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The pofin of the outer membrane of ra~br~n m~ochondfia was isoM~d and purifY& The proton showed a 
sin~e band of apparent M~ 35 500 on dodec~ sulfate-con~i~ng polyacrylamide gd~ The incorporation of 
ra~br~n pofin ~to  a r t i f i ~  H~d ~Myer membranes showed that ~ ~ ab~ to form pores with an average 
~ n ~ c h a n n d  conduc~nce cf 400 pS in ~1 M KCI. The pores were found to be v~ge-dependent and 
swished to subse t s  ~ ~gher ~ansmembrane p o ~ n f i ~  The v~ge-dependence of the rM br~n pore was 
consMera~y smaller than thM ¢f the other known eukaryotic pofin~ The p o s ~ e  ro~ of the ra~br~n pofin 
~ the regulation of ~anspo~ processes across the outer mitochondfi~ membrane ~ discussed. 

I ~  

The outer mitochondri~ membrane seems to be 
f fedy permeab~ to a variety of different solutes 
[1,2]. It is, on the other hand, impermeable to 
molecules with higher molecular w~ghts [3]. These 
observations indicated that the outer mitochon- 
df i~  membrane cont~ns a defined pathway for 
the mostly anionic substrates of mitochondfi~ In 
fact, a pore-forming protein was identified in the 
ou~r  mitochondfi~ membrane of a variety cf 
eukaryotic cells (Re~. 4-7,  see Mso Re~. 8 and 9 
for recent reviewS. This protein (~so known as 
the voltage-dependent anion-sdective channd - 
VDAC [4,5~ was named mitochondri~ porin in 
analogy to the bactefi~ pofins and in agreement 
with the e n d o s y m b i o n f i c  theory  [6-10].  
M~ochondfi~ porins have molecular woghts be- 
tween 30000 and 35 000 ~ - 1 ~ .  They are encoded 

A b b ~ n s :  DCCD, ~ d o h e x y ~ b o ~ i m i d e ;  HT~ h~ 
droxyapafi~; SD~ so~um dodec~ sulfat~ 

in the nucleus and are synthefized at free cyto- 
p lasm~ ribosomes without ~ader  sequence 
[13-15]. The m ~ u ~  protein hinds ~ c y d o h e x ~ -  
carbodfimide (DCCD) ~ very ~ w  concen~ation~ 
which indicated a negatively charged group ~ a 
hydrophob~ enfironment [12]. Experiments with 
w~e~s~ub le  porin ~om Neurospora cra~a sug- 
gested t h ~  the channel-forming u ~ t  is a comp~x 
compo~d of p ~ y p e p f i d ~ ,  phospholip~s and 
sterols [16]. 

The r~e  of the mitochondri~ pore in the 
m~abolism and phyfiology of mitochondria is 
unresolved at presenL Its p e r m e a ~ f i ~  could be 
controlled by a ~ansmembrane po~n t i~  or an 
intfinfic membrane po~nt i~ ,  because all mito- 
chondri~ porins ~ u ~ e d  so ~ r  ~re v ~ g ~ d e p e n -  
dent and switch to substates when the ~ansmem- 
brane p o ~n t i~  is ~gher  than 10-20 mV [4-9]. 
The substates have a smaller permeab~ff  and a 
different ionic selectiviW than the open pore 
[ 4 , ~ 1 7 ] .  Ano th~  con t r~  of the channd p~mea-  
bi l i~ co~d  be generated by the binding of ~ n a s ~  
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to the pore. The binding of hexokinase and 
~ycerokinase could have the advantage that these 
enzymes utilize directly the mitochondrial ATP- 
pool D8-2~. On the other hand, the binding of 
these enzymes could c o n ~  the channd perme~ 
bility as was sugges~d for rat br~n mitochondria 
[21]. These mitochondria cont~n more than 80% 
of hexokinase tightly but reverfibly bound [22]. 

In this pubhcation we describe the ~olation 
and purification of pofin from rat-br~n mito- 
chondri~ The porin was reconsfitu~d in ~pid 
bilayer membranes and the properties of the pores 
were studied in detail. The rat-br~n porin formed 
gener~ diffufion pores with a small pre~rence for 
C1- over K ÷. The v~tag~dependence was consid- 
erably ~ss than those of the other eukaryotic 
porins ~udied so far. The posfible role of the 
smaller voltage dependence in the phyfi~ogy of 
mitochondria is discussed. 

M a ~ d ~ s  ~ d  M e ~ s  

Purification of rat~rain po~n 
Mi~chondria from ~at br~n w~e ~ e d  ~ 

described dsewhere [23]. The protein was de- 
termined according to ~e  Biuret m~hod [2~. The 
me~ods of ~ a t i o n  and purification of the porin 
were ~ n t i a l l y  the same as described p ~ o u s ~  
~ r  ~ e  ~g  hea~ porin (DCCD-~n~ng proton 
[12]). R~-br~n mitochondria were s~ub~zed for 
20 min at 0°C ~ 3% Triton X-100/20 mM 
KH2PO 4 (pH 6.5)/20 mM KCI/1 mM EDTA in 
such a way that the tot~ protein concen~ation 
was 10 mg/ml. The uns~u~fized m~eri~ was 
~moved by centrifugation at 147000 × g for 30 
m~. The Triton X-100 extract (6 ml of the super- 
na~n 0 was applied to a hydroxyapafite c~umn ~ 
g of dry B i~G d  HTP fiom Bi~Ra& Richmon~ 
CA) and the dution of lhe c~umn was p~formed 
with the solubifization b u f ~  The fi~t du~d  7 ml 
were applied to a Affi-Gd 501 (Bio-Rad) c~umn 
w~ch was preequilibrated wi~ ~e  s ~ u b ~ z ~ n  
b u f ~  The unretarded p r~dns  ~om ~e  Affi-Gd 
c~umn were subsequently applied to a dry H T P /  
Celi~ column (ratio 1 : 1 (w/w); tct~ 6 g; Celi~ 
535 was obt~ned ~om Ro~, Kad~uh~ G.~R.). 
The HTP/Ce l i~  c~umn was duped  wi~ the 
s ~ u ~ l ~ i o n  buffer and the fi~t du~d  7 ml 
cont~ned the pure proteim 

The pufi~ of the proton was ~s~d by de~ro-  
phorefis on a pdyacrylamide-so&um dodec~ 
s ~  (SDS) gd [25]. The ~paration gd con- 
t~ned 17.5% acrylamide and an acrylamide/ 
Nsacr~amide ~afio of 150. The pofin was p ~ o ~ -  
tated in 90% cdd aceton~ The pellet obt~ned by 
centrifugation was ~ v e d  in SDS sample buf~r 
[25] before appfication to the gal. The porin con- 
cen~ation was de~rmined by the Lowry m~hod 
mot t l ed  for the presence of Triton X-100 [26]. 

~ e  ~ ~  
The me~ods used ~ r  black h~d Hayer  ex- 

periments have been described p ~ o u f l y  ~ det~l 
[27]. The a p p ~ u s  confi~ed of a Teflon chamb~ 
~ two aqueous compa~men~ The d ~  
h ~  ~ ~e  w ~  b ~ w ~ n  ~e  two comp~tmems 
had an area of ~ther 2 m ~  (~r  the m a ~ o ~ o p ~  
conducmn~ me~u~memO ~ about 0.1 m ~  (~r  
• e f i n ~ c h a n n d  ~ r i m ~ .  Mem~an~  w~e 
~rmed ~ ~e  h ~  by p~nting on a 1% ~ / ~  
s~ufion of d@hytanoy~hosphat id~ch~e  and 
p h m p h a t i d ~ r i n e  (Avanti ~ ~ c ~ ,  Bi~ 
~ n ~ a ~  A ~  in n-decan~ 

The ~ m p ~ a m ~  was kept at 25 o C throughout. 
~1  sfl~ w~e obt~ned ~om M~ck (D~m- 

s~dt, F.R.G. an~ytic~ gradO. The aqueous sCu- 
fions w~e u n b u f ~ d  and had a pH around 6. To 
prevent p r o ~ n  ~a~Naf io~  the p r o ~ n  was ad- 
ded to the aqueous ph~e ~om the 1 0 - ~  ~ t e d  
stock s~ufions (cont~n~g 0.1% Triton X-10~ 
~ther prior to memb~ne ~rmation or after the 
membrane had turned ~ m ~ e ~ y  black. 

The membrane current was me~u~d  at ~ven 
v ~ g ~  u~ng a p~r  of c~omd d e ~ d ~  ~ t h  
s~t bridge, w~ch were inse~ed ~to  ~e  aqueous 
s~ufions on both tides of ~e  memb~ne. The 
current ~ u ~  the pores was boosted by a cu~ 
rent ampfifi~ ( K o ~ l e ~  C~vdand OH, modal 
427) m o ~ d  on a s ~ g e  osd~oscope ~ 
~x, Beaverton O ~  modal 5115) and recorded on 
a s~p  chart or a tape recorde~ The m ~ r ~ c o p ~  
conductance me~u~ments were p ~ r m e d  ~ t h  a 
K o ~ e y  610 C de~rome~r.  Zero-current mem- 
b~ne  po~nfi~s w~e me~u~d  ~ ~e  same 
~s~umem 5-10 ~ n  a~er the appfication of a s~t 
grad~nt across ~e  memb~n~,  ~8]. 
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R e s ~  

Purifi~tion of rat bm~ po~n 

The same purification procedure as ~ b l ~ h e d  
for ~ h e a ~  pofin ~ s ~ d  flso ~ a p u ~  p ~ p a r ~  
t ~n  of r ~ -b r ~ n  pofin ( D C C D - b ~ n g  protein 
[12]). The de~ropho~ t i c  mobil i~ of this pofin 
was very imi la r  but not ~enf ic~  to thin of p ~  
hea~ pofin, i n c e  it showed a somewh~ low~ 
m o N ~  on a SD~p~yacrylamide  gd c o ~  
spon&ng to an apparent M r of 35 500. The ~ d d  
of the purification procedure for r~ -b r~n  pofin 
was approx. 60% of that for pig-heart porin [12]. 

Membrane e x p ~ m ~  

Macro~opic conduaance 
When the rat b r~n  pofin was added in sm~l 

quantities (10 to 100 ng/ml)  to the aqueous s~u- 
fions bathing a fp id  ~ h y e r  membran~ the specific 
conductance of the membran~ increased by 
sever~ orders of mag~tud~ The t im~cou~e  of 
the conductance ~crease was imi la r  to that de- 
scribed p ~ o u f l y  for mitochondfi~ pofin ~om 
rat 1Ner [6] and from Neurospora cra~a [7]. After 
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~ 1. Dependence of the sp~ific membrane condu~an~, G, 
on ~e  r~-br~n pofin concen~afion c ~ the aqueous phas~ G 
was m e ~ e d  20 min a~er the ad~fion of the p r ~ n  to the 
bhck ~ d  membrane. The membmn~ w~e ~rmed ~om 
~ph~anoylph~phatidylcholine ~ md~an~ The aqueous 
ph~e cont~ned 1 M KC1 and ~ than ffl #g/ml Tfi~n 
X-100; T=25°C;  Vm=10 m ~  

an initial rapid increase for 15-20 min, the mem- 
brane conductance increased at a much lower rate. 
The ~ow increase continued usually until mem- 
brane breakage. The conductance increase was 
observed regardless of whether the protein was 
added to only one fide or to both iides of the 
membrane. The addition of detergent alone at the 
same concentration as present in the protein solu- 
tions did not lead to any appre~ab~ increase in 
the spedfic membrane conductance above that in 
the absence of p ro ton  and detergent (10 -8 to 
10 -7  S / c m 2 ) .  

Because of the time-dependence of the mem- 
brane conductance in the presence of brain pofin, 
it was somewhat difficult to determine the depen- 
dence of the specific membrane conductance on 
the p ro ton  concen~ation in the aqueous phase. 
However, a meaningful comparison was pos ib le  
when we used the conductance value at a fixed 
time after the addition of the protein. Fig. 1 shows 
the dependence of the membrane conductance on 
the rat-brain porin concentration in the aqueous 
phase measured 20 min after the addition of the 
protein to the black lipid membranes. As can be 
seen ~om Fi R 1, there exists a finear relationship 
between membrane conductance and pro ton  con- 
centration in the aqueous phase for at least a 
100-fold range of protein concen~ation. Similar 
finear rdationships were also observed for 
mitochondrial porins from rat hver and Neuro- 
spora crassa [6,7]. 

It has to be noted that the process of the 
insertion of the mitochondfial pofin into hpid 
bflayer membranes was highly dependent on the 
type of ~pid used for membrane formation. 
Whereas the kinetics of the conductance increase 
were approximately the same for different fpids, 
the pore formation probability was at least 100- 
fold higher in membranes prepared ~om oxidized 
cholesterol than from diphytanoylphosphat~ 
dylcholine. The reason for this different behavior 
remains unclear so fa~ The imi la r  ' f p id  specific- 
ity' of bacterial porins was d~cussed on the bails 
of different lateral pressures in fpid bflayer mem- 
branes made of different fpids [29,30]. 

The mitochondfial pores from rat fiver [6,31] 
and Neurosopora crassa [7] were reposed to be 
voltage-dependent. This voltage-dependence and 
i~ magnitude were observed irrespective of the 
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Fi~ 2. Ratio of the conductance, G, at a given membrane 
potenti~ difided by the conductance, Go, at zero potentiM as a 
function of the applied membrane potential, V~. The mem- 
branes were formed from a mixture of diphytano~phosphatb 
dylcholine/phosphatidylsefine (molar ratio 4: 1) in n-decane. 
The aqueous phase cont~ned 1 M KCI. The cis fide contained 
9 ng/ml rat br~n pofin. The fign of V m ~ given with respect 
to the c~ fide; T= 25°C. 

type  of  membrane - fo rming  fipid ~ , ~  and ~respec-  
tive of  the me thods  used for m e m b r a n e  fo rmat ion  
~,6].  Currgnt -vol tage  curves were measured  with 
fipid b i layer  membranes  in presence of  r a t - b r ~ n  
po f in  to test whether  this pof in  has a vol tage 

dependence  ~ m i l a r  to that  of  the pore  f rom rat  
~ver. F i g  2 shows the ra t io  of the conductance ,  G, 
at  a ~ v e n  m e m b r a n e  p o ~ n t i a l  d iv ided  by  the 
conduc tance ,  Go, at zero potent iM as a funct ion of  
the appf ied  m e m b r a n e  p o ~ n t i ~ .  S u r p f i ~ n g l ~  the 
m e m b r a n e  conduc tance  induced  by  r a t - b r ~ n  pof in  
appea red  to be less vo l t age -dependen t  than that  of 
ra t  ~ver ([6,31], see Mso Discussion).  A ~mi l a r  
smal ler  vol tage dependendence  was also observed 
for  the t ime cons tan t  of the conduc tance  decrease  
when the m e m b r a n e  po ten t ia l  was switched ~ o m  
zero to the po ten t i a l  V m. F i g  3 shows such r d a x a -  
f ion processe~  V m was rap id ly  taken  f rom 0 to 50 
m V  (curve 1) and  f rom 0 to 100 mV (curve 2, 
same membrane) .  Whereas  at 50 mV m e m b r a n e  
p o t e n f i ~  only  an  in~gni f i can t  conduc tance  de- 
crease was observed,  the m e m b r a n e  conduc tance  
decreased  by  abou t  40% at 100 mV with a t ime 
cons tan t  of  abou t  1 s. The  ini t ia l  conduc tance  0 .~ ,  
immed ia t e ly  af ter  switching on the m e m b r a n e  
poten t ia l )  was a ~near  funct ion of  the app l ied  
potentiM. 

The  t ime cons tan t  of  the ~ng le  exponent ionM 
re laxa t ion  process  var ied  with the m e m b r a n e  
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Fi~ 3. Rdaxafion of the membrane current in the presence of 
the rabbr~n pofin. The membrane po~nfi~ was rapidly taken 
from 0 to 50 mV (curve I) and from 0 to 100 mV (curve II, 
same membrane). The membrane was formed from di- 
phytano~phosphafidylcholine/n-decane, and had an area of 1 
mm 2, The aqueous phase cont~ned 1 M KC1 and about 2 
ng/ml pofin from ra~br~n mitochondfia; T= 25°C. 

p o t e n t i ~ .  Fig. 4 shows a semi logaf i thmic  p lo t  of  
the r d a x a t i o n  t ime cons tan t  as a funct ion of  the 
m e m b r a n e  p o ~ n t i ~ .  The e x p e f i m e n t ~  r e su l~  
could  be f i t ted to a sua igh t  ~ne. This ~ne corre- 
sponds  to an ~ f o l d  decrease for  the t ime cons tan t  
for about  23 mV, which means  that  the number  of  
gat ing charges ~avers ing  the ent i re  m e m b r a n e  

t 
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~ • ~ l ~ c  ~m of he r d a x ~ n  time constant, ~, 
as a ~ n ~ o n  of the m e m ~ e  p~enti~ ~ .  The membrane 
was ~rmed from a ~xmre of ~ph~ano~pho~ha t id~o-  
h n e / p h o s p h ~ f i n e  (m~ar ratio 4:1) ~ n-d~an~ The 
~ u e o u s  ~ase  ~ n ~ n ~  1 M KO, and 1.3 ~ / ~  ~f in  from 
rat-b~n ~ t ~ ;  T= 25°C. 
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po~n t i~  in channd dot ing is about one (see 
Discussion). The time constant of the swishing of 
the pores from the 'doseC to the 'opeff  state 
could not be followed within the time resolution 
of our experiment~ in~rumentation (1 m~. This 
corresponds to largdy dif~rent  reaction rates for 
the dosing and the opening of the mitochondri~ 
pore at small v~tages. 

Sing&whannd ana~s 
The addition of low concentrations (1-5 ng/ml)  

of rat b r~n  porin to the aqueous phase on one or 
both tides of a black ~pid bflayer membrane of 
small surface resul~d in a stepwise increase of the 
membrane current at a fixed voltage. Such an 
experiment is demon~ra~d  in Fig. 5, in which rat 
b r~n  porin was added in a fin~ concentration of 
1 ng /ml  to a black ~pid bilayer membrane of 
diphytanoylphosphatidylcholine/n-decane.  The 
current s~ps shown in Fig. 5 were spedfic to the 
presence of r abbr~n  porin and were not observed 
when only the detergent Triton X-100 was added 
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Fi~ 5. Stepwise increase in the membrane current a~er the 
addition of the pofin from ra t -br~n mitochondfim The aque- 
ous phase con t~ned  1.2 n g / m i  porin and 1 M KCI. The 
membrane was formed from diphytano~phosphat id~chol ine  
in n-decane. The app~ed voltage was 10 mV; the current prior 
to the addition of the pro ton  was ~ss  than &2 pA; T = 25°C.  
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~ 6. H i s ~ a m  of conductance f lu~uafions o ~ e ~ e d  wi~  
m e m b ~ n ~  ~ o m  d ~ h ~ a n o ~  ph~pha t id~cho l ine  ~ n-decane 
~ the presence of porin from r abb r~n  mi~chondr i~  The 
aqueous phase contained 1 M KCI. The a p h i d  v ~  w ~  10 
mV. The mean vMue of all upward-dire~ed s~ps  was 4.0 nS 
for 73 ~ n ~ e  events; T =  25°C. 

to the aqueous phase. Most current steps were 
directed upward and terminating steps were only 
rarely observed at ~ansmembrane potentials of 5 
and..10 mV, indicating a long fifefime of the pores 
at small voltages. 

The fize of rat brain pores was not homoge- 
neous (see Fig. 6). The most ~equent value for the 
tingle channd conductance ~ about 3.5 to 4.5 nS. 
A second peak in the distribution of tingle-chan- 
nel conductances is observed between 2 and 3 nS, 
which contains about 30% of the total number of 
tingle events. It has been suggested earlier that the 
smaller steps are substates of the 4 nS channel 
[7,9] which eventually may revert to the open 
state. In fact, the increase in the ~ansmembrane 
potential above 50-60 mV resul~ in the occur- 
rence of substates of the rat brain pofin. The 
absolute level of the substates of the pores varied 
with the appfied membrane potential, indicating 
many different substates of the por~ 

The channd from the outer mitochondfial 
membrane of rat brain was permeable to a variety 
of different ions. Table I shows the average 
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TABLE I 

A V E R A G E  ~ N G L ~ C H A N N E L  C O N D U C T A N C E  IN 
D I F F E R E N T  SALT SOLUTIONS OF C O N C E N T R A ~ O N  
c 

The solution ~ n t a i ~ d  1.2 ~ / m l  mt-b~ain Fofin ~ d  ~ ~ 
0.1 # ~ / m l  T ~ o n  X - I ~ ;  h e  pH w ~  ~ n  6.0 ~ d  7 ~  The 
m e m b ~ n ~  w ~ e  made ~ o m  ~ p h ~ a n o ~ p h ~ p h ~ c h d ~ e  
~ ~ d ~ a ~  (1%, w / ~  T = ~ ° C ;  Vm=10 mV. ~ w ~  &-  
t e r m i ~ d  by r ~ n g  at ~ a ~  70 conductance ~eps  and ave~ 
a ~ n g  ~ h e  ~ f i b ~ n  ~ vMu~. o is He ~ e d f i c  ~ n d ~ -  
~ n c e  of He aqueous sMt sduf ion~  

SMt c (M) X (nS) X / o  (10 -8cm)  

KCI 0~1 &05 4.2 
&05 0.27 4.5 
0.1 0.4 4.2 
0.3 1~  4.1 
1 ~ ~ 0  3.6 
3.0 11.5 4.6 

NaCI 1.0 ~0  ~7  
RbCI 1.0 5~  4.3 
CH3COOK 1.0 2.5 4~  
LiCI 1~ 3.5 4.9 
MgCI 2 0.5 3.0 &7 
Na2SO ~ ~5  2.5 4~  
Tf i~HCI ~5  1.5 5~  

XI~s 
10 

• 

I ! 

I ~ ~ 0  ~ / m S  cm -t  

R ~  % The average ~ n ~ c h a n n ~  conduc tan~ ,  ~ ,  ~ ~ t -b ra in  
pofin ~om ~ f ~  sM~ ~ v e n  as a ~ncf ion  of the sp~if ic  
c o n d u c ~ n ~  of h e  c o f f ~ p o n ~ n g  aqueous sMt s~uf ion~ T = 
2 5 ° ~  The d a ~  w e ~  taken ~ o m  T a ~ e  I. 

fingl~channd conductanc~ A, of rat-br~n porin 
in different salt solufion~ Although there exisB a 
confiderable influence of the different s~ts on ~, 
the ratio between tingle channd conductance and 
the spe6fic conductanc~ o, of the aqueous phase 
0.e., the ion mobility) varied only htfle. This may 
be expl~ned by the assumption that the ions 
move infide the pore in a manner fimilar to that 
in which they move in an aqueous environment. 
This can ~so be seen from Fig. 7, which shows the 
average tingle channd conductance, ~,  of rat 
br~n porin as a function of o. The data points in 
the double-logarithmic plot could be reasonably 
wall fitted to a s ~ g h t  lin~ suggesting a 1:1 
relationship between the movement in ,de  the pore 
and that in the aqueous phase. 

Se&cti~@ of rat6ram porin 
Fu~her information about the s~ucture of the 

pore formed by the rabbr~n porin was obt~ned 
by zero~ur~nt membrane potenfiM measu~- 
ments ~ the presence of sMt gra~ent~ Table II 
~hows the ~ s d ~  of the measu~ments for the 
l ~ f ~ d  gra~enB cf KC1, LiC1 and CH3COOK. 
The po~ntiMs were found to be negative on the 
• lu te  fide fo? LiC1 and KCI, ~ c a t i n g  p r e ~  
entiM movement of CI-, whereas it was pofitive 
for CH3COOK, w~ch indicated p ~ n t i M  
movement of K ÷ over acetate through the pore. 
The zero-current membrane po~nfiMs were 
anMyzed ufing the Goldman-Hodgkin-Ka~ equa- 
tion [28]. The ratio of the a~on permea~hty, Pa, 

TABLE I1 

Z E R O - C U R R E N T  M E M B R A N E  P O T E N ~ A L S  Vm, IN THE 
PRESENCE OF A I ~ F O L D  CONCENTRATION GRADI-  
ENT OF D I F F E R E N T  SALTS 

V m is the d ~ c M  po~nfiM on He ~ fide minus He 
po~nfiM of h e  c o n ~ n ~  f id~ T ~  m e m b ~ n ~  w~e  ~ r m e d  
~ o m  diph~anoylphosphatidylcholine in ~ d ~ a n ~  The aque- 
ous ~olutio~ w e ~  u n b ~ d  ~ d  h ~  a pH ~ ~ c ~ .  The 
ratio ~ He p ~ m ~ s  ~ ~ a t i o ~  and ~ ( a ~ o ~  w ~  
cakulaled ~ r d i n g  ~ the G o l d m a ~ H o d g k i m K a t z  equation 
[281. 

SMt pH V~ (mY) P¢/P~ 

KC1 6 - 11 ~60 
LiC1 6 - 16 ~46 
CH3COOK 7 42 l&4 
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o ~o 60 90 ~20 ~/~ 
Fi~ 8. ~ ~ ¢  p ~ s  of the ratio ~ / ~  as a function 
~ ~e ~ansmemb~ne po~nf i~ ~ .  The do~d  d r d ~  ~ )  
~ ¢ ~ e  ~e m¢~u~me~s ~ a p ~ f i ~  ~a~mcmb~ne 
~ n f i ~  ~ ,  w~E ~e ~ua~s ~ )  ~ows me~u~men~ ~ 
~¢ ~ g ~  ~ n f i ~  ~ ~ e ~  ~ ~ ad~fion of ~e p o ~  
The da~ w~e ~ken ~om ~ g  2; ~ (  + ) = + 60 mV; ~ (  - ) = 
- 67  inV. 

divided by the cation permeability, PC, sugges~ 
that C1- has a 1.7-fold higher mobility inside the 
pore than K +, despite the same mobility in the 
aqueous phase [32]. The permeability rates for the 
other two salts are conrs tent  with the mobility 
sequences of the cations and the anions in the 
aqueous phase. The small anion selectivity in the 
case of KCI may be explained by an excess of 
por t ively  charged groups in or near the pore 
[9,31]. 

D ~ c u s ~ o n  

In this publication we have shown that a p ~ y -  
pepfide of m~ 35 500 from r ~ - b r ~ n  mitochondfia 
is a ~ e  to form ~ n - p e r m e a b ~  p o ~ s  in f ip~ bilayer 
membranes. The pores are wide and allow the 
pa~age  of h rge  o rga~c  ~ n s  without any d ~ e ~  
b ~  ~ r a c t i o n  with the pore in~fio~ F u~ he~  
more, the pore condu~ance was a finear function 
of the spe~fic conductance of the aqueous salt 
s~ut ion and did not show saturation with increas- 
ing salt concen~ation which world  in p f i n d p ~  be 
expe~ed for an ~n-spedf ic  pore [33]. The absence 

of any binding rite and the high r n N ~ c h a n n e l  
conductanc~ A, allows a rough estimate of the 
effective d iame~r  of the pore ~om ou~r  mem- 
brane of rat brNn mitochondria. Assuming that 
the pores are filled with a solution of the same 
spedfic conductivity, ~, as the external solution 
and assuming a cyhndficN pore with a ~ngth, L 
of 6 nm, the effective pore d iam~er  d ( =  2r)  can 
be ca~ulated according to 

A =o~r2/l (1) 

The rn~e-channe l  conductance is about 4 nS in 1 
M KC1. This means that the effective diameter of 
the pore is about 1.7 nm. The diameter of most 
other mitochondfi~ pofins is very r m ~ a r  to this 
v~ue  [8,~. Only pofin ~ o m  Parame~um had a 
smaller rng le -channd  condu~ance (2.4 nS in 1 M 
K C 0  and thus a smaller effective d iame~r  (1.3 
nm) [8,9]. 

A diameter of 1.7 nm for the r ahb r~n  pofin 
would be c o n r ~ e n t  with the electron microscop~ 
~udies. Negative ~ n i n g  of ~olated outer mem- 
branes ~ o m  mung bean mitochondfia have re- 
vealed ~ n - f i l ~ d  pits of 2-3 nm diameter [34]. 
More recent ~udies of outer mitochondfial mem- 
brane of Neurospora crassa showed that the pores 
are organized in a hexagon~ array if the outer 
membranes are dialyzed a g ~ n ~  low salt buffer 
and loose phosphofipids [35,36]. Averaged elec- 
tron microscop~ images of these crystalline arrays 
show that the mitochondfial pore is in fact a 
cylinder wilh a diameter of 2 nm and a ~ngth  of 5 
to 6 nm [37,38]. This means that a diameter of the 
mitochondfial pore of 4 nm which was found in 
the fiposome swelling assay u r n g  poly(ethylene 
glycolO is most hkely an overestimate of the chan- 
nel fize [39]. 

All mitochondfial pofins ~ u d ~ d  so far are 
voltag~dependent  and swish  to substates of 
reduced conductance at higher ~ansmembrane  
p o ~ n t i ~ s  [8OA~. Rat -br~n  pofin is in this respect 
to exception. Exceptional i~ on the other hand, 
the rather low voltage-dependence (see Fig. 3). 
Whereas a ~ansmembrane  potent i~ of more than 
100 mV ~ needed to reduce the initi~ conduc- 
tance to about 60% in the case of the ra~brain 
pofin, ~ss than 50 mV is suffi~ent for the same 
effect for other mitochondfial  pofins from 



eukaryot~ cells [ < ~ .  The data given in Fig. 2 
can be an~yzed u~ng the equation [4]: 

N o / N  ~ = exp[ n F (  Vm - ~ ) / R T ]  (2) 

where F, R and T have the usu~ meanin~ n is 
the number of gating charges mo¼ng through the 
entire transmembrane potenti~ gradient for chan- 
n d  gating and V o is the potential where 50% of the 
to t~  number of channds are in the dosed config- 
uration. The open to dosed ratio N o / N  c may be 
c~cu~ted  ~om the data ~ven in Fig. 2 according 
to [4]: 

N o / N  c = ( O - G m i . ) / (  Go - G )  (3) 

G is the conductance at a ~ven membrane poten- 
tial V~, G O and Gm~ . are the conductances at zero 
voltage and very high p o t e n t i ~  respectivd~ Fig. 
8 shows semilogarithmic plots of the ratio N o / N  c 

as a function of the ~ansmembrane po~n t i~  V m. 
The ~ope of the s ~ g h t  hnes was about 21 mV 
for an e-fold change of N o / N  c, which suggested 
that the number of charges involved in the gating 
process was approximatdy one. This result agreed 
nic~y with the rdaxafion time constant~ where 
we ~so found a ~ope of 23 mV for an ~fold  
change of • (see Fig. 4). 

This result was somewhat unexpected, because 
the number of charges involved in the gating 
process of rat fiver porin was approxima~ly three 
[9,31]. So far it is not known if eukaryotic calls 
cont~n  the genes of sever~ porin~ Howeve~ the 
different number of gating charges for ~at-liver 
porin and rat-br~n pofin, which were found Io be 
independent of the fipid compofition of the mem- 
brane~ sugges~d that there could be a difference 
~ther  in the sequence or in the pore-forming 
comp~x of both pore~ In this respect it is inter- 
esting to no~  that the hexokinase is tightly bound 
to b r~n  mitochondria, whereas it is only loosely 
assooated to the surface of ratqiver mitochondfia 
[22]. This could be due to the e ~ e n c e  of differ- 
ent hexokinase isoenzymes in both c d ~  [41]. On 
the other hand, the difference in the hexokinase 
binding could ~so be caused by a change of the 
binding rite on the por~forming c o m p ~  which 
would suppo~ the exi~ence of different genes for 
pofins in the nucleus of an eukaryot~ cell. These 
confiderations would ~so apply to cancer cells, 
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where hexokinase is ~so firmly bound to the 
surface of mitochondfi~ whereas in the norm~ 
calls the fituation could be fimilar to that in the 
rat hver [42]. 

AH mitochondri~ porins ~udied so far were 
found to be voltag~gated [8,9] and the rat b r~n  
pofin is no exception. This result indicated that 
the permeability of the mitochondri~ pore and of 
the ou~r  mitochondfi~ membrane could be volt- 
ag~conuolled.  Increafing ~ansmembrane po~n-  
ti~s could reduce the exdufion fimit of the outer 
membrane and thus c o n u ~  the m~abolism of 
mRochondfi~ HoweveL no e~dence was found 
for such a regulation proces~ Fu~hermor~ the 
pore diam~er appea~ too hrge  and the pore 
selecti~ty too sm~l for an ionic gradient to be 
stable for a time larger than a few milfiseconds 
[8,9]. The generation of an intfinfic membrane 
po~nf i~  could ~so con~ol the permeabifity of 
the outer mitochondfi~ membran~ But such a 
process could be too slow for a rapid regulation of 
mitochondri~ m~abolism. Neve~hdess,  there 
could e~st a m~abo l~  con~ol of outer membrane 
permeabifity. In fitro, mitochondria have an ultra- 
structure somewhat dif~rent  from that of the in 
~tu mitochondri~ where all membranes are closely 
apposed and form f i v ~ y e r e d ,  12 nm wide s~uc- 
tures [43]. This dose appor t ion  of the outer and 
the inner membranes could result in dectr ic~ 
coupfing of both membranes in ~tu [9,44]. The 
d e ~ r i c ~  coupling of both membranes could lead 
to a change in the permeabifity of the outer mem- 
brane 0.e., the por~  for substrates of the o~dative 
phosphorylation and its p r o d u ~  if the po~n t i~  
across the inner membrane changed. The mito- 
chondfi~ pore presumab~ plays an important 
ro~  ~s0 in lhe microcompartment formation in 
mitochondria. Such a microcompartment was de- 
scribed for hexokinase and the ad en ~a~  ~an~o- 
cator which in ener~zed mitochondria excludes 
the adenylate kinase from these mitochondfi~ 
ATP pool [1~. 

~ o ~ m ~  

The au~ors  world like ~ h a n k  D~.  Gabfiella 
Sandri and D ~ r  Br~czka ~ r  many hdpful  & ~  
cus~ons. This work has been supposed by the 
Deu~che F o r ~ h u n ~ g e m d n s c h a ~  (grants Be 
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