
690 Bmchimwa ~ B i o p h y ~  Acta 860 (1986) 690-698 
N ~  

BBA 73272 

Cros~ l ink ing  a n ~ y ~ s  of  y e a ~  m i t o c h o n d f i ~  outer membrane 

J. K r a u s e  *, R.  H a y  *, C. K o w o l f i k  a n d  D.  B r d ~ z k a  

Faculty ~ Biolo~, U n i o e ~  Komtan~ D-7750 C o n s t ~  ~ ~ ~ ) 

(Rec~ved 24 D ~emb ~  1985) 
( R e ~ d  manu~fipt ~c~ved 25 June 1986) 

K ~  w~ds: Ou~r memb~ne; P~e protein; Conm~ fi~; Oligomerization; Cr~s-linking; H ~ o ~ n ~ e ;  GlutatNone 
~ a n s ~ ;  (Yea~) 

By enrichment of contact ~tes between the two m~ochondfial boundary membranes ~ has been shown that 
this fraction contained a high activity of ~utathione transferase and hexokinase which was bound to the 
outer membrane pore protein (Oldendieck, K. et al. (1986) Biochim. Biophy~ Acta 860, 672-689). 
Therefore, an interaction between the three proteins in the contact sites has been suggested. Cros~Hnking 
experiments with ~olated outer membrane of yeast m~ochondda show that glutathione transferase and the 
pore protein are already associated in the free outer membrane. Po~n appeared to adopt four different 
oligomedc complexes in the membran~ including interactions with a 14 kDa polypeptide, which has 
glutathione transferase acfi~ty. The la~er polypeptide could be phosphorylated by intrin~c or extrin~c 
protein kinase~ wh~e the po~n itself was not phosphorylated. Yeast hexokinase, when bound to the outer 
membrane, was able to cross, ink to the pore protein. 

~ t i ~  

The outer membrane of mitochondria has been 
~olated from severM sources including animMs 
[2], plants [3] and lower eukaryo~s [4]. Isolated 
yeast outer membrane has been shown to form 
seMed, f i g h ~ d ~ o u t  vesicles [5]. I~ mNor compo- 
nents include a 29 kilodalton (kDa) polypeptid~ 
which is a por~forming pro ton  [6,7] and other 
polypeptides with r~ative molecular masses of 70 
kDa, 45 kDm 33 kDm and 14 kDa. It has been 
estabhshed that the ~Nnab~  polypeptide band at 
45 kDa conN~s of two immunoloNcNly distinct 
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proteins, one of which ~ exposed at the inner 
surface and the other at the outer surface of the 
outer membrane [5]. Excluding the 14 kDa pro- 
ton,  no speofic functions have yet been ascribed 
to these polypeptides. Morgens~rn et ~. [8] iden- 
tified the 14 kDa polypeptide in liver m~rosomes 
as glutathione ~an~erase and reposed that the 
same enzyme was present in the outer mitochon- 
dr i~  membran~ In the preceding investigation [1~ 
we obt~ned the same resul~ for the outer mem- 
brane following iso~tion and characterization of 
the contact f i~s between the two boundary mem- 
branes of rat fiver mitochondria. The outer mem- 
brane in the contact r e , o n  appears to have differ- 
ent properties compared to the pure outer mem- 
brane: (1) spe~fic activity of glutathione ~an~  
~rase ~ deva~d  and (2) lhe ou~r  membrane pore 
has a 5-fold higher capa~ty to bind hexokinas~ 
We confider interactions between these two pro- 
tons posfible because dectron microscopy sug- 
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gests the formation of contacts in rather fimited 
areas of the outer membrane [9]. W~ therefore, 
attempted to analyze whether these enzymes are 
~ready present as preformed complexes in the 
pure outer membran~ or if the comp~xes are 
created by contact formation. 

The enhanced binding of hexokinase to the 
pore at the contact rites sugges~ that these rites 
are impo~ant in creating a microcompartment 
between peripherM bound kinases and the ATP/  
ADP tran~ocating system in the inner boundary 
membrane [10]. HoweveL it is not known if 
hexokinase can ~so bind to porin outride the 
contact re~ons or ff the enzyme can bind un- 
spedfic~ly to other outer membrane protons. 

In addition, it was of in~re~ to an~yze the 
s~ucture of the pore which binds hexokinase. 
When incorporated into black ~pid b~ayer mem- 
brane~ the pore protein can adopt two conforma- 
tions of different conductance depending on the 
applied voltage [11-13]. Phyfiolo~c~ly, an in- 
crease in negative surface charge by phosphoryla- 
tion [1~ can affect the intrin~c membrane poten- 
fi~ across the outer membrane and, thereb~ mod- 
ulate pore conductance [11,13]. Likewise, it may 
~so result in desorption of negatively charged 
hexokinase [10,15]. Structural changes of the pore 
(resulting ~om charge ~terationO may, therefor~ 
include different sta~s of pofin oligomer forma- 
tion. 

Ufing cro~-~nking method~ we have an~yzed 
the interactions of pofin monomers with other 
porin monomers and with integr~ and pefipher~ 
.proteins (such as hexokinase) in ~olated outer 
membranes ~om yeast mitochondria. Compared 
to the ~ver, the outer membrane from yeast con- 
tains a lower number of integr~ protons and 
therefor~ allows a better interpretation of lhe 
resul~ ~om crcs~nking  experiments. 

M ~ e d ~ s  and M~hods  

Preparation of out~ membrane from yeast mi~o- 
chondria. The membrane fraction w~  ~ e d  ~-  
~ntially accor~ng to Riezman et ~. [5], except 
that the P~c~l  gra~ent centfifugation s~p w~  
omi~ed. 

Bin~ng of yeast hexoMna~ to the outer mem- 
bran~ 10 U yeast hexo~na~ (BoehringevMann- 
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hom, G~many) were ~cub~ed with 200 ~I iso- 
hted outer membrane (3 mg protein/ml) for 20 
min at ~e ~mper~ure in 1 ml of 0.25 M sucros~ 
10 mM Hepes (pH 7.4), 10 mM ~uco~,  10 mM 
MgC12. The samples w~e centrifuged for 4 min in 
a ~bletop centrifuge ~ 8800 × g. The superna~nt 
and pallet were ~para~d and used for enzymatic 
~sting and cro~-~n~ng experiments. 

Preparation of anybody. A n t i b o ~  active 
ag~n~ the 14 kDa, 29 kD~ 70 kDa protons and 
the mixed 45 kDa proton bands were r~sed ~ 
rabbi~ by i ~ e ~ n  of protein d e ~ r o d u ~ d  from 
p~yacrylamide gd slices as pre~ou~y described 
[16]. Monodon~ antibody reactive ag~nst the 
~ r n ~  45 kDa protein was that described by 
Riezman et ~. [5]. Antibod~s ag~n~ yeast 
hexo~nase were induced in r a b ~  by subcuta- 
neous injection of the ~ e d  enzyme m~ed with 
Freund's com~e~ a~uvant. 

Cro~-linking w~h ~ b ~ u c c m i m i d y ~ r o p -  
~nate) (DTSP): M~ochondri~ outer membrane 
(approx. 4 mg protdn per ml) was diluted with an 
equ~ v~ume of 0.1 M triethan~amine buffer (pH 
8). Cro~-lin~ng was p~formed at room ~ m p ~  
ture for 4 min u~ng 10-150 ~g/ml DTSP (~s- 
s~ved to 4 mg/ml ~ DMSO). The reaction was 
stopped by ad~ng 50 ~1 of 1 M ammo~um 
a c ~ e / m l  reaction mixtur~ to inactivate the un- 
reacted DTSP [17,18]. The membran~ were c~- 
lected by centrifugation through a 3 ml cus~on of 
0.625 M sucrose at 165000 × g for 3 h [19]. The 
pellet was resuspended in 50 #1 20 mM Hepe~ 
KOH (pH 7.~ and su~e~ed to dec~ophoretic 
an~y~s. 

Phosphorylation of o~er membrane prot~n~ 
Either 50 ~1 untreated outer membrane or 80 ~1 
cross-~nked membrane were used for phosphory- 
htion. Membranes w~e centrifuged off and ~u~ 
pended in 20 mM Hep~-KOH (pH 7.4) unt~ a 
protein concentration of approx. 2,5 mg/ml was 
~t~ned.  The phosphorylation was p~formed ~ 
4°C for 15 rain. The assay mixture cont~ned 5 
mM MgC12, 2 mM [ ~ P ] A T P  ~.1 mCi) and, 
when ~ c ~ e &  25 ~1 cAMP-dependent protein 
~nase (active subunit ~om bo~ne hea~, 40 
m U / m ~ .  The reaction was stopped by the ad- 
• tion of EDTA at a finM concentration of 5 mM. 

SDS-polyac~mide gel electrophoreiss. Out~ 
membrane polypeptid~ w~e d i ~ o ~ e d  by in- 
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cubafion at room temperature for 15-30 min in 
6% SDS. The solubflized proteins were separated 
on either 10% or 12.5% acrylamide gels ufing the 
system of Douglas and Butow [20] with minor 
modification~ For two-dimen~onal dectrophore- 
sis, the samples were first run on tube gds and 
soaked for 15 min in dec~ophorefis  buffer con- 
taining 10% (v/v)  2-mercaptoethanol (this treat- 
ment cleaved the cross-finked polypepfides by re- 
ducing the disulfide bond in the DTSP molecule). 
The tube gds were subsequently embedded in 1% 
agarose over slab gds containing the same 
acrylamide concentration as in the tube gel and 
were run at constant voltage for 4 h. 

Electrotransfer and immunodecoratio~ Proteins 
were transferred from slab gels to ni~ocellulose 
filters as previouMy described [21,22]. The trans- 
ferred protons were ~Nned with Ponceau-S solu- 
tion (Serva, F.R.G.L detained,  incubated with 
specific antibodies, followed by peroxidase-con- 
jugated Protein-A. The peroxidase reaction was 
performed in a mixture of 9 ml 4-chloro-l-naph- 
thol (0.3% in methanol), 141 ml 0.14 M NaC1 
buffered with 10 mM phosphate, pH 7.0, and 60 
~1 35% H 2 0 2 .  

Glutathione transferase assay. The activity of 
glutathione transferase was determined according 
to Habig et al. [23]. 

Autoradiography. Dried gds or ni~ocdluose 
filters were exposed to Kodak NS-2T or XS-5 
films. 

R e s ~  

Effect of DTSP on proteins of the outer membrane 
In isolated yeast mitochondrial outer mem- 

brane~ DTSP (0-200 ~g/ml)  reacted mainly with 
four polypeptides of 45 kDa, 33 kD~ 29 kDa, and 
14 kDa (Fig. 1). As the DTSP was increased, the 
amount of these four polypepfides in the samp~ 
decreased, while the rdative concen~ation of high 
molecular weight species (larger than 70 kDa) 
increased. In subsequent expefiment~ a con- 
centration of DTSP between 100 and 150 ~g /ml  
was used. 

A nalys# of the cross-linked spedes by two-dimen- 
sional electrophores~ and immunodecoration 

In this symmetfi~ two-dimenfional dectro- 
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Fig. 1. Effect of increafing DTSP concentrations on outer 
membrane proteins. Outer membrane (4 m g / m l )  ~eated with 
different concen~ations of DTSP for 4 min at room tempera- 
ture was run on a 12.5% polyacrylamide gel in the presence of 
SDS as described in Methods. Lane 0 to 6 correspond to 
increafing DTSP concentrations: untreated outer membrane 
(0), 10 ~ g / m l  (1L 30 # g / m l  (2), 50 ~ g / m l  (3L 75 # g / m l  (4~ 
100 ~ g / m l  (5), 150 ~ g / m l  (6). Cross-linking can be seen in 
this one dimenfional separation as a decrease in staining 
intenfity of the m ~ o r  outer membrane polypeptides (marked 
by arrows and the corresponding molecular mass in kDa) and 
a concomitant increase in amount  of high molecular w~ght  
material above 70 kD~  In the subsequent figures a cros~linker 
concentration as in lanes 5 and 6 was used. 

phoretic sys~m, the mobility of an oligomer pro- 
duced by cros~finking can be determined from 
the verticN pofitioning of protein spots bdow the 
diagonM. The horizontal pofitions of polypeptides 
indicate the mobifities of monomers released from 
a Nven crossqinked species. E~imation of the 
molecular fize was based on the mobihties of the 
mNor polypepfides in the outer membrane seen in 
the diagonM fine (Fig. 2). Under our reaction 
condition~ the pMyp~ide at 45 kDa formed an 
apparent dimer. The 29 kDa protNn formed com- 
p~xes of 60 kDa, 96 kDa, 43 kDa and 72 kDa. As 
expec~d, N1 of the gNned protNn spots of the 
second dimen~onN gd that lay on the line hofi- 
zontM to the monomefic porin reacted with mono- 
specific antipofin antibody (Fi~ 2B). Since the 
spots at v e ~ N  pofitions corresponding to 60 
kDa and 96 kDa were unique to thor  axes, i.e. no 
other spots of Nther higher or lower monomefic 



s p e o e s  fined up vert ical ly with them (Fig. 2A), we 
infer  that  these represenL r e s p e c f i v d ~  crossqin-  
ked  dimers  and t f imers  of  pofin.  The  a d d i f i o n ~  
complexes  of  43 k D a  and 72 k D a  p r o b a b ~  resuR 
from cros~f ink ing  of pof in  with other  p ~ y -  

pept ides .  
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qg. 2. Two-dimen~on~ an~y~s of cross-finked oligomers in 
~east mitochondfi~ outer membranes, lsola~d outer mem- 
brane was ~eated with 100 ~g/ml DTSP and was run on a 
10% polyacrylamdie tube gd (~om le~ to fight in this and all 
other figure~. Following cleavage of DTSP with 2- 
mercaptoethanol, the tube gd was oved~d on a 10% ~ab gd, 
and the sample subjec~d to dec~ophore~s in the second 
dimen~on (top to bottom). The numbers ~ong the diagon~ 
indicate the apparent molecu~r wogh~ of the monomefic 
forms of five m~or outer membrane component~ The num- 
bers bdow the diagon~ ~ve the estima~d molecular masses of 
the observed cross-hnked products (in kDa). The c~culation of 
the molecular masses of these oligomers was based on the 
known v~ues of the corresponding monomers in the diagon~. 
(A) Two-dimen~on~ gd ~ansferred to nitrocellulose sheet and 
stained with Ponceau-S. (B) The same ni~oce~ulose sheet 
d e ~ n e d  and subsequently decorated with antibodies ag~n~ 
the 29 kDa polypepfide. The antibod~s were ~su~ised by 
reaction of pro~in-A conjugated peroxidase showing that the 
29 kDa polypeptide ~ present in four dif~rent oligomefic 
state~ 
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To de te rmine  whether  only one or both  of the 

45 k D a  prote in  spedes  were c ros~ l inked  by  DTSP,  

cross-f inked pro te ins  were s e p a r a ~ d  by  two-di-  
men~onM ~ e ~ r o p h o r e ~ s  and ~ a n f f e ~ e d  to 
n i~oce l lu lose  sheets in tandem.  Both sheets, 
~ a i n e d  with Ponceau S after  t ransfe~ showed 
spots  c o ~ e s p o n d i n g  to monomef ic  and dimefic  45 
k D a  protein.  Af ter  the sheets were d e ~ n e d ,  one 
sheet was r e a c ~ d  with r a b b d  anti-45 k D a  (reac- 
tive with bo th  pro te in  s p e d e ~  and the other  with 
m o n o d o n M  anti-45 k D a  ( rea~ ive  only with the 
i n t e r n ~  45 k D a  p r o t o n ) .  The p o r t i o n  of the 
b o u n d  an t ibodies  d e m o n ~ r a t e d  that  the mono-  
d o n M  an t ibody  recognized only the ant igen pre- 
sent  on the diagonM (Fig. 3C), whereas the poly-  
clonM r a b b k  an t ibody  bound  to the ant igen corre- 
sponding  to both  a 45 k D a  monome r  and a 100 
k D a  d imer  (Fig. 3B). This resuR i n d ~ a ~ d  that  
only  the 45 k D a  p r o t o n  on the ex~rnM face of the 
outer  membrane  r e a c ~ d  with DTSP under  the 
condi t ions  used here. F u ~ h e r m o r e ,  the resu l~  sug- 
gested that  the addif ionM pof in  complex  of  72 
k D a  is not  composed  of  the 45 k D a  and a pof in  
monome r  because  no spot  of the 45 k D a  poly-  
pep t ide  fines up vert ical ly with the 72 kDa  
ofigomer. 

Be~des  creat ion of  def ined oligomers,  cross~in-  
king usually resulted in the fo rmat ion  of fur ther  
p ro te in  c o m p ~ x e s  which could not  be ~ a s ~ f i e d  as 
spedes  of def ined molecular  wogh t .  These were 
c o m p ~ x e s  r e m ~ n i n g  on top of the first g d  and 
the o l i g o m e ~  with a molecular  mass higher than 
200 k D a  (Fig. 2). 

Phosphorylation of outer membrane protons 
The ~o l a t e d  outer  m e m b r a n e  was incuba ted  

with [ v - ~ P ] A T P  ei ther  in the presence or  absence 
of the active subuni t  of c A M P - d e p e n d e n t  p r o t o n  
kinase f rom heart .  Several po lypepf ides  of the 
outer  membrane  became phosphory la t ed  even in 
the absence of  the exogenous p r o t o n  kinase, sug- 
gest ing that  there was a pro te in  kinase in t f in~c  to 
the outer  m e m b r a n e  prepara t ion .  Unde r  bo th  con- 
d i t ions  the 14 k D a  pro te in  was the most  p romi-  
nent  phosphory la t ed  pro te in  (Fig. 4), whereas the 
29-kDa po lypep t ide  was not  phosphory la t ed  un- 
der  Other set of condi t ions .  A ~ e r  c ros~f inking  
with DTSP,  the 14 k D a  po lypep t ide  could  still be 
phosphory la ted ,  while the phosphory la t ion  of the 
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Fig. 3. Two-dimensional analysis of cross-/inked polypeptides 
in yeast outer mitochondrial membrane. (A) shows all proteins 
transferred to a nitrocellulose sheet stained with Ponceau-S. 
The molecular weights of monomers and oligomers are indi- 
cated as in Fig. 2A. Two nitrocellulose sheets as in (A) were 
decorated with antibodies against the two different 45 kDa 
polypeptides: (B) polyclonal antibody reactive with both 45 
kDa proteins, (C) monoclonal antibody against the 45 kDa 
protein located at the inner surface of the outer membrane. 

(Fig, 45 kDa5) " P~yPeptide band seemed to be reduced 

Identifica#on of heterooligomers 
The phosphorylation of the 14 kDa polypeptide 

was used to identify the protein in the hetero- 
oligomers, because probing the gel with antibodies 
against this polypeptide resulted also in un-speci~c 
labeling. The 14 kDa protein could only be ob- 
served when a lower % acrylamide gel was used 
(Fig. 5). When such a gel was run, 14 kDa phos- 

~ ""~72 
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B ~29~33 
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Fig. 4. Autoradiography of phosphorylated yeast outer mem- 
brane components. Isolated mitocbondfial outer membrane 
from yeast was phosphorylated in the presence of l Y-32 PIATP 
as described in Methods without addition of protein kinase. 
The polypeptides of the outer membrane were separated on a 
12.5~ polyacrylamide gel in the presence of SDS, The right 
lane shows protein staining, the left lane autoradiography. 

phor-protein spots in the autoradiography (Fig. 
5B) aligned horizontally with the two porin spots, 
as described above, corresponding to 43 kDa and 
72 kDa. These 14 kDa spots represent the 14 kDa 
polypeptide because they align with the 14 kDa 
protein in the second dimension, interact with 14 
kDa specific antiserum (data not shown), and can be 

pbosphorylated. Thus, the 43 kDa spot ap- 
parently represents a beterodimer of the 14 kDa 
and 29 kDa proteins, whereas the 72 kDa is 
presumably a heterotrimer containing one 14 kDa 
polypeptide and two 29 kDa subunits. The ad- 
ditional 30 kDa spot, Which aligned with the 14 
kDa polypeptide in the second dimension, most 
likely represents a homologous dimer of th/s pro- tein. 

branesGlUtathi°neof yeasttransferasemitoehondriaaetivity in the outer mere- 

againstpresentg1utathi•netheThe•iverthisph•sph•ry•atedin•uterenzymetransferaseth e outermembrane~sj. Acfivityp°lyPeptidebYmembraneSpecificWaSof this idenfi~ed°f anfibodieSofenzyrne 14 kDayeastisaSin 
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Fig. 5. Two-dimenfional analyfis of cross-linked and pho~ 
phorylated mRochondfial outer membran~ Isolated mito- 
chondfial outer membrane was crossqinked as in Fig. 2 and 
afterwards phosphorylated by external cAMP-dependent pro- 
tein kinase in the presence of [~-32p]ATP. The polypepfides 
were separated in two dimenfions on 12.5% polyacrylamide 
gels in the presence of SDS. (A) shows the gel stained for 
proteins with Coomas~e blue, (B) shows the autoradiography 
of the same gel. As in Figs. 2 and 3 the numbers give the 
apparent molecular masses of the monomers and the oligomer~ 
respectively, in kDa. 

mitochondria, ~though the spe~fic acfi¼ty is 
lower compared to that of hver (Table I). 

Binding of hexokmase to the outer m~ochondrml 
membrane 

We observed that yeast hexokinase could bind 
to the outer membrane of yeast mitochondria as 
p re~ou~y  described for m am m ~ i an  fissue~ Un- 
der the conditions used, 8 to 10 mU hexokinase 
per mg of the ~o l a~d  outer membrane was bound. 
The enzyme recovered in the outer membrane 
pel l~ could be ~ s u ~ e d  by probing with spe~fic 
antiserum. It migrated in the SDS-polyacrylamide 
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Fig. 6. Two-dimenfionM anMyfis of cros~finked outer mem- 
brane after binding of hexo~nas~ Hexokinase was bound to 
the ou~r  mitochondfiM membrane and crossqinked as in F~. 
2. The polypeptides were separa~d in two dimenfions on 10% 
polyacrylamide gds in the presence of SDS. (A) Two-dimen- 
fionM gel transfe~ed to a ni~ocellulose sheet and ~ n e d  with 
Ponceau-S. The molecular masses of monomers and oligome~ 
are ind~ated as in Figs. 2A. (B) Same ni~ocellulose sheet 
des t ined  and decora~d with antibodies ag~n~ yeast 
hexokinas~ showing a monomer and a high molecular mass 
ol~omer of hexokinas~ (C) Same ni~ocellulose sheet red~ 
cora~d with antibody ag~n~ pofin. SeverM polypeptides are 
decorated in the diagonM; in addition there is a proton spot 
corresponding to a heterologous dimer of 29 kDa polypepfide 
and hexokinas~ The reasons for the decoration of protons 
other than the 29 kDa polypepfide in this experiment are not 
dea~ 
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T A B L E  I 

G L U T A T H I O N E  T R A N S F E R A S E  A C T I V I T Y  IN T H E  

O U T E R  M E M B R A N E S  O F  Y E A S T  A N D  L I V E R  

M 1 T O C H O N D R I A  

( ~ u ~ t ~ o n e  t rans fe rase  a ~ i ¼ ~  was  d ~ m ~ e d  in the ou te r  

m e m b ~ n e  f rac t ions  ~ c o r ~ n g  to H a n g  et ~ .  [23]. 

O u t e r  m e m b ~ n e  of Enzyme  a c f i ~  

( m U / m ~  

Yeas t  23.3 

Liver  1 1 9 ±  10.8 

gd with a M r of 50 kDa. Cro~-linking with DTSP 
of outer membrane pr~ncuba~d with hexokinase, 
resul~d in the formation of a heterooligomer with 
an apparent M~ in the first dimenfion of 80 kDa. 
The nature of this h~erooligomer was reveMed by 
two-dimenfion~ dec~ophorefis  and subsequent 
immunodecorat ion with antibodies directed 
against hexokinase and ag~n~  pofin (Fig. 6). 
From the v e ~  alignment of the porin and 
hexokinase spot, it appeared that the 80 kDa 
cros~finked spe~es was composed of one mole- 
cule of hexokinase and a monomer of porin. Inter- 
estin~y, the number of other porin complexes is 
fignificanfly reduced compared to the cros~hn- 
king in the absence of hexokinase (F~. 2). There is 
only one further spe~es observed which represents 
the pofin monomer finked to the 14 kDa poly- 
peptid~ The anti-pofin antibodies used in this 
experiment reacted ~so with other polypeptides in 
the d i a g o n ~  The reason for this may be two-fold. 
The antibody preparation differs from that which 
was used in the experiment shown in Fig. 2. The 
30 kDa polypeptides which a d d i f i o n ~  reacted 
with the antibody was present in this outer mem- 
brane preparation in a higher concentration as 
was routinely observed. In addition to the im- 
munodecoration, the identification of the pofin 
was posfib~ from the rdafive mobifity compared 
to the known molecular w~ght of the m~or  po~-  
peptides of the outer membrane. 

D~cus~on  

Treatment of isolated yeast mitochondfial outer 
membrane with the reagent DTSP resul~ in the 

T A B L E  I1 

O B S E R V E D  C R O S S - ~ N K E D  O ~ G O M E R S  A N D  T H E I R  

P R E S U M E D  C O M P O ~ O N  O F  I D E N ~ C A L  A N D  N O N -  

I D E N T I C A L  M O N O M E R I C  P R O T E I N S  IN T H E  O U T E R  

M I T O C H O N D R I A L  M E M B R A N E  O F  Y E A S T  

H K ,  h e x o ~ n a ~ .  

M~ M~ m o n o m e r s  Infer red  

~ o m e ~  14 k D a  29 k D a  45 k D a  50 k D a  s t ruc ture  

(pof in)  ( H K )  

30 k D a  ( + 

43 k D a  ( + 

60 k D a  - 

72 k D a  ( + 

80 k D a  

90 k D a  - 

100 k D a  - 

_ _ _ (14)2 
( + )  -- - (14) . (29)  

( + )  -- _ (29)2 

( + )  -- _ (14) . (29)2  
( + )  ( + )  (29) . (50)  

( + )  - - (29)~ 

- ( + )  - (45)2 

formation of cross-finked oligomers composed of 
both i d e n t ~  and n o n i d e n t ~  monomeric pro- 
tdns. The observed cros~linked spe~es and thdr  
presumed compofifions are summarized in Table 
II. The m~or  homologous oligomers identified 
were the 45 kDa dimes the 29 kDa dimer and 
tfimer and the 14 kDa dimer. Our findings of 
dimers and trimers of the 29 kDa porin correlates 
well with the apparent oligomefic function~ form 
of the molecules as reconstituted in hposomes and 
Triton X-100 micelles [24]. 

This is the first repo~ that other integral pro- 
t~ns of the outer membrane can be cros~hnked 
with porin. The fact that such protons  can be 
bridged by DTSP, which has a 1.2 nm spaces 
suggests that porin assoda~s and perhaps even 
in~racts functionMly with these polypeptides. The 
identifiab~ he~rologous cross-hnked species of 
this type appear to be (14 kDa monome0~29 kDa 
monome0 and (14 kDa monomer)-(29 kDa dimerL 
It is no~wo~hy that, despi~ the apparent ability 
of the 14 kDa protein to form a homologous 
dimer, we did not find spe~es co~esponding to 
(14 kDa dimer)-(29 kDa monomer or dime0. The 
14 kDa polypeptide in m~rosomes represents the 
~utathione transferase [8] as wall as in the outer 
membrane of liver mitochondfia. This has been 
shown by reaction with spedfic antibodies ag~nst 
this enzyme [8,1]. The 14 kDa polypeptide in yeast 
has the same properties: (1) it is exposed to the 



outer surface of the outer membrane [5], (2) is 
susceptible to pro~olyfis,  and (3) it can be phos- 
pherylated. Fu~hermore, yeast ou~r  membrane 
cont~ns ~utathione ~an~erase acti~ty as was 
observed in the fiver. It therefore, can be con- 
duded that the 14 kDa polypeptid~ Mso present 
in yeast outer membran~ represents ~utathione 
transferase. Because ~utathione ~ans~rase and 
the porin were found to be activated in the con- 
tacts between the boundary membranes, an inte~ 
action between the two proteins has been sug- 
gested [1]. The cro~-linking expefimen~ show 
that these two protons  are ~ready a ~ o d ~ e d  in 
the outer membrane outride the contact re~ons. If 
our resul~ t ru~ reflect the in ~vo d~tribution of 
proteins in the mitochondri~ ou~r  membran~ 
then we are left to confider the fun~ton~  fignifi- 
cance of the 14 kD~29 kDa a~o~afion.  Although 
the pores formed by the 29 kDa pro~in are volt- 
ag~dependent and anion-sdectNe in black mem- 
brane~ we do not know how the pores might be 
regulated in ~vo. An exalting po~ibility, ~though 
specul~N~ is that the 14 kDa pro ton  could Other 
regulate porin oligomerization-di~odation or 
m o d ~ a ~  pore a~i¼ty, with phosphorylation con- 
tributing to this mechanism. 

It has p re~ous~  been shown that liver pofin 
binds hexokinase [25,26]. Our results indicate that 
this ~so holds ~ue for yeast pofin. In additio~ 
the observation that hexo~nase is not crossfinked 
to other mitochondri~ ou~r  membrane proteins 
suggests that hexokinase in~ra~s  exdusNdy with 
pofin among the outer membrane protons.  From 
our d e ~ r o n  microscop~ observations with g~d- 
labeled hexo~nase in the 1Ner, it ~so appea~ 
that hexokinase pre~rnetially binds to pofin in 
the outer membrane at rites of contact with the 
inner boundary membrane [27]. In agreement with 
this observatiom the ~ a ~ d  contact membrane 
~action has a higher capadty for hexokinase bind- 
ing than the outer membrane ~action not a~od -  
ated with contact rites [1]. ~nce  both membrane 
~actions cont~ned porin protein, this finding sug- 
gests that the porin may assume different func- 
tionM cr conformafion~ states in different re~ons 
of the outer membrane. Indeed, f i n ~ c h a n n d  
conductance measuremen~ of the purified porin, 
reconstituted into planar b~ayers, indicate that 
this m~ecule can form at least two diffierent 
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kinds of pores [13]. This fun~ion~ difference 
might reflect differences in the oligomeric state of 
the porin molecules. 

The fact that we could not rink hexo~nase to 
the pofin oligomeric form does not nece~ar i~ 
imply a pre~rent i~  binding in vNo cf the enzyme 
to the presumptive porin monomer. It is posfible, 
for example that cro~-l in~ng of hexo~nase to 
one porin mo~cule can suppress the subsequent 
formation of porin-pofin dimers. That hexo~nase 
might bind to the pofin ol~omers agrees with the 
observation of a fignificant reduction of porin 
~ o m e r i c  forms upon cro~-linking in the pres- 
ence of hexo~nas¢ The observation that the pofin 
monomer finked to the ~utathione transferase is 
still detectable in these experimen~ suggests that 
hexo~nase might not bind to this molec~ar 
spedes of the pore. F i n ~ ,  ~though yeast 
hexokinase has been repor~d to form dimers [28], 
in this study we did not observe the homCogous 
cros~fin~ng of this protein. 

Pre~ous ~udies have sugges~d that one must 
in~rpret  the resul~ of a cros~linking study with 
caution [29]. Cro~-linking alone cannot d~ermine 
the ol~omefic conformation of the active mole- 
cule in the natNe membrane. However, it supports 
the assumption of different molecular porin species 
present in the outer membrane and the dose as- 
sodation of the pore with ~utathione transferase 
and hexokinase [1[. 
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