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Abstract. The novel genetic method of “sheltered
RIP” (repeat induced point mutation) was used to
generate a Neurospora crassa mutant in which
MOM19, a component of the protein import ma-
chinery of the mitochondrial outer membrane, can be
depleted. Deficiency in MOMI19 resulted in a severe
growth defect, but the cells remained viable. The
number of mitochondrial profiles was not grossly
changed, but mutant mitochondria were highly
deficient in cristae membranes, cytochromes, and pro-
tein synthesis activity. Protein import into isolated mu-
tant mitochondria was decreased by factors of 6 to 30
for most proteins from all suborganellar compart-
ments. Proteins like the ADP/ATP carrier, MOM19,
and cytochrome c, whose import into wild-type mito-

chondria occurs independently of MOM19 became im-
ported normally showing that the reduced import ac-
tivities are solely caused by a lack of MOM]19. Deple-
tion of MOM19 reveals a close functional relationship
between MOM19 and MOM22, since loss of MOMI19
led to decreased levels of MOM22 and reduced pro-
tein import through MOM?22. Furthermore, MOM72
does not function as a general backup receptor for
MOMI19 suggesting that these two proteins have dis-
tinct precursor specificities. These findings demon-
strate that the import receptor MOM19 fulfills an im-
portant role in the biogenesis of mitochondria and that
it is essential for the formation of mitochondria com-
petent in respiration and phosphorylation.

nated action of both nuclear and mitochondrial genomes

nomes (Grivell, 1989). Proper function of mitochon-
drial processes depends on accurate import and suborganel-
lar sorting of many preproteins synthesized on cytosolic
ribosomes. Protein import into mitochondria is a complex
process that requires two separate machineries in the outer
and inner membrane each consisting of a large number of
components (for reviews see Pfanner and Neupert, 1990;
Glick and Schatz, 1991; Maarse et al., 1992; Pfanner et al.,
1992; Emtage and Jensen, 1993; Segui-Real et al., 19935).
The translocation machinery of the mitochondrial outer
membrane is comprised of at least six components organized
in a complex (Kiebler et al., 1990; Moczko et al., 1992).
MOMI19 and MOM72 of Neurospora crassa mitochondria
have been reported to be involved in the initial step of recog-
nition and binding of preproteins to the mitochondrial sur-
face (S6llner et al., 1989, 1990). MOM22 has recently been

THE biogenesis of mitochondria requires the coordi-
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shown to function in the passage of preproteins from this re-
ceptor binding stage to a site where proteins are fully in-
serted into the outer membrane (Kiebler et al., 1993). At
least part of this site, the so-called “general insertion pore”
(GIP)! (Pfaller et al., 1988) consists of MOM38 and
MOM7/MOMS (Séllner et al., 1992). So far, most of the
functional analysis of preprotein passage across the receptor/
GIP complex has been carried out in vitro. For instance, the
relative specificities of MOM19 and MOM?72 for various
precursor proteins have been analyzed in a biochemical ap-
proach by using MOM19- and MOM72-specific antibodies.
Antibodies against MOM19 inhibited import of the majority
of mitochondrial preproteins (Séllner et al., 1989; Moczko
et al., 1993), while those against MOM72 appeared to be
specific for a subset of proteins like the ADP/ATP carrier
(AAC) (Sollner et al., 1990).

In order to understand the role of MOMI9 in the initial
reaction of protein import, it is important to investigate its
function in vivo, e.g., by using mutants defective in MOMI19.
In the yeast Saccharomyces cerevisiae, Mas7Op, the counter-

1. Abbreviations used in this paper: AAC, ADP/ATP carrier; fpa, p-fluc-
rophenylalanine; GIP, general insertion pore; RIP, repeat induced point
mutation.
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part of N. crassa MOM72, has been found in vitro to be in-
volved in the transport of a number of preproteins (Hines et
al., 1990; Hines and Schatz, 1993). The phenotype of a
mas/0 disruption mutant, however, was rather inconspicu-
ous showing slower growth only on nonfermentable carbon
sources (Riezman et al., 1983) and no drastic effects on pro-
tein import in vivo (Hines et al., 1990). Despite the wealth
of biochemical information obtained from N. crassa, mu-
tants of the protein import machinery have not yet been de-
scribed, thus precluding in vivo studies on the functional role
of individual components. So far, mutants in cloned genes
of this organism have been constructed either by introducing
the mutant gene by homologous recombination (see, e.g.,
Nehls et al., 1992) or by altering the gene by the phenome-
non of repeat induced point mutations (RIP) previously
shown to destroy duplicated target genes by methylation and
by GC to AT transitions (Selker, 1990). Unfortunately, these
procedures have not allowed the study of genes which might
play an important or essential function for the cell. There-
fore, a novel genetic strategy was developed to prevent the
lethal effects of destroying a potentially essential gene, and
to allow the analysis of the effects upon inactivation of that
gene. The method referred to as “sheltered RIP” makes use
of RIP for destruction of a target gene, but allows the expres-
sion and maintenance of the mutated alleles in a hetero-
karyon in which the normal copy of the gene, present in an-
other nucleus, sheiters the cell against potentially lethal
effects. We have described the genetic details underlying the
technique elsewhere (Harkness et al., 1994). In brief, the
duplicated sequence of a target gene present in one nucleus
of the mating pair in the ascogenous hyphae will undergo al-
terations by RIP with a fairly high frequency as the nucleus
passes through a genetic cross. The single copy of the corre-
sponding gene in the nucleus of the mating partner, however,
remains unaffected by RIP. In a heterokaryotic background the
latter copy will provide the functional gene product for the
cell, and thus shelter the cells from the effects caused by
the RIP alleles. For the study of the consequences of inac-
tivating the target gene, growth of cells containing the
unaffected nucleus is inhibited by addition of a drug to which
the mutant nucleus carries a resistance marker. Growth in
the presence of the drug thus selects for cells harboring the
mutant allele, and makes it possible to study the mutant
phenotype (for details see Harkness et al., 1994). Sheltered
RIP provides a generally applicable procedure for the gener-
ation of mutants in any cloned gene of interest in N. crassa,
since duplicated genes can easily be produced by transforma-
tion and integration of that gene into an ectopic site of the
genome (Akins and Lambowitz, 198S).

‘We have applied sheltered RIP to generate a mutant which
is deficient in MOMI19, when grown under conditions favor-
ing the nucleus affected by RIP. We report here on the severe
phenotypic consequences of a lack of functional MOM19 on
cell growth and on the ultrastructure, protein composition,
and protein import of mitochondria. Qur data establish a
crucial role of MOM19 for the biogenesis of mitochondria.
A detailed investigation of the small amount of protein im-
port still detectable in isolated mutant mitochondria suggests
a tight functional cooperation between MOM19 and MOM22.
In addition, MOM72 does not serve as a general backup re-
ceptor for MOM19 implying that MOMI9 is the major entry
point for preproteins into mitochondria.

The Journal of Cell Biology, Volume 124, 1994

Materials and Methods

Neurospora Strains and Growth Conditions

Strains of N. crassa used in this study were: (@) host IV (H-IV): LGI, q;
LGIV, pyr-I mom-19* mt® trp-4*; LGN, inl inv mei-2; (b) Mate IV (M-IV):
LGI, 4; LGV, pyr-I* mom-19* mtrS trp-4; LGV, am inl inv mei-2; (c)
TI28.3, derived from H-IV by integrating an ectopic copy of mom-19* into
an unknown chromosome (linkage group, LG); and (d) 28.17, a hetero-
karyon containing one nucleus with chromosome IV derived from M-IV
and another nucleus containing chromosome IV derived from TI28.3 in
which the two copies of mom-19 have been inactivated by RIP (for genetic
details see Harkness et al., 1994).

Cultures were grown at 25°C with vigorous aeration and bright illumina-
tion in basal medium containing Vogel's salts including trace elements and
biotin (Davis and De Serres, 1970), 1.5% glucose, and 50 mg/ml inositol.
As required, media were supplemented with 1 mM uridine (for pyr-1). Lig-
uid medium was inoculated with 1-5 X 10 conidia/ml. p-Fluorophenyl-
alanine (fpa; Sigma, St. Louis, MO) was used at a concentration of 400 uM.
In the absence of fpa all strains were grown for 16-20 h, whereas in the
presence of fpa H-IV and T128.3 were grown for 24 h, and the heterokaryon
28.17 was grown for 32-36 h.

Biochemical Procedures

The following published procedures were used: preparation of antisera and
IgG (Sollner et al., 1989); preincubation of mitochondria with 1gG (Sollner
etal., 1989); immunoblotting and detection by chemiluminescence utilizing
the ECL system (Amersham Corp., Arlington Heights, IL) was according
to Mayer et al. (1993); in vitro transcription and translation in reticulocyte
lysate using [33S]methionine as radioactive label (Soliner et al., 1991); im-
munoprecipitation by protein A-Sepharose (Zimmermann and Neupert,
1980); protein determination using IgG as a standard was performed with
the dye binding assay (Bio Rad Labs, Hercules, CA) or with the BCA re-
agent (Pierce, Rockford, IL); isolation of mitochondria (Stuart et al.,
1990); SDS-PAGE, fluorography (Nicholson et al., 1987), and quantitation
by laser scanning densitometry (Pfaller et al., 1988); spectral analysis of
cytochromes (Bertrand and Pittenger, 1972).

Protein Import into Isolated Mitochondria

A typical protein import reaction consisted of freshly isolated mitochondria
(30 ug protein), 1-5 pl rabbit reticulocyte lysate containing radioactively
labeled precursor proteins, 86% import buffer (250 mM sucrose, 3%
(wt/vol) fatty acid free BSA, 80 mM KCl, 5 mM MgCl, and 10 mM
MOPS/KOH, pH 7.2) in a total volume of 100 pl. Samples were sup-
plemented with an energy mix (2 mM ATP, 3 mM NADH, 10 mM creatine
phosphate, and 100 pg/ml creatine kinase). Import was performed at
10-25°C for 15 min. After chilling on ice, samples were immediately
treated with 30-60 pg/ml proteinase K for 15 min on ice. Protease digestion
was halted by the addition of 2 mM PMSF from a freshly prepared 200 mM
stock solution in ethanol, and samples were diluted with 1 ml SEM buffer
(250 mM sucrose, 1 mM EDTA, and 10 mM MOPS/KOH, pH 7.2) contain-
ing 1 mM PMSE. In the case of MOM38 import, 50 ug/ml trypsin was used
which does not degrade imported MOM38, and protease was halted by addi-
tion of a 30-fold excess (wt/wt) of soy bean trypsin inhibitor. Mitochondria
were reisolated by centrifugation for 12 min at 10,000 g in a JA-18.1 rotor
(Beckman Instrs., Inc., Fullerton, CA). Radioactive, imported proteins
were subjected to SDS-PAGE and fluorography, and quantitated by laser
densitometry.

Electron Microscopy

Hyphae were fixed in 1.5% KMnO; for 20 min at room temperature fol-
lowed by intensive washing with H;O till the suspension was colorless.
Protoplasts and isolated mitochondria were fixed in 3% (vol/vol) glutaral-
dehyde in 0.1 M cacodylate buffer for 30 min on ice and subsequently
postfixed in a mixture of 1% (wt/vol) OsO4 and 1.5% (wt/vol) KoCri07.
All samples were poststained in 1% (wt/vol) urany] acetate for 16 h at room
temperature, dehydrated in a graded ethanol series, and embedded in Epon
812. Ultrathin sections were cut with a diamond knife and examined in an
electron microscope (EM 300; Phillips Technologies, Cheshire, CT).
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Results

Inactivation of the mom-19 Gene by Sheltered RIP

We have applied the method of sheltered RIP to inactivate
the mom-19 gene in order to study the functional conse-
quences of a deficiency of MOM19 protein in Neurospora
cells and mitochondria. An outline for generating mom-19
mutants using this method is given in Fig. 1; a description
of the genetic details of the procedure will be published else-
where (Harkness et al., 1994). Briefly, the N. crassa strain
H-IV was transformed with genomic mom-19 DNA to gener-
ate the TI28.3 isolate containing a single ectopic copy of
mom-19 in addition to the endogenous one. TI28.3 was
crossed to the mating strain M-IV harboring the appropriate
complementing genetic markers for selection of the desired
mating products (pyr and trp; Fig. 1). During the cross the
duplicated sequences of mom-19 in the TI28.3-derived nu-
cleus were subjected to RIP, whereas the single copy of
mom-19 in M-IV remained unaffected. A mutant allele of the
mei-2 gene in both H-IV and M-IV caused effective nondis-
junction of the chromosomes during meiosis, thereby gener-
ating a variety of products, most of which were inviable. The
desired products of this sheltered RIP cross were disomic as-
cospores containing a mutated mom-19%" allele on one
chromosome IV (derived from strain H-IV) and a normal
mom-19 allele on the other chromosome IV (derived from
strain M-IV). During vegetative growth the disomic spores
rapidly and spontaneously converted to heterokaryons thereby
separating the two chromosomes IV into different nuclei
(Fig. 1). Chromosome IV of the nucleus harboring the func-
tional mom-19 also contained the wild-type version of the
mtr gene (mtr), which renders cells containing such nuclei
sensitive for growth in the presence of fpa. On the other
hand, chromosome IV of the nucleus carrying the mom-19%®
allele, contained a mutant version of the mtr gene (mtr®)
conferring resistance to fpa. Thus, growth of the heterokaryon
in the presence of fpa inhibited proliferation of cells contain-
ing a functional mom-19 copy, and selected for cells harbor-
ing the inactivated mom-19%® gene. This results in an over-
all reduction of intact MOM19 and allows the study of the
phenotypic consequences of MOMI19 inactivation. From a
number of heterokaryotic isolates displaying a growth defect
in the presence of fpa (Harkness et al., 1994) strain 28.17
was chosen for this study on the basis of a complete lack of
MOMI19 protein (see below). Strain 28.17 also contained the
ectopic copy of mom-19%"* on an unidentified chromosome.
The DNA alterations caused by RIP resulted in 18 amino
acid changes in the endogenous mom-19%* copy and in at
least 12 in the ectopic copy. The latter copy most likely did
not yield any functional gene product, as it contained an al-
tered splice junction in the third intron. Details of the al-
terations have been summarized elsewhere (Harkness et
al., 1994).

Depletion of MOMI9 Results in Severely Impaired
Growth of Neurospora Cells

To examine the effects of MOMI19 depletion on the growth
of Neurospora cells, the heterokaryotic strain 28.17 was
grown in liquid media in the presence or absence of fpa to
inhibit or allow synthesis of functional MOM]19, respectively
(Fig. 1). Cell mass was measured after harvesting the cells

Harkness et al. Protein Import into MOM19-deficient Mitochondria
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Figure 1. Inactivation of the mom-19 gene by sheltered RIP. The
host strain (H-IV) carrying both the endogenous copy of mom-19
and the auxotrophic marker pyr-1 (uridine requirement) on chromo-
some (linkage group) IV was transformed with genomic mom-19
DNA to produce the strain TI28.3. The transformant thus received
a second functional copy of mom-19 (ectopic copy) on an unidenti-
fied chromosome. TI28.3 was crossed to the mate strain (M-IV),
which contained the trp-4 mutant allele (tryptophan requirement)
on chromosome IV. During the sexual cycle the duplicated mom-19
sequences in TI28.3 underwent mutational modifications according
to the RIP mechanism (Selker, 1990). Normal chromosome pairing
during meiosis was prevented by the inclusion of the mei-2 mutant
allele on chromosomes V in both H-IV and M-IV strains. This led
to nondisjunction generating a series of aneuploid products includ-
ing the desired disomic cell harboring both functional mom-19 and
mutant mom-19%" alleles on the two chromosomes IV. Plating on
media lacking uridine and tryptophan ensured that only the disomic
colonies containing both chromosomes IV were present. The ec-
topic mom-19%" copy should segregate with the endogenous
mom-19%"* copy 50% of the time. Further culture of the disomic
colonies on media lacking uridine and tryptophan allowed rapid
and spontaneous breakdown of the disomic nucleus to a hetero-
karyon containing haploid nuclei with one of the two different chro-
mosomes IV. The strain 28.17 which also contained the ectopic
copy of mom-19®* was isolated. Synthesis of functional MOM19
was inhibited by growth in the presence of the inhibitor p-fiuoro-
phenylalanine (fpa; mtr as the genetic marker) which selected for
cells containing mtr resistant (mtr®) nuclei. Since cells harboring
mtrS do not grow in the presence of fpa, only defective MOMI19RIP
protein may be produced, thus allowing the study of the effects
caused by inactivation of mom-19.

by filtration. For comparison, growth curves for TI128.3 cells
were analyzed in parallel. In the absence of fpa both 28.17
and TI28.3 strains displayed exponential growth at compara-
ble rates (Fig. 2 4). In the presence of fpa TI28.3 cells, after
an initial lag phase, grew at a similar rate as cells in the ab-
sence of fpa. Identical growth characteristics were observed
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Figure 2. Depletion of functional MOM19 leads to a severe growth
defect. (A) Cells from the strains TI28.3 and 28.17 were grown at
25°C in the presence or absence of fpa in basal medium as indi-
cated. At various times cells were harvested by filtration, and the
wet cell mass was measured. After 38 h mycelia of strain 28.17
grown in the presence of fpa were backdiluted 40-fold into fresh
basal medium with (28.17 +fpa*) or without (28.17 —fpa*) fpa, and
growth was continued at 25°C for the indicated times before har-
vesting and weighing of the cells. The mycelial masses are given
per liter of cell culture. (B) Time course of MOMI19 depletion.
Cells were grown as described in A and harvested at the indicated
times by filtration. A cellular protein extract was prepared by grind-
ing with 1 g quartz sand in 1 ml SEM buffer containing 1 mM
PMSF and 1% SDS per gram of mycelia. The protein extract was
clarified by centrifugation (4,000 g, 5 min) and the protein concen-
tration measured by the BCA method (Pierce). 125 ug protein was
analyzed for the content of MOM19 protein by SDS-PAGE and im-
munoblotting.

for H-IV (data not shown). In contrast, 28.17 cells grown in
the presence of fpa displayed a drastic reduction in growth
rate after ~20 h. When the cells were backdiluted into fresh
medium containing fpa, hardly any further increase in
mycelial mass was detectable (28.17 -+fpa* in Fig. 2 A).
Upon inoculation of these cells into fresh medium lacking
fpa, however, they were able to resume growth at wild-type
rates after a lag phase of 20 h (28.17 —fpa* in Fig. 2 A).
Comparable recovery of growth after exposure to fpa was
observed for the fpa-sensitive strain M-IV (data not shown).
The results demonstrate that 28.17 cells were severely im-
paired in growth when fpa was used to inhibit the expression
of functional MOM109. The cells, however, remained viable
even after prolonged exposure to fpa.

The amount of MOMI19 protein in whole cell extracts was
measured by immunoblotting. While fpa had no apparent
influence on the amount of MOM19 during growth of TI28.3,
MOM19 was undetectable by immunostaining in 28.17 cells

The Journal of Cell Biology, Volume 124, 1994

after growth for 22 h, the time when cells exhibited a marked
reduction in growth rate (Fig. 2 B). MOMI19 was also not
detectable by employing an antibody raised against a peptide
representing a segment of MOM19 unaffected by RIP (data
not shown). This excludes the possibility that the lack of de-
tectable MOM19 was due to alteration of all antigenic sites
recognized by the anti-MOM19 antibodies. TI28.3 cells con-
tained threefold higher amounts of MOMI9 as compared to
wild-type cells (Table I), apparently because of the presence
of the additional copy of mom-19. The content of MOM19
in28.17 cells grown without fpa, on the other hand, was only
~n20% of that found in H-IV or M-IV cells (Table I). We
have not yet investigated the reason for this decrease in func-
tional MOM19 in 28.17 cells, but the simplest explanation is
that the nucleus containing the RIP allele is slightly favored
in heterokaryons, possibly due to the nature of the auxo-
trophic markers used for maintenance of the heterokaryon.
The effects described above were not due to alterations intro-
duced into 28.17 cells by RIP outside the coding region of
mom-19, since transformation of 28.17 cells with mom-19
¢DNA fully relieved the growth defect in homokaryotic iso-
lates, and restored the MOMI9 level to that observed in
28.17 cells grown as a heterokaryon without fpa (Harkness
et al., 1994). Taken together, these results assign an impor-
tant role to MOM19 during growth of Neurospora cells. This
notion is corroborated by independent genetic evidence
demonstrating that homokaryotic mom-19%" mutant cells
derived from the heterokaryotic 28.17 strain fail to generate
conidia, grow very slowly, and exhibit a “stop-start” pheno-
type (Bertrand and Pittenger, 1972; Bertrand et al., 1980;
Harkness et al., 1994). The availability of a MOM19 mutant
now enabled us to address the question of which function of
MOMI19 might be important for normal growth of Neu-
rospora cells.

MOM19-deficient Cells Contain Mitochondria with a
Grossly Altered Morphology and Protein Composition

As MOM19 has been reported to represent an important
component of the mitochondrial protein import machinery,
we first investigated, whether MOMI19-deficient cells still
contain mitochondria and what the morphological conse-
quences of a loss of MOMI9 would be. Cells of strains
TI28.3 and 28.17 were grown for various times in the pres-
ence and absence of fpa, and examined by electron micros-

Table 1. Abundance of Components of the Protein
Import Complex of the Mitochondrial Outer Membrane
in MOM19-deficient Mitochondria

N. crassa strain MOMI19 MOM22 MOM38 MOMT72
H-IV or M-IV =100 =100 =100 =100
TI28.3 —fpa 322 185 84 106
TI28.3 +fpa 280 128 92 87
28.17 —fpa 24 49 112 96
28.17 +fpa ND 20 104 62

Mitochondria were isolated from the indicated strains grown in the presence
or absence of fpa. Mitochondrial protein (10-100 pg) was analyzed for the relative
amounts of the various components of the protein import complex by SDS-PAGE
and immunoblotting using the ECL luminescence detection kit. Quantitation was
performed by laser densitometry. Data are given relative to the values obtained
for wild-type strains H-IV and M-IV. ND, not detectable.
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Figure 3. The mitochondrial ultrastructure is grossly changed in MOMI19-deficient N. crassa cells. 28.17 cells were grown as described
in Fig. 2 A4 in the absence of fpa for 15 h (A) or in the presence of fpa for 8 (B), 16 (C), and 32 h (D). Cells were examined by electron
microscopy after fixation with KMnO,. Bars, 1 um.

copy. In all cases mitochondrial profiles were clearly visible
(Fig. 3). In the presence of fpa 28.17 cells accumulated ab-
normal mitochondria with a distinct lack of cristae (Fig. 3,
A-D), while in T128.3 fpa caused no apparent changes (data
not shown). The altered morphology of mitochondria in
28.17 cells grown with fpa appeared concomitantly with the
depletion of MOM19 from the cell extracts suggesting that
loss of MOMI19 function is responsible for the altered mor-
phology (compare Fig. 3, B-D with Fig. 2 B). Interestingly,
the lack of cristae in MOM19-deficient mitochondria resem-
bles the morphology observed for mitochondria in p° and
p~-yeast strains (Stevens, 1977, 1981). Despite the sub-
stantial reduction in inner membrane content, outer and in-
ner membranes were clearly distinguishable in these mito-
chondria. The number of mitochondrial profiles per cell and
their size did not change significantly upon MOM19 deple-
tion. When mitochondria were isolated from MOMI19-
deficient cells and visualized by electron microscopy, they
appeared as intact organelles despite the complete lack of
cristae (data not shown). Furthermore, in glutaraldehyde-
fixed samples a lower number in mitochondrial ribosomes
was visible in MOM19-deficient cells (data not shown).
Taken together, these data demonstrate the importance of
MOMI19 for the biogenesis and morphology of mito-
chondria.

To examine the apparent low content in mitochondrial
ribosomes in more detail, organellar protein synthesis activ-
ity was measured in vivo in the presence of cycloheximide
to inactivate cytosolic ribosomes. Hardly any mitochondrial-
encoded protein was synthesized in MOM19-deficient cells
(from 28.17 grown with fpa) showing a more than 40-fold re-
duction as compared to wild-type cells or 28.17 cells without
fpa (Fig. 4 A). The results suggest that MOM19-deficient mi-

Harkness et al. Protein Import into MOM19-deficient Mitochondria

tochondria are defective in the expression of mitochondrial-
encoded proteins, most of which are components of the oxi-
dative phosphorylation pathway. This observation and the
loss of cristac membranes (see above) in MOMI9-deficient
mitochondria made it likely that the amount of cytochromes
was decreased. We therefore recorded absorption difference
spectra of mitochondria (Bertrand and Pittenger, 1972) iso-
lated from H-IV and from 28.17 cells grown with and with-
out fpa. Despite the marked reduction of MOM]19 in 28.17
cells grown without fpa, no apparent differences to the spec-
tra of mitochondria from wild-type cells were observed (Fig.
4 B). On the other hand, mitochondria completely lacking
MOM19 (from 28.17 cells grown with fpa) displayed a sub-
stantial decrease in cytochromes a/a; and b, while cyto-
chrome ¢ appeared to be virtually unchanged.

The changes in the ultrastructure of mitochondria during
MOMI19 depletion in 28.17 cells were reflected by a changing
mitochondrial protein pattern. While fpa had no apparent
effect on the protein composition of wild-type mitochondria,
a number of proteins from mitochondria isolated from 28.17
cells strongly increased or decreased in concentration during
growth in medium containing fpa (data not shown). To inves-
tigate the specific changes of individual mitochondrial pro-
teins, mitochondria were isolated from H-IV, TI28.3, and
28.17 cells grown with or without fpa and analyzed by immu-
nostaining. We first examined the amounts of the other com-
ponents of the protein import complex in the mitochondrial
outer membrane. No significant changes in the steady-state
levels were observed for MOM38 and the other surface
receptor MOM72 upon depletion of MOMI19, not even in
28.17 cells grown in the presence of fpa (Fig. 5 A and Table
I). In contrast, MOM22 was reduced by 80% in these cells
as compared to wild-type cells of strain H-IV. Also in 28.17
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Figure 4. MOMI19-deficient mitochondria have a strongly reduced
protein synthesis activity and a deficiency in cytochromes. (A4)
Strains H-IV and 28.17 were grown at 25°C in the absence or pres-
ence of fpa as described in Fig. 2 A. To 100 ml of cell culture 100
pg/ml cycloheximide and, when indicated, 2 mg/ml chlorampheni-
col (CA) were added to block cytosolic and mitochondrial protein
synthesis, respectively (Hallermayer et al., 1977). After 3 min the
cells were labeled with [**SJmethionine (0.5 mCi; 1,100 Ci/mMol)
for the indicated times and mitochondria (Mito.) were immediately
isolated. Radioactively labeled mitochondrial protein (70 ug/sam-
ple) was analyzed by SDS-PAGE and fluorography. Quantitation by
laser densitometry revealed a more than 40-fold reduction of mito-
chondrial protein synthesis in mutant (28.17 +fpa) cells as com-
pared to control cells. Some of the mitochondrial protein synthesis
products are indicated (S5, ribsosomal protein S5; coxI-III, sub-
units I-I1 of cytochrome ¢ oxidase; cytb, cytochrome b; su6 and
su8, subunits 6 and 8 of Fy-ATPase). Molecular weights of marker
proteins are given on the left side of the figure. (B) Mitochondria
were isolated from strains H-IV and 28.17 grown with and without
fpa, and examined by differential absorption spectrophotometry
(Bertrand and Pittenger, 1972). The spectra of mitochondria from
H-IV grown with or without fpa were identical. The absorption
maxima of the cytochromes a/a;, b, and ¢ are indicated.

cells grown in the absence of fpa a twofold reduction of
MOM?22 was seen as a consequence of the decreased amount
of MOM19, while in T128.3, which contains threefold higher
amounts of MOMI9 as a result of the second copy of mom-
19, MOM22 appeared to be increased (Table I). These
results suggest that the steady-state levels of MOM19 and
MOM22 are adjusted in a coordinated fashion. This might
be a consequence of the direct interaction between these two
proteins in the receptor complex which is also suggested by
independent functional studies (see below).
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We next investigated individual components of the outer
membrane and the intermembrane space for changes in their
steady-state levels as a result of MOMI19 inactivation (Fig.
5 B). All proteins analyzed from these sub-compartments in-
cluding cytochrome c (see above) were not significantly ai-
tered in their levels irrespective of the amount of MOM19
present in the mitochondria. A similar result was observed
for proteins from the matrix space, with the exception of
Hsp70 which showed a twofold increase, and the 8 subunit
of F;-ATPase, a protein tightly associated with the inner
membrane (Fig. 5 C). Components of the inner membrane,
on the other hand, were reduced by factors of more than 10
as a result of MOM19 depletion (Fig. 5 D). This result is in
keeping with the substantial reduction in cristae membranes
and with the decrease in cytochromes (see above). From the
data in Fig. 5 it becomes obvious that the steady-state levels
of specific mitochondrial proteins were altered as a conse-
quence of MOM19 inactivation. These effects are most likely
due to a variety of secondary events, e.g., protein import and
assembly, reduced expression of the mitochondrial gene
products, altered regulation of expression, and different sta-
bility of the individual proteins.

MOM19-deficient Mitochondria
Are Strongly Impaired in the Import of Most,
but Not All Precursor Proteins

To directly study the consequences of a lack of functional
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MOM19 for the transport of individual mitochondrial
preproteins, import into isolated mitochondria was mea-
sured. Mitochondria from strains H-IV or 28.17 grown in the
absence or presence of fpa were incubated with in vitro syn-
thesized preproteins. For a number of preproteins import
into MOM19-deficient mitochondria (from 28.17 cells

grown with fpa) was substantially reduced in comparison to
import into mitochondria derived from wild-type cells H-IV
(Fig. 6 A). These proteins included components of the outer
membrane (porin [Kleene et al., 1987] and MOM38 [Keil
etal., 1993)}), the intermembrane space (cytochrome ¢ heme
lyase, CCHL [Lill et al., 1992]), the inner membrane
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(Rieske Fe/S protein [Hart et al., 1986] and Su9-DHFR, a
fusion protein between subunit 9 of Fo-ATPase and di-
hydrofolate reductase [Pfanner and Neupert, 1987]), and a
protein from the matrix space (B-subunit of F,-ATPase
[Rassow et al., 1990]). Similar results were obtained for
precursors of MOM22 (Keil and Pfanner, 1993), the «-sub-
unit of matrix processing peptidase, o-MPP (Schneider et
al., 1989), and pF51-CCHL (Segui-Real et al., 1993a), a
fusion protein between the presequence of F,5-ATPase and
CCHL (data not shown). The effects varied for the individual
preproteins from a threefold (for CCHL) to a more than 10-
fold reduction. The strongly diminished import of matrix
and inner membrane components into MOM19-deficient mi-
tochondria was still fully dependent on the presence of a
membrane potential (data not shown) required for the import
of these proteins across the inner membrane (Schleyer and
Neupert, 1985). This shows that the low amounts of protease-
protected proteins observed in these experiments still repre-
sented authentic protein import. These findings demonstrate
the important function of MOMI19 for protein import into
mitochondria. Surprisingly, import into mitochondria derived
from 28.17 cells grown without fpa was virtually unchanged
as compared to wild-type mitochondria (Fig. 6 A) despite the
substantial reduction of MOM19 by 80% in these mitochon-
dria (see Table I). This suggests that MOMI19 is not involved
in the rate limiting step of the protein import reaction.
Previous findings have shown that a number of mitochon-
drial proteins become imported into mitochondria indepen-
dently of MOM19 function including the ADP/ATP carrier
(AAC; Sollner et al., 1990), cytochrome ¢ (Stuart and Neu-
pert, 1990), and MOMI19 (Schneider et al., 1991). There-
fore, we expected that import of these proteins should not be
affected by the depletion of MOM19. Indeed, AAC was im-
ported with equal efficiencies into mitochondria irrespective
of their content in MOMIL9 protein (Fig. 6 B). The fact that
AAC needs a membrane potential for import into the inner
membrane (Pfanner and Neupert, 1987) supports the con-
clusion drawn above that the largely diminished import of
MOM19-dependent preproteins of the inner membrane and
the matrix was not the result of a reduced membrane poten-
tial in MOM19-deficient mitochondria. Similar to the import
of AAC, no significant differences on import into wild-type
and mutant mitochondria were observed for a fusion protein
between the presequence of cytochrome ¢; and cytochrome
¢ (Fig. 6 B). This protein behaves comparable to cytochrome
¢ in its import across the outer membrane which occurs inde-
pendently of the receptor/GIP complex (Stuart et al., 1990).
Likewise, no effect of MOM19 depletion was observed on the
insertion of MOMI19 precursor into the outer membrane
(Fig. 6 C). The unchanged import of MOM19-independent
precursor proteins convincingly demonstrates that MOMI9-
deficient mitochondria are still fully functional in perform-
ing protein import reactions which can occur without the
participation of MOM19. For the majority of preproteins,
however, MOM19 is needed for efficient transport.

MOM19 Cooperates with MOM22 During Protein
Import and Is Not Substituted for by MOM72

Previous biochemical studies have demonstrated that protein
import can occur without the function of protease-sensitive
components (Pfaller et al., 1989). This so-called “bypass”
import reaction occurs at a low efficiency, and preproteins
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are thought to enter the mitochondria at a later stage of the
import reaction, possibly by directly engaging contact with
constituents of GIP. We examined MOMI19-deficient mito-
chondria to determine whether the small amount of protein
import into these mitochondria occurred via a bypass or a
protease-sensitive pathway. Import experiments were per-
formed using mitochondria which had been pretreated with
proteinase K (Fig. 7) or trypsin (data not shown). As previ-
ously observed import of various precursor proteins into mi-
tochondria derived from a wild-type strain (H-IV) was
strongly dependent on the intactness of protease-sensitive
components (Pfaller et al., 1988). Similar results were ob-
tained for mitochondria derived from strain 28.17 grown
without fpa. Unexpectedly, import into MOM19-deficient
mitochondria (from strain 28.17 grown with fpa) also ap-
peared to be strongly susceptible to protease pretreatment
suggesting that the import reaction in the absence of func-
tional MOM19 cannot be considered to represent bypass
import. This also becomes evident from the observation
that import into protease-pretreated wild-type mitochondria
(i.e., bypass import) was usually at least twice as high as im-
port into mitochondria lacking MOM19 (Fig. 7, compare
lanes with 40 ug/ml proteinase K in H-IV with O ug/ml pro-
teinase K in 28.17 +fpa). What might be the explanation for
these findings? First, protease sensitivity of import into
MOM19-deficient mitochondria indicates the participation

FiB-ATPase

- MW A O - MW BN

Imported protein (arbitrary units)

- M W s O

o '

PK (pg/ml) o1040 01040 01040 01040 01040
Mito. HIV 2817 2817 HIV 2817 2817
-fpa -fpa +fpa -fpa -fpa +ipa
Figure 7. Protein import into MOMI19-deficient mitochondria re-
quires protease-sensitive components other than MOM19. Mito-
chondria (Mito.) freshly isolated from the indicated Neurospora
strains were pretreated with the indicated amounts of proteinase K
(PK) for 15 min at 0°C. After addition of 1 mM PMSF mitochon-
dria were reisolated by centrifugation (7 min, 6,000 g) and resus-
pended in import buffer. Before import of the indicated preproteins
(15 min at 15°C) samples were supplemented with an energy mix.
After protease treatment mitochondria were reisolated by centrifu-
gation, and the samples analyzed for imported protein by SDS-
PAGE and fluorography. Quantitation of the fluorographs was per-
formed by laser densitometry. Abbreviations are as in Fig. 5.
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of protease-sensitive components other than MOM]19. Possi-
ble candidates for such components might include (a)
MOM?72 which may act as a backup system for MOM19 (see
below), (b) MOM22 which has recently been characterized
to have a functional role between receptor and GIP stage
(Kiebler et al., 1993), (c) MOM38, a putative component of
GIP (Kiebler et al., 1990), and (d) possibly other yet to be
identified components of the import machinery. Second, one
has to take into consideration that wild-type mitochondria
used for bypass experiments still contain the membrane an-
chor of MOM19. This membrane-embedded protein frag-
ment might still be attached to the protein import complex
and thus fulfill an important function in the structural organi-
zation of the other subunits in the complex. The complete
lack of MOM19, on the other hand, might result in a protein
import complex of largely altered composition and stability.

To specifically address the question of whether MOM?22
function is still required for protein import after MOM19 de-
pletion, and whether MOM?72 can partially replace MOM19,
mitochondria were pretreated before import with antibodies
against MOM22 or MOM72 and, as a control, against MOMI9.
In wild-type mitochondria (H-IV) import of MOM38, o-MPP,
CCHL, and Su9-DHFR was strongly decreased after block-
ing of MOM19 and MOM?22 (Fig. 8). Comparable results
were obtained for the 8 subunit of F,-ATPase, Rieske Fe/S
protein, and porip {data not shown). Import into mitochon-
dria containing lower levels of MOM19 (28.17 —fpa) was in-
hibited to a lesser degree. In mitochondria devoid of MOM19
(28.17 -+fpa) pretreatinent with anti-MOMI9 antibodies had
no inhibitory effect on the residual low levels of protein im-
port (Figs. 6 and 7). These observations demonstrate that the
antibodies specifically interfered with MOMI19 function. A
similar relief of inhibition upon depletion of MOM19 was
seen using antibodies against MOM22 (Fig. 8). Apparently,
the lack of MOMI19 led to protein import which (@) was
strongly reduced and (b) occurred largely independent of
MOM22. Thus, import into MOM19-deficient mitochondria
leads to a high degree of bypass of MOM22 function. The
remaining weak dependence on MOM22 function shows that
MOM?22 can still play a role during import, yet at much re-
duced efficiency. These data suggest a direct functional
cooperation of these two proteins during the import reaction.

Using wild-type mitochondria, antibodies against MOM72
displayed an inhibitory effect on the import of MOM38 and
o-MPP, whereas the import of CCHL and Su9-DHFR was
not affected (Fig. 8). Virtually identical inhibition by anti-
MOM?72 antibodies was seen using mitochondria with a low
content of MOM19 (28.17 —fpa) or mitochondria deficient
in MOM19 (28.17 +fpa) showing that MOM72 is used to the
same extent in these mitochondria as in wild-type controls.
This observation is surprising for proteins like, e.g., MOM38
and a-MPP which are partially inhibited by MOM72 anti-
bodies, yet in the absence of MOMI19 display a strong import
defect and no higher degree of dependence on MOM72. This
suggests that MOM72 cannot functionally replace MOM19
during import of these proteins, at least not at levels present
in these mitochondria. The exact role of MOM72 during the
import of, e.g., MOM38 remains to be determined. Over-
lapping specificities of MOM19 and MOM?72 have been re-
ported, however, for the import of AAC in that this precursor
can use MOMI19, when MOM?72 is absent (Steger et al.,
1990). As expected from earlier observations, import of AAC
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Figure 8. MOM19 cooperates with MOM?22 during protein import,
but cannot be functionally replaced by MOM72. 20 pg freshly iso-
lated mitochondria were incubated in import buffer for 40 min at
0°C with 70 pg (MOM19 and MOM22) and 130 ug (MOM72) im-
munoglobulin G (IgG) specific for the indicated proteins. Mito-
chondria were reisolated by centrifugation and resuspended in im-
port buffer. After addition of an energy mix import of the indicated
preproteins was performed for 15 min at 15°C. Following protease
treatment mitochondria were reisolated by centrifugation, and the
samples analyzed for imported protein by SDS-PAGE and fluorog-
raphy. Quantitation of the fiuorographs was performed by laser den-
sitometry. In order to account for the large differences of import
into the various mitochondria (for review see Figs. 6 and 7), data
are given relative to the respective control import in the absence
of IgGs. Preincubation of the mitochondria with 70 ug IgG iso-
lated from preimmune serum yielded import efficiencies of 93%
(19%). Standard deviation for import into H-IV and 28.17 cells
grown without fpa was 9%, whereas it was 18% for the low
amounts of import into mitochondria from 28.17 cells grown
with fpa.

into wild-type mitochondria was only weakly affected by anti-
bodies against MOM19, but strongly inhibited by anti-MOM-
72 antibodies (Fig. 8). In MOMI19-deficient mitochondria,
however, import of AAC was no longer inhibited by anti-
MOM]19 antibodies and occurred exclusively and at unchanged
efficiency (see Figs. 6 Band 7) via MOM72. Thus, AAC can
use either MOM72 or MOM19 for efficient import, whereas
most other proteins appear to strictly depend on functional
MOMIS for high levels of import.

Discussion

The novel technique of sheltered RIP for inactivating in-
dividual genes in N. crassa provides a useful tool to analyze
the roles of important or essential genes. RIP is highly
specific, since transformation of a strain carrying the inacti-
vated gene with a wild-type copy leads to restoration of the
original phenotype (Harkness et al., 1994). We took advan-
tage of sheltered RIP to investigate the function of MOM19
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in vivo. Experiments in vitro had suggested a participation
of MOMI9 in the initial steps of protein import into mito-
chondria of N. crassa (SOllner et al., 1989) and yeast
(Moczko et al., 1993). In order to understand the role of
MOM19 it was essential to study its action in the intact cell.

Deficiency in MOMI19 as a result of inactivation of the
mom-19 gene has drastic effects not only on the structure and
function of mitochondria, but also on the behavior of whole
cells. Growth of cells slows down in conjunction with the
falling levels of MOMI19 and virtually stops, when MOM19
is fully depleted. This is undoubtedly related to the altera-
tions occurring on both a morphological and a biochemical
level. MOMI19-deficient mitochondria display a nearly com-
plete loss of cristae membranes and consist only of the outer
membrane and the inner boundary membrane. Furthermore,
mitochondria lose their capacity for oxidative phosphoryla-
tion and for protein synthesis. Clearly, MOM19 performs an
essential function in the formation and maintenance of mito-
chondria which are competent to provide energy for the cell.

The loss or drastic reduction of the ability to import pro-
teins from the cytosol is a prominent characteristic of mito-
chondria deficient in MOMI19. The impaired import compe-
tence holds for the majority of mitochondrial proteins (at
least of those tested here) and includes proteins from all mi-
tochondrial subcompartments. However, reduced import is
not observed with all precursors, as some were found to be
imported at the same rate into mutant and wild-type mito-
chondria. This emphasizes that the changes caused by
MOM19 depletion are not unspecific or general, but lead to
defined and selective changes in the protein import pathway.
Furthermore, this differential effect on various precursor
proteins is in excellent agreement with the previously ob-
served differential inhibitory effects of antibodies against the
MOMI19 and MOM72 components of the mitochondrial
receptor complex. Finally, the results strongly argue that
MOM]19 is the major entry site for precursor proteins into
mitochondria. There may be an interesting analogy between
MOMI19 depletion in mitochondria and the depletion of
components of the signal recognition particle in yeast (Hann
and Walter, 1991; Hann et al., 1992). Also in this case, e.g.,
SRP19 is not an essential component, and growth of cells is
only severely retarded. There is apparently no absolute re-
quirement of these components for protein translocation, but
their participation considerably enhances the rates and/or
efficiencies of the process.

Our findings provide detailed insight into the conse-
quences of depletion of MOMI9 on the structure and func-
tion of mitochondria. These consequences appear to be
rather complex. On the one hand, the deficiency in the levels
of most inner membrane components is consistent with their
strongly reduced import. On the other hand, the steady-state
levels of proteins from other compartments in mutant mito-
chondria and the import rates do not correspond to each
other. An interesting example is the AAC. Its precursor is
imported into the MOM19-deficient mitochondria with the
same apparent efficiency as into wild-type mitochondria.
This is consistent with the previously observed preferential
use of MOM?72 as its import receptor. The observed level of
the AAC in MOMI19-depleted mitochondria is, however,
very low. It seems therefore that some constituents of the mi-
tochondria cannot be assembled because other components
limiting for assembly are missing, or because cristae mem-

The Journa! of Cell Biclogy, Volume 124, 1994

branes are lacking, and there is no space for integration. It
will be interesting to determine whether the precursor of the
AAC becomes degraded, and if so, where and how degrada-
tion takes place. An opposite behavior was observed with
porin. Import of this major component of the outer mem-
brane was drastically reduced in the MOM19-depleted mito-
chondria, but the steady-state level was nearly the same as
in wild-type mitochondria. Apparently, porin existing at the
time when depletion of MOM19 starts is not degraded and/or
the very low rates of import during the phase of depletion
are linked to the slow rate of growth so that normal concen-
trations are maintained in the outer membrane. Degradation
or limitations due to impaired assembly do not appear to
have a diminishing effect on porin. A comparable interpreta-
tion may explain the unchanged levels of the highly protease-
sensitive component MOM72 which has been shown to re-
quire MOMI19 for its specific association with the outer
membrane (S6llner et al., 1990). The almost normal levels
of matrix proteins in MOMI19-deficient mitochondria may
reflect the absence of limitations regarding assembly also of
these proteins, since most of them are homooligomers or
monomers. The availability of a mutant in which uptake of
components is disturbed will be useful for investigating the
regulation of assembly and may allow the identification of
components critical for the assembly of the mitochondrial
membranes.

Mitochondria of cells depleted in MOMI9 contain virtu-
ally normal levels of MOM72. This and our import experi-
ments using anti-MOM?72 antibodies show that MOM?72
does not act as a general backup receptor for MOMI19. With
the ADP/ATP carrier for which MOM72 acts as major
receptor, deletion of MOM72 in yeast had only a limited
effect on the targeting efficiency. This is because MOM19
can functionally replace MOM?72 as a receptor (Steger etal.,
1990). It cannot be excluded, however, that MOM72 is com-
petent for low efficiency recognition also of a number of
other components and that highly increased levels of
MOM72, e.g., after overexpression, could improve the
efficiency of targeting, but it is very unlikely that MOM72
can fully replace MOM19.

There appears to be a class of precursor proteins that
needs both MOM19 and MOM?72 for targeting, representa-
tives being MOM38 (Keil et al., 1993) and MOM22 (Keil
and Pfanner, 1993). Antibodies against both MOMI19 and
MOM72 were found to inhibit import of these precursors.
Quite interestingly, in MOM19-depleted mitochondria, im-
port of both precursors was strongly reduced, in full agree-
ment with the data from the in vitro experiments. It is also
obvious that MOM?72 alone cannot act as a backup system
in these cases, even though MOM?72 interacts with the prepro-
teins. It is not clear, how the entry of MOMB38 is achieved
by both receptors acting at the same time. Conceivably, the
specificity of targeting could be increased by such a double-
check system. In fact, the targeting of MOM38 should be con-
trolled with particular precision, since MOM38 is also be-
lieved to control the insertion of MOMI19 into the outer
membrane (Schneider et al., 1991), and MOM38 may be able
to form an essential part of the outer membrane translocation
pore (Sollner et al., 1992). Thus, insertion of MOM38 into
other cellular membranes could presumably cause deleterious
effects due to the mistargeting of mitochondrial proteins
such as porin.
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Finally, the results presented here allow new insights into
the functional interaction of components of the receptor
complex. In particular, a close cooperation of MOM19 with
MOM?22 is suggested by our findings. It has been observed
before, that these two proteins are constituents of the protein
import complex of the outer membrane (Kiebler et al.,
1990). As described here, the reduction of MOM19 is ac-
companied by a similar but not as severe decrease in
MOM?22. This may reflect a requirement for MOM19 to al-
low stable integration and maintenance of MOM22 in the
outer membrane receptor complex similar to what has been
observed for subunit IV of the cytochrome ¢ oxidase com-
plex (Dowhan et al., 1985). On the other hand, there might
also be a regulatory mechanism that ensures a correlated
synthesis of both components. A close functional coopera-
tion of MOM19 and MOM22 is strongly suggested by the
bypass of residual MOM22 during preprotein import into
MOM19-deficient mitochondria. Antibodies against MOM22
were reported to inhibit import of precursors into wild-type
mitochondria (Kiebler et al., 1993) but, as reported here,
they hardly inhibited import of precursors into MOMI19-
deficient mitochondria. Obviously, proteins imported via
MOMI9 also require the function of MOM22, whereas in
the absence of MOMI19 preproteins enter the outer mem-
brane mainly without the help of MOM22. The molecular
basis of this close cooperation between the two proteins re-
mains elusive. The availability of receptor-deficient mutants
may now allow the dissection of the initial steps of protein
translocation into mitochondria. Moreover, such investiga-
tions can take advantage of a recently developed system for
the study of protein insertion and translocation into the iso-
lated outer membrane (Mayer et al., 1993), and thereby
should allow novel insights into the molecular details of
these complex processes.
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