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Abstract. The mitochondrial outer membrane channel,nel (Colombini, 1979; Colombini, Blachly-Dyson &
VDAC, is thought to serve as the major permeability Forte, 1996). In addition to voltage, the channel has also
pathway for metabolite flux between the cytoplasm andbeen found to be regulated by various polyanions (Man-
mitochondria. The permeability of VDAC to citrate, gan & Colombini, 1987; Colombini et al., 1987; Colom-
succinate, and phosphate was studied in channels recobini et al., 1989), a modulator protein (Holden & Co-
stituted into planar phospholipid membranes. All ionslombini, 1988; Liu & Colombini, 1991, 199, and
showed large changes in permeability depending oiNADH (Zizi et al., 1994). By increasing the voltage de-
whether the channel was in the open or in the low conpendence of the channel, these agents lower the chang
ductance, “closed” state, with the closed state alwaysin membrane potential necessary to open/close the chan
more cation selective. This was especially true for thenel.
divalent and trivalent anions. Additionally, the anion Channel closure results in both a selectivity change
flux when the voltage was zero was shown to decrease t¢more cation selective in the closed state) and a reduction
5-11% of the open state flux depending on the aniorin pore size. Thus, if anionic metabolites are more per-
studied. These results give the first rigorous examinationrmeable in the open state and largely impermeable in the
of the ability of metabolites to permeate through VDAC closed state, the activities of mitochondria could be af-
channels and indicate that these channels can control thfected by the conformational change or gating of VDAC
flux of these ions through the outer membrane. Thischannels.
lends more evidence to the growing body of experiments  Experiments with isolated mitochondria (Gellerich
that suggest that the outer mitochondrial membrane haset al., 1987) and skinned muscle fibers (Saks et al., 1993)
much more important role in controlling mitochondrial have provided evidence that the outer mitochondrial
activity than has been thought historically. membrane limits the flow of adenine nucleotides. When
tested, treatments that close channels in reconstitutec

Key words: Mitochondria — Outer membrane — lon conditions have also inhibited mitochondrial function,

flux — VDAC — Channel — Gating including the flux of nucleotides into the mitochondria
(Colombini et al., 1987; Benz et al., 1988; Liu & Co-
lombini, 199D).

Introduction These experiments lend evidence to support the idea

that VDAC can control the flux of metabolites through

For metabolites to gain access to the mitochondrial maEhe outer mitochondrial membrane, thereby influencing

trix, they must pass through both the inner and outel.Ihe overall state of the mitochondrion itself. However, it

membrane. While transport through the inner mitochon-S difficult to determine if the observed effects are due to

drial membrane is mediated by specific carriers, transloSTects of the channel alone, the channel interacting with

cation through the outer membrane is thought to be dué)the_r proteins, or some other effect. The a_ctual situation
to the presence of VDAC channels in vivo may be very complex, as VDAC is known to

: : : _interact with a variety of other proteins, including hexo-
VDAC s ahighly conserved, highly regulated chan kinase (Linden, Gellerfors & Nelson, 1982; Fieck et al.,
1982, Nakashima et al., 1986), creatine kinase (Brdiczka,
[ Kaldis, & Wallimann, 1994), glycerol kinase (Fiek et al.,
Correspondence tdyl. Colombini 1982), the benzodiazepine receptor (McEnery, 1992),
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and the VDAC modulator (Holden & Colombini, 1988; solutions of interest and the potential was measured with a voltmeter.

Liu & Colombini, 1991). To obtain more information on For the gramicidin experiments, 30g/ml gramicidin in DMSO was

the permeability of metabolites through VDAC itself, we added'to a bllayer' separating the §9Iutlons of interest. The reversal

looked at the permeability of planar phOSphOlipid mem_potentltatl was monitored by determining the voltage that brought the

LA ) ; current to zero.

branes containing VDAC to citrate, succinate, and phos-  gjnce the same electrodes and the same solutions were used tc

phate. We report that channel closure drastically lowersecord reversal potentials for the ideally cation-selective membranes

the permeability of VDAC to these metabolites. and the VDAC-doped membranes, electrode asymmetries and liquid
junction potentials influence both sets of measurements in the same
way. However, reversal potentials after the membrane broke were re-

Materials and Methods corded to correct the measured potential values.

All experiments were conducted using planar phospholipid membranes

made by the method of Montal and Mueller (1972) as revised by R€Sults

Schein, Colombini and Finkelstein (1976) and Colombini (1987). The

voltage was clamped and the current recorded. Calomel electrode¥he permeabilities of VDAC channels to citrate, succi-

with _saturateq KCI t_Jridges were used to interface with ‘the aqueouqate, phosphate, and chloride were examined in channels

sglutlons on eltheor side of the membrane. Unless otherwise '”d'cateq'econstituted into planar phospholipid membran-

é\;"e?:(zggt'sndbos‘gﬁ’ cholesterol in hexane was used to form the Cotes. Since current was the measured parameter it was
quently the membranes. The solutions contained one/ . . . .

the salt of interest, although in some cases, a small amount of ftie Ca ru_C'al to dIStlngUI§h between Pu”e”ts carried by the

or Mg?* salt was added to get more stable membranes. Single-chann&ation and that carried by the anion as both can permeate

experiments were generated by reducing the amount of protein added through VDAC. The zero-current or reversal potential

the chamber. The reversal potentials were determined by running a yas used to estimate the relative flux of anions and cat-

mHz triangular wave from approximately +60 to -60 mV, and the point jons. A twofold gradient was used because the reversal
at which the current trace crossed zero was taken as the reversal p

! i e?)'otential is known to vary, in a highly nonlinear way
tential for the open state. The closed state reversal potential was tak n.th th . f th trati dient. at |
by extrapolating the current trace for the channel in the closed state tXVI €size o . € concentra "_)n gradient, a _more el-
the zero current line. All chemicals were purchased from Sigma unles€Vated salt gradients (Zambrowicz & Colombini, 1993).

indicated otherwise. Results are reported as means + SE with the num- 10 convert reversal potential values into permeabil-

ber of observations in parentheses. ity ratios, activity ratios are needed. Since the counteri-

VDAC from N. crassawas used in these experiments. The mi- ons of the metabolic ions of interest were alkali metal

tochondria were isolated as previously described (Mannella, 1982). ions. the activity ratio of these ions was determined ex-
perimentally and used as an estimate of the needed sal

EXPERIMENTAL CONDITIONS activity ratio.

A two_fold concentra}tlon gradient of 290 tq 100 mM was useq for a”.ESTIMATION OF THE ACTIVITY RATIO

experiments. Solutions were made with either disodium succinate, tri-

sodium citrate, sodium phosphate, or potassium chloride. The succi- . . . .

nate and citrate experiments were brought to pH 7.2 with succinic acidl € activity ratio of the cation was determined by mea-
or citric acid. In the case of citrate and succinate, & @alcium suc-  suring the equilibrium potential and using the Nernst
cinate or 1 nm magnesium citrate were added to the solutions to helpequation to calculate the activity ratio:

generate stable membranes.

The citrate experiments were performed using ultra-pure triso- RT a,
dium citrate from Amresco. For these experiments, the asolectin wag\\V/ = — In — (1)
replaced by diphytanoyl phosphatidylcholine (DPyPC) to generate zZF

more stable membranes. In addition, a separate set of experiments

were performed using 150 mKCl and 1 nm citrate. In the latter ~ WhereR is the gas constanT, is the absolute tempera-
experiments, channels were inserted into the planar membrane in thgyre, z is the valencyF is Faraday’s constara,/a, is the
presence of 150 m KCI and then either trisodium citrate or magne- activity ratio of the cation and\V is the equilibrium
sium citrate was added to the chamber in order to bring the f'na'potential for the cation. The equilibrium potential for the

concentration of citrate up to 1vm ti timated b . th tential
Two sets of experiments were conducted using sodium phos-ca Ion was estimate y measuring thé potential across

phate. In both experiments a twofold concentration gradient was usec@n artificial cation-selective membrane separating solu-
with 200 mv salt solution on the cis side and 10Gsalt solution on  tions of the two different concentrations. Alternatively,
the trans side. In the first set of experiments the pH was kept at 5.5jt was measured by applying the same salt gradient to a
thereby generating primarily phosphate with a single negative Chafgephospholipid membrane doped with gramicidin, a cation-
In the second se_lt of Expe;}iments_ :]he pH was gdjus;}ted to 8.5 in order t%elective, pore-forming protein (Myers & Hayden,
generate primarily phosphate with two negative charges. . .

The reversal potential of an ideally cation-selective membranelg?z)' Since the reSUIt.s qf these two dlﬁeren.t methods
was found by using an artificial cation-selective membrane (lonac mcWwere very close, the. artificial membr_a.ne_ experlment was
3470). Alternatively, the reversal potential of gramicidin-doped mem-taken as a good estimate of the equilibrium potential and
branes was measured. The cation-selective membrane separated #ee cation activity ratio was calculated using this number.
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Table 1. Comparison of activity ratios Current (pA)
50 KCl

Compound Literature Measured cation Debye-Huckel -11.3 -10.5

salt activity ratio$ activity ratios 0 =Y A r}//\

activity ratic* AWA

12.0 11.1

Nagcitrate 1.68 1.65 30 l :) 6I l I (I)
Na,succinate 1.71 1.75 67 0 70
Na,HPO, 1.69 1.69 1.72
NaH,HPO,  1.81 1.78 1.87 30 Na,Succinate

KCl 1.86 1.86 1.84 -13.6 -11.7 //‘/\"Lr\
*from Stokes & Robinson 342w AN

o

2 calculated using the cation reversal potential determined from artifi- ~ -30 -2.6 -3.3
cial membrane experiment ' ' ' L L L
3 calculated using Debye-Huckel equation and parameters from 0 -55 0 64 0
Lange’s Handbook
50 Na,Citrate
N -134 _v11.7

The cation activity ratio was used to estimate the sali 0 z 7\ N
activity ratio. The relationship between the salt activity 41 -4.9 3.1
ratio and that of the anion and the cation for the salt Y
C. A, is: [ I I L l |

0 -59 0 58 0

ay ] V- an - [a Voltage (mV)

s | = - 2
[azs] [azj [az—] ( ) Current (pA)

20
-12.6 -12.0 NatLPO, 14

wherev, = v, +Vv_ andv, is the number of moles of ¢ ¢ /}/‘\ v
cations and/_ the number of moles of anions produced 0 = \\\
by the dissociation of the sala,, a,, anda_ are the 4% 4f‘
activities of the salt, the cation, and the anion, respec L] | [ | g
tively, with 1 and 2 referring to the two different salt ~ “2° 0 & 0 66 0
concentrations.

The relationships between activity coefficients are 20 126 128 NaHPO,
best seen for pho;phate ar_ld_ KCI, where .experimentallj or\'\ v 3 5
measured salt activity coefficients are available. The ac A AN ng\
tivity ratios for the individual ions and the salt were 20~ ! 3.2 )
determined and compared in Table 1. Given the close 40— L1 6'7 (‘) 6'7 ('] |

ness of the numbers, it is reasonable to use the catio

L. . . L . Voltage (mV)
activity ratio as a good estimate of the salt activity ratio

where this number is unavailable in the literature.
For comparison we include theoretical values calcu-voltage waves. Twofold gradients of the indicated salt were present

lated from the Debye-Huckel theory.

MEASUREMENT OF THEREVERSAL POTENTIALS FOR THE

OPEN AND CLOSED STATES

Fig. 1. Single-channel current records in response to applied triangular

(seeMaterials and Methods). On the abscissa are indicated the peak
voltages of the triangular voltage waves and the zero-voltage level. The
arrows and associated numbers indicate the measured reversal poten
tials for the open and closed states of the channels. Note that the thin
lines are extrapolations used to estimate the reversal potential.

These measurements were made on current records takéme produced linear segments in the current record
from membranes containing 1 VDAC channel. In a fewwhose slope is the conductance and zero-current inter-
instances, 2-channel membranes were used. Twofoldept is the reversal potential. As the voltage changed,
gradients of the anion of interest were present. No sigthe channel underwent transitions from the high-
nificant levels of other anions were present in solutionconducting “open” state at low potentials to the low-
(only OH and trace contaminants in the salts). Trian-conducting, “closed” state at high potentials. By ex-
gular voltage waves were applied and the currents retrapolation, reversal potentials were determined from the
corded (e.g., Fig. 1). The linear change of voltage withopen and closed states. Although different closed states
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containing succinate, citrate, chloride, and the two spe-
a’ KCl cies of phosphate. The slopes of the linear segments of
56 the single-channel records yielded the conductances of
&5 each state occupied by the channel (short-lived states
T4 were not measured). The corresponding zero-current po-
§3, tentials of each segment yielded the reversal potential of
£ that state. Extrapolations were often needed to measure
2 14 this reversal potential (thin lines on figures). The distri-
0- L l butions of the reversal potentials of the states plotted
. with their corresponding single-channel conductance are
Qgo0s8 LI illustrated in Figs. 2-6. One can clearly identify two
o populations corresponding to a higher conductive, open
g 0o state and a lower conductive, closed state. It can also be
‘g 04+ —5*rss seen that the lower conductive closed state has reversa
B .";z . potentials that are more negative than the open state,
g 02— therefore more cation selective.
o I * B The distributions of the pr_operties of the open anq
14 12410 -8 6 4 2 0 2 4 6 8 10 12 closed state are rather narrow in the case of chloride (Fig.

Reversal potential (mV) 2) and broader for the other anions. For citrate, the dis-
) ) ) tribution is the broadest (Fig. 4). Most of the variation is
Fig. 2. Single-channel conductance and reversal potential for channel?;lot due to error in the measurement but due to both intra-

in KCI medium. In the lower panel, individual measurements of con- and interchannel variability. The oscillations evident in
ductance of a particular channel are plottedthe corresponding re- Y-

versal potential (some points are overlapped). No distinction was madén€ Citrate experiment are responsible for the wide vari-

between the open or closed state. However, events in the upper rigrﬂbi"tY-

correspond to the open state while those in the lower left correspondto ~ Table 2 shows the average values. Note that all the

the closed state. In the upper panel, these same observations (wittlosed state reversal potentials are negative, indicating a

reversal potentials rounded to the nearest Whole number) are plotted iBation selective channel. In Iooking at these results it can

the form of a bar graph. The results plotted in each of Figs. 2-6 werq,, goqn that the closed state reversal potentials are ven

collected on different membranes but multiple measurements were also . . .

made on the same channel in one membrane. close to the Nernst potentlal_ for the cation and that this
represents a large change in selectivity from the open
state. This also indicates that the closed state is indeec

are known to exist, the reversal potential of the most‘closed” to the anionic metabolites.

frequently occupied closed states were recorded.

Figure 1 shows an example of a typical experiment

conducted for each anion. For most of the experiment&STIMATION OF THE PERMEABILITY RATIOS

two relatively easy to identify states are evident: a lower

conductive, closed state and a higher conductive, opeffhe permeability ratios were determined for each ion,

state. Channel closure is indicated by an abrupt transiusing the Nernst-Planck flux equations. This theory as-

tion to a trace with a shallower slope. However, in somesumes electrical neutrality in the permeability pathway.

instances there were some states that did not seem While this is not quite correct, for large channels it may

belong in either category and had different characterisbe a better approximation than constant field. Starting

tics. In general, these were too infrequent to adequatelyith the standard general flux equations:

classify.

The recorded traces from the citrate experiments 1 da dav
were unusual in that oscillations were seen in all experi$ - =—p_a_| RT_— +2 F )
ments, with only occasional closures of the channel to a B
much lower conducting state. These oscillations were
) ; ) X lda d
not observed at physiological levels of citrate. Experi-¢,, =—p.a,( RF——+z, F—
ments were conducted in which Ivmof either sodium a, dx dx 4)

citrate of magnesium citrate was added to the aqueous

medium consisting of 150 m KCI after VDAC had whered is the flux, p is the mobility/permeability.

already inserted into the membrane. No oscillations  Assuming electroneutrality, Eqs. 3 and 4 can be

were induced in the channaldta not shownh Thus the combined to yield equations applicable to the situation

oscillation arises from the high citrate concentration. when the membrane potential yields zero current through
Conductances and reversal potentials for the opethe channel. For the case of a monovalent cation and

and closed states of VDAC were measured for solutiongnion, the flux of the anion is equal to the flux of the
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Fig. 5. Conductance and reversal potential for channels igHR&®,
Fig. 3. Conductance and reversal potential for channels in sodiummyedium. Details are as in Fig. 2.

succinate medium. Details are as in Fig. 2.
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Fig. 6. Conductance and reversal potential for channels in JR&jy

Fig. 4. Conductance and reversal potential for channels in sodiummedium. Details are as in Fig. 2.
citrate medium. Details are as in Fig. 2.

Likewise, the permeability ratios for the case of di-
cation (b_ = ¢,), and the activities of ions are assumed valent and trivalent anions can be found. In general for a
to be equal§, = a_). The result is: monovalent cation and an anion of valergy, = |2 d_
anda, = |Za.. Thus the equation becomes:
RT(p--p.) p+)
N ) & - (2 ) -
Pt ldp-/ Ay

whereV is the zero current potential. Knowing the ac-

tivity ratio and the zero current potential, the permeabil-The permeability ratios shown in Table 3 confirm the
ity ratio (p,/p_) can be determined. high cation selectivity of the closed state for the divalent
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Table 2. Reversal potentials of the opengjEand closed (B channel, the conductances of the opep) @d closed (@ channel and the membrane
potential of a cation selective membrane and the reversal potentials of gramicidin in the given solution.

SpECies E(mv) Go (I']S) Ec (mv) Gc (ns) Ecalicn EGramicidin

(mV) (mV)
Trisodium citrate -3.7+0.2(25)  0.67%0.02 (25) -11.7 £0.4 (8) 0.280.02 (8) -13.1+0.1 (4) -13.8+0.03 (3)
Disodium succinate ~ -3.3+0.4(20)  0.62 % 0.02 (20) -12.8+0.2(19) 0.30+0.02(19) -14.0+0.1(3) -14.5+0.1 (5)
Na,HPO, -3.1+0.1(40) 0.58+0.004 (40) -12.3+0.2(27) 0.29+0.03(27) -12.9+0.3(5) -13.4+0.1(4)
NaH,PO, 46+0.1(43) 0.23+0.002(43) -11.6+0.3(29) 0.14+0.01(29) -148+0.03(4) -14.6+0.1(4)
KCl 10.7+0.2(15)  0.81+0.01(15) -11.1+0.2(21) 0.31+0.02(21) -15.9+0.1(3)

Table 3. Permeability ratios for each compound calculated using theda |v:0

salt activity ratio &,4a,J and/or the cation activity raticag+/a,+) ax W (10)
Compound Calculated using the Calculated using the o ) ) ]
salt activity ratio cation activity ratio The individual ion fluxes are then obtained by substitut-
ing Eg. 10 into the individual flux equations (Eq. 3 and
Open Closed Open Closed 4), giving in the case of a monovalent cation and anion
_ u/u- uu u./u- u./u- the following equations:
Nagcitrate 2702 46 + 8
Naysuccinate 22+0.2 93 +20 I
NaHPO, 1.9 + 004 91 *18 19%004 91 +18 == (11)
NaH,PO, 05+ 001 88+ 10 05+002 105+ 1.8 FY(Y-1)
KCl 02 +001 61+ 04 02+001 6.1+ 04 |
V=0
- F(Y-1) (12)

and trivalent anions. It is somewhat surprising that Ci-The solution for anions of valency, is:

trate, given its size and three negative charges is not the

least permeable but this may be due to the oscillating |l v=0)

behavior. All of the ratios, even that of the monovalent(bz:lle(Tl) (13)
anions show a large change in permeability from the

open to the closed states (Table 3). The individual ion fluxes calculated in this way are listed

in Table 4. The large change in the calculated anion flux
ESTIMATION OF THE |ON FLUXES betwgen Fhe open and closed states is evident in the table
and in Figure 7. In most cases the closed state only
allows about 5 percent of the anion flux as compared to
the open state. In contrast, the cation flux is similar in
both the open and closed state. Even though the closec
state has been shown to have a much smaller aqueou
pore (Zimmerberg & Parsegian, 1986; Colombini, 1989),
the selectivity change favors cation entry into the chan-

nel.
By substituting in the flux equations (Eq. 3 and 4), and

letting V = O for the case where both the anion and
cation are monovalent: Discussion

Estimates of individual ion fluxes were obtained using
the current at zero voltag®/ (= 0) and the permeability
ratios @./p_). The total currentl, is given by:

= zFd. +ZFd_ @)

da da The permeability of the mitochondrial outer membrane
lv=0) = [FLRT -p-RT—~ ] (8)  to nonelectrolytes has long been known to match that of
the VDAC channel. However, the ability of VDAC to
act as a conduit for the passage of metabolites, most of
which are negatively charged was not carefully exam-
da ined before this work. More importantly, the ability of
ly—o = FRTR. [ Y(Y - 1)} (9) VDAC to regulate the flow of metabolites had only been
examined indirectly by looking at the effects of agents,
known to close VDAC channels, on the permeability of
Rearranging then gives: the outer membrane. The present work shows that

definingY = p,/p_, we obtain the following equation:
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Table 4. lon fluxes (x 16) in ions/sec 70
I open .
Anion Cation closed Anions
65
% of >
Species Open Closed Open Open Closed 3
Nagcitrate 34%£0.2 024006 7.0 25 0.7 212 g 60
Nasuccinate 6.8+0.4 0.31+0.05 45 26 *1 25%1 o
Na,HPO, 6.3£0.1 0.29+0.05 46 24 =03 23%2 x
NaH,PO, 14 +0.2 16 0.1 114 76+0.1 12+0.6 %
KCI 67 =05 45 x03 6.7 13 05 26=%1 '-IC-
°
VDAC is a good conduit for the flow of succinate, ci-
trate, and phosphate. It also shows that the transition ¢

VDAC from the high-conducting, open state to the most ditrate succinate® HPO, H,PO,
easily accessible, lower conducting, “closed” state, re-
sults in a reduction in the flux of these metabolites thatis 30
out of proportion to the reduction in pore radius (from Cations
1.4 to 0.9 nm; Colombini et al., 1996). Despite this 25
“closed” state still being permeable to a tetrose (stachy-
ose, Colombini et al., 1987), and even weakly to an& 20
8-glucose cyclodextrin (gamma-cyclodextrin), it shows aé
remarkable reduced permeability to the metabolic ans 15
ions. The channels become essentially “closed” to%
these anions. Clearly, electrostatic effects must be ing2 107
volved. This view is supported by the fact that the flow g
of cations is not reduced much at all by the closing event~ 5
The combination of the reduction in pore size and the
permeability change resulting from channel closing ac-
counts very well for these observations. Na;
These findings correlate well with the current model
OT the Channel: In the open State.’ the pore-forming re'Fig. 7. Fluxes of cations (lower panel) and anions (upper panel)
gion of VDAC is thought to consist of 12 beta strands through VDAC channels in the open (solid bar) and closed (hatched
and one alpha helix, with primarily nonpolar amino acid bar) state. The error bars are standard errors.
residues facing the lipid bilayer, while the polar and
charged residues are in contact with water in the pore
(Blachly-Dyson et al., 1989; Blachly-Dyson et al., 1990; membrane. It is important to note that the divalent ions
Peng et al., 1992). Inthe open state, the net charge of theuccinate and HP{~, showed large changes in perme-
residues lining the inner wall of the pore, is positive ability in these experiments; clearly an additional nega-
thereby making the channel anion selective. Upon clotive charge drastically affects the permeability in the
sure however, a subset of transmembrane strands aotosed state. It is likely that similar divalent ions would
thought to be removed from the pore causing both theshow similar permeability characteristics. These results
pore size to decrease and, by changing the net charge afso correlate well with previous experiments on intact
the pore, the selectivity to be inverted (Peng et al., 1992)mitochondria in which agents that induce closure of re-
The large change in anion flux in these experiments mayonstituted channels have been shown to reduce the res
be explained in that both effects of channel closure (thepiration of mitochondria (Benz et al., 1988; Benz, Kottke
change in size and selectivity) work together to limit & Brdiczka, 1990; Liu & Colombini, 1991; Lee, Zizi &
anion flux. However, in the case of cation flux, these Colombini, 1994). These experiments provide an impor-
changes work in opposite directions and therefore thdant link between these two types of experiments in that
flux does not change much. the permeability was measured directly for the channel
The decrease in anion flux would limit the availabil- alone.
ity of metabolites necessary for respiration. Eventhough  The permeability in vivo may be even more pre-
this is just a sampling of metabolites that would need tocisely regulated than these experiments indicate. In re-
gain access to the mitochondria, the evidence is compehlity, depending on the actual voltage difference across
ling that other metabolites would have similar changes irthe mitochondrial outer membrane, this reduction may
permeability through VDAC, and therefore the outereven be greater. In the presence of the VDAC modula-

cr

Na+ Na’ , Na+ K+
(citrate” )(succinate'z) (HPO4™) (HoPO4)  (CP)
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tor, VDAC is known to enter a closed state of lower tivity chan'ges'in ;ite-dirgcted mutants of the VDAC ion channel:
conductance than that studied here. This may make the structural implicationsScience247:1233-1236
channel even less permeable to these anions. It is ur‘?—'a‘;hg'gysﬁélaéﬁag’brco(‘)"l’c')cnﬁbiiB'MY“h‘)’:’t'e"",'VIAdlaggg'\é'lvo mc?n%
clear how all the different proteins that bind to VDAC in . i o P ' 9
. . . functional expression in yeast of two human isoforms of the outer
vivo actually affect the function of the _Channe!' Evi- mitochondrial membrane channel, the voltage-dependent anion
dence has been present_ed that the blnd|_ng of kinases to channelJ. Biol. Chem268:1835-1841
VDAC would allow the kinases to have direct access toBrdiczka, D., Kaldis, P., Wallimann, T. 1994. In vitro complex forma-
metabolite flux through VDAC (Adams et al., 1989, tion between the octamer of mitochondrial creatine kinase and po-
Arora & Pederson, 1988; Rasschaert & Malaisse, 1990). rin. J. Biol. Chem269:27640-27644 -
However, how the system functions as a whole is un-CO'O”Ib'”" ':" ﬁwz-_Al Ca”d'sateglort‘hezg‘;rg”f;bé'g pathway of the
known. It is possible, that given the local conditions, 24" Mtochondnal memoransiature 27954552
. . . Colombini, M. 1987. Characterization of channels isolated from plant
VDAC might control very precisely any traffic through mitochondriaMethods Enzymoll48:465-475
the_ outer m_embrane' perhaps Iettmg some substances &)Iombini, M. 1989. Voltage gating in the mitochondrial channel,
Whlle_ stopping others. VDAC also shows_spme hetgr_o- VDAC. J. Membrane Biol111:103-111
geneity of closed states, (Zhang & Colombini, 1990), it iS Colombini, M., Blachly-Dyson, E., Forte, M. 1996. VDAC, a channel
possible that in vivo these are very precisely regulated, in the outer mitochondrial membrania: lon Channels Vol. 4, T.
which in turn would regulate metabolite flux into and out  Narahashi, editor. pp. 169-202, Plenum Press, New York, NY
of mitochondria. VDAC could serve different roles de- CO'OVT‘b'r;"’ M., *I'O'fle”' 'VI'J Mangan, P.S. 198?- Modulation of the
pending on either the cell type or changing conditions in  Mitochondrial channel VDAC by a variety of agenta: Anion
. Carriers of Mitochondrial Membranes. A. Azzi, K.A. Naig M.J.
the cell. It has been speculated that VDAC present in the Nalecz, and L. Wojtczak, editors. pp. 215-224. Springer-Verlag
contact sites could be in a different state than VDAC  New York
located elsewhere on the outer memprane (Ben_z et algolombini, M., Yeung, C.L., Tung, J., Kug, T. 1987. The mitochon-
1990; Adams et al., 1989). The in vivo properties of  drial outer membrane channel, VDAC, is regulated by a synthetic
VDAC probably depend on the integration of a number  polyanion.Biochem. Biophys. Act805:279-286
of factors: the voltage present across the outer mem¥iek, C., Benz, R., Roos, N., Brdiczka, D. 1982. Evidence for identity
brane, the presence of modulator proteins, the binding of t?e“’,"e‘i:]‘ the rt‘ex‘)k'”aze'b'”d”f‘g pt“l’_te'” a”,? thhe ”é”?g_ho';f‘”a' po-
different kinases, and which VDAC gene is expressed [ ' ™€ Ouler membrane of rat iver mitochondriatiochim.

Biophys. Acta688:429-440
(BlaCth'Dyson etal, 1993)' Gellerich, F.N., Schlame, M., Bohnensack, R., Kunz, W. 1987. Dy-

While the entire system may be complex, the per-  namic compartmentation of adenine nucleotides in the mitochon-
meability characteristics of VDAC give the mitochondria  drial intermembrane space of rat heart mitochondiachim. Bio-
the ability to control the flux of metabolites through the  phys. Acta722:381-391
mitochondrial outer membrane, thereby giving it theHolden, M.J., Colombini, M. 1988. The mitochondrial outer membrane

ability to regulate the level of mitochondrial activity. ;zfﬂ%e; %%AC' is modulated by a soluble proteFEBS Lett.

Lee, A., Zizi, M., Colombini, M. 19948-NADH decreases the per-
meability of the mitochondrial outer membrane to ADP by a factor
of 6. J. Biol. Chem269:30974-30980

Linden, M., Gellerfors, P., Nelson, B.D. 1982. Pore protein and the
hexokinase-binding protein from the outer membrane of rat liver
mitochondria are identicakFEBS Lett.141:189-192

Adams, V., Bosch, W., Schlegel, J., Walliman, T., Brdiczka, D. 1989, Lit» M-, Colombini, M. 1991. Voltage gating of the mitochondrial
Further characterization of contact sites from mitochondria of dif- ~ °uter membrane channel VDAC is regulated by a very conserved

ferent tissues: topology of peripheral kinasBsochim. Biophys. protein. Am. J. Physiol260:C371-C374
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