
Volume 241, number 1,2, 105-109 FEB 06549 December 1988 

The mitochondrial outer membrane channel, VDAC, is modulated 
by a soluble protein 
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The mitochondrial outer membrane channel, VDAC, serves as the primary permeability pathway for metabolite flux be- 
tween cytoplasmic and mitochondrial compartments. VDAC can occupy several conformational states differing in ion 
conductivity. Small transmembrane potentials cause transitions from open- to closed-channel conformations. A soluble 
mitochondrial protein enhances the channel's response to voltage by increasing the rate of channel closing; inducing the 
occupation of lower conductance states; and decreasing the rate of channel reopening. This protein modulator acts at 
very low concentrations and its role in the cell may be to regulate the permeability of the mitochondrial outer membrane 

by inducing channel closure. 

Ion channel; Voltage-dependent channel; Mitochondria; Regulation; Mitochondrial membrane; (Neurospora crassa) 

1. INTRODUCTION 

A large diameter channel, VDAC (or mitochon- 
drial porin), provides the primary permeability 
pathway through the mitochondrial outer mem- 
brane for small molecules necessary for mitochon- 
drial respiration and metabolism. The functional 
properties of  VDAC have been studied primarily 
by reconstitution of the channel into planar 
phospholipid membranes. A highly conserved and 
important  property of the channel is voltage 
dependence. The channel is found in a high con- 
ductance or open state in the absence of  a 
transmembrane potential. As the transmembrane 
potential is raised (both positive and negative), the 
probability that the channel will assume a reduced 
conductance or 'closed' state increases [1,2]. The 
channel does not become totally nonconductive. 
Channel conductivity can also be regulated by syn- 
thetic polyanions [3-6] which dramatically in- 
crease the steepness of  the voltage dependence. 
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This paper reports the discovery of a protein in the 
mitochondrial subcellular fraction, referred to as 
the modulator,  which modifies the voltage- 
dependent regulation of  VDAC. 

2. MATERIALS A N D  METHODS 

Both VDAC and the modulator protein were obtained from 
the mitochondrial fraction of a wall-less mutant of Neurospora 
crassa (ATCC no.32360). The mitochondrial membranes, 
prepared according to Mannella [7] with the modifications of 
Dill et al. [8], were used as the source of VDAC. Modulator 
protein was obtained from a washed mitochondrial fraction 
prepared according to Mannella [7], except that the mitochon- 
dria were pelleted at 11000 × g (20 min). Mitochondria were 
sonicated in 3 ml of buffer (10 mM Tris-HCl, 10 mM KC1, pH 
7.5) using a bath sonicator. Mitochondrial membranes were 
pelleted at 150000 x gmax (Beckman L3-50, 50-Ti rotor, 
30 rain). The modulator activity was found in the supernatant. 
The modulator was also obtained from mitochondria purified 
on percoll gradients using the procedure for potato mitochon- 
dria [9]. 

Experiments were conducted with VDAC reconstituted into 
planar phospholipid membranes made by the monolayer 
method of Montal and Mueller [10] and studied under voltage- 
clamp conditions as described in Schein et al. [11]. Membranes 
were prepared from either a synthetic lipid, diphytanoyl 
phosphatidylcholine (DPPC, Avanti Biochemicals, Bir- 
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mingham, ALL or a combination of DPPC and partially 
purified [12] soybean phospholipids (SP, type II-S 
phosphatidylcholine, Sigma, St. Louis, MO). VDAC solubiliz- 
ed in 1% Triton X-100 was added to one aqueous phase (c/s 
compartment) and spontaneous insertion of channels was 
monitored at 10 mV applied potential. In all experiments the 
aqueous phase consisted of 1 M KCI and 5 mM CaCI2. The sign 
of the potential refers to the cis compartment, the trans com- 
partment is virtual ground. 

3. R E S U L T S  A N D  D I S C U S S I O N  

A soluble  p ro t e in  f o u n d  in the m i t o c h o n d r i a l  
f r ac t ion  o f  N e u r o s p o r a  c ras sa  cells m o d u l a t e d  the 
vo l t age -dependen t  behav io r  o f  V D A C  channels  
r econs t i tu t ed  into  p l ana r  p h o s p h o l i p i d  m e m b r a n e s  
in a h ighly  r ep roduc ib l e  and  dose -dependen t  man-  
ner.  The  m o d u l a t o r  p ro te in  increased the sensit ivi-  
ty  o f  V D A C  to vol tage  in three  ways:  it increased 
the ra te  o f  channel  c losure;  decreased  the rate  o f  
open ing ;  and  induced  the channels  to  assume lower 
c o n d u c t a n c e  closed states.  

The  a d d i t i o n  o f  a smal l  a l iquot  o f  the m o d u l a t o r  
p r e p a r a t i o n  (crude or  pa r t i a l ly  pur i f ied)  to the 
a queous  c o m p a r t m e n t  d r ama t i ca l l y  increased  the 
ra te  o f  channel  c losure  at  60 mV ( f ig . l ) .  P r io r  to  
m o d u l a t o r  a d d i t i o n  channel  c losure  was a slow 
process  with an a p p a r e n t  t ime cons tan t  o f  app rox .  
22 s ( f i g . l A )  [Higher  po ten t ia l s  were requi red  to 
close the  channels  in D P P C  m e m b r a n e s  than  those  
requ i red  with soybean  p h o s p h o l i p i d s  (SP).  The use 
o f  the  D P P C  m a d e  it easier  to m o n i t o r  and  quan-  
t i ta te  the ac t ion  o f  the  m o d u l a t o r .  The  effects o f  
the  m o d u l a t o r  were also obse rved  with SP mem-  
branes . ] .  A d d i t i o n  o f  the  m o d u l a t o r  to the t r a n s  

side e f fec ted  an ini t ial  r educ t ion  o f  the a p p a r e n t  
t ime  cons t an t  to 5 s ( f i g . lB)  and  af te r  a few 
minu tes  to  < 2  s ( f ig . IC) .  The  a d d i t i o n  o f  p ronase  
to  the  c h a m b e r  on the same side as the m o d u l a t o r  
r a p i d l y  reversed the effect  o f  the m o d u l a t o r  
( f i g . l D ) .  

V D A C  exhibi ts  symmet r i c  behav io r ,  tha t  is, the 
channe ls  close at  a b o u t  the same ra te  and  to a b o u t  
the  same extent  regardless  o f  the sign o f  the  ap-  
p l ied  po ten t i a l .  However ,  the  m o d u l a t o r - e n h a n c e d  
c losure  requ i red  tha t  the  app l ied  poten t ia l  be 
negat ive  on the side o f  the  m e m b r a n e  where the 
m o d u l a t o r  p r e p a r a t i o n  was added .  In  f ig . l ,  
m o d u l a t o r  was a d d e d  to the  t r a n s  side and posi t ive  
po ten t i a l s  on  the  cis side, i .e.  negat ive  t rans ,  were 
needed  to observe  its effect .  The  requ i rement  for  a 
negat ive  po ten t i a l  on the m o d u l a t o r  side held 
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Fig,1. The modulator increased the rate of VDAC closure. 
Records of the current passing through a DPPC membrane 
containing 40-60 channels prior to (A) and following (B,C) the 
addition of a modulator-containing sample to the trans 
compartment (30,ag protein/ml, final conc. of crude prep.). 
Pronase (36/~g/ml, final conc.) was added to the trans 
compartment (D). The increasing current during the experiment 

was due to slow insertion of channels. 

whe ther  the m o d u l a t o r  was a d d e d  to ei ther the c/s 
or  t r a n s  c o m p a r t m e n t s .  M o d u l a t o r  add i t i on  to 
bo th  sides resul ted in enhanced  closure  with bo th  
pos i t ive  and  negat ive  potent ia l s .  Thus the 
m o d u l a t o r  p ro te in  p r o b a b l y  interacts  with ei ther 
exposed  face o f  the channel .  

We  also observed  that ,  in the presence o f  
m o d u l a t o r ,  the s teady-s ta te  conduc tance  af ter  
po ten t i a l - induced  channel  c losure  was always less 
t han  the cont ro l .  In  f ig . l ,  the c losed-channel  con-  
duc tance  o f  the  con t ro l  ( f i g . l A )  was 65°7o o f  the 
open-channe l  conduc tance  versus 33°70 for  the 
t r ea ted  (fig. 1C). The  m o d u l a t o r  could  be act ing as 
a channel  b locker ,  inducing  more  channels  to 
close,  or  encourag ing  ind iv idua l  channels  to 
a ssume a lower  conduc tance  closed state.  It will be 
shown tha t  the la t ter  two possibi l i t ies  are involved.  

The  m o d u l a t o r  s igni f icant ly  s lowed the open ing  
kinet ics  o f  V D A C .  Closed  V D A C  channels  or-  
d ina r i ly  reopen  with a rate  o f  mic roseconds  to 
mi l l i seconds  when the t r a n s m e m b r a n e  vol tage  is 
r educed  to 10 mV or  less [11,13,14]. However ,  in 
the  presence o f  the m o d u l a t o r ,  channels  were 
s lower  to  open and  some remained  closed for  
minutes .  In fig.2,  m o d u l a t o r  was a d d e d  to the cis 
side o f  a m e m b r a n e  con ta in ing  two channels .  Once 
the channels  were c losed by  app ly ing  - 5 0  mV, 
ne i ther  o f  the  two channels  r eopened  when the 
t r a n s m e m b r a n e  poten t ia l  was re turned  to - 10 mV 
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Fig.2. The modulator decreased the rate of VDAC opening. 
The SP:DPPC (50:50, v/v) membrane contained 2 channels 
and the modulator (18/~g protein/ml, of crude prep.) was 
present in the cis compartment 4.5 rain prior to the beginning 
of the record. The channels remained closed during the time 
break (6 min). Channels reopened 1 min after pronase addition 

(20/~g/ml, final conc. in cis compartment). 

or  even to  posi t ive  vol tages .  However ,  the add i t i on  
o f  p ronase  resul ted in channel  reopening .  In some 
exper iments ,  the  app l i ca t i on  o f  a smal l  (10 mV) 
posi t ive  po ten t i a l  wou ld  induce  closed channels  to 
reopen .  

S imi la r  m o d u l a t o r  effects  on  open ing  kinet ics  
were observed  with m e m b r a n e s  con ta in ing  many  
channels .  Fig.3 shows a record  o f  vol tage  vs con-  
duc tance  (as a measure  o f  the  n u m b e r  o f  open  
channels )  o f  a m o d u l a t o r - t r e a t e d ,  mul t i channe l  
m e m b r a n e .  W h e n  a 2 m H z  t r i angu la r  vol tage  wave 
(0.48 m V / s )  was appl ied ,  the  observed  conduc-  
t ance  change  showed m a r k e d  pa th  dependence  
d e m o n s t r a t i n g  ext reme hysteresis  (ar rows indica te  
the  t e m p o r a l  progress  o f  the exper iment) .  The  ap-  
p l ied  vol tage  began  at  zero and  decreased  to 

- 60 mV resul t ing in a conduc tance  decrease  as the 
channels  c losed (upper  t race) ,  mos t ly  be tween - 40 
and  - 6 0  mV. The  vol tage  was then  increased 
f r o m  - 6 0  mV to + 60 mV (lower t race)  but  few 
channels  r eopened  be fore  0 mV was reached.  A 
pos i t ive  po ten t i a l  ( 1 0 - 2 0  mV) on the cis  

( m o d u l a t o r )  side induced  reopen ing  o f  most  c losed 
channels .  In  cont ras t ,  in the absence  o f  m o d u l a t o r  
all channels  would  have r eopened  when 0 mV was 
reached .  Tha t  was indeed the case when the vol tage  
wave p rogressed  f rom + 6 0  mV to 0 mV (not  
shown) ,  because  m o d u l a t o r  was present  on ly  on 
the cis  side. Thus  at the beginning  o f  this t race  all 
channe ls  were open .  The  hysteresis  d e m o n s t r a t e d  
in fig.3 indicates  tha t  the ra te  o f  change  o f  the ap-  
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Fig.3. The modulatory delayed channel opening. There were 
approx. 10 channels in the DPPC membrane and the modulator 
(15/~g protein/ml, of crude prep.) was present in the cis 
compartment. The membrane was subjected to successive 
triangular voltage waves. The current record from one wave 
(2 mHz) was used to calculate conductance. All channels were 
open and thus maximally conductive (normalized to 1) at 0 mV 
where the record begins. Arrows indicate the time course of the 
voltage wave. The channel closure at high positive potentials is 
the result of normal voltage-dependent closure of VDAC in 

DPPC, see text. 

pl ied vol tage  was faster  t han  V D A C ' s  open ing  
kinet ics  (This type  o f  measu remen t  o f  conduc tance  
vs vol tage  has a lways  been de te rmined  with 
decreas ing  vol tage  because  the open ing  kinetics are  
n o r m a l l y  so r ap id  tha t  an equ i l ib r ium state can be 
a s sumed  when slow t r i angu la r  waves are  
employed .  See [1,3,15] for  examples . ) .  There fo re ,  
the open ing  rates were at least  1000 × s lower than  
they  were pr io r  to m o d u l a t o r  add i t i on  [11,13,14]. 

The  m o d u l a t o r  is l ikely to be a pro te in .  Evidence  
for  this  comes f rom sensi t ivi ty  o f  the m o d u l a t o r  to 
p ro t ease  ac t ion:  i.e. t ryps in  and  pronase .  
M o d u l a t o r  enhancemen t  o f  the ra te  o f  V D A C -  
channel  c losure  was e l imina ted  in 5 min or  less 
a f te r  the  add i t i on  o f  p ronase  to  the  m o d u l a t o r -  
con ta in ing  aqueous  phase  (figs 1D and  2). T ryps in  
e l imina ted  the  m o d u l a t o r  act ivi ty  at  a s lower rate  
(not  shown).  V D A C  channels ,  inser ted into 
b i layers ,  are  unaf fec ted  by  p ronase  or  t ryps in ,  
e i ther  in our  own con t ro l  exper iments  or  in the ex- 
pe r iments  o f  o thers  [16,17]. 

The  m o d u l a t o r  is very po ten t ,  being active and 
de tec tab le  at  n a n o m o l a r  quant i t ies .  M o d u l a t o r  
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preparat ions were partially purified by chromatog-  
raphy on Sephacryl S-300 gel filtration columns. 
The elution profile of  the active fractions f rom the 
calibrated column suggested a molecular mass 
range of  84-92 kDa for the modulator  protein. 
SDS-PAGE of  active fractions showed the 
presence of  several bands. From the amount  of  
protein in an active fraction added to the 
reconstituted system and preliminary determina- 
tion of  the modula tor ' s  molecular mass, it was 
estimated that nanomolar  quantities of  the 
modula tor  were sufficient to observe a clear 
response. This high potency is more compatible 
with a substance that is designed to interact with 
the channel as opposed to a secondary, non- 
specific effect. However,  it has been reported that 
many  polyanions (in the micromolar  range) in- 
creased VDAC's  voltage dependence. We do not 
view the modulator  as another polyanion for the 
following reasons: (i) polypeptides with high con- 
centrations of  negative charge (e.g. pepsin, 
polyaspartate)  require concentrations 3 - 4  orders 
of  magnitude higher [6]; (ii) there are substantive 
differences between the action of  polyanions and 
the modulator ;  (iii) preliminary experiments with 
ion-exchange columns indicated that the 
modula tor  is not highly charged; (iv) a variety of  
proteins (not highly charged) were tested for their 
effect on VDAC's  behavior and no changes were 
seen (not shown). 

To distinguish between the modulator  acting by 
influencing the nature of  the closed-channel state 
or by a block mechanism, we observed the effects 
of  the modulator  on membranes  with only 1-3 
channels incorporated. This allowed us to quan- 
titate the conductance of  individual closed states. 
In fig.4 three channels were present. The first 
- 5 0  mV pulse resulted in the closure of  one and 
sometimes two channels. Upon addition of  
modulator ,  the channels closed at a greatly 
enhanced rate. During the second voltage pulse, 
three large conductance drops were recorded 
followed by a smaller conductance drop. After a 
second modulator  addition, three large and three 
small decrements were observed. We interpret 
these results to mean that  each channel has 
undergone two separate transitions, a large follow- 
ed by a small conductance drop, with the final 
closed-channel conductance averaging about  10°70 
of  the open-channel conductance. 

z ~ o  C U R R E N t  

1 rain 

i - 2 0  

S O  _ _  

Fig.4. Records of the current passing through a DPPC 
membrane  containing 3 channels. Modulator (15/~g 
prote in/ml ,  final conc. of  crude prep.) was added 6 rain oefore 
application of the second ( - )  50 mV pulse. A second 
modula tor  addition for a final concentration of  30/~g 
prote in /ml  was made less than  1 min prior to the third pulse. 

We observed the behavior of  single channels in 
many  separate experiments (in the presence or 
absence of modulator)  to determine if the second 
conductance drop to a lower conductance closed 
state was unique to VDAC interaction with the 
modulator .  Histograms of conductance drops in- 
dicate that there is no significant difference be- 
tween control and modulator  treatment in terms of 
the type of drops recorded (fig.5A,B) [The broad 
diversity of  transitions was mostly due to occupa- 
tion by individual channels of  multiple closed 
states [1,17,18]. As the open-channel conductance 
is quite uniform [15], differences between in- 
dividual channels could only partially account for 
the diversity.]. However,  the frequency of secon- 
dary smaller events (0.3-1.5 nS) was greater with 
modulator- treated channels indicating that the 
modula tor  is facilitating this second transition. 
These results are inconsistent with a blocking 
mechanism. 

Our observations indicate that the modulator  
makes the channel more sensitive to voltage. All of  
the observed changes in VDAC's  behavior due to 
modulator  addition can be mimicked (at least 
qualitatively) by applying high enough potentials 
and /o r  for long enough time. Although it is likely 
that the modulator  can induce behavioral /confor-  
mational  states in VDAC that are unique, there is 
currently no clear evidence for these. 

At present, there is much interest in a possible 
role for the outer membrane in regulating 
mitochondrial  function. As VDAC serves as the 
conduit for molecular traffic across the outer 
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great ly augmented  by the potent  m o d u l a t o r  

described here. We have pre l iminary  evidence that  
this m o d u l a t i o n  may not be un ique  to Neurospora. 
Extracts  f rom yeast mi tochondr ia l  p repara t ions  
con ta in  a factor  which exerts similar effects  on N. 
crassa V D A C .  

Con t inued  research on the m o d u l a t o r  will take 

several direct ions.  It is impor t an t  to elucidate fur- 

ther  the molecu la r  mechan i sm of  act ion o f  the 
m o d u l a t o r ,  i.e. does the m o d u l a t o r  act on the 

vo l tage  sensor as has been suggested for poly-  
anions  [3]. Pur i f i ca t ion  o f  the m o d u l a t o r  and 

de te rmina t ion  o f  its precise subcellular  locat ion 

will be impor tan t  steps toward  ascertaining the 

physiological  significance o f  the modu la to r .  

B. M o d u l a t o r  Acknowledgement: This work was supported by ONR grant 
N00014-85-K0651. 
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Fig.5. Histogram of drops in channel conductance recorded 
from DPPC or SP:DPPC (50:50) membranes containing 1 to 
3 channels (records similar to fig.4). The aqueous phase for 
control (A) membranes contained pronase (20-200 ~g/ml, final 
concentration) to destroy any modulator that might be present 
in VDAC preps. Mean conductance for large decrement in 
conductance (1.6-3.0 nS) was 2.3 nS for control and 2.4 nS for 
modulator-treated channels, while for the small decrements 
(0.5-1.5), the mean was 0.9 nS for control and 1.0 nS for 

treated. 

m e m b r a n e ,  it is a likely candidate  for  a role in 
regulat ing,  for  example ,  the rate o f  mi tochondr ia l  
resp i ra t ion  by control l ing the flux o f  metabol i tes .  

C o n d u c t a n c e  states o f  V D A C  can be cont ro l led  by 
vol tage .  This vol tage cont ro l  could  be achieved in 

vivo by a non-diss ipat ive  potent ia l -genera t ing  pro-  
cess (Donnan  or  surface potent ial) ,  or perhaps by 

loca t ion  o f  channels  in areas o f  close appos i t ion  o f  
inner  and outer  membranes  [19]. Vol tage cont ro l  is 
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