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Abs t rac t .  We have identified the yeast homologue of 
Neurospora crassa MOM72, the mitochondrial import 
receptor for the ADP/ATP carrier (AAC), by func- 
tional studies and by eDNA sequencing. Mitochondria 
of a yeast mutant in which the gene for MOM72 was 
disrupted were impaired in specific binding and import 
of AAC. Unexpectedly, we found a residual, yet 
significant import of AAC into mitochondria lacking 

MOM72 that occurred via the receptor MOM19. We 
conclude that both MOM72 and MOM19 can direct 
AAC into mitochondria, albeit with different 
efficiency. Moreover, the precursor of MOM72 appar- 
ently does not require a positively charged sequence at 
the extreme amino terminus for targeting to mito- 
chondria. 

A 
essential step in the biogenesis of cell organelles 
is the specific import of cytosolically synthesized 
precursor proteins (Wickner and Lodish, 1985; 

Douglas et al., 1986; Walter and Lingappa, 1986; Attardi 
and Schatz, 1988; Hartl et al., 1989; Pfanner and Neupert, 
1990). Targeting signals in the precursor proteins are 
decoded by complementary structures (receptors) on the or- 
ganelle surfaces, thus ensuring selective transport of precur- 
sor proteins into the correct compartments. With respect to 
mitochondrial protein import, two import receptors were 
identified on mitochondria from Neurospora crassa (N. 
crassa). MOM19, a mitochondrial outer membrane protein 
with an apparent molecular mass of 19 kD, seems to function 
as import receptor for most precursor proteins studied, in- 
eluding all that carried an amino-terminal presequence (Stll- 
ner et al., 1989). MOM72, an outer membrane protein of 
72 kD, acts as import receptor for the ADP/ATP carder 
(AAC) ~ that is synthesized without a cleavable extension se- 
quence (Stllner et al., 1990). The presence of at least two 
mitochondrial import receptors raises the problem of selec- 
tivity of the receptors and in particular the question as to 
whether the "master receptor" MOM19 may also be able to 
interact with the precursor of AAC. Moreover, with mito- 
chondria of the yeast Saccharomyces cerevisiae, a 42-kD 
protein of the outer membrane was identified that is involved 
in protein import (Vestweber et al., 1989). In the assumption 
that this "import site protein 42" (ISP 42) may act as surface 
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1. Abbreviations used in this paper: AAC, ADP/ATP earlier; GIP, general 
insertion protein. 

receptor, the problem arises whether yeast mitochondria 
possess equivalents of MOM19 and MOM72 or whether 
N. crassa has developed mechanisms for import of precursor 
proteins that are different from the mechanisms in yeast. 

For this report, we analyzed the import pathway of the 
most abundant mitochondrial protein, the inner membrane 
protein AAC, in yeast and N. crassa. Through a combined 
biochemical and molecular approach we made the following 
observations.. (a) The yeast protein MOM72 was identified 
as import receptor that appears to fulfill the same functions 
as N. crassa MOM72. We discuss evidence that suggests that 
ISP 42 acts at a later stage of the import pathway, probably 
at the level of membrane insertion of precursor proteins 
(Pfaller et al., 1988). (b) Mitochondria from a yeast mutant 
lacking MOM72 are impaired in binding and import of 
AAC. However, they are still able to perform a residual, but 
significant import of AAC. We found that MOM19 can sub- 
stitute for MOM72 in importing AAC (although with lower 
efficiency) and that MOM72 and MOM19 apparently act in 
parallel in the transport of AAC. (c) A comparison of the 
amino-terminal sequences of MOM72 ofN. crassa and yeast 
suggests that a positively charged sequence at the extreme 
amino terminus is not essential for targeting of precursor 
proteins to the mitochondrial outer membrane. 

Materials and Methods 

Biochemical  Procedures 

Published procedures were used for the following steps: isolation of mito- 
chondria from N. crassa (Schleyer et al., 1982; Pfanner and Neupert, 1985) 
and Saccharomyces cerevisiae (growth on ethanol- and glycerol-containing 
medium at 30°C) (Daum et ai., 1982; Hartl et al., 1987); production of an- 
tisera in rabbits and purification of IgGs by protein A-Sepharose chroma- 
tography (Stllner et al., 1989); synthesis of mitochondrial precursor pro- 
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teins in rabbit reticulocyte lysates and labeling with [35S]methionine 
(Pfaller et al., 1988); preincubation of mitochondria with IgGs (SOllner et 
al., 1989); binding to and import of precursor proteins into mitochondria 
in a buffer containing 250 mM sucrose, 3% (wt/vol) BSA, 80 mM KCI, 5 
mM MgC12, and 10 mM MOPS/KOH (pH 7.2) (Pfanner and Neupert, 
1987; Pfanner et ai., 1987b; S611ner et al., 1989, 1990); treatment of mito- 
chondria with trypsin, proteinase K, or elastase (Planner and Neupert, 
1987; Pfaller et al., 1988; S611ner et al., 1989); SDS-PAGE, transfer of pro- 
teins to nitroeellnlose paper, and immunodecoration (Laemrrdi, 1970; 
Schleyer et al., 1982; Stllner et al., 1989). 

For isolation of outer membranes of yeast mitochondria, mitochondria 
(4 mg/ml) were incubated in 5 mM KPi (pH 7.2) and 1 mM PMSF for 5 
rain on ice. The outer membranes were sheared offby 15 strokes in a Potter 
homogenizer. Sucrose was added to a final concentration of 45% (wt/wt). 
The sample was overlayered with a solution containing 30% (wt/wt) su- 
crose, 1 mM EDTA, 1 mM PMSF, and 10 mM 3-(N-morpholino)propane- 
sulfonic acid (MOPS) (pH 7.2), followed by a similar solution containing 
8% (wt/wt) sucrose. After centrifogation for 5 h at 240,000 g in a SW41 
rotor (Beckman Instruments, Fullerton, CA) the outer membrane was re- 
covered from the 8/30% interphase. The purity of the outer membrane was 
analyzed by immunodecoration with antibodies directed against proteins of 
various mitoehondrial subcompartments, including porin (outer mem- 
brane), AAC (inner membrane), and hspt0 (matrix). The outer membrane 
fraction only reacted with antiserum directed against porin. 

DNA Manipulations 

A full-length cDNA-clone coding for 31. crassa MOM72 was isolated from 
a ),gtll library ofN. crassa cDNA (Schneider et al., 1990) by means of 
antibody-screening and subcloned into pGEM4 (Promega Biotec; Melton 
et al., 1984; Stllner et al., 1990). In vitro transcription/translation resulted 
in authentic MOM72 precursor protein (Stllner et al., 1990). The cDNA 
insert was sequenced according to the Exonuclease III method (Henikoff, 
1984), by using internal restriction sites and by using MOM72-specific oli- 
gonucleotide primers. Both strands were sequenced overlapping at least 
three times. 

The gene coding for yeast 70-kD protein/MOM72 was isolated from a 
yeast genomic library by screening with specific oligonucleotides (two 44- 
mers corresponding to nucteotide positions 70--113 and 1,688-1,731 of the 
published sequence [Hase et al., 1983]). DNA-sequencing using both 
specific primers revealed that correct clones were isolated. The gene was 
disrupted essentially as described (Riezman et al., 1983b; Rothstein, 1983): 
the URA3 gene (which served as a selectable marker) was inserted into an 
internal BstE II site. The haploid yeast strain S150 (leu 2-3, leu 2-112, his 
3-A1, trp 1-289, ura 3-52; gift of Dr. A. Haid, Universit/it Miinchen) was 
used. Southern-blot analysis revealed that the URA3 gene was correctly in- 
serted thereby disrupting the MOM72 gene. 

Results 

Identification of the Yeast Homologue of MOM72 
For our attempts to identify the protein import receptor 
MOM72 of yeast mitochondria, we assumed the following 
characteristics of yeast MOM72: the protein should be ex- 
posed on the mitochondrial surface and possess a similar 
size as N. crassa MOM72; antibodies prepared against the 
protein should specifically inhibit the binding of AAC to the 
mitochondria. We produced a collection of polyclonal an- 
tisera each of them specifically directed against a mitochon- 
drial outer membrane protein of the yeast Saccharomyces 
cerevisiae. Immunoglobulins G (IgGs) were prepared from 
the antisera and tested for a possible inhibitory effect on 
specific binding of AAC. 

To prepare large amounts of antigens, we developed a 
rapid and efficient method for the isolation of mitochondrial 
outer membranes of Saccharomyces cerevisiae. In brief, iso- 
lated mitochondria were swollen as described (Riezman et 
al., 1983a); the outer membranes were sheared off in a pot- 
ter homogenizer and separated fromthe residual mitochon- 
drial membranes by flotation on a discontinuous sucrose gra- 

Figure L Identification of MOM72 in yeast mitochondrial outer 
membranes. Mitochondrial outer membranes were prepared as de- 
scribed in Materials and Methods. Lane I shows the protein pattern 
of the outer membrane (30/Lg) after separation by SDS-PAGE and 
staining with Coomassie blue R-250. For lane 2, 30 ~g of outer 
membrane proteins were separated by SDS-PAGE, electrotrans- 
ferred to nitrocellulose paper, and immunodecorated with antibod- 
ies against yeast MOM72. 

dient. The protein pattern of yeast mitochondrial outer 
membrane obtained by separation on SDS-polyacrylamide 
gels is shown in lane 1 of Fig. 1. The proteins were trans- 
ferred to nitrocellulose, distinct bands were excised and used 
as antigens for production of rabbit antisera. IgGs prepared 
from the various antisera that were monospecific for outer 
membrane proteins were tested for an inhibitory effect on 
specific binding of AAC to isolated yeast mitochondria. We 
thereby found that IgGs against an outer membrane protein 
of ,070 kD selectively inhibited binding of AAC. As de- 
scribed below, this protein apparently represents the equiva- 
lent of N. crassa MOM72 and was consequently termed 
MOM72. Lane 2 of Fig. 1 shows that the antibodies against 
MOM72 are monospecific as they recognize a single band 
of yeast mitochondrial outer membranes. 

For analysis of specific binding of AAC to the mitochon- 
drial surface, the precursor of AAC was synthesized in rabbit 
reticulocyte lysate in the presence of [35S]methionine and 

The Journal of Cell Biology, Volume 111, 1990 2354 



Figure 2. MOM72 is responsible for specific binding of the 
ADP/ATP carrier to yeast mitocbondria. (.4 and B) Antibodies 
against yeast MOM72 inhibit specific binding of AAC. Isolated 
yeast mitochondria (10 #g of protein) were pre-incubated with IgGs 
prepared from preimmune serum or from antisera directed against 
yeast MOM72, porill, or a 17-kD outer membrane protein for 30 
rain at 0°C (S6Uner et al., 1989). In a parallel sample, mitochon- 
dria were pre-treated with trypsin (20 #g/ml) as described (Pfanner 
and Neupert, 1987). The precursor of AAC was synthesized in rab- 
bit reticulocyte lysate by coupled transcription/translation in the 
presence of [35S]methionine. The reticulocyte lysate was depleted of 
endogenous ATP by preincubation with apyrase (5 U/ml) for 25 min 
at 25°C (Pfanner and Neupert, 1986). Mitochondria and retieulo- 
cyte lysate were incubated in the presence of 20 #M oligomyein (to 
inhibit the mitochondrial FoF1-ATPase) and 1 #M valinomycin (to 
dissipate the mitochondrial membrane potential) for 15 min at 
25°C as described in Materials and Methods. The rnitoehondria 
were reisolated, and the samples were analyzed by SDS-PAGE, 
fluorography, and laser densitometry. To determine the amount of 
specific binding of AAC, the amount of nonspecific binding of 
AAC (mitochondria pretreated with 20 #g/ml of trypsin [Pfaller et 
al., 1988; Stllner et at., 1990]) was subtracted from the values ob- 
tained. In a control sample, we determined that >95 % of the AAC 
molecules were sensitive to proteinase K (10 #g/ml), i.e., were lo- 
cated on the mitoehondrial surface (Pfanner and Neuport, 1987; 

incubated with isolated mitochondria at low levels of ATP 
and in the absence of a membrane potential A~ across the 
inner mitochondrial membrane (Fig. 2, A and B) (Planner 
et al., 1987b; Pfaller et al., 1988; Stllner et al., 1988, 
1990). When IgGs directed against MOM72 were bound to 
the mitochondria, the binding of AAC was strongly inhibited 
(Fig. 2, A and B). The residual binding of 10-20% corre- 
sponds to the unspecific (nonproductive) binding of AAC 
that is also observed after degradation of the surface recep- 
tors by a treatment of mitochondria with trypsin (Fig. 2, A, 
last lane) (Pfaller et al., 1988; Stllner et al., 1990). Control 
antibodies did not inhibit binding of AAC, including IgGs 
directed against the major outer membrane protein porin, 
IgGs directed against a 17-kD protein that is exposed on the 
outer membrane surface, and IgGs prepared from preim- 
mune sera (Fig. 2, A and B). To obtain independent evidence 
that MOM72 mediates the specific binding of AAC, mito- 
chondria were treated with various low concentrations of 
trypsin under conditions that preserve the intactness of the 
outer membrane barrier (Harti et al., 1989). The degrada- 
tion of MOM72 correlated well with the degradation of the 
specific binding sites for AAC (Fig. 2 C). 

Primary Structure  o f  MOM72 

When comparing the protein pattern of our preparation of 
yeast mitochondrial outer membranes (Fig. 1, lane/ )  with 
that of Riezman ct al. (1983a), MOM72 appeared to be very 
similar in size and abundance to a 70-kD protein that had 
been used as a tool to study the biogenesis of mitochondrial 
outer membrane proteins (Riezman et al., 1983b; Hasc ct 
al., 1984; Hurt et al., 1985a; Nakai et al., 1989). The pri- 
mary structure of this protein had been determined (Hase 
ct al., 1983). If this 70-kD protein was the equivalent of 
N. crassa MOM72, one would expect sequence homology 
between these proteins. 

We determined the nucleotide sequence of a full-length 
eDNA clone encoding N. crassa MOM72 (SSllner et al., 
1990). The derived amino acid sequence (Fig. 3) predicts a 
protein of 619 amino acid residues and a molecular weight 
of 68,839 in good agreement with the apparent molecular 
weight of '~72,000 (S611ner ct al., 1990). MOM72 is an es- 
sentially hydrophilic protein, but contains a putative mem- 
brane-spanning sequence in the amino-terminal portion (Fig. 
3). MOM72 most probably exposes a large hydrophilic do- 
main to the cytosol that can be cleaved off by protease treat- 
ment of intact mitochondria (Stllner et al., 1990; T. Stllner, 
N. Pfanner, and W. Neupert, unpublished results). N. crassa 
MOM72 shares 33.0% amino acid identity with yeast 70-kD 
protein/MOM72. Including isofunctional amino acid ex- 
changes, the proteins exhibit 45.9% similarity (Fig. 4). 

Studies of Hurt et al. (1985a) had suggested that the ex- 
treme amino-terminus of yeast MOM72, in particular the 
presence of positively charged amino acid residues, served 

Pfanner et al., 1987b). (C) The presence of MOM72 correlates 
with the presence of binding sites for AAC. Mitoehondria were 
pretreated with trypsin as indicated and incubated with reticulocyte 
lysate as described for A and R The amount of specifically bound 
AAC was determined as described for B. The amounts of MOM72, 
porin, and 17-kD protein were determined by immunodecoration 
as described (Stllner et al., 1989, 1990). 
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i CGACTCC~TCTAGTATATACCCTGATTGTTTACCTTATCTACTAGAGGTTCTCCTACACCCATCACCACAT~T~CC 
80 ATGGCTCCCACCATCCCGCCGCCCTCCGTCCCCATCCCGGCGGCCACGCCCGTCACTGTCCCGGCCGACTCGTCCATC 
1 M A P T I P P P S V P I P A A T P V T V P ~ D S S I 

158 TGGGACCGCGTCTCC~CTGGGTCTCGGA~AC~GGCTGTTGTCTACACCATTGCTGGTGTTTCCGTCGTCATCACC 
27 W D R V S N W V S E H K A V V Y T ~ A G V S V V I T 

236 ACCGCCGGTGTTGTCTACTATCTCCGC~GGGATCAGAGCAG~GGAGTCCGGCCCC~GCTCAGC~G~GGAAAGG 
5 3 T A G V V Y Y L R K G S E Q K E S G P K L S K K E R  

314 AGGAAACGG~GCAGGCCGAG~GGCTTCTACTTCC~GACAGAA~GGCCGCTCCCACAC~CCC~GGCCGCCGCC 
79 R K R K Q A E K A S T S K T E E A A P T Q P K A A A 

392 GTCGAGAGCGCCGACGA~TGCCCGAGATCGATGAGG~TCCGTCGTCAGGCTATCCGAGGACGAGCGC~GGCGTAC 
105 V E S A D E L P E I D E E S V V R L S E D E R K A Y 
470 GCCGCC~GCTG~G~GCTCGGAAAC~CCTACGGTTCC~GGACTTC~C~GGCCATCGACCTTTACTCC~G 
131 A* A K L K E L G N K A Y G S K D F N K A I D L Y S K 
548 GCCATCATCTGC~GCCCGACCCCGTCTACTACTCC~CCGC~CGCTTGCCAC~TGCCCTCGCCCAGTGGGAGCAG 
157 A I I C K P D P V Y Y S N R A A C H N A L A Q W E Q 
626 GTTGTCGCCGATACCACCGCCGCTCTC~GCTCGACCCCCACTACGTC~GGCCCTG~CCGCCGTGCC~TGCCTAC 
1 8 3 V V A D T T A A L K L D P H Y V K A L N R R A N A Y  
704 GACCAGCTTAGCCGCTA~GGCACGCTCTCCTCGACTTCACTGCCAGCTGCATCATCGACGGCTTCCGC~CGAGCAG 
209 D Q L S R Y R H A L L D F T A S C I I D G F R N E Q 
782 AGCGCCCAGGCCGTCGA~GCCTCCTC~GAAGTTCGCCGAG~C~GGCC~GGAAATCCTCGAGACAAAGCCTCCC 
235 S A Q A V E R L L K K F A E N K A K E I L E T K P P 
860 ~GCTCCCCAGCTCCACCTTTGTTGGC~CTACCTCCAGAGCTTCCGCTCC~GCCCCGCCCCGAGGGTCTCGAGGAC 
261 K L P S S T F V G N Y L Q S F R S K P R P E G L E D 
938 TCTGTTGAGCTCTCCGAGGAGACCGGTCTTGGTCAGCTGCAGCTTGGCTTG~GCACTTGGAGAGC~GACTGGTACT 
287 S V E L S E E T G L G Q L Q L G L K H L E S K T G T 

1016 GGTTAT~GGAGGGCTCCGCCGCCTTC~GAAGGCCCTCGACCTCGGC~GCTCGGTCCTCATGAGGCTCTTGCCTAC 
313 G Y E E G S A A F K K A L D L G E L G P H E A L A Y 

1094 ~CCTCCGTGGTACCTTCCACTGCCTCATGGGC~GCACGAG~GGCTCTCGCCGATCTCAGC~GTCCATCGAGCTC 
339 N L R G T F H C L M G K H E E A L A D L S K S I E L 

1172 GACCCTGCCATGACCCA~GCTACATC~GCGTGCTAGCATG~CCTTGAGCTCGGTCACCCCGAC~GGCCGAGGAG 
365 D P A M T Q S Y I K R A S M N L E L G H P D K A E E 

1250 GACTTC~C~GGCCATTGAGCAG~CGCCGAGGACCCTGATATCTACTACCACCGCGCCCAGCTCCACTTCATC~G 
391 D F N K A I E Q N A E D P D I Y Y H R A Q L H F I K 

1328 GGGGAGTTCGCCGAGGCTGCT~GGATTACCAG~GTCCATC~TCTCGACTCCGACTTCATCTTCTCCCACATCCAG 
4 1 7 G E F A E A A K D Y Q K S I D L D S D F I * F S H I Q  

1406 CTTGGTGTCACC~GTACAAGATGGGCTC~TTGCCTCTTCCATGGCCACCTTCCGCCGCTGCATG~G~CTTCGAC 
443 L G V T Q Y K M G* S I A S S M A T F R R C M K N F D 

1484 ~GACCCCCGATGTCTACAACTACTATGGCGAGCTTCTTCTC~CCAG~CAAATTCCAGG~GCCATTGAG~GTTC 
469 Q T P D V Y N Y Y G E L L L D Q N K F Q E A I E K F 

1562 GATACCGCGATCGCCCTCGAG~GGA~CC~GCCCATGTGCATG~CGTTCTCCCCCTCATT~C~GGCTCTTGCC 
492 D T A I A L E K E T K P M C M N V L P L I N K A L A 

1640 CTCTTC~GTGG~GCA~ATTATGCCG~GCTGAGCAGCTCTGCGAG~GGCCCTCATCATCGACCCCGAGTGCGAC 
521 L F Q W K Q D Y A E A E Q L C E K A L I I D P E C D 

1718 ATTGCCGTCGCCACCATGGCCCAGCTCCTCCTCCAGCAGGGC~GGTCGTCGAGGCCCTC~GTTCTTTGAGCGTGCC 
547 I A V A T M A Q L L L Q Q G K V V E A L K F F E R A 

1796 GCC~GCTCGCCCGCACCG~GGCG~CTTGTT~CGCCCTTTCCTACGCCGAGGCCACGAGGACACAGATCCAGGTA 
573 A E L A R T E G E L V N A L S Y A E A T R T Q I Q V 

1874 CAGGAG~CTACCCCGAGCTGGCCAGC~GCTCCAGGGCATGAGCGGTGGTCCCGGCATGCGGTAAAAGCATGTC~G 
599 Q E N Y P E L A S K L Q G M S G G P G M R 

1952ATTACTCTAGCAGCATAAAAAAGGAA~GAAATAAAGAAAGC~TG~GTTTTGAAACG~GTAGAAAAGCAGTGTGT 
2030 TGTA~TTAAAAAGGGTTCATTTTTGGTTGTTGCTACTGCTGT~CGGTGT~GGAGATTGAGGATGTCTGTTGGCGG 
2108 T~G~GACGC~G~TGGAT~ATGGTGTTTTACATAGGTTGGCCTGGATGGGATAGGATGT~TGCTTT 

Figure 3. Nucleotide sequence 
of the cDNA coding for 
N. crassa MOM72 and de- 
duced amino acid sequence. 
Amino acids are given in the 
one-letter code. A protein of 
619 amino acid residues and a 
molecular weight of 68,839 is 
predicted. A putative mem- 
brane spanning segment (ami- 
no acid residues 39-60) is un- 
derlined. Stars indicate the 
first amino acid residue of se- 
quences with a putative ho- 
mology to the tetratricopep- 
tide (TPR) motif (Sikorski et 
al., 1990). The nucleotide se- 
quence data are available from 
EMBL GenBank/DDRl under 
accession number X53735. 

as mitochondrial targeting signal (Hurt and van Loon, 
1986). We have previously shown that the precursor of 
N. crassa MOM72 used the import receptor MOM19 as do 
the precursor proteins carrying a positively charged prese- 
quence (S611ner et al., 1989, 1990). However, the positively 
charged amino acid residues in the extreme amino terminus 
of yeast MOM72 are not conserved in N. crassa MOM72 
(Fig. 4). The implication on the role of positive charges in 
mitochondrial protein import will be discussed below. 

MOM72 of N. crassa (Fig. 3) and yeast (not shown) con- 
tain a repeating 34-amino acid motif, termed the tetratri- 
copeptide (TPR) motif, that was recently discovered by Si- 
korski et al. (1990). The TPR motif is characterized by a 
loosely defined consensus sequence (AEAWFGLGHIYEK 
LGDLEKALDA_FQKA_LLLD_PNN; underlined amino acid 
residues are found in at least 40% of the TPR sequences) and 
a predicted predominantly helical conformation. The TPR 
motif was found in proteins that are encoded by genes re- 
quired for mitosis or RNA synthesis. The TPR gene family 
includes CDC23, CDC16, nuc2 +, bimA, SSN6, and SK13 
(Sikorski et al., 1990). So far, it can only be speculated on 

the relation between these proteins. In addition to a possible 
evolutionary relationship, the presence of the TPR motif 
might for example indicate a putative role of MOM72 in in- 
teraction with the cytoskeleton (Stllner et ell., 1990). 

Mitochondria Lacking MOM72 Are Impaired in 
Import of AAC 

In attempting to identify the function of the yeast 70-kD pro- 
tein/MOM72, Riezman et al. (1983b) had constructed a 
yeast mutant lacking the protein. The mutant cells grew 
slowly on nonfermentable carbon sources at 23°C and not 
at all at 37°C, but grew nearly like wild-type cells on 
glucose-containing rich medium (we now found, however, 
that at elevated temperature [35-37°C] yeast cells lacking 
MOM72 are impaired also in growth on glucose-containing 
medium [see legend to Fig. 5]). No function could be as- 
signed to this outer membrane protein so far. 

As we now know that MOM72 functions as import receptor 
for AAC, we wondered why cells lacking MOM72 were still 
viable and we constructed a yeast mutant lacking MOM72 
(Fig. 5 A) to characterize the role of MOM72 in protein ira- 
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: I I I I I :  I I I :  I :111 I :111 I I 
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N.c.379 NLELGHPDKAEiSFNKAIEQNAEDPOIYYHRAQLHFIKGEFAEAAKDYQKSIDLDSDFIF 
: I II: : :IIII I: II : I II: I: :II : II 
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N.c.439 SHIQLGVTQYKMGSIASSMATFRRCMKNFDQTPDVYNYYGELLLDQNKFQEAIEKFDTAI 
111 1: I : 1 :1:1  1::  l : l  1 1 1 1 :1 11 

S.c.433 PYIQLACLRYRENKFDDCETLFSEAKRKFPEAPEUPNFFAEIMTDKNDFDKALKQYDLAI 
+ ~  + ~ + + ÷  ~ ~ ÷  ~ ~ +  ÷ 

N.c.499 ALE-KETKP-MCMNVLPLINKA--LALFOWKQSYA-EAgOLCEKALIIDPECDIAVATMA 
:II I : : II: I I: : : : II :I III :II : I :I 

S.c.493 ELENKLDGIYVGIA--PLVGKATLLTR-NPTVENFIEATNLLEKASKLDPRSEQAKIGLA 
_ _ ÷ _ + + - -  - -  ~ ÷  ÷ - -  + - -  4 

N.c.554 OLLLQQGKVVEALKFFERAAgLARTEGgLVNALSYAEATRTQIOVQENYPiLASKLOG-M 
I :III : II: II I:IIII I ::I:::III ::I I I II I:I : 

S.c.SSO QMKLQQEOIOEnlTLFEESaeLaRTM[[ELQa~TFn[aaKVQ-QRIRSDPVLRKKIQETL 

N.c.613 SGGP--G-MR 

II 
S.c.e09 AKLREQGLM 

l~gure 4. Comparison of MOM72 
from N. crassa (N.c.) and yeast 
(S,c.). The predicted amino acid 
sequence of N. crassa MOM72 
was compared with that of Sac- 
charomyces cerevisiae MOM72/ 
70-kD protein (Hase et al., 1983). 
Vertical lines indicate identical 
amino acid residues, and dots in- 
dicate isofunctional amino acid 
residues. 

port in more detail. Fig. 5 B demonstrates that a deletion of 
MOM72 leads to the identical phenotype as the blocking of 
MOM72 with specific antibodies (Fig. 2; Stllner et al., 
1990): AAC did not bind in a productive manner to mito- 
chondria isolated from the mutant cells. To analyze the spe- 
cificity of MOM72 we studied the import of various precur- 
sor proteins into the mutant mitochondria under conditions 
where the amount of imported protein depended on the time 

of import in a linear fashion. Precursor proteins synthesized 
in reticulocyte lysates were incubated with the mitochondria 
for 10 rain at 25°C and the amount of imported proteins was 
assessed by monitoring their proteolytic processing and/or 
their protection against externally added proteinase K (Pfan- 
ner and Neupert, 1987; Pfaller et al., 1988; S611ner et al., 
1989, 1990). As expected, the import of AAC into the mu- 
tant mitochondria was inhibited. Surprisingly, however, a re- 
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Figure 5. Mitochondria of a yeast mutant lacking MOM72 are 
defective in specific binding of the ADP/ATP carrier. (A) A yeast 
mutant lacking MOM72. Mitochondria (30 #g of protein) of wild- 
type yeast (WT) and of the yeast mutant (AMOM72) in which the 
gene for MOM72 was disrupted (see Materials and Methods; 
growth of the yeast ceils on ethanol- and glycerol-containing 
medium) were resolved by SDS-PAGE. After transfer to nitrocellu- 
lose paper, immunodecoration with antisera against MOM72, po- 
rin, and FrATPase subunit/~ ( F ~  was performed. Anti-MOM72 
antiserum did not react with a protein band of the mutant mitochon- 
dria. The mutant yeast ceils were impaired in growth on non- 
fermentable glycerol-containing medium with a doubling time of 
5 h at 30°C as compared with 2.5 h of wild-type ceils. The mutant 
cells did not grow at all on non-fermentable medium at 35°C. On 
fermentable glucose-containing rich-medium the growth rates of 
the mutant cells were close to wild-type cells at 25°C and at 30°C; 
at 35°C the growth rates were strongly decreased. (B) Specific 
binding of AAC. The experiment was performed as described in the 
legend of Fig. 2 C. Mitochondria from wild-type (WT) and mutant 
(AMOM72) yeast were pre-treated with trypsin (20/xg/ml) or left 
untreated, and precursor of AAC was bound to the mitochondria. 
The means of five experiments are given (with a standard error of 
the mean <3 % in each case). The arrow marks AAC on fluoro- 
graphs. 

sidual import of AAC was still possible in these mitochon- 
dria (Fig. 6), a finding that apparently explains the viability 
of the mutant cells. Import of porin, cytochrome b2, Fe/S 
protein of the bc,-complex, and of F~-ATPase subunit/3 (F~) 
occurred at rates that were close to the import rates observed 
with wild-type mitochondria (Fig. 6). It remains possible 
that a (minor) fraction of the import of precursor proteins 
such as F ~  depends on the presence of MOM72, although 
it is evident that the bulk of F~/~-import does not require 
MOM72 (Fig. 6; S/)llner, T., H. E Steger, N. Pfanner and 
W. Neupert, unpublished data). By pulse-chase experiments 
in intact yeast cells we found a two- to threefold decrease in 
the import rates of several precursor proteins, including AAC, 
F~,  and cytochrome b2, in vivo (data not shown). In a first 

Figure 6. Import of various precursor proteins into mitochondria 
from MOM72-deficient yeast. Mitochondria (10 #g of protein) 
from wild-type (WT) and mutant (AMOM72) yeast were incubated 
with reticulocyte lysate containing radiolabeled precursor proteins 
in the presence of I mM ATP and 2 mM NADH for 10 min at 25°C 
as described in Materials and Methods. The samples were treated 
with proteinase K as described (Pfarmer and Neupert, 1987; Pfaller 
et al., 1988). The mitochondria were reisolated. Analysis was per- 
formed by SDS-PAGE, fluorography, and laser densitometry. For 
quantitation, the means of five experiments were used (+ SEM). 
In control samples, the import of AAC into wild-type mitochondria 
pretreated with trypsin (20/~g/ml) was <10% of the import into un- 
treated mitochondria. Cyt. b2, cytochrome b2; Fe/S, Fe/S protein 
of the bcl-complex; F1/3, Ft-ATPase subunit /~; p-, i-, m-, 
precursor-, intermediate-, and matured-sized forms, respectively. 

view, this result may indicate that the import of various mito- 
chondrial precursor proteins strongly depends on the pres- 
ence of MOM72, in contrast to the results obtained in vitro. 
It has to be emphasized, however, that the conclusions which 
can be drawn from an in vivo analysis of mitochondrial im- 
port mutants are limited due to possible indirect effects on 
mitochondrial functions which virtually cannot be controlled 
in intact cells (summarized in Pfanner et al., 1988b; Hartl 
et al., 1989; Pfanner, N., and W. Neupert, unpublished). 
The in vitro studies described above clearly suggest that the 
major fraction of the import of presequence-carrying precur- 
sor proteins does not require MOM72. 

MOM19 Can Mediate Import of AAC 

A pretreatment of yeast mitochondria with low concentra- 
tions of trypsin led to a stronger inhibition (>90 %) of AAC 
import than the deletion of MOM72 (Fig. 6). It is generally 
assumed that by this mild trypsin treatment the mitochon- 
drial import receptors are degraded (Attardi and Schatz, 
1988; Hartl et al., 1989). It has to be emphasized that the 
42-kD protein (ISP 42 [Vestweber et al., 1989]) is obviously 
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Figure 7. N. crassa mitochondria lacking MOM72 are able to im- 
port the ADP/ATP carrier via MOM19. (A) Selective degradation 
of MOM72 by elastase. N. crassa mitochondria (50 #g of protein) 
were treated with elastase (0.15/zg/ml [Pfaller et al., 1988; S/~llner 
et al., 1989]) or left untreated. Mitochondrial proteins were sepa- 
rated by SDS-PAGE, transferred to nitrocellulose paper, and im- 
munodecorated with antisera directed against N. crassa MOM72 
and MOM19. (B and C) Antibodies against MOM19 block import 
of ADP/ATP carrier into MOM72-deficient mitochondria. Mito- 
chondria (10 /zg of protein) were pretreated with elastase (0.15 
/zg/ml) and incubated with IgGs as indicated (S611ner et al., 1989, 
1990). Mitochondria were isolated and incubated with reticulocyte 
lysate containing radiolabeled precursor of AAC in the presence of 
8 mM potassium ascorbate and 0.2 mM N, N, N', N'-tetramethyl- 
phenylenediamine (TMPD) for 7 min at 25°C as described in 
Materials and Methods. The samples were treated with proteinase 
K as described (Planner and Neupert, 1987; Pfaller et al., 1988). 
Mitochondria were reisolated and analyzed by SDS-PAGE, 
fluorography, and laser densitometry. 

not degraded under the conditions applied (Ohba and 
Schatz, 1987). These results suggest that an unknown sur- 
face component of yeast mitochondria is able to mediate im- 

port of AAC when MOM72 is missing. An experimental 
analysis, however, is difficult as no other import receptor of 
yeast mitochondria has been identified, and in particular the 
equivalent to the receptor MOM19 of N. crassa mitochon- 
dria (S/511ner et al., 1989) is not known. 

To overcome this problem, we applied biochemical means 
to selectively degrade MOM72 in N. crassa mitochondria 
without affecting MOM19. A pretreatment ofN. crassa mi-  

tochondria with very low concentrations of elastase led to 
degradation of MOM72, whereas MOM19 remained intact 
(Fig. 7 A). Other outer membrane proteins analyzed were 
also not affected by this treatment with elastase (data not 
shown). The reduction of import of AAC by the treatment 
of N. crassa mitochondria with elastase (Fig. 7, B and C) 
was comparable to that observed after disruption of the gene 
for MOM72 in yeast (Fig. 6). This residual import of AAC 
was strongly inhibited by a prebinding of antibodies against 
MOM19 to the mitochondria whilst control antibodies, in- 
cluding those directed against MOM72, had no effect (Fig. 
7, B and C). Thus, MOM19 can function as import receptor 
for AAC when MOM72 is missing. 

What is the function of MOM19 in AAC import when 
MOM72 is present? We found that antibodies against 
MOM72 did not completely block the import of AAC into 
intact mitochondria (Fig. 8 A; S/511ner et al., 1990). In fact, 
the three methods for inactivation of MOM72, i.e., binding 
of antibodies, disruption of the gene (Fig. 6), and treatment 
of mitochondria with elastase (Fig. 7), led to practically the 
same inhibition of AAC import (70-75 % inhibition). On the 
other hand, antibodies against MOM19 reproducibly ex- 
hibited a weak inhibitory effect on AAC import (Fig. 8 A) 
of previously unclear significance (S/511ner et al., 1989, 
1990). This inhibition of '~25% correlates well with the 
amount of residual import into mitochondria lacking 
MOM72. In view of the results reported above, the inhibition 
of AAC import into intact mitochondria by anti-MOM19 an- 
tibodies indicates that the rate of AAC import via MOM19 
does not depend on the presence or absence of MOM72. 
Moreover, we previously demonstrated that the rate of AAC 
import via MOM72 is not influenced by antibodies against 
MOM19: both the high-affinity binding of AAC molecules 
to the mitochondrial surface (i.e., binding to MOM72) and 
the completion of AAC import from MOM72 into the inner 
membrane, are not inhibited by anti-MOM19 antibodies 
(S611ner et al., 1990). As the inactivation of either receptor 
does not inhibit the import of AAC via the other receptor, 
MOM72 and MOM19 obviously do not act sequentially, but 
in parallel to mediate import of AAC into mitochondria. We 
reasoned that a combination of antibodies against MOM72 
and MOM19 should lead to a practically complete block of 
AAC import. Fig. 8 A shows that this is indeed the case. Vari- 
ous combinations of control antibodies with antibodies 
against MOM72 or MOM19 did not reveal any effect (Fig. 
8 A; and data not shown). 

To confirm that both MOM72 and MOM19 can direct 
AAC onto the correct import pathway, we made use of a 
translocation intermediate of AAC, namely precursor in- 
serted into the GIP (general insertion protein) site in the 
outer membrane (Pfanner and Neupert, 1987; Pfanner et al., 
1987b, 1988a; Pfaller et al., 1988; S/511ner et al., 1988). 
Generation of the GIP intermediate of AAC is performed by 
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Figure 9. Levels of ADPIATP 
carrier in MOM72-dcficient 
yeast cells in vivo. For analy- 
sis of total AAC levels, an ex- 
periment was performed as 
described in the legend of Fig. 
5 A and ~ o n  was 
carried out with anfisennn 
directed ~ n s t  ~ For anal- 
ysis of assembled AAC, bind- 
ing of ~ l o s i d e  and 
passage of the lysed mitochon- 
dria over h y d ~ y l ~ t e  v0ere 

performed as described (Klingenberg et al., 1979; Schleyer and Neu- 
pert, 1984; Knirsch et al., 1989). The pass-through of the hydrox- 
ylapatite (HTP) columns (eontaini~ correctly assembled AAC) was 
subjected to SDS-PAGE, transferred to nitrocellulose paper and im- 
manodecorated with anti.rum a~inst AAC. The levels of AAC in the 
mutant compared to wild-type yeast did not change when the ceils 
were grown on gluo3se-containing rich medium instead of nonfer- 
mentable glycerol-containing medium. 

Figure 8. Role of MOM19 in import of the ADP/ATP carder into 
intact N. crassa mitochondria. (A) Mitochondria loaded with anti- 
bodies against MOM72 and MOM19 are completely blocked in im- 
port of AAC. The experiment was performed as described in the 
legend of Fig. 7, B and C, except that IgGs were prebound to un- 
treated mitochondria. The values given are the means of five or 
more experiments (with a standard error of the means <3%). (B) 
Both MOM72 and MOM19 direct AAC to the GIP site. Mitochon- 
dria (10 #g of protein) were preincubated with IgGs (60 #g) as indi- 
cated (S611ner et al., 1990). Mitochondria were reisolated and in- 
cubated with reticulocyte lysate containing radiolabeled precursor 
of AAC in the presence of 1 #M valinomycin for 20 min at 25°C 
as described in Materials and Methods and treated with proteinase 
K (10 #g/ml) (Planner and Neupert, 1987; Planner et al., 1987b). 

incubation of precursor with mitochondria in the presence 
of ATE but in the absence of the membrane potential across 
the inner membrane (by a subsequent treatment with pro- 
teinase K, AAC molecules still located on the surface of the 
outer membrane are removed). Both antibodies against 
MOM72 and antibodies against MOM19 inhibited the inser- 
tion of AAC into the outer mitochondrial membrane (Fig. 
8 B) to about the same extent as they inhibited the import 
of AAC. This fits well to the recent observation made with 
other precursor proteins using MOM19, namely that the 
precursors are transferred from MOM19 to the GIP site in 
the outer membrane (S6Uner et al., 1989). Moreover, our 
finding that the transport of AAC from MOM72 via GIP into 
the inner membrane is not affected by anti-MOM19 antibod- 
ies (S611ner et al., 1990) suggests that MOM72 and MOM19 
also act in parallel when the transfer of AAC into the GIP 
site is analyzed. 

In summary, by use of three different methods, we con- 
clude that MOM72 functions as the major receptor for the 

precursor of AAC, responsible for ~70-75 % of the total ira- 
port of AAC into mitochondria. MOM19 seems to be 
responsible for ,'o25 % of AAC import. Both receptors ap- 
parently function independently of each other in importing 
AAC. The two import pathways of AAC converge at the com- 
mon membrane insertion site (GIP) in the outer mitochon- 
drial membrane. As many examples have shown that rela- 
tively low import rates of precursor proteins can lead to 
nearly normal mitochondrial levels of the respective mature 
proteins in vivo (Nelson and Schatz, 1979; Hurt et al., 
1985b, 1986; Pfanner et al., 1988b; Thompson and Mc- 
Alister-Henn, 1989), one would expect that yeast cells lack- 
ing MOM72 should accumulate nearly wild-type levels of 
AAC in their mitochondria. In Fig. 9 we compared the total 
amounts of immunoreactive AAC in wild-type and mutant 
mitochondria. Moreover, we used a specific assay for assem- 
bled dimeric AAC, namely binding of the inhibitor carbox- 
yatractyloside and passage over hydroxylapatite CKlingen- 
berg et al., 1979; Schleyer and Neupert, 1984; Knirsch et 
al., 1989). We found that the mutant mitochondria contained 
~70-90% of the wild-type levels of correctly assembled 
AAC. We suggest that the import of AAC into the mutant 
yeast mitochondria occurs via the putative yeast equivalent 
of MOM19 in vivo and in vitro. 

Discussion 

Import  Receptors o f  Yeast Mitochondria 

We have identified an import receptor for the ADP/ATP car- 
der  (AAC) in mitochondrial outer membranes of the yeast 
Saccharomyces cerevisiae with comparable function and a 
homologous primary structure to the receptor MOM72 of 
N. crassa mitochondria. While the import receptor of N. 
crassa mitochondria was characterized essentially through 
the inhibitory effects of specific antibodies (S6llner et al., 
1990), the function of yeast MOM72 could be analyzed by 
both genetic and biochemical procedures. Besides confirm- 
hag the results obtained with antibodies, the genetic approach 
led us to a second import receptor for AAC (see below). The 
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identification of MOM72 in yeast should now allow a de- 
tailed mutational analysis of structure and function of the 
receptor molecule. MOM72 contains the repeating tetratri- 
copeptide (TPR) motif that was found in a number of pro- 
teins required for mitosis or RNA synthesis (Sikorski et al., 
1990). This homology suggests a possible evolutionary rela- 
tionship among these proteins (Sikorski et al., 1990) and 
might give hints for additional functions of MOM72. For ex- 
ample, several proteins encoded by cell division cycle genes 
may interact with the cytoskeleton and it is thus conceivable 
that MOM72 might play a role in the interaction of mito- 
chondria with the cytoskeleton in agreement with our previ- 
ous speculation (S6llner et al., 1990). 

As yeast mitochondria possess the import receptor 
MOM72, the question arises what the function of ISP 42, 
the 42-kD outer membrane protein (Vestweber et al., 1989), 
may be. We suggest that ISP 42 does not act as a surface 
receptor, but that it may be related to the GIP (Pfaller et al., 
1988; Planner et al., 1988a). First, yeast mitochondria 
could be pretreated with relatively high concentrations of 
trypsin and ISP 42 was not degraded: antibodies could still 
bind to ISP 42 and inhibit protein import (Ohba and Schatz, 
1987). In contrast, the surface receptors were digested at low 
concentrations of trypsin (Riezman et al., 1983c). Second, 
a fraction oflSP 42 could be cross-linked to a precursor pro- 
tein that was trapped in mitochondrial contact sites (Vestwe- 
beret al., 1989), i.e., was already partially inserted into the 
mitoehondrial membranes. These properties would fit very 
well to that of the proposed general site for insertion of 
precursor proteins into the outer mitochondrial membrane 
(GIP) (Planner and Neupert, 1987; Pfaller et al., 1988). 

Two Mitochondrial Import Receptors for the 
ADP/ATP Carrier 

We obtained the unexpected result that MOM19, the recep- 
tor for most mitochondrial precursor proteins (S611ner et al., 
1989), is also able to import AAC into mitochondria. With 
all likelihood, MOM19 not only functions as ACC-receptor 
when MOM72 is missing, but also in parallel to MOM72 in 
intact mitochondria. Both MOM72 and MOM19 appear to 
act independently of each other in recognizing the precursor 
of AAC and transferring it to the GIP in the outer membrane. 

On the basis of the endosymbiont hypothesis of mitochon- 
drial origin, we previously suggested that MOM19 served as 
import receptor for the proteins that were originally synthe- 
sized in the organelle and are now expressed in the cytosol 
(S611ner et al., 1989, 1990). AAC that was probably intro- 
duced by the eukaryotic cell (Klingenberg, 1985) uses 
MOM72 as main receptor. MOM72 allows a more efficient 
specific binding of the precursor to the mitochondrial sur- 
face than does MOM19 for all the precursor proteins studied 
(Pfanner et al., 1987a; Hard et al., 1989; S611ner et al., 
1989, 1990), consistent with the finding that the high-affinity 
binding of AAC to the mitoehondrial surface is largely due 
to the interaction with MOM72 (Figs. 2 and 5; S611ner et al., 
1990). We now extend our model as the precursor of AAC 
can also interact with MOM19 albeit with clearly lower 
efficiency as with MOM72. AAC might have originally used 
MOM19 as its only receptor and then the specific and very 
efficient interaction with MOM72 might have been devel- 
oped. Additionally (or alternatively) the presence of MOM19 
may serve as a safety system to ensure import of AAC when 

MOM72 is defective. This is evidenced by the quite consid- 
erable levels of AAC in mitochondria of yeast cells lacking 
MOM72. Furthermore, while it is evident that MOM19 
functions as main receptor for the import of presequence- 
carrying precursor proteins (S611ner et al., 1989), it is possi- 
ble that a (small) fraction of the import of precursors such 
as F~/3 may depend on MOM72 (Fig. 6; S611ner, T., H. E 
Steger, N. Pfanner, and W. Neupert, unpublished data). 
Both MOM72 and MOM19 might thus exhibit an overlap- 
ping specificity for some precursor proteins, allowing each 
receptor to function as back up receptor for its counterpart. 

Several laboratories have performed an extensive search 
for yeast mutants that are defective in mitochondrial protein 
import (Yaffe and Schatz, 1984; Yaffe et al., 1985; Pollock 
et al., 1988; Yang et al., 1988; Jensen and Yaffe, 1988; 
Cheng et al., 1989). So far, however, only soluble compo- 
nents of the mitochondrial matrix were identified by these 
screening procedures. The phenotype of the yeast mutant 
lacking MOM72, i.e., import of AAC via a second receptor, 
suggests that it is virtually impossible to select mutants for 
an AAC receptor by the usual screening procedures. Riez- 
man et al. (1983b) had in fact constructed a yeast mutant 
lacking MOM72 without obtaining evidence for its function 
in import of AAC. The existence of parallel pathways as in 
the case of import of AAC underscores the necessity of 
strictly linear assay systems (that are often only possible in 
vitro) and the importance of defined translocation intermedi- 
ates for the analysis of protein sorting. 

Targeting Signals of Mitochondrial Precursor Proteins 

A comparison of the primary structure of MOM72 in N. crassa 
and yeast showed that both proteins possess a putative mem- 
brane-spanning sequence at a similar position, in the amino- 
terminal portion, suggesting that both proteins expose a large 
hydrophilic domain containing the carboxy terminus to the 
cytosol. There is, however, an important difference between 
the two homologous proteins. The positively charged se- 
quence that is present in the extreme amino terminus of yeast 
MOM72 (Hase et al., 1983) is not found in N. crassa 
MOM72. These positively charged amino acid residues 
were implicated to play an essential role in the targeting of 
the precursor of MOM72 to mitochondria (Hurt et al., 
1985a; Hurt and van Loon, 1986; Nakai et al., 1989). Since 
the precursor of MOM72 uses MOM19 as import receptor 
(S611ner et al., 1990) like the numerous precursor proteins 
with a positively charged presequence, the possibility arises 
that a positively charged sequence (at the extreme amino ter- 
minus) is not essential for interaction of precursors with 
MOM19. This assumption is supported by the observation 
that porin, another outer membrane protein using MOM19 
(S611ner et al., 1989), does also not contain a typical posi- 
tively charged sequence (Mihara and Sato, 1985; Kleene et 
al., 1987). Moreover, nonmitochondrial targeting signals 
that bypass mitochondrial surface receptors on their (ineffi- 
cient) way to the inner membrane are characterized by the 
presence of positive charges (discussed in Planner et al., 
1988b). We speculate that positively charged amino acid 
residues in targeting signals are of particular importance for 
responding to the membrane potential A~I, across the inner 
membrane (Pfanner and Neupert, 1985), while their role in 
the actual targeting process remains to be further analyzed. 
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