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Mitochondr ia l  por in  was isolated f rom the  frui t  fly Drosoph i la  m e l a n o g a s t e r  at d i f ferent  developmental  stageS, s ta r t ing  
f rom whole mitoehondria .  T h e  per'in f rom adul ts '  mi tochondr ia  was fully character ized.  T h e  protein had  a molecular  
m a s s  o'f 31 k D a  as  judged  f rom sod ium dodecylsulfate  e lectrophore*ograms.  It was very resis t ive agains t  digest ion with 
V8 pro te inase  of  S t a p h y l o c o c c u s  aureus  and a larger  n u m b e r  of  f r agment s  were only obta ined  af te r  d igest ion with 
papain.  Drosoph i la  porin showed little interact ion with ant ibodies  raised agains t  mitochondria l  por ins  f rom m a m m a l i a  
and  N e n r o s p o r a  erass¢~ bu t  a s t r ong  reactivity with ant ibodies  raised agains t  yeas t  per le .  Recons t i tu t ion  expe r imen t s  
with  p lanar  lipid bi layer  m e m b r a n e s  showed that  the  prote in  was  able to fo rm ion-permeable  pores  with  a s ingle-channel  
conductance  of  0.41 n S  in 0.1 M KCI. A t  low t r a n s m e m b r a n e  vol tages  Drosoph i la  porin had the  proper t ies  of  a genera l  
d i f fus ion  pe t e  with an  e s t ima ted  effect ive d i ame te r  o f  abou t  1.7 n m  and a small  selectivity for  an ions  over  cat ions.  
Vol tages  larger  t han  20 to  30 mV resul ted  in a c losure  o f  the  pore.  T h e  c losed s t a t es  of  the  pore  were fonud to be 
cat ion-select ive.  T h e  addi t ion o f  a synthet ic  polyanion to  the  aqueous  phase  on  one  side of  the  m e m b r a n e  resul ted in an  
a s y m m e t r i c  shif t  o f  the  vol tage dependence  and  the  pore  became  already closed at very small  vol tages  negat ive at t he  
¢is-side ( the s ide o f  the  addit ion o f  the  polyanion).  

I n t r o d u c t ~ n  

T h e  ou te r  m e m b r a n e s  o f  m i t o c h o n d r i a  a n d  G r a m -  
nega t ive  bac te r ia  c o n t a i n  genera l  d i f fus ion  po res  (por ins  
o r  V D A C )  which  are  respons ib le  for  the  free p e r m e a -  
t ion  o f  smal l  hydrophi l i c  so lu tes  t h rough  these  m e m -  
b r a n e s  [1,2]. T h e  pores  are  i m p e r m e a b l e  for large molec-  
u la r  weight  solutes  with  an  exclus ion l imit  o f  abou t  
6 0 0 - 8 0 0  da l t o n  in enter ic  G r a m - n e g a t i v e  bac te r ia  [3] 
a n d  o f  a b o u t  2500 da l t on  in m i t o c h o n d r i a  [4]. T h e  
genera l  d i f fus ion  pores  o f  the  mi tochondr i a l  ou te r  m e m -  
b r a n e  are  sl ightly an ion  selective in the  open  s ta te  [5]. 
T r a n s m e m b r a n e  vol tages  larger t h a n  20 to 30 m V  shif t  
the  po res  in a c losed s tate ,  which  ha s  comple te ly  differ-  
en t  proper t ies  t han  the  open  s ta te  [2]. 
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W e  have  recent ly  characterized several  po r ins  f rom 
m a m m a l i a n  t i ssues  [5-7].  All m a m m a l i a n  por ins  exhibi t  
s t r ong  similari t ies  as j u d g e d  f rom immunolog ica l  cross-  
react ion,  p e p t i d e - m a p p i n g  and  po re - fo rming  charac te r -  
istics. O n  the o the r  hand ,  m a m m a l i a n  po r ins  o n  one  
s ide and  por ins  f rom yeas t  or  P a r a m e c i u m  on  the  o ther  
side show no  immuno log i ca l  c ross- react ion  and  have  
comple te ly  d i f ferent  pep t ide  m a p s  [5]. In  this  inves t iga-  
t ion we descr ibe  the charac te r iza t ion  o f  the  por in  of  
Drosophi la  me lanogas t e r  a n d  its c o m p a r i s o n  to o ther  
mi tochondr ia l  porins.  Recons t i tu t ion  expe r imen t s  wi th  
Drosophi la  por in  showed  that  it fo rmed  a general  d i f fu-  
s ion  pore  in the  open  state.  T h e  closed s ta te  o f  the  pore  
is cat ;on selective as j u d g e d  f rom expe r imen t s  ve t -  
fo rmed  at vol tages  larger than  30 mV a n d  f rom file 
in terac t ion  with a syn the t ic  po lyan ion  [8]. We  descr ibe  
here  the first charac te r iza t ion  o f  a por in  f rom an  insect  
cell. 

Mate r ia l s  and  M e t h o d s  

Materials .  Hydroxyapa t i t e  (Bio-Gel  HTP)  was  ob-  
ta;_ned f rom Bio-Rad,  Tr i ton  X-100, ac ry tamide  and  
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N.N'-methylenebisact'ylamide from Serva. Celite 535 
was usually purchased l'rom Roth, Staphylococcus aureus 
V8 proteinase from Miles laboratories and papain from 
Sigma. Diphytanoyiphosphatidylcholine was purchased 
from Avanti Biochemicats (Birmingham, AL) and all 
salts used in lipid bilayer experiments were obtained 
from Merck, Darmstadt, F.R.G. and were analytical 
grade. 

Isolation of Dro:ophila mitochondria and purification 
of porin. The mitochondria of Drosophila Oregon R 
wild type at different developmental stages were iso- 
lated as in Ref. 9, with the only exception that the first 
centrifugation at 300 x g was repeated twice. The iso- 
lated mitochondria were frozen or immediately used for 
the protein purification. 

The purification of the Drosophila porin was per= 
formed essentially as in Ref. 10. The mitochondria were 
lysed by osmotic shock; after centrifugai'~on the pellet, 
mainly composed of mitochondrial membranes, was 
solubilized by 3~ Triton X-100, 10 mM Tris-HCI (pH 
7.0) and 1 mM EDTA at a final concentration of 10 mg 
protein/ml.  After 30 rain at 0 ° C ,  the solubilization 
mixture was centrifuged at d 0 0 0 0 x g  for 15 rain and 
the supernatant (0.6 ml) loaded onto a dry hydroxy- 
apati te/celi le colurrm (0.6 g, ratio 2:1) .  The elution 
was performed with the solubilization buffer. The first 
0.6 ml eluted were collected. 

SDS gel electrophoresis. Polyacrylamide slab gel elec- 
trophoresis of acetone-precipitated samples was per- 
formed in the preseace of 0.1% SDS. The separation gel 
contained 17.5% acrylamide with a ratio acrylamide/  
bisacrylarnide of 30 : 0.2. 

Peptide mapping experiments. Peptide mapping ex- 
periments were performed on slices of SDS gel stained 
with Coomassie blue as in ReL 11. The protein bands 
corresponding to porins were cut out and equifibrated 
with 0.125 M Tris-HCl (pH 6.8), 10~ glycerol, 0.3% 
2-mercaptoethanol, 1 mM EDTA and 0.1% SDS. They 
were then pushed to the bottom of the wells of  a 17,'~ 
acrylamide (acrylamide/bisacrylamide ratio 30 : 0.8) gel 
and covered with the same buffer containing 20% 
glycerol, on top of which the solution of proteinase was 
overlayered. To allow porin dil~estion by proteinase, the 
electrophoretic run was very slow in the stacking gel. 
Furthermore, when the samples had stacked, the power 
was turned off for 30 rain. Finally the rate of migration 
was increased in the separating gel. 

Immunoblotting experiments, Antiserum against bo- 
vine heart porin was obtained from rabbit. After a first 
injection of 200/.tg of purified porin mixed with Freund's 
complete adjuvant, two more portions of 200 pg of  
porin were injected after three and then two weeks. 
Blood was taken from rabbit ear. The proteins sep- 
arated on a 12% SDS-PAGE were transferred to nitro- 
cellulose, incubated with the antiserum and then in- 
cubated with an anti-rabbit Ig horseradish peroxidase 

linked antibody (purchased from Amersham). The per- 
o~dase  reaction was performed by 20 ml of a mixture 
of 0.05~o 4-chloro-l-naphthol, 16~ methanol, 0.5% BSA 
in 0.14 M NaC1, 0.01 M phosphate (pH 7.0) with the 
final addition of  12 #l of  30% H~O 2, 

Lipid bilayer experiments. The methods used for the 
black lipid bilayer experiments were described previ- 
ously [12]. The membran :s were formed across circular 
holes (surface area a b o u  0.1 mm 2 in the case of the 
single-channel experiments or 1 mm 2 for the macro- 
scopic conductance and the selectivity measurements) in 
the thin wall of a Teflon cell separating two aqueous 
compartments. The membranes were formed by paint- 
ing onto the holes a 1% (w/v )  solution of di- 
phytanoyiphosphatidylehofine dissolved in n-decane. 
Bilayer formation was indicated when the membrane 
turned optically hlack in reflected light. Polyanion (a 
copolymer of rnethacrylate, maleate and styrene in 
1 : 2 : 3  proportJrOn [8]) was a kind gift from Dr. L. 
Wojtczak. Small amounts of a concentrated solution 
were added to the aqueous salt solutions to get final 
concentrations between 0.3 and 10 p g / m l .  The aqueous 
solutions were used unbuffered and had either a pH 
around 6 or as indicated. 

The current through the membranes was measured 
with two calomel electrodes connected in series with a 
voltage sourc0 and a current amplifier. The ampfified 
signal was monitored with a storage oscilloscope and 
recorded on a strip chart or a tape recorder. For  the 
macroscopic conductance measurements the current 
amplifier was replaced by a Keithley electrometer (model 
610 C). The zero-current membrane potentials were 
measured using a Keithiey 610 C electrometer as the 
result of  a 5-fold salt gradient (the more dilute side was 
10 mM) across a membrane in which between 102 and 
104 pores were reconstituted [13]. The membrane 
potential reached a steady-state within 5 to 10 min after 
the addition of the concentrated salt solution to one 
side of the membrane. 

Other methods+ Mitochondrial protein was measured 
by the biuret method, using KCN to account for turbid- 
ity due to phospholipids [14]. Purified protein was mea- 
sured by the Lowry method modified for the presence 
of  detergent [15]. 

Results 

Purification and biochemical characterization of Drosophi- 
la melanogaster porin 

We have recently published a rapid method for the 
purification of mammalian porins [10]. A single chro- 
matographic step on hydroxyapati te/cel i te  is required, 
after mitochondrial solubilization by the non-ionic de- 
tergent Triton X-100. The application of the same con- 
ditions to mitochondrial membranes obtained from the 
insect Drosophila melanogaster at different deveiopmen- 
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Fig. l. Purification of Drosophila melanogaster porin. (A) 17.5% SDS 
gel electrophoresis of D. melanogaster mitochondria solubilized with 
Triton X-100 and chromatographed on HTP/celite columns at differ- 
cut developmental siages, l. embryos; 2. ! and ll in, tar larvae; 3. IlI 
L'lslar larvae; 4. early pupae; 5, adul:,. M, Bio-Rad molecular mass 
markers (from the top to the bottom: 92.5 kDa, 66.2 kDa. 45 kDa. 30 
kDa, 21.5 kDa, 14.4 kDa). (a) 12% SDS gel elcctrophoresis of Din, /3. 
melanogaster adults mitochondriai porin, used in the characterization 
eaperiments, and of BH, bovine heart mitochondrial porin. Coomassie 

blue staining. 

tal stages gave the results shown in Fig. 1A. With all the 
mi tochondr ia  tested a single protein band,  or  a major  
one  contaminated  with few other  protein was  obtained.  
The apparen t  molecular  mass  was  determined to be 
31 000 dal tons  on  s tandard  SDS gel electrophoresis by  
molecular  weight markers  (Fig. 1). The pure  or  the 
major  band  had the same electrophoretic mobili ty for 
all the developmental  stages used. Pure protein prepara-  
t ions were tested for pore- forming activity (see below). 
Therefore  the 31 k D a  protein has  been identified as the 
Drosophila melanogaster mitochondrial  porin.  Embryos ,  
early pupae  and  adults  mitochondria  resulted in the 
mos t  pure  por in  preparat ions.  The  yield of  their purifi- 
cat ion was  between 0.5 and  l~g of  total mitochondria l  
protein.  Since it is easier to collect adults than insects at 
o ther  developmental  stages, all the characterization ex- 
per iments  described in this paper  were per formed with 
por in  purified f rom adults" mi tochondr ia  (Fig. 113). 

The peptide maps  o f  the 1). melanogaster 31 kDa  
polypept ide  and. for  comparison,  of  bovine heart  porin.  
were obta ined by  fragmenting the protein contained in 
gel slices by  the proteinases V8 f rom S, aureus and  
papain.  Fig. 2A shows the peptzde m a p s  obtained by 
incubat ing in parallel bovine heart (BH) and  D. 
melanogaster (Dm)  por ins  with proteinase V8. The pro-  
teolylic pat terns  are completely different, indicating 
impor t an t  differences in the s t ructure  of  the two porins.  
The  por in  f rom D. mela•ogaster was mostly uncleaved 
by the proteinase.  In  contras t  the pept ide m a p  of  bovine 
hear t  por in  was similar to that described elsewhere (see 
Ref. 5). Fig. 2B shows a similar exper iment  performed 
in the presence of  papain.  Also in this case the dif- 
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ferences in the proteotytic pat terns  are very clear: the 
cleavage of bovine heart porin gives a cloudy pat tern in 
the low molecular weight region, while the D, 
melanogaster porin  is again much less sensitive to the 
action of the proteinase. With both  proteinasc, n e  
peptide maps of  bovine heart and D. melanoga-'ter 
porin do not  show any meaningful  similarity. 

Immunological experiments 
We have performed immunological  analysis of Dro- 

sophila melanogaster porin  by means  of  several antisera 
raised against porin purified from different organisms.  
Fig. 3A shows the result of  an immunoblo t  with an 
ant iserum against  yeast por in  (a kind gift f rom M, 
Dihanic). The same amoun t  of D. melanogasrer porin  
was blotted in several nitrocellulose lanes and the anti- 
serum at different dilution used. D. melanogaster porin  
strongly reacts with the anti-yeast por in  antiserum. The 
reaction is still clearly visible at an ant iserum dilution of 
1:800.  A similar exper iment  was  performed with an 
ant iserum raised against  the bovine heart  por in  (Fig. 
3B). The cross-reactivity is very slight: only at an anti- 
serum dilution of  1 : 100 a faint staining reaction can be 
observed. Surprisingly there is no  cross-reactivity of  the 
31 k D a  D. melanogaster protein with an ant iserum 
raised against Neurospcra eras.co porin  (a kind gift f rom 
Dr. Raif  Kleene). 

Incorporation of  the Drosophila porin into lipid bilayer 
membranes 

W h e n  the por in  was  added in small quanti t ies (10 to 
100 n g / m l )  to one  or  both  aqueous  solut ions ba th ing  a 
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Fig. 2. Peptide maps of Drosophila m¢lar, og~ter and mammalian 
porin obtained by incubating gel s]iz~s correspondin B to purified 
porir~ with different proteinases, (Pan,:l A) Gel slicas containing 2-3 
pg of porin purified from bovine heart i~r D'. melanogaster were re-run 
in the presene~ of t /.ig Stophyloccccas aure'~ protelnase VB as 
described in Methods. M: molecular s~eight markers (from the top to 
the bottom: bovine serum a!bumin, 68000; carbonic anhydrasc, 30000; 
cytochrome c, 125~O); BH: peptido nap obtained by digestion of 
purified bovine heart porin; Din: pcptidc map obtained by digestion 
of purified D. metanogaster porin; VS: I pg of .S. max, us pmleinase 
VS. Silver staining. (Panel B) The same experiment described above 
was performed, wit~ the exception that 0.2 ttg of papain instead of 
proteinase V8 were present. BH and Din: as above: P: 0,2 jag papain. 
Silver staining. The arrows show the migration of the uncleared D. 

melanogaster porin. 
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Fig. 3. Immunological analysis of Drosophila melanogaster adults' mitoohondrial porin. (Panel A) Drosophila m¢lanogaster adults porin was 
transferred from a standard SDS gel to nitrocellulose and the paper immuno-stained as described in Methods by an antiserum raised against yeast 
porin. 1 ~ag of Drosophila porin was present in each lane of the gel. "['he dilutions of the antiserum were: t ,  1:100; 2. '~ ;20~; 3. 1:400; 4, 1 :g00, 
(Panel B). The name procedure described above was repeated with a second gel. Now the immunological reaction wa.~ performed by an antiserum 
raised against bovine heart porin. 1/~g of Drosophila porin was present in each lane of the gel  The dilutions of the antiserum were: 1 .1  : 100; 2, 
1 : 200; 3 ,1  : 400. (Panel C) Control ol the anti-bovine heart porin antiserum activity. 0.5 p,g (5) and l FB (6) of bovine heart porin were run on a 
SDS gel and transferred to nitrocellulose. 'l'he immunological roactivity was shown by the antiserum raised against bovine heart porin at a dilution 

of 1 : 1000, The arrows show the band:; corresponding to porin. 

l i p i d  b i l a y c r  m e m b r a n e ,  t h e  s p e c i f i c  c o n d u c t a n c e  o f  t h e  
m e m b r a n e  i n c r e a s e d  b y  s e v e r a l  o r d e r s  o f  m a g n i t u d e .  

T h e  t i m e  c o u r s e  o f  t h e  c o n d u c t a n c e  i n c r e a s e  w a s  s i m i l a r  
t o  t h a t  d e s c r i b e d  p r e v i o u s l y  f o r  o t h e r  m i t o c h o n d r i a t  
p o r i n s  [16] .  T h e  a d d i t i o n  o f  t h e  d e t e r g e n t  T r i t o n  X - 1 0 0  
a l o n e  i n  a s i m i l a r  c o n c e n t r a t i o n  t o  t h a t  u s e d  i n  t h e  
p r e s e n c e  o f  t h e  p r o t e i n  d i d  n o t  l e a d  t o  a n y  a p p r e c i a b l e  
i n c r e a s e  in  t h e  m e m b r a n e  c o n d u c t a n c e  a b o v e  t h e  s p e c i f i c  
c o n d u c t a n c e  i n  t h e  a b s e n c e  o f  t h e  p r o t e i n  ( 1 0  - ~  t o  1 0 - s  

S / c m 2 ) .  

Single-channel analysis 
T h e  a d d i t i o n  o f  s m a l l e r  a m o u n t s  o f  t h e  Drosophila 

p o r i n  (1 t o  1 0  n g / m l )  t o  l i p i d  b i l a y e r  m e m b r a n e s  h a v -  
i n g  s m a l l  s u r f a c e  a r e a s  (0 .1  m m  2) a l l o w e d  t h e  r e s o l u t i o n  
o f  s t e p  i n c r e a s e s  i n  c o n d u c t a n c e  ( s ee  F i g .  4 f o r  a n  
e x p e r i m e n t  o f  t h i s  t y p e ) .  M o s t  o f  t h e  c o n d u c t a n c e  s t e p s  
w e r e  d i r e c t e d  u p w a r d s  a n d  c l o s i n g  s t e p s  w e r e  o n l y  
r a r e l y  o b s e r v e d  a t  t r a n s m e m b r a n e  p o t e n t i a l s  o f  5 o r  1 0  
m V .  T h e  m o s t  f r e q u e n t  v a l u e  f o r  t h e  s i n g l e - c h a n n e l  

c o n d u c t a n c e  o f  t h e  Drosophila p o r i n  w a s  0 .41  n S  i n  0 .1  

i i 
i m,n 

Fig. 4. Stepwise increase of the membrane current after the addition 
of 2 ng /ml  Droaophilo porin in the aqueous phase bathing a black 
lipid bilayer membrane. The aqueous phase contained 0.l M KCI, pH 
6. The membrane was formed from 1% diphytanoylphosphatidylcho- 

lin¢/n-decane. The appli¢,d voltage was 10 mV; T =  25°C.  

TABLE t 

Auer~ge single-channel eonduelance of Drosophila porin in different sail 
solutions o/¢oncenlration c 

The aqueous solutions contained 5 n g / m l  Drosophila porin and less 
than 0.1 Aag/ml Triton X-100; the pH was between 6.0 arid 7.0. The 
membranes were made from a 1~ (w/v )  solution of di- 
phyt~noylphosphatidyicholine in n-decane; T = 25 ° C; V.n = 10 mV, 
A was delermined by recording at  least 70 conductance steps and 
averaging over the distribution of the values, o is the specific conduc- 
tance of the aqueous salt ~olutinns. 

Salt C A .4./n 
( M )  (nS)  (10 -8 cm) 

KCI 0.01 0.05 3.6 

0.03 0.15 3.6 
0.1 0.41 3.7 
0.3 1.24 3.6 
I 4.5 4.1 
3 9.9 3.9 
l 3.0 4.8 LiCI 

KCFI aCOO l 2.4 3.8 
MgCI 2 0,5 1.0 4.3 



M KCI. At 10 mV t r a n s m e m b r a n e  potent ial ,  the  c los ing 
events  represented  only  a m i n o r  f ract ion o f  the  total  
n u m b e r  of  conduc t ance  f luctuat ions .  However ,  at h igher  
po ten t ia l s  the  c los ing events  became  more  and  m o r e  
f requent ,  Fu r the rmore ,  the  c los ing events  had  in a lmos t  
all eases  a smal le r  ampl i tude  t h a n  the initial on-s teps .  
Th i s  resul t  ind ica ted  tha t  the Drosophila porin  pore  
swi tched to subs ta t e s  a t  high voltages. T h e  pore  m a y  
have  dif ferent  c o n d u c t a n c e  s ta tes  d e p e n d i n g  on  the 
m a g n i t u d e  o f  the  appl ied  m e m b r a n e  po ten6a l .  A s imilar  
vol tage d e p e n d e n c e  ha s  been obse rved  with a variety of  
o the r  mi toehondr ia l  por ins  [5,16]. 

Estimation o f  the pore diameter 
T h e  channe l  in the  mi tochondr ia l  ou te r  m e m b r a n e  o f  

Drosophila was pe rmeab l e  for a var ie ty  o f  di f ferent  
ions.  Tab le  I sh ow s  the  single channe l  e o n d u e t a n c e s  in 
the  p resence  o f  d i f ferent  sal t  so lu t ions .  A l t h o u g h  there 
exis ted  a cons iderab le  inf luence  o f  the  sal t  on  the pore  
conduc t ance ,  the  ra t io  A / o  var ied less t han  a factor" o f  
two, i.e. the  ions  s eemed  to m o v e  inside the  pore  in a 
m a n n e r  s imi lar  to the  w ay  they  move  in an  a q u e o u s  
e n v i r o n m e n t .  Th i s  f ind ing  toge ther  wi th  the  resul ts  ob -  
tailaed below f rom the  selectivity m e a s u r e m e n t s  a l lowed 
a r ough  es t ima te  o f  the  effective d i ame te r  o f  the  pores .  
A s s u m i n g  tha t  the  por in  pores  a re  filled with  a so lu t ion  
o f  the  s a m e  specific conduc t iv i ty  a as  the  externa l  
so lu t ion  a n d  a s s u m i n g  a cyl indric  pore  wi th  a l eng th  I 
o f  6 n m  (which is very likely accord ing  to e lectron 
microscop ic  s tud ies  o f  the  por in  pores  o f  Neurospora 
crassa [17,18]), the  average  pore  d i ame te r  d ( =  2 r )  can  
be  ob ta ined  accord ing  to the  equa t ion :  

A = o~rr 2 / I  ( I ) 

T h e  effect ive d i ame te r  o f  Drosophila pores  was  
e s t i m a t e d  f ro m the  average  s ingle  c h a n n e l - c o n d u c t a n c e  
o f  the  po res  in 0.1 M KCI  (A = 0.41 uS; o --- 13 m S / e r a )  
to be  a b o u t  1.7 nm.  Th i s  was  very s imi la r  to the  
d i ame te r  o f  m o s t  mi toehondr i a l  pores  (except  for 
Paramecium por in  [19]). Such  a d i ame te r  would  al low 
the  p e r m e a t i o n  o f  hydrophi l i c  so lu tes  up  to molecu la r  
weights  o f  a b o u t  2 5 0 0 - 3 0 0 0  t h rough  the  pores .  

Properties o f  the closed state 
T h e  s ing le -channe l  c o n d u c t a n c e  o f  the  c losed s ta te  o f  

the  Drosophila por in  was  inves t iga ted  in detail  to get  
s o m e  ins ight  in its ion  selectivity. T h e  expe r imen t s  were 
p e r f o r m e d  in the  fol lowing way.  M e m b r a n e s  were 
fo rm ed  in 0.5 M salt  so lu t ions  c o m p o s e d  of  ca t ions  a n d  
a n i o n s  o f  d i f ferent  a q u e o u s  mobi l i ty ,  a n d  the  p H  ad -  
j u s t e d  to 7.2. 30 m V  t r a n s m e m b r a n e  potent ia l  was  
appl ied  to the  m e m b r a n e  and  por in  was  a d d e d  in a 
sma l l  concen t r a t i on  (5 n g / m l ) .  T h e  open  s ta te  had  
u n d e r  these  cond i t i ons  on ly  a l imi ted  l i fet ime which  
m e a n s  tha t  it w as  poss ib le  to m e a s u r e  the s i n ~ e  channe l  
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conduc t ance  of  the closed s tate  by sub t r ac t ing  the con-  
duc t ance  of  the c losing events  f rom those  o f  the  open  
states.  It was found  that  the s ingJe-channel  c o n d u c t a n c e  
in the presence  o f  0.5 M KCI, the  reference solut ion,  
was 2.1 nS in the open  s tate  and  1.2 nS in the c losed  
s tate  ( m e a n  of  at  least  50 single events) .  The  single- 
channe l  c o n d u c t a n c e  was  0.85 nS for K - M e s  a n d  1.4 nS 
for Tris-HC1 in the open  state,  while the closed s ta te  o f  
tile pore  was for T r i s -HCi  cons iderab ly  smal le r  (0.25 
uS) t han  for K - M e s  (0.70 uS), despi te  a s imilar  aqueous  
mobiF, ty for K ~ and  Ci . i-his result  sugges ted  tha t  the  
closed s ta te  of  the Drosophila por in  could  be  ca ' ion -  
selective. Po lyan ion  added  to one  side o f  the  m e m b r a n e  
led to a smal le r  s ing le -channe l  c o n d u c t a n c e  (very s imi-  
lar to those  descr ibed above  for the  closed state)  but  
only  when  the sign o f  the  vol tage was  negat ive  at  the  
cis-side, the  s ide o f  the  addi t ion  o f  the  protein.  Fo r  
oppos i t e  polar i ty  (posi t ive at  the  cis-side) the  single-  
channe l  conduc t ances  ob ta ined  unde r  these  cond i t i ons  
were identical  to those  of  the open  state.  

Voltage-dependence 
T h e  voltage d e p e n d e n c e  of  the  Drosophila por in  was  

s tudied  as follows. The  vol tage across  a m e m b r a n e  
ba thed  in 1 M KC1 a n d  con ta in ing  a large n u m b e r  o f  
pores  was  swi tched f rom zero to a g iven voltage, I'm. 
T h e  initial current ,  i.e., the cu r ren t  immedia te ly  af ter  
appl ica t ion  o f  the  voltage,  was a l inear  func t ion  o f  the  
m e m b r a n e  potent ial .  Subsequen t ly ,  the  m e m b r a n e  cur-  
rent  showed an  exponen t i a l  decay  with a def ined  t ime 
cons tan t .  Th i s  effect  was  first not iceable  at  abou t  20 
m V  a n d  the m a x i m u m  c o n d u c t a n c e  decrease  reached 
was  abou t  50% of  the initial conduc tance ,  G o, at a 
t r a n s m e m b r a n e  potent ia l  o f  abou t  90 inV. Fig. 5 shows  
the m e a n  of  the  rat io  G / G  o (G is the  m e m b r a n e  con-  
duc t ance  at a g iven voltage.  V m af ter  the  decay  was  
comple te )  as a func t ion  o f  the  appl ied  voltage.  T h e  d a t a  
o f  Fig. 5 cou ld  be exp la ined  by  the  s a m e  fo rma l i sm  
used  earl ier  for the  fit o f  the vo l t age-dependence  o f  
o the r  mi tochondr ia l  por ins  [5,20]. T h e  ra t io  o f  the  open  
to the  c losed pores ,  No/N¢, showed  an  exponen t i a l  
d e p e n d e n c e  on  the appl ied  m e m b r a n e  potent ia l .  The  
n u m b e r  o f  the  ga t ing  charges  involved in the  ga t ing  
process  o f  Drosophila por in  was  app rox ima te ly  2. H a l f  
o f  the  c h a n n e l s  were  in the closed s ta te  a t  a po ten t ia l  
d i f ference  o f  abou t  45 inV. Simi lar  va lues  have  also 
been  found  for o the r  mi tochondr i a l  po r ins  [5]. 

A po lyan ion  o f  34, 10000  ha s  been  s h o w n  to act  as  a 
po ten t  inh ib i tor  o f  the  mi tochondr ia l  po re  [21,22]. T o  
s t u d y  if this  po lyan ion  h a s  a s imilar  ini'iu~.~.~ on  the  
Drosophila por in  we added  in s imi la r  e x p e r i m e n t s  as  
descr ibed above  po lyan ion  in a concen t r a t i on  o f  1 / ~ g / m l  
to one  side ( the  cis-side) o f  the  m e m b r a n e .  The  resul ts  
are  also s h o w n  in Fig. 5, Vol tage nega t ive  a t  the  c is-s ide 
resul ted in a s t r ong  decay  o f  the  m e m b r a n e  c o n d u c -  
tance, whereas  vol tages  with  oppos i t e  polar i ty  d id  no  
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Fig. 5. Ratio of the conductance G at a given membrane potential 
divided by the conductance G O at zero potential as a function of the 
applied membrane potential V m with respect to the eis-side. The 
membraneS were formed of diphytanoy|phosphatidyleholine/n- 
dccane. The aqueous phase comaincd 1 M KCI. The ¢is-side con= 
rained 20 ng/ml porin (plain line) and 20 ng/ml porin and 1/Jg/ml 
polyanion (dashed line). Note that the conductance decreased in the 
presence of the polyanion only when the ¢is-side was negative. Means 

of at least three indivldnal experiments are shown; T = 25 o C. 

longer  inf luence  the pore  conduc tance .  Even  vol tages  up  
to + 100 m V (with respect  o f  the  cis-side) were no t  able  
to c)ose the pores.  

Zero-current membrane potentials 
F u r t h e r  i n fo rma t ion  abou t  the  s t ruc ture  o f  the  pore  

fo rmed  by  Drosophila por in  m a y  bc  ob ta ined  f rom 
zero-cur ren t  m e m b r a n e  potent ia l  m e a s u r e m e n t s  in pres-  
ence  o f  salt  gradients .  A 5-fold KC!  gradient ,  ac ross  a 
lipid bi layer  m e m b r a n e  in which  por in  was  incorpo-  
rated,  resul ted  in an  a s y m m e t r y  potent ia l  o f  a b o u t  -8 
m V  (negat ive  at the  m o r e  d i lu ted  side).  Th i s  resul t  
ind ica ted  s o m e  preferent ia l  m o v e m e n t  o f  a n i o n s  over  
ca t ions  t h rough  the  pore  a t  neu t ra l  pH.  T h e  zero-cur-  
rent  m e m b r a n e  po ten t ia l s  were ana lysed  u s ing  the  
G o l d m a n - H o d g k i n - K a t z  equa t ion  [13]. T h e  rat io  o f  the  
an ion  permeabi l i ty  Pa d iv ided b y  the  ca t ion  pe rmeab i l -  
ity Pc was  a b o u t  1.6, sugges t ing  a smal l  an ion  selectivi ty 
o f  the  mi tochondr i a l  por in  f rom Drosophila in  the  case  
o f  the  equal ly  mobi le  p o t a s s i u m  a n d  chlor ide  ions.  T h e  
use  o f  LiCt in s imilar  expe r imen t s  resul ted  in an  even 
h igher  an ion  selectivity a n d  PJP,  was ca lcula ted  to be  
2.6 f rom an  a s y m m e t r y  potent ia l  o f  - 1 6  m V  at  the  
d i lu ted  side of  a 5-fold LiC! gradient .  T o  test  w h e t h e r  
the an ion  h a d  a s imi lar  in f luence  o n  the  ze ro-cur ren t  
potent ia l  we pe r fo rmed  also m e a s u r e m e n t s  in the pres-  
ence o f  p o t a s s i u m  acetate.  In  these  expe r imen t s  the  
a s y m m e t r y  potent ia l  b e c a m e  posi t ive  a t  the  more  di-  
luted side. W e  ca lcu la ted  a permeabi l i ty  rat io  Pa/Pc = 
0.6 f rom an  a s y m m e t r y  potent ia l  o f  9 m V  observed  for 
a 5-fold p o t a s s i u m  ace ta te  gradient .  T h i s  resul t  repre-  
s en ted  ano the r  su ppo r t  for the  func t ion  o f  the  Drosophila 
por in  as general  d i f fus ion  pore  in the  open  state.  

Discuss ion  

W e  have  pur i f ied  the  31 kDi~ ma jo r  p ro te in  c o m p o -  
n e n t  o f  the  m i t o c h o n d r i a l  o u t e r  m e m b r a n e  o f  
Drosophila. This  p ro te in  was  isola ted u s ing  a prev ious ly  
p roposed  s imple  isola t ion p rocedure  [10]. Th i s  m e t h o d  
is a lso appl icable  to Drosophila a n d  the  por in  had  a n  
appa ren t  mo lecu la r  m a s s  o f  31 k D a  on  SDS electro-  
p h o r c t o g r a m s  in all t he  d e v e l o p m e n t a l  s tages  tes ted  
(Fig. 1), ind ica t ing  tha t  po r in  is no t  sub jec ted  to m a j o r  
modi f ica t ion  in the  deve lopmen t .  T h e  molecu la r  m a s s  
o f  31 k D a  is very c lose  to those  o f  m i tochond r i a l  p o r i n s  
f rom o the r  eukaryo t ic  cells wh ich  r ange  f rom 30 to 35.5 
k D a  [5,19]. T h e  pep t ide  m a p p i n g  o f  t he  Drosophila 
por in  showed  m a r k e d  d i f fe rences  in  the  s t ruc tu re  wi th  
respect  to m a m m a l i a n  por ins .  In  fact,  Drosophila po r in  
had  on ly  little i m m u n o l o g i c a l  c ross - reac t iv i ty  wi th  an t i -  
bodies  raised aga ins t  bov ine  hea r t  por in .  The re  was  a lso  
no  c ross - reac t ion  wi th  an t i bod i e s  reEsed aga ins t  po r in  
f rom Neuroapora crassa, In  con t ras t ,  the  po r in  f r o m  
Drosophila showed  a s t r o n g  c ross - reac t iv i ty  wi th  an  
a n t i s e r u m  aga ins t  yeas t  po r in  (Fig. 3). T h e  s t ruc tu ra l  
s imi lar i ty  betwe,0n the  Drosophila a n d  yeas t  po r in  is 
c o n f i r m e d  by the s imi la r  p ro teo ly t i c  p a t t e r n  p r o d u c e d  
by  the  V8 p ro te inase  d iges t ion  (cf. Fig.  2A  wi th  Fig. 4 A  
of  Ref .  5). 

T h e  p o r e - f o r m i n g  p rope r t i e s  were,  o n  the  o the r  h a n d ,  
very s imi la r  to those  o f  o the r  euka ryo t i c  por ins ,  g c c o n -  
s t i tu t ion  a t  very low p ro te in  c o n c e n t r a t i o n s  in the  aque -  
ous  p h a s e  resul ted  in  a n  inc rease  o f  the  m e m b r a n e  
c o n d u c t a n c e  in d i s t inc t  s teps .  T h e  s ing le -channe l  con -  
d u c t a n c e  is 0.41 nS in  0.1 M KCI .  W i t h  t he  u s u a l  
a s s u m p t i o n s ,  t he  pore  d i a m e t e r  h a s  been  ca lcu la ted  to 
be  1.7 n m  accord ing  to  Eqn .  1. O t h e r  m i t o c h o n d r i a l  
por ins  have  a s imi la r  effect ive d i ame te r  as  j u d g e d  f rom 
their  six 31e c h a n n e l  c o n d u c t a n c e  in 0,1 M K C I  [2,5]. 
On ly  po r in  o f  Paramecium mitochonc~ria  s eems  to h a v e  
a sma l l e r  d i ame te r  [19]. 

T h e  m i t o c h o n d r i a l  po r in  f r o m  Drosophila f o r m s  vol t -  
a g e - d e p e n d e n t  po res  in  l ipid b i layer  m e m b r a n e s .  T h i s  
resul t  is in  a g r e e m e n t  wi th  w h a t  was  obse rved  earl ier  for  
mi tochondr i a l  po r in s  f r o m  ra t  l iver [16] a n d  Neurospora 
crassa [23,24]. T h e  pore  c o n d u c t a n c e  is r educed  a t  
h igher  vol tages.  Th i s  a lso  resu l t s  in  the  res t r ic t ion  o f  t he  
permeabi l i ty  o f  the  pore  for  larger  solutes .  In  fact ,  
s ing le -channe l  e x p e r i m e n t s  wi th  Drosophila por in  a t  30 
m V  showed  that  the  c losed  s ta te  o f  the  pores  h a d  a 
largely reduced  s i n g l e - c h a n n d  c o n d u c t a n c e  for  sa l t s  
c o m p o s e d  of  a mobi le  a n i o n  a n d  a less  mob i l e  ca t ion  
(for e x a m p l e  Tr i s -HCl) .  Th i s  m e a n s  tha t  the  po re  ap -  
pears  to be  cat ion-select ive  in the  c losed  s ta te  while  it  is 
s l ight ly anion-se lec t ive  in  the  o p e n  state.  T h e  pe rmeab i l -  
ity o f  the  por in  pore  f rom Drosophila is a lso  res t r ic ted  
by  a po lyan ion  o f  Air I 0000 ,  c o p o l y m e r  o f  m e t h a c r y -  
late, ma lea te  a n d  s tyrene ,  wh ich  was  s h o w n  to inhib i t  
oxidat ive  p h o s p h o r y l a t i o n  [8] a n d  mi tochond r i a l  car-  



t i e r s  [25].  T h i s  r e s u l t  is c o n s i s t e n t  w i t h  t h e  p o s s i b i l i t y  
t h a t  t h e  p o l y a n i o n  m a y  a c t  b y  c l o s i n g  t h e  m i t o c h o n d r i a l  
p o r i n  p o r e  f o r  t he  p e n e t r a t i o n  o f  A D P  a n d  A T P  [22]. 

T h e  o v e r a l l  p i c t u r e  c o m i n g  f r o m  o u r  e x p e r i m e n t s  
i n d i c a t e s  t h a t  t h e  f u n c t i o n  o f  t h e  p o r i n  f r o m  Drosophila 
is  p r e s e r v e d  t h o u g h  i ts  p r i m a r y  s e q u e n c e  m a y  l a r g e l y  b e  
di f feren '~  f r o m  t h o s e  o f  o t h e r  m i t o c h o n d r i a l  p o r i n s .  

A c k n o w l e d g e m e n t s  

T h i s  w o r k  h a s  b e e n  s u p p o r t e d  b y  t h e  D e u t s c h e  F o r -  
s e h u n g s g e m e i n s e h a f t  ( S o n d e r f o r s c h u n g s b e r e i c h  176  a n d  
g r a n t  B e  8 6 5 / 3 - 3 ) ,  b y  t h e  C o n s i g l i o  N a z i o n a l e  de l t e  
R i c e r c h e  a n d  b y  t h e  M i n i s t e r o  d e l l a  P u b b l i e a  I s t r u z -  
i o n e .  
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