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The biogenesis and function of eukaryotic porins 

M. Dihanich 

Friedrich-Miescher-Institute, P.O.Box 2543, CH-Basel (Switzerland) 

Summary. Like most other mitochondrial proteins porin is synthesized in the cytosol and imported posttranslation- 
ally into the outer mitochondrial membrane. This transport follows the general rules for mitochondrial protein import 
with a few aberrations: a) porin contains an uncleared NHz-terminal signal sequence, b) also its carboxyterminus 
might be involved in the import process, and c) this transport does not seem to require a membrane potential At), 
although it is ATP-dependent. Most likely the actual import step occurs at contact sites between the outer and the 
inner mitochondrial membrane and involves at least one receptor protein. 
Although porin is known to be the major gate through the outer mitochondrial membrane, its absence only causes 
transient respiratory problems in yeast cells. This could mean a) that there is a bypass for some mitochondrial 
functions in the cytosol and/or b) that there are alternative channel proteins in the outer membrane. The first idea 
is supported by the overexpression of cytosolic virus-like particles in yeast ceils lacking porin and the second by the 
occurrence of residual pore activity in mitochondrial outer membrane purified from porinless mutant cells. 
Key words. Mitochondria; outer membrane; porin; transport; signal sequence; contact sites; deletion mutant; 
virus-like particle. 

Mitochondria are the organelles for oxidative energy 
metabolism of eukaryotic cells. Like chloroplasts, they 
contain their own DNA and are surrounded by two 
membranes: the inner membrane (IM) carrying enzymes 
of the respiratory chain, with a protein content of about 
70 % (wt/wt) and the outer membrane (OM) carrying a 
few known proteins like monoamine oxidase and many 
unknown proteins (protein content: 12 % 65). The com- 
partment enclosed by the inner membrane is the matrix 
space (M), the compartment between the two membranes 
the intermembrane space (IMS). 
The transport of molecules like sugars, amino acids, nu- 
cleotides and ions across both mitochondrial membranes 
is essential for the functioning of mitochondria, since all 
of the ATP-generating processes take place in their inner- 
most space, the matrix, and the product, ATP, is largely 
needed outside of the organelle. 
Already in 1959 mitochondria were known to be perme- 
able for sugars 33 'and in 1965 O'Brian and Brierly 
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Figure 1. The four major compartments ofa mitochondrion (contact sites 
between the inner and outer membrane have been omitted). Reproduced 
with permission from Schatz 58. 

demonstrated that also various ions, substrates and even 
nucleotides can penetrate the outer mitochondrial mem- 
brane 38. The existence of non-specific diffusion pores in 
mitochondria was convincingly shown by reconstitution 
of  different membrane fractions from Paramecium aure- 
lia into planar lipid bilayer membranes 59. These pores, 
which also occur in mitochondria of higher eukaryotes 
and all have an apparent molecular weight of around 
30 kDa, were called VDAC (voltage-dependent anion-se- 
lective channels) or 'porin' in analogy to similar proteins 
of bacterial outer membranes 5,6, 31,74. Up to now mito- 
chondrial porins and similar proteins found in the outer 
membrane of chloroplasts 1 are the only non-toxic un- 
specific pore proteins known in eukaryotes. 

Biogenesis 

The biosynthesis of eukaryotic porin was studied in de- 
tail during the past decade and our present models great- 
ly benefit from the progress made in the field of mito- 
chondrial biogenesis as a whole. 

Targeting signals 
Only a few components of the respiratory chain are en- 
coded by mitochondrial DNA; the majority (>  90 %) of 
all mitochondrial proteins is encoded by nuclear genes, 

Table 1. Comparison of eukaryotic pores 

Organism kDa Exclusion Pore size Ref. 
limit (kDa) (nm) 

Paramecium tetraaurela 1.3 2 
S. eerevisiae 29.883 5-6 1.7 35, 1 
N. crassa 29.979 4-6  1.8 1.9 18, 30 

2 6 
Mung bean 30 2-8 2 3 74 
Rat liver 31 2-8 1.7 31, 56 

E. eoli 35-40 0.6-0.8 1.1 1 
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synthesized on cytoplasmic ribosomes and transported 
into the mitochondria. This transport in most cases is 
accompanied by cleavage of an NHz-terminal signal pep- 
tide 32'57 and requires an electrochemical potential 
across the mitochondrial membranes as well as ATP ~6. 
The only outer membrane proteins whose biosynthesis 
has been studied in detail are porin and a 70 kDa OM 
protein of unknown function. Transport of these two 
proteins (both from fungi) into the OM essentially fol- 
lows the same principles as transport of other mitochon- 
drial proteins, but differs in a few points. 
These outer membrane proteins are the only mitochon- 
drial proteins whose import does not require transport 
through a membrane, but only proper integration into a 
phospholipid bilayer. This needs two kinds of signals: 
one for targeting to the mitochondria, and one for an- 
choring in the OM. Since in vitro synthesized porin is 
protease sensitive, but becomes extremely protease re- 
sistent when incorporated into the OM of mitochondria, 
protease resistance is used as an assay for membrane 
insertion ~ v, z~, 34. Targeting of in vitro synthesized porin 
to the mitochondria is specific, since the protein does not 
interact with microsomal membranes 2t. 
Characteristically, import of both porin and the 70 kDa 
protein into the OM occurs without cleavage of a signal 
peptide a 7, 2 ~, 34, 5a. The genes for both proteins have been 
cloned from yeast libraries z4, 35,6z and their deduced 
amino acid sequences are similar in the NHz-terminal 
region (fig. 2)35 
Both sequences exhibit an uninterrupted stretch of un- 
charged amino acids flanked by basic amino acids in the 
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amino-terminal region corresponding to the cleaved sig- 
nals of other mitochondrial proteins. Similar features 
were found later in the cDNA sequence of N. crassa 

porin 3o. when  a 70 kDa deletion mutant with slightly 
impaired respiratory functions was transformed with ei- 
ther the whole wild type 70 kDa-gene or a earboxy-termi- 
nally truncated version, only the whole sequence could 
restore respiratory functions, although both constructs 
were imported into mitochondria. This shows, that the 
carboxy-terminal part of the 70 kDa OM protein is re- 
quired for its function but not for transport 5z. When 
Hase et al. z3 deleted various portions of the 70 kDa 
protein, they found that all the information necessary for 
mitochondrial targeting and anchoring of this protein is 
localized within its first 41 amino acids. Deletions of only 
a few amino acids within the first 13 residues disturbed 
both in vivo targeting and anchoring whereas deletions 
behind residue 12 resulted in localization of the short- 
ened protein to the mitochondria but failure to integrate 
in the OM. The authors concluded that separate al- 
though overlapping regions of the 70 kDa protein are 
necessary for targeting to the mitochondria (amino acids 
1-12) and anchoring in the OM (amino acids 9-38). 
Hurt et al. 27 confirmed that the first 12 amino acids of 
the 70 kDa protein are sufficient to direct a cytosolic 
protein into the mitochondrial matrix. 
Table 2 lists the shortest possible amino acid sequences 
necessary for targeting and anchoring of various mito- 
chondrial proteins. Similar requirements are found for 
signals of the endoplasmic reticulum and accordingly, 
the anchoring signal of the 70 kDa OM protein can func- 
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Figure 2. Comparison of the NH2-terminal sequences of yeast porin and 
the 70 kDa outer membrane protein. Identical and similar residues are in 
solid and dashed boxes, respectively. Stretches of uncharged residues are 

lined above (porin) or underlined (70 kDa protein). Reproduced with 
permission from Mihara and Sato 35. 

Table 2. Minimal length of targeting and anchoring signals (determined by deletion analysis) for mitochondrial and ER-proteins 

Protein Location Targeting signaP Anchoring (stop transfer) Ref. 
signal" 

6 Ala-synthase mito (M) 9 - 29 
Porin mito (OM) _< 17 N-term. _< 37 N-term_ 22, Kleene 

_< 62 C-term. _< 62 C-term. (pers. comm.) 
70 kDa OM mito (OM) 11 29 23, 27 
cox. IV mito (M) 7-12 28, 67 
cyt c 1 mito (IMS) 16 19 66 
various ER 8-12 8-16 19 

~Minimal length in amino acids; M, matrix; IM, inner membrane; IMS, intermembrane space; OM, outer membrane. 
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tion as a stop transfer signal in the ER membrane (Spiess, 
M., and Baker, K., pers. comm.); vice versa, also the 
ER-stop transfer sequence of vesicular stomatitis virus G 
protein car/anchor pre-ornithine carbamyl transferase (a 
matrix protein) in either mitochondrial membrane de- 
pending on its position within the precursor molecule 37. 
Porin, however, is a special case. According to secondary 
structure predictions, only its first 18 residues can form 
an amphiphilic ( =  charged amino acids on one side, un- 
charged ones on the other side) a-helix, whereas the 
remainder most likely folds into amphiphilic t-sheets. 
This way the porins of  S. eerevisiae and N. crassa 
could span the outer mitochondrial membrane 12-16 
times 30.35. Since the signal sequences listed in table 2 as 
well as the signals occurring in most multi-spaning mem- 
brane proteins 7, 72 belong to the e-helical type, the inser- 
tion of porin might follow an unusual route. However, 
also non-helical peptides can insert into phospholipid 
membranes, as long as they are amphiphilic 55. Recently 
Hamajima et al. 22 and Kleene et al. (pers. comm.) found 
that disruption of both NH 2- and COOH-terminal se- 
quences of yeast and N. erassa porin, respectively, im- 
pairs their membrane-insertion. Only the amino terminal 
sequence is predicted to form an e-helix. Since yeast por- 
in with a deletion from residues 37-98 still inserts into 
mitochondria in a trypsin-resistant fashion, whereas a 
deletion between residues 17 and 98 still allows binding 
but not insertion and a deletion of 61 carboxyterminal 
amino acids impairs both binding and acquisition of 
trypsin resistance 22, the NH 2- as well as the COOH-ter- 
minal sequence could be involved in targeting as well as 
anchoring of the protein. Like with the 70 kDa OM 
protein, the extreme amino terminus contains a targeting 
signal which is followed by a sequence necessary for an- 
choring. However, it is not yet clear whether any of these 
sequences by itself is sufficient for targeting or anchoring 
of foreign proteins to the mitochondria. 

Energy requirement 
Another peculiarity of OM proteins is that unlike other 
mitochondrial proteins 20, 47, 61 their insertion into mito- 
chondria does not seem to be absolutely dependent on a 
transmembrane potential AI]/17'21'34, howeve r  it re- 
quires ATP (see below and next review by R. Pfaller et 
al.). Therefore AO is thought to be necessary only for 
movement of  the NH2-terminus of the mitochondrial 
precursor protein beyond the outer membrane 69. 

The import pathway 
Whereas translocation of proteins across the membranes 
of the ER can, with few exceptions, only occur cotransla- 
tionally, protein import into mitochondria, chloroplasts 
and peroxisomes as well as protein export from bacteria 
can occur posttranslationally (i.e. after completion of the 
new polypeptide, for review see Verner and Schatz69). 
The conformation of the nascent polypeptide chain 

seems to be crucial for the import competence of a given 
precursor protein 15, 68. Initial experiments by Eilers and 
Schatz 1 s showed that mitochondrial import can be in- 
hibited by the binding of a specific ligand to a purified 
precursor resulting in the hypothesis that mitochondrial 
precursors need to be unfolded in order to be able to 
enter the translocation machinery. This idea is supported 
by work done with different mitochondrial as well as 
secreted proteins 3, 36,42, 51,60, 68. However, recent exper- 
iments by Vestweber and Schatz demonstrate that mito- 
chondria can import artificial precursor proteins which 
contain a branched polypeptide chain or a large stilbene 
disulfonate group coupled to their carboxy-tenninus 71. 
This suggests that proteins need not be completely un- 
folded for translocation and that the 'translocation-com- 
petent' conformation may vary for different precur- 
sors 70, 71. 

An 'import-competent '  conformation may be induced, or 
maintained, by one or more of the following compo- 
nents: a) ribosomes 69, b) heat-shock proteins 4' 9, which 
probably bind to nascent mitochondrial and secretory 
precursor proteins, helping them to stay in the proper 
conformation prior to interaction with the target mem- 
brane s, c) ATP 13,14, 26, 48,49, d) a 'receptor' protein on 
the mitochondrial surface 39,44, 45, 54, v 5- 77 whose inter- 
action with the precursor could stabilize its import-com- 
petent conformation. The insertion of porin does not 
seem to require ribosomes, since import of purified 'wa- 
ter soluble' porin is possible 43 (see also the following 
review by Pfaller et al.). A requirement for ATP has been 
demonstrated 48. Evidence for the existence of a receptor 
protein involved in porin-import mainly stems from two 
observations: 1) protease-treated mitochondria no longer 
import porin 3~ and 2) porin competes with other 
mitochondrial precursors for binding sites on the mito- 
chondrial surface 44. 
What happens after newly synthesized porin binds to the 
outer membrane? Already in 1985 Schleyer and Neupert 
showed that 'contact sites' between the outer and the 
inner mitochondrial membrane can trap mitochondrial 
precursors on their way to the matrix 60 and therefore 
might be the actual sites on the mitochondrial surface 
where import is happening. Translocation of a given pre- 
cursor would then be facilitated through contact with 
components of the ' import machinery' of the inner mem- 
brane 25,40,46, 63 Import  of porin can occur through con- 
tact sites, as was demonstrated with rat liver mitochon- 
dria 41, but also direct import into purified OM-vesicles 
was observed 21. This result could mean, that there is 
more than one import-pathway for porin. 
All models to explain this dilemma have to be regarded 
as highly speculative and up to now the definitive order 
of the following events is still uncertain: 
1) binding of ' import competent' porin to the OM; 
2) hydrolysis of ATP; 
3) binding to a receptor protein; 
4) transfer to contact sites; 
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5) interaction with the 'import machinery' of the inner 
mitochondrial membrane; 

6) translocation/insertion; 
7) (re)folding to the active conformation. 
Steps 3 and 4 could be reversed if the receptor were only 
present or only active in contact sites. Also, the participa- 
tion of more than one receptor is possible and different 
import-pathways might be determined by different recep- 
tor proteins. 
The future awaits the identification of the putative recep- 
tor protein(s) and of the components of the 'import ma- 
chinery'. With these tools in hand it should be possible to 
obtain a more accurate picture of mitochondrial protein 
import in general and to understand the peculiarities of 
the route taken by porin. 

In vivo function 

Mitochondrial membranes can be isolated from sonicat- 
ed yeast mitochondria by sucrose-gradient centrifugation 
yielding the OM as outside-out sealed vesicles 53. These 
preparations exhibit a characteristic polypeptide pattern 
which differs from that of the IM (fig. 3). 
By far the most abundant protein of the yeast mitochon- 
drial OM is the 29 kDa porin. Its abundance and its 
unique role as a general diffusion pore in eukaryotic 

Figure 3. The major proteins of the inner (I) and outer (O) mitochondrial 
membrane (polyacrylamide gel stained with Coomassie blue). Printed 
with permission from Riezman et al. 5~. 

Experientia 46 (1990), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 149 

mitochondria suggests that it could be essential for mito- 
chondrial function. With an exclusion limit of about 
6000 Da 1 it might not only be the major gate for differ- 
ent solutes, but might allow even small proteins to enter 
the mitochondrial intermembrane space. 

A porin-less yeast mutant 
A valuable test for the in vivo importance of a given 
protein is to disrupt its gene and thereby construct a null 
mutant. When this approach was taken 11, it led to the 
surprising result, that porin is not essential for the sur- 
vival of yeast cells or even for mitochondrial functions: 
the porin-deletion mutant was viable, but unable to grow 
on non-fermentable carbon-sources like glycerol (a test 
for respiration). However, after about three days, it 
adapted to growth on glycerol. A similar mutant con- 
structed by Lauquin et al. (pers. comm. and Michejda et 
al. 33a) in a different strain of S. cerevisiae had even a less 
pronounced respiratory defect. Analysis of the levels of 
different mitochondrial proteins in non-adapted mutant 
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Figure 4. Reduced levels of mitochondrial cytochromes in the por ~ mu- 
tant. The POR + parent strain and the pot ~ mutant were grown on rich 
medium containing glucose or, after adaption, on rich medium contain- 
ing glycerol. Mitochondria were isolated from the cells and reduced mi- 
nus oxidized difference spectra were recorded at liquid nitrogen tempera- 
ture at a band-pass of 2 nm, a light-path of 2 mm and the following final 
concentrations of mitochondrial protein: A and B at 1.6 mg/ml, C and D 
at 2.6 mg/ml. C and D were recorded at a 2-fold higher sensitivity than 
A and B. Reproduced from Dihanich et al. la. 
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Figure 5. After adaptation, the por ~ mutant grows well on glycerol. 
Cells were pregrown to late logarithmic phase in rich medium contain- 
ing either 2 % glucose or 3 % glycerol. Aliquots of the precultures 
were inoculated to 106 cells/ml into 100 ml of glycerol-containing rich 
medium and growth at 30 ~ was recorded by cell counting . . . . . .  POR + 
parent pregrown on glucose; . . . . .  POR + parent pregrown ml glycerol; 
. . . . . .  pot ~ mutant pregrown on glucose; por ~ mutant adapted 
for 5 days on plates containing glycerol-supplemented rich medium and 
then pregrown on glycerol; reproduced with permission from Dihanich et 
al. 11. 

cells showed that the amounts of all mitochondrial cy- 
tochromes were reduced between 5- and 10-fold, whereas 
other proteins (including OM-proteins) were unchanged. 
After adaption to glycerol, the cytochrome-levels of the 
mutant were increased, but not restored to wild type 
levels, in line with the slow growth of mutant cells on 
glycerol. 
This finding suggests a) that the outer mitochondrial 
membrane is still permeable in the absence of porin, 
perhaps because of the presence of other pores and 
b) that the transport of substrates needed for the biosyn- 
thesis or import of mitochondrial cytochromes requires 
porin whose loss cannot be compensated completely by 
other pathways. 

Accumulation of  virus-like particles in porin ~ mutants dur- 
ing adaptation to glycerol 
During adaptation to glycerol, porinless yeast mutants 
accumulate large amounts of a cytosolic protein of 
86 kDa 1 a which was identified as the major coat protein 
of virus-like particles (VLPs 12, fig. 6). 
Virus-like particles are found in > 95 % of all strains of 
S. cerevisiae. A class of them is known as 'killer-virus' 
since it produces a membrane-active toxin (see Pattus et 
al. in this issue). VLPs accumulating in the porinless 
mutant (L-A type) are known to contain a double- 
stranded RNA genome which encodes the major coat 
protein and functions needed for replication of their ds 
RNA, like an RNA-dependent RNA polymerase 50, 64, 73. 

No pore activity is associated with them 22. However, 
recently, accumulation of the same particles was also 
found in another yeast mutant lacking a mitochondrial 

Figure 6. Adapted por ~ mutants accumulate large amounts of virus-like 
particles in the cytosoh a glucose-grown; b glycerol adapted. Virus-like 
particles were visualize d by immunogold-labeling using polyclonal anti- 

sera against the 86 kDa major coat protein. N, nucleus; V, vacuole; 
arrowheads, mitochondria 12. 
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Figure 7. Single-channel recording of a diphytanoyl phosphatidylcholine/ 
n-decane membrane after the addition of mitochondrial outer mem- 
branes of the yeast mutant HR125-5A to the aqueous phase. The aqueous 
phase contained 100 ng/ml outer membranes, and 1 M KC1, pH 6. The 
applied voltage was 10 mV; the current prior to the addition of the 
protein was less than 0.5 pA. Taken with permission from Dihanich et 
al. lO. 

nuc l ease  ( D i e c k r n a n  et  al., pe ts .  com m . ) .  F u r t h e r m o r e ,  

s o m e  yeas t  s t r a in s  b e c o m e  r e s p i r a t i o n  de f ic ien t  a f t e r  h a v -  

ing  b e e n  c u r e d  o f  V L P s ,  sugges t ing  a c o n n e c t i o n  b e t w e e n  

V L P -  a n d  m i t o c h o n d r i a l  f u n c t i o n s  12. C h a r a c t e r i z a t i o n  

o f  all the  ac t iv i t ies  a s soc i a t ed  w i t h  V L P s  a n d  the i r  p r o d -  

ucts  s h o u l d  tell us  w h e t h e r  they  c rea te  a b y p a s s  for  a 

m i t o c h o n d r i a l  p r o d u c t  o r  w h i c h  o f  the i r  p r o d u c t s  en te r s  

the  m i t o c h o n d r i a  t h r o u g h  O M - p o r e s .  

A l t e r n a t i v e  p o r e s  i n  the  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  

T h e  exis tence  o f  a l t e r n a t i v e  ga tes  t h r o u g h  the  O M  is 

sugges t ed  b y  the  fac t  t h a t  po r in l e s s  m u t a n t s  a re  v iab le  

a n d  g row even  o n  n o n - f e r m e n t a b l e  c a r b o n - s o u r c e s .  In  

o r d e r  to  iden t i fy  these  a l t e r n a t i v e  pores ,  m i t o c h o n d r i a l  

O M s  f r o m  p o r i n  ~ m u t a n t s  a n d  wi ld  type  cells were  pur i -  

f ied by  suc rose  g r a d i e n t  c e n t r i f u g a t i o n  as de sc r ibed  pre-  

v ious ly  (fig. 3). W h e n  d e t e r g e n t - s o l u b i l i z e d  O M s  f r o m  

the  p o r i n  ~ m u t a n t  were  r e c o n s t i t u t e d  i n t o  l ip id  b i l aye r  

m e m b r a n e s ,  p o r e  ac t iv i ty  was  obse rved .  C o n t r o l  exper i -  

m e n t s  w i t h  d e t e r g e n t  a l o n e  were  nega t i ve ;  c o n t r o l  exper -  

i m e n t s  w i t h  wi ld  type  cells s h o w e d  two  d i f f e ren t  k i n d s  o f  

pores .  T h e  a l t e r n a t i v e  p o r e s  f o u n d  in  m u t a n t  O M s  h a d  a 

s i ng l e - channe l  c o n d u c t a n c e  o f  0.21 nS in 0.1 M KC1 a n d  

b e h a v e d  like genera l  d i f fu s ion  po re s  w i t h  a s l ight  p re fe r -  

ence  fo r  c a t i ons  (fig. 7). T h e i r  e x t r a p o l a t e d  d i a m e t e r  o f  

1.2 n m  is sma l l e r  t h a n  t h a t  o f  e u k a r y o t i c  p o r i n  (1.7 n m )  

a n d  c o r r e s p o n d s  m o r e  closely to bac t e r i a l  pores .  U n t i l  

n o w  the  p r o t e i n  c o r r e s p o n d i n g  to  th i s  ac t iv i ty  ha s  n o t  
b e e n  iden t i f i ed  w i t h  c e r t a i n t y  lo, 33, 
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Biogenesis of mitochondrial porin: The import pathway 

R. Pfaller, R. Kleene and W. Neupert 

Institut f~r Physiologische Chemic der Universitiit Miinchen, Goethestr. 33, D-8000 Miinchen 2 (Federal Republic of 
Germany) 

Summary. We review here the present knowledge about the pathway of import and assembly of porin into mito- 
chondria and compare it to those of other mitochondrial proteins. Porin, like all outer mitochondrial membrane 
proteins studied so far is made as a precursor without a cleavable 'signal' sequence; thus targeting information must 
reside in the mature sequence. At least part of this information appears to be located at the amino-terminal end of 
the molecule. Transport into mitochondria can occur post-translationally. In a first step, the porin precursor is 
specifically recognized on the mitochondrial surface by a protease sensitive receptor. In a second step, porin precursor 
inserts partially into the outer membrane. This step is mediated by a component of the import machinery common 
to the import pathways of precursor proteins destined for other mitochondrial subcompartments. Finally, porin is 
assembled to produce the functional oligomeric form of an integral membrane protein wich is characterized by its 
extreme protease resistance. 
Key words. Porin; biogenesis; mitochondrial outer membrane; import receptors; GIP;  ATP. 

Introduction 

The biogenesis of mitochondrial proteins is a rather com- 
plex process. Only a small percentage of the proteins are 
synthesized within the mitochondrion. Most proteins are 
encoded in the nucleus and are translated on free ribo- 
somes in the cytosol. They are made as soluble precursor 
proteins which are then subsequently transferred to the 
mitochondria. In order to maintain the identity of the 
organelle, targeting of precursors to the mitochondria 
must occur in a highly specific manner. The crucial event 
is the initial interaction with the mitochondrial surface. 
After this step of recognition, the precursor proteins pen- 
etrate into and through the mitochondrial membranes. 
Most precursors enter the matrix space and, during mat- 
uration, reach their final destination in the intermem- 
brane space, inner membrane or matrix. In contrast, 
proteins of the outer membrane do not undergo this 
complicated process but are directly assembled into the 
membrane without making a detour. During recent years 
considerable information has been obtained on the 
mechanistic principles of how the proteins of mitochon- 
dria are translocated across and inserted into membranes 
after being synthesized on ribosomes in the cytosol (see 
chapter by Melitta Dihanich in this issue and a recent 

thorough review on mitochondrial protein import in gen- 
eral by Hartl et al. 24). 
The import pathway of the major outer membrane 
protein, porin, has been subject to many detailed investi- 
gations and several essential aspects of the porin import 
pathway have been elucidated. Post-translational import 
of the porin precursor requires specific recognition on the 
mitochondrial surface which includes binding to receptor 
sites and the subsequent interaction with a component in 
the mitochondrial outer membrane which mediates par- 
tial insertion of the precursor into this membrane. Fur- 
thermore, import requires the hydrolysis of nucleoside 
triphosphates but, as is the case with all outer membrane 
proteins studied to date, no energized inner membrane is 
required. In contrast to the majority of imported 
proteins, the porin precursor contains no cleavable 
amino-terminal presequence. 
The least understood step in the import pathway of porin 
is the final assembly in the outer membrane. On the basis 
of the amino acid sequence, an amphiphilic membrane- 
spanning/~-sheet was proposed to be the predominating 
structural motif 35 (see chapter by C. Manella in this is- 
sue) which is in accordance with the observed extreme 


