detail 
the most probable mechanisms at the basis of 
translocation of proteins (Hartl and Neupert, 1990; 
Pfanner and Neupert, 1990; Baker and Schatz, 
1991; Pfanner et al., 1992). Here, we are con- 
cerned merely with understanding whether, as 
proposed by some, VDAC may be part of the 
import apparatus, given its abundance in the outer 
membrane and the suggestion that translocation 
takes place through water-filled pores (Pfanner 
et al., 1987). 

Mannella and co-workers have investigated 
this possibility by looking at modifications in 
VDAC crystalline arrays induced by apocyto- 
chrome c or by a 20 amino acid synthetic peptide 
corresponding to the presequence of cytochrome 
oxidase subunit IV (Mannella, Ribeiro, and Frank, 
1987; Mannella, 1989; Mannella, Guo, and Dias, 
1992). These electron microscopic studies have 
shown that structural changes occurred in either 
case and that the site of binding for both the 
peptide and apocytochrome c was at the level of 
the protein arms extending laterally from VDAC 
lumen (Mannella, Guo, and Dias, 1992) (see Sec- 
tion IIT.B.l). Whereas such results would indi- 
cate an interaction of the channel with prepro- 
teins, at least under certain conditions, other data 
do not support the notion of a direct involvement 
of VDAC in the translocation of precursors. 

For example, it seems now rather clear that 
in yeast and fungal outer membranes, most pre- 
cursors [including subunit IV of cytochrome ox- 
idase (Eilers, Hwang, and Schatz, 1988)] bind 
to proteinaceous receptors before following a 

common path, represented by insertion into a 
general insertion protein, and subsequent trans- 
location at sites where the two membranes are in 
close vicinity (contact sites). An exception is, 
however, apocytochrome c ,  which enters the in- 
termembrane space without assistance of surface 
receptors (Stuart, Nicholson, and Neupert, 1990). 
In any case, none of the proteins so far found to 
be associated with the outer membrane import 
machinery (a total of seven) can be identified 
with VDAC (Gillespie, 1987; Vestweber et al., 
1989; Baker et al., 1990; Hines et al., 1990; 
Steger et al., 1990; Sollner et al., 1989, 1990, 
1991). 

Another argument against VDAC involve- 
ment comes from electrophysiological experi- 
ments performed with ox adrenal cortex and yeast 
mitochondrial membranes, where a slightly ca- 
tionic channel (see Section III.A.2) was shown 
to be blocked by a synthetic polypeptide com- 
prising the first 12 amino acids of the presequ- 
ence of cytochrome oxidase subunit IV (Henry 
et al., 1989; Thieffry et al., 1992). For this rea- 
son, the channel is named PSC (peptide-sensitive 
channel). Of particular interest here is that a sim- 
ilar block is detected in VDAC-deficient yeast 
mutants @hre et al., 1990; Thieffry et al., 1992). 
Hence, as far as our knowledge of mitochondrial 
biogenesis stands, if a role of VDAC in the import 
process seems improbable, the candidature of PSC 
appears better founded. 

3. VDAC as Part of a Microcompartment 
Essential for Exploitation of 
Mitochondrlai Matrix ATP 

Mitochondria1 contact sites are those regions 
of apposition between the inner and outer mem- 
branes that resist a mechanical or osmotic stress. 
First recognized in thin sectioned mitochondria 
(Hackenbrock, 1968), subsequent freeze-fracture 
studies have shown that these interactions can 
lead to as much as semifusion events (Van Ve- 
netie and Verkleij, 1982; Knoll and Brdiczka, 
1983) and that their frequency depends on the 
functional state of the organelle, maximal under 
active oxidative phosphorylation (Knoll and 
Brdiczka, 1983; Bucheler, Adams, and Brdi- 
czka, 1991). In the light of these features and of 
the short matrix-cytoplasm distance, contact sites 
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have been advocated to play a key role in several 
mitochondrial functions, including regulation of 
peripheral kinases through the population of 
VDAC present in these regions (Adams et al., 
1989). 

More explicitly, the direct link suggested for 
kinases and VDAC functional state (open or 
closed) (see Section 1II.D. 1) would be particu- 
larly relevant in the case of contact sites whose 
extensive electric, biochemical, and immunolog- 
ical characterization has, in fact, described these 
areas enriched of VDAC channels, of hexokinase 
[bound to the cytoplasmic side of VDAC with 
more affinity than elsewhere (Weiler et al., 1985; 
Ohlendieck et al., 1986; Dorbani et al., 1987; 
Kottke et al., 1988)], and of enzymes located 
behind the outer membrane, such as nucleoside 
diphosphokinase, and creatine kinase (Adams et 
al., 1989; Kottke et al., 1988, 1991). Signifi- 
cantly, the adenine nucleotide translocator of the 
inner membrane is also preferentially located in 
these regions (Bucheler, Adams, and Brdiczka, 
1991). Taken together, these data have suggested 
the occurrence of a microcompartment made of 
inner and outer membrane components, the first 
containing the adenine nucleotide translocator and 
the second VDAC, functionally coupled to pe- 
ripheral kinases (Adams et al., 1989; Kottke et 
al., 1988, 1991). 

In the case of mitochondrial creatine kinase, 
the envisaged mechanism in this specialized en- 
vironment, whereby creatine is immediately 
phosphorylated with ATP exported by the ad- 
enine nucleotide translocator, is certainly in line 
with the large body of evidence reported for the 
preferred access of mitochondrial creatine kinase 
to matrix ATP (Jacobus, 1985; Bessman and Car- 
penter, 1985; Jacobus, Moreadith, and Vande- 
gaer, 1983). As for VDAC, the closed cationic 
state induced by the potential difference gener- 
ated by capacitative coupling between the two 
membranes (Benz, 1990; Benz and Brdiczka, 
1992), would permit passage across the outer 
membrane of the positively charged creatine but 
not of the negatively charged adenine nucleotides 
and phosphocreatine. Thus, steady state condi- 
tions between mitochondrial and cytosolic phos- 
phate potentials would be achieved after phos- 
phocreatine flux through the open anionic VDAC, 
placed elsewhere from contact sites, and the ac- 
tivity of the cytosolic creatine kinase (Adams et 

al., 1989; Benz, Kottke, and Brdiczka, 1990). 
If such a model has some support from recent 
data on the structure and localization of the mi- 
tochondrial creatine kinase (Kottke et al., 1991; 
for an updated review see Wallimann et al., 1992), 
the role depicted for VDAC in such a scheme 
would automatically exclude the involvement of 
the channel in the claimed preferential access of 
hexokinase to matrix ATP in contact sites (Benz, 
Kottke, and Brdiczka, 1990), where an open state 
is obviously necessary. This contradiction may, 
however, bear only a relative importance after 
the rigorous reinvestigation of the subcellular lo- 
cation of hexokinase receptors demonstrating that, 
contrary to previous studies (Craven, Goldblatt, 
and Basford, 1969; Linden, Gellerfors, and Nel- 
son, 1982b; Fiek et al., 1982; Dorbani et al., 
1987; Kottke et al., 1988; Felgner, Messer, and 
Wilson, 1979), in normal tissues the hexokinase 
preferentially occupies nonmitochondrial mem- 
brane receptors (Parry and Pedersen, 1984, 1990; 
Arora, Parry, and Pedersen, 1992). Additionally, 
Kabir and Nelson (1991) have shown that in rat 
brain mitochondria hexokinase utilizes external 
ATP more efficiently than ATP from oxidative 
phosphorylation. 

Yet, in rapidly growing and highly glycolytic 
tumor cells, the overexpressed hexokinase does 
associate with an outer mitochondrial membrane 
receptor complex, a constituent of which is VDAC 
(Nakashima, 1989; Nakashimaet al., 1986). This 
interaction per se is sufficient to explain the higher 
resistance of the bound enzyme to product in- 
hibition by glucose-6-phosphate. At the same 
time, if receptors were located at contact sites, 
the proximity of the enzyme active site to VDAC 
would be ideal for hexokinase to utilize effi- 
ciently mitochondrially synthesized ATP, as found 
in tumor cells, simply by the direct permeation 
of ATP through VDAC open channels (Arora and 
Pedersen, 1988). 

4. Association of VDAC wifh Primary 
and Secondary Benzodiazepine 
Receptors and wifh the Plasma 
Membrane 

Recently, several drugs have been demon- 
strated to bind to secondary receptors located in 
mitochondria (for a review, see McEnery, 1992). 
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By testing in mitochondria of neuronal and non- 
neuronal origin drugs belonging to the anxiolytic 
benzodiazepine family, or of their antagonists, a 
few functions have been shown to be affected 
(McEnery, 1992). Among others, steroidogene- 
sis is perturbed, possibly by a hampered transfer 
across mitochondrial membranes of steroid sub- 
strates through the benzodiazepine receptor- 
Therefore, of particular interest to the topic of 
mitochondrial outer membrane channels is the 

depending on the kind of membrane harboring 
the channel (Thinnes, 1992). 

IV. CHANNELS IN THE INNER 
MITOCHONDRIAL MEMBRANE 

A. Elect rop h yslolog lcal C haracterist Ics 
of the Inner Membrane 

report of the identification (Snyder, McEnery, 
and Verma, 1990) and purification (McEnery et 
al., 1992) from rat kidney mitochondria of a mul- 
tisubunit benzodiazepine receptor, apparently 
composed of an 18-kDa protein, the adenine nu- 
cleotide translocator and VDAC, the latter hold- 
ing the drugs recognition site. 

Equally interesting is the finding in mam- 
malian brain of an apparently new member of 
the VDAC protein family associated with the cen- 
tral benzodiazepine receptor that corresponds to 
the heterooligomer y-aminobutyric acid (GABA) 
receptor, type A, known to mediate C1- currents 
(Verdoorn et al., 1990). In fact, one of the poly- 
peptides systematically copurified with the re- 
ceptor major subunits has been demonstrated to 
be a 36 kDa protein, bearing over 70% identity 
with human B lymphocytes VDAC sequence, and 
with the same electric characteristics in bilayers 
as all other VDACs of mitochondrial origin (Bu- 
reau et al., 1992). The functional role of the 
protein remains to be understood. In any case, 
even if a nonmitochondrial location were undis- 
putedly proved, the behavior in neuronal plasma 
membranes of the 36-kDa protein has to be en- 
tirely different from that envisaged to occur in 
the outer mitochondrial membrane, despite the 
striking similarities in planar bilayers. Plausibly, 
a reciprocal modulation with either the GABA,- 
receptor proteins or with some other unidentified 
membrane components must occur (Bureau et 
al., 1992). 

Contrary to the findings of LindCn et al. 
(1984), an extramitochondrial location of VDAC 
has been supported also by cytotoxicity and in- 
direct immunofluorescence studies of the plasma 
membrane of a variety of human cells (Thinnes 
et al., 1989; Konig et al., 1991; Jiirgens et al., 
1991; Thinnes, 1992). This had led to the sug- 
gestion that VDAC could diversify its function, 

Almost all of the electrophysiological studies 
of the inner mitochondrial membrane have been 
carried out by applying the patch clamp technique 
directly to inner membrane vesicles (mitoplasts, 
figure 6B), obtained from mitochondria after re- 
moval of the outer membrane either by osmotic 
shock or French press. Larger vesicles after fu- 
sion of mitoplasts have also been used, and frac- 
tions of the inner membrane reconstituted in li- 
posomes were characterized with the patch clamp 
and in planar bilayers. Several distinct ion chan- 
nels have thus been described on the basis of 
conductance value, voltage dependence, and sen- 
sitivity to added molecules (see Table 2). 

To commence this part of the review, some 
clarification is needed. As generally symmetrical 
150 mM KCl solutions were used, unless oth- 
erwise specified, all data are implicitly referred 
to this ionic condition. Moreover, the sign of the 
reported potential difference is that found in the 
mitochondrial matrix. 

1. Voltage-Dependent 107 pS Channel 

A conductance of 107 pS (mCS, mitochon- 
drial Centum pico-Siemens) was the first de- 
scribed in the inner membrane of mitochondria 
(Sorgato, Keller, and Stuhmer, 1987) (Table 2). 
Originally, it was found by patch clamping liver 
mitoplasts of cuprizone-fed mice (see Section 
III.A.2), but then was found in mitoplasts of 
untreated mice and rat liver, of mice heart, and 
of rat brown adipose tissue, and in reconstitution 
experiments (Klitsch and Siemen, 1991; Petro- 
nilli, Szabo', and Zoratti, 1989; Sorgato et al., 
1989; Moran et al., 1990; Inoue et al., 1991; 
Kinnally et al., 1991). The current range of Val- 
ues attributed to this channel vary from approx- 
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TABLE 2 
Main Single Channel Conductances Found in the Inner Mitochondria1 
Membrane 

Conductance (pS) Voltage 
in 0.15 M salt dependence Selectivity Effectors Ref. 

9.7 No ' Cationic ATP 1' 

107 Yes Anionic Purine nucleo- I*, 2, 3, 
tides (3); Ca2+ 4, 5 
(5) 

4, 6 Unselective Me2+, ADP, > 1000- Yes 
H+ (7,8); 
Ca2+(5,7,8) 

Note: All reported values were obtained by use of the patch clamp technique; 'the 
salt concentration was 100 m M; **the conductance has multiple sublevels. 

1. lnoue et al. (1991), 2. Sorgato, Keller, and Stuhmer (1987), 3. Klitsch and Siemen 
(1991), 4. Petronilli, Szabo', and Zoratti (1989), 5. Kinnally et al. (1991), 6. Kinnally, 
Campo, and Tedeschi (1989), 7. Szabo' and Zoratti (1992), 8. Szabo', Bernardi, 
and Zoratti (1 992). For further details see text. 

imately 90 pS to 130 pS (Sorgato et al., 1989; 
Petronilli, Szabo', and Zoratti, 1989; Moran et 
al., 1990; Antonenko et al., 1991 ; Inoue et al., 
1991; Klitsch and Siemen, 1991; Campo, Kin- 
nally, and Tedeschi, 1992). This variability could 
be due to some methodological cause or, as re- 
cently observed (Ballarin, Sorgato, and Moran, 
unpublished), to an asymmetry of the channel 
itself, resulting in current rectification at negative 
potentials. Possible substates of the mCS channel 
have also been observed, ranging between 30 and 
60 pS (Sorgato et al., 1989; Klitsch and Siemen, 
1991). 

From reversal potential measurements, lhe 
mCS channel was found to be slightly anionic 
[the permeability ratio of C1- over K+ being 4.5 
(Sorgato, Keller, and Stuhmer, 1987)], a feature 
confirmed by Klitsch and Siemen (1991). Yet, 
the strongest characteristic is the voltage depen- 
dence. When the electric behavior of the entire 
inner membrane is analyzed (as with a whole 
mitoplast configuration, Figure lOA), the quies- 
cent current at negative potentials increases im- 
portantly with membrane depolarization (Sor- 
gato, Keller, and Stiihmer, 1987; Sorgato et al., 
1989; Klitsch and Siemen, 1991; Moran and Sor- 
gato, 1992). This voltage dependence is retained 
by the mCS channel (Figures IOB, C) (Sorgato, 
Keller, and Stuhmer, 1987; Sorgato et al., 1989; 

Moran et al., 1990; Klitsch and Siemen, 1991; 
Inoue et al., 1991; Antonenko et al., 1991; 
Campo, Kinnally, and Tedeschi, 1992) so as to 
justify the conclusion that this conductance is the 
major factor responsible for the electric behavior 
of the whole inner membrane (Sorgato, Keller, 
and Stuhmer, 1987; Sorgato et al., 1989; Klitsch 
and Siemen, 1991; Moran and Sorgato, 1992). 
A similar sigmoidal curve obtained for the open 
probability of the mCS channel and for the mac- 
roscopic current at different voltages is a further, 
important support of this conclusion (Ballarin, 
Sorgato, and Moran, 1993). 

The kinetic analysis of single channels has 
allowed more than one open and closed state to 
be ascribed to the mCS conductance. In fact, the 
typical bursts of activity of variable duration per 
se are indicative of the existence of at least two 
closed states (Sorgato, Keller, and Stiihmer, 1987; 
Klitsch and Siemen, 1991; Antonenko et al., 
199 1 ; Campo, Kinnally, and Tedeschi, 1992; 
Ballarin, Sorgato, and Moran, 1993). To quantify 
them, analysis of the distribution of the open and 
closed times has been carried out at opposite 
potential differences. At positive potentials, the 
open distribution has been characterized by a sin- 
gle exponential of 6.9 ms (at 60 mV: Sorgato, 
Keller, and Stuhmer, 1987) and of 52 ms (at 40 
mV: Ballarin, Sorgato, and Moran, 1993) or by 
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FIGURE 10. Current traces recorded from the inner mem- 
brane of mitochondria with the patch clamp technique. (A) 
Steady state current-voltage relation in a whole mitoplast patch. 
(B) Steady state current-voltage relation in a mitoplast-at- 
tached patch, showing the gating properties of a single chan- 
nel. (C) Records of the 107 pS channel at different voltages, 
from a mitoplast-attached patch. Note the higher open prob- 
ability at potential differences of positive sign. Recordings 
were obtained from mouse liver mitoplasts in symmetrical 
150 mM KCI, 0.1 mM CaCI,, 20 m M  Hepes-KOH (pH 7.2). 
The sign of the voltage (V) refers always to the interior of the 
vesicle. (Reprinted by permission of Nature, 330, 498-500; 
Copyright 0 1987 Macmillan Magazines Limited.) 

two exponentials of 0.75 and 58 ms, respectively 
(at 50 mV: Klitsch and Semen, 1991). Possibly, 
the very fast component detected in the latter 
report (with brown adipose tissue mitoplasts) 
might have escaped detection in the other works 
(with liver mitoplasts) because of the lower band- 
width used in data analysis. In any case, it is the 
slower time constant that is markedly voltage- 
dependent as it decreases more than sixfold when 

the potential is made negative (Klitsch and Sie- 
men, 1991; Ballarin, Sorgato, and Moran, 1993). 
Although more variable, other observations on 
the mean open time are consistent with this out- 
lined trend (Antonenko et al. * 199 1; Campo, Kin- 
nally, and Tedeschi, 1992). 

For the closed time distribution, two rather 
fast constants (of 0.17 and 1 ms) were found in 
brown adipose mitoplasts that, however, showed 
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very little voltage sensitivity (Klitsch and Sie- 
men, 1991). Conversely, a fast component, of 
between 0.5 and 2 ms, independent of the sign 
of the potential difference, was identified in liver 
mitoplasts, as well as a slow component, the 
value of which increased with increasing polar- 
ization, from approximately 40 ms at 40 mV to 
around 10 s at -30 mV (Sorgato, Keller, and 
Stiihmer, 1987; Ballarin, Sorgato, and Moran, 
1993). 

In addition to these determinations, the ob- 
servation stands of different periods of time nec- 
essary to activate or deactivate the channel. This 
is evident when applying voltage steps from neg- 
ative to positive values or vice versa. Hence, if 
the applied potential is changed from negative to 
positive full activation of the membrane patch 
takes longer, the more negative is the starting 
potential (from a few seconds to tens of seconds) 
(Sorgato, Keller, and Stiihmer, 1987; Klitsch and 
Siemen, 1991; Ballarin, Sorgato, and Moran, 
1993). In contrast, by switching from positive to 
negative potentials, the decrease of activity is 
immediate with a time constant of the order of 
msec (see, for example, Figure 3A of Sorgato, 
Keller, and Stiihmer, 1987 or Figure 5 of Bal- 
larin, Sorgato, and Moran, 1993). 

In view of these observations, it is possible 
to hypothesize a linear scheme for the transitions 
of the mCS channel to the various conductance 
states (Ballarin, Sorgato, and Moran, 1993). One 
or, perhaps two, open states and several closed 
states are envisaged, as any of the closed con- 
formations are influenced differently by the po- 
tential sign. When the potential from negative is 
switched to positive, the time needed for the 
channel to finally reach the open state will clearly 
depend on the closed starting state determined 
by the magnitude of the negative potential, 
whereas the reverse transition, from the open to 
the closed state, will be almost immediate. 

The mCS channel has been tested with a va- 
riety of drugs, some of pharmacological interest, 
some because of their known interaction with the 
inner membrane of mitochondria. Of the latter 
molecules, which include quinine (Sorgato, 
Keller, and Stuhmer, 1987), cyclosporine A 
(Szabo’ and Zoratti, 1991, 1992; Szabo’, Ber- 
nardi, and Zoratti, 1992), oligomycin, N, N’- 
dicyclonexylcarbodiimide , and bongkrekic acid 
(Sorgato et a]., 1989), only antimycin A, a blocker 

of the activity of the respiratory chain (van Keu- 
len and Berden, 1985), was found to affect the 
channel (Campo, Kinnally, and Tedeschi, 1992). 
At micromolar concentrations, the action of an- 
timycin A was reversible [contrary to its effect 
on the respiratory chain proteins (Slater, 1973; 
van Keulen and Berden, 1985)], and dose de- 
pendent. Antimycin A also markedly decreased 
the mean open probability at positive potentials. 
As the single channel conductance remained un- 
altered, but not the mean duration of the open 
state, antimycin A was imputed to diminish the 
sensitivity to voltage of the channel voltage sen- 
sor (Campo, Kinnally, and Tedeschi, 1992). 

Substances, some of which affect channels 
of certain plasma membranes, have been tested 
to establish whether there exists a relationship 
between the mCS conductance with the better 
known plasma membrane channels. 4-4’-Diiso- 
thiocyanatostilbene-2,2‘-disulfonic acid (White 
and Miller, 198 I), decamethonium (Albuquer- 
que, Daly, and Wamick, 1991), Zn2+ (Stanfield, 
1970), Gd3+ [an inhibitor of pressure activated 
channels (Yang and Sachs, 1989)l had no effect 
(Sorgato et al., 1989). Conversely, Antonenko 
et al. (1991) observed complex modifications on 
the mCS channel by cationic amphiphiles such 
as amiodarone (an antiarrythmic) and propranolol 
(a P-blocker) in that the single channel conduct- 
ance increased by 40% concomitant with a drastic 
reduction of the mean open state probability at 
positive potentials. Amiodarone and propranolol 
are known to interact with an inner mitochondrial 
membrane protein called anion channel (Beavis, 
1989) (see Section IVB) and also to block Ca2+ 
and Na+ plasma membrane channels (Kolhardt 
and Fichtner, 1988; Nishimura, Follmer, and 
Singer, 1989). However, as these effects are dif- 
ferent from those observed on the mCS channel, 
either a direct action takes place (Campo, Kin- 
nally, and Tedeschi, 1992) or an unspecific per- 
turbation at the protein-lipid interaction may be 
expected for their lipophilic character (Seeman, 
1972). 

Whereas the mCS channel is largely unaf- 
fected by variations of 3 pH units (from 6 to 9) 
on the matrix or cytoplasmic side of the channel- 
containing membrane (Sorgato, Keller, and 
Stiihmer, 1987), a possible modulation by Ca2+ 
is not yet clarified. According to Kinnally et al. 
(1991), to detect the channel, it is necessary, but 
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sometimes not sufficient, to use Ca2+-free media 
during isolation of mitochondria and mitoplasts . 
Indeed, the best way to activate the mCS channel 
irreversibly was found by having Caz+ present 
during the preparation of mitoplasts and to re- 
move it afterwards with EGTA washings. On 
other observations, inactivation of the channel 
was attributed to Caz+ acting on the cytoplasmic 
side of the inner membrane, probably by inter- 
action with an unidentified regulatory protein, 
whereas, once activated, CaZ + would inhibit the 
mCS channel from the matrix side. 

This complex scheme of modulation is ap- 
parently contradicted by the finding of mCS ac- 
tivity in mitoplast irrespective of the presence 
(Klitsch and Siemen, 1991; Petronilli, Szabo', 
and Zoratti, 1989; Szabo', Bernardi, and Zoratti, 
1992) or absence (Sorgato, Keller, and Stuhmer, 
1987; Sorgato et al., 1989) of Caz+ chelators and 
by the invariant features retained on selective 
decrease or increase of the CaZ+ content of the 
medium used in the patch clamp experiments 
(Sorgato, Keller, and Stiihmer, 1987; Sorgato et 
al., 1989; Klitsch and Siemen, 1991; Szabo' and 
Zoratti, 1992; .Szabo', Bernardi, and Zoratti, 
1992). Therefore a final adjudication on the cause 
of mCS silent patches, commonly experienced 
by many laboratories (Sorgato, Keller and 
Stuhmer, 1987; Kinnally et al., 1991; Klitsch and 
Siemen, 1991; Szabo' and Zoratti, 1991), seems 
not possible in the light of these results. At all 
events, Campo, Kinnally, and Tedeschi (1992) 
and Kinnally, Antonenko, and Zorov (1992) have 
viewed their observations on the action of Ca2+, 
antimycin A, and the cationic amphiphiles as sup- 
porting a nonlinear model for the mCS activity, 
in which a few functional states have been intro- 
duced by necessity. 

According to Szabo' and Zoratti (1992), nei- 
ther mM Mg2+ nor p M  ADP modify the mCS 
behavior with access available on the matrix side, 
and Inoue et al. (1991) showed similar lack of 
effect by mM ATP concentrations. Conversely, 
Klitsch and Siemen (1991) reported important 
decreases, partially reversible, of the current me- 
diated by a whole mitoplast patch on micromolar 
additions of adenosine and guanosine tri- and 
diphosphate, as well as of guanosine monophos- 
phate. However, as for preparation of mitoplast, 
the membrane is necessarily stretched. It is de- 
batable whether, in this latter case, the site of 

action of nucleotides can be safely attributed to 
only the cytoplasmic side of the membrane. 

Reconstitution experiments for identifying the 
protein responsible for the mCS conductance have 
been carried out with an inner membrane fraction 
isolated from ox heart mitochondria by its in- 
corporation first in planar bilayers (Stuhmer et 
a]., 1988), then in liposomes sufficiently en- 
larged for patch clamp experiments (Sorgato et 
al., 1989; Moran et al., 1990). Channels similar 
to those observed in situ were detected, especially 
in the latter case. Such successful reconstitution, 
which involves careful dehydration-rehydration 
steps (Criado and Keller, 1987), was then ex- 
tended to either the whole inner membrane or to 
both mitochondrial membranes, with similar pos- 
sibilities of detection of the mCS conductance 
(Moran et al., 1992). A slightly higher conduct- 
ance (130 to 140 pS), sometimes retaining the 
strong mCS voltage dependence, was also re- 
ported in proteoliposomes with a mitochondrial 
hction containing a much lower number of bands 
than reported before (Costa, Kinnally, and Di- 
wan, 1991; Paliwal, Costa, and Diwan, 1992), 
which certainly renders highly promising the ef- 
forts for the final isolation of the protein respon- 
sible for mCS activity. 

2. Low Conductance Channels 

A plethora of conductances S 50 pS have 
been described for the inner membrane, as either 
substates of the mCS channel, previously men- 
tioned, or distinctive entities in reconstituted (Mi- 
ronova et al., 1981; Moran et al., 1990; Costa, 
Kinnally, and Diwan, 1991; Paliwal, Costa, and 
Diwan, 1992) or in in situ experiments (Anto- 
nenko, Kinnally, and Tedeschi, 1991; Inoue et 
al., 1991; Moran et al., 1992). Of these, an ex- 
quisitely K+ -selective channel, with no clear 
voltage dependence and of 9.7 pS conductance 
(with 100 mM K+ in the pipette and 33.3 mM 
K +  plus 66.7 mMNa+ in the bath), was observed 
in large vesicles obtained by fusion of liver mi- 
toplasts (Inoue et al., 1991). This small con- 
ductance has a particular relevance for its sen- 
sitivity to drugs and physiological effectors (Table 
2). In fact, the specific inhibition by mM ATP 
or by 4-aminopyridine (Meves and Pichon, 1977) 
and glybenclamide (Sturgess et al., 1985), block- 
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ers of the plasma membrane K +  channel, have 
allowed the suggestion of a link with the ATP- 
sensitive K +  channel family described for some 
cell membranes (Bean and Friel, 1990; Ashcroft, 
Harrison, and Ashcroft, 1984). 

Other low conductances (15 to 70 pS in 150 
mM KCl) were found in liver mitoplasts asso- 
ciated with an increase of membrane current orig- 
inating specifically on alkalinization of the ma- 
trix side (Antonenko, Kinnally, and Tedeschi, 
1991). The specificity of the current and the in- 
hibition by low pH, increasing Mg2+, or by cat- 
ionic amphiphiles and tributyltin can be judged 
sufficient criteria for distinguishing it from that 
mediated by the 9.7 pS ATP-sensitive channel. 

A focused search for channel-forming pro- 
teins of the inner mitochondria1 membrane has 
just begun. The first evidence for a mitochondrial 
channel other than VDAC, however, came in 
1981, when Mironova et al. showed in planar 
bilayers K’ currents induced by an ethanol-ex- 
tracted mitochondrial protein of about 60 kDa. 
On average, voltage-dependent conductance am- 
plitudes were multiples of 24 ps  (in 100 mM 
KCI), with the most frequent being 175 pS tran- 
sitions. Given the high selectivity for K + ,  this 
activity was then tentatively attributed to the 
mitochondrial K + transporting systems. More re- 
cently, patch clamp experiments of liposomes 
containing a 57-kDa protein (isolated from de- 
tergent-solubilized submitochondrial particles 
chromatographed on immobilized quinine) 
showed a 40 pS channel (in 150 mM KCl), with 
no apparent voltage-gating properties (Paliwal, 
Costa, and Diwan, 1992). Of interest is its re- 
semblance to low conductances detected in mito- 
plasts (Kinnally, Campo, and Tedeschi, 1989; 
Moran et al., 1992) and in proteoliposomes con- 
taining a contact sites-enriched fraction (Moran 
et al., 1990). 

3. nS Channel Activity with Multiple 
Substates 

Along with the mCS channel, much higher 
conductances have been reported to be harbored 
in patches of the inner membrane. Kinnally, 
Campo, and Tedeschi (1989) and Petronilli, 
Szabo’, and Zoratti (1989) first reported peak 
conductances in mouse and rat liver mitoplasts 

of 1 to 1.3 nS , accompanied by multiple substates 
broadly covering the range < 0.1 to 1 .O nS, with 
a 550 pS as the predominant level. In either re- 
port, the frequent simultaneous presence in a patch 
of this multifarious behavior was taken to indicate 
that it might be the expression of a same phe- 
nomenon and was therefore referred to as multi- 
conductance channel (Kinnally et al., 1991) or 
mitochondrial megachannel (Szabo’ and Zoratti, 
1991). After an initial divergence, it now appears 
that the peak state often gets stabilized by neg- 
ative potential differences, whereas at positive 
voltages the open probability of the several sub- 
states increases (Petronilli, Szabo’ , and Zoratti, 
1989; Campo, Kinnally, and Tedeschi, 1992; Zo- 
rov, Kinnally, and Tedeschi, 1992; Zorov et al., 
1992; Kinnally, Antonenko, and Zorov, 1992). 

Not all observations made by the two groups, 
however, adhere to a single pattern of behavior. 
Besides attribution of widespread unselectivity 
(Szabo‘ and Zoratti, 1992) or of a slight cationic 
preference proved for some sublevels (Kinnally, 
Campo, and Tedeschi, 1989), the major discrep- 
ancy lies with the role of Ca” present during or 
after isolation of mitochondria. More particu- 
larly, Kinnally et al. (1991) demonstrated the 
necessity for pM CaZ+ concentrations during the 
isolation of mitochondria and mitoplasts to ac- 
tivate irreversibly the multiconductance channel 
from the cytoplasmic side of the membrane (in 
96% of the cases). Chelation of the ion or ex- 
posure to it of the matrix side of the inner mem- 
brane (as in excised patches) would otherwise 
cause blockage of activity. On the other hand, 
data presented by Petronilli, Szabo’, and Zoratti 
(1989), Szabo’ and Zoratti (1991, 1992), and 
Szabo‘, Bernardi, and Zoratti (1 992) do not agree 
with the postulated requirement for free Ca2+ in 
mitochondral isolation buffers (which contain 
EGTA). Still, when present in the patch clamp 
experimental medium (by acting most probably 
on the matrix side), 100 p M  Ca2+ can give rise 
to as much as 70% patches with megachannel 
activity (Szabo’ and Zoratti, 1991). Further ad- 
ditions of similar quantities either increase the 
conductance of already active membranes or 
awake silent patches (Szabo’ and Zoratti, 1992; 
Szabo’, Bernardi, and Zoratti, 1992). 

Apparently, voltage steps higher than +_ 60 
rnV can replace Ca2+ in inducing a progressive 
increase of dpening transitions to the final con- 
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ductance of 1 nS, if not higher, of patches of 
heart and liver inner membranes. Under these 
conditions, alternative modes of behavior have 
been identified (Zorov et al., 1992; Campo, Kin- 
nally, and Tedeschi, 1992; Zorov, Kinnally, and 
Tedeschi, 1992). These include strong depen- 
dence of the multiconductance activity on voltage 
and long stability of the open or closed states, 
usually at negative and positive voltages, re- 
spectively; fast openings and closures at a min- 
imum of nine conductance levels; a combination 
of these two modes (as already seen by Petronilli, 
Szabo’, and Zoratti, 1989), whereby negative 
voltages would induce long lasting openings and 
positive voltages causing frequent transitions to 
lower conductance levels. Two gating behaviors 
could then be singled out, interconverting spon- 
taneously or by voltage changes (Zorov et al., 
1992). Interestingly, the same stepwise decrease 
of the peak current induced by voltage is also 
observed with various drugs such as amiodarone, 
propranolol and quinine (Antonenko et al., 1991; 
Zorov et al., 1992), antimycin A (Campo, Kin- 
nally, and Tedeschi, 1992), and cyclosporine A 
(Szabo’ and Zoratti, 1991; Zorov, Kinnally, and 
Tedeschi, 1992). 

In front of the observation of nS activity of 
mitoplasts, it seems necessary to address the 
question of the coexistence in an inner membrane 
patch of the mCS channel with this large set of 
high conductances, provided by some (Petronilli, 
Szabo’, and Zoratti, 1989; Kinnally et al., 1991; 
Szabo‘ and Zoratti, 1991, 1992; Kinnally, An- 
tonenko, and Zorov, 1992; Szabo’ , Bernardi, and 
Zoratti, 1992) but denied by others (Sorgato, 
Keller, and Stuhmer, 1987; Sorgato et al., 1989; 
Inoue et al., 1991; Klitsch and Siemen, 1991), 
who reported most frequent conductances of S 
1 0 0  pS, of mCS, or of maximally 200 pS. De- 
tailed inspection of the methods used to prepare 
mitochondria and mitoplasts, and of other tech- 
nical steps required to warrant the recording of 
the high current transitions, apparently confirms 
that lack of detection should not be caused by 
methodological differences. Two other pieces of 
evidence support this difficulty. One is the be- 
havior of the macroscopic current of the inner 
membrane that most probably reflects the voltage 
dependence of mCS single channels (see Figure 
10). The other comes from reconstitution exper- 
iments where high conductances are infrequent, 

voltage independent, and without any clear co- 
operative pattern (Sorgato et al., 1989; Moran et 
al., 1992; see Section 1V.B). 

4. Electrophysioloqy of a Fraction 
Enriched in Contact Sites 

Moran et al. (1990) patch clamped proteo- 
liposomes containing a membrane fraction iso- 
lated from rat brain mitochondria (Sandri, Siagri, 
and Panfili, 1988) whose biochemical features 
could be ascribed to contact sites (Kottke et a]., 
1988). Electron microscopy of this preparation 
shows double-membrane vesicles with points of 
adhesion as well as mitoplasts with large rem- 
nants of the outer membrane tightly connected to 
the inner one (Moran and Sorgato, 1992). In con- 
trast to the clear picture obtained by patch clamp- 
ing the inner membrane in situ (Sorgato, Keller, 
and Stuhmer, 1987), the electric analysis of the 
contact sites proteoliposomes was by far less uni- 
form. A whole range of small conductances, from 
6 to around 40 pS, was identified, along with 
much higher conductances, the most frequent 
being of 475 and 550 pS. Interestingly, a 535 pS 
conductance was also found in proteoliposomes 
containing the isolated outer membrane (Moran 
et al., 1992) and is considered the predominant 
substate of the 1 to 1.3 nS peak conductance of 
the inner membrane (Petronilli, Szabo’, and Zor- 
atti, 1989; Zorov et al., 1992). Neither the 475 
nor the 550 pS channel showed voltage gating, 
but the 475 pS frequently could be distinguished 
by transitions to two sublevels, of 245 and 373 
pS, respectively. Rarely, higher currents were 
observed, with maximal conductance of approx- 
imately 1 nS, again lacking control by voltage. 

8. Physiology of the Inner Mitochondria1 
Membrane Channels 

A very tight control of the permeability of 
the inner membrane of mitochondria is crucial to 
the validity of the chemiosmotic tenets of energy 
transduction (Mitchell, 1966). The concept, 
however, that ATP production and other essential 
functions are based on exploitation of the elec- 
trochemical proton gradient maintained across the 
inner membrane a priori should not bias one neg- 
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atively against the hypothesis of the presence of 
ion channels in the inner membrane. Understand- 
ably, a critical attitude may stem from the dif- 
ficulty in imagining a physiological role for the 
high ion fluxes mediated by most inner mem- 
brane channels, which in principle would rapidly 
provoke depolarization and disruption of energy- 
linked membrane functions. It should be noted, 
however, that in almost all cases, voltage or mito- 
chondrial components have been shown to pre- 
vent opening of the channels under the conditions 
pertinent for ATP synthesis (see Sections 1V.A. 1 
and IV.A.2 and following). On the other hand, 
as far as our knowledge stands, the in vitro de- 
termined electrophy siology may be somewhat 
deceiving. Matrix or intermembrane regulators, 
or other vital connections such as the cytoskel- 
eton (Linden et al., 1989; Lin, Krockmalnic, and 
Penman, 1990), forcedly removed during mito- 
plasts preparation, could modify the electric be- 
havior of the inner membrane in the intact or- 
ganelle. Moreover, if the role of these channels 
were not axiomatically linked to permeation of 
ions as for classical excitable elements, then no 
incompatibility with mitochondria1 bioenergetics 
would exist. 

These arguments seem tenable, particularly 
with respect to the mCS channel found in a few 
mammalian tissues (liver, heart, and brown adi- 
pose tissue), whose functional identity is well 
established and is distinguishable by many cri- 
teria from the other conductances of the inner 
membrane (see Section N.A. 1). The channel is 
inoperative at the high negative membrane po- 
tentials sustained by mitochondria, and thus the 
interesting challenge is to discover if and why it 
becomes active under nonphysiological voltages, 
or if there are interactions with modulators able 
to overcome the voltage-dependent closure and 
consequently ensure operation at more physio- 
logical membrane potentials. Clearly, there is no 
plausible reason why mitochondria should main- 
tain an inoperative protein. Even if we are some 
way from understanding the ruison d’etre of this 
channel, there are grounds for optimism. For ex- 
ample, translocations of macromolecules (Vest- 
weber and Schatz, 1989; Baker and Schatz, 1991; 
Pfanner et al., 1992) and/or gap junction-like 
physical connections within cardiac mitochondria 
(Amchenkova et al., 1988) could plausibly ex- 
ploit the powerful conduits represented by water- 

filled pores (Blobel, 1980; Blobel and Dobber- 
stein, 1975; Singer, Maher and Yaffe, 1987). 

If mCS channels represented the contribution 
of the inner membrane to the transport machinery 
of macromolecules and if import occurred at the 
limited number of contact sites apparently exist- 
ing in a mitochondrion (Rassow et al., 1989), 
then it makes sense to find them closed at phys- 
iological voltages in swollen mitoplasts without, 
or possibly with damaged, intermembrane junc- 
tions. Recent models for translocation of mito- 
chondrial precursors through these regions where 
the perfect alignment of the two distinct halves 
of the import apparatus is dynamic (Hwang, 
Wachter, and Schatz, 1991; Pfanner et al., 1992), 
would be consistent with this hypothesis, which 
is also corroborated by the lack of a mCS con- 
ductance as such in proteoliposomes presumably 
containing integral contact sites (Moran et a]., 
1990; but see Moran and Sorgato, 1992). Avail- 
able experimental evidence is undoubtedly in- 
sufficient for substantiating this hypothesis, but 
the recent demonstration of an endoplasmic re- 
ticulum channel involved in protein translocation 
(Simon and Blobel, 1991) is a good precedent 
for pursuing it. Vice versa, if the mCS channels 
were part of low resistance junctions observed to 
connect mitochondria (Amchenkova et al., 1988) 
and visualized to transmit in the long distance A 
pH+ in organelle clusters (Skulachev, 1990), then 
the high open probability of the mCS channel at 
0 mV finds an automatic explanation in the lack 
of electric difference across the connecting junc- 
tions. 

Other functions for the mCS conductance, 
such as heat producer, has been recently denied 
by Klitsch and Siemen (1991). These authors 
have demonstrated that the channel is present in 
mitoplasts of brown adipose tissue, but that it is 
distinct from the uncoupling protein responsible 
for the nonshivering thermogenesis (Nicholls, 
Cunningham, and Rial, 1986). Similarly to the 
role postulated for the ATP-sensitive K+-selec- 
tive 9.7 pS conductance, which becomes oper- 
ative under the stressed condition of low content 
of matrix ATP (Inoue et al., 1991), Klitsch and 
Siemen (1991) have suggested a role in volume 
regulation for the mCS channel. Mitochondria 
are known to possess efficient apparatus for 
maintaining volume homeostasis, which possibly 
include the electrophoretic activity of an anion 
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transporter (for reviews see Garlid and Beavis, 
1986; Beavis, 1992). The physiological effectors 
found to regulate this protein (pH, Mg*+), how- 
ever, have no such action on the mCS conduct- 
ance, which therefore, unless differently sus- 
tained, must be regarded as a separate protein 
even if with a putative similar function. Rather, 
the current activated by alkaline pH and Mg2+ 
depletion (Antonenko, Kinnally, and Tedeschi, 
1991) has a higher probability of identity with 
this anion uniporter. 

A different line of reasoning is applicable for 
the much larger conductances, observed to ag- 
gregate together also with varying stoichiometry 
at physiological potentials to yield preferentially 
the 1 to 1.3 nS conductance (Kinnally, Carnpo, 
and Tedeschi, 1989; Petronolli, Szabo' , and Zor- 
atti, 1989). Because of the opposite results on 
the timing and side of action of Ca2+ in the ac- 
tivation process of this phenomenon, two inter- 
pretations have been put forward. Based primar- 
ily on the consequence of the presence or the 
absence of Ca2+ during mitoplasts preparation 
(Kinnally et al., 1991) and on the relevance of 
Ca2+ for the structural integrity of contact sites 
(Sandri, Siagri, and Panfili, 1988), Kinnally, An- 
tonenko, and Zorov (1992) have favored an asso- 
ciation of the high current transitions either to 
whole contact sites (with channels of the inner 
and outer membrane working in tandem) or only 
to the inner membrane component present outside 
the regions of close membrane apposition. 

On the other hand, study of factors able to 
regulate the nS transitions in mitoplast patches 
has allowed Szabo' and Zoratti (1991, 1992) and 
Szabo', Bernardi, and Zoratti (1992) to propose, 
with circumstantial arguments, the identification 
of the mitochondrial megachannel activity with 
the permeability transition pore, long suspected 
to mediate uncoupling of oxidative phosphory- 
lation (with loss of volume homeostasis capacity 
and matrix content) in mitochondria damaged by 
a variety of agents (for a recent review on the 
subject, see Gunter and Pfeiffer, 1990). Indeed, 
the dramatic acceleration of the permeability pro- 
cess observed in mitochondrial suspensions (first 
treated with the perturbing agent phenylarsine 
oxide) on Ca2+ addition, and the competitive ac- 
tion of divalent metal ions, of small acidic tran- 
sitions, and of the specific inhibitor cyclosporin 
A in delaying or inhibiting this process (Bernardi 

et al., 1992), compare well with the varied open- 
close probability of the megachannel of a Ca2+- 
treated patch in the presence of the above factors, 
of Ca2+ chelators, and ADP (Szabo' and Zoratti, 
1992; Szabo', Bernardi, and Zoratti, 1992). 
Clearly, this large and unspecific permeability 
demands pathological events, the reoxygenation- 
induced tissue injury, for example (Crompton and 
Costi, 1988, 1990; Halestrap and Davidson, 
1990), given that the physiological matrix con- 
centration of ADP, Mg2+, and protons are in the 
right range for ensuring closure of the pore (Szabo' 
and Zoratti, 1992; Szabo', Bernardi, and Zoratti, 
1992). 

Matrix Ca2+ overload plays a major role in 
inducing or stimulating the process of generalized 
mitochondrial permeability (Gunter and Pfeiffer, 
1990). Exposure of mitoplasts to about 100 pM 
Ca2 + before electric recordings fulfills the ex- 
pectations for the finding of the megachannel 
activity (Szabo' and Zoratti, 1991, 1992; Szabo', 
Bernardi, and Zoratti, 1992). Similar to the evi- 
dence with mitochondrial suspensions (Haworth 
and Hunter, 1979; Bernardi et al., 1992), the 
opening of the pore also in a patch has an all-or- 
nothing character (Szabo', Bernardi, and Zoratti, 
1992), which implies a tightly coordinated pro- 
cess in ensuring the opening of the pore. Plau- 
sibly, this could be due to protein association (as 
in Fagian et al., 1990) or to the simultaneous 
activation of crucial factors. All of these results 
thus render puzzling the incapability of some in- 
ner membrane patches to show ns transitions in 
the presence of high Ca2+ levels (see Section 
IV.A.3). Hence, unless other explanations are 
placed on these discrepant observations, one may 
tentatively suggest that some membranes are par- 
ticularly refractory to such type of damage. 

V. CONCLUSIONS AND PERSPECTIVES 

Undoubtedly, much progress has been 
achieved as a result of the electrophysiological 
studies of the inner and outer mitochondrial mem- 
branes. Nevertheless, many questions remain un- 
answered. 

Research is clearly more advanced for the 
first discovered outer membrane channel, WAC, 
for which important structural, molecular, and 
biochemical information is available. Now that 
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the molecular stoichiometry appears known, 
strategies of genetic engineering will certainly 
expedite the understanding of how the channel 
operates. However, the functional picture of the 
outer membrane that is emerging from recent 
studies is certainly different and more complex 
than that provided by classic experiments with 
planar bilayers. It poses questions as to the be- 
havior of the outer membrane in situ and indicates 
that conductances other than VDAC play some 
roles in the physiology of the membrane. In any 
case, the possible association of VDAC with re- 
ceptors in mitochondria and the presence of 
VDAC-like proteins in the mammalian plasma 
membrane indicate that there may be diversified 
functions and modes of regulation belonging to 
this channel. 

Inevitably, application of the patch clamp 
technique to mitochondria has taken its electro- 
physiological analysis to another level, allowing 
the study of membranes (especially the outer) 
under conditions unexpectedly close to physio- 
logical. Thanks to this technique, the inner mem- 
brane has also been shown to harbor several con- 
ductances, some of which may be linked to 
physiological roles, whereas some may be in- 
duced by pathological events. The exact function 
and the molecular identity of proteins responsible 
for these conductances are as yet unknown, but 
information is growing steadily. The likely pos- 
sibility of an early identification of these proteins 
and the putative assignment of the 9.7 pS con- 
ductance to the plasma membrane family of ATP- 
sensitive K + -channels encourage optimism for 
the future. In any case, it is clear that, despite 
its recent advent, mitochondrial electrophysiol- 
ogy has disclosed unexpected features of trans- 
port systems occurring in the organelle and rein- 
forced the recognition of the widespread location 
of highly conductive channels in membranes not 
involved in rapid electric signaling. 

ACKNOWLEDGMENTS 

The work carried out in the authors’ labo- 
ratories was funded in part by grants of the Con- 
siglio Nazionale delle Ricerche and of the Min- 
istero dell’ Universit6 e della Ricerca Scientifica 
e Tecnologica of Italy. The authors thank all those 
colleagues available to open discussions and those 

who critically read the manuscript. In particular, 
graditude is expressed to Dr. Cristina Ballarin for 
invaluable support throughout the preparation of 
the manuscript. This article is dedicated to the 
memory of Dr. Peter Mitchell, whose humanity 
and scholarly inventiveness will remain with many 
of us. 

REFERENCES 

Adams, V., Bosch, W., Schlegel, J . ,  Wallimann, T., and 
Brdiczka, D., Further characterisation of contact sites 
from mitochondria of different tissues: topology of pe- 
ripheral kinases, Biochim, Biophys. Actu, 981,213-225, 
1989. 

Adelsberger-Mangan, D. M. and Colombini, M., Elimi- 
nation and restoration of voltage dependence in the mito- 
chondria channel, VDAC, by graded modification with 
succinic anhydride, J .  Membr. Biol., 98, 157-168, 1987. 

Albuquerque, E. X.,  Daly, J .  W., and Warnick, J .  E., 
Macromolecular sites for specific neurotoxins and drugs 
on chemiosensitive synapses and electrical excitation in 
biological membranes, in Zon channels, Vol. 1, Nara- 
hashi, T., Ed., Plenum Press, New York and London, 

Amchenkova, A. A., Bakeeva, L. E., Chentsov, Yu, S . ,  
Skulachev, V. P., and Zorov, D. B., Coupling mem- 
branes as energy-transmitting cables. I. Filamentous 
mitochondria in fibroblasts and mitochondrial clusters in 
cardiomyocytes, J .  Cell. Biol., 107, 481-495, 1988. 

Antonenko, Y. N. ,  Kinnally, K. W., and Tedeschi, H., 
Identification of anion and cation pathways in the inner 
mitochondrial membrane by patch clamping of mouse 
liver mitoplasts, J .  Membr. Biol., 124, 151-158, 1991. 

Antonenko, Y. N., Kinnally, K. W., Perini, S. ,  and Te- 
deschi, H., Selective effect of inhibitors on inner mito- 
chondrial membrane channels, FEBS Lett., 285, 89-93, 
1991. 

Arizmendi, J .  M., Skehel, J. M.,  Runswick, M. J . ,  Fearn- 
ley, I. M., and Walker, J .  E., Complementary DNA 
sequences of two 14.5 kDa subunits of NADH: ubiqui- 
none oxidoreductase from bovine heart mitochondria. 
Completion of the primary structure of the complex?, 
FEBS Lett., 313, 80-84, 1992. 

Arora, K. K. and Pedersen, P. L. ,  Functional significance 
of mitochondrial bound hexokinase in tumor cell me- 
tabolism. Evidence for preferential phosphorylation of 
glucose by intramitochondrially generated ATP, 1. €201. 
Chem., 263, 17422-17428, 1988. 

Arora, K. K., Parry, D. M . ,  and Pedersen, P. L., Hexo- 
kinase receptors: preferential enzyme binding in normal 
cells to nonmitochondrial sites and in transformed cells 
to mitochondrial sites, J .  Bioenerg. Biomembr., 24,47- 
53 ,  1992. 

Ashcroft, F. M., Harrison, D. E.,  and Ashcroft, S .  J. H . ,  
Glucose induces closures of single potassium channels 

1991, 95-162. 

163 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



in isolated rat pancreatic beta-cells, Nature, 312, 446- 
448, 1984. 

Baker, K. P. and Schatz, G., Mitochondrial proteins es- 
sential for viability mediate protein import into yeast 
mitochondria. Nature, 349, 205-208, 1991. 

Baker, K. P., Schaniel, A., Vestweber, D., and Schatz, G., 
A yeast mitochondrial outer membrane protein essential 
for protein import and cell viability, Nature, 348, 605- 
609, 1990. 

Ballarin, C., Sorgato, M. C., and Moran, O. ,  A minimal 
kinetic model of the activity of the 107 pS channel of 
the inner membrane of mitochondria, in Molecular Bi- 
ology of Mitochondria1 Transport Systems, Forte, M. 
and Colombini, M., Eds., Springer-Verlag, Heidelberg, 
1993, in press. 

Bean, B. P. and Friel, D. D., ATP-activated channels in 
excitables cells, in /on Channels. Vol. 2, Narahashi, T., 
Ed., Plenum Press, New York and London, 1990, 169- 
203. 

Beavis, A. D., On the inhibition of the mitochondrial inner 
membrane anion uniporter by cationic amphiphiles and 
other drugs, J .  Biol. Chem., 264, 1508-1515, 1989. 

Beavis, A. D., Properties of the inner membrane anion 
channel in intact mitochondria, J .  Bioenerg. Biomembr., 

Benz, R., Porin from bacterial and mitochondrial outer 
membranes, CRC Crit. Rev. Biochem., 19, 145-190, 
1985. 

Benz, R.,  Biophysical properties of porin pores from mi- 
tochondria] outer membrane of eukaryotic cells, Exper- 
ientia, 46, 131-137, 1990, 

Benz, R. and Brdiczka, D., The cation-selective substate 
of the mitochondrial outer membrane pore: single-chan- 
nel conductance and influence on intermembrane and 
peripheral kinases, J .  Bioenerg. Biomembr., 24, 33-39, 
1992. 

Benz, R., Kottke, M., and Brdiczka, D., The cationically 
selective state of the mitochondrial outer membrane pore: 
a study with intact mitochondria and reconstituted mito- 
chondrial porin, Biochim. Biophys. Acta, 1022, 311- 
318, 1990. 

Benz, R., Janko, K., Boos, W., and Lauger, P., Formation 
of large, ion-permeable membrane channels by the ma- 
trix protein (porin) of Escherichia coli, Biochim. Bio- 
phys. Acta, 51 1, 305-319, 1978. 

Benz, R.,  Wojtczak, L., Bosh, W., and Brdiczka, D., In- 
hibition of adenine nucleotide transport through the mi- 
tochondria] porin by a synthetic polyanion, FEBS Lett., 

Bernardi, P., Vassanelli, S., Veronese, P., Colonna, R.,  
Szabo', I., and Zoratti, M., Modulation of the mito- 
chondrial permeability transition pore. Effect of protons 
and divalent cations, J .  Biol. Chem., 267, 2934-2939, 
1992. 

Bessman, S. P. and Carpenter, C. L. ,  The creatine-creatine 
phosphate energy shuttle, Annu. Rev. Biochem., 54,831- 
862, 1985. 

Blachly-Dyson, E., Peng, S. Z., Colombini, M., and Forte, 
M., Probing the structure of the mitochondrial channel, 

24, 77-90, 1992. 

231, 75-80, 1988. 

VDAC, by site-directed mutagenesis: a progress report, 
J .  Bioenerg. Biomembr., 21, 471-483, 1989. 

Blachly-Dyson, E., Peng, S. Z., Colombini, M., and Forte, 
M., Selectivity changes in site-directed mutants of the 
VDAC ion channel: structural implications, Science, 247, 

Blobel, G., Intracellular protein topogenesis, Proc. Natl. 
Acad. Sci. U.S.A.,  77, 1496-1500, 1980. 

Blobel, G. and Dobberstein, B., Transfer of proteins across 
membranes, J .  Cell. Biol., 67, 835-851, 1975. 

Bowen, K. A., Tam, K., and Colombini, M.,  Evidence for 
titrable gating charges controlling the voltage depen- 
dence of the outer mitochondrial membrane channel, 
VDAC, J .  Membr. Biol., 86, 51-59, 1985. 

Biicheler, K., Adams, V., and Brdiczka, D., Localization 
of the ATP/ADP translocator in the inner membrane and 
regulation of contact sites between mitochondrial en- 
velope membranes by ADP. A study on freeze-fractured 
isolated liver mitochondria, Biochim. Biophys. Acta, 

Bureau, M. H., Khrestchatisky, M., Heeren, M. A.,  Zam- 
browicz, E. B., Kim, H., Grisar, T. M., Colombini, 
M., Tobin, A. J., and Olsen, R.  W., Isolation and clon- 
ing of a voltage-dependent anion channel-like M, 36,000 
polypeptide from mammalian brain, J .  Biol. Chem., 267, 

Campo, M. L., Kinnally, K. W., and Tedeschi, H., The 
effect of antimycin A on mouse liver inner mitochondrial 
membrane channel activity, J .  Biol. Chem., 267, 8123- 
8127, 1992. 

Chich, J-F., Goldschmidt, D., Thieffry, M., and Henry, 
J-P., A peptide-sensitive channel of large conductance 
is localized on mitochondrial outer membrane, Eur. J .  
Biochem., 196, 29-35, 1991. 

Colombini, M., A candidate for the permeability pathway 
of the outer mitochondrial membrane, Nature, 279,643- 
645, 1979. 

Colombini, M., Pore size and properties of channels from 
mitochondria isolated from Neurospora crassa, J .  Membr. 
Biol., 53, 79-84, 1980. 

Colombini, M., Purification of VDAC (voltage-dependent 
anion-selective channel) from rat liver mitochondria, J .  
Membr. Biol., 74, 115-121, 1983. 

Colombini, M., Voltage gating in VDAC, in /on Channel 
Reconstitution, Miller, C., Ed., Plenum Press, New York, 

Colombini, M., Voltage gating in the mitochondrial chan- 
nel, VDAC, J .  Mernbr. Biol., 11, 103-1 11, 1989. 

Colombini, M., Yeung, C. L., Tung, J . ,  and Konig, T., 
The mitochondrial outer membrane channel, VDAC, is 
regulated by a synthetic polyanion, Biochim. Biophys. 
Acta, 905, 279-286, 1987. 

Costa, G., Kinnally, K. W., and Diwan, J. J . ,  Patch clamp 
analysis of a partially purified ion channel from rat liver 
mitochondria, Biochem. Biophys. Res. Comm., 175,305- 
310, 1991. 

Craven, P. A., Goldblatt, P. J., and Basford, R. E., Brain 
hexokinase. The preparation of inner and outer mito- 
chondrial membranes, Biochemistry, 8,3525-3532,1969. 

1233- 1236, 1990. 

1056, 233-242, 1991. 

8679-8684, 1992. 

1986, 533-552. 

1 64 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Criado, M. and Keller, B. U . ,  A membrane fusion strategy 
for single-channel recordings of membranes usually non- 
accessible to patch-clamp pipette electrodes, FEBS Lett., 

Crompton, M. and Costi, A., Kinetic evidence for a heart 
mitochondrial pore activated by Ca2+, inorganic phos- 
phate and oxidative stress. A potential mechanism for 
mitochondrial dysfunction during cellular Ca2 + over- 
load, Eur. J. Biochem., 178, 488-501, 1988. 

Crompton, M. and Costi, A., A heart mitochondrial Ca2+- 
dependent pore of possible relevance to re-perfusion- 
induced injury, Biochem. J . ,  266, 33-39, 1990. 

De Pinto, V. and Palmieri, F., Transmembrane arrangement 
of mitochondrial porin or voltage-dependent anion chan- 
nel (VDAC), J .  Bioenerg. Biomembr., 24,21-26, 1992. 

De Pinto, V., Prezioso, G., and Palmieri, F., A simple and 
rapid method for the purification of the mitochondrial 
porin from mammalian tissues, Biochim. Biophys. Acta, 

De Pinto, V., Benz, R., and Palmieri, F., Interaction of 
non-classical detergents with the mitochondrial pore. A 
new purification procedure and characterization of the 
pore-forming unit, Eur. J. Biochem., 183, 179- 187, 
1989. 

De Pinto, V., Tommasino, M., Benz, R. ,  and Palmieri, F., 
The 35-kDa DCCD-binding protein from pig heart mi- 
tochondria is the mitochondrial porin, Biochim. Biophys. 

De Pinto, V., Benz, R., Caggese, C., and Palmieri, F., 
Characterization of the mitochondrial porin from Dro- 
sophila rnelanogaster, Biochim. Biophys. Acta, 987, 1- 
7, 1989. 

De Pinto, V., A1 Jamal, J. A., Benz, R., and Palmieri, F., 
Positive residues involved in the voltage-gating of the 
mitochondrial porin-channel are localised in the external 
moiety of the pore, FEBS Lert., 274, 122-126, 1990. 

De Pinto, V., Ludwig, O., Krause, J.,  Benz, R., and Pal- 
mien, F., Porin pores of mitochondrial outer membranes 
from high and low eukaryotic cells: biochemical and 
biophysical characterization, Biochim. Biophys. Acta, 

De Pinto, V., Zara, V., Benz, R.,  Gnoni, V., and Palmieri, 
F., Characterization of pore-forming activity in liver mi- 
tochondria from Anguilla anguilla, Biochim. Biophys. 
Acta, 1061, 279-286, 1991a. 

De Pinto, V., Prezioso, G., Thinnes, F., Link, T. A., and 
Palmieri, F., Peptide-specific antibodies and proteases 
as probes of the transmembrane topology of the bovine 
heart mitochondrial porin, Biochemistry, 30, 10191- 
10200, 1991b. 

Dihanich, M., Schmid, A., Oppliger, W., and Benz, R.,  
Identification of a new pore in the mitochondrial outer 
membrane of a porin-deficient yeast mutant, Eur. J. 
Biochem., 181, 703-708, 1989. 

Dill, E. T., Holden, M. J., and Colombini, M., Voltage 
gating in VDAC is markedly inhibited by micromolar 
quantities of aluminium, J. Membr. Biol., 99, 187-196, 
1987. 

Dorbani, L., Jancsik, V., LindCn, M., Letenier, 1. F., Nel- 
son, B. D., and Rendon, A,,  Subfractionation of the 

224, 172-176, 1987. 

905, 499-502, 1987. 

Acta, 813, 230-242, 1985. 

894, 109-119, 1987. 

outer membrane of rat brain mitochondria: evidence for 
the existence of a domain containing the porin-hexoki- 
nase complex, Arch. Biochem. Biophys., 252, 188-196, 
1987. 

Doring, C. and Colombini, M., On the nature of the mo- 
lecular mechanism underlying the voltage dependence 
of the channel-forming protein, voltage-dependent an- 
ion-selective channel (VDAC), Biophys. J., 45, 44-46, 
1984. 

Doring, C. and Colombini, M., Voltage dependence and 
ion selectivity of the mitochondrial channel, VDAC, are 
modified by succinic anhydride, J .  Membr. Biol., 83, 
81-86, 1985a. 

Doring, C. and Colombini, M., The mitochondrial voltage- 
dependent channel, VDAC, is modified asymmetrically 
by succinic anhydride, J. Membr. Biol., 83, 87-94, 
1985b. 

Ehrenstein, G . ,  k c a r ,  H., and Nossal, R., The nature of 
the negative resistance in bimolecular lipid membranes 
containing excitability-inducing material, J .  Gen. Phys- 
iol., 55, 119-133, 1970. 

Eilers, M.,  Hwang, S . ,  and Schatz, G., Unfolding and 
refolding of a purified precursor protein during import 
into isolated mitochondria, EMBO J . ,  7, 1139-1145, 
1988. 

Ermishkin, L. N. and Mirzabekov, T. A., Redistribution of 
the electric field within the pore contributes to the volt- 
age-dependence of mitochondrial porin channel, Biochim. 
Biophys. Acta, 1021, 161-168, 1990. 

Fagian, M. M., Pereira-da-Silva, L., Martins, I. S . ,  and 
Vercesi, A. E., Membrane protein thiol cross-linking 
associates with the permeabilization of the inner mito- 
chondrial membrane by Ca2+ plus prooxidants, J .  Biol. 
Chem., 265, 19955-19960, 1990. 

Fasman, G. D., Prediction of Prorein Structure and the 
Principles of Protein Conformation, Plenum Ress, New 
York, 1990. 

Feigner, P. L . ,  Messer, J. L., and Wilson, J. E., Purification 
of a hexokinase-binding protein from the outer mito- 
chondria] membrane, J. Biol. Chem., 254, 4946-4949, 
1979. 

Fkvre, F., Chich, J-F., Lauquin, G. J. M., Henry, J-P., and 
Thieffry, M., Comparison of mitochondrial cationic 
channels in wild-type and porin-deficient mutant yeast, 
FEBS Lett., 262, 201-204, 1990. 

Fiek, C., Benz, R . ,  Roos, N., and Brdiczka, D., Evidence 
for identity between the hexokinase-binding protein and 
the mitochondrial porin in the outer membrane of rat 
liver mitochondria, Biochirn. Biophys. Acta, 688, 429- 
440, 1982. 

Forte, M., Adelsberger-Mangan, D., and Colombini, M., 
Purification and characterisation of the voltage-depen- 
dent anion channel from the outer mitochondrial mem- 
brane of yeast, J .  Membr. Biol., 99, 65-72, 1987. 

Forte, M., Guy, H. R., and Mannella, C. A., Molecular 
genetics of the VDAC ion channel: structural model and 
sequence analysis, J .  Bioenerg. Biornembr., 19,. 341- 
350, 1987. 

Freitag, H., Neupert, W., and Benz, R., Purification and 
characterization of a pore protein of the outer mito- 

165 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



chondrial membrane from Neurospora crassa, Eur. J .  
Biochem., 123, 629-636, 1982. 

Garlid, K. D. and Beavis, A. D., Evidence for the existence 
of an inner-membrane anion channel in mitochondria, 
Biochim. Biophys. Acta, 853, 187-204, 1986. 

Gillespie, L. L., Identification of an outer mitochondrial 
membrane protein that interacts with a synthetic signal 
peptide, J. Biol. Chem., 262, 7939-7942, 1987. 

Guo, X.  W., Cryo-electron microscopy and correlation av- 
eraging of frozen-hydrated, polymorphic 2D crystals of 
the mitochondrial outer membrane channel, in, Pro- 
ceedings of the Xllth Congress for Electron Microscopy, 
Peachey, L. D. and Williams, D. B.. Us., San Fran- 
cisco Press, San Francisco, 1990, 100-101. 

Guo, X-W. and Mannella, C. A,, Classification of projec- 
tion images of crystalline arrays of the mitochondrial 
channel, VDAC, embedded in aurothioglucose, Biophys. 

Guo, X-W., Smith, P. R. ,  Radennacher, M., and Mannella, 
C. A,, Structure of crystalline VDAC, the voltage-gated 
channel in the mitochondrial outer membrane, in, Pro- 
ceedings of the 50th Annual Meeting of the Electron 
Microscopy Society of America, Bailey, G. W., Bentley, 
J. ,  and Small, J .  A., Eds., San Francisco Press, San 
Francisco, 1992, 440-441. 

Gunter, T. E. and Pfeiffer, D. R., Mechanisms by which 
mitochondria transport calcium, Am. J .  Physiol., 258, 
C755-C786, 1990. 

Hackenbrock, C. R. ,  Chemical and physical fixation of 
isolated mitochondria in low-energy and high-energy 
states, Proc. Natl. Acad. Sci. U.S.A.,  61, 598-605, 
1968. 

Halestrap, A. P. and Davidson, A. M., Inhibition of Ca2+- 
induced large-amplitude swelling of liver and heart mi- 
tochondria by cyclosporin is probably caused by the in- 
hibitor binding to mitochondrial-matrix peptidyl-prolyl 
cis-trans isomerase and preventing it interacting with the 
adenine nucleotide translocase, Biochem. J . ,  268, 153- 
160, 1990. 

Hamill, 0. P., Marty, A., Neher, E., Sakmann, B . ,  and 
Sigworth, F. J . ,  Improved patch-clamp techniques for 
high resolution current recording from cells and cell-free 
patches, Pfliigers Arch.. 391, 85-100, 1981. 

Hartl, F-U. and Neupert, W., Protein sorting to mitochon- 
dria: evolutionary conservations of folding and assem- 
bly, Science, 247, 930-938, 1990. 

ffaworth, R. A. and Hunter, D. R . ,  The Caz+-induced mem- 
brane transition in mitochondria, Arch. Biochem. Bio- 

Henry, J .  P., Chich, J. F., Goldshmidt, D., and Thieffry, 
M.,  Blockage of a mitochondrial cationic channel by an 
addressing peptide: an electrophysiological study, J .  
Membr. Biol., 112, 139-147, 1989. 

Hille, B., Ionic Channels of Excitable Membranes, Sinauer 
Associates In., Sunderland, MA, 1984. 

Hines, V., Brandt, A., Griffiths, G. ,  Horstmann, H., 
Briitsch, H., and Schatz, G., Protein import into yeast 
mitochondria is accelerated by the outer membrane pro- 
tein MAS70, EMBO J., 9,  3191-3200, 1990. 

J . .  63, 418-427, 1992. 

phys., 195, 460-467, 1979. 

Holden, M. J. and Colombini, M., The mitochondrial mem- 
brane channel, VDAC, is modulated by a soluble protein, 
FEBS Lett., 241, 105-109, 1988. 

Hwang, S. T., Wachter, C., and Schatz, G., Protein import 
into the yeast mitochondrial matrix, J .  Biol. Chem., 266, 

Inoue, I. ,  Nagase, H., Kishi, K.,  and Higuti, T., ATP- 
sensitive K +  channel in the inner mitochondrial mem- 
brane, Nature, 352, 244-247, 1991. 

Jacobus, W. E., Respiratory control and the integration of 
heart high-energy phosphate metabolism by mitochon- 
drial creatine kinase, Annu. Rev. Physiol., 47,707-725, 
1985. 

Jacobus, W. E., Moreadith, R. W., and Vandegaer, K. M., 
Control of heart oxidative phosphorylation by creatine 
kinase in mitochondrial membranes, Ann. N.Y. Acad. 
Sci. U.S.A.,  414, 73-89, 1983. 

Jurgens, L., Ilsemann, P., Kratzin, H. D., Hesse, D., Eck- 
art, K., Thinnes, F. P., and Hilschmann, N. ,  Studies on 
human porin IV. The primary structures of ‘ ‘Porin 3 1 HM” 
purified from human skeletal muscle membranes and of 
“Porin 3 1HL‘ ’ derived from human B lymphocyte mem- 
branes are identical, Biol. Chem. Hoppe-Seyler, 372, 
455-463, 199 I . 

Kabir, E and Nelson, B. D., Hexokinase bound to rat brain 
mitochondria uses externally added ATP more efficiently 
than internally generated ATP, Biochim. Biophys. Acta, 

Kayser, H., Kratzin, H. D., Thinnes, F. P., Gotz, H., 
Schmidt, W. E. ,  Eckart, K., and Hilschmann, N.,  Zur 
Kenntnis der Porine des Menschen 11. Charakterisiemng 
und Primarstruktur eines 3 1-kDa-Porins aus  men- 
schlichen B-Lymphozyten (Porin 31HL), Biol .  Chem. 
Hoppe-Seyler, 370, 1265-1268, 1989. 

Kinnally, K.W., Tedeschi, H., and Mannella, C. A, ,  Evi- 
dence for a novel voltage-activated channel in the outer 
mitochondrial membrane, FEBS Lett., 226,83-87, 1987. 

Kinnally, K. W., Campo, M. L., and Tedeschi, H., Mi- 
tochondria] channel activity studied by patch-clamping 
mitoplasts, J. Bioenerg, Biornembr., 21,497-506, 1989. 

Kinnally, K. W., Antonenko, Y. N., and Zorov, D. B., 
Modulation of the inner mitochondrial channel activity, 
J. Bioenerg. Biomembr., 24, 99-110, 1992. 

Kinnally, K. W., Tedeschi, H . ,  Mannella, C. A., and Frisch, 
H. L., Kinetics of voltage-induced conductance in- 
creases in the outer mitochondrial membrane, Biophys. 

Kinnally, K. W., Zorov, D., Antonenko, Y., and Perini, 
S., Calcium modulation of mitochondrial inner mem- 
brane channel activity, Biochem. Biophys. Res. Comm., 

Kleene, R., Pfanner, N., Pfaller, R . ,  Link, T. A., Sebald, 
W., Neupert, W., and Tropschug, M., Mitochondria1 
porin of Neurospora crassa: cDNA cloning, in vitro 
expression and import into mitochondria, EMBO J . ,  6, 

Klitsch, T. and Siemen, D., Inner mitochondrial membrane 
anion channel is present in brown adipocytes but is not 
identical to the uncoupling protein, .I. Membr. Biol., 

21 083-21089, 199 1. 

1057, 147-150, 1991. 

J .  55, 1205-1213, 1989. 

176, 1183-1188, 1991. 

2627-2633, 1987. 

122, 69-75, 1991. 

166 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Knoll, G. and Brdiczka, D., Changes in freeze-fractured 
mitochondrial membranes correlated to their energetic 
state. Dynamic interactions of the boundary membranes, 
Biochim. Biophys. Acta, 733, 102-110, 1983. 

Kolhardt, M. and Fichtner, H., Block of single cardiac Na+ 
channels by antiarrhythmic drugs: the effect of amio- 
darone, propafenone and diprafenone, J .  Membr. Biol., 

Konig, T., Stipani, I., Horvath, I., and Palmieri, F., In- 
hibition of mitochondrial substrate anion translocators 
by a synthetic amphipathic polyanion, J .  Bioenerg. 
Biomembr., 14, 297-305, 1982. 

Konig, T., Kocsis, B., Meszaros, L., Nahm, K.,  Zoltan, 
S., and Horvath, I . ,  Interaction of a synthetic polyanion 
with rat liver mitochondria, Biochim. Biophys. Acta, 

Konig, U.,  Gotz, H., Walter, G., Babel, D., Hohmeier, 
H-E., Thinnes, F. P., and Hilschmann, N., Zur Kenntnis 
der Porine des Menschen V. Die Plasmalemmstandigkeit 
von "Porin 31HL" ist keine Folge einer Zell-Transfor- 
mation, Biol. Chem. Hoppe-Seyler, 372, 565-572, 1991. 

Kottke, M., Adam, V., Wallimann, T., Nalam, V. K., and 
Brdiczka, D. ,  Location and regulation of octameric mi- 
tochondrial creatine kinase in contact sites, Biochim. 
Biophys. Acta, 1061, 215-225, 1991. 

Kottke, M., Adam, V., Riesinger, I., Bremm, G . ,  Bosch, 
W., Brdiczka, D., Sandri, G . ,  and Panfili, E., Mito- 
chondrial boundary membrane contact sites in brain: points 
of hexokinase and creatine kinase location, and control 
of Ca2+ transport, Biochim. Biophys. Acta, 935, 87- 
102, 1988. 

Lernmens, M., Verheyden, K.,  Van Veldhoven, P., Ver- 
eecke, J., Mannaerts, G. P., and Carmeliet, E., Single- 
channel analysis of a large conductance channel in per- 
oxisomes from rat liver, Biochim. Biophys. Acta, 984, 

Lin, A., Krockmalnic, G . ,  and Penman, S., Imaging cy- 
toskeleton-mitochondria1 membrane attachments by 
embedment-free electron microscopy of saponin-ex- 
tracted cells, Proc. Natl. Acad. Sci. U.S.A.,  87, 8565- 
8569, 1990. 

Lindtn, M. and Gellerfors, P., Hydrodynamic properties of 
porin isolated from outer membrane of rat liver mito- 
chondria, Biochim. Biophys. Acta, 736, 125-129, 1983. 

Linden, M., Gellerfors, P., and Nelson, B. D., Purification 
of a protein having pore forming activity from the rat 
liver mitochondrial outer membrane, Biochem. J . ,  208, 
77-82, 1982a. 

Lindkn, M., Gellerfors, P., and Nelson, B .D., Pore protein 
and the hexokinase-binding protein from the outer mem- 
brane of rat liver mitochondria are identical, FEBSLen., 

Linden, M., Anderson, G., Gellerfors, P., and Nelson, 
B. D., Subcellular distribution of rat liver porin, Biochim. 
Biophys. Acra, 770, 93-96, 1984. 

Lindtn, M., Nelson, B. D., Loncar, D., and Letenier, J. F., 
Studies on the interaction between mitochondria and the 
cytoskeleton, J .  Bioenerg. Biomembr., 21, 507-518, 
1989. 

102, 105-119, 1988. 

462, 380-389, 1977. 

351-359, 1989. 

141, 189-192, 1982b. 

Liu, M. Y .  and Colombini, M.,  Voltage gating of the mi- 
tochondrial outer membrane channel VDAC is regulated 
by a very conserved protein, Am. J .  Physiol., 260, C371- 
C374, 1991. 

Liu, M. Y. and Colombini, M.,  A soluble mitochondrial 
protein increases the voltage dependence of the mito- 
chondria] channel, VDAC, J .  Bioenerg. Biomembr., 24, 
41-46, 1992a. 

Liu, M. Y. and Colombini, M . ,  Regulation of mitochondrial 
respiration by controlling the permeability of the outer 
membrane through the mitochondrial channel, VDAC, 
Biochim. Biophys. Acta, 1098, 255-260, 1992b. 

Ludwig, O., Benz, R., and Schultz, J. E., Porin of Par- 
amecium mitochondria isolation, characterization and ion 
selectivity of the closed state, Biochim. Biophys. Acta, 

Ludwig, O., De Pinto, V., Palmieri, F., and Benz, R., Pore 
formation by the mitochondrial porin of rat brain in lipid 
bilayer membranes, Biochim. Biophys. Acta, 860, 268- 
276, 1986. 

Ludwig, O., Krause, J., Hay, R., and Benz, R.,  Purification 
and characterization of the pore forming protein of yeast 
mitochondrial outer membrane, Eur. Biophys. J . ,  15, 

Mangan, P. S. and Colombini, M., Ultrasteep voltage de- 
pendence in a membrane channel, Proc. Natl. Acad. Sci. 

Mannella, C. A., Structure of the outer mitochondrial mem- 
brane: analysis of X-ray diffraction from the plant mem- 
brane, Biochim. Biophys. Acta, 645,  33-40, 1981. 

Mannella, C. A., Structure of the outer mitochondrial mem- 
brane: ordered arrays of porelike subunits in outer-mem- 
brane fractions from Neurospora crassa mitochondria, 
J .  Cell. Biol., 94, 680-687, 1982. 

Mannella, C. A., Phospholipase-induced crystallization of 
channels in mitochondrial outer membranes, Science, 

Mannella, C. A., Mitochondria1 outer membrane channel 
(VDAC, porin). Two-dimensional crystals from Neu- 
rospora, Meth. Enzymol., 125, 595-610, 1986. 

Mannella, C. A.,  Electron microscopy and image analysis 
of the mitochondrial outer membrane channel, VDAC, 
J .  Bioenerg. Biomembr., 19, 329-340, 1987. 

Mannella, C .  A., Lateral segregation of sterol and channel 
proteins in the mitochondrial outer membrane induced 
by phospholipase A,: evidence from negative-stain elec- 
tron microscopy using filipin, J .  Ultrastruct. Mol. Struct. 
Res., 98, 212-216, 1988. 

Mannella, C. A. ,  Structure of the mitochondrial outer mem- 
brane channel derived from electron microscopy of 2D 
crystals, J .  Bioenerg. Biomembr., 21, 427-437, 1989. 

Mannella, C. A., Structural analysis of the mitochondrial 
pores, Experientia, 46, 137-145, 1990. 

Mannela, C. A. and Bonner, W. D. Jr., X-ray diffraction 
from oriented outer mitochondrial membranes, Biochim. 
Biophys. Acta, 413, 226-233, 1975a. 

Mannella, C. A. and Bonner, W. D. Jr., Biochemical char- 
acteristics of the outer membranes of plant mitochondria, 
Biochim. Biophys. Acta, 413, 213-225, 1975b. 

978, 319-327, 1989. 

269-276, 1988. 

U.S.A. I 84, 4896-4900, 1987. 

224, 165-166, 1984. 

167 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Mannella, C. A. and Frank, J . ,  Effects of divalent metal 
ions and chelators on the structure of outer mitochondrial 
membranes from Neurospora crassa, Biophys. J . ,  37, 

Mannella, C. A. and Colombini, M.,  Evidence that the 
crystalline arrays in the outer membrane of Neurospora 
mitochondria are composed of the voltage-dependent 
channel protein, Biochim. Biophys. Acta, 774,206-214, 
1984. 

Mannella, C. A. and Frank, J . ,  Negative staining charac- 
teristics of arrays of mitochondrial pore protein: use of 
correspondence analysis to classify different staining pat- 
terns, Ultramicroscopy, 13, 93-102, 1984. 

Mannella, C. A. and Guo, X. W., Interaction between the 
VDAC channel and a polyanionic effector. An electron 
microscopic study, Biophys. J . ,  57, 23-31, 1990. 

Mannella, C. A.,  Colombini, M., and Frank, J.,  Structural 
and functional evidence for multiple channel complexes 
in the outer membrane of Neurospora crassa mitochon- 
dria, Proc. Natl. Acad. Sci. U.S.A.,  80, 2243-2247, 
1983. 

Mannella, C. A., Radermacher, M., and Frank, J., Three- 
dimensional structure of mitochondrial outer-membrane 
channels from fungus and liver, in, Proceedings of the 
42nd Annual Meeting of the Electron Microscopy Society 
of America, Bailey, G .  W., Ed., San Francisco Press, 
San Francisco, 1984, 644-645. 

Mannella, C. A., Ribeiro, A., and Frank, J . ,  Structure of 
the channels in the outer mitochondrial membrane. Elec- 
tron microscopic studies of the periodic arrays induced 
by phospholipase A, treatment of the Neurospora mem- 
brane, Biophys. J . ,  49, 307-318, 1986. 

Mannella, C. A., Ribeiro, A., and Frank, J., Cytochrome 
c binds to lipid domains in arrays of mitochondrial outer 
membrane channels, Biophys. J., 51, 221-226, 1987. 

Mannella, C. A., Guo, X. W., and Cognon, B., Diameter 
of the mitochondrial outer membrane channel: evidence 
from electron microscopy of frozen-hydrated membrane 
crystals, FEBS Lett., 253, 231-234, 1989. 

Mannella, C. A., Forte, M., and Colombini, M., Toward 
the molecular structure of the mitochondrial channel, 
VDAC, J. Bioenerg. Biomembr., 24, 7-19, 1992. 

Mannella, C. A., Guo, X. W., and Dias, J . ,  Binding of a 
synthetic targeting peptide to a mitochondrial channel 
protein, J. Bioenerg. Biomembr. I 24, 55-61, 1992. 

Mannella, C. A., Ribeiro, A., Cognon, B., and D’ Arcan- 
gelis, D., Structure of paracrystalline arrays on the outer 
membranes of rat-liver and rat-heart mitochondria, J. 
Struct. B i d ,  108, 227-237, 1992. 

Mazzanti, M., DeFelice, L. J . ,  Cohen, J . ,  and Maker, H., 
Ion channels in the nuclear envelope, Nature, 343,764- 
767, 1990. 

McEnery, M. W., The mitochondrial benzodiazepine re- 
ceptor: evidence for association with the voltage-depen- 
dent anion channel (VDAC), J .  Bioenerg. Biomembr., 

McEnery, M. W., Snowman, A. M. ,  Trifiletti, R. R.,  and 
Snyder, S .  H . ,  Isolation of the mitochondrial benzodi- 
azepine receptor: association with the voltage-dependent 

3-4, 1982. 

24, 63-69, 1992. 

anion channel and the adenine nucleotide carrier, Proc. 
Natl. Acad. Sci. U.S.A. ,  89, 3170-3174, 1992. 

Meves, H. and Pichon, Y., The effect of internal and ex- 
ternal 4-aminopyridine on the potassium currents in in- 
tracellularly perfused squid giant axons, 1. Physiol. Lond., 

Mihara, K. and Sato, R., Molecular cloning and sequencing 
of cDNA for yeast porin, an outer mitochondrial mem- 
brane porin: a search for targeting signal in the primary 
structure, EMBO J . ,  4, 769-774, 1985. 

Mironova, G. D.,  Fedotcheva, N. I., Makarov, P. R., Pro- 
nevich, L. A . ,  and Mironov, G. p., A protein of the 
bovine heart mitochondria inducing channel potassium 
conductivity in bilayer lipid membranes, Biofzika, 26, 

Mirzabekov, T. A. and Ermishkin, L. N., The gate of mi- 
tochondria] porin channel is controlled by a number of 
negative and positive charges, FEBS Lett., 249, 375- 
378, 1989. 

Mirzabekov, T. A.,  Ballarin, C. ,  Nicolini, M., Zatta, P., 
and Sorgato, M. C. ,  Reconstitution of the native mito- 
chondria] outer membrane in planar bilayers. Compar- 
ison with the outer membrane in a patch pipette and 
effect of aluminium compounds, J. Membr. Biol., 1993, 
in press. 

Mitchell, P., Chemiosmotic coupling in oxidative and pho- 
tosynthetic phosphorylation, Biol. Rev., 41, 445-502, 
1966. 

Montal, M. and Mueller, P., Formation of bimolecular 
membranes from lipid monolayers and a study of their 
electrical properties, Proc. Natl. Acad. Sci. U.S.A.,  69, 

Moran, 0. and Sorgato, M. C., High-conductance pathways 
in mitochondrial membranes, J .  Bioenerg. Biomembr., 

Moran, O., Sandri, G., Panfili, E., Stiihmer, W., and Sor- 
gato, M. C., Electrophysiological characterization of 
contact sites in brain mitochondria, J .  Biol. Chem., 265, 

Moran, O., Sciancalepore, M.,  Sandri, G., Panfili, E., 
Bassi, R. ,  Ballarin, C., and Sorgato, M. C. ,  Ionic per- 
meability of the mitochondrial outer membrane, Eur. 
Biophys. J . ,  20, 311-319, 1992. 

Mueller, P., Rudin, D. O., Tien, H. T., and Wescott, W. C., 
Methods for the formation of single bimolecular lipid 
membranes in aqueous solution, J. Phys. Chem., 67, 

Nakashima, R. A., Hexokinase-binding properties of the 
mitochondrial channel, VDAC: inhibition by DCCD and 
location of putative DCCD-binding sites, J. Bioenerg. 
Biomembr., 21, 461-470, 1989. 

Nakashima, R. A., Mangan, P. S., Colombini, M., and 
Pedersen, P. L., Hexokinase receptor complex in hep- 
atoma mitochondria: evidence from DCCD-labeling 
studies for the involvement of the pore-forming protein 
VDAC, Biochemistry, 25, 1015-1021, 1986. 

Nicholls; D. G., Cunningham, S. A., and Rial, E. ,  The 
bioenergetic mechanism of brown adipose tissue ther- 
mogenesis, in Brown Adipose Tissue, Trayhurn, P. and 

268, 51 1-532, 1977. 

451-457, 1981. 

3561-3566, 1972. 

24, 91-98, 1992. 

908-913, 1990. 

534-535, 1963. 

168 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Nicholls, D. G., Eds., Edwart Amolds, London, 1986, 

Nishimura, M . ,  Follmer, C. H., and Singer, D. H., Amio- 
darone blocks calcium current in single guinea pig ven- 
tricular myocytes, J .  Pharmacol. Exp. Ther., 25 1, 650- 
659, 1989. 

O’Brien, R. L. and Brierley, G., Compartmentation of heart 
mitochondria. I. Permeability characteristics of beef heart 
mitochondria, J .  Biol. Chem., 240, 4527-4531, 1965. 

Ohlendieck, K., Riesinger, I., Adams, V., Krause, J . ,  and 
Brdiczka, D., Enrichment and biochemical characteri- 
zation of boundary membrane contact sites from rat-liver 
mitochondria, Biochim. Biophys. Acta, 860, 672-689, 
1986. 

Paliwal, R., Costa, G., and Diwan, J .  J., Purification and 
patch clamp analysis of a 40 pS channel from rat liver 
mitochondria, Biochemistry, 3 1, 2223-2229, 1992. 

Palmieri, F. and De Pinto, V., Purification and properties 
of the voltage-dependent anion channel of the outer mi- 
tochondrial membrane, J .  Bioenerg. Biomembr., 2 l ,  4 17- 
425, 1989. 

Pany, D. M. and Pedersen, P. L., Intracellular localization 
of rat kidney hexokinase. Evidence for an association 
with low density mitochondria, J .  Biol. Chem., 259, 

Parry, D. M. and Pedersen, P. L., Glucose catabolism in 
brain. Intracellular localization of hexokinase, J .  Biol. 
Chem., 265, 1059-1066, 1990. 

Parson, D. F., Bonner, W. D., and Verboon, J .  G., Electron 
microscopy of isolated plant mitochondria and plastids 
using both thin-section and negative staining techniques, 
Can. J .  Bot., 43, 647-655, 1965. 

Parson, D. F., Williams, G. R., and Chance, B., Charac- 
teristics of isolated and purified preparations of the outer 
and inner membranes of mitochondria, Ann. N .  Y.  Acad. 

Peng, S . ,  Blachly-Dyson, E., Colombini, M . ,  and Forte, 
M., Infemng the structural changes in VDAC, associated 
with the channel’s gating process, through site-directed 
mutagenesis, Biophys. J . ,  59, 215a, 1991. 

Peng, S . ,  Blachly-Dyson, E., Forte, M.,  and Colombini, 
M., Large scale rearrangement of protein domains is 
associated with voltage gating of the VDAC channel, 
Biophys. J . ,  62, 1-9, 1992a. 

Peng, S., Blachly-Dyson, E., Colombini, M., and Forte, 
M . ,  Determination of the number of polypeptide subunits 
in a functional VDAC channel from Saccharomyces 
cerevisiae, J .  Bioenerg. Biomembr., 24, 27-32, 1992b. 

Petronilli, V., Szabo‘, I., and Zoratti, M., The inner mi- 
tochondrial membrane contains ion-conducting channels 
similar to those found in bacteria, FEBS Lett., 259, 137- 
143, 1989. 

Pfaff, E., Klingenberg, M.,  Ritt, E., and Vogell, W., Kor- 
relation des unspezifisch permeablen mitochondrialen 
Raumes mit dem “Intermembrane-Raum,” Eur. J .  
Biochem., 5 ,  222-232, 1968. 

Pfaller, R., Freitag, H., Harmey, M. A., Benz, R., and 
Neupert, W., A water-soluble form of porin from the 
mitochondria1 outer membrane of Neurospora crassa, J .  
Biol. Chem., 260, 8188-8193, 1985. 

52-85. 

8917-8923, 1984. 

Sci., 137, 643-666, 1966. 

Pfanner, N. and Neupert, W., The mitochondrial protein 
import apparatus, Annu. Rev. Biochem., 59, 331-353, 
1990. 

Pfanner, N., Hartl, F-U., Guiard, B., and Neupert, W., 
Mitochondria1 precursor proteins are imported through 
a hydrophilic membrane environment, Eur. J .  Biochem., 

Pfanner, N., Rassow, J . ,  van der Klei, I .  J . ,  and Neupert, 
W., A dynamic model of the mitochondrial protein im- 
port machinery, Cell, 68, 999-1002, 1992. 

Rahamimoff, R., DeRiemer, S. A., Sakmann, B., Stadler, 
H., and Yakir, N., Ion channels in synaptic vesicles from 
Torpedo electric organ, Proc. Natl. Acad. Sci. U.S.A. ~ 

Rassow, J . ,  Guiard, B., Wienhues, U., Herzog, V., Hartl, 
F-U., and Neupert, W., Translocation arrest by revers- 
ible folding of a precursor protein imported into mito- 
chondria. A means to quantitate translocation contact 
sites, J .  Cell. Biol., 109, 1421-1428, 1989. 

Reizman, H., Hay, R., Gasser, S . ,  Daum, G., Schneider, 
G., Witte, C., and Schatz, G., The outer membrane of 
yeast mitochondria: isolation of outside-out sealed ves- 
icles, EMBO J . ,  2, 1105, 1 1 1  1,  1983. 

Roos, N., Benz, R., and Brdiczka, D., Identification and 
characterization of the pore-forming protein in the outer 
membrane of rat liver mitochondria, Biochim. Biophys. 

Sandri, G., Siagri, M . ,  and Panfili, E. ,  Influence of CaZ+ 
on the isolation from rat brain mitochondria of a fraction 
enriched of boundary membrane contact sites, Cell Cal- 
cium, 9, 908-913, 1988. 

Schein, S.  J . ,  Colombini, M.,  and Finkelstein, A. ,  Recon- 
stitution in planar lipid bilayers of a voltage-dependent 
anion-selective channel obtained from Paramecium mi- 
tochondria, J .  Membr. B i d ,  30, 99-120, 1976. 

Seeman, P., The membrane actions of anesthetics and tran- 
quillizers, Phurmacol. Res., 24, 583-655, 1972. 

Simon, S. M. and Blobel, G. ,  A protein-conducting channel 
in the endoplasmic reticulum, Cell, 65, 371-380, 1991. 

Singer, S. J . ,  Maher, P. A., and Yaffe, M. P., On the 
translocation of proteins across membranes, Proc. Natl. 
Acad. Sci. U.S.A.,  84, 1015-1019, 1987. 

Skulachev, V. P., Power transmission along biological 
membranes, J .  Membr. Biol., 114, 97-112, 1990. 

Slater, E. C., The mechanism of action of the respiratory 
inhibitor, antimycin, Biochim. Biophys. Acra, 301, 129- 
154, 1973. 

Smack, D. and Colombini, M., Voltage-dependent channels 
found in the membrane fraction of corn mitochondria, 
Plant Physiol., 79, 1094-1097, 1985. 

Snyder, S .  H., McEnery, M. W., and Verma, A.. Molecular 
mechanisms of peripheral benzodiazepine receptors, 
Neurochem. Res. ,  15, 119-123, 1990. 

Sollner, T., Griffiths, G., Pfaller, R., Pfanner, N., and 
Neupert, W., MOM 19, an import receptor for mito- 
chondrial precursor proteins, Cell, 59, 1061-1070, 1989. 

Sollner, T., Pfaller, R., Griffiths, G., Pfanner, N., and 
Neupert, W., A mitochondrial import receptor for the 
ADP/ATP carrier, Cell, 62, 107-115, 1990. 

169, 289-293, 1987. 

85, 5310-5314, 1988. 

Acts, 686, 204-214, 1982. 

169 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Sollner, T., Rassow, J., Wiedmann, M., SchloBmann, J.,  
Keil, P., Neupert, W., and Pfanner, N., Mapping of the 
protein import machinery in the mitochondrial outer 
membrane by crosslinking of translocation intermedi- 
ates, Nature, 355, 84-87, 1991. 

Sorgato, M. C., Keller, B. U., and Stiihmer, W., Patch- 
clamping of the inner mitochondrial membrane reveals 
a voltage-dependent ion channel, Nature, 330,498-500, 
1987. 

Sorgato, M. C., Moran, O., De Pinto, V., Keller, B. U., 
and Stuhmer, W., Further investigation on the high-con- 
ductance ion channel of the inner membrane of mito- 
chondria, J .  Bioenerg. Biomembr., 21,485-496, 1989. 

Stanfield, P. R., The differential effects of the tetraethy- 
lammonium anel zinc ions on the resting conductance 
of frog skeletal muscle, J .  Physiol. Lond., 209, 231- 
256, 1970. 

Steger, H. F., Sollner, T., Kiebler, M.,  Dietmeier, K. A., 
Pfaller, R. ,  Triilzsch, K. S., Tropschug, M., Neupert, 
W., and Pfanner, N., Import of ADP/ATP canier into 
mitochondria: two receptors act in parallel, J .  Cell. Biol., 

Stuart, R. A, ,  Nicholson, D. W., and Neupert, W., Early 
steps in mitochondria1 protein import: receptor functions 
can be substituted by the membrane insertion activity of 
apocytochrome c, Cell, 60, 31-43, 1990. 

Stuhmer, W., Keller, B., Lippe, G., and Sorgato, M. C., 
The outer and inner membranes of mice liver giant mi- 
tochondria can be patch clamped: high conductance ion 
channels are present in both membranes, in, Hormones 
and Cell Regulation, 165, Nuiiez, J., Drumont, J .  E., 
and Carafoli, E., Eds., INSERM/John Libbey Eurotext 
Ltd., London, 1988, 89-99. 

Sturgess, N.  C. ,  Ashford, M. L. J., Cook, D. L., and Hales, 
C. N., The sulphonylurea receptor may be an ATP- 
sensitive potassium channel, Lancet, 8453, 474-475, 
1985. 

Suzuki, K., Giant hepatic mitochondria: production in mice 
fed with cuprizone, Science, 163, 81-82, 1969. 

Szabo', I. and Zoratti, M., The giant channel of the inner 
mitochondrial membrane is inhibited by cyclosporin A, 
J. B i d  Chem., 266, 3376-3379, 1991. 

Szabo', I. and Zoratti, M., The mitochondrial megachannel 
is the permeability transition pore, J. Bioenerg. Biom- 
embr., 24, 111-117, 1992. 

Szabo', I., Bernardi, P., and Zoratti, M., Modulation of 
the mitochondrial megachannel by divalent cations and 
protons, J .  Biol. Chem., 267, 2940-2946, 1992. 

Tandler, B. and Hoppel, C. L., Division of giant mito- 
chondria during recovery from cuprizone intoxication, 
J .  Cell. Biol.. 56,  266-272, 1973. 

Tedeschi, H.,  Mannella, C. A., and Bowman, C. L., Patch 
clamping of the outer mitochondrial membrane, J. Membr. 
Biol., 97, 21-29, 1987. 

Tedeschi, H., Kinnally, K. W., and Mannella, C. A., Prop- 
erties of channels in the mitochondrial outer membrane, 
J .  Bioenerg. Biomembr., 21, 451-459, 1989. 

Thieffry, M.,  Chich, J-F., Goldshmidt, D., and Henry, 
J-P., Incorporation in lipid bilayers of a large conduct- 

1 1 1 ,  2353-2363, 1990. 

ance cationic channel from mitochondrial membranes, 

Thieffry, M., Neyton, J., Pelleschi, M., Fkvre, F., and 
Henry, J-P., Properties of the mitochondrial peptide- 
sensitive cationic channel studied in planar bilayers and 
patches of giant liposomes, Biophys. J . ,  63, 333-339, 
1992. 

Thinnes, F. P., Evidence for extra-mitochondria1 localiza- 
tion of the VDAC/porin channel in eukaryotic cells, J. 
Bioenerg. Biomembr., 24, 71-75, 1992. 

Thinnes, F. P., Schmid, A., Benz, R. ,  and Hilschmann, 
N., Studies on human porin. III. Does the voltage-de- 
pendent anion channel "Porin 31HL" form part of the 
chloride channel complex, which is observed in different 
cells and thought to be affected in cystic fibrosis?, Biol. 
Chem. Hoppe-Seyler, 371, 1047-1050, 1990. 

Thinnes, F. P., Gotz, H., Kayser, H.,  Benz, R., Schmidt, 
W. E., Kratzin, H. D.,  and Hilschmann, N., Zur Kennt- 
nis der Porine des Menschen I. Reinigung eines Porins 
aus menschlichen B-Lymphozyten (Porin 3 IHL) und sein 
topochemischer Nachweis auf dem Plasmalemm der 
Herkunftszelle, Biol. Chem. Hoppe-Seyler, 370, 1253- 
1264, 1989. 

Thomas, L., Kocsis, E., Colombini, M., Erbe, E. ,  Trus, 
B. L., and Steven, A. C., Surface topography and mo- 
lecular stoichiometry of the mitochondrial channel, 
VDAC, in crystalline arrays, J .  Struct. B i d ,  106, 161- 
171, 1991. 

Thomas, L., Hartung, K., Langosch, D., Rehm, H., Bam- 
berg, E., Franke, W. W., and Betz, H., Identification 
of synaptophysin as a hexameric channel protein of the 
synaptic vesicle membrane, Science, 242, 1050-1053, 
1988. 

Towbin, J. A., Minter, M., Brdiczka, D., Adams, V., De 
Pinto, V., Palmien, F., and McCabe, E. R. B., Dem- 
onstration and characterization of human cardiac porin: 
a voltage-dependent channel involved in adenine nu- 
cleotide movement across the outer mitochondrial mem- 
brane, Biochem. Med. Metab. Biol., 42, 161-169,1989. 

van Keulen, M. A. and Berden, J .  A., Antimycin binds to 
a small subunit of the ubiquinol: cytochrome c oxido- 
reductase, Biochim. Biophys. Acta, 808, 33-38, 1985. 

Van Venetie, R. and Verkleij, A. J., Possible role of non- 
bilayer lipids in the structure of mitochondria. A freeze- 
fracture electron microscopic study, Biochim. Biophys. 
Acta, 692, 397-405. 1982. 

Verdoorn, T. A,, Draguhn, A., Ymer, S . ,  Seeburg, P. H., 
and Sakmann, B., Functional properties of recombinant 
rat GABA, receptors depend upon subunit composition, 
Neuron, 4, 919-928, 1990. 

Vestweber. D. and Schatz, G., DNA-protein conjugates can 
enter mitochondria via the protein import pathway, Na- 
ture, 338, 170-172, 1989. 

Vestweber, D., Brunner, J.,  Baker, A.,  and Schatz, G.,  A 
42-K outer-membrane protein is a component of the yeast 
mitochondrial protein import site, Nature, 341, 205- 
209, 1989. 

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and 
Eppenberger, H. M., Intracellular compartmentation, 

EMBO J . ,  7, 1449-1454, 1988. 

170 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



structure and function of creatine kinase isoenzymes in 
tissues with high and fluctuating energy demands: the 
“phosphocreatine circuit” for cellular energy homeo- 
stasis, Biochem. J . ,  281, 21-40, 1992. 

Walker, J .  E., Arizmendi, J. M., Dupuis, A. ,  Fearnley, 
I. M., Finel, M . ,  Medd, S. M.,  Pilkington, S. J . ,  Run- 
swick, M. J . ,  and Skehel, J. M., Sequences of twenty 
subunits of NADHxbiquinone oxidoreductase from bo- 
vine heart mitochondria. Application of a novel strategy 
for sequencing proteins using the polymerase chain re- 
action, J. Molec. Biol., 226, 1051-1072, 1992. 

Weiler, U., Riesinger, I . ,  Knoll, G . ,  and Brdiczka, D., The 
regulation of mitochondnal-bound hexokinases in the 
liver, Biochem. Med., 33, 223-235, 1985. 

Weiss, M. S . ,  Kreusch, A., Schiltz, E., Nestel, U., Welte, 
W., Weckesser, J . ,  and Schulz, G. E., The structure of 
porin from Rhodobacter capsulatus at 1.8 A resolution, 
FEBS Lett., 280, 379-382, 1991. 

Werkheiser, W. C. and Bartley, W., The study of steady 
state concentrations of internal solutes of mitochondria 
by rapid centrifugal transfer to a fixation medium, 
Biochem. J., 66, 79-91, 1957. 

Wojtczak, L. and Zaluska, H., On the permeability of the 
outer mitochondria1 membrane to cytochrome c. I. Stud- 
ies on whole mitochondria, Biochim. Biophys. Acfa, 193, 

Wunder, U. R. and Colombini, M., Patch clamping VDAC 
in liposomes containing whole mitochondrial mem- 
branes, J .  Membr. Biol., 123, 83-91, 1991. 

64-72, 1969. 

Yang, X-C. and Sachs, F., Block of stretch-activated ion 
channels in Xenopus oocytes by gadolinium and calcium 
ions, Science, 243, 1068-1071, 1989. 

Zalman, L. S . ,  Nikaido, H., and Kagawa, Y., Mitochon- 
drial outer membrane contains a protein producing non- 
specific diffusion channels, J. Biol. Chem., 255, 1771- 
1774, 1980. 

Zhang, D-W. and Colombini, M . ,  Inhibition by aluminium 
hydroxide of the voltage-dependent closure of the mi- 
tochondrial channel, VDAC, Biochim. Biophys. Acta, 
991, 68-78, 1989. 

Zhang, D-W. and Colombini, M., Group IIIA-metal hy- 
droxides indirectly neutralize the voltage sensor of the 
voltage-dependent mitochondria1 channel, VDAC, by in- 
teracting with a dynamic binding site, Biochirn. Biophys. 

Zimmerberg, J .  and Parsegian, V. A.,  Polymer inaccessible 
volume changes during opening and closing of a voltage- 
dependent ionic channel, Nature, 323, 36-39, 1986. 

Zorov, D. B., Kinnally, K .  W., and Tedeschi, H.,  Voltage 
activation of the heart inner rnitochondrial membrane 
channel, J .  Bioenerg. Biomembr., 24, 119-124, 1992. 

Zorov, D. B.,  Kinnally, K.  W., Perini, S., and Tedeschi, 
H., Multiple conductance levels in rat heart inner mi- 
tochondrial membranes studied by patch clamp, Biochim. 

Ac~u,  1025, 127-134, 1990. 

Biophys. Ac~u,  1105, 263-270, 1992. 

171 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




