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ABSTRACT:

Mitochondria are found in almost all eukaryotic organisms and are the site of
many biological functions. The majority of mitochondrial proteins are encoded by
nuclear genes and synthesized on cytosolic ribosomes. The TOM complex (Translocase
of the Outer Membrane) is responsible for initial recognition and translocation of
mitochondrial precursor proteins across the outer membrane. Tom40, the major
component of the TOM complex, forms a pore through which preproteins traverse the
mitochondrial outer membrane.

Little ié known about the domains of Tom40 that are required for its assembly and
function within the TOM complex. The initial goals of this study were to create a tom40
null nucleus in a heterokaryotic strain of Neurospora crassa and to examine and
characterize the effects of Tom40 depletion. These studies revealed that Tom40 is an
essential gene in N. crassa. When the nucleus bearing the tom40 mutation is forced to
predominate, the heterokaryotic strain Tom40 levels are reduced and import of
mitochondrial preproteins is affected. Mitochondria with reduced amounts of Tom40 are
smaller than wildtype mitochondria and have no cristae.

The he;[erokaryotic strain was used to study the function and assembly of the
TOM complex. A conserved region in the N- terminus of Tom40, spanning amino acids
40-60, was found to play a role in assembling the protein into the TOM complex, but not
in targeting of Tom40 to mitochondria. This region also plays a role in the stability of the
TOM complex and import of mitochondrial preproteins. A conserved region in the C-
terminus of Tom40 (residues 321-323) appears to be part of a membrane spanning f3-

sheet. Deletion of these residues fails to rescue the fom40 null nucleus, while
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replacement of these amino acids with alanine results in a strain that grows slowly, has a
fragile TOM complex, and shows deficiencies in the import of mitochondrial preproteins.

Studies of the Tom40 assembly pathway using variant Tom40 molecules have
given us new insights into this pathway. Finally, the membrane topology of Tom40 was
studied using substituted-cysteine accessibility mapping and two membrane-spanning [3-

strands were identified in the C-terminus of the protein.
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1. INTRODUCTION

1.1  Mitochondria

Mitochondria are double membrane bound structures that are best known for their
role in the production of cellular energy in eukaryotic cells. They consist of four
subcompartments: the outer membrane, the intermembrane space, the inner membrane,
and the matrix (reviewed in Attardi and Schatz, 1988; Neupert, 1997). Mitochondria
contain a genome whose content is species specific, but generally encodes tRNAs,
rRNAs, and a subset of the proteins involved in oxidative phosporylation (Attardi and
Schatz, 1988). In addition to their role in energy production mitochondria have other
important functions in the cell such as cellular Ca** homeostasis, [-oxidation, and
maturation of iron-sulfur (Fe-S) clusters (Eaton, 1996; Berridge, 2000; Lill and Kispal,
2000; Rutter, 2000; Bootman, 2001). The importance of mitochondria is perhaps best
exemplified by their involvement in human health. Mitochondrial dysfunction has been
associated with a number of diseases and mitochondria have been shown to have roles in
processes such as aging and apoptosis (Morgan-Hughes and Hanna, 1999; Schapira,
1999a,b; Tatton and Olanow, 1999; Wallace, 1999; Wallace er al., 1999; Wallace and
Murdock, 1999; Schon ef al., 2000; Shoubridge, 2000, 2001)

1.1.1 Origin of mitochondria

Mitochondria are nearly ubiquitous in eukaryotic cells. In fact, recent evidence
suggests that most or all of the known amitochondriate eukaryotes (called Archezoa)
were descendents of cells that once contained mitochondria but lost the organelles over
time (Gray, 1989,1999; Gray et al., 1999, 2001; Lang et al., 1999; Martin et al., 2001). It
has been suggested that the acquisition of mitochondria may have been the single most
important event in the evolution of eukaryotic cells and occurred simultaneously with the
origin of the eukaryotic lineage (Gray et al., 1999; Martin et al., 2001).

The origin of mitochondria and chloroplasts has been a much-debated issue since
the suggestion that some organelles may have been derived from free-living cells was put
forward in 1883 (Schimper, 1883). During the 1970s, with the discovery of

mitochondrial and chloroplast DNA, the endosymbiont model of organellar origin
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became favored to explain the origins of both mitochondria and chloroplasts (Sagan,
1967, 1993). In brief, the endosymbiont model suggests that an amitochondriate
anaerobic eukaryotic progenitor cell served as a host cell for the ancestor of
mitochondria, probably a relative of a-proteobacteria (Margulis, 1975, 1976; Margulis
and Tzertzinis, 1987, Gray, 1999; Gray et al., 1999, 2001; Lang et al., 1999; Dolan et al.,
2000; Martin et al., 2001). In the case of chloroplasts, an aerobic non-photosynthetic
progenitor cell became the host for a photosynthetic cyanobacteria ancestor. Once the
host engulfed these bacteria, they remained intact within the cells. Over a period of time
genes from these bacteria were transferred to the host nucleus and both types of
symbionts became dependent on the host cell for existence, eventually leading to modern
mitochondria and chloroplasts (Sagan, 1967, 1993; Race et al, 1999; Blanchard and
Lynch, 2000).

1.1.2 The cellular roles of mitochondria

Mitochondria have an important role in energy production, and are the major
producers of ATP in eukaryotic cells (Attardi and Schatz, 1988; Saraste, 1999; Capaldi,
2000). Energy production in mitochondria mainly occurs through oxidative
phosphorylation. This is a process whereby electrons are passed along a pathway of
carrier complexes (the electron transport chain (ETC)) to the terminal electron acceptor in
the pathway, molecular oxygen (Saraste, 1999). There are four large enzyme complexes
in the ETC and these components are located in the mitochondrial inner membrane
(Morgan-Hughes and Hanna, 1999; Saraste, 1999). Complex I, NADH-ubiquinone (CoQj¢)
oxidoreductase, is the largest complex of the ETC and transfers electrons from NADH to
ubiquinone. Complex II is succinate dehydrogenase - CoQ,, oxidoreductase and is a
direct link between the Krebs cycle and the respiratory chain. Succinate dehydrogenase
converts succinate to fumarate in the Krebs cycle, producing FADH, from which
electrons are transferred to ubiquinone. Complex III, CoQ;o - cytochrome ¢
oxidoreductase, transfers electrons from ubiquinone to cytochrome ¢ and complex IV,
cytochrome ¢ 6xidase, transfers electrons from cytochrome ¢ to molecular oxygen. The
energy of the transferred electrons is harnessed by complexes I, III and IV to actively

transport hydrogen ions (protons) across the mitochondrial inner membrane, to the
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intermembrane space. Proton transport results in the generation of a proton motive force,
which is used to convert ADP to ATP by complex V, the FiFo ATP synthase. This
enzyme converts the energy contained in the proton motive force to ATP by coupling
ATP synthesis with the transport of protons down their concentration gradient.

Mitochondria have also been implicated indirectly in cellular Ca®* homeostasis
(Berridge, 2000; Rutter, 2000; Bootman, 2001). This is important as Ca®isa powerful
intracellular second messenger and has been shown to control processes such as cellular
proliferation, development, learning and memory, contraction of muscle cells, secretion
of proteins and fertilization in deuterostomes. In addition, high cellular concentrations of
Ca®" can induce both apoptosis and necrosis depending on cell type. Intracellular Ca** is
primarily stored in the endoplasmic reticulum and the Golgi apparatus. Preliminary
evidence for mitochondrial involvement in Ca®" homeostasis was seen using confocal
microscopy and electron microscopic tomography (Mannella ef al., 1998; Rizzuto et al.,
1998). In these studies it was shown that parts of mitochondria and the endoplasmic
reticulum are located in close proximity to one another in mammalian cells. This study
shows that at least based on the spatial localization of mitochondria, interactions between
the endoplasmic reticulum and mitochondria are possible. As a complement to this
study, it has also been shown that the release of Ca®* ions from the endoplasmic
reticulum results in stimulation of ATP synthesis in mitochondria (Robb-Gaspers et al.,
1998a,b). Although these results do not conclusively demonstrate a direct link between
Ca®* homeostasis and mitochondria, they do raise the possibility that mitochondria may
have a role in this process.

Mitochondria have also been shown to be a site of B-oxidation of fatty acids in
eukaryotic cells (Eaton, 1996). [B-oxidation is the process where fatty acids are oxidized

and is the major source of energy for the heart and skeletal muscles. B-oxidation also
provides ketone bodies for peripheral circulation, which are a major source of fuel for
organs such as the brain when glucose levels are low. The enzymes responsible for
mitochondrial (-oxidation are found within the mitochondrial matrix, and are closely
associated with ETC complexes (Halestrap and Dunlop, 1986; Eaton et al., 1996a, b;
Eaton, 1996).
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In addition, most known Fe-S proteins are located in mitochondria and are
members of the respiratory complexes (Lill and Kispal, 2000). However, other Fe-S
proteins exist in both the cytosol and nucleus and are important for processes such as
intracellular iron uptake and storage, or are metabolic enzymes important for the
synthesis of amino acids. The assembly of these Fe-S clusters occurs in the
mitochondrial matrix (Craig et al., 1999; Lill et al, 1999). The importance of this
process is best illustrated by the fact that generation of Fe-S clusters is one of the only
processes performed by mitochondria that is vital to the survival of Saccharomyces
cerevisiae (Lill and Kispal, 2000).

Initially, it was thought that mitochondria only caused cellular death through ATP
depletion and Ca®" dysregulation (Di Lisa and Bernardi, 1998). It has now been shown
that mitochondria are major regulators of apoptosis, a process of cell death that results in
cell shrinkage, plasma membrane blebbing, and DNA fragmentation (Tatton and Olanow,
1999; Bernardi et al., 2001). As an example of their importance in this process, a number
of proteins that either induce or inhibit apoptosis are selectively targeted to mitochondria.
These proteins include members of the Bel2 family, which contain both pro- and anti-
apoptotic members and are mitochondrial outer membrane proteins; cytochrome ¢, which
along with its role in oxidative phosphorylation has been shown to be an inducer of
apoptosis; and the apoptosis inducing factor (AIF), located within the mitochondrial
intermembrane space (Liu et al., 1996; Gross ef al., 1999; Lorenzo er al, 1999,
Tsujimoto, 2002).  Mitochondria regulate apoptosis through regulation of the
permeability transition pore (PTP). The components of the PTP identified to date include
the voltage dependent anion conduction channel (VDAC or porin) in the mitochondrial
outer membrane, and the ADP/ATP carrier (AAC), located in the mitochondrial inner
membrane (Marzo et al, 1998; Bernardi, 1999; Harris et al, 2000; McStay and
Halestrap, 2002). PTP opening increases the permeability of the inner membrane to ions
and solutes and causes a rapid dissipation of membrane potential, swelling of
mitochondria, and bursting of the mitochondrial outer membrane. This results in release
of cytochrome ¢, AIF and other pro-apoptotic proteins to the cytosol, and initiation of

apoptosis.
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Aging is a process of general deterioration, and cellular aging is thought to arise
from somatic mutations and other defects that are incompletely repaired (Cortopassi and
Wong, 1999; Brunk and Terman, 2002; de Grey, 2002a; de Grey, 2002b). Mitochondria,
as the major producers of reactive oxygen species (ROS) in eukaryotic cells, have been
implicated in aging, as ROS may damage many cellular components (Martindale and
Holbrook, 2002; Wei and Lee, 2002). It is not clear if the deterioration of mitochondria
themselves is a cause or an effect of aging, but mitochondrial deterioration has been
associated with increased production of ROS in cells. Several lines of evidence support
the view that mitochondria, and mitochondrial components deteriorate over time
(Cortopassi and Wong, 1999). First, mtDNA accumulates spontaneous deletions and
rearrangements that expand during a lifetime, and have the potential to become
pathogenic. This is especially apparent in post-mitotic tissues that are actively oxidative
such as neurons in the brain and all types of muscle cells (Arnheim and Cortopassi, 1992;
Cortopassi et al., 1992). Skeletal muscle cells have also been shown to experience age
related fiber loss, atrophy, and cytochrome oxidase deficiency (reviewed in (Cortopassi
and Wong, 1999)). Finally, mitochondria from aged individuals show a decrease in
membrane potential compared to mitochondria isolated from young individuals (Hagen et
al., 1997).

As mitochondria have many important roles in the cell, there are a variety of
disorders associated with mitochondrial impairment (Morgan-Hughes and Hanna, 1999;
Schapira, 1999a,b; Wallace, 1999; Wallace et al., 1999; Wallace and Murdock, 1999;
Schon et al., 2000; Munnich and Rustin, 2001; Shoubridge, 2001; Turnbull ef al., 2001).
These diseases show a number of different clinical presentations and represent a highly
diverse group of disorders. Symptoms of mitochondrial diseases include deafness,
progressive vision loss, epileptic seizures, cardiomyopathies, muscle atrophy, and
neurodegenerative disorders. These diseases can be caused by inherited or sporadic
mutations in mtDNA or nuclear genes encoding mitochondrial proteins. Mutations in
mtDNA show maternal inheritance patterns while nuclear mutations show autosomal
recessive inheritance patterns.

A major reason for the diversity of these disorders and their symptoms can be

attributed to the fact that mutations in mtDNA may exist or arise in a population of wild
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type mtDNA and their rates may vary in different cells and tissues due to random
segregation events during mitosis. In this case, the proportion of mutant DNAs within
the population of mitochondria as well as the distribution of mutant mtDNA within
organelles, cells, tissues, and specific organs will affect the presence or severity of the
mitochondrial disorder. The nuclear genetic background of an individual also seems to
determine the severity of mitochondrial disorders. In addition, mitochondrial diseases
tend to be progressive in nature, with the ratio of mtDNA mutations shifting throughout a
patient’s lifespan. Thus, these diseases either present or increase in severity as a person
ages. An example of a mutation affecting mitochondrial DNA is Kearns-Sayre
Syndrome (KSS) which is a fatal multisystemic disorder (Moraes et al., 1989; Nakase et
al., 1990; Shanske et al, 1990). KSS results from a number of mitochondrial DNA
defects including large-scale DNA deletions and rearrangements. An example of a
disease that results from a nuclear mutation is human deafness dystonia syndrome
(Koehler et al., 1999a). This disorder results from a mutation in the gene TIMMS that

encodes a protein involved in the import of proteins into mitochondria.

1.1.3 Mitochondrial morphology, maintenance and inheritance

In general, mitochondria can be visualized as tubular structures with a single outer
membrane covering a highly convoluted and invaginated inner membrane. Mitochondria
have a relatively large matrix volume with the inner membrane boundary closely apposed
to outer membrane (Frey and Mannella, 2000). While mitochondria can vary dramatically
in length, their diameters generally fall between 0.5 to 1.0 um (Griparic and van der
Bliek, 2001). Contact sites between the inner and outer mitochondrial membrane were
first defined by Hackenbrock (1966) by observing electron micrographs of mitochondria
exposed to osmotic shock or changes in metabolic state (Hackenbrock, 1966;
Hackenbrock, 1968; Hackenbrock and Caplan, 1969; Hackenbrock et al., 1971). During
osmotic shock the inner membrane was observed to pull away from the outer membrane,
except at discrete loci.

Mitochondria have an elaborate morphology and can be seen to form complex
interconnected reticula with contacts to the cytoskeleton, plasma membrane, and

endoplasmic reticulum (reviewed (Frey and Mannella, 2000; Jensen et al., 2000; Griparic
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and van der Bliek, 2001)). The morphology of the mitochondrial outer membrane is
simple, as it is a single membrane covering the mitochondrial inner membrane with no
folds or invaginations. The structure of the inner membrane is more complex and
contains many folds and invaginations. Initially, two models were proposed to describe
the structure of the mitochondrial inner membrane based on conventional two-
dimensional transmission electron microscopy (EM).  Palade in 1952 named the
projections of the inner membrane cristae mitochondriales, and described them as
“baffle-like” projections that result from large folds in the inner membrane (Palade,
1952). This remains the most popular model of mitochondrial structure and implies the
existence of broad openings in the cristae to the intermembrane space. The second
model, proposed by Sjostrand in 1956, suggested that the inner membrane forms septa
that divide the matrix into many compartments (Sjdstrand, 1956).

Recent evidence based on the process of EM tomography challenges both of these
models (Mannella et al, 1994; Perkins et al, 1997). EM tomography is a three-
dimensional imaging technology that allows visualization of sample sections between
0.25 to 1.5um in width (McEwen and Frank, 2001) as opposed to conventional
microscopy, which can only visualize sample sections from 50 to 100nm in width. In the
process of EM tomography, over 100 projections of a sample are taken at a series of
different angles, and a computer program aligns the projections to form a three
dimensional image of the section in question. Using this technique with rat liver
mitochondria Mannella ef al. (1994) showed that cristae are pleiomorphic in structure.
Most of the cristae observed were tubular extensions of the inner membrane with
diameters ranging from 30 to 40nm, and extending hundreds of nanometers into the
matrix space. Perkins ef al. (1997) used the same approach to visualize mitochondria
from chick cerebellum. They discovered that the cristae — inner membrane junctions
were approximately 28nm in diameter, again refuting the idea that cristae have broad
openings that are exposed to the intermembrane space.

Mitochondrial morphology, distribution, and structure are highly tissue specific
due to their diverse roles in cells (Jensen ef al., 2000). For example, muscle cells contain
many mitochondria (mitochondria make up as much as 30% of their internal volume) in

tubular arrays. These arrays are found between the actin and myosin bundles and are
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thought to allow for efficient distribution of energy in the form of ATP, as well as ADP
uptake. Fibroblasts, on the other hand contain few mitochondria that are scattered
throughout the cell. Mitochondrial morphology and number vary over the course of the
cell cycle, and are highly dependent on environmental conditions. An example of this
process has been documented in S. cerevisiae. When S. cerevisiae is grown under
anaerobic conditions, mitochondria form small organelles called protomitochondria,
while under conditions of aerobic growth, mitochondria become large and elongated
(Criddel, 1969; Plattner, 1969; Hoffmann and Avers, 1973; Stevens, 1977). In aerobic
conditions mitochondria are positioned at the cell periphery, probably to aid in oxygen
uptake, using the elongated structure of these mitochondria to distribute ATP through the
cell. These elongated mitochondria are termed a tubular reticulum, and this is a typical
structure for mitochondria found in many different eukaryotes (Jensen et al, 2000).
Mitochondrial number also varies in a growth dependent manner (Hoffmann and Avers,
1973; Stevens, 1977). During logarithmic growth there are between one to ten elongated
mitochondria in a yeast cell, while in stationary phase, the tubular mitochondrial
reticulum fragments into many small mitochondria.

Maintenance of mitochondria and mitochondrial morphology requires an on going
process of mitochondrial fission and fusion events (Frey and Mannella, 2000; Jensen et
al., 2000; Osteryoung, 2000; van der Bliek, 2000; Griparic and van der Bliek, 2001,
Osteryoung, 2001; Shaw and Nunnari, 2002). These fission and fusion events are closely
regulated in cells by an unknown mechanism. In brief, division of the mitochondrial
outer membrane is accomplished by at least three proteins in S. cerevisiae. Dmnlp, a
dynamin related protein; Mdvlp, a WD repeat protein that binds Dmnlp and localizes to
mitochondria; and Fislp/Mvd2p, a protein that is evenly distributed on the outer surface
of mitochondria are all required for fission of mitochondria (Otsuga et al., 1998; Bleazard
et al., 1999; Mozdy et al., 2000; Tieu and Nunnari, 2000; Tieu et al., 2002). Mutations in
any of these genes block mitochondrial fission and result in cells with a network of
highly connected mitochondria. It has been suggested that Dmnlp controls the final
stage of mitochondrial division, while Fislp/Mdv2 may be required for assembly of the
mitochondrial division apparatus but is not itself part of this complex (Tieu et al., 2002).

In vivo the inner and outer mitochondrial membranes divide simultaneously, but the inner
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membrane is capable of independent division. Thus it has been suggested that the inner
membrane possesses a separate division apparatus (reviewed in Griparic and van der
Bliek, 2001). This apparatus is probably related to the bacterial division protein FtsZ.

Mitochondrial fusion requires the proteins Fzolp and Mgmlp, and mutations in
these genes lead to increased fragmentation of mitochondria and loss of mitochondrial
DNA (Hermann and Shaw, 1998; Hermann ef al., 1998; Rapaport et al., 1998a; Wong et
al., 2000; Fritz et al., 2001). Fzolp is found in an 800 kDa complex that connects the
inner and outer membranes (Rapaport ef al., 1998a). The composition of this complex is
unknown.

Mitochondria are essential organelles that cannot form de novo, but result from
division of pre-existing mitochondria (Attardi and Schatz, 1988; Catlett and Weisman,
2000; Jensen et al., 2000; Griparic and van der Bliek, 2001). As a result, the appropriate
segregation of mitochondria to daughter cells is an important process in cell division.
While it is possible that mitochondrial partitioning is a stochastic process whereby the
organelles are randomly inherited by both mother and daughter cells, it seems more likely
that mitochondrial partitioning is an ordered process. An increasing body of evidence
suggests that attachment of mitochondria to the cytoskeleton is important for the process
of mitochondrial inheritance (Catlett and Weisman, 2000). Mitochondria have been
shown to be associated with actin, microtubules, and intermediate filaments, with specific
associations dependent on cell type (Catlett and Weisman, 2000; Jensen et al., 2000). As
an example, in S. cerevisiae the actin cytoskeleton is important for mitochondrial
inheritance, while inheritance of mitochondria in Neurospora crassa is dependent on
microtubules (Drubin ef al., 1993; Hermann ef al., 1997; Prokisch et al., 2000; Fuchs et
al., 2002).

1.2 Mitochondrial protein import

Although mitochondria contain their own DNA, this only encodes a small number
of the proteins required for mitochondrial function and biogenesis (Attardi and Schatz,
1988). Over 98% of the proteins found in mitochondria are encoded in the nucleus,
translated in the cytosol and imported into mitochondria (reviewed in Pfanner and

Neupert, 1990; Bauer et al., 1999b; Koehler ef al., 1999b; Tokatlidis and Schatz, 1999;
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Voos et al., 1999; Bauer et al., 2000; Herrmann and Neupert, 2000; Bauer and Neupert,
2001; Paschen and Neupert, 2001; Pfanner and Geissler, 2001; Rehling et al., 2001,
Chacinska et al., 2002; Pfanner and Wiedemann, 2002).  There are four protein
complexes required for import, sorting and assembly of mitochondrial precursor proteins
into the four mitochondrial sub-compartments (Fig. 1). The TOM complex (Translocase
of the Outer - mitochondrial Membrane) is responsible for initial recognition and
translocation of mitochondrial preproteins across or into the mitochondrial outer
membrane. There are three translocase complexes in the mitochondrial inner membrane.
The TIM23 complex (Translocase of the Inner mitochondrial Membrane) is responsible
for import of matrix targeted precursors across the inner membrane, as well as a few
proteins of the mitochondrial inner membrane or intermembrane space that follow a
stop/transfer pathway.  The TIM22 complex is required for assembly of a subset of
proteins with internal targeting signals such as the carrier family of proteins, which
includes AAC, into the inner membrane (Fig. 1). The OXAI translocase inserts some
nuclear encoded proteins, and most, if not all, mitochondrial encoded proteins from the
matrix into the mitochondrial inner membrane (reviewed in Stuart, 2002).

The précesses involved in the import of nuclear encoded proteins into
mitochondria have been most well studied in the organisms S. cerevisiae and N. crassa.
They serve as good models for this process as they are genetically tractable and have
established methods for growth and handling. In addition, homologs of the proteins used
in these processes have been identified in mammals and are fairly well conserved
between diverse species (Iwahashi et al., 1994; Bomer et al., 1996; Komiya ef al., 1996;
Iwahashi er al., 1997; Bauer et al., 1999a,b; Jin et al., 1999; Koehler et al., 1999a; Saeki
et al., 2000; Suzuki et al., 2000; Yano et al., 2000; Hoogenraad et al., 2002)

1.2.1 Import of mitochondrial preproteins is primarily a post-translational event

Nuclear-encoded mitochondrial precursor proteins are first translated completely
in the cytosol, before being targeted to and imported into mitochondria (reviewed in
Pfanner and Neupert, 1990; Bauer et al., 1999b, 2000; Koehler et al., 1999b; Tokatlidis
and Schatz, 1999; Voos ef al., 1999; Herrmann and Neupert, 2000; Bauer and Neupert,
2001; Paschen and Neupert, 2001; Pfanner and Geissler, 2001; Rehling et al., 2001;
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Chacinska ef al., 2002; Pfanner and Wiedemann, 2002). This process is in contrast to the
targeting and translocation of proteins into the endoplasmic reticulum which are
transported across the membrane in a co-translational process (reviewed in Johnson and
Haigh, 2000). Evidence for post-translational import of mitochondrial precursors was
first described by Harmey et al. (1977) and Hallermayer et al. (1977). Harmey et al.
(1977) followed the synthesis and transport of mitochondrial proteins in a cell-free
homogenate of N. crassa. Their studies showed that the mitochondrial precursor
translation products were first released from ribosomes into the cytosol, before being
imported and assembled into mitochondria. Hallermayer et al. (1977) studied the process
of mitochondrial protein import in intact N. crassa cells. They used pulse-chase
experiments to show that mitochondrial precursor proteins accumulated in the cytosol
before these labeled proteins were detectable in mitochondria. They also determined that
cycloheximide, an inhibitor of cytosolic translation, does not affect import of
mitochondrial preproteins. Reid and Schatz (1982) reached a similar conclusion using
pulse-chase experiments in S. cerevisiae.

More recent evidence in the literature suggests that some mitochondrial precursor
proteins may be imported in a co-translational fashion. Fujiki and Verner (1991) studied
the process of co-translational import using an in vitro S. cerevisiae system, and observed
that for import of an artificial precursor protein (the N-terminus of cytochrome oxidase
subunit IV fused to mouse dihydrofolate reductase (COXIV-DHFR)), efficient import
was only observed in the presence of ribosomes, suggesting that translation and import
are coupled. In 1993, using pulse-chase assays, and protein synthesis inhibitors, Fujiki
and Verner showed that no pool of extra-mitochondrial COXIV-DHFR could be detected
in yeast and import of this precursor only occurred efficiently in the absence of
translation inhibitors (Fujiki and Verner, 1993) further supporting the co-translational
import models. Finally, Knox et al. (1998) reported that the fumarase protein in S.
cerevisiae was imported into mitochondria in a strictly co-translational process due to the
fast folding kinetics of the protein. In the absence of co-translational import, folding
would occur before fumarase had reached the TOM complex. As a result, the protein

would not be imported properly.
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1.2.2 Precursor targeting

The most well studied mitochondrial targeting sequence is the N-terminal,
cleavable presequence (reviewed in Pfanner and Neupert, 1990; Neupert, 1997; Pfanner
et al, 1997, Voos et al., 1999; Pfanner and Geissler, 2001; Chacinska et al., 2002;
Pfanner and Wiedemann, 2002). The majority of proteins targeted to mitochondria are
synthesized with a 20 to 80 N-terminal extension that is not present in the mature protein.
The presence of this presequence is necessary and sufficient for the correct recognition
and import of precursors by mitochondria (Gillespie et al., 1985; Horwich ef al., 1985;
Horwich et al., 1986). Mitochondrial presequences lack a common primary structure but
are enriched in hydroxylated and positively charged amino acids and are deficient in
negatively charged residues (von Heijne, 1986). Structural studies of these mitochondrial
presequences suggest that they form amphipathic o-helices that have one positively
charged face hydrophyllic face, and one neutrally charged hydrophobic face (von Heijne,
1986; Claros and Vincens, 1996). Formation of this a-helix seems to be important for
precursor targeting and import as the overall charge of the presequence (Hammen ef al.,
1996a; Hammen et al., 1996b). Hammen et al. (1996a,b) made point mutations in the
presequence of rat liver aldehyde dehydrogenase (ALDH) to assay the importance of
positive charges in precursor targeting. They found that the charges in ALDH could be
made neutral as long as the presequence was still capable of forming an o-helix near the
N-terminus of the protein. Only a small number of the amino acids in an N-terminal
presequence may contain mitochondrial targeting information. Deletion experiments
were also performed with alcohol dehydrogenase III (ALDIII) (Pilgrim and Young,
1987). They found that only amino acids 17-28 of the presequence were required for
targeting of ALDIII to mitochondria. Loss of the initial amino acids in the 1-17 region of
the targeting sequence only reduced the efficiency of import and processing of ALDIII.
The remainder of a presequence may be required to maintain appropriate secondary
structure. Surprisingly, a C-terminal targeting sequence was identified in the last 36
amino acids of the DNA helicase Hmilp of S. cerevisiae (Lee et al., 1999). This
presequence has similar properties to classical N-terminal targeting signals and is

imported into mitochondria in the C- to N-terminal direction.
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The remainder of mitochondrial proteins are targeted to mitochondria via internal
targeting sequences (reviewed in Pfanner and Neupert, 1990; Koehler er al., 1999b;
Tokatlidis and Schatz, 1999; Voos ef al., 1999; Herrmann and Neupert, 2000; Paschen
and Neupert, 2001; Pfanner and Geissler, 2001; Rehling et al., 2001; Chacinska et al.,
2002; Pfanner and Wiedemann, 2002). Proteins with internal targeting sequences include
members of the TOM and TIM complexes, other proteins found in the outer and inner
mitochondrial membranes, and some proteins located in the intermembrane space. Some
mitochondrial outer membrane proteins contain a short presequences-like segment near
their N-terminus followed by a membrane anchor or “stop-transfer” sequence. An
example of this type of protein 1s Tom70 (Hurt ef al, 1985; McBride et al., 1992).
Insertion of the outer membrane protein Tom22 depends on an internal segment of the
protein that resembles a classical N-terminal targeting signal (Rodriguez-Cousino et al.,
1998). Another class of outer membrane proteins carries targeting information in a C-
terminal hydrophobic region. Members of this group include the anti-apoptic protein
Bcl-2 (Mitoma and Ito, 1992; Nguyen et al., 1993; Shore et al., 1995). A final class of
outer membrane proteins are the 3-barrel proteins whose targeting information is poorly
defined and may require structural elements. Metabolite carrier class proteins of the
inner membrane contain targeting information in internal positively charged segments
called carrier sequence motifs (Smagula and Douglas, 1988; Sirrenberg et al, 1998).
Finally, an internal motif has been identified that functions to target proteins into the
intermembrane space (Diekert et al., 1999). This motif was first identified in the protein

cytochrome ¢ heme lyase.

1.2.3 Requirements for cytosolic ATP. Hsp70, and other chaperones

A requirement for cytosolic ATP was identified early in the study of
mitochondrial protein import (Eilers et al., 1987; Pfanner er al., 1987). Pfanner et al.
(1987) studied the role of ATP in the import of the ADP/ATP carrier protein (AAC), the
Fi-ATPase subunit B (Fip), the Fo-ATPase subunit 9 (Su9), and a fusion protein between
the presequence of Su9 and dihydrofolate reductase (Su9-DHFR). They found that initial
interactions of the preproteins with mitochondria and translocation of precursors into the

matrix required the presence of ATP and that the amount of ATP required for efficient

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



import was precursor dependent. In addition to the ATP requirements for import,
precursor proteins were more sensitive to treatment with exogenous proteases in the
presence of ATP. Taken together, this suggested that ATP was involved in maintaining
mitochondrial preproteins in an unfolded or “import competent” state. Eilers et al.
(1987) studied the energy requirements for mitochondrial protein import in isolated yeast
mitochondria. . They found that import of preproteins was dependent on ATP and also
reconfirmed an earlier observation that import of preproteins required membrane
potential (Gasser ef al., 1982; Schleyer and Neupert, 1982). In 1988, two groups showed
that Hsp70, a cytosolic heat shock protein, was required for import of mitochondrial
preproteins (Deshaies et al., 1988a,b; Murakami et al., 1988). Hsp70 most likely binds
mitochondrial preproteins following protein synthesis to keep the precursor proteins in an
unfolded state. Further study revealed that the requirements of ATP for import could be
bypassed if an importing preprotein was unfolded in 8M urea before import (Eilers and
Schatz, 1988; Pfanner et al., 1988, 1990; Sheffield et al., 1990; Jascur et al., 1992)). A
recent paper has suggested that in mammals, the cytosolic chaperones Hsp90 and Hsp70
dock onto a specialized TPR domain in the import receptor Tom70 at the outer
mitochondrial membrane and that this interaction is required for import of carrier class
precursors (Young et al., 2003). In yeast, it appears that only the chaperone Hsp70 is
required for delivery of carrier class precursors to Tom70.

There has been much debate over the role that additional cytosolic chaperones
play in the process of mitochondrial protein import. In one example, a protein of
unknown function was purified from rabbit reticulocytes and rat liver cells that seemed to
stimulate import of mitochondrial preproteins (Ono and Tuboi, 1988, 1990; Murakami
and Mori, 1990; Murakamt et al., 1992; Hachiya et al., 1993, 1994; Komiya et al., 1994).
This factor, named MSF (for Mitochondrial import Stimulation Factor), was found to
stimulate unfolding and import of preproteins in an ATP dependent manner. Another
potential cytosolic chaperone was identified by Cartwright et al. (1997). This factor,
named Mft52, was identified in the cytosol of yeast and was found to contain a receptor-
like “acid bristle” domain that bound positively charged presequences. Mutations in the
Mft52 gene were shown to severely inhibit protein import in vivo. In contrast to these

findings, Becker er al. (1992) isolated chemically pure mitochondrial preproteins, and
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imported these into mitochondria in an in vitro system. They found that efficient import
of their chemically pure precursor did not require recognition factors or cytosolic
chaperones. It is possible that only a subset of mitochondrial preproteins may be

dependent on cytosolic factors for efficient import.

1.2.4 An overview of the TOM complex

Initial recognition and translocation of mitochondrial precursors across the outer
mitochondrial membrane is accomplished by the TOM complex (Fig. 2) (reviewed in
Pfanner and Neupert, 1990; Koehler et al., 1999b; Tokatlidis and Schatz, 1999; Voos et
al., 1999; Herrmann and Neupert, 2000; Paschen and Neupert, 2001; Pfanner and
Geissler, 2001; Rehling er al., 2001; Chacinska et al., 2002; Pfanner and Wiedemann,
2002). This ‘complex consists of receptors that serve to recognize mitochondrial
presequences and membrane embedded components that comprise the mitochondrial
general import pore (GIP) through which preproteins traverse the mitochondrial outer
membrane. The TOM complex is also responsible for the insertion of proteins into the
mitochondrial outer membrane.

The receptors of the TOM complex are Tom70 (TOM complex component, 70
kDa), Tom22, and Tom20 (Fig. 2) (Kiebler et al., 1990; Kiinkele et al., 1998b). In S.
cerevisiae, two additional TOM complex receptors have been identified called Tom71
and Tom37 (Bomer et al., 1996; Schlossmann et al., 1996). Tom?71 is a yeast homolog of
Tom70. Recent evidence does not support a role for Tom37 in recognition of
mitochondrial preproteins (Ryan et al., 1999), but the protein has now been shown to
form part of a separate protein complex required for the assembly of PB-barrel proteins
into the mitochondrial outer membrane (Wiedemann, 2003). Tom70 and Tom71 are
receptors for proteins with internal targeting signals such as the mitochondrial metabolite
carrier proteins (Hines et al, 1990; Sollner et al, 1990; Ryan et al, 1999). The
receptors, Tom20 and Tom22 function together to deliver precursor proteins to Tom40
and the GIP (Kiebler et al., 1993b; Mayer et al., 1995b). It is interesting to note that
import of mitochondrial precursors can occur in the absence of mitochondrial surface
receptors but at low efficiency and has been termed ‘bypass-import” (Pfaller et al.,

1989). The GIP has been shown to consist of the protein Tom40, Tom22, and the small
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TOM components, Tom5, Tom6, and Tom7 (Kiinkele et al., 1998a,b; Ahting ef al., 2001)
(S. Nussberger and W. Neupert personal communication). Tom40 has been shown to be
the major component of the pore through which preproteins traverse the mitochondrial
outer membrane, while the small TOM components are thought to affect precursor
delivery to the protein import pore as well as the stability of the TOM complex (Hill et
al., 1998; Kiinkele ef al., 1998a,b).

An additional protein, termed Mom30, was once thought to be a membrane
embedded component of the TOM complex (Moczko et al., 1992; S6llner ef al., 1992;
Kiebler et al., 1993b). However, this protein is not mentioned in recent literature and it is
likely that it was erroneously considered to be a TOM complex component due to
contamination of TOM complex preparations with the highly abundant 30 kDa outer
membrane protein, porin. Two additional potential TOM components, called metaxin
and Tom34, have been identified in humans (Armstrong et al., 1997, 1999; Nuttall et al.,
1997, Hoogenraad et al., 2002). Subsequent work has shown that these proteins are not
bonafide members of the TOM complex but may be chaperones that play roles in the
import of precursor proteins in mammalian cells (Abdul et al., 2000; Mukhopadhyay et
al., 2002; Yang and Weiner, 2002).

Two different versions of the TOM complex have been identified based on
purification in the presence of different detergents (Dekker et al., 1998; Kiinkele et al.,
1998a,b; Ahting et al., 1999; Meisinger et al., 2001). The TOM holo complex can be
isolated from mitochondria by solubilization of mitochondria in the mild non-ionic
detergent digitonin. The holo complex is 550-600 kDa in size and contains the
components Tom70, Tom22, Tom20, Tom40, Tom7, Tom6, and Tom5 (Kiinkele et al.,
1998a,b) (W. Neupert and S. Nussberger, personal communication). In N. crassa, the
stoichiometry of Tom70, Tom40, Tom22, and Tom20 in the holo TOM complex was
suggested to be 1.5:8:3.1:2. The stoichiometry of Tom5, Tom6 and Tom7 in this
complex has not been determined to date.

The core complex consists of those members of the TOM complex that are
strongly associated with one another. The core complex can be isolated from
mitochondria solubilized in either dodecylmaltoside, or. tritonX-100 and results in the

dissociation of Tom20 and Tom70 from the complex (Dekker et al., 1998; Ahting ef al.,

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1999; Meisinger et al., 2001). The resulting complex is 400 kDa in size and is composed
of Tom40, Tom22, Tom7, Tom6, and Tom5. The stochiometry of Tom40, Tom22, Tom7
and Tomé6 in the core complex was determined to be 8:4:2:2, respectively. Both the
TOM core and TOM holo complexes have been shown to recognize and bind
mitochondrial preproteins in the absence of chaperones and lipids (Stan et al., 2000). In
addition, it was shown that preproteins could be transferred to the GIP of these
complexes because bound precursors were protected from processing by added matrix
processing peptidase (MPP). The TOM complex pore measures 20 to 26 A in diameter
by both electron microscopic analysis and size exculsion studies and is cation-selective
and voltage gated (Hill ef al., 1998; Kiinkele ef al., 1998b; Kiinkele et al., 1998a; Ahting
et al., 1999; Schwartz and Matouschek, 1999; Ahting et al., 2001). When viewed by EM
tomography, pﬁriﬁed core TOM complex has been shown to contain two pores, while
holo TOM complex preparations contain both two pore and three pore forms (Kiinkele er
al., 1998a; Ahting et al., 1999). It was shown later that mitochondria lacking the protein
Tom20 had TOM complexes that contained only two pores (Model et al., 2002). This
suggests that the random loss of Tom20 during purification of the holo complex probably
gives rise to a mixed population of two and three pore structures.

Initial recognition and binding of precursor proteins to the TOM complex is
thought to occur at the cytosolic face of the mitochondrial outer membrane at the cis
protein-binding site (Fig. 2) (Mayer et al., 1995b). Mayer et al. (1995a), using purified
outer membrane vesicles (OMVs), showed precursor binding is dependent on receptors
facing the cytosol because precursor binding is abolished if OMVs are pretreated with
proteases. In addition to this finding, cis site binding requires the presence of both
Tom?20 and Tom?22, as precursor binding was abolished if either Tom20 or Tom22 were
inactivated. It was also determined that precursor binding was reversible, and that
binding was highly sensitive to addition of salt, suggesting that initial recognition of
mitochondrial preproteins may involve electrostatic interactions. A second precursor-
binding site was identified on the intermembrane space face of the outer membrane and
was termed the tramns site (Mayer et al., 1995c). This study, again using OMVs,
demonstrated that presequences, but not the mature regions of preproteins, were capable

of being translocated across the outer membrane in the absence of Ay or the TIM
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complexes, and that translocation and binding of presequences to the frans site stimulated
unfolding of mitochondrial preproteins. In addition, precursors arrested at the frans site
were stably bound to the TOM complex even after the addition of salt, suggesting that
hydrophobic interactions between the mitochondrial presequence and the frans site may
be important for recognition and binding at this stage of import (Rapaport et al., 1998c¢).
Tom40 was identified as a possible component of both the cis and frans binding sites, as
preproteins arrested at these sites could be chemically cross-linked to Tom40 in vitro

(Rapaport et al., 1997).

1.2.4.1 The Tom?20 receptor

Tom20 was the first mitochondrial import receptor identified and has a large C-
terminal domain exposed to the cytosol (reviewed in Pfanner and Neupert, 1990; Koehler
et al., 1999b; Tokatlidis and Schatz, 1999; Voos et al., 1999; Herrmann and Neupert,
2000; Paschen and Neupert, 2001; Pfanner and Geissler, 2001; Rehling et al., 2001;
Chacinska et al., 2002; Pfanner and Wiedemann, 2002). Tom20 was identified in N.
crassa as being important for import of mitochondrial preproteins, as Fab fragments
against this protein were shown to inhibit the import of precursor proteins containing
classical N-terminal targeting sequences as well as porin (So6llner et al., 1990). Tom20
was also found to be specifically enriched in mitochondrial contact sites. The yeast
homolog of Tom20 was identified later and was found not to be essential for viability of
yeast but was required for growth on non-fermentable carbon sources (Ramage et al.,
1993). Inactivation of Tom20 in N. crassa resulted in strains which exhibited extremely
slow growth (Harkness ef al., 1994b). Both Yeast and N. crassa mitochondria lacking
Tom20 have a decreased ability to import precursor proteins with classical N-terminal
targeting sequences, while import of AAC or the phosphate carrier protein (PiC), which
contain internal targeting sequences, were only moderately affected (Ramage et al., 1993;
Harkness et al., 1994b). Analysis of Tom20 N. crassa mutants showed that mitochondria
lacking Tom20 had few cristae and were deficient in cytochromes and protein synthesis
activity (Harkness ef al., 1994b). Tom20 has been shown to contain a TPR motif that may
be important for preprotein interactions and for association of Tom20 with other

members of the TOM complex (Blatch and Lassle, 1999).
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Initial characterization of important domains of Tom20 was done using the rat (r)
Tom?20 protein (Iwahashi ef al., 1997). This study used a series of rTom20 truncation
constructs to rescue the ability of a yeast (y) Tom20 mutant to grow on non-fermentable
carbon sources. It was shown that rescue of the yeast mutant occurred only if the
construct contained the Tom20 predicted membrane-spanning domain, while the TPR
motifs and acidic regions of Tom20 were shown not to be essential for the function of the
protein. Brix et al. (1997) expressed and purified cytosolic domains of the TOM
complex receptors for use these in in vitro binding assays. yTom20 was found to bind
precursors containing both N-terminal and internal targeting sequences. Precursor
binding was enhanced by the addition of salt, and competed for by the addition of
chemically synthesized presequence fragments. However, a different study showed that
1Tom20 required cytosolic Hsp70 and ATP to bind precursor proteins, and that binding
was inhibited by the addition of salt (Komiya et al, 1997). In addition, this group
suggested that precursors initially bind rTom70/MSF before being passed to rTom?20.

More detailed studies of the rTom20 structure revealed that the membrane-
spanning domain of the protein encompassed amino acids 5 through 25, while the
cytosolic region of the protein was divided into three distinct regions (Schleiff and
Turnbull, 1998a,b). A region encompassing amino acids 30 through 50 was identified
that existed in a loosely folded confirmation and was hypothesized to be involved in
binding to the mitochondrial outer membrane. A second region was identified as being
important for binding a-helical targeting sequences and encompassed amino acids 60
through 90 of Tom20. The third cytosolic region encompassed amino acids 90 through
145. This region was suggested to exist in a tightly folded globular structure and thought
to be important for binding internal targeting sequences. Brix et al. (1999) studied the
ability of the chemically purified cytosolic domain of Tom20 to bind to cellulose bound
peptide fragments of cytochrome ¢ oxidase subunit IV (COXIV), which contains an N-
terminal targeting sequence or to PiC. Tom20 was found to preferentially bind the
presequence of COXIV, and to bind multiple segments in PiC excluding the N-terminal
region of the protein.

The NMR structure of a rA50Tom20 in complex with the presequence of ALDH

was solved (Abe et al., 2000). It was found that the cytosolic domain of Tom20 forms an
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o-helical groove to accommodate presequences and precursor binding involves
interactions with the hydrophobic face of the presequences and leucine residues in the
presequence binding groove of Tom20. Interestingly, some of the residues within the
hydrophobic pocket were found to reside within the TPR repeat and were well conserved
between species. In an attempt to identify the segments of presequences involved in
Tom?20 binding Muto et al. (2001) monitored the chemical shift perturbations of NMR
signals of five labeled presequences by addition of the cytosolic domain of rat or yeast
Tom20. All of the matrix targeting signals were found to be unstructured in aqueous
solution and Tom20 caused perturbations of only a subset of backbone amides suggesting
that Tom20 only binds to small segments of presequences.

Tom20 homologs have been found in many species of fungi, mammals and plants
(McBride et al., 1996; Iwahashi ef al., 1997; Terada et al., 1997; Jansch et al., 1998;
Macasev et al., 2000; Werhahn ef al., 2001). For the most part, all of the animal and
fungal Tom20 proteins are similar, and for mammalian and yeast Tom20, it has been
shown the proteins can be functionally interchanged (McBride ef al., 1996; Iwahashi er
al., 1997; Kanaji et al., 2000; Muto et al., 2001). In humans, there is a family of
processed Tom20 pseudogenes that have been studied in some detail and are thought to
have arisen from retrotransposition events (Hernandez et al., 1998, 1999a,b, 2000). The
Tom20 genes found in plants are very different than the ones identified in other species
(Jansch et al., 1998; Macasev et al., 2000; Werhahn et al., 2001). For example, Tom20
from potato exhibited a reverse membrane topology from that of previously identified
Tom?20s and is slightly more acidic in nature. Purification of the TOM complex from
Arabidopsis revealed four forms of Tom20 (Werhahn et al., 2001). All of these Tom20s
had large cytosolic hydrophilic domains and were highly conserved in the N- and C-
termini of the proteins. It is thought that modification of Tom20 in plants may serve to
increase specificity of the TOM complex for mitochondrial preproteins and prevent
uptake of chloroplast proteins, most of which are encoded in the nucleus and must be

imported and assembled into the correct organelle (Soll, 2002).

1.2.4.2 The Tom?2?2 receptor
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Tom?22 is a highly negatively charged outer membrane protein which exposes
domains to both the cytosol and the intermembrane space (Kiebler ef al., 1993a). It was
first identified as a protein that interacted with Tom20 and Tom70 and required the
presence of surface receptors for insertion into the outer membrane (Kiebler et al., 1990;
Keil and Pfanner, 1993). Antibodies raised against Tom22 blocked import of precursors
with N-terminal targeting signals or internal targeting signals (Kiebler er al., 1993a;
Lithgow et al., 1994). Tom?22 deficient mitochondria were unable to import preproteins
destined for most mitochondrial subcompartments except the outer mitochondrial
membrane (Nargang ef al., 1995). Initially, Tom22 was thought to be essential for the
viability of both yeast and N. crassa, but more recent characterization showed that while
Tom22 may be required for yeast ascospore germination, a vegetatively growing strain
containing a Tom22 disruption could be cured of a plasmid containing Tom22 (Lithgow
et al., 1994; Nargang et al., 1995; van Wilpe et al., 1999). The resulting yeast strain
grew extremely slowly and contained TOM complexes with altered structures (see
below). On the other hand, N. crassa nuclei lacking a functional copy of tom22
maintained in a sheltered heterokaryon cannot give rise to viable homokaryotic strains
(Nargang ef al., 1995). Taken together, these data suggest that Tom22 plays an important
role in preprotein recognition, translocation and TOM complex organization.

The domains of Tom22 required for viability and efficient import of
mitochondrial precursor proteins has been assessed by construction of a variety of mutant
versions of the protein. Nakai ef al. (1995) and Court et al. (1996) showed that Tom22
constructs lacking the intermembrane space domain of Tom22 were capable of rescuing
both yeast and N. crassa Tom22 mutants but that a deletion that included the predicted
membrane-spanning domain of Tom22 failed to rescue the yeast Tom22 mutant. Import
of mitochondrial outer membrane and intermembrane space precursor proteins were not
affected by deletions of the intermembrane space domain, while import of some inner
membrane and matrix proteins showed slight import defects (Court et al., 1996). It was
suggested that the import defects observed were the result of inefficient transfer of
precursor proteins to the TIM complexes as trans site binding was unaffected in the

mutants (Moczko et al., 1997).
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Brix et al (1997) showed that the purified cytosolic domain of Tom22
preferentially bound precursors carrying N-terminal targeting sequences. This binding
was inhibited by salt and could be competed for by the addition of excess presequence.
Nargang et al. (1998) assessed the role of negative charges in cytosolic domain of
Tom?22, and found that a series of mutants lacking 2 to 15 of the 19 total negative charges
in the cytosolic domain was still able to rescue a N. crassa Tom22 mutant strain. In
addition, it was found that isolated mitochondria from these strains import preproteins as
efficiently as wild type mitochondria. Deletion constructs of the cytosolic domain were
also constructed and it was found that deletions lacking part, but not all, of the negatively
charged region were capable of rescuing the Tom22 mutants. Brix ef al. (1999) studied
the binding ability of chemically purified cytosolic domains of Tom22 to cellulose bound
peptide scans of COXIV and the PiC and found that Tom22 bound the C-terminus of the
COXIV presequence and the N-terminus of the mature protein but showed no binding to
the PiC. Finally, Tom22 has been implicated in organization of the TOM complex as
cells lacking Tom22 have no authentic TOM complexes, but only contain smaller 100
kDa complexes which probably correlate to dimers of Tom40 associated with the small
Tom proteins (van Wilpe et al., 1999; Model et al., 2002).

Homologs of Tom22 have been identified in humans, rats, and Drosophila, and
all proteins are fairly well conserved, showing similar topology and composition to
fungal Tom22 (Saeki et al., 2000; Vaskova et al., 2000; Yano et al., 2000). As in the
case with Tom20, plant homologs of Tom22 are quite different from their fungal and
animal counterparts (Jansch et al., 1998; Macasev ef al., 2000; Werhahn et al., 2001).
The plant forms of Tom?22 are smaller than fungal versions, ranging in size from 9.2 kDa
to 11.1 kDa, and they lack the acidic regions characteristic of the fungal and metazoan
receptors. As with Tom?20, it has been suggested that the differences found in this
receptor represent a modification of Tom22 to avoid recognition and import of
chloroplast precursor proteins, which also possess N-terminal targeting sequences (Soll,

2002).

1.2.4.3 The Tom70 receptor
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Tom?70 is a mitochondrial outer membrane protein with a large cytosolic domain,
and has been found to contain seven TPR-like motifs (Sollner ef al., 1990). Tom70 was
identified when antibodies to the protein were found to inhibit import of mitochondrial
precursor proteins with internal targeting signals. The receptor is not essential in either
yeast or N. crassa (Steger et al., 1990; Grad ef al., 1999). An additional homolog of
Tom70 was found in S. cerevisiae and was shown to associate with the TOM complex
(Schlossmann et al., 1996). This protein, named Tom71, is not essential, though deletion
of the gene affects growth of yeast cells at high temperatures on non-fermentable carbon
sources. Deletion of the genes for both Tom70 and Tom71 does not exacerbate the
growth phenotypes seen. The function of Tom70 was also assessed in N. crassa (Grad et
al., 1999). Strains lacking Tom70 showed only mild slow growth phenotypes, and
isolated mitochondria from these strains showed defects in import of carrier class
proteins. Surprisingly, cells lacking Tom70 contain enlarged mitochondria raising the
possibility that Tom70 may play a role in regulation or maintenance of mitochondrial
morphology or is needed for import of proteins that are involved in mitochondrial
morphology.

Brix et al. (1997) used the purified cytosolic domain of Tom70 and determined
that the protein binds presequences with internal targeting sequences. The binding is not
inhibited by addition of excess N-terminal targeting signals or salt, and does not require
additional cytosolic chaperones. In contrast to this, Komiya et al. (1997) found that the
cytosolic domain of Tom70 only bound precursors in the presence of MSF. To determine
the regions in precursor proteins important for binding to Tom70, the ability of the
Tom70 cytosoiic domain to bind peptides of COXIV and PiC was assessed in peptide
scans (Brix et al., 1999). Tom70 showed no binding to COXIV, a precursor protein
containing an N-terminal targeting sequence, but bound to multiple regions of PiC. A
stably folded 25 kDa core domain was identified in the middle of Tom70 which
encompassed two of the seven TPR motifs found in the protein. This core domain bound

preproteins in a manner that was indistinguishable from the full-length receptor.

1.2.4.4 Interactions and overlapping functions of the receptors
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Various lines of evidence support the idea that Tom20 may have functional or
physical interactions with the other TOM receptors. Deletions of Tom20 in S. cerevisiae
were shown to be synthetically lethal when they occurred in conjunction with a Tom70
deletion (Ramage ef al., 1993). In addition, the loss of respiration seen in Tom20
mutants could be compensated for by overexpression of Tom70, suggesting that Tom20
and Tom70 may function together to import preproteins or that Tom20 and Tom70 have
partially overlapping roles in protein import. Haucke et al. (1996) showed that Tom?20
could be co-immunoprecipitated with or cross-linked to Tom70, and this association was
dependent on a TPR motif found in Tom20. Mutations in the TPR motif of Tom20 were
also shown to abrogate import of proteins recognized by Tom70. Tom20 was also shown
to be involved in either the assembly or stability of Tom22 in the outer membrane as
mitochondria deficient in Tom20 also showed decreased levels of Tom22 (Harkness et
al., 1994b). Tom20 and Tom?22 could also be crosslinked to one another, indicating a
direct physical interaction between these receptors (Mayer ef al., 1995b). Finally, TOM
complexes devoid of Tom22 lack both the Tom20 and Tom70 receptors (van Wilpe et al.,
1999).

1.2.4.5 The small Tom proteins

The three small components of the TOM complex, Tom5, Tom6 and Tom?7 have
been most well studied in yeast. None of these proteins are essential for viability, but
TomS5 deficient strains have been shown to have growth defects at 30°C on all carbon
sources, with a three-fold reduction in growth seen on non-fermentable carbon sources
(Kassenbrock et al., 1993; Honlinger et al., 1996; Dietmeier et al., 1997). Tom6 and
Tom?7 are proposed to have opposite roles in the function of the TOM complex (Alconada
et al., 1995; Honlinger et al., 1996; Dekker et al., 1998). Tom6 is thought to promote
associations of the TOM complex receptors with Tom40, while Tom7 is thought to
destabilize these interactions. TomS5 is thought to play a role in the transfer of preproteins
from the TOM receptors to Tom40 and the GIP (Dietmeier et al., 1997). These small
components have also been found associated with the TOM complex in N. crassa, and

Tom6 and Tom7 have been cross-linked to Tom40 (Kiinkele et al., 1998a,b; Ahting et
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al., 1999; Dembowski er al, 2001) (W. Neupert and S. Nussberger, personal

communication).

1.2.4.6 Tom40

Tom40 is an essential gene in both S. cerevisiae and N. crassa (Baker et al., 1990;
Taylor et al., 2003; this thesis). Tom40 was first identified as a protein that could be
cross-linked to mitochondrial precursors as they traversed the mitochondrial outer
membrane (Vestweber ef al., 1989; Kiebler et al., 1990). Purified holo and core TOM
complexes have structural and electrophysiological properties similar to TOM complexes
from which all components but Tom40 have been removed, or to purified and
reconstituted Tom40 dimers (Hill et al., 1998b; Kiinkele et al., 1998a,b; Ahting et al.,
1999). Mitochondrial preproteins arrested at the cis protein-binding site on the outer
surface of the mitochondrial outer membrane could be cross-linked to Tom40, as well as
to other TOM complex components, while preproteins arrested at the trans site were only
cross-linked to Tom40 (Rapaport ef al., 1997, 1998c). In the TOM complex, Tom40
primarily exists as dimers (Dekker et al., 1998; Hill et al., 1998; Rapaport et al., 1998c;
Ahting et al., 1999; Model et al., 2001). Cross-linking studies showed that Tom40
dimers dissociate upon binding of mitochondrial precursor proteins and this dissociation
is enhanced when preproteins bind at the frans site (Rapaport et al., 1998c). Based on
protease accessibility studies in whole mitochondria and mitoplasts, both the C- and N-
termini of Tom40 appear to be located within the intermembrane space of N. crassa
(Kiinkele et al.,, 1998b). However, in S. cerevisiae, the N-terminus is susceptible to
cleavage by trypsin (Hill et al., 1998). Computer predictions suggest only one a-helical
membrane-spanning domain in both N. crassa and yeast Tom40 (Kiebler et al. 1990) and
favor the notion that the protein exists as a f-barrel, similar to bacterial outer membrane
porins (Court ef al., 1995; Mannella et al., 1996). These predictions suggest that Tom40
spans the outer membrane in a series of fourteen antiparallel B-sheets and is in agreement
with CD spectral data obtained using bacterially expressed and refolded Tom40 (Hill er
al., 1998). In contrast, spectral analysis of Tom40 purified directly from mitochondria
revealed less B-sheet content and predicted that Tom40 spans the membrane in as few as

eight to ten strands (Ahting ef al., 2001).
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1.2.4.7 Assembly of Tom40 into the TOM complex

The integration and assembly of Tom40 into the TOM complex is dependent on
the presence of functional TOM complexes and requires that the protein exist in a
partially folded state (Rapaport and Neupert, 1999). Tom40 assembly is thought to occur
via a series of intermediates (Fig. 3) (Rapaport and Neupert, 1999; Model et al., 2001).
Tom40 first binds the mitochondrial surface receptors as a monomer. This monomer is
then assembled into an intermediate of 250 kDa containing Tom37 (renamed Mas37 for
mitochondrial assembly), Tom5, and other unknown proteins (Wiedemann, 2003). The
Tom40 precursor in this complex has been shown to be partially inserted into the
mitochondrial outer membrane (Model et al., 2001; Taylor et al., 2003). Full integration
of Tom40 into the membrane seems to occur as the precursor protein progresses to a 100
kDa intermediate since Tom40 in this intermediate is resistant to carbonate extraction.
The 100 kDa form most likely contains a dimer of Tom40, consisting of a newly
imported Tom40 molecule in association with a pre-existing molecule of Tom40 as well
as Tom5 and Tom6. The intermediate undergoes further assembly and becomes
associated with other TOM components to give rise to the fully assembled TOM complex
of 400 kDa. Conserved residues in the N-terminus of Tom40 are required for assembly
and stability of Tom40 within the TOM complex, but do not seem to be required for
targeting of Tom40 to the mitochondrial outer membrane (Rapaport et al., 2001; Taylor
et al., 2003; this thesis).

Integration of Tom40, and other TOM complex subunits, into the membrane
suggests questions specific for the precursors of these proteins. Do these subunits
integrate into the bilayer and associate with a pool of assembly intermediates to form a
new complex? Alternatively, newly imported subunits may assemble into the TOM
complex that is importing them. In this case, to maintain a constant stoichiometry pre-
existing subunits would be displaced. These displaced subunits may then form a pool of
unassembled subunits in the bilayer. It has been shown that subunits can exchange
between existing complexes or at least reform from existing subcomplexes (Rapaport et

al.,2001). As aresult, it seems likely that there is a constant flux of subunits into and out
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of assembled complexes. Since intermediates have not been detected in isolated

mitochondria, pools of unassembled subunits must be small.

1.2.5 The translocases of the inner mitochondrial membrane

Following translocation of the initial portion of precursors destined for the matrix
or mitochondrial inner membrane through the mitochondrial outer membrane, precursors
are bound at the TOM complex trans protein-binding site. Preproteins bound at this site
have been shown to interact with one of two translocase complexes in the inner
mitochondrial membrane (Fig. 1) (reviewed in Neupert, 1997; Pfanner et al., 1997,
Rassow et al., 1999; Pfanner and Wiedemann, 2002). Further translocation steps require
a potential across the inner membrane (Gasser et al., 1982; Schleyer and Neupert, 1982;
Eilers et al., 1987, Sirrenberg et al., 1996; Endres et al., 1999). Membrane potential is
required for dimerization of TIM23 complex and function of both the TIM23 and TIM22
complexes (Bauer et al., 1996). Membrane potential may also be required to “drive” the
positively charged presequence across the intermembrane space and through the inner
membrane (Martin et al., 1991). Transfer of preproteins from the TOM complex to the
TIM complexes is thought to occur at contact sites between the inner and outer
membrane (Schleyer and Neupert, 1985; Rassow et al., 1989; Donzeau ef al., 2000). It
has been hypothesized that the process of protein translocation and protein transfer to the
TIM complexes may stimulate formation of these sites. While, in vivo, the TIM
complexes interact with preproteins that have been translocated across the outer
membrane via the TOM complex, it has been shown in vitro that these complexes can
function indepéndently of the TOM complex (Hwang and Schatz, 1989, Hwang et al,,
1991; Segui-Real ef al., 1993; Paschen et al., 2000).

1.2.5.1 Components of the TIM23 complex

Matrix destined precursors with N-terminal targeting sequences are imported into
the matrix, the intermembrane space, or the inner membrane via the TIM23 complex
(Fig. 1) (reviewed in Neupert, 1997; Pfanner et al., 1997; Rassow et al., 1999; Pfanner
and Wiedemann, 2002). The TIM23 complex contains four known proteins, Timl7,
Tim23, Tim44 and Tim50. |
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Tim23 was first identified in genetic screens designed to reveal defects in
mitochondrial protein import (Dekker et al., 1993; Emtage and Jensen, 1993). Tim23 is
essential for viability of yeast at all temperatures and on all carbon sources. Further,
characterization of Tim23 demonstrated that it could be cross-linked to precursors in
transit thereby supporting its role in protein import (Ryan and Jensen, 1993; Kiibrich et
al., 1994; Berthold et al, 1995). Following identification of Tim23, a second
mitochondrial protein essential for the import of precursors was identified and named
Tim17 (Dekker et al., 1993; Maarse ef al., 1994). Tim23 and Tim17 are predicted to
span the inner membrane four times, with their carboxy and N-termini localized to the
intermembrane space (Sirrenberg et al., 1996). Tim23 and Tim17 are conserved, and
homologs of these proteins have been found in a number of different species (reviewed in
(Bomer et al., 1996; Rassow ef al., 1999)). Although Tim17 and Tim23 are themselves
homologous, they cannot be substituted for one another, suggesting that both proteins
have unique roles in protein import (Maarse ef al., 1994; Ryan et al., 1994; Blom et al.,
1995).

The most noticeable difference between the Tim17 and Tim23 proteins lies at
their N-termini (Bauer et al., 1996). S. cerevisiae Tim23 possesses a 100 amino acid
hydrophilic N-terminal domain that extends into the intermembrane space, which is
absent in Tim17. The region of Tim23 encompassing amino acids 61-83 is thought to
encode a leucine zipper motif that is required for dimerization of the protein.
Dimerization requires the presence of membrane potential, and Tim23 dimers are
disrupted in the presence of mitochondrial presequences (Sirrenberg et al., 1996). It has
been suggested that the region encompassing amino acids 1-60 span mitochondrial
intermembrane space and the mitochondrial outer membrane, exposing a few amino acids
to the cytosol which are sensitive to the addition of exogenous protease (Donzeau et al.,
2000). This unique topology may keep the TIM23 complex close to/or associated with
morphological contact sites. On the other hand, unusually high protease concentrations
were necessary to see the clipping, and it should be noted that no similar mitochondrial
outer membrane-spanning domain has been identified in the Arabidopsis (Murcha et al.,
2003) or N. crassa version of Tim23 (S. Hoppins and F. Nargang, personal

communication).
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Tim23 and Tim17 exist in equimolar amounts in a stable 90 kDa complex in the
inner mitochondrial membrane (Dekker et al., 1997; Moro et al., 1999). This complex is
termed the core TIM17/23 complex. Some data suggests that Tim23 and Tim17 form the
pore through which preproteins traverse the mitochondrial inner membrane, while other
data support a role for only Tim23 in pore formation. This channel has been termed
MCC, for the Mitochondrial inner membrane Conductance Channel. Data suggesting
that Tim17 and Tim23 together form the MCC include the evidence that both proteins
have been shown to contact precursors in transit (Ryan and Jensen, 1993; Kiibrich ef al.,
1994). Depletion of either of these proteins reduces the number of inner membrane
MCCs (Milisav et al., 2001). Using reconstituted proteoliposomes, it was shown that
Tim17 and Tim23 were able to insert AAC and Tim23 into liposome membranes in the
presence of membrane potential (Haucke and Schatz, 1997). Surprisingly, this process
did not require the addition of Tim44 or mitochondrial Hsp70 (see below). However, the
role of Timl7 in MCC formation has recently been called into question because
antibodies targeted against Tim23 alone are capable of blocking MCC conductance and
MCC has shown to be affected in Tim23 mutants (Lohret er al, 1997). Finally,
chemically pure Tim23 reconstituted into liposomes has been shown to form a voltage-
sensitive cation-selective channel with conductance characteristics similar to that of the
authentic MCC (Truscott ef al., 2001). The MCC described in this study was estimated
to be 13 to 24 A in diameter, which is in agreement with previous data obtained using
sized steric bulk probes attached to precursor proteins to assess the pore size of the core
TIM23 complex (Schwartz and Matouschek, 1999).

Tim44 was identified when it was shown that mitochondria lacking the protein
failed to import preproteins (Maarse ef al., 1992; Blom ef al., 1993, 1995). Most
evidence suggests that Tim44 is a peripheral membrane protein, it is not abundant in the
mitochondrial matrix, and has been shown to interact with both TIM23 complex, and
mitochondrial Hsp70 (Berthold et al., 1995; Blom et al., 1995). Tim44 is thought to
bind the TIM23 complex on the matrix side of the inner membrane where it acts to recruit
mitochondrial Hsp70 to the translocation channel (reviewed in Neupert, 1997; Pfanner et
al., 1997; Rassow et al., 1999; Pfanner and Wiedemann, 2002). It is thought that

repeated rounds of mitochondrial Hsp70 binding to a preprotein in transit provides
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directionality to the import process and that this binding prevents preproteins from
moving backwards across the membranes (Gambill et al., 1993; Voos et al., 1993, 1994,
Westermann et al.,, 1995). There are several lines of evidence that support the
importance of these proteins for import of mitochondrial proteins. First, precursors
arrested in transit were shown to be bound to mitochondrial Hsp70 (Scherer et al., 1990).
Second, it was shown that mitochondrial Hsp70 was required for import of preproteins
using temperature-sensitive mitochondrial Hsp70 mutants (Gambill er al, 1993).
Corroborating evidence for the importance of these proteins came from genetic screens
aimed to identify proteins important for translocation of mitochondrial preproteins
(Kiibrich et al., 1994). These screens identified Tim44 and mitochondrial Hsp70, in
addition to the known mitochondrial import components Tim23 and Timl17. Finally,
mutations were made in Tim44 that weaken the interaction between mitochondrial Hsp70
and Tim44, and these Tim44 mutants were not able to rescue a S. cerevisiae strain
lacking wild type TIM44 (Merlin et al., 1997). Some evidence also suggests, at least in
vitro, that the requirement for Tim44 and mitochondrial Hsp70 may vary depending on
the type of preprotein being translocated. As described above, Haucke and Schatz
(1997) suggested that the association of Tim44 and mitochondrial Hsp70 with the TIM23
complex was hot important for the insertion of proteins into the mitochondrial inner
membrane. In addition, it was found that mitochondria containing mutants of Tim44
were still able to import precursor proteins in vitro, but at a reduced rate compared to
wild type controls (Bémer et al., 1998). The efficiency of import of the preproteins
tested was dependent on the folding state of the protein in question. More loosely folded
preproteins did not require functional Tim44, while tightly folded proteins were more
sensitive to loss of Tim44 activity.

An additional component of the TIM23 complex has recently been identified
based on site-specific photocrosslinking and mass spectrometry of a ~50-56 kDa band
from purified TIM complex preparations (Geissler et al., 2002; Yamamoto et al., 2002;
Mokranjac et al., 2003). This protein, termed Tim50, is highly abundant, and is a
mitochondrial inner membrane protein with one predicted membrane-spanning domain.
Tim50 may play a role in guiding preproteins with matrix targeting signals to the TIM23

complex (Geissler et al., 2002). In addition, translocation intermediates arrested at the
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TOM complex can be crosslinked to Tim50, suggesting that this protein may play a role
in linking the outer and inner mitochondrial membranes (Yamamoto ez al., 2002).

It is interesting to note that both Timl7 and Tim23 have been co-
immunoprecipitated with other proteins of unknown identity and function (Berthold et
al., 1995). As aresult, it is likely that additional components of the TIM23 complex will
be identified.

1.2.5.2 The role of mtHsp70 in mitochondrial protein import

Two theories for the mode of action of mitochondrial Hsp70 have been proposed
(Matouschek et al., 1997; Gaume ef al., 1998; Craig et al., 1999; Moro et al., 1999, 2002;
Bauer et al., 2000; Matouschek et al., 2000; Geissler et al., 2001; Neupert and Brunner,
2002; Okamoto et al., 2002). The first model is based on a mechanism whereby the
random motion of a translocating preprotein moves a precursor protein across the
mitochondrial membranes where it is bound in the matrix space by mitochondrial Hsp70.
In this “Brownian ratchet” model, mitochondrial Hsp70 becomes the arresting, or
directton conferring, component of the translocation system, as once mitochondrial
Hsp70 is bound to a translocating precursor, the protein can no longer move back through
the translocation channels. Successive Brownian movements of the precursor may then
expose more of the protein to the mitochondrial matrix, allowing for a second molecule
of mitochondrial Hsp70 to bind. This cycle is repeated until the entire preprotein is
translocated into the matrix. Forward movement of translocating preproteins is thought
to be associated with spontaneous unfolding or “breathing” of the domains of the
precursor still located outside of the mitochondrion. In the second model of
mitochondrial Hsp70 action, it is proposed that a conformation change in mitochondrial
Hsp70, associated with hydrolysis of ATP, pulls a translocating precursor across the
membrane. Again, successive binding of mitochondrial Hsp70 would be required for
complete translocation of a precursor across the mitochondrial membranes. In this
model, the force generated through pulling the precursor across the membrane also aids
in unfolding of the domains of the precursor remaining outside of the mitochondrion.

Evidence to support the Brownian ratchet model for the action of mitochondrial

Hsp70 comes from a variety of sources and from more than one organelle and
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translocation system. In mitochondria, it has been observed that preproteins are capable
of spontaneous movement within the channels of both the TOM and TIM complexes
(Mayer et al, 1995c). Retrograde movement of precursor proteins has also been
observed in mitochondria depleted of matrix ATP (Schneider et al., 1994; Ungermann et
al., 1994; Gaume et al, 1998). Import of membrane proteins that follow the “stop-
transfer” pathway, which results in insertion of proteins into the inner membrane via the
TIM23 complex, do not require matrix ATP or functional mitochondrial Hsp70 for
insertion (Rojo et al, 1998). Finally, Okamoto et al (2002) used two different
experimental approaches study the role of Hsp70 in import of matrix proteins. First,
preproteins containing stretches of glutamate or glycine repeats in front of folded
domains were imported into mitochondria. These proteins were successfully imported
into mitochondria despite the fact that Hsp70 cannot bind repeated glutamate or glycine
tracts. The second approach used was to import preproteins containing folded
immunoglobulin-like domains. The force needed to unfold these immunoglobin-like
domains was estimated to be ~200 pN, while the force generated by the pulling action of
Hsp70 was estimated to be ~5 pN. Although these domains were tightly folded, the
preproteins were successfully imported into mitochondria. These data taken together
suggest that Hép70 acts like a ratchet to import mitochondrial preproteins.

Studies using components of the translocation machinery from the endoplasmic
reticulum also show evidence that this Brownian ratchet is sufficient to drive import into
the lumen of this organelle (Matlack et al., 1999; Liebermeister ef al., 2001). Matlack ef
al. (1999) showed that antibodies against the secretory protein prepro-a. factor, enclosed
in proteoliposomes in which the SEC import machinery was incorporated, were capable
of translocating this precursor to a protease resistant location, indicative of bonafide
translocation. As antibody binding to a preprotein should confer no conformational
change to the antibody or the target protein, the most reasonable conclusion that can be
drawn is that a Brownian ratchet is sufficient to achieve translocation.

Most precursor proteins are translocated across the mitochondrial membranes in
an unfolded state, although the size of the GIP suggests that it may be able to tolerate two
a-helices at one time (Hill er al, 1998; Kinkele et al, 1998ab; Schwartz and

Matouschek, 1999). A commonly used argument in favor of the force-generating model
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is that the rate of spontaneous unfolding of mitochondrial precursor proteins is not
sufficient to explain the rate of import seen (Matouschek et al., 2000; Geissler et al.,
2001; Lim et al., 2001). Thus, some mechanism must exist to force unfolding of
precursor proteins. It has been demonstrated that import and unfolding of preproteins by
mitochondria can be significantly faster than their rate of spontaneous unfolding in
solution (Matouschek et al., 1997). In addition, Huang et al. (1999) have shown that
mitochondria can change the rate of spontaneous unfolding of the ribonuclease barnase.
The sequence of unfolding also changes in the presence of mitochondria unfolding of
barnase occurred through the N-terminus of the protein in the presence of mitochondria
while spontaneous unfolding in solution occured through unfolding of the middle section
of the protein. These observations argue for a direct role for mitochondria in unfolding of
precursor proteins but do not rule out the possibility that simple association of precursor
proteins with the TOM complex is sufficient to catalyze this process. The force
generating motor model also assumes that mitochondrial Hsp70 exerts a pulling force on
presequences, and thus acts as a driving force in the process of import that would
otherwise be absent in the Brownian motion model. The fact that import requires ATP in
the matrix as well as mitochondrial Hsp70 are taken as support for the idea that
mitochondrial Hsp70 takes a direct role in import and unfolding of preproteins (Gambill
et al., 1993; Wachter et al., 1994). Finally, it has been shown that mitochondrial Hsp70
contributes directly to protein unfolding as mutations in mitochondrial Hsp70 have severe
effects on the import of folded precursor proteins, but not of unfolded precursors (Kang

etal., 1990; Voisine ef al., 1999).

1.2.5.3 The TIM22 complex
The second translocase complex in the inner membrane is the TIM22 complex

(Fig. 1) (reviewed in Rassow et al., 1999; Tokatlidis and Schatz, 1999; Pfanner and

Wiedemann, 2002). This complex is responsible for insertion of proteins with internal
targeting sequences into the mitochondrial inner membrane. This class of proteins
includes members of the metabolite carrier family such as AAC and PiC (Palmieri,
1994). Components of the TIM22 complex include Tim22, Tim54 and Tim18. Tim22

was identified in S. cerevisiae through database searches with the previously described
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components of the TIM23 complex, Tim23 and Tim17 (Sirrenberg et al., 1996). An open
reading frame was identified with the potential to encode a transmembrane protein of
approximately 22 kDa. This protein showed significant sequence similarity to Tim23,
and antibodies raised against it selectively blocked import and assembly of the AAC
family of proteins. Tim54 was originally identified in a potential interaction with
MMM, a protein required for interaction of S. cerevisiae mitochondria with the actin
cytoskeleton, in a yeast two-hybrid screen (Kerscher et al., 1997). Tim54 was
subsequently found to be an essential import component and could be co-
immunoprecipitated with Tim22 but not with members of the TIM23 complex. Tim18 is
an integral inner membrane protein, and was identified independently by two groups
(Kerscher et al., 2000; Koehler ef al., 2000). Koehler et al. (2000) identified Tim18 as a
protein that could be co-immunoprecipitated with Tim54. Unlike Tim22 or Tim54,
Tim18 was found not to be essential, but mutations in Tim18 reduce the growth rate of
yeast by a factor of two and impair import of carrier class proteins. Kerscher et al.
(2000) identified Tim18 as a suppressor of a temperature-sensitive Tim54 strain of yeast,
and also determined that it could physically interact with both Tim54 and Tim22.

The TIM22 complex exists in the mitochondrial inner membrane as a 300 kDa
multi-subunit protein complex with an unknown stoichiometry (Koehler et al., 2000).
Purified Tim22 has been shown to form a voltage-activated channel in artificial
membranes that responds specifically to proteins with internal targeting sequences
(Kovermann et al., 2002). The Tim22 channel has two pore sizes of 11 A and 18 A. The
small opening is large enough to accommodate one polypeptide chain, while the larger
opening would be able to accommodate a tightly packed polypeptide loop. The functions
of the other components of this complex are not yet clear. Tim54 may be involved in
stabilization of Tim22 in the inner membrane, while Tim18 may play a role in assembly

and stabilization of the TIM22 complex (Koehler et al., 2000; Kovermann et al., 2002).
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1.2.5.4 The role of the small Tim proteins

In addition to the membrane-associated components of the TIM22 complex, a
number of small soluble intermembrane space proteins were identified as important for
import of carrier class proteins, as well as a subset of other hydrophobic membrane
proteins such as Tim23 itself (reviewed in Koehler ef al.,, 1999b; Rassow et al., 1999;
Tokatlidis and Schatz, 1999; Pfanner and Wiedemann, 2002). The proteins involved in
the import of carrier class proteins are Tim9, Tim10, and Tim12, all of which are
essential for viability. Tim10 and Tim12 were first identified in S. cerevisiae, when
expressed from a multicopy plasmid, as genes capable of restoring respiration
competence to yeast strains defective in splicing of mitochondrial group II introns
(Jarosch et al., 1996, 1997). It was later found that these proteins were essential for
import of proteins with internal targeting signals (Koehler ef al., 1998b; Sirrenberg ef al.,
1998). Both Tim10 and Tim12 have been shown to contain zinc-binding domains and
have the ability to coordinate zinc in vitro (Sirrenberg et al., 1998). Tim9 was discovered
in a screen to recover suppressors of a temperature sensitive Tim10 mutation, and as a
protein that could be co-immunoprecipitated with Tim10 (Koehler ez al., 1998a; Adam et
al., 1999). Tim9, Tim 10 and Tim12 are hypothesized to exist in two different 70 kDa
complexes. Interestingly, the isolated 70 kDa complexes did not contain detectable
amounts of zinc and instead, the cysteine residues in the zinc finger domains of Tim10
and Tim12 were shown to be important for intermolecular protein/protein interactions
(Curran et al., 2002). The two complexes differ with respect to the presence of Tim12;
one form of the complex was shown to contain three subunits of Tim9 and three subunits
of Tim10, while the other form of the complex was shown to contain three Tim9
subunits, two Tim10 subunits, and one Tim12 subunit. The Tim9/10 complex is soluble
in the intermembrane space and has been shown to interact with preproteins as they exit
the TOM complex translocation pore (Endres et al., 1999; Curran et al., 2002). The
Tim9/10/12 complex is found associated with the TIM22 complex at the surface of the
inner membrane. This complex has been shown to accept precursors from the Tim9/10
complex and facilitate their transfer to Tim22. In addition to Tim9/10/12, two more

small Tim proteins have been identified (reviewed in (Koehler et al., 1999b; Rassow et
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al., 1999; Tokatlidis and Schatz, 1999; Pfanner and Wiedemann, 2002)). Tim8 was
identified in S. cerevisiae as a homolog of a gene, TIMMS, that causes human deafness
dystonia syndrome when mutated (Koehler et al., 1999a). The TIMMS product was called
DPP for “deafness dystonia protein”. Tim8 was found to be homologous to Tim9/10/12,
and database searches identified an additional protein, Tim13 (or DDP2). Neither Tim8
nor Tim13 are essential genes, but mutations in Tim8 are synthetically lethal when they
occur in conjunction with a conditional mutation in Timl10. The Tim8 and Timl3
proteins also form a 70 kDa complex. Although both Tim8 and Tim13 have zinc finger
domains, the purified Tim8/13 complex does not coordinate zinc (Curran et al., 2002).
Non-carrier class proteins such as Tim23 are also imported via the TIM22
complex, and are dependent on the small Tim proteins for assembly into the
mitochondrial inner membrane (Davis et al., 1998; Kaldi et al., 1998; Koehler et al.,
1998b; Sirrenberg et al., 1998; Adam et al., 1999; Leuenberger et al., 1999). In addition,
it is likely that Tim17 also uses the TIM22 complex as it is structurally related to Tim?23,
but no clear evidence exists for this hypothesis (Kaldi er al., 1998). In fact, import of
Tim17 was affected by depletion of both Tim22 and Tim23 and may be dependent on
both complexes for insertion into the inner membrane. At least in some circumstances,
import of Tim23 is dependent on the Tim8/13 complex, as yeast mitochondria lacking
both Tim8 and Timl3 show reduced Tim23 import under conditions of lowered
membrane potential (Paschen et al., 2000). The Tim8/13 complex may facilitate
translocation of Tim23 across the intermembrane space by binding the membrane
spanning domains of the protein as they emérge from the TOM complex (Curran ef al.,

2002)

1.2.6 Precursor processing and folding

Following the translocation of precursor proteins destined for the matrix space,
precursor proteins must be matured (Gakh er al., 2002). The process of precursor
maturation is essential and involves the removal of mitochondrial targeting sequences
and the folding of proteins to achieve their active conformation. The two proteins
involved in cleavage of mitochondrial targeting sequences were first identified as

temperature sensitive nuclear mutations that blocked the import of mitochondrial proteins
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at non-permissive temperatures (Yaffe and Schatz, 1984). Later, these genes were shown
to encode components of the mitochondrial processing peptidase (MPP) (Hawlitschek et
al., 1988; Witte et al., 1988; Yang ef al., 1988). It was found that these two components
function in a complex and are required for the cleavage of N-terminal targeting
sequences, and may recognize different segments of the presequence than the TOM
complex (Geli et al., 1990; Arretz et al., 1994).

Recently the crystal structure of the mitochondrial processing peptidase has been
solved (Taylor et al., 2001). It was found that MPP binds precursors in an extended
confirmation, in contrast to the amphiphilic helical conformation required for recognition
of presequences by Tom?20 (Abe et al., 2000).

A second protease in the matrix space is responsible for mediating removal of an
octapeptide sequence found at the N-termini of a subset of mitochondrial precursors
immediately following the targeting signal (Isaya er al, 1994). This protein termed
mitochondrial intermediate peptidase (MIP) is required for growth on non-fermentable
carbon sources. The role of this octapeptide sequence is currently unknown. Finally, two
proteases exist in the intermembrane space, and are involved in maturation of proteins
found in this sub-compartment (Nunnari ef al., 1993).

Protein folding is accomplished by a number of chaperones found within the
matrix (Cheng et al., 1989; Ostermann et al., 1989; Rowley et al., 1994; Rassow ef al.,
1995). One of these chaperones is mitochondrial Hsp60, which is essential for cell

viability.

1.3 Maijor objectives of this study

Little is known about the domains of Tom40 that are required for its assembly and
function within the TOM complex, or how its interactions with other components of the
TOM complex are maintained. The initial goals of this study were to create a tom40 null
strain in V. crassa in order to examine and characterize the effects of Tom40 depletion in
an organism other than S. cerevisiae (Baker et al., 1990). Additional goals of this study
have been to use this fom40 null strain to determine the importance of conserved domains
of Tom40 in the function and assembly of the TOM complex. Using this approach I have

identified domains in the N-and C-termini that may piay a role in the assembly and

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



stability of the TOM complex. I have also analyzed the Tom40 assembly pathway in
vitro in N. crassa, using both wild type and mutant versions of the Tom40 protein.

In addition, I have begun a study to determine the membrane topology of Tom40
using the procedure of substituted-cysteine accessibility mapping (SCAM). I have
tentatively mapped the last two membrane-spanning domains of the protein, and defined
the loop domains that separate them.

Finally, I have begun experiments to determine the protein composition of the
mitochondrial outer membrane in N. crassa. Using this approach I have identified five
proteins not previously known to be associated with mitochondria in N. crassa.
Interestingly, one of the proteins that I have identified is a homolog of the S. cerevisiae
protein Ugolp, which has been shown to play a role in mitochondrial fission and fusion

events (Sesaki and Jensen, 2001).
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Figure 1. The protein translocases of the outer and inner mitochondrial membranes
in Neurospora crassa. The components of each complex are indicated. Preproteins are
initially recognized by the receptor components of the TOM complex, the receptor
Tom70 preferentially interacts with hydrophobic carrier proteins. The receptor Tom20
has overlapping precursor protein specificity and binds precursors with both amino
terminal and internal targeting signals. Tom22 may also act as a receptor in conjunction
with Tom20. All precursors are then translocated through the general import pore (GIP)
consisting of Tom40, Tom22, TomS, Tom6 and Tom7 which make up the TOM core
complex. Precursors destined for the outer membrane are inserted at this point and some
proteins destined for the intermembrane space compartment are released into the
intermembrane space. Precursor proteins destined for the mitochondrial inner membrane
or matrix space are transferred to the TIM complexes to complete the import process by
mechanisms that depend on the presence of membrane potential. The TIM22 complex is
responsible for insertion of proteins with internal targeting signals (such as carrier
proteins) into the inner mitochondrial membrane, and accomplishes this with the aid of
the small Tim proteins, Tim9/10/12. The Tim8/13 complex aids in the import of Tim23
and possibly other preproteins under conditions of low membrane potential. The TIM23
complex is responsible for translocation of matrix proteins, as well as a few proteins that
are inserted into the inner membrane. Proteins using the TIM23 pathway have amino
terminal targeting signals that must be cleaved following translocation. The signal
sequence is removed by the matrix processing peptidase, or MPP. Finally, a subset of
matrix targeted proteins, as well as mitochondrial encoded proteins are assembled into

the inner membrane from the matrix via the OXA1 translocase.
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Figure 2. The TOM complex. The components of the TOM complex are indicated.
Preproteins initially bind the TOM complex at the cis binding sites, which are composed
of the TOM complex receptors, Tom70, Tom22, and Tom20. Tom40 may play a role in
cis site binding as well. Following initial recognition of mitochondrial preproteins,
proteins are translocated through the GIP consisting of Tom40, Tom22, Tom5, Tom6,
and Tom7. Tom40 is the most abundant component of the TOM complex, and dimers of
Tom40 are thought to constitute the pore through which preproteins traverse the outer
membrane. Following preprotein translocation through the membrane, the preprotein is
arrested at the frans protein binding site. This #rans site probably consists primarily of
Tom40, but may involve the intermembrane space domain of Tom22. From the trans
site, preproteins are sorted via different routes to complete their translocation, depending

on the features of the precursor.
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Figure 3. The Tom40 assembly pathway. A. Diagram of a typical blue native gel
(BNG) Tom40 assembly assay. Arrow indicates the direction of electrophoresis. The
Tom40 assembly intermediates are labeled in panel B (see section 2.7). B. The pathway
for insertion of Tom40 is depicted diagrammatically. Tom40 initially binds the outer
surface of mitochondria as a monomer, which is then incorporated into a high molecular
weight intermediate of 250 kDa containing TomS5, Tom37/Mas37 and other unknown
proteins. The Tom40 molecule in this intermediate is largely carbonate extractable, and
is resistant to externally added protease. Conversion to the 250 kDa intermediate
depends on the presence of TomS. The Tom40 precursor in the 250 kDa intermediate
then dissociates from this complex to form a 100 kDa complex, probably consisting of a
dimer of Tom40, in conjunction with a molecule of TomS. Conversion of the 250 kDa
intermediate to the 100 kDa intermediate requires the presence of Tom6. From the 100
kDa intermediate, Tom40 is incorporated into authentic TOM complexes, through

association with other TOM components.
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2. MATERIALS AND METHODS

2.1 Growth of NV, crassa and strains used

Growth and handling of N. crassa strains was carried out as previously described
(Davis and De Serres, 1970). Strains used in this study are listed in Table 1. Race tubes
were constructed in 25 ml pipettes or 80 cm glass tubes as described previously (Davis
and De Serres, 1970; White and Woodward, 1995). The extent of mycelial elongation

was recorded every 24 hr.

2.2 Creation of sheltered RIP mutant

Repeat induced point mutation (RIP) occurs in N. crassa when one of the nuclei
in a sexual cross carries a sequence duplication. RIP results in the generation of GC to
AT transitions in both copies of the duplication, and can be used to generate strains
containing essentially null alleles of targeted genes (Selker, 1990). RIP occurs during
mating, after cells fuse, but before karyogamy has occurred, and thus only the duplicated
sequence in one nucleus in a cross is affected. RIP is not 100% efficient but for
duplications of about 2 kb, roughly 50% of the progeny will contain RIPed versions of
the duplication. As Tom40 was predicted to be an essential protein, the more complex
procedure of sheltered RIP was used to mutate the fom40 gene (Metzenberg and
Grotelueschen, 1992; Harkness er al.,, 1994a). Sheltered RIP insures that nuclel
containing non-functional alleles are present in a heterokaryon that also contains nuclel
with a wild type copy of the gene. In the process of sheltered RIP, various nutritional and
antibiotic resistance markers on the chromosome carrying the target gene are employed.
In addition to these markers, both strains in the sheltered RIP cross must contain a mei-2
mutation. This mutation eliminates meiotic recombination and results in formation of
aneuploid ascospores. As a result of the mutations in mei-2 the majority of the
ascospores generated in a sheltered RIP cross are inviable, as they may lack one or more
chromosomes. However, a fraction of the ascospores generated may be disomic for one
or more chromosomes. The desired progeny of a sheltered RIP cross is an ascospore that
contains a complete complement of chromosomes and is disomic for the chromosome on

which the targeted gene is located. One chromosome of the disomic pair will possess a
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wild type copy of the gene, while the other possesses a RIPed copy of the gene of
interest. Disomic spores break down during vegetative growth to form heterokaryotic
strains. The different but complementing, nutritional markers carried on each of the
disomic chromosomes arising from the two parents in the cross allow for selection of the
desired heterokaryotic progeny from the cross by growth on minimal medium. Once the
sheltered heterokaryon is isolated, the drug resistance markers can be used to shift the
ratio of nuclei in the strain, making it possible to assess the effects of deficiencies in
essential gene products. (See section 3.1 and Fig. 4 for further explanation of sheltered
RIP strains.)

To generate the RIP40het strain, molecular restriction fragment length
polymorphism mapping studies were first performed (Metzenberg et al, 1984;
Metzenberg et al., 1985) using a tom40 containing cosmid as a probe. This revealed that
the tom40 gene was located on linkage group V of N. crassa. To create a duplication of
tom40, spheroplasts of the HostV strain for sheltered RIP were transformed with a
plasmid (pRIP-4) carrying hygromycin resistance (Staben et al., 1989) and 1.8 kb of
PCR-generated fom40 genomic sequence. Transformants were selected on hygromycin,
and strains containing duplications were identified by Southern analysis. One strain,
40Dupl, was crossed to the MateV strain. Any ascospores from this cross that were
capable of growth on minimal medium should be heterokaryons. One nucleus of the
heterokaryon would be expected to be wild type with respect to Tom40 function, whereas
the other nucleus of the heterokaryon could contain either RIPed or wild type tom40
alleles. The desired heterokaryotic strain is indicated in Fig. 4.

Several ascospore isolates from the sheltered RIP cross were screened for the
predicted characteristics of 1om40%" sheltered heterokaryons. When heterokaryons with
the genotype shown in Fig. 4 were grown in media containing lysine, leucine and
cycloheximide (concentrations ranging from 30 to 50 pg/ml) the RIPed nucleus was
forced to predominate the heterokaryon to provide resistance to the antibiotic. As a
result, the growth rate was severely reduced, because Tom40 could not be supplied by the
nucleus providing cycloheximide resistance. One strain (RIP40het), which grew slowly
under these conditions, was analyzed further and found to be the desired strain (see

“RESULTS”, see section 3.1).
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2.3 Transformation of V. crassa

DNA was transformed into N. crassa using spheroplasts as described previously
(Schweizer et al., 1981; Akins and Lambowitz, 1985) or by electroporation of conidia
using modifications of a previously described technique (Margolin et al., 1997; Margolin
et al., 2000). For electroporation, conidia (1 week old) were harvested, washed 3 times
with S0 ml sterile ice-cold 1M sorbitol, and resuspended in 1M sorbitol at a concentration
of 2 to 2.5 X 10° conidia/ml. Linearized plasmid DNA (5 pg, in a final volume of 5 pul)
was mixed with 40 pl of conidia, placed in a pre-chilled electroporation cuvette and
incubated on ice for 5 min prior to electroporation. A Gene Pulser (BioRad, Hercules,
CA) was used with settings of 2.1 kV, 475 Q, 25 microfarads. Immediately after the pulse
(time constant varied from 11 to 12 ms), 1 ml of ice-cold sterile 1M sorbitol was added
and the conidia were allowed to recover for 30 min to 1 hr at 30°C. Aliquots (10-100 ul)
of the mixture were added to top agar (standard sorbose medium (Davis and De Serres,
1970) containing 1M sorbitol) containing the appropriate antibiotics for selection of
transformants, and the mixture was poured onto plates containing the same medium
without the sorbitol. The plates were placed at 30°C for 3 to 7 days to allow transformed

colonies to form and transformants were purified as described in section 2.4.

2.4 Purification of single N. crassa colonies

To increase the likelihood of obtaining homokaryotic strains from transformed
heterokaryons, individual transformed colonies were picked from transformation plates
using sterile Pasteur pipets and transferred to slants of Vogel’s medium containing the
nutritional requirements of the desired homokaryon and the drug to which the
homokaryon was resistant. The drug was used at 0.5 X concentration, as it was found
that 1 X concentrations of most drugs reduced conidiation. The slants were placed at
30°C for three to four days and then transferred to room temperature for three to four
days to allow conidiation. Conidia were then spread on viability plates containing 1 X
concentration of the selective agent, and incubated at 30°C for several days. Colonies
were picked as above and transferred to slants containing Vogel’s media plus appropriate

additives for the homokaryon but with no selection agent. These were allowed to grow,
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and conidiate. Conidia from these isolates were then tested for their nutritional

requirements to assure the recovery of the appropriate homokaryotic strain.

2.5 Creation of strains expressing mutant variants of Tom40

Mutant alleles of rom40 were created by site directed mutagenesis of single-
stranded DNA derived from a Bluescript plasmid containing the genomic version of V.
crassa tom40 and a bleomycin resistance gene. After confirmation of the desired
mutation by DNA sequencing, plasmids were transformed (see section 2.3) into the
tom40%" sheltered heterokaryon, RIP40het. Transformants were selected on media
containing cycioheximide (50 pg/ml), lysine and leucine (to select for transformants of
the nucleus carrying the tom40™" alleles), as well as bleomycin (1.5 ug/ml) to select for
transformants and caffeine (0.5 mg/ml, to enhance the action of bleomycin), and purified
through one round of single-colony isolation (section 2.4). Rescue of the RIPed nucleus
was confirmed by testing for nutritional requirements. Plasmids that gave rise to
homokaryons requiring lysine and leucine contain mutant alleles capable of restoring
Tom40 function to levels sufficient for viability (Fig. 4). Integration of the mutant alleles
were confirmed by DNA sequence analysis of PCR products generated from genomic

DNA isolated from the transformants (see section 3.3).

2.6 Creation of Tom40 variants for in vitro import studies

A tom40 cDNA was cloned into plasmid pGEM7Zf(+) and single stranded DNA

was isolated. Mutant alleles were created by site-directed mutagenesis and used for in
vitro transcription and translation to produce mutant Tom40 precursor proteins for import

into isolated mitochondria.

2.7 Import of radiolabeled proteins into isolated mitochondria

For in vitro import studies, the isolation of mitochondria (Mayer et al., 1993), and
import of most mitochondrial precursor proteins (Harkness er al., 1994b) were as
described. Import was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
gels were viewed by autoradiography. For in vitro import of Tom40 precursor proteins,

mitochondria were incubated with radiolabeled preproteins that had been transcribed and
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translated in rabbit reticulocyte lysate in the presence of [**S]-methionine (ICN
Biomedicals, Costa Mesa, CA). Import reactions were performed by incubation of 30 to
50 pg of mitochondria in import buffer (0.5% BSA [wt/vol], 250 mM sucrose, 80 mM
KCl, 5 mM MgCl,, 2 mM ATP, 10 mM MOPS-KOH, pH 7.2) with 2l of labeled lysate
at the indicatéd temperatures. If a proteinase K (PK) treatment of samples was
performed, samples were incubated with 8ul of PK (2mg/ml) for 15 min on ice, followed
by addition of 1 mM phenylmethylsulfonyl fluoride. Mitochondria were reisolated and
import was analyzed by blue native gel electrophoresis (BNGE), or SDS-PAGE, and gels
were viewed by autoradiography.

For some experiments, carbonate extraction was performed to determine if
imported precursor proteins were inserted into the membranes. Mitochondria were
suspended in 0.1 M sodium carbonate (pH 11.5) for 30 min at 0°C. The mixture was
centrifuged at 20 000 rpm in a TLASS rotor (Beckman Instruments, Palo Alto, CA) for
30 min at 2°C, and the pellets were processed for BNGE or SDS-PAGE.

2.8 Pulse import of Tom40 precursors

Mitochondria were isolated as in section 2.7. 50 pg of mitochondria, for each
desired time point, were incubated in the presence of lysate containing radiolabeled
Tom40 (2 pl for each 50 pg of mitochondrial protein) and import buffer (100 pl for each
50 pg of mitochondrial protein) at 25°C for 4 min (see section 2.7). Mitochondria were
centrifuged at 15 000 rpm in a TLASS rotor for 15 min at 1°C. The mitochondria were
resuspended in fresh import buffer in the absence of radiolabeled preproteins and
incubated at 25°C. Aliquots were taken at the appropriate time points (see figure legends
for details) and added to 500 upl of ice-cold mitochondrial isolation buffer (0.25 M
sucrose; 10 mM MOPS-KOH, pH 7.2; 1 mM EDTA) containing 1 mM
phenylmethylsulfonyl fluoride. Mitochondria were then spun in a TLASS rotor at 15 000
rpm for 15 min at 1°C, and the resulting pellets were processed for BNGE.
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2.9 Blue native gel electrophoresis (BNGE)

Mitochondria (50-100 pg) were solubilized in 50 pl of buffer containing detergent
(either 1% digitonin or 1% dodecylmaltoside in 20mM Tris-Cl, pH 7.4; 0.1 mM EDTA;
50 mM NaCl; 1% glycerol [vol/vol]; 1 mM phenylmethylsulfonyl fluoride). After
gentle mixing at 4°C for 15 min and a clarifying spin (30 min, 14 000 g), 5 pl of sample
buffer (5% Coomassie Brilliant Blue G-250 in 100 mM Bis-Tris, 500 mM 6-
aminocaproic acid, pH 7.0) was added, and the mixture was analyzed on a 6-13%
gradient blue native gel (BNG) as previously described (Schigger and von Jagow, 1991;
Schigger et al., 1994).

2.10 Electron microscopy

One milliliter of cell suspension from young liquid cultures (18 hrs for the control
strain (HV), 18 hrs for RIP40het in the absence of cycloheximide, 24 hrs for the
cycloheximide resistant control strain (HV) in the presence of cycloheximide, and 48 hrs
for RIP40het in the presence of cycloheximide) was fixed in 1.5% KMnOy4 for 30 min at
room temperature followed by several washes with distilled water. The sample was then
suspended in 0.05 M sodium cacodylate buffer containing 2% glutaraldehyde and 30%
sucrose, and incubated on ice for 30 min. The cells were then post-fixed in 1% OsO4
[vol/vol] and 1.5% K,Cr,O7 for 90 min on ice. Samples were then post-stained in 1%
uranyl acetate overnight at room temperature. The steps of dehydration, embedding, and
sectioning were performed by the Microscopy Unit, Department of Biological Sciences,

University of Alberta. Sections were examined by transmission electron microscopy.

2.11 Isolation of purified mitochondrial outer membrane vesicles

Isolation of purified outer membrane vesicles was performed as outlined in
(Mayer et al., 1995a). In brief, mitochondria were isolated from large liquid cultures
(Mayer et al., 1993). The isolated mitochondria then were subjected to osmotic shock by
incubation in a hypotonic solution (5 mM K;P04; 5 mM EDTA; 1 mM
phenylmethylsulfonyl fluoride). The mitochondrial outer membrane was removed from

the inner membrane by processing with a dounce homogenizer for 60 min on ice. Outer
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membrane vesicles were purified by centrifuging the samples on two successive step
sucrose gradients. The first gradient was prepared by overlaying 12 mls of 0.9 M
sucrose in EMP buffer (2.5 mM EDTA; 10 mM MOPS-KOH, pH 72; 1 mM
phenylmethylsulfonyl fluoride) with 9 mis of 0.25 M sucrose in EMP buffer. 15 mls of
the dounced samples were added to the top of the gradient, and the tubes were spun for 1
hr at 28 K in a Beckman SW28 rotor at 2°C. The outer membrane vesicle fraction
(OMV) was collected at the interface between the 0.25 M and 0.9 M solutions, while
unruptured mitochondria and inner membrane vesicles sedimented. The OMV fraction
collected was adjusted to 0.9 M by the addition of 2 M sucrose EMP buffer. 14 mls of
this solution was loaded into each of four tubes and was overlayed with 19 mls of 0.72 M
sucrose in EMP buffer, followed by 3 mls of EMP buffer. The tubes were spun for 12 hrs
at 28 K in a Beckman SW28 rotor at 2°C. The OMV fraction was collected from
between the 0 M and 0.72 M sucrose interface. The intermediate vesicle fraction (IMF),
containing both the outer and inner membrane, was collected from between the 0.72 M
and 0.9 M interface. The purity of the OMVs were tested by Western analysis for

components of the outer and inner membranes (see section 2.17).

2.12  Silver staining
Purified OMVs or IMFs were subject to SDS-PAGE. Silver staining was then

performed using a modified procedure adapted from (Rabilloud et al, 1988). All
solutions used in this procedure were made fresh for each use. The polyacrylamide gel
was first fixed in a solution of 50% methanol, 10% acetic acid for 30 min at room
temperature. The gel was then incubated for 15 min in a 50% methanol solution.
Following incubation, the gel was washed five times in distilled water for 5 min each.
The gel was then incubated in sodium thiosulfate (0.02%) for 1 min, and washed two
times for 1 min each in distilled water. The gel was then incubated in silver nitrate
(0.2%) for 25 min. Following silver nitrate treatment, the gel was washed twice again in
distilled water for 1 min, and then developed in a solution of sodium carbonate (2%) and
formaldehyde (0.015%) until the desired intensity of bands appeared. Developing was
stopped by incubation in a 1.4% Na,EDTA solution for 10 min.
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2.13 Substituted cysteine accessibility mapping

Strains with single cysteine substitutions were grown in 500 ml liquid Vogel’s
media supplemented with 200 mg per liter lysine and leucine. Mitochondria were
isolated as previously described (Mayer ef al., 1993) and resuspended in PBSSP buffer
(137 mM NaCl; 2.7 mM KCl; 10 mM NayHPOy; 2 mM KH,;POy; 0.25 M Sucrose; 1 mM
phenylmethylsulfonyl fluoride; pH7.2) to a final concentration of 10 pg per pl. For each
sample, 500 ug of mitochondria were diluted to a final volume of 500 ul in PBSSP. 5 pl
of a 2 mg per 100 wl solution of freshly dissolved N°-(3-maleimidylpropionyl) biocytin
(biotin maleimide) (Molecular Probes, Eugene, OR) in dimethyl sulfoxide was added to
the mitochondria and allowed to react for 1 hr with gentle shaking at room temperature
(Tang et al, 1998; Fujinaga et al, 1999). Mitochondria were then reisolated by
centrifugation, and washed once with 500 pl of PBSSP. Mitochondria were then lysed

for immunoprecipitation.

2.14 Immunoprecipitation

Immunoprecipitations were performed as described in (Nargang ef al., 1988) with
modifications. Mitochondria were lysed in 500 ul IP buffer (150 mM NaCl; 1% Triton
X-100; 50 mM Tris-CL, pH 7.0; 1 mM phenylmethylsulfonyl fluoride) for 30 min at 4°C
with gentle rocking. Samples were then subjected to a clarifying spin (10 min; 14 000
rpm in a microcentrifuge) and supernatants were transferred to fresh tubes. For each
immunoprecipitation to be performed, 4 mg protein A sepharose CL-4B (Amersham-
Pharmacia, Piscataway, NJ) were prebound to 30 pl of antiserum (against the 12 C-
terminal residues of Tom40 raised in rabbits) in the presence of IP buffer. The protein A
sepharose-immunoglobulin complex was washed once in IP buffer, and resuspended in
50 wpl IP buffer per 4 mg of protein A-sepharose used. 50 pl of the protein A sepharose-
immunoglobulin complex solution were added to each clarified supernatant and allowed
to incubate overnight with gentle shaking at 4°C. The protein A sepharose was pelleted
by spinning at top speed for 2 min in an Eppendorf microcentrifuge. The pellets were
washed three times with 1 ml of IP buffer. The final pellet was resuspended in 50 pl of
buffer containing 100 mM Tris-Cl, pH 7.5, 5% SDS, 5% B-mercaptoethanol and boiled
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for 5 min. The protein A sepharose was removed by centrifugation, and the supernatants
were electrophoresed and transferred to nitrocellulose membranes as described below
(see section 2.17).

Unless otherwise stated, all immunoprecipitations and immunodetections of
Tom40 on Western blots were done using antiserum raised in rabbits to a peptide

consisting of the last 12 amino acids of the Tom40 protein.

2.15 Detection of biotin labeled cysteine residues

Following electrophoresis and electroblotting to nitrocellulose membranes,
membranes were incubated in blocking buffer (5% skim milk powder; 20 mM Tris-Cl pH
7.5; 150 mM NaCl; 2.5% Tween 20) for 30 min. Following incubation, a 1:2000 dilution
of streptavidin biotinylated horseradish peroxidase complex (Amersham-Pharmacia,
Piscataway, NJ) in blocking buffer was incubated with membranes for 4 hrs. Following
streptavidin binding, membranes were washed twice with blocking buffer in the absence
of the streptavidin complex for 5 min, and once in blocking buffer without 5% skim milk
powder. Membranes were then subjected to enzyme catalyzed light generation and
exposure to Kodak X-OMAT AR X-ray film (referred to from now on as ECL) (also see

section 2.17).

2.16 Testing for immunoprecipitation efficiency

Following detection of the biotin labeled cysteine residues (section 2.15),
membranes were then washed three times in TBS buffer (20 mM Tris-Cl pH 7.5; 150
mM NaCl; 2.5% Tween 20). The membranes were then incubated with blocking buffer
for 30 min and immunodecorated with the mouse a-Tom40 antibody by standard
techniques (see section 2.17) using a secondary antiserum-HRP conjugate to mouse 1gGs.
The mouse antiserum was directed against the same C-terminal peptide used to generate

the immunoprecipitation antiserum.
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2.17 Other technigues

The standard techniques of agarose gel electrophoresis, Southern and Northern
blotting of agarose gels, preparation of radioactive probes, transformation of Escherichia
coli, isolation of bacterial plasmid DNA, and the PCR using a mixture of Taq and Vent
polymerase (New England Biolabs, Beverly, MA) to minimize replication errors, were all
performed as described (Ausubel et al., 1992; Sambrook and Russell, 2001). The
following procedures were performed using the suppliers recommendations or previously
described procedures: isolation of total RNA with the Qiagen RNeasy plant mini kit
(Qiagen Inc., Santa Clarita, CA), separation of mitochondrial proteins by polyacrylamide
gel electrophoresis (Laemmli, 1970), Western blotting (Good and Crosby, 1989),
Western detection using LumiGLO chemiluminescent substrate (ECL) (Kirkegaard and
Perry Laboratories, Gaithersburg, MD), genomic DNA isolation (Wendland et al., 1990),
protein determination with Coomassie dye binding assay (Bio-Rad, Hercules, CA),
manual DNA sequencing using thermosequenase (Amersham Biosciences, Cleveland,
OH), automated sequencing using a DyeNamic sequencing kit system (Amersham
Biosciences) with a Model 373 stretch sequencer separation system (Applied Biosystems,
Foster City, CA), and site directed mutagenesis using the Muta-Gene system (Bio-Rad)
or a system based on the Muta-gene system assembled from individual reagents.
Radioactive precursor proteins for import were generated by coupled in vitro
transcription and translation using the Promega (Madison, WI) TnT reticulocyte lysate

system in the presence of [**S] methionine (ICN).

2.18 Oligonucleotides and plasmids

Oligonucleotides used in this study are listed in Table 2. Plasmids containing
wild type copies of tom40 are listed in Table 3, while plasmids containing mutant alleles

of tom40 are listed in Table 4.
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Table 1: Strains used in this study.

SECTION A: STOCK STRAINS

Origin or Source

Strain Genotype
_ Fungal Genetics Stock Center
HostV a cyh-2 lys-2 leu-5 mei-2
#7255
Fungal Genetics Stock Center
MateV A aml32 inl inv mei-2
#7265
NCN251 (also Fungal Genetics Stock Center
called 744) 4 #2489 (74-OR23-1VA)

As HV, but carries an ectopic ) ‘
Transformation of Host V with

40Dupl copy of tom40. Hygromycin
P Py the tom40 plasmid pRIP-4

resistant

Sheltered heterokaryon:

(cyh-2 lys-2 leu-5 mei-2
i
RIP40het" . P

tom40™" + ami32 inl inv mei-2),

(strains studied Cross of MateV x 40Dupl

F40-6, F46B-2)

mating type unknown. Both
nuclei also contain an ectopic

RIPed copy of tom40.

SECTION B: Tom40 VARIANT STRAINS?

Strain Genotype Origin or Source

" Two RIP40het strains were used in this study, F40-6, and F46B-2. F40-6 was found to be more reliable
for transformation experiments because it consistently gave back lysine-leucine requiring strains with the
correct introduced fom40 allele, while F46B-2 gave back not only lysine-leucine requiring strains, but also

leucine requiring strains.
? Strains are listed in the order of the mutations that they contain starting from the N- and proceeding to the

C-terminus.
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ANPGT
(strain studied

8.5-2-1)

cyh-2 lys-2 leu-5 mei-2 tom40~"

also contains an ectopic copy of
tom4(0 with a deletion of amino acids

40-43.

Transformation of RIP40het
with plasmid p8.5

NPGT-AAAA
(strain studied

9.7-1-1)

cyh-2 lys-2 leu-5 mei-2 tom40%"

also contains an ectopic copy of
tom40 with residues NPGT at
positions 40-43 changed to alanine

residues.

Transformation of RIP40het

with plasmid p9.7

A40-48
(strains studied
C2962-1-1,
C2962-2-1)

cyh-2 lys-2 leu-5 mei-2 tom40~"
also contains an ectopic copy of
tom4(0 with a deletion of amino acids
40-48, and a change of codon 49
from Arg to Ala.

Transformation of RIP40het
with plasmid p296.2

ARD
(strain studied

RD6-1)

cyh-2 lys-2 leu-5 mei-2 tom40~"
also contains an ectopic copy of

tom40 with a deletion of amino acids

53-54.

Transformation of RIP40het
with plasmid pRD

ARDTLL
(strain studied

RDT4-9-1)

cyh-2 lys-2 leu-5 mei-2 tom40%"
also contains an ectopic copy of
tom4( with a deletion of amino acids

53-57.

Transformation of RIP40het
with plasmid pRDTLL

A51-60
(strains studied
297-62-1, 297-
68-1,297-70-1)

cyh-2 lys-2 leu-5 mei-2 tom40%"
also contains an ectopic copy of
tom40 with a deletion of amino acids
51-60, and a change of codon 50
from Glu to Ala.

Transformation of RIP40het
with plasmid p297

YAF-AAA
(strain studied

12-4-1)

cyh-2 lys-2 leu-5 mei-2 tom40%" also
contains an ectopic copy of tom40

with residues 94-96 with alanine

Transformation of RIP40het
with plasmid p12.4
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P-A
(strain studied

10-7-1)

cyh-2 lys-2 leu-5 mei-2 tom40~"
also contains an ectopic copy of
tom40 with residue 183 with

alanine

Transformation of RIP40het with

plasmid p10.7

wQQ

(strain studied
WQQ-8-1,
WQQ-13-1)

cyh-2 lys-2 leu-5 mei-2 tom40°"

also contains an ectopic copy of

tom40 with residues 237 and 238
changed from Lys to Glu.

Transformation of RIP40het with
plasmid pWQQ

ACys
(strain studied

170-6-12-1)

cyh-2 lys-2 leu-5 mei-2 tom40""

also contains an ectopic copy of
tom40 with residue 294 changed
from Cys to Ser.

Transformation of RIP40het with
plasmid p170-6

321AAA
(strains studied
16.6-4-1, 16-18-
1y

cyh-2 lys-2 leu-5 mei-2 tom4 0%

also contains an ectopic copy of
tom40 with residues KLG at
positions 321-323 changed to

alanine residues.

Transformation of RIP40het with

plasmid p16.6

A329-349
(strains studied

FC8-1, FC17-1)

cyh-2 lys-2 leu-5 mei-2 tom40~®
also contains an ectopic copy of

tom40 with a deletion of amino

acids 329-349.

Transformation of RIP40het with

plasmid pAC-ter

T40His
(strain studied

T40H-1-1)!

cyh-2 lys-2 leu-5 mei-2 tom40~"
also contains an ectopic copy of
tom40 with the addition of a
hexahistidyl tag at the carboxy

terminus.

Transformation of RIP40het with
plasmid pRT40H-9

' Created in the course of this study, but only used in collaboration at the Universiy of Munich
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SECTION C: Tom40 SCAM' STRAINS

Strain Genotype Origin or Source
oc cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
L1
_ contains an ectopic copy of rom40 with RIP40het with specific
(strain studied ‘ _
10-2-1) residue 294 changed from Cys to Alaand  cysteine construct (see
- residue 10 changed from Leu to Cys Plasmid table provided)
[200C cyh-2 lys-2 leu-5 mei-2 1om40°" also Transformation of
contains an ectopic copy of tom40 with RIP40het with specific
(strain studied ‘ ‘
202-1.1) residue 294 changed from Cys to Alaand  cysteine construct (see
: residue 292 changed from Leu to Cys Plasmid table provided)
cyh-2 lys-2 leu-5 mei-2 tom40~" also Transformation of
S293C (strain contains an ectopic copy of tom40 with RIP40het with specific

studied 293-3-1)

residue 294 changed from Cys to Ala and
residue 293 changed from Ser to Cys

cysteine construct (see

Plasmid table provided)

L295C (strain
studied 295-1-1)

" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 295 changed from Leu to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

L296C (strain
studied 296-2-1)

RIP
0" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 296 changed from Leu to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

E297C (strain
studied 297-2-1)

O also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 297 changed from Glu to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

' SCAM, substituted cysteine accessibility mapping
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K298C (Strain
studied 298-4-1)

cyh-2 lys-2 leu-5 mei-2 tom40"" also
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and
residue 298 changed from Lys to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

R299C (strain
studied 299-6-1)

R also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 299 changed from Arg to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

L300C (strain
studied 300-1-1)

O~ also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 300 changed from Leu to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

G301C (strain
studied 301-3-1)

RIP
0™ also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 301 changed from Gly to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

A302C (strain
studied 302-1-1)

RIP
0™ also

cyh-2 lys-2 leu-35 mei-2 tom4
contains an ectopic copy of rom40 with
residue 294 changed from Cys to Ala and

residue 302 changed from Ala to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

A303C (strain
studied 303-9-1)

O~ also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 303 changed from Ala to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

P304C
(strain studied

304-1-1)

RIP
0" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue changed from Pro to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)
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cyh-2 lys-2 leu-5 mei-2 tom40"" also

Transformation of

Y305C o contains an ectopic copy of fom40 with RIP40het with specific
(strain studied residue 294 changed from Cys to Alaand  cysteine construct (see
305-1-1) residue 305 changed from Val to Cys Plasmid table provided)

cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
(str:;z()sf\?died contains an ectopic copy of tom40 with RIP40het with specific
306-1-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 306 changed from Thr to Cys Plasmid table provided)

cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
(str:z(:Z:died contains an ectopic copy of tom40 with RIP40het with specific
3072-1) residue 294 changed from Cysto Alaand  cysteine construct (see
residue 307 changed from Leu to Cys Plasmid table provided)

cyh-2 lys-2 leu-5 mei-2 tom40~" also Transformation of
(Strifliffdied contains an ectopic copy of tom40 with RIP40het with specific
308-4-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 308 changed from Thr to Cys Plasmid table provided)

F300C cyh-2 lys-2 leu-5 mei-2 tom40°" also Transformation of
(strain studied contains an ectopic copy of tom40 with RIP40het with specific
309-4-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 309 changed from Phe to Cys Plasmid table provided)

A310C cyh-2 lys-2 leu-5 mei-2 tom40°" also Transformation of
(strain studied contains an ectopic copy of fom40 with RIP40het with specific
310-10-1) : residue 294 changed from Cysto Alaand  cysteine construct (see
residue 310 changed from Ala to Cys Plasmid table provided)

A311C cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of

(strain studied

311-1-1)

contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and
residue 311 changed from Ala to Cys

RIP40het with specific
cysteine construct (see

Plasmid table provided)
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D312C
(strain studied

312-2-1)

cyh-2 lys-2 leu-5 mei-2 tom40"" also

contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 312 changed from Asp to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

V313C

(strain studied

RIP
0" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with

residue 294 changed from Cys to Ala and

Transformation of
RIP40het with specific

cysteine construct (see

313-1-1) .
residue 313 changed from Val to Cys Plasmid table provided)
D314C cyh-2 lys-2 leu-5 mei-2 tom40%T also Transformation of
contains an ectopic copy of ftom40 with RIP40het with specific
(strain studied . .
314-11) residue 294 changed from Cys to Alaand  cysteine construct (see
-) - -
residue 314 changed from Asp to Cys Plasmid table provided)
H315C cyh-2 lys-2 leu-5 mei-2 tom40~" also Transformation of
) _ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied . )
315.1-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 315 changed from His to Cys Plasmid table provided)
V3L6C cyh-2 lys-2 leu-5 mei-2 tom40°" also Transformation of
) - contains an ectopic copy of fom40 with RIP40het with specific
(strain studied _ )
316:6-1) residue 294 changed from Cysto Alaand  cysteine construct (see
residue 316 changed from Val to Cys Plasmid table provided)
T317C cyh-2 lys-2 leu-5 mei-2 tom40%" also Transformation of
2
. contains an ectopic copy of tom40 with RIP40het with specific
(strain studied
317-4-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 317 changed from Thr to Cys Plasmid table provided)
cyh-2 lys-2 leu-5 mei-2 tom40°" also Transformation of
Q318C

(strain studied

318-1-1)

contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and
residue 318 changed from Gln to Cys

RIP40het with specific
cysteine construct (see

Plasmid table provided)

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q319C
(strain studied

319-7-1)

cyh-2 lys-2 leu-5 mei-2 tom40°" also
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and
residue 319 changed from Gln to Cys

Transformation of
RIP40het with specific
cysteine constructs (see

Plasmid table provided)

A320C

(strain studied

RIP
0™ also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with

residue 294 changed from Cys to Ala and

Transformation of
RIP40het with specific

cysteine constructs (see

320-1-1
) residue 320 changed from Ala to Cys Plasmid table provided)
S1c cyh-2 lys-2 leu-5 mei-2 tom40%" also Transformation of
K3
) contains an ectopic copy of tom40 with RIP40het with specific
(strain studied _ ‘
121.2-1) residue 294 changed from Cysto Alaand  cysteine constructs (see
residue 321 changed from Lys to Cys Plasmid table provided)
13920 cyh-2 lys-2 leu-5 mei-2 tom40°" also Transformation of
contains an ectopic copy of ftom40 with RIP40het with specific
(strain studied ) _
322.5-1) residue 294 changed from Cysto Alaand  cysteine constructs (see
-5-1
residue 322 changed from Leu to Cys Plasmid table provided)
G323C cyh-2 lys-2 leu-5 mei-2 tom40""  also Transformation of
J
) ) contains an ectopic copy of tom40 with RIP40het with specific
(strain studied _

123.5-1) residue 294 changed from Cys to Alaand  cysteine constructs (see
residue 323 changed from Gly to Cys Plasmid table provided)
cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of

M324C :

) contains an ectopic copy of tom40 with RIP40het with specific
(strain studied .

$24-1.1) residue 294 changed from Cys to Alaand  cysteine constructs (see

' residue 324 changed from Met to Cys Plasmid table provided)

3250 cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of

) ) contains an ectopic copy of tom40 with RIP40het with specific
(strain studied ]

325.5-1) residue 294 changed from Cys to Alaand  cysteine constructs (see

residue 325 changed from Ser to Cys

Plasmid table provided)
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V326C

(strain studied

cyh-2 lys-2 leu-5 mei-2 tom40"" also
contains an ectopic copy of tom40 with

residue 294 changed from Cys to Ala and

Transformation of
RIP40het with specific

cysteine constructs (see

326-1-1
) residue 326 changed from Val to Cys Plasmid table provided)
$327C cyh-2 lys-2 leu-5 mei-2 tom40~" also Transformation of
_ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied ) _

327-1-1) residue 294 changed from Cys to Alaand  cysteine construct (see

327-1-
residue 327 changed from Ser to Cys Plasmid table provided)

1328C cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
‘ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied . .
328-1-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 328 changed from Ile to Cys Plasmid table provided)
£399C cyh-2 lys-2 leu-5 mei-2 tom40™" also Transformation of
‘ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied _ _

329.7-1) residue 294 changed from Cysto Alaand  cysteine construct (see
residue 329 changed from Glu to Cys Plasmid table provided)
cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of

A330C

(strain studied

330-1-1)

contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and
residue 330 changed from Ala to Cys

RIP40het with specific
cysteine construct (see

Plasmid table provided)

S331C
(strain studied

331-4-1)

0" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 331 changed from Ser to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

D332C
(strain studied

332-1-1)

RIP
0" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 332 changed from Asp to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)
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V333C
(strain studied

333-1-1) -

O"" also

cyh-2 lys-2 leu-5 mei-2 tom4
contains an ectopic copy of fom40 with
residue 294 changed from Cys to Ala and

residue 333 changed from Val to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

D334C
(strain studied

334-1-1)

cyh-2 lys-2 leu-5 mei-2 tom40~" also

contains an ectopic copy of tom40 with
residue 294 changed from Cys to Ala and

residue 334 changed from Asp to Cys

Transformation of
RIP40het with specific
cysteine construct (see

Plasmid table provided)

L.335C

(strain studied

cyh-2 lys-2 leu-5 mei-2 tom40%" also
contains an ectopic copy of tom40 with

residue 294 changed from Cys to Ala and

Transformation of
RIP40het with specific

cysteine construct (see

335-3-1)
residue 335 changed from Leu to Cys Plasmid table provided)
0336¢ cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
o contains an ectopic copy of tom40 with RIP40het with specific
(strain studied _ '
336.1-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 336 changed from Gln to Cys Plasmid table provided)
£337C cyh-2 lys-2 leu-5 mei-2 tom40%" also Transformation of
. ‘ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied _
3372-1) residue 294 changed from Cys to Alaand  cysteine construct (see
residue 337 changed from Glu to Cys Plasmid table provided)
Q338C cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
‘ _ contains an ectopic copy of tom40 with RIP40het with specific
(strain studied ' )
338.1-1) residue 294 changed from Cys to Alaand  cysteine construct (see
ID0-1-
residue 338 changed from Gln to Cys Plasmid table provided)
9339C cyh-2 lys-2 leu-5 mei-2 tom40~" also Transformation of
) ) contains an ectopic copy of ftom40 with RIP40het with specific
(strain studied .
339-1.1) residue 294 changed from Cys to Alaand  cysteine construct (see

residue 339 changed from Gln to Cys

Plasmid table provided)
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344C Cyh-2 lys-2 leu-5 mei-2 tom40"" also Transformation of
(strai died contains an ectopic copy of tom40 with RIP40het with specific
strain studie

344-4-1) residue 294 changed from Cys to Alaand  cysteine construct (see

residue 344 changed from Ser to Cys Plasmid table provided)
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Table 2: All primers used in this study are indicated. “P” indicates the presence of

a phosphate.
PRIMER SEQUENCE (5'-3") COMMENTS
FNA 93 TGTGGTGAGAGATGTCTATCGTTCCG Tom40 sequencing primer, see Fig. 6,
FNA 94 CCGTTACAATCATGGCTTCGTTTTCC Tom40 sequencing primer, see Fig. 6.
FNA 103 GCCATGGGAAAAATCGAAAGTCGGAC Tom40 sequencing primer, see Fig. 6.
FNA 113 CGGTATCTTTGTCGGCGACTAC Tom40 sequencing primer, see Fig. 6.
FNA 114 TGCCTTTGCTGCTCTCTACG Tom40 sequencing primer, see Fig. 6.
FNA 115 GTTGAAGGCATCGGAAAGGCTCG Tom40 sequencing primer, see Fig. 6.
FNA 116 GATGTCGATCTCCAGGAGCAGCAAGAG Tom40 sequencing primer, see Fig. 6.
CTACAAGCTTGTAATACGACTCACTATA
FNA 142 GGGCGAATTGGG T7 - 40mer; primer for sequencing and PCR.

Mutagenic primer to replace endogenous
FNA 170 PCTTCTCGAGCAAGGCGCTGAGCTTG
cysteine with alanine for genomic construct.

Mutagenic primer to replace endogenous

FNA 171
PCTTCTCGAGCAAGGAGCTGAGCTTG cysteine with serine for genomic construct.

Homologous to pBR322 region of pCSN44 and
FNA175 CGCCTATATCGCCGACATCACCGAT

pRIP4
FNA 176 GTCCCTGTCTACTGCGACCGTTA Tom40 sequencing primer, see Fig. 6.
FNA 181 GGCTTTCAGCCTCGCCCCTC Tom40 sequencing primer, see Fig. 6.
FNA 182 CAAGATTCAACTACAGATGGG Tom40 sequencing primer, see Fig. 6.
FNA 183 TTAAAAAGGGGATGTTGAGGG Tom40 sequencing primer, see Fig. 6.

PGGTGGGCATCGTGTGTGATTAGTGATG

Mutagenic primer to create Tom40 C-terminal
FNA194 GTGATGGTGATGGATTACGTTGTCAACA

6X-His tag.
CA
FNA 247 PGAAGGTCTATGCGGCCGCGACAACCGA Sequence after EcoRi site in pLR, from reverse
GGACTGCCC primer sequence of pLR. Contains Not/ site.
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FNA 248

PGGTTGCGGATCCGCGGTAATGCATGAT
TGTAACGGTCGCAGTAG

Sequence at "ATG", contains created Nsi/ site at

ATG and BamH]I site further down stream for

ligation of PCR product.

PGAGACTTGAGGATGCATTTCTCTGGCCT 5’ end PCR primer to create n-terminal deletion

FNA 249
CCGCGCC of Tom40. Contains Nsil site.
0 PCCATTACGCGGATCCTTGTATGCAAAG 3’ PCR primer to create N-terminal deletion of
FNA 25
ACCCAAGCC Tom40. Contains BamHI site.
FNA 252 CAACGTACAGAGGGGCGAGGCTG Tom40 sequencing primer, see Fig. 6.
FNA 253 GGCCTCCGCGCCGACGTCAC Tom40 sequencing primer, see Fig. 6.
FNA 296 PATGGTGGCAGCAACGCACCGGCGGAAA Mutagenic primer for A40-48; R49A for
GACCGAACTGTTTCC genomic construct.
FNA 296- PATGTGTATGGTGGCAGCAACGCACCGG Mutagenic primer for A40-48; R49A for
2 CGGAAAGACCGAACTGTTTCCTCCTTTC genomic construct. (SEE FNA296)
ENA 207 PGCGCGGAGGCCAGAGAACATCGCTGTC Mutagenic primer for A51-60; ESOA for
AAGGCATTGTCAGCA genomic construct.
PCTTCATCCCCAATATACATATTCCAGTT
Mutagenic primer for AC-TERM for genomic
RTA2 TAAATGGAGACGGACATGCCGAGCTTGG
and cDNA construct.
CTTG
Mutagenic primer for AN-1a for genomic
RTA3 PCATGATTGTAACGGTCGCAGTAGAC
construct.
Mutagenic primer for AN-1b for genomic
RTA4 PTTCTCTGGCCTCCGCGCCGACGTC
construct.
PGGATGTGTATGGTGGCAGCAACGCACC
Mutagenic primer for AN-2a for genomic
RTAS GCGCATGATTGTAACGGTCGCAGTAGAC
construct.
AGGG
PGCCTTGGTGACGTCGGCGCGGAGGCCA
Mutagenic primer for AN-2b for genomic
RTA6 GAGAACATGATTGTAACGGTCGCAGTAG
construct.
ACAGGG
RTA7 PCCCTATCCGTCAGCTGCTGCCAGAAGG Mutagenic primer for WKK - WQQ for
AAGTGTTGAG genomic and cDNA construct.
RTAS PCGCGGGCGATGGTCTCGATGGAAAGAC  Mutagenic primer for ANPGT for genomic
CGAACTGTTTCC construct.
RTA PCGCGGGCGATGGTCTCGATCGCGGCGG Mutagenic primer for NPGT - AAAA for

CGGCGGAAAGACCGAACTGTTTCC

genomic construct.
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RTAILO

Mutagenic primer for VTPR- VTAR for
PGAGGCCGAGTCTGGCAGTGACGGC
genomic and cDNA construct,

RTA1l

PGGTTCCGTAGAGAGCAGCAGGGTTCAA Mutagenic primer for AYAF for genomic and
CCTCTCGCC c¢DNA construct.

RTAI2

PGGTTCCGTAGAGAGCAGCCGCGGCAGC Mutagenic primer for YAF - AAA for genomic
AGGGTTCAACCTCTCGCC and cDNA construct.

PGCAGCTGAGCTTGCCCTTCTGAGCCCTG Mutagenic primer for AIDS for genomic and

RTA13
AAGGTGG cDNA construct.
PGCAGCTGAGCTTGCCCTTGGCAGCGGC Mutagenic primer for IDS - AAA for genomic
RTAI4 CTGAGCCCTGAAGGTGG and cDNA construct.
PCCTCAATGGAGACGGACATGGCTTGTT Mutagenic primer for AKLG for genomic
RTALS GCTTGAAGGGG construct.
PCCTCAATGGAGACGGACATCGCGGCCG Mutagenic primer for KLG - AAA for genomic
RTAIS CGGCTTGTTGCTTGAAGGGG construct.
RTAL7 PGACGGGGGCGGCACCAAGGAGCAAGC Mutagenic primer for AEKR for genomic and
AGCTGAGCTTC cDNA construct.
RTALS PGACGGGGGCGGCACCAAGGGCCGCCG Mutagenic primer for ERK - AAA for genomic
CGAGCAAGCAGCTGAGCTTG and cDNA construct.

RTA19

PGAGGCTGAAAGCCTTGGTGACAGAGAA Mutagenic primer for AGLRAD for genomic and
CATGTAGTTGGTGAGG cDNA construct.

RTA20

PGAGGCTGAAAGCCTTGGTGACGGCTGC
GGCTGCGGCAGAGAACATGTAGTTGGTG
AGG

Mutagenic primer for GLRAD - AAAAA for

genomic and cDNA construct.

RTA21

PCAACTCGCCCATGGCAAAAACTTGGAA Mutagenic primer for ASHQ for genomic
GCTTGGGTTATAG construct.

RTA22

PCAACCTCTCGCCCATGGCAAACGCGGC Mutagenic primer for SHQ -AAA for genomic
GGCAACTTGGAAGCTTGGGTTATAG construct.

RTA23

Mutagenic primer for ARD for genomic
PGGTGAGGAGGGTTTGGACCTCTGTC
construct.

RTA24

PGAACATGTAGTTGGTTTGGACCTCTGTC Mutagenic primer for ARDTLL for genomic
AAGG construct.

RTA2S

Mutagenic primer for C4-Y STOP for cDNA
PGACGGCCTGGAGTTAGTCGCCGAC
construct.

RTA26

Mutagenic primer for I5S-W STOP for cDNA
PCCTGACGTTGTCAGACGGCCTGG ~
construct.
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Mutagenic primer for 17-K STOP for cDNA
RTA27 PGGTGATGCCTTCCTAGGTAAGCCCAC

construct.

Mutagenic primer for C7-RSTOP for cDNA
RTA28 PGAAGGTGGACATTCAGAAGTCGTAC
construct.

PGTGACGTGGTCAACCTAAGCAGCGAAG Mutagenic primer for M14-DSTOP for cDNA
GTCAG construct.

RTA29

PCR primer, eliminates amplification of the
RTA30 CCTTTGGCGATGCTGCGCGACAATGCC
endogenous RIP copy.

RTA31 GGTGACTGGGTTGCTAGCGCTCAGC Tom40 sequencing primer, see Fig. 6.
RTA32 GAAAAACCGCTGACCTATAACCCAAG Tom40 sequencing primer, see Fig. 6.
RTA33 CCTTAGCCCACAATTAGAATAAAGC Tom40 sequencing primer, see Fig. 6.
RTA34 CCACGTCACTGTAAGTCACATGGCC Tom40 sequencing primer, see Fig. 6.
RTA3S PCCAGAGAACATGTAGTTGGTTTGGACC  Mutagenic primer for ARDTLL for cDNA
TCGCGGGCGATGGTCTC construct.
PGAACATGTAGTTGGTGAGGAGGGTTTG
RTA36 Mutagenic primer for ARD for cDNA construct.
GACCTCGCGGGCGATGGTATCG
RTA37 PGAGGAGGGTATCGCGTTGGACCTCGGC Mutagenic primer for A40-48, R49A for cDNA
GGAAAGACCGAACTGTTTCCTCC construct.
RTA3S PCGTCGGCGCGGAGGCCAGAGAACATCG Mutagenic primer for A51-60, E50A for cDNA
CGCGGGCGATGGTCTCGTGCC construct.
GGAACGAATTCGTTGTGTCCGCGTTCGC )
RTA40 3' PCR primer for Tomé6
TTCCGCC
RTA41 GTCGCTGTTTCAGAACTGGCTCGTCG 3' PCR primer for Tom6
RTA42  ATTCGACGTTCCCAGTATGCGATTGC 5' PCR primer for Tomé6
Tom40 sequencing primer, see Fig. 6. Same as
RTAA43 GTGCGCGGAAACAACAGAGCG
FNA169.
RTA44 CGCCTCAATGGAGACGGACATGGCTTGT Mutagenic primer for AKLG for cDNA
TGAGTGACGTGGTC construct.
RTA4S CGCCTCAATGGAGACGGACATGGCGGCC Mutagenic primer for KLG - AAA for cDNA
GCGGCTTGTTGAGTGACGTGGTC construct.
RTA4G PGTCGAGAGAGCGCCCTCGTTCTGAGCG  Mutagenic primer for AGNLD for genomic

AAGATCTGTTGAC construct.
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PGTCGAGAGAGCGCCCTCGTTGGCCGCG

Mutagenic primer for GNLD - AAAA for

RTA4T GCCGCCTGAGCGAAGATCTGTTGAC genomic construct.
PCCACCAATCGAGAACTGCGTGATGGTC  Mutagenic primer for ATK for genomic and
RTA4S CTGTCACCCCATC c¢DNA construct.
RTA49 PCCACCAATCGAGAACTGCGCGGCGATG Mutagenic primer for TK - AA for genomic and
GTCCTGTCACCCCATC cDNA construct.
RTASO PGAGGCACTGAAGTCGTCGCCAAGGTGG Mutagenic primer for AQHFEHE for genomic
GCCATATCCTGGCCGCCACCAATCG and cDNA construct.
PGAGGCACTGAAGTCGTCGCCAAGGTGC
RTA51 GCGGCCGCGGCCGCGGCCATATCCTGGC Mutagenic primer for QHEFE - AAAAA for
CGCCACCAATCG genomic and cDNA construct.
RTAS) PCTGGAGACCGAGGCCGAGTCTGGCCTG  Mutagenic primer for AVTP for genomic and
GAGGTAGTCGCCGAC c¢DNA construct.
PCTGGAGACCGAGGCCGAGTCTGGCCGC Mutagenic primer for VTP-AAA for genomic
RTAS3 GGCCTGGAGGTAGTCGCCGA and cDNA construct.
PCTGGAGACCGAGGCCGAGTCTAGTGAC Mutagenic primer for VTPR - VTR for genomic
RTAM GGCCTGGAGGTAGTC and cDNA construct.
RTASS PGCCTGCACCCTATCCGTCAGCCAGAAG  Mutagenic primer for AKK for genomic and
GAAGTGTTGAGAG cDNA construct.
PGCCTGCACCCTATCCGTCAGCGCCGCC Mutagenic primer for KK-AA for genomic and
RTA36 CAGAAGGAAGTGTTGAGAG cDNA construct.
RTAS7 PCATGCCGAGCTTGGCTTGTTGCTAGACG  Mutagenic primer for new C7-T STOP for
TGGTCAACATCAGCAGC c¢DNA construct.
RTASS PGACGGGGGCGGCACCCTAACGCTTCTC Mutagenic primer for new 17-L. STOP for cDNA
GAGCAAGCAGC construct.
RTAS9 PCCTCTCGCCCATGGCAAACGCGGCCGC  Mutagenic primer for SHQ -AAA for cDNA
AACTTGGAAGAGAGGGGCG construct.
RTAGO PCCTCTCGCCCATGGCAAAAACTTGGAA Mutagenic primer for ASHQ for cDNA
GAGAGGGGCG construct.
RTAGI PGCCGAGCTTGGCTTGTTGAGTAAGACG Mutagenic primer for AM13#1 for cDNA
CTTCTCGAGCAAGCAGCTG construct.
RTAG2 PCATGCCGAGCTTGGCTTGTTGAGTGGA Mutagenic primer for AM13#2 for cDNA
CATTCTGAAGTCGTACTTGGC construct.
RTAG3 PGTCGAGAGAGCGCCCTCGTTCTGAGCG Mutggenic primer for AGNLD for cDNA

AAGATCTGGTTGG

construct.
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PGTCGAGAGAGCGCCCTCGTTCGCGGCC Mutagenic primer for GNLD - AAAA for cDNA
GCGGCCTGAGCGAAGATCTGGTTGG construct.

RTA64

PGGGGCGAGGCTGAAAGCCTTGGTGACG

Mutagenic primer for GLRAD - AAAAA for
RTA65 GCTGCGGCTGCGGCAGAGAACATGTAGT
c¢DNA construct.

TGGTGAGGAGGG
RTAGG PGGGGCGAGGCTGAAAGCCTTGGTGACA  Mutagenic primer for AGLRAD for cDNA
A
GAGAACATGTAGTTGGTGAGGAGGG construct.
GAGGTTACATGCGGCCGCCGATCCAGAT
RTA67 TOMA40 5' cloning - For subclone pB3
CCAAGAGAGTTCAAATGCGG
GAGGTTACATGCGGCCGCTAGCGAGGGA )
RTA68 TOMA40 3’ cloning - For subclone pB3
CGGTGAAAAGGTATGACCC

GAGGTTACATGAATTCATTAAAGAGGAG

RTA69 AAATTAACTATGGCTTCGTTTTCCACCGA TOM40 5' N - His construct — EcoRl
' GTCGCCTTTG

GAGGTTACATAAGCTTTTAATGGTGATG

RTA70 GTGATGGTGATGGTGATGGAGAGGGGCG  TOM40 3'N - 9 His construct HinDIII
AGGCTGAAAGCCTTGG

GAGGTTACATAAGCTTTTAATGGTGATG

RTA7l GTGATGGTGGAGAGGGGCGAGGCTGAA TOMA40 3' N - 6 His construct HinDIl]

AGCCTTGG
RTA72 PGACCGCCGTCAAGGAAAGAGATGGCCT Mutagenic primer for ANP for genomic
TGAGGGAGGCAC construct.
RTAT3 PGAGCTTGGCTTGTTGAGTGACATCAGC Mutagenic primer for AVDH for genomic and
AGCGAAGGTCAGAG cDNA construct.
RTA74 PGACCGCCGTCAAGGAAAGAGGCGGCG Mutagenic primer for NP-AA for genomic and
- ATGGCCTTGAGGGAGGCAC cDNA construct.
RTA7S PGAGCTTGGCTTGTTGAGTGACCGCGGC Mutagenic primer for VDH-AAA for genomic
CGCATCAGCAGCGAAGGTCAGAG and cDNA construct.
RTA76 PGTCGAGAGAGCGCCCTCGTTCTGAGCG Mutagenic primer for AGNLD for cDNA
AAGATCTGTTGAC construct.
RTA78 CGAGCGTTCTGAACAAATCCAG Sequencing primer - pQE40 — DHFR
GAGGTTACATGAATTCATTAAAGAGGAG
RTA79 AAATTAACTATGGCTTCGTTTTCCACCGA TOM40 - New S' His primer
GTCGCC
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GAGGTTACATAAGCTTTTAGTGATGGTG

RTA84 ATGGTGATGAAAGGGGATGTTGAGGGAC TOMA40 extreme C-terminal 6 His tag
TG
RTAS8S TTTAAAAGGGGATGTTGAGGGAC See Wt-TOM40 PCR Cter
RTAS86 GAAAAGGTATGACCCACACCCTTTC Tom40 sequencing primer, see Fig. 6.
RTA87 CACCATCCGCTGCGTCCTCGATTCCC Tom40 sequencing primer, see Fig. 6.
WTPCR CCGATGCCTTCAACGCCTTTC Used to eliminate ectopic RIP in PCR from
Nter potential transformants.
WTPCR TTTAAAAGGGGATGTTGAGGGAC Used to eliminate endogenous RIP in PCR from
Cter potential transformants.
SECTION B: SCAM' PRIMERS
PRIMER SEQUENCE (5'- 3") COMMENTS
RTAS0 PGCATTGTCGCGCAGCATCGCACAAGGC Mutagenic primer for cysteine mutant L10C for
GACTCGGTGGAAAACG genomic construct.
PCGCTTCTCGAGCAAGGCGCTACACTTGCCCT Mutagenic primer for cysteine mutant L292C for
L292C TGGAGTCGATCTG genomic construct.
PGACGCTTCTCGAGCAAGGCACAGAGCTTGC Mutagenic primer for cysteine mutant S293C for
5293C CCTTGGAGTCGATC genomic construct.
PGCACCAAGACGCTTCTCGAGACAGGCGCTG Mutagenic primer for cysteine mutant L295C for
L295C AGCTTGCCCTTGG genomic construct.
PGCGGCACCAAGACGCTTCTCACACAAGGCG Mutagenic primer for cysteine mutant L296C for
L£296C CTGAGCTTGCCCTTG genomic construct.
PGGGCGGCACCAAGACGCTTACAGAGCAAGG Mutagenic primer for cysteine mutant E297C for
E297C CGCTGAGCTTGC genomic construct.
PGGGGGCGGCACCAAGACGACACTCGAGCAA Mutagenic primer for cysteine mutant K292C for
K298C GGCGCTGAGCTTG genomic construct.
PGACGGGGGCGGCACCAAGACACTTCTCGAG Mutagenic primer for cysteine mutant R299C for
R299C CAAGGCGCTGAGC genomic construct.
PCAGAGTGACGGGGGCGGCACCACAACGCTT Mutagenic primer for cysteine mutant L300C for
1.300C CTCGAGCAAGGCGCTG genomic construct.

' SCAM, substituted cysteine accessibility mapping
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PGTCAGAGTGACGGGGGCGGCACAAAGACGC Mutagenic primer for cysteine mutant G301C for

G301C TTCTCGAGCAAGGCG genomic construct.
PGAAGGTCAGAGTGACGGGGGCACAACCAA Mutagenic primer for cysteine mutant A302C for

A302C GACGCTTCTCGAGCAAG genomic construct,
PGCGAAGGTCAGAGTGACGGGACAGGCACCA Mutagenic primer for cysteine mutant A303C for

A303C AGACGCTTCTCGAGC genomic construct.
PGCAGCGAAGGTCAGAGTGACACAGGCGGCA Mutagenic primer for cysteine mutant P304C for

P304C CCAAGACGCTTCTCG genomic construct.
PCAGCACGCAAGGTCAGAGTACAGGGGGCGG Mutagenic primer for cysteine mutant V305C for

V305C CACCAAGACGCTTC genomic construct.
PCATCAGCAGCGAAGGTCAGACAGACGGGGG Mutagenic primer for cysteine mutant T306C for

T306C CGGCACCAAGACGC genomic construct.
PCAACATCAGCAGCGAAGGTACAAGTGACGG Mutagenic primer for cysteine mutant L307C for

L307C GGGCGGCACCAAGAC genomic construct.
PGGTCAACATCAGCAGCGAAACACAGAGTGA Mutagenic primer for cysteine mutant T308C for

T308C CGGGGGCGGCACCAAG genomic construct,
PCGTGGTCAACATCAGCAGCACAGGTCAGAG Mutagenic primer for cysteine mutant F309C for

F309C TGACGGGGGCGGCACC genomic construct,
PGACGTGGTCAACATCAGCACAGAAGGTCAG Mutagenic primer for cysteine mutant A310C for

A310C AGTGACGGGGGCGGC genomic construct.
. PCAGTGACGTGGTCAACATCACAAGCGA Mutagenic primer for cysteine mutant A311C for

ASITIC AGGTCAGAGTGACGGG genomic construct.
i PTTACAGTGACGTGGTCAACACAAGCAG Mutagenic primer for cysteine mutant D312C for

p312C CGAAGGTCAGAGTGAC genomic construct.
PGACTTACAGTGACGTGGTCACAATCAG Mutagenic primer for cysteine mutant V313C for

vaie CAGCGAAGGTCAGAGTG genomic construct.
D314C PATGTGACTTACAGTGACGTGACAAACA Mutagenic primer for cysteine mutant D314C for

TCAGCAGCGAAGGTCAGA genomic construct.
H315C PGCCATGTGACTTACAGTGACACAGTCA Mutagenic primer for cysteine mutant H315C for

ACATCAGCAGCGAAGGTC genomic construct.
RTAS] PGAGGCCATGTGACTTACAGTACAGTGG Mutagenic primer for cysteine mutant V316C for

TCAACATCAGCAGCG genomic construct.
T317C PGAAGAGGCCATGTGACTTACACAGACG Mutagenic primer for cysteine mutant T317C for

TGGTCAACATCAGCAGCG genomic construct.
Q318C PGACATGCCGAGCTTGGCTTGACACTTG Mutagenic primer for cysteine mutant Q318C for

AAGGGGGTTAGCAGAAG genomic construct.
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PACGGACATGCCGAGCTTGGCACATTGC Mutagenic primer for cysteine mutant Q319C for

RBIC TTGAAGGGGGTTAGCAG genomic construct.
) PAGACGGACATGCCGAGCTTACATTGTT Mutagenic primer for cysteine mutant A320C for
A320€ GCTTGAAGGGGGTTAGC genomic construct.
PGGAGACGGACATGCCGAGACAGGCTTG Mutagenic primer for cysteine mutant K321C for
RTAS2 TTGCTTGAAGGGGG genomic construct.
PCTCAATGGAGACGGACATGGCACACTT Mutagenic primer for cysteine mutant L322C for
L322C GGCTTGTTGCTTGAAGG genomic construct.
. PCGCCTCAATGGAGACGGACATACAGAG Mutagenic primer for cysteine mutant G323C for
G323¢ CTTGGCTTGTTGCTTGA genomic construct.
M324C PGACGCCTCAATGGAGACGGAACAGCCG Mutagenic primer for cysteine mutant M324C
AGCTTGGCTTGTTGCTT for genomic construct.
PTCAGACGCCTCAATGGAGACACACATG Mutagenic primer for cysteine mutant S325C for
3325C CCGAGCTTGGCTTGTTGC genomic construct.
PCATCAGACGCCTCAATGGAACAGGACA Mutagenic primer for cysteine mutant V326C for
vazec TGCCGAGCTTGGCTTG genomic construct.
PCGAGATCAGACGCCTCAATACAGACGG Mutagenic primer for cysteine mutant S327C for
S327C ACATGCCGAGCTTGGCT genomic construct.
PGATCGACATCAGACGCCTCACAGGAGA Mutagenic primer for cysteine mutant 1328C for
128¢ CGGACATGCCGAGCTTG genomic construct.
; PGGAGATCGACATCAGACGCACAAATGG Mutagenic primer for cysteine mutant E329C for
E329C AGACGGACATGCCGAGC genomic construct.
. PTCCTGGAGATCGACATCAGAACACTCA Mutagenic primer for cysteine mutant A330C for
A330C ATGGAGACGGACATGCCG genomic construct.
S$331C PCTGCTCCTGGAGATCGACATCACACGC Mutagenic primer for cysteine mutant S331C for
CTCAATGGAGACGGACATG genomic construct.
332D PCTGCTCCTGGAGATCGACACAAGACGC Mutagenic primer for cysteine mutant D332C for
CTCAATGGAGACG genomic construct.
c333v PCTfGCTGCTCCTGGAGATCACAATCAG Mutagenic primer for cysteine mutant V333C for
ACGCCTCAATGGAG genomic construct.
334D PCTCTTGCTGCTCCTGGAGACAGACATC Mutagenic primer for cysteine mutant D334C for
AGACGCCTCAATGG genomic construct.
C335L. PCCCTCTTGCTGCTCCTGACAATCGACAT Mutagenic primer for cysteine mutant L.335C for
CAGACGCCTCAATG genomic construct.
3360 PGGGCACCCTCTTGCTGCTCACAGAGAT Mutagenic primer for cysteine mutant Q336C for
CGACATCAGACGC genomic construct.
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C337E

PGACTGGGCACCCTCTTGCTGACACTGG Mutagenic primer for cysteine mutant E337C for
AGATCGACATCAGA genomic construct.

C338Q

PGACTGGGCACCCTCTTGACACTCCTGG Mutagenic primer for cysteine mutant Q338C for
AGATCGACATCAG genomic construct.

C339Q

PGGGACTGGGCACCCTCACACTGCTCCT Mutagenic primer for cysteine mutant Q339C for
GGAGATCGACATC genomic construct.

RTAB83

PGTTTAAAAGGGGATGTTGAGACACTGG Mutagenic primer for cysteine mutant S344C for
GCACCCTCTTGCTGC genomic construct.
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Table 3: Plasmids used for initial Tom40 work.

Plasmid Genomic Clonedinto Made by Comments
name or cDNA
pBJ5 Genomic ~ pNEB-193 B.J. First cloning attempt for Tom40.
McHale Contains a 8 kb genomic Kpnl-Clal
fragment.
pLR Genomic  pBluescript L. Corrigan First subcloning of Tom40 from pBJ5.
Fragment cloned was ~6 kb EcoRI-
Pmel cloned into pBluescript cut with
EcoR! and Hincll.
pRIP4 Genomic  pGEMT B.J. Cloning of Tom40 derived from PCR
McHale with FNA94 and FNA93
approximately 1.8 kb with a hyg
resistance marker.
plL.S4 Genomic  pBluescript L. Corrigan Subclone of Tom40 from pLR, EcoR!
— Clal 5.5 kb Fragment. Contains
Bleo from Ble0520, EcoR/ fragment
P15 Genomic  pBluescript  R. Taylor Subclone of Tom40 from pLS4. PCR
based cloning, primers used were
RTA67 and RTAB8.
pB3 Genomic  pBluescript  R. Taylor As for p15 with Bleo520 inserted.
Used for site directed mutagenesis
pChBr  cDNA PCSN44 M. Kiebler, Tom40 cDNA, hyg resistance marker
Neupert lab
pSnPy4, cDNA pGEM7ZF(+) R. Taylor Tom40 cDNA, used for site directed
10 mutagenesis. SP6 promoter used for
transcription.
pAsterix cDNA pGEM M. Kiebler, Tom40 cDNA, for in vitro translation,
, Neupert lab SP6 promoter used for transcription.
pRT40H9 Genomic  pBluescript  R. Taylor plLS4 with 6X C-terminal his tag
pC8 Genomic  pBluescript  R. Taylor Tom40 gDNA as pB3, No

endogenous cysteine, to use for
SCAM
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Table 4: List of all mutations made in Tom40 with corresponding genomic and

¢DNA plasmids listed.

Mutation ' Genomic
Amino Acids Affected c¢DNA Plasmid
name Plasmid
) | pTOMA40AC-3,
AC-ter Deletion of aa’ 330-349 AC2
-19,-22,-27
' Rapaport et al.
AN-ter Deletion of aa 2-61 pB40N12
2001.
A40-50 Deletion of aa 40-48; R49A pRTCA40-14 p296.2
AS50-60 ES0A; Deletion of aa 51-60 p38-12 p297.4
ANPGT Deletion of aa 40-43 pRTCS8-1,-6 p8-5
NPGT-AAAA  Replacement of aa 40-43 with Ala pRTC9-1,-3 p9-7
ARD Deletion of aa 53-54 p36-19 pRD1, pRD7
ARDTLL Deletion of aa 53-57 p35-16 pRDT4
AGLRAD Deletion of aa 64-68 p19-12 P19-8
GLRAD- :
Replacement of aa 64-68 with Ala p20-12 p20-19
AAAA
AGNLD Deletion of aa 109-112 p63.2 p46-7
GNLD- _
Replacement of aa 109-112 with Ala p64-6 p47-8
AAAA
AQFEHE Deletion of aa 145-149 p50.4 p50-3
QFEHE- _
Replacement of aa 145-149 with Ala pS1-7 p51-6
AAAAA
AVTP Deletion of aa 183-185 p52-4 p52-6
VTP-AAA Replacement of aa 183-185 with Ala p53-1 pS3-1
VTPR-VTR Deletion of aa 183 p54-2 p54-3
" aa, amino acid number
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VTPR-VTAR Replacement of aa 183 with Ala p10-9 pl10.7
AERK Deletion of aa 297-299 pl7.9 Oldpl71
New p17-5
ERK-AAA Replacement of aa 297-299 with Ala pl18.3 Old pI8-1
New p18-3
ASHQ Deletion of aa §2-84 pAS-2 p21-3
SHQ-AAA  Replacement of aa 82-84 with Ala pA3.1,3.2 p22-10
AYAF Deletion of aa 94-96 pC11.8 11.6
YAF-AAA  Replacement of aa 94-96 with Ala pC12-1 pl2.4
AIDS Deletion of aa 286-288 pC13-8 pl3.6
IDS-AAA  Replacement of aa 286-288 with Ala pC14-7, -8 pl4.4
AKLG Deletion of aa 321-323 p44-15 pl5.3
KLG-AAA Replacement of aa 321-323 with Ala p45-14 pl6.6
ATK Deletion of aa 131-132 p48-6 p48-7
TK-AA  Replacement of aa 131-132 with Ala p49-9 p49-1
ANP Deletion of aa 163-164 pN1 p72-2
NP-AA  Replacement of aa 163-164 with Ala pNA7 p74-1
AKK Deletion of aa 237-238 p55-1, -7 p55-2
KK-AA  Replacement of aa 237-238 with Ala p56-20 p56-1
WKK-WQQ Replacement of aa 237-238 with Gln p7-1 pWQQI11-2
AVDH Deletion of aa 312-314 pV3 p73-3
VDH-AAA Replacement of aa 312-314 with Ala pVAl p75-6
I5-W Stop inserted at aa 195 pISW-4 NA
C7-Threonine Stop inserted at aa 317 pC7-9 NA
[7-Threonine Stop inserted at aa 300 pl7-3, -8 NA
M13#1 Deletion of aa 301-315 p61-5 NA
M13#2 Deletion of aa 281-315 p62-4 NA
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SECTION B: SCAM' Plasmids

Mutation Genomic
Amino Acids Affected c¢DNA Plasmid
name Plasmid
Replacement of Leu at position 10
L10C . NA pl0-5, -8
with Cys in pC8 plasmid.
Replacement of Leu at position 292
L292C NA p292-1
with Cys in pC8 plasmid.
Replacement of Ser at position 293
S293C ) NA p293-2
with Cys in pC8 plasmid.
‘Replacement of Leu at position 295
L295C ) NA p295-5
with Cys in pC8 plasmid.
Replacement of Leu at position 296
L296C NA p296-1
with Cys in pC8 plasmid.
Replacement of Glu at position 297
E297C NA p297-1
with Cys in pC8 plasmid.
Replacement of Lys at position 298
K298C ‘ ) ‘ NA p298-1
with Cys in pC8 plasmid.
Replacement of Arg at position 299
R299C . ' _ NA p299-1
with Cys in pC8 plasmid.
' Replacement of Leu at position 300
L300C . NA p300-1
with Cys in pC8 plasmid.
Replacement of Gly at position 301
G301C . NA p301-2
with Cys in pC8 plasmid.
Replacement of Ala at position 302
A302C NA p302-3
with Cys in pC8 plasmid.
' SCAM, substituted cysteine accessibility mapping
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Replacement of Ala at position 303

A303C NA p303-10
with Cys in pC8 plasmid.
Replacement of Pro at position 304
P304C _ _ . NA p304-2
with cys in pC8 plasmid.
Replacement of Val at position 305
V305C ) ) NA p305-1
with Cys in pC8 plasmid.
Replacement of Thr at position 306
T306C NA p306-5
with Cys in pC8 plasmid.
Replacement of Leu at position 307
L307C _ NA p307-1
with Cys in pC8 plasmid.
Replacement of Thr at position 308
T308C NA p308-8
with Cys in pC8 plasmid.
Replacement of Phe at position 309
F309C . NA p309-1
with Cys in pC8 plasmid.
Replacement of Ala at position 310
A310C _ ' NA p310-4
with Cys in pC8 plasmid.
Replacement of Ala at position 311 )
A311C ) NA p311 Quiagen
with Cys in pC8 plasmid.
Replacement of Asp at position 312
D312C NA p312-2, -4
with Cys in pC8 plasmid.
Replacement of Asp at position 314
D314C . _ NA p314-1,-2,-4
with Cys in pC8 plasmid.
Replacement of Val at position 316
V31eC NA p316-7, -8
with Cys in pC8 plasmid.
Replacement of Thr at position 317
T317C ) ) NA p317-1
with Cys in pC8 plasmid.
Replacement of Gln at position 319
Q319C ) ‘ _ NA p319-3
with Cys in pC8 plasmid.
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"Replacement of Lys at position 321

K321C ) _ NA p321-4, -7
with Cys in pC8 plasmid.
Replacement of Leu at position 322
L322C ) NA p322-1
with Cys in pC8 plasmid.
Replacement of Gly at position 323 p323-1M,
G323C ) NA
with Cys in pC8 plasmid. p323-2M
Replacement of Ser at position 325
S325C ) ) NA p325-1, -2
with Cys in pC8 plasmid.
Replacement of Ser at position 327
S327C ) NA p327-2
with Cys in pC8 plasmid.
- Replacement of Glu at position 329
E329C . ‘ NA p329-2
with Cys in pC8 plasmid.
Replacement of Ser at position 331
S331C ‘ . ' NA p331-1,-2,-3
with Cys in pC8 plasmid.
Replacement of Asp at position 332
D332C NA p332-2
with Cys in pC8 plasmid.
Replacement of Val at position 333
V333C ) ) NA p333-1
with Cys in pC8 plasmid.
Replacement of Asp at position 334
D334C . . _ NA p334-1
with Cys in pC8 plasmid.
Replacement of Leu at position 335
L335C . . ) NA p335-4
with Cys in pC8 plasmid.
Replacement of Gln at postion 336
Q336C . . ' NA p336-2
with Cys in pC8 plasmid.
Replacement of Glu at position 337
E337C . _ ) NA p337-1
with Cys in pC8 plasmid.
Replacement of Gln at position 338
Q338C ) ) ‘ NA p338-1
with Cys in pC8 plasmid.
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Replacement of Gln at position 339

Q339C ) ) ) NA p339-1
with Cys in pC8 plasmid.
Replacement of Ser at position 344
S344C NA p344-3, -6
with Cys
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0"’ mutant. The box symbolizes the

Figure 4. Sheltered heterokaryon for the tom4
heterokaryotic RIP40het strain used in this study, containing two distinct nuclei indicated
by circles. Nucleus 1 contains no functional copies of tom40; Nucleus 2 contains a wild
type allele of the gene. Only markers necessary for the manipulation of the heterokaryon
are indicated in each nucleus. The complete genotype is listed in Table 1. The mutant
allele of the cyh-2 gene provides resistance to cycloheximide. The heterokaryon was

produced as described in section 2.2.
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3. RESULTS

3.1 Generation and isolation of the tom4(0 null mutant

Tom40 is the major component of the TOM complex. It is thought to form the
pore through which preproteins traverse the outer membrane (Hill ef al., 1998; Ahting et
al., 2001), and it is known to be an essential gene in yeast (Baker et al, 1990).
Therefore, the procedure of sheltered RIP was used to obtain N. crassa tom4(0 mutants.
As described in section 2.2, the result of this technique is a heterokaryotic strain in which
one nucleus contains fom40 alleles inactivated by RIP, while the other nucleus retains a
wild type copy of the gene (Fig. 4). Following the RIP cross that generated the sheltered
heterokaryon, one strain (RIP40het) was chosen for further study.

Southern analysis (Fig. 5) indicated that, in addition to the gene at the endogenous
tom40 locus, the ectopically integrated RIP substrate was also present in the strain. Using
specific primers (FNA176 and FNA177 for the endogenous locus, FNA94 and FNA175
from the ectopic copy), both RIPed versions of the gene were amplified by PCR. The
gene at the endogenous locus was cloned and sequenced to completion (Fig. 6), and a
total of 92 RIP mutations were identified, including one that created a stop codon at
amino acid 35. DNA sequence from approximately 270 bp of the ectopic tom40 allele
was determined directly from PCR products. Nine RIP mutations were observed,
including one that created a stop codon at residue 30 of the Tom40 protein. The wild
type fom40 sequence is shown in Fig. 6, and the position of the RIP mutations are also
indicated. For both RIPed alleles, the stop codons occur before the first predicted
membrane-spanning domain of Tom40 (Court et al., 1995).

To determine if fom40 is an essential gene in N. crassa, conidiaspores from the
RIP40het strain were streaked onto medium containing all the nutritional requirements
for both nuclei in the heterokaryon (see Table 1 and Fig. 7). Conidiaspores produced by
N. crassa are usually multinucleate (2 to 5 nuclei per spore (Davis and De Serres, 1970))
and are produced by the random segregation of nuclei into spores. As a result, the
heterokaryon should produce three types of conidiasporgs: spores that are homokaryons

for the lysine-leucine-requiring tom40%* nucleus, spores that are homokaryons for the
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inositol-leucine-requiring sheltering nucleus, and spores that contain both nuclei. A total
of 181 single colony isolates were tested for nutritional requirements. No lysine-leucine
strains were identified, indicating that the 1om40™” nucleus was not viable as a
homokaryon. In contrast, 120 heterokaryotic colonies and 61 leucine-inositol requiring
colonies were recovered from this experiment. These data demonstrate that tom40 is
essential for viability of N. crassa. To confirm that the effects of RIP were specific to the
tom40 gene, the RIP40het strain was transformed with a plasmid containing a genomic
copy of tom40 on a bleomycin resistance vector. When transformants were selected on
media containiAng lysine, leucine, cycloheximide, and bleomycin, viable lysine-leucine-

requiring homokaryotic strains were recovered.

3.2 Characterization of the fom4( null mutant

As shown in Fig. 4, the two nuclei in the RIP40het strain differ with regard to
auxotrophic and antibiotic resistance markers. These differing markers make it possible
to force the tom40™%'" bearing nucleus to predominate the heterokaryon by growing in
medium containing lysine, leucine and cycloheximide (Fig. 8). When RIP40het was
grown under these conditions, growth of the heterokaryon was severely reduced (Fig.
9A), as a result of the inability of the cycloheximide resistance-conferring tom40~”
nucleus to supply Tom40 protein when it predominates the heterokaryon. Mitochondria
isolated from RIP40het, following growth in media containing lysine, leucine and
cycloheximide, show a decrease in Tom40 levels on Western blots (Fig. 9B). BNGE of
the TOM complex from these Tom40 deficient mitochondria revealed no differences in
complex size or stability compared to control strains (Fig. 9C). This indicates that the
TOM complex forms normally in the Tom40 deficient strain but in reduced amounts.

The Tom40 deficient mitochondria were also analyzed for levels of other
mitochondrial proteins, including additional members of the TOM complex (Fig. 9B). In
Tom40 deficient mitochondria the levels of TOM complex receptors Tom70 and Tom?20,
as well as mitochondrial Hsp70 and porin are unaffected by reduction in Tom40 levels.
In contrast, levels of Tom22, and Tom6 were reduced in the Tom40 deficient
mitochondria. "To determine if transcription of these genes was affected, Northern blots

were analyzed for the presence of rom22, tom40 and tomé6 transcripts (Fig. 10). mRNA
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levels were severely reduced for fom40 in the RIP40het strain grown in cycloheximide as
has been previously observed for RIPed genes (Rountree and Selker, 1997; Grad et al,
1999), while transcript levels of tom22 were unaffected. Transcripts were not detected
for Tom6 in mutant or control strains suggesting that this may be a rarely produced, or
unstable transcript. However, there is no reason to expect that the control of expression
of tom6 differs from tom22 and the data suggest that either the import or stability of
Tom?22 and, by analogy, Tom6 within mitochondria is dependent on assembly with
Tom40. It should be noted that the reduction in these componehts was not due to a
generalized decrease in import capacity that would be expected in Tom40 deficient
mitochondria, as other mitochondrial proteins were present at wild type levels (Fig. 9B).

To determine the effects of reduced levels of Tom40 on import of preproteins into
mitochondria, in vitro import assays were performed using the precursor forms of F;f8
and the matrix processing peptidase (MPP). Both precursors contain an N-terminal
targeting signal and are imported into the matrix space. The precursor of AAC was also
used in these experiments. It contains an internal targeting signal and is assembled into
the inner membrane by the TIM22 complex. Import of all the mitochondrial preproteins
tested was reduced in Tom40 deficient mitochondria compared to control mitochondria
(Fig. 11).

To determine the structure and morphology of Tom40 deficient mitochondria,
cells grown under conditions where the rom40™" nucleus predominates the RIP40het
strain were examined by electron microscopy (Fig. 12). Mitochondria with reduced
levels of Tom40 were smaller than the control mitochondria and contained virtually no

cristae.

3.3 Creation of tom40 variant plasmids and mutant strains

Little is known about the regions of Tom40 required for its targeting to the
mitochondrial outer membrane or for its assembly into the TOM complex. An alignment
of Tom40 protein sequences from a variety of different species was performed to identify
conserved domains in Tom40 that may be important for its function and assembly (Fig.
13).  Domains that were fairly well conserved were targeted for site-directed

mutagenesis. These Tom40 mutant alleles were created in different plasmids containing
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either the cDNA or genomic versions of fom40. A list of specific mutations made in both
the ¢cDNA and genomic versions of Tom40 1s given in Table 4.

The mutant tom40 genomic alleles were used to transform the RIP40het strain.
Plasmids that gave rise to lysine-leucine requiring, cycloheximide resistant homokaryotic
colonies were assumed to restore Tom40 function to a level sufficient for viability (Fig.
14). The presence of mutant alleles was confirmed through PCR of genomic DNA
isolated from the resulting strains, with primers that were designed to specifically amplify
the newly introduced version of tom40, and sequencing of the resulting PCR product
(Fig. 15). The detailed characterization of specific fom40 variants is discussed next.
Some of the variants have not yet been characterized in detail, and are mentioned at the
end of the “RESULTS” (section 3.7). The mutant tom40 cDNA constructs were used for
Tom40 in vitro assembly assays to assess the effects of specific mutations on targeting

and assembly of Tom40 into the mitochondrial outer membrane and the TOM complex.

34 A region near the N-terminus of Tom40 affects assembly and stability of the
TOM complex

3.4.1 A conserved region identified in the N-terminus

A previous study had shown that Tom40 precursor proteins lacking amino acid
residues 2-60 failed to be integrated into the TOM complex in vitro (Rapaport and
Neupert, 1999). Alignments of Tom40 in this region from several different organisms
revealed the existence of a conserved region of the protein near the N-terminus of Tom40
spanning amino acids 40-60 of the N. crassa protein, while no conservation of sequence
between organisms prior to amino acid 38 of the N. crassa protein was observed (Fig 13).
This is in agreement with the results from in vitro experiments showing that the first 40
amino acids of Tom40 are dispensable for Tom40 assembly (Rapaport and Neupert,
1999; Rapaport ef al., 2001). Conserved residues in the 40-60 region were targeted for
site-directed mutagenesis as described above.

Amino acids 40-50 are well conserved between all species, while amino acids 50-
60, are well conserved in fungal versions of the protein. To determine the role of these

regions in Tom40 assembly and function, cDNA and genomic versions of the tom40 gene
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of the gene was constructed with various alterations (Fig. 16). These altered tom40
alleles include those with a deletion of the NPGT residues at positions 40-43 (ANPGT),
replacement of the conserved NPGT residues with alanine (AAAA), constructs lacking
the RD at positions 53-54 (ARD) and RDTLL at positions 53-57 residues (ARDTLL).
Larger deletions were also constructed encompassing amino acids 40-48 (with a single
amino acid change of R49A) (A40-48), and deletion of amino acids 51-60 (with a single
replacement of amino acid ESOA) ( A51-60) (Fig. 16).

3.4.2. TOM complex assembly

The ability of the mutant Tom40 proteins to assemble into the TOM complex was
assessed using Tom40 in vitro assembly assays. cDNA versions of wild type and variant
Tom40 precursors were transcribed and translated in vifro in the presence of
[*°S]methionine. Tom40 import assays were then performed with the labeled proteins,
and the degree of assembly was assayed by BNGE (Fig. 17). Wild type Tom40
predominantly accumulates in a 250 kDa intermediate when import assays are carried out
at 0°C. Further assembly is seen when import is performed at 25°C, as the protein
assembles into both a 100 kDa intermediate, and authentic TOM complexes of
approximately 400 kDa (Fig. 17A and B). As noted previously, residues 1-40 are not
required for assembly (Rapaport and Neupert, 1999), and a variant lacking residues 2-20
(A2-20) assembles like the wild type version of the protein. All of the N-terminal variant
proteins analyzed with alterations between amino acids 40-60, show a decrease in their
ability to assemble into the authentic 400 kDa TOM complex at 25°C, and significant
proportions of the precursors remain in the 250 kDa intermediate (Fig. 17A and B).
However, for the ANPGT, AAAA, A40-48, ARD and ARDTLL mutants, some assembly
into the 400 kDa complex is observed suggesting that these mutations have a relatively
mild effect on Tom40 assembly. In contrast, assembly of the AS1-60 variant into the
TOM complex is more severely affected (Fig. 17B) as this variant fails to assemble past

the 250 kDa intermediate even after 60 min of import at 25°C (discussed in section 3.6,

Fig. 26A). There is also an effect on formation of the 100 kDa intermediate which was
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not present as a discrete band at either temperature when the A51-60 variant protein was

imported.

3.4.3 Rescue of RIP40het with N-terminal mutant alleles

Genomic Tom40 plasmids were constructed with the specific mutations shown in
Fig. 16, and these constructs were used to assess the ability of these mutant tom40 alleles
to rescue the rom40™ nucleus in RIP40het (Fig. 14). It was found that a tom40 allele
encoding a protein lacking amino acid residues 2 to 60 was not able to restore viability to
the nucleus harboring the RIPed version of tom40 which supports in vitro findings
(Rapaport and Neupert, 1999) that the first 60 residues of the N-terminal domain of
Tom40 contain crucial assembly information. The remaining mutant alleles of the N-
terminus, including both the A40-48 and the A51-60 alleles, were able to rescue the

0%" nucleus in RIP40het and gave rise to homokaryons requiring lysine and leucine.

tom4
This suggests that although the A51-60 Tom40 protein is unable to progress past the 250
kDa intermediate in in vitro assembly assays (Fig. 17B), it must be at least partially

capable of assembling into TOM complexes in vivo.

3.4.4 Growth phenotypes of strains containing mutations in the N-terminus of Tom40

Mutant strains expressing the different mutant alleles showed highly variable
growth phenotypes (see below), but all showed a reduced ability to climb the walls of
growth flasks and to produce asexual conidia spores. Examples of this growth phenotype
are shown in Fig. 18 for mutants of the 40-48 region. Mutants in the 51-60 region have a
similar phenotype (data not shown). It is interesting to note that the strains that showed
the most aberrant assembly phenotypes in the in vitro assembly assays (such as A40-48
and A51-60), grew and conidiated more poorly than strains that showed only slight
assembly defects (such as ANPGT and ARD) (Fig. 18). Thus, the severity of assembly
defects seen in vitro correlates well with the in vivo phenotypes observed in the mutant
strains.

Strains containing the ARD and ARDTLL forms of Tom40 exhibited only a
slightly reduced growth rate compared to control strains but strains containing either the

A40-48 or A51-60 mutations grew much slower than controls. The A40-48 strain showed
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a much slower growth rate that was easily distinguished from the other mutants based on
rate of mycelial elongation in race tubes at room temperature (Fig. 19A). The A51-60
strain also showed mild growth defects in race tubes at room temperature (data not
shown), but these growth defects were enhanced when the strain was grown in liquid
culture at 15°C, where it grew at roughly half the rate of wild type cultures (Fig. 19B).
The ANPGT and AAAA mutants displayed a complex growth phenotype. A total
of 18 different lysine-, leucine-requiring transformants of the AAAA type and 13 of the
ANPGT type were analyzed for growth characteristics in race tubes. Nine of the AAAA
strains and five of the ANPGT strains displayed a "stop-start" growth phenotype. These
strains grew at near normal rates for a few days and then grew very slowly or not at all for
1 or 2 days before they resumed their initial growth rate (see ANPGT strain in Fig. 19A
for an example of this growth phenotype). The strains exhibiting this behavior are
remarkably consistent, because the stop phase of growth was observed to begin on the
same day in up to six different race tubes of an individual strain. The rest of the strains
analyzed from both groups grew slightly slower than control strains for 12 days without
evidence of stopping (see AAAA strain in Fig. 19A for an example of this growth
phenotype). Tomd40 levels in all strains were similar, regardless of their growth
phenotype (data not shown), though it is conceivable that subtle differences in expression,
not identified in the analysis of Western blots, may explain the different growth
characteristics. This could be due to locus-specific effects at different integration points
of the transformed mutant alleles in the individual strains. Regardless, no differences
between the strains have been found except for this behavior. For further analysis one
stopper type of the ANPGT strains and one non-stopper growth type of the AAAA strains

were chosen.

3.4.5 Function of the TOM complex in N-terminal mutant strains

The role of residues 40-60 of Tom40 in function of the TOM complex was further
analyzed. Mitochondria isolated from the ANPGT, AAAA and A51-60 strains were
assessed for function of the TOM complex by assaying their ability to import

mitochondrial preproteins in vitro. The A40-48, ANPGT and AAAA strains showed a
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decrease in the ability to import mitochondrial preproteins, with the greatest deficiency
seen in the A40-48 strain (Fig. 20). The A51-60 strain showed a very mild import defect,
suggesting that function of the TOM complex is only slightly affected in this strain, even
though assembly of the complex may be more significantly impaired (section 3.4.2).
Taken together, the data suggest that although the phenotypes ovérlap to some extent, the
40-50 region may be more important for TOM complex function, while the 50-60 region

appears to have a greater role in TOM complex assembly.

3.4.6 Affects of Tom40 N-terminal mutations on levels of mitochondrial proteins

The level of TOM complex components and other mitochondrial proteins from
the ANPGT, AAAA, and A40-48 strains were analyzed and found to be similar to the
levels in controls (Fig. 21). This suggests that despite the import deficiencies observed in
these strains, they still accumulate mitochondrial proteins at ratios similar to controls.
This is a typical observation for mutants (Alconada et al., 1995; Nargang et al., 1995;
Grad ef al., 1999). It seems likely the growth defects seen in these strains represent the
increased time needed to accumulate proteins at levels sufficient for mitochondrial

function and cellular growth.

3.47 Mutations in residues 40-60 of Tom40 result in a more fragile TOM complex

The rolé of the residues spanning amino acids 40-60 was analyzed further by
assessing the stability and structure of the TOM complex in each of the mutant strains.
Mitochondria containing the ANPGT, AAAA, A40-48, ARD, ARDTLL, and A51-60
Tom40 variants were dissolved in 1% digitonin, subjected to BNGE, blotted to PVDF
membrane and were decorated with antibody to Tom40. The ANPGT, AAAA, A40-48,
and A51-60 classes of mutants were found to contain a TOM complex with slightly
increased electrophoretic mobility when mitochondria were solubilized in 1% digitonin
(Fig. 22A and B). Mitochondria from all of the mutants strains analyzed appeared to
contain a TOM complex that was more fragile than control strains when solubilized with

1% dodecylmaltoside. The TOM complexes in these mutants break down into a series of
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smaller complexes with at least some fraction of the Tom40 molecules migrating as
monomers. A striking deficiency of Tom40 also appears in the lanes containing
mitochondria from the A51-60 strain, especially when mitochondria are solubilized with
dodecylmaltoside despite the fact that equal amounts of mitochondrial protein were
loaded in each lane. When mitochondria from this strain were solubilized in SDS no
difference in the amount of Tom40 was observed relative to controls (Fig. 22C).
Therefore, the deficiency of Tom40 observed following BNGE may have been due to
aggregation of Tom40 molecules from this strain, resulting in an inability of Tom40 to
enter the gel. These results demonstrate that residues 40-60 play an important role in the
stability of the TOM complex. Blots of blue native gels for the ANPGT, AAAA and A40-
48 strains were also examined using antibodies directed against two other TOM core
complex components, Tom6 and Tom22. In both cases, the samples solubilized in
digitonin showed the same electrophoretic mobility alteration seen in the blots examined
with Tom40 antibodies (data not shown). For samples dissolved in 1%
dodecylmaltoside, the patterns were similar to those seen with Tom40 antibodies, except

that only trace amounts of Tom6 monomers were released from the mutant complexes.

3.5 Effects of mutations in the C-terminal region of Tom4(

To examine effects of mutations in Tom40 outside the N-terminus of the protein
mutations were made in the last block of conserved residues in the C-terminus of the
protein (Fig. 13, Fig. 23A). These residues are predicted to lie within the last membrane-
spanning domain of Tom40 in two computer predictions of Tom40 structure (T. Schirmer
via D. Rapaport, personal communication) (Mannella ef al., 1996) but are not in a third
model (Court et al., 1995). Variant ¢cDNA and genomic versions of tom4(0 were
constructed in which the conserved KLG residues (amino acids 321-323) were either
deleted (A321-3) or changed to alanine residues (321AAA) (see section 3.3, Table 4). In
addition to theée mutations, a deletion of the fungal specific C-terminal extension (AC-
term), spanning amino acids 329-349 of N. crassa Tom40 was also created (Fig. 23A).

The Tom40 cDNA constructs were used in in vitro assembly assays as described
in section 3.4.2. Import of the 321AAA construct was similar to wild type Tom40, with

some accumulation of precursor protein at the 250 kDa intermediate when imported at
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25°C suggesting a mild assembly defect (Fig. 23B). The A321-3 variant showed a more
dramatic assembly phenotype, as the mutant precursor did not assemble past the
monomer stage of Tom40 assembly at 0°C, and did not progress past the 250 kDa
intermediate at 25°C (Fig. 23B). As observed with the A51-60 mutation, failure to
progress past the 250 kDa intermediate in A321-3 prevented formation of the 100 kDa
intermediate, suggesting that this intermediate forms after the appearance of the 250 kDa
complex. Thus, the deletion of the KLG residues dramatically affects the ability of
Tom40 precursors to assemble into the TOM complex whereas changing the residues to
alanines has little effect. Assembly of the AC-terminal (Tom40AC) construct was also
assessed and to moderately affect assembly of Tom40 (Fig. 24A).

Genomic Tom40 plasmids were constructed with the specific mutations shown in
Fig. 23A. These constructs were used to assess the ability of the mutant tom40 alleles to
rescue the tom40™ nucleus in the RIP40het strain (see section 3.3). It was found that
the A321-3 tom40 allele was unable to rescue the tom40™" nucleus, which is in keeping
with the severe assembly defects observed in vitro. The 321AAA and AC-term alleles
were able to rescue the fom40™" nucleus in RIP40het and gave rise to homokaryons
requiring lysine and leucine.

The 321AAA strains grew slightly slower than controls at room temperature (Fig.
23C). However, at 15°C the growth of the 321AAA strain was reduced to about half that
of the control (Fig. 23C). The role of residues 321-323 in the function of the TOM
complex was further demonstrated by the fact that mitochondria containing the 321AAA
variant imported mitochondrial precursors less efficiently than control mitochondria (Fig.
23D). BNGE analysis of mitochondria isolated from 321AAA strains revealed striking
defects in TOM complex stability (Fig. 23E). When mitochondria from 321AAA were
solubilized in the mild detergent digitonin, a substantial fraction of Tom40 was not
present in the 400 kDa fully assembled form and migrated at a position that would
correspond roughly to a Tom40 dimer. From these data, it is impossible to determine if
the smaller form of the complex forms during solubilization in digitonin and BNGE or if
it is present in vivo. Solubilization of mitochondria containing the 321AAA Tom40
variant in dodecylmaltoside results in all of Tom40 in the TOM complex being released

as a monomer.
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Strains expressing the AC-term Tom40 (Fig. 23A) variant failed to climb the
walls of growth flasks, produced few asexual conidiaspores, and grew at rates somewhat
slower than wild type (Fig. 24B and C). The presence of the AC-term allele was
confirmed through Western blots of mitochondria isolated from control strains (Dupl 40)
and three AC-term strains (FC2-1, FC8-1, and FC17-1). Three antibodies directed against
the complete Tom40 protein, the N-terminus of the protein and the C-terminus of the
protein were used (Fig. 24D). As expected only the N-terminal and complete protein
antibodies recognized the Tom40 protein in the AC-term strains. These blots also show
that the AC-terminal protein was smaller than wild type and that no wild type protein
existed within these strains. Strains expressing the AC-term Tom40 allele showed no
defects in import of mitochondrial preproteins (Fig. 24E). Deletion of the C-terminal
extension found in fungal Tom40 proteins has a moderate affect on assembly since the
precursor appears to accumulate at the 250 kDa stage (Fig. 24A). Mitochondria
containing Tom40 with the C-terminal deletion are still able to efficiently import
precursors so the TOM complex is still functional (Fig. 24E). TOM complex isolated
from strains expressing this variant was virtually indistinguishable from controls in terms
of TOM complex stability on blue native gels (Fig. 23E, middle section). Thus, the
instability of the complex observed in the 321AAA strain is not caused by general

perturbations of the protein at the C-terminus.

3.6 Assembly of Tom40 into the TOM complex

The Tom40 assembly pathway was previously characterized in S. cerevisiae
(Model et al., 2001) and N. crassa (Rapaport and Neupert, 1999) but some aspects
remain controversial. It is thought that Tom40 initially binds to the mitochondrial outer
membrane as a monomer, and is then incorporated into a 250 kDa intermediate of
unknown composition (Fig. 3). Based on sodium carbonate extraction experiments and
resistance of the Tom40 precursor in the 250 kDa intermediate to externally added
proteases, it was suggested that in this stage, the precursor lies within the mitochondrial
intermembrane space, and is only peripherally associated with the outer mitochondrial
membrane (Model et al., 2001). In the next step of assembly, Tom40 dissociates from

the 250 kDa complex and forms a 100 kDa complex that is probably a dimer of Tom40
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associated with a molecule of TomS. During formation of the 100 kDa intermediate,
Tom40 is thoﬁght to insert into the membrane. Following formation of the 100 kDa
intermediate, the protein is thought to interact with other components of the TOM
complex and is assembled into the final 400 kDa complex (Model et al., 2001). In
another model of Tom40 biogenesis, the precursor was thought to progress directly from
the 250 kDa intermediate to the 400 kDa complex (Rapaport and Neupert, 1999). The
100 kDa intermediate in this model was thought to be a non-productive step in the
pathway of Tom40 biogenesis. 1 have attempted to address various aspects of these
models in N. crassa. In addition to this, I attempted to address the relevance of a high
molecular weight band (approximately 500 kDa) that was consistently observed on blue
native gels of Tom40 import experiments. This band has not been discussed in previous
reports.

As seen on previous import figures, a 500 kDa band is consistently observed on
BNGs of Tom40 import experiments. The band did not appear in substantial amounts
when import was stalled at the 250 kDa stage (Figs. 17B, 22B). To assess the relevance
of the 500 kDa band, Tom40 precursor was imported into mitochondria for a 4 min pulse
at 25° C. Mitochondria were immediately reisolated and the kinetics of precursor
assembly were followed over a period of 240 min at 25° C. As seen in Fig. 25A, the
amount of the 500 kDa form did not change appreciably over the course of the
experiment. Thus, the 500 kDa band most likely represents Tom40 precursor in a non-
productive state.

The above experiment also showed the precursor to product relationship of the
100 kDa and 250 kDa intermediates to the fully assembled 400 kDa form since the
amount of radioactive Tom40 precursor in the intermediates gradually decreases as more
radioactivity accumulates in the 400 kDa form (Fig. 25A and B). Inspection of the bands
and quantification of the levels of radioactivity in the intermediates did not show that the
appearance of Tom40 precursor in the 250 kDa form precedes its appearance in the 100
kDa intermediate as previously reported (Model et al., 2001). In these experiments the
Tom40 precursor appeared in both intermediates simultaneously. The rate of
disappearance of the precursor from each intermediate, as Tom40 assembled to the 400

kDa form, was also virtually identical. Attempts to delay the appearance of the
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intermediates by lowering the temperature of import to 10° or 15° C and shortening the
pulse time to 1 min, reduced the rate of assembly but revealed no differences in precursor
product relationships (data not shown). However, results obtained during studies of
import and assembly of mutant Tom40 precursors did support the hypothesis that the 250
kDa intermediate is formed prior to the 100 kDa form (see below and section 3.4.2).

It has been suggested that the Tom40 precursor in the 250 kDa intermediate is
only peripherally associated with the mitochondrial outer membrane, and it is only after
formation of the 100 kDa intermediate that the precursor is assembled into the outer
membrane (Model ef al, 2001). In an attempt to confirm the carbonate extractability
following import of wild type precursor protein into wild type mitochondria at 0°C and
25°C it was observed that the amount of Tom40 in the 250 kDa intermediate was reduced
following extraction (compare Tom40wt experiments on Fig. 26A and B; 250 kDa band).
Despite this finding, interpretation of the data is not straightforward as it appears that
carbonate stimulates assembly of Tom40 into the 400 kDa complex in N. crassa
(compare Tom40wt experiments on Fig. 26A and B; 400 kDa band). The trivial
explanation that further assembly to the 400 kDa form occurs as a result of the extra time
at 0°C during incubation with carbonate cannot account for the data, since the untreated
samples were handled in an identical fashion except for addition of carbonate. To
determine if these newly assembled complexes contained correctly inserted Tom40,
control and carbonate extracted samples were treated with proteinase K. This treatment
should give rise to characteristic 26 and 12 kDa cleavage products if the protein is
correctly folded and assembled into the TOM complex (Kiinkele er al., 1998b). The
characteristic bands can be seen in the non-carbonated extracted samples, while the
carbonate treated samples show some evidence of these bands (Fig. 25C). In the
carbonate treated samples, both cleavage products are reduced in amount, and the 26 kDa
fragment is present in a series of smaller bands. The presence of extra bands is likely a
result of carbonate treatment exposing greater portions of Tom40 to the protease in
membrane sheets produced by carbonate extraction. Thus it appears that the protein
present in the 400 kDa complex that arose by the action of carbonate represents correctly

assembled Tom40.
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3.6.1 Accumulated assembly intermediates of Tom40 variants are extractable by

carbonate

As was previously shown in Fig. 17B, the A51-60 Tom40 variant fails to
assemble to the 400 kDa complex during a standard 20 min in vitro import experiment. It
was of interest to determine if this Tom40 variant could also be assembled into the 400
kDa complex during carbonate treatment. Wild type Tom40 and the A51-60 variant were
imported into wild type mitochondria for 15, 30 or 60 min. The A51-60 form of the
protein accumulates at the 250 kDa intermediate even after 60 min of import at 25°C
(Fig. 26A). In contrast to wild type Tom40, following carbonate treatment, most of the
AS51-60 protein in the 250 kDa intermediate is removed though a fraction does remain
associated in the 250 kDa complex (Fig. 26B). Interestingly, some of the A51-60 Tom40
does assemble past the 250 kDa intermediate, as can be seen by a discrete 100 kDa band
which appears somewhat smaller than the wild type version.

It was previously shown that the A321-3 Tom40 variant also fails to assemble past
the 250 kDa intermediate (Fig. 23B). To further confirm that Tom40 in the 250 kDa
intermediate is extractable, similar experiments were performed with this Tom40 variant
(Fig. 27). In contrast to the A51-60 variant, the A321-3 Tom40 variant is completely
extractable by sodium carbonate and is not converted to an assembled form of Tom40
(Fig. 27B). Even long exposures (5 days) performed with a phosphorimager screen did
not reveal any trace of the 250 kDa intermediate, 100 kDa intermediate, or fully
assembled 400 kDa complex following carbonate treatment (data not shown).

It 1s interesting to note that although both variant forms of Tom40 seem to arrest
at the 250 kDa intermediate, only A321-3 is fully carbonate extractable. This may
suggest that the A321-3 and AS51-60 variants arrest at two different stages of Tom40
assembly, and that the 250 kDa intermediate is composed of two distinct populations, a
partially membrane inserted version which makes up part of the population in the 250
kDa intermediate of the A51-60 variant, and a peripherally associated intermediate that
comprise the entire population of the A321-3 variant. Structural prediction programs
suggest that the region encompassing amino acids 321 through 323 lies within the last

membrane-spanning domain of Tom40 [Mannella, 1996 #1527; T Schirmer, via D.
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Rapaport, personal communication, also see section 3.9]. The lack of assembly of the
A321-3 variant could be explained by the fact that it may not be capable of inserting into
the mitochondrial outer membrane and thus remains accessible to carbonate extraction.
Thus, a possible model could be that the C-terminal membrane-spanning domain may
enter into the membrane first, and the shortened membrane-spanning domain in the
A321-3 variant may prevent insertion. On the other hand, it is thought that Tom6 is
required for conversion of the precursor protein in the 250 kDa intermediate to the 100
kDa intermediate (Model er al., 2001). Another conceivable model is that the A321-3
variant may not be able to associate with this protein.

Both the A321-3 and AS51-60 mutant variants of Tom40 accumulate at the 250
kDa intermediate stage of the assembly pathway. Although a smear in the region from
Tom40 monomer up to the 100 kDa form is often seen during the assembly of these
mutants (Figs. 17B, 20D, 26, and 27), no clear band corresponding to the 100 kDa form
seen following the import of the wild type precursor is observed. These observations
support the notion that formation of the 250 kDa form precedes the formation of the 100

kDa intermediate.

3.6.2 An alternative pathway for Tom40 assembly in mitochondria containing mutant

TOM complexes

To examine the process of Tom40 precursor assembly into TOM complexes
containing mutant Tom40 molecules, I performed import of wild type Tom40 protein into
the mutant mitochondria isolated from the A40-48 strain (see section 3.4). Surprisingly,
Tom40 precursor proteins did not follow the normal import pathway, but assembled to a
high molecular weight intermediate of approximately 450 kDa when import was
performed at 0°C (Fig. 28A). A small amount of 250 kDa intermediate was detected, but
no 100 kDa intermediate was seen. The larger intermediate was also seen in samples
where the precursor was imported at 25°C. These results suggested that the normal 250
kDa and 100 kDa complexes were not formed in the mutant strains. It should also be
noted that the 450 kDa form does not co-migrate with the 500 kDa non-productive form
seen during import into mitochondria containing wild type Tom40 (see section 3.6.1)

described earlier (Fig. 28A)

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To determine if the 450 kDa intermediate could be chased into fully assembled
TOM complexes, a time course experiment was designed. Mitochondria and Tom40
precursor protein were initially incubated for 20 min at 0°C to allow accumulation of the
450 kDa complex. Mitochondria were then reisolated and suspended in import mix.
Samples were shifted to 25°C, and aliquots were taken over a time course from 0 to 120
min. It appeared that conversion of the 450 kDa intermediate to the 400 kDa complex
did occur although the amount accumulated in the 400 kDa form is higher than the
amount initially present at 450 kDa (Fig. 28B, left panel). Carbonate extraction of the
import samples, performed at 0 min and 10 min, revealed that the Tom40 precursor in the
450 kDa complex is carbonate extractable, while Tom40 in the final 400 kDa complex
(as seen previously) was resistant to carbonate. PK digestion of import samples showed
that the 450 kDa form of Tom40 was not correctly assembled, and that the presence of
the characteristic 26 kDa and 12 kDa bands corresponded to the appearance of the 400
kDa complex (Fig. 28B, right panel). The experiments were repeated with strains that

~ contained different N-terminal mutations in Tom40 (Fig. 28C, D, and E). Consistent
with the results for the A40-48 strain, the ANPGT (Fig. 28B), NPGT-AAAA (Fig. 28B)
and the A51-60 (Fig. 28D) strains all showed a similar Tom40 assembly pathway.

To determine if this was a general phenomenon for all Tom40 variant TOM
complexes, another mutant strain of N. crassa was analyzed. The mutant strain chosen
contained Tom40 in which two conserved lysine residues were changed to glutamine at
positions 237 and 238 (WQQ) (Fig. 13). Import into mitochondria isolated from this
strain showed a normal import pathway with the 250 kDa and 100 kDa intermediates
(Fig. 29). These results suggest a role for the N-terminus of Tom40 in proteins that are
being imported (see Fig. 17A and B), as well as for Tom40 molecules in preexisting

TOM complexes, for correct assembly of Tom40 precursor proteins.

3.7 Additional mutations made in Tom40

To assess the role of additional residues in the assembly and function of Tom40,
mutations were created that changed many of the residues at conserved positions
throughout the protein (Table 5; Fig. 30). These were made in both cDNA and genomic

versions of fom40 as described previously (section 3.3).
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3.7.1 invitro assembly of Tom40 variants

cDNAs encoding variant Tom40s were translated in the presence of
[**SImethionine and the products were imported into mitochondria (see section 2.18 and
3.3). Following import, mitochondria were solubilized in digitonin and run on BNGs.
Five different assembly phenotypes were seen in the assembly pathway of the variant
Tom40 molecules (Table 6). One representative strain for each type is shown in Fig. 31
panels B through F. Two variants failed to assemble, and remained peripherally bound to
the mitochondrial outer membrane in the monomer binding stage (Fig. 31B). Others
variant forms arrested at the 250 kDa intermediate, and formed no 400 kDa complex even
after extended incubation at 25°C (Fig. 31C). A third class of variant proteins showed an
accumulation of the 250 kDa intermediate (Fig. 31D) and showed variation in the amount
of 400 kDa complex formed. A fourth class showed an accumulation of the 100 kDa
intermediate with less 400 kDa complex and 250 kDa intermediate present (Fig. 31E).
Finally some of the Tom40 variants showed a wild type assembly pattern (compare Fig.

31A and Fig. 31F).

3.7.2 Creation and characterization of other Tom40 variant strains

As stated above, a number of mutations in Tom40 at conserved positions in
genomic versions of the gene were created (see Table 5). Most of the Tom40 mutations
were capable of rescuing the tom40™" nucleus. Three of these mutations have been
characterized in detail and are described below. Characterization of the remainder of
these strains is currently being performed by another graduate student in the laboratory.

The Tom40 variants that were characterized in detail contained a change of
conserved lysines to glutamines at position 237-238 (WQQ), a change of a conserved
proline to alanine at position 183 (P-A), and a change of a conserved tyrosine and
phenylalanine at positions 94 and 96 to alanine (YAF-AAA). See Figs. 15 and 30 for the
positions of these mutations. It is interesting to note that the corresponding deletion of
the three amino acids spanning 94-96 failed to rescue the rom40™* nucleus and that this
region is predicted to lie within a membrane spanning domain of Tom40, similar to the

321-323 region of Tom40 discussed above (see section 3.5; Table 5). The growth rates
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of the mutant strains were assessed by growth on race tubes compared to a control strain
(Dupl40) at room temperature. Both the WQQ and YAF-AAA strains grew at rates only
slightly slower than the control strain (Fig. 32A and B), while the P-A strain showed a
more significant growth defect. Isolated mitochondria from the mutant strains were
subjected to BNGE and immunoblotted for Tom40 (Fig. 32C). As with the mutations in
the A51-60 residues in the N-terminus of Tom40 (see section 3.4), the level of TOM
complex in the P-A and YAF-AAA strains seems to be considerably less than the control
strain.  All of the mutant strains had a more fragile TOM complex than the wild type
strains as judged by migration of the complex following solubilization in
dodecylmaltoside. To ensure that protein levels were similar in all the strains
characterized, isolated mitochondria from the mutant and control (Dupl40) strains were
subjected to SDS-PAGE and immunodecorated for proteins of the TOM complex, as well
as mtHsp70, and CCHL. As with the strains expressing Tom40 mutations in the N-
terminus of the protein, levels of mitochondrial proteins, including Tom40, in the mutant
and control stréins were similar (Fig. 32D). Thus, the reduced levels of TOM complex
seen in the BNGs of the P-A and YAF-AAA strains are likely due to aggregates of
Tom40 not entering the BNG. Finally, the ability of these mutant strains to import
mitochondrial preproteins was assessed. It appears that none of these mutations has a
dramatic effect on import of the mitochondrial precursors tested (Fig. 33). Thus, the
phenotype of the YAF-AAA mutation is similar to the A51-60 form. The mutant proteins

have assembly defects, but once assembled import is unaffected.

3.8 The protein content of the mitochondrial outer membrane

It has been suggested that the Tom37(Mas37) protein of yeast is an assembly
factor for the TOM complex (Wiedemann, 2003). Since Tom37(Mas37) has not been
identified in V. crassa, 1 wished to examine the proteins of N. crassa OMVs in an attempt
to identify this protein. We were informed by the N. Pfanner laboratory that a potential
N. crassa homolog was found in the Newrospora genome database (website -
www.mips.biochem.mpg.de/proj/neurospora/).  This protein was somewhat larger than

the yeast protein, having a predicted molecular weight of 48.6 kDa.
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Purified OMVs and IMFs were prepared and subjected to SDS-PAGE. One
portion of the gel was silver stained (Fig. 34A), while the other portion of the gel was
transferred to nitrocellulose membrane and immunodecorated to detect proteins of the
outer membrane, inner membrane and matrix space (Fig. 34B). The OMVs were shown
to be enriched over the IMFs in the outer membrane components, Tom70, Tom40,
Tom22, and Tom5, while the IMFs were enriched in AAC, a component of the inner
membrane (Fig. 34B). Neither fraction contained detectable amounts of a mitochondrial
matrix protein Hsp70. Based on the Western blots, the positions of Tom40 and Tom70
could be located on the silver stained gel (Fig. 34A). Mitochondrial porin is one of the
ten most abundant proteins in mitochondria, and is the most abundant protein in the outer
membrane (Krimmer et al., 2001). Thus, based on the known molecular weight of the
protein (30 kDa) and the intensity of staining, it could also be localized on the gel. A
total of 17 protein bands were excised from the region between Tom40 and Tom70, and
these were subjected to mass spectroscopy (procedure done by the Institute for
Biomolecular Design, Department of Biochemistry, University of Alberta). A number of
proteins were identified (Table 7) including six proteins that have not been characterized
in N. crassa. Two of these proteins are related to bacterial proteins, while three proteins
are well conserved between yeast and N. crassa, though their function is unknown. The
final new Neurospora protein identified was the homolog of the yeast Ugol protein
(Sesaki and Jensen, 2001). This protein is thought to play a role in mitochondrial fusion
in yeast, and likely plays a similar role in N. crassa. Unfortunately, the 48.6 kDa

homolog to S. cerevisiae Tom37(Mas37) was not identified.

3.9 Cysteine-Scanning Mutagenesis

As described in section 1.2.4.8, Tom40 exists as an oligomer, with dimers as its
basic structure (Dekker ef al., 1998; Hill ef al., 1998; Rapaport et al., 1998c; Ahting ef
al., 1999; Model er al., 2001). It is known that Tom40 is an integral membrane protein,
but little is known about its structure. Computer predictions of Tom40 structure suggest
that the protein exists as a B-barrel, with 14 anti-parallel B-strands spanning the outer
membrane (Court ef al., 1995; Mannella et al, 1996) (T, Schirmer, via D. Rapaport,

personal communication) (Fig. 35). These predictions vary somewhat with respect to
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both the positions and lengths of the predicted B-strands. Also, as discussed in section
1.2.4.8, two studies have attempted to experimentally determine the relative amounts of
B-sheet versus o-helical content in Tom40 and have found significantly different
percentages of each structure (Hill er al, 1998; Ahting ef al, 2001). Due to the
conflicting nature of the experimental data pertaining to Tom40 structure, I have started
the process of cysteine-scanning mutagenesis {cys-scanning) also called substituted
cysteine accessibility mapping (SCAM), in an attempt to determine the topology of
Tom40 (reviewed in (van Geest, 2000)).

To begin the process of cys-scanning, a genomic plasmid construct of rom40
(plasmid pB3) was mutagenized (Table 3) to replace the single endogenous cysteine
residue in Tom40 with alanine. The resulting construct (pC-8) was then used to create a
number of plasmids with tom40 encoding single cysteine residues at specific locations of
the protein by site-directed mutagenesis (Table 4). The residues chosen for cys-scanning
are shown in Fig. 36. Plasmids containing individual cysteine mutations were
transformed into RIP40het and were shown to rescue the lysine-leucine requiring
1om40™" nucleus (called SCAM strains, see Table 1). To insure that strains chosen
following transformation were not contaminants, the introduced fom40 gene was
amplified by PCR and sequenced to verify the presence of the cysteine substitution. To
verify that the single cysteine substitutions did not grossly affect the structure or stability
of the TOM complex, isolated mitochondria from the strain expressing only the
cysteineless version of Tom40 and a series of SCAM strains were lysed in buffer
containing the detergent digitonin and subject to BNGE. The proteins were then
transferred to PVDF membrane and blotted for Tom40 (Fig. 37). The cysteineless strain
serves as a control because the TOM complex in this strain is indistinguishable from the
wild type complex (data not shown). The structure of the TOM complex in the SCAM
strains was indistinguishable from the control strain, indicating that, in general, TOM
complex structure is not greatly affected by single cysteine substitutions.

The SCAM procedure is detailed in Fig. 38. In brief, mitochondria were isolated
from the SCAM strains and incubated with a cysteine-specific modifying reagent. The
cysteine modifying reagent employed in this study was N*-(3-maleimydylpropionyl)
biocytin (biotin maleimide) (Fig. 39A) which labels cystéines (Fig. 39B) that are exposed
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to the aqueous environment but not those that are membrane embedded (Tang et al,
1998; Fujinaga et al., 1999). Following labeling of isolated mitochondria with biotin
maleimide, mitochondria were lysed and Tom40 was immunoprecipitated with antiserum
raised in rabbits. The immunoprecipitated protein was subjected to SDS-PAGE and
blotted to nitrocellulose membrane. The presence of the biotin maleimide modification
was detected using a streptavidin-conjugated horseradish peroxidase protein and ECL
(Fig. 40A). The efficiency of the immunoprecipitation was tested by washing the
membranes following detection of cysteine labeling and decorating with a mouse-derived
antiserum to the same C-terminal peptide used to generate the immunoprecipitation
antibody (see section 2.16). As shown in Fig. 40B, the effectiveness of the
immunoprecipitation for each lane was similar.

The membrane-spanning domains of Tom40 are predicted to be in the form of B-
strands forming a B-barrel structure. Thus, the R-groups of the B-strands should be
arranged in opposite directions (Voet, 1990) so that within a given membrane-spanning
B-strand there should be an alternating arrangement of hydrophobic residues embedded in
the bilayer followed by hydrophilic residues exposed in the aqueous pore (Fig 41). As
only those amino acids that are in the aqueous environment should label, SCAM should
reveal an alternating pattern of labeled and unlabeled residues in the cysteine-substituted
Tom40 molecules. This prediction is based on the assumption that biotin maleimide
(523.6 Da) is small enough to fit inside the pore of the TOM complex. This seems likely
as the pores in the complex have been sized at 20-26 nm based on both EM tomography
and size exclusion studies (Kiinkele et al, 1998a,b; Ahting ef al., 1999). The predicted
alternating pattern of labeling was seen between amino acid residues 319-327, suggesting
that this region forms a P-strand that spans the outer membrane (Fig. 40A). It is also
highly likely that the region spanning amino acids 306-316 also forms a membrane-
spanning B-strand, although amino acids 308 and 310 do not show the alternating pattern
of labeling expected for a [-sheet spanning a membrane (see section 4.7). The
intervening loop domains seem to encompass amino acids 300 (or earlier) to 306, and
residues 316 to 319. Residues 329 to 349 are all predicted to exist in the intermembrane
space. A representation of the topology of residues 300-349 of N. crassa Tom40 based
on the SCAM data is shown in Fig. 42.
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Table 5: A list of genomic Tom40 variants created and status of rescue. v
indicates rescue of tom40%'" nucleus of the RIP40het strain, X indicates constructs
unable to give rise to viable strains. Refer to Fig. 13 and 30 for the location of the

mutations in the predicted Tom40 structure.

Mutation Amino Acid Residues Affected Region' Rescues
AC-ter Deletion of aa® 330-349 Intermembrane Space v
AN-ter Deletion of aa 2-61 Intermembrane Space
A40-48 Deletion of aa 40-48; R49A Intermembrane Space v
A51-60 E50A; Deletion of aa 51-60 Intermembrane Space v
ANPGT Deletion of aa 40-43 Intermembrane Space v

NPGT-AAAA  Replacement of aa 40-43 with Ala Intermembrane Space v

ARD Deletion of aa 53-54 Intermembrane Space v
ARDTLL Deletion of aa 53-57 Intermembrane Space v
AGLRAD Deletion of aa 64-68 Intermembrane Space v

GLRAD-AAAA Replacement of aa 64-68 with Ala Intermembrane Space v

AGNLD Deletion of aa 109-112 Intermembrane Space v

GNLD-AAAA Replacement of aa 109-112 with Ala Intermembrane Space v

AQFEHE Deletion of aa 145-149 Intermembrane Space v

QFEHE-AAAAA Replacement of aa 145-149 with Ala Intermembrane Space v

AVTP Deletion of aa 183-185 Intermembrane Space X

VTP-AAA  Replacement of aa 183-185 with Ala Intermembrane Space v

VTPR-VTR Deletion of aa 183 Intermembrane Space v

VTPR-VTAR Replacement of aa 183 with Ala Intermembrane Space v

AEKR Deletion of aa 297-299 Intermembrane Space X

! Predicted based on the model of T. Schirmer, via D. Rapaport, personal communication.
% aa, amino acid number.
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EKR-AAA  Replacement of aa 297-299 with Ala Intermembrane Space v

ASHQ Deletion of aa 82-84 Membrane Spanning X

SHQ-AAA Replacement of aa 82-84 with Ala Membrane Spanning v

AYAF Deletion of aa 94-96 Membrane Spanning

>

YAF-AAA Replacement of aa 94-96 with Ala Membrane Spanning v

AIDS Deletion of aa 286-288 Membrane Spanning

IDS-AAA Replacement of aa 286-288 with Ala Membrane Spanning

Ml bl

AKLG Deletion of aa 321-323 Membrane Spanning

KLG-AAA  Replacement of aa 321-323 with Ala Membrane Spanning v

ATK Deletion of aa 131-132 Cytosol v
TK-AA Replacement of aa 131-132 with Ala Cytosol v
ANP Deletion of aa 163-164 Cytosol v
NP-AA Replacement of aa 163-164 with Ala Cytosol v
AKK Deletion of aa 237-238 Cytosol X
KK-AA Replacement of aa 237-238 with Ala Cytosol v
WKK-WOQ Replacement of aa 237-238 with Cytosol ,
Gln

AVDH Deletion of aa 312-314 Cytosol v
VDH-AAA  Replacement of aa 312-314 with Ala Cytosol v
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Table 6: cDNA variants used in in vitro assembly assays, and their assembly

phenotypes
Mutation Assembly Phenotype Region'
AC-ter Like wild type. Intermembrane Space
AN-ter No assembly. Intermembrane Space
Assembles to 400 kDa, but
A40-48 Intermembrane Space
accumulates at 250 kDa
A51-60 Stops at 250 kDa Intermembrane Space
Assembles to 400 kDa, but
ANPGT Intermembrane Space
accumulates at 250 kDa
Assembles to 400 kDa, but
NPGT-AAAA Intermembrane Space
accumulates at 250 kDa
Assembles to 400 kDa, but
ARD Intermembrane Space
accumulates at 250 kDa
Assembles to 400 kDa, but
ARDTLL Intermembrane Space
accumulates at 250 kDa
AGLRAD Stops at 250 kDa Intermembrane Space
GLRAD-AAAA Stops at 250 kDa Intermembrane Space
AGNLD Like wild type Intermembrane Space
Assembles to 400 kDa, but
GNLD-AAAA Intermembrane Space
accumulates at 250 kDa
AQFEHE Stops at 250 kDa Intermembrane Space
QFEHE-AAAAA Stops at 250 kDa Intermembrane Space
AVTP Stops at 250 kDa Intermembrane Space
VTP-AAA Stops at 250 kDa Intermembrane Space

' Predicted based on the model of T. Schirmer, via D. Rapaport, personal communication.
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Assembles to 400 kDa, but

VTPR-VTR Intermembrane Space
accumulates at 250 kDa
VTPR-VTAR Like wild type Intermembrane Space
AEKR Stops at 250 kDa Intermembrane Space
EKR-AAA Accumulates at 100 kDa Intermembrane Space
Assembles to 400 kDa, but
ASHQ Membrane Spanning
accumulates at 250 kDa
Assembles to 400 kDa, but
SHQ-AAA Membrane Spanning
accumulates at 250 kDa
AYAF Stops at 250 kDa Membrane Spanning
YAF-AAA Stops at 250 kDa Membrane Spanning
AIDS Stops at 250 kDa Membrane Spanning
IDS-AAA Stops at 250 kDa Membrane Spanning
AKLG Stops at 250 kDa Membrane Spanning
Assembles to 400 kDa, but
KLG-AAA Membrane Spanning
accumulates at 250 kDa
Assembles to 400 kDa, but
ATK Cytosol
accumulates at 250 kDa
Assembles to 400 kDa, but
TK-AA - Cytosol
accumulates at 250 kDa
Assembles to 400 kDa, but
ANP Cytosol
accumulates at 250 kDa
Assembles to 400 kDa, but
NP-AA Cytosol
accumulates at 250 kDa
AKK Stops at 250 kDa Cytosol
Assembles to 400 kDa, but
KK-AA Cytosol
accumulates at 250 kDa
WKK-WQQ Like wild type Cytosol
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AVDH Like wild type Cytosol

VDH-AAA Accumulates at 100 kDa Cytosol
C7 Stop' No assembly Cytosol
17 Stop” No assembly Intermembrane space

' Replacement of a threonine residue at position 317 with a stop codon generating a truncated protein.
? Replacement of a threonine residue at position 300 with a stop codon generating a truncated protein.
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Table 7: Results of mass spectroscopy of excised bands from gel in Fig. 32A.

Significant . . .
Band Hits MS(ZXeSIE Proteins Identified Description some proteins identified
Band 1 |1 399 N. crassa Tom40 Known mitochondrial outer membrane
protein
Band2 |3 69 N. crassa Tom40 Known mitochondrial outer membrane
protein
54 N. crassa putative disulfide isomerase
ERP38 precursor
49 Human keratin
Band 3 |1 103 N. crassa ketol-acid reductoisomerase Mitochondrial precursor
Band 4 |1 110 N. crassa probable delta-sterol C Imported
methyltransferase
Band 5 |5 87 N. crassa zinc metallo-protease
82 N. crassa gamma actin
72 Hypothetical protein RV1155 Reminiscent of stress protein.
(An N. crassa homolog does exist) Mycobacterium, Streptomyces, and
Listeria
68 Actinl
66 Actin
Band 6 {1 293 N. crassa zinc metallo-protease

' A commonly accepted threshold is that an event is significant if it would be expected to occur at random with a frequency of less than 5%, this

I11

corresponds to a score of greater than 45.
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48!

Band 7

Band 8

Band 9

Band 10

Band 11

Band 12

Band 13

O8]

(U8)

118
105
104
62

212
67
49

48

101
45

114
70
57

117
49

545
157

N. crassa conserved hypothetical protein
Hypothetical protein RV1155

N. crassa citrate synthase

N. crassa probable zinc metallo-protease

Elongation factor 1-alpha
Elongation factor 1-alpha
Similar to eukaryotic elongation factor

N. crassa conserved hypothetical protein

N. crassa Tom70
Sugar ABC transporter permease protein

Serine hydroxy methyltransferase
ATP citrate lyase, subunit 2
N. crassa Tom70

ATP synthase alpha chain
ATP synthase alpha chain

N. crassa conserved hypothetical protein
N. crassa conserved hypothetical protein

Unknown function, conserved in
Saccharomyces
See above

Known mitochondrial protein

Protein found in Heliothis subflexa

Unknown function, conserved in
Magnetospirillum, and
Desulfitobacterium

Known cytosolic protein
Protein found in Sordaria macrospora

Mitochondrial precursor

Protein found in Coccidioides
\posadasii

Unknown function, very conserved
AMP binding domain, very conserved
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Band 14 |3 116 N. crassa probable sphingosine-1-
phosphate lyase
63 Protein disulfide isomerase precursor
48 N. crassa conserved hypothetical protein |Ugol - required for mitochondrial
fission found in yeast MOM
Band 15 |2 148 N. crassa Tom70 Known mitochondrial outer membrane
‘ : protein
45 Aldehyde dehydrogenase Protein found in Caenorhabditis
elegans
Band 16 {1 106 78 kDa Glucose-regulated protein
(GRP78)
Band 17 |2 549 N. crassa Tom70 Known mitochondrial outer membrane

protein




Figure 5. Southern blots of RIP40het reveal two copies of tom40 within the tom40™'"
nucleus. A. Genomic DNAs (10 pg) from the parental strains of the RIP cross, MateV,
and Dupl40, as well as the 10m40™F strain (RIP40het) were digested with XAol.
Following electrophoresis, DNA was blotted onto nylon membrane and probed with a
[**P)-labeled tom40 specific cDNA or genomic (gDNA) probe. Xhol is predicted to cut
once within the tom40 gene, so strains containing only the endogenous copy of the gene
should display two bands on the Southern blot. Strains that also contain the ectopic copy
of the tom40 gene will display an additional two bands on the Southern blot. The
disappearance of the bands associated with the ectopic copy of tom40 in Dupl40, and the
appearance of a slightly higher molecular weight band above the largest endogenous
tom40 band in RIP40het, as well as the presence of one band of a higher molecular
weight than either ectopic band can be explained by the fact that the process of RIP is
associated with an increase in methylation of DNA in sequences affected by RIP (Selker,
1990). Digestion of DNA by the restriction enzyme X#ol is inhibited by DNA
methylation, and the two novel bands in RIP40het represent the ectopic, and endogenous
tom40 RIP alleles. The different alleles of tom40 represented in the Southern blot are
indicated on the left (wt, wild type). It should be noted that RIP40het also contains the
unRIPed endogenous tom40 bands from the rom40" allele in the sheltering nucleus (see
Fig. 4). The position and size of bands from a A HindIIl marker are shown on the right.
B. A diagram of the Xhol restriction map of genomic DNA in the region of tom40.
Molecular weights of cleavage fragments are shown below the diagram. The grey
regions in the tom40 gene indicate the positions of the exons, while the black regions

indicate introns. The regions used as probes are indicated.
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Figure 6. The sequence of the fom40 gene and protein. A subclone (plasmid pLS-4)
from a cosmid derived from an su/™¥/ (Gessert ef al., 1994) library was sequenced to
obtain the genomic sequence for tom40. The positions of primers used for sequencing
are indicated below the appropriate region of the sequence. In addition to the wild type
genomic sequence, the sequence of both the endogenous (endogen) and ectopic fom40%"
alleles are indicated above the wild type sequence by showing positions altered by RIP.
A solid line indicates the region of the RIP alleles that have been sequenced and
correspond to the wild type sequence. RIP substitutions leading to stop codons are
indicated by the boxed “STOP” above both the endogenous and ectopic RIP sequences.
Nucleotide polymorphisms between this sequenced version of the gene, and the published
sequence (Kiebler er al., 1990) (also see www.mips.biochem.mpg.de/proj/neurospora/)
are also indicated as blue nucleotides in the wild type genomic sequence. Downward
pointing arrows indicate intron cleavage sites. Introns are shown in yellow highlight.

Nucleotides shown in red on the genomic sequence indicate the XAo/ restriction site used

for Southern analysis (Fig. 5).
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Translation of Nctom40gDNA(1-1932)

Universal code

M A

FNA176 I

GTCCCTGTCTACTGCGACCGTTACAATCIGCTTCGTTTTCCACCGAGTCGCCTTTGGC

S F 8 T E 8 P L A

FNA94 (TOM40T)

[
>

RTA 30

>

WT-TOM40 PCR N-TERM

<
-

FNAL15

>

STOP -1

GATGCTGCGCGACAATGCCAT'I’TATTCGAGCCTTTCCGATGCCTTCAACGCCTTT&AGGA
M L R DN ATI Y S S L S DA F NAVF Q E

| sTop-2

'

|

Intron 1

j v
AAGGAGGAAACAGTTC(EGTCTTTCCAACCCCGG&ACGATCGAGAC&ATCGCCCGCthgc
R R K Q F GGL S NUPGTTIUETTI A R

—

‘ 0TS I
181 gttgcetgecaccatacacatccagecttegaagateccceggegeegtcttcacggggagt

'
\ 1 3 I
241 gcgeggaaacaacagagegttatactgeggeactccacgacgetgeactggeeggetott
>
FNA169
301 tgttggagtaatgggcaatcattgctgacaatgect tgacagAGGTCCAACGCGATACCC

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

E V. Q R D T L

117



TCCTCACCAACTACATGTTCTCTGGCCTCCGCGCCGACGTCACCARGGCTTTCRGCCTCG
LTNYMFSGLRADVT’KAFSLA

FNA253 FNAI8I

<

FNA252

Intron 2

CCCCTCTgtacgttgctttattctaattgtgggctaaggatcaatgecaggcacegecattg
P L <

—_— I RTA33 l

FNA252 PRIMES OVER INTRON2

f—a—>R

81 ccaagtaggaacat tgtccgctttgcgcatttgatcctgcggtt ttgagcagctatggtt

ctggcaaatcttctttgaaaaaccgctgacctataacccaag*CTTCCAAGT‘I‘TCCCACCA
F Q VvV 8 H Q
> <

RTA32

FNA252

601 GTTTGCCATGGGCGAGAGGTTGAACCCTTATGCCTTTGCTGCTCTCTACGGAACCAACCA
85 F A M G ERULNUP YAV FA AU AILYGTNOQ
4

FNAI 4

Intron 3

gegettggagtatatccgggactagaaagaccaccttttaatcecgagtcaacaga

661
105 I
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126

146

le6

961
186

1021
206

I —
TCTTEGCTCAGGGTAACCTGGACAACGAGGGCGCTCTCTCGACAAGATTCAACTACAGAT
F AQ GNL DNEGA ATLSTUZRVFNYRW

FNA182 (T40Y)

GGGGEGACAGGACCATCACCAAGACGCAGTTCTCGATTGGTGGCGGCCAGGATATGGCCC
G DR TTITK KT QF 8§ I G G G Q D MMAQ
-

AGTTTGAGCATGAACACCTTGGCGACGACTTCAGTGCCTCCCTCAAGGCCATCAACCCCT
F EH E HUL GDDVF S8 A S L K A I N P S

CTTTCCTTGACGGCGGTCTCACCGGTATCTTTGTCGGCGACTACCTCCAGGCCGTCACTC
F L. b 6 L T GG I F V G D Y; L Q <A v T P

FNAI113 T40W

CCAGACTCGGCCTCGGTCTCCAGGCCGTCTGGCAACGTCAGGGTCTCACTCAGGGCCCCG
R L 6L G L Q A YV W Q RQG L T Q G P D

ACACCGCTATCTCCTACTTTGCCCGCTACAAGGCCGGTGACTGGGTTGCTAGCGCTCAGC
T A I S Y F A R Y KA GD WV A 8 A QL

>

RTA31

P el o
ESUNPRR . .
TCCAGGCTCAGGGTGCTCTCAACACTTCCTTCTGGAAGAAGCTGACGGATAGGGTGCAGG

Q A Q G A L NT S F W K KL TDUR V Q A
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L &—¥ ¥ A :
CTGGTGTTGATATGACGCTATCTGTTGCTCCCTCTCAGAGCATGATGGGTGGCCTTACCA
G v DMTUL S VAP S Q S M MG (;:' L T K

FNA112 DOESN'T
PRIME, MISMATCH AT

3*END
1201 AGGAAGGCATCACCACCTTTGGTGCCAAGTACGACTTCAGAATGTCCACCTTCAGGGCTC
266 E G I T T F G A K Y D FRMS TV F R A Q
—) >
MutTOM40a (MADE TO TOM40a (BRL)
MUTANT SEQUENCE)

‘ \ | [ & .

AGATCGACTCCAAGGGCAAGCTCAGCTGCTTGCTCGAGAAGCGTCTTGGTGCCGCCCCCG

I DS K 6 K L 8 ¢ L L E X R L G A A P V
Xhol

Intron 4

n X 4 ;s F o

TCACTCTGACCTTCGCTGCTGATGHTGACCACGTCACTgtaagtcacatggectettceta
T L T F AAUDVDUHU VT
Doesn’'t work well

>
RTA34
- T —— A
1381 tgteecgetictgetaaccoccttcaagCAACAAGCCAAGCTCGGCATGTCCGTCTCCATT
318 Q Q A KL GM s Vv s I
. & 5 -
1441 GAGGCGTCTGATGTCGATCTCCAGGAGCAGCAAGAGGGTGCCCAGTCCCTCAACATCCCC
329 EASDVDLQEQQEGAQ‘SLNIP
> wt TOM40 PCR
FNALll6 C-TERM/RTASS
<
FNA183
(T40Z)
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5 & i 2
T CTGGAATATGTATATTGGGGATGAAGAACACTGGTCGATTGGGCCAGCATTTG
349 )

i ] I

1561 GTTTCCGCTCCACC CTTGCACTCTACTCATTGTGTTGACAAEZGTAATCTAATCACA&ACG

ATGCC@CﬂTGTACCAAGGMCAGi\AAGGGTGAGGGTCATAC CTTTTCACCGTCCCTCG

| rrass |
— T

1681 CTACCAGCGCCATTTCTGTTTTGACCACATTCTCATCACATCATCTAGTACAAGCTGGTC

ACGGCGAGTTGCCATGGGAAAAATCGAAAGTCGGAEGTTGCGAACCTCCCCATCGCAATG
FNA103

from FNA175 (plasmid specific)

GTCCCGCATGGCTTGGGTCTTTGCATACAAGTTCCACGGAACGATAGACATCTCTCACCA
<

FNA93 (TOM40B)

CATTTTCCACCTTAAAAAAAGAAACTTCCTCTCGCGCTATGCATCTCATCACCTGGCGCT
<

FNA177

1921 TTTATCTTTGG

Yellow = introns, red = XhoI site, = nucleotide polymorphisms
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Figure 7. Genetic testing reveals that fom40 is an essential gene. A. Due to random
segregation of conidia from the heterokaryotic strain (RIP40het), three types of
conidiaspores -should be produced: homokaryons for the lysine-leucine-requiring
tom40™" nucleus (nucleus 1), homokaryons for the inositol-leucine-requiring sheltering
nucleus (nucleus 2), and heterokaryotic conidia containing both nuclei.  B.
Conidiaspores from the RIP40het strain were streaked onto medium containing all the
nutritional requirements for both nuclei in the heterokaryon (see Fig. 4, and Tablel).
Single colonies were isolated and tested for nutritional requirements. The numbers of

each type of colony recovered are indicated.
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Figure 8. Forcing the tom40®'" nucleus to predominate RIP40het. The rom40™”
nucleus (grey shading) is auxotrophic for lysine (lys), leucine (leu) and is resistant to
cycloheximide (CHI), while the tom40" nucleus is auxotrophic for inositol (inos), and is
sensitive to cycloheximide (CHI). Because of the different nutritional markers located in
each nucleus it is possible to manipulate the ratio of the nuclei in the heterokaryon.
Growth in minimal media requires the presence of both nuclei and forces maintenance of
the heterokaryotic strain. Growth of RIP40het in media containing lysine (lys), leucine
(leuw), and cycloheximide (CHI) force the tom40™" nucleus to predominate the strain to
supply resistance to the drug and results in Tom40 deficiency. It is important to note that
if tom40 is an essential gene, at least a few nuclei containing the tom40" allele are

required for growth of RIP40het, even in the presence of cycloheximide (CHI).
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Figure 9. Characteristics of Tom40-deficient cells. A. The control strain (Dupl40) was
grown in the presence of lysine and leucine (control, diamonds) and RIP40het was grown
in minimal media (RIP40het, triangles) to compare their growth under conditions where
complementation of Tom40 function occurs in the sheltered heterokaryon. To assess the
growth rate of Tom40 deficient cells, the RIP40het strain was grown in medium
containing lysine, leucine and cycloheximide (50 pg/ml) (RIP40het +CHI, squares),
which forces the rom40™" nucleus to predom?nate the culture (see Fig. 8). The
cycloheximide resistant control strain (HV) was grown under similar conditions (Control
+CHI, crosses). B. Mitochondria were isolated from the indicated strains grown under
conditions described in A. Mitochondrial proteins were separated by SDS-PAGE, blotted
to nitrocellulose, and immunodecorated with antisera directed against the indicated
proteins (mt, mitochondrial). C. Mitochondria from the control strain (Dupl40) and
RIP40het grown in the presence of lysine, leucine, and cycloheximide were solubilized in
either digitonin (DIG), or dodecyl maltoside (DDM) and analyzed by BNGE. The gel
was transferred to PVDF membrane and immunodecorated with antisera against Tom40.

The positions of molecular weight markers are indicated on the left.
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Figure 10. The mRNA for Tom22 is not deficient in cells lacking Tom40. Control
cells (Dupl40) and RIP40het cells were grown as described for Fig. 9A. RNA was
isolated from the cultures and electrophoresed on formaldehyde-agarose gels. The gel
was stained with ethidium bromide, photographed, and transferred to nitrocellulose. The
blot was cut in half and hybridized with *2P-labeled DNA specific for tom40 or tom22.
Top portion: ethidium bromide stained gel. Bottom portion: autoradiogram of the
blots following hybridization with the probe indicated at the bottom of the figure. The

positions of the molecular weight markers (kb) are indicated on the left.
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Figure 11. Import of mitochondrial preproteins is reduced in Tom40 deficient
mitochondria. Mitochondria were isolated from the control strain (Dupl40) and
RIP40het following growth in lysine, leucine and cycloheximide (30 pg/ml) so that
mitochondria in RIP40het contained reduced levels of Tom40. Import of radiolabeled
precursors (F(f3, the B-subunit of the F-ATP synthase; MPP, the matrix processing
peptidase; AAC, the ATP/ADP carrier protein) was performed at 20°C for the times
shown. Following a post-import treatment with proteinase K to remove non-imported
precursors, mifochondria were re-isolated and subjected to SDS-PAGE. The gels were
transferred to nitrocellulose membranes and exposed to x-ray film. The lysate lane
contains 33% of the input lysate used in each import reaction. The precursor (p) and
mature (m) forms of MPP and Ff} are indicated. One sample from each lane was treated
with trypsin prior to import (Pre-trypsin) to demonstrate that import was receptor

dependent.
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Figure 12. Appearance of Tomd40-deficient mitochondria. The cycloheximide-
resistant control strain (Dupl40) and RIP40het were grown under conditions described in
the legend to Fig. 9A. At the indicated times, mycelium was harvested and processed for
electron microscopy as described in section 2.10. Double membrane bound structures in

panel D were assumed to mitochondria, although this assumption was not verified.
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Figure 13. Alignment of Tom40 proteins. The Tom40 proteins from Neurospora
crassa (Nc), Saccharomyces cerevisiae (Sc¢), Schizosaccharomyces pombe (Sp), Mus
musculus (Mm), Caenorhabditis elegans (Ce), and Drosophila melanogaster (Dm) are
shown. The number of residues in each protein is indicated on the right. Black shading
indicates amino acid identity in at least four of the six species shown. Gray shading
indicates amino acids of the same family in at least four of the six species. Starred

residues indicate regions chosen for site-directed mutagenesis studies.
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Figure 14. Creation of Neurospora crassa strains expressing Tom40 variants.
Transformation of RIP40het with mutant alleles of rom40, carried on a bleomycin
resistance plasmid, followed by selection on media containing bleomycin (3.7 pg/ml),
cycloheximide (50 pg/ml), caffeine (0.5 mg/ml to enhance the action of bleomycin),
lysine, and leucine resulted in homokaryons expressing only the predicted mutant alleles
of tom40. Only tom40 variants supplying enough activity for viability would be capable

of giving rise to lysine-, leucine- requiring homokaryons.
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Figure 15. PCR specific for the introduced (ectopic) copy of fom40 in the tom40
transformant strains. A. Genomic DNA was isolated from lysine, leucine requiring
strains following transformation of RIP40het with a plasmid containing an altered version
of tom40 on a bleomycin resistance plasmid. The three copies of tom40 expected to be
present in the tom40 transformant strains are the endogenous RIP allele, the ectopic RIP
allele, and the introduced allele containing specific mutations. For all three, tom40 is
shown in GREEN, while the RED regions depict the fom40 specific flanking region
surrounding the gene in each of the versions of fom40. The ectopic RIP allele has no
tom40 specific region upstream of the start codon. WtPCRNter cannot prime the ectopic
RIP allele because the 3’ end of the primer corresponds to a position containing a RIP
mutation in that allele. Similarly, RTA85 cannot prime at the endogenous RIP allele
because its 3” end corresponds to a position containing a RIP mutation in that allele. The
position of the oligonucleotides is shown on the three versions of tom40 only where they
are capable of priming. B. The process for amplifying the introduced altered copy of
tom40 is shown. The first round of PCR will amplify only the endogenous RIP and
introduced copies of fom40 as there is insufficient flanking region for primer FNA176 to
anneal to the ectopic RIP copy of tom40 (only 6 bp of overlap). The second round of
PCR is designed to eliminate both the ectopic and endogenous RIP copies of tom40 as
primer WtPCRNter will not amplify the ectopic RIP copy of tom40, while RTA85 will
not amplify the endogenous rom40 RIP allele. While it is possible to amplify the
introduced copy of fom40 using only PCR amplification step 2, it was found that two
rounds of PCR were necessary to provide enough template for subsequent sequencing

steps.
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Figure 16. Alignment near the amino terminus of the Tom40 protein. A region near
the amino terminus of Tom40 proteins from Neurospora crassa (Nc), Saccharomyces
cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Mus musculus (Mm), Caenorhabditis
elegans (Ce), and Drosophila melanogaster (Dm) is shown. Residues on the Nc protein
are numbered at the top of the figure. Black shading indicates amino acid identity in at
least four of the six species shown. Gray shading indicates amino acids of the same
family in at least four of the six species. Residues affected in the amino terminal Tom40
variants are indicated below the alignment. Deleted residues are indicated by dashes,

while amino acid substitutions are shown in lower case.
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Figure 17. Assembly of Tom40 amino terminal variants into the TOM complex.
Radiolabeled precursors of a wild type Tom40 (Tom40wt) or the indicated variants were
incubated at either 0° or 25°C with wild type mitochondria (strain NCN251) for 20 min.
Mitochondria were re-isolated and solubilized in buffer containing 1% digitonin. The
samples were subject to BNGE, transferred to PVDF membrane, and analyzed by
autoradiograpy. The positions of the 400 kDa, 250 kDa, 100 kDa, and monomer forms
(M) are shown. A. Tom40 variants spanning amino acids 40-50. B. Tom40 variants
spanning amino acids 50-60. (Note: Fig. 17A was supplied by Dr. Doron Rapaport,
University of Munich.)
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Figure 18. Growth phenotypes of Tom40 variants spanning amino acids 40-50.
Strains containing mutations affecting amino acids 40-50 of Tom40 are unable to climb
the walls of growth flasks and produce fewer asexual conidia spores compared to the

parental control strains, MateV and Dupl40.
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Figure 19. Growth rate defects observed in strains containing Tom40 variants. A.
Mycelial elongation rate of a control strain (Dupl40, closed diamonds) and Tom40
variants spanning amino acids 40-50 as measured in race tubes. A representative of the
A40-48 (closed squares), AAAA (open circles) and ANPGT (closed triangles) strains are
shown, but it should be noted that some strains containing the AAAA mutation grow in
the manner shown for ANPGT, and vice versa. B. The growth phenotype of AS51-60
strains. Conidia from a A51-60 strain (open squares) and a control (Dupl40, closed
circles) were inoculated into flasks containing 50 ml liquid medium, grown with shaking

at 15°C, harvested at the indicated times, and the fresh weight was measured.
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Figure 20. Import defects in N-terminal mutant strains. Mitochondria were isolated
from the control strains (Dupl40) and the Tom40 variant strains indicated to the left.
Import of radiolabeled precursors (CCHL, the cytochrome ¢ heme lyase; F1B, the B
subunit of the F; ATP synthase; MPP, the matrix processing peptidase; Porin, the voltage
dependent anion conducting channel; Su9-DHFR, the first 69 amino acids of subunit 9 of
the F, ATP synthase fused to dihydrofolate reductase) was performed at 20°C for the
times shown. Following a post-import treatment with proteinase K to remove non-
imported precursors, mitochondria were re-isolated and subjected to SDS-PAGE. The
gels were transferred to nitrocellulose membranes and exposed to x-ray film. The lysate
lane contains 33% of the input lysate used in each import reaction. The precursor (p) and
mature (m) forms of F|f3, MPP and Su9-DHFR are indicated. One sample from each lane
was treated with trypsin prior to import to demonstrate that import was receptor

dependent.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Control Tom40 variant

8 20 8 J2 8 20 8 ]Time (min)

ANPGT

NPGT-

AAAA Su9-DHFR

p
ZLEB

CCHL
Porin

— P
Z MPP

~p
Su9-DHFR

~—~m

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 21. Mitochondrial protein levels are unaffected in Tom40 variant strains.
Mitochondria isolated from the control (Dupl40) and mutant strains were subjected to
SDS-PAGE, and transferred to nitrocellulose membrane. Membranes were
immunodecorated with antisera to TOM complex components, as well as, the
mitochondrial outer membrane protein porin, the intermembrane space protein

cytochrome ¢ heme lyase (CCHL), and the matrix protein, mitochondrial (mt)Hsp70.
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Figure 22. Stability of the TOM complex is affected in strains containing variant
Tom40s. Mitochondria were dissolved in 1% digitonin (DIG) or 1 % dodecylmaltoside
(DDM) and subjected to BNGE. The gels were transferred to PVDF membrane and
decorated with antisera against Tom40. The positions of molecular weight markers are
indicated on the left. A. Tom4( variants spanning amino acids 40 through 50. B.
Tom40 variants spanning amino acids 50 through 60. C. SDS-PAGE analysis.
Mitochondria from a control strain and a A51-60 strain were dissolved in Laemmli gel
cracking buffer and subjected to SDS-PAGE. The gel was transferred to nitrocellulose
and immunodecorated with antisera to Tom40 and Tom?22. In all panels the control strain

was Dupl40.
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Figure 23. Characteristics of the A321-3 and the 321AAA variants of Tom40. A.
Sequences at the carboxy terminus of Tom40 proteins from Neurospora crassa (Nc),
Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Mus musculus (Mm),
Caenorhabditis elegans (Ce), and Drosophila melanogaster (Dm) are shown. Residues
in the Nc protein are numbered at the top of the figure. Black shading indicates amino
acid identity in at least four of the six species shown. Gray shading indicates amino acids
of the same family in at least four of the six species. Residues affected in the carboxy
terminal Tom40 variants are indicated below the alignment. Deleted residues are
indicated by dashes, while amino acid substitutions are shown in lower case. B.
Radiolabeled precursors of wild type (Tom40wt) and variants A321-3 and 321 AAA were
imported into wild type mitochondria (NCN251) for 20 min at the indicated temperature.
Mitochondria were reisolated and solubilized in buffer containing 1% digitonin. The
samples were subject to BNGE, transferred to PVDF membrane, and analyzed by
autoradiograpy. The positions of the 400 kDa, 250 kDa, 100 kDa, and monomer (M)
species are shown. C. Growth of the 321AAA mutant. A control strain (Dupl40,
squares) and a 321AAA mutant strain (circles) were inoculated in race tubes and
incubated at either room temperature (22°C, filled symbols) or 15°C (open symbols). The
extent of mycelial elongation was recorded every 24 hrs. D. Import of precursors into
321AAA mitochondria. Import into mitochondria isolated from a control strain
(Dupl40), and a 321AAA strain was performed as described in the legend to Fig. 20. E.
BNGE analysis of C-terminal mutant strains. Mitochondria were isolated from a control
(Dupl40) and strains expressing the Tom40 variants 321AAA or the C-terminal deletion
of amino acids 329-349 (AC-term). Mitochondria were solubilized with either 1%
digitonin (DIG) or 1% dodecyl maltoside (DDM) and examined by BNGE. The gel was
transferred to PVDF membrane, and immunodecorated with antiserum to the amino
terminus of Tom40. The position of the molecular weight markers are indicated on the

left.
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Figure 24. Deletion of the fungal specific C-terminal extension of Tom40. A. Import
of Tom40wt protein and a Tom40 variant protein containing a deletion of the C terminus
of Tom40 (Tom40AC), as shown in Fig. 23A, into control mitochondria (NCN251).
Imports were performed as in Fig. 17. B. Strains containing a deletion of the fungal
specific C-terminal extension (AC-term) of Tom40 fail to climb the walls of growth
flasks and produce fewer asexual conidiaspores compared to the control strain (Dupl40).
C. Growth rate of the AC-term mutant. A control strain (Dupl40, open diamonds) and a
AC-term mutant strain (FC17-1, filled squares) were inoculated in race tubes and
incubated at room temperature. The extent of mycelial elongation was recorded every 24
hrs. D. Isolated mitochondria from a control strain (Dupl40) and three strains containing
the AC-term mutation (FC2-1, FC8-1, and FC17-1) were subjected to SDS-PAGE,
transferred to nitrocellulose membrane and decorated with antisera to either the entire
Tom40 protein (Total), the C terminus of Tom40 (C terminal) or the N terminus of
Tom40 (N terminal). E. Mitochondria were isolated from a control strain (Dupl40) and
a AC-term strain (FC17-1). Radiolabled precursor proteins were imported as detailed in
Fig. 20. The precursors used in this experiment were the [B-subunit of the F;ATP
synthase (F3), and cytochrome ¢ heme lyase (CCHL).
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Figure 25. Kinetics of Tom40 assembly. A. Import of radiolabeled wild type Tom40
precursor was allowed to proceed into wild type mitochondria (NCN251) for 4 min at
25°C. Mitochondria were re-isolated at 1°C and resuspended in fresh import mix
containing no additional Tom40 precursor. Import was allowed to proceed at 25°C with
aliquots removed at the times indicated. Mitochondria were re-isolated and processed for
BNGE. The gel was transferred to PVDF membrane and analyzed by autoradiography.
The sizes and positions of the bands are indicated on the left. B. The experiment in
panel A was quantified on a phosphorimager and plotted to show the disappearance of
radioactive precursor from the 250 and 100 kDa intermediates, and accumulation of

radiation in the assembled 400 kDa complex.
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Figure 26. Sodium carbonate treatment results in assembly of Tom40 precursors
into the TOM complex. For A and B, radiolabeled precursors of wild type Tom40 or
variant A51-60, were imported into wild type mitochondria (NCN251) at 0° and 25°C for
the times indicated at the bottom of each panel. The samples were divided equally, and
mitochondria were pelleted. One tube from each sample was suspended in mitochondrial
isolation buffer (Mayer et al., 1993) and was held on ice at 0°C while mitochondria in the
other samples were treated with 0.1 M sodium carbonate (pH 11.5). After 30 min on ice,
the membrane fraction from the carbonate-treated samples and the untreated
mitochondrial samples were pelleted at 2°C. Both pellets were suspended in 1%
digitonin and processed for BNGE. A. BNGE of untreated samples. B. BNGE of
carbonate treated samples. C. Import of wild type Tom40 precursor into wild type
mitochondria (NCN251) was done for 20 min at 0° or 25°C. Each experiment was
performed in quadruplicate, and mitochondria were pelleted. In the first set of samples
mitochondria were pelleted and the pellets were solubilized in 1% digitonin and
processed for BNGE. In the second set of samples, mitochondria were treated with 0.1 M
sodium carbonate (pH 11.5). The resulting membrane sheets were pelleted and lysed in
digitonin and prepared for BNGE. For the third set of samples, pellets were resuspended
in import buffer and treated with proteinase K (0.1 pg/ul) for 15 min at 0°C.
Mitochondria were then re-isolated and processed for SDS-PAGE. Finally, the fourth set
of samples were subjected to extraction with 0.1 M sodium carbonate (pH 11.5),
resuspended in import buffer, and treated with proteinase K as for samples 3. These
samples again were processed for SDS-PAGE. Samples not treated with proteinase K
and analyzed by BNGE are shown on the left, while samples treated with proteinase K
and analyzed by SDS-PAGE are shown on the right as indicated by the numbers below
the blots. Gels were transferred to PVDF (BNGE) or nitrocellulose (SDS-PAGE) and
analyzed by autoradiography. For all panels, the positions and size of bands are indicated
on the left. M, Tom40 monomer. Sample sets are indicated below the panels. The
supernatants of the all the carbonate treated samples were analyzed by SDS-PAGE and
autoradiography.
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Figure 27. The A321-3 Tomd40 precursor is fully extracted from the 250 kDa
intermediate by sodium carbonate. Radiolabeled wild type and A321-3 Tom40
precursors were imported into wild type mitochondria (NCN251) and analyzed as
described for panels A and B of Fig. 26. The positions and size of bands are indicated on

the left. M, Tom40 monomer.
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Figure 28. An alternate pathway of Tom40 assembly in mitochondria containing
Tom40 molecules with mutations at the N-terminus. A. Radiolabeled wild type
Tom40 precursor was imported for 20 min at either 0° or 25°C into mitochondria isolated
from either control cells INCN251) or cells expressing only the A40-48 mutant version of
Tom40. Mitochondria were re-isolated and processed for BNGE. The gel was blotted to
PVDF membrane and analyzed by autoradiography. B. Samples were processed as
described in the legend for Fig. 25, except that the radiolabeled wild type Tom40
precursor was imported into mitochondria isolated from cells expressing only the A40-48
mutant form of the Tom40 protein. Duplicates of the 0 min and 10 min samples were
subjected to sodium carbonate extraction following import and re-isolation of
mitochondria (+carb). A second set of identical samples was treated with proteinase K
(PK) after import and reisolation. The samples were processed for SDS-PAGE as
described in the legend to Fig. 26. The positions and size of the bands are indicated on
the left of all panels. C. Mitochondria were isolated from the ANPGT (ANPGT or AN)
and AAAA (NPGT-AAAA or N-A) strains and treated as described for panel B, except
that no PK digestion was performed. D. Mitochondria from the A51-60 strain were

isolated and treated as described in panel B. M, Tom40 monomer.
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Figure 29. Not all mitochondria containing mutant forms of Tom40 show the altered
assembly pathway. A. Samples were prepared as described in the legend for panel A,
Fig. 28, except that the mitochondria used for import contained a replacement of two
conserved lysine residues with glutamine at positions 237 and 238 of Tom40 (WQQ).
B. Protease treated samples were prepared as described in the legend for panel B, Fig.
28, with the substitutions described in A. The positions and size of the bands are

indicated on the left of each panel.
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Figure 30. Predicted topology of TOM40. This model for the topology of Tom40 was
provided by T. Schirmer, via D. Rapaport. Tom40 is indicated by dotted lines. The
numbers in the white boxes indicate the span of amino acids predicted to span the outer
mitochondrial membrane as B-strands. The shaded boxes refer to those amino acids

targeted for mutagenesis (see Text).
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Figure 31. Examples of classes of in vifro assembly phenotypes identified for the
Tom40 proteins. Import was performed as described in Fig. 17. Five classes of
assembly mutants were identified. For a full listing of all mutations tested and the
assigned assembly class, see Table 6. A. Assembly of wild type Tom40 protein (Wild
type). B. No assembly past initial binding of mitochondrial receptors. The C7 stop
mutation produces a stop codon at amino acid 317 of the protein, and results in deletion
of the last predicted membrane-spanning domain of Tom40 (Fig. 30). C. As shown
previously in Figs.17, and 26, a Tom40 variant containing the A51-60 mutation does not
progress past the 250 kDa intermediate of Tom40 assembly. D. A class of mutations in
Tom40 that result in accumulation of precursors at the 250 kDa intermediate, while some
precursor still progresses to the 400 kDa complex. The examples shown here are Tom40
variant proteins with either deletion of amino acids 163-164 (ANP) or replacement of
these amino acids with alanine ( NP-AA) E. A class of mutations which result in
accumulation of precursor protein in the 100 kDa intermediate. The example used in this
panel is a Tom40 variant protein with a replacement of amino acids 297-299 with alanine
(EKR-AAA). F. The final class of assembly phenotype is wild type assembly. The
example used in this panel is a Tom40 variant containing a deletion of amino acids 109-

112 (AGNLD).
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Figure 32. Strains containing additional mutations made in the Tom40 protein. A.
Growth rates of the WQQ strain were performed as in Fig. 19 at room temperature. A
control strain (Dupl40, black squares) is compared to the WQQ strain (open circles). B.
Growth rates of P-A (open squares) and YAF-AAA (grey triangles) were performed as
described in panel A compared to a control strain (Dupl40, black diamonds). C.
Mitochondria were prepared and examined on BNGs as for Fig. 22. Positions of
molecular weight markers are indicated on the left of the panel. D. Isolated
mitochondria from the indicated strains were subjected to SDS-PAGE, blotted to
nitrocellulose membranes and immunodecorated with antisera directed against the

indicated proteins. (Control, Dulp40.)
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Figure 33. Import of radiolabeled precursor proteins into additional Tom40 mutant
strains. Import was performed as for Fig. 20 with the exception that the radiolabeled
precursors used were the matrix processing peptidase (MPP), cytochrome ¢ heme lyase
(CCHL), the first 69 amino acids of subunit 9 of the Fy ATP synthase fused to mouse
dihydrofolate reductase (Su9-DHFR), the B subunit of the F; ATP synthase (Ff), or
cytochrome ¢ heme lyase (CCHL). The control strains for these experiments is Dupl40.
The mutant strain for each set of panels is indicated on the left of the figure. (p, precursor

form; m, mature form.)
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Figure 34. Isolated mitochondrial outer membrane vesicles. A. Proteins of purified
OMVs and IMFs from wild type mitocondria were subjected to SDS-PAGE and silver
stained. The positions of Tom70, Tom40 and porin (deduced as described in the text) are
shown on the left hand side of the figure. The region from which the bands were excised
for mass spectroscopy (MS) is indicated. B. Western analysis of OMVs and IMFs.
Membranes were decorated for proteins of the outer membrane Tom70, Tom40, Tom22
and Tom5, a protein of the inner membrane, the ATP/ADP carrier (AAC), and a

mitochondrial matrix protein, Hsp70.
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Figure 35. Two computer predicted topologies for N. crassa Tom40. Predicted
membrane-spanning domains of Tom40 are shown in boxes on the protein sequence. A.
Predicted topology as in (Court ef al., 1995). B. Predicted topology by T. Schirmer (D.

Rapaport, personal communication). Also shown in Fig. 30.

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 MASFSTESPL AMLRDNAIYS SLSDAFNAFQ ERRKQFGLSN PGTIETIARE

51 VQRDTLLTNY MFEGLRADWTr KAESLAPLHQ VSHQFAMGER LNPYREAALY|
101 GTNQIFAQGN. TLDNEGALSTR FNYRWGDRTI TKTQFSIGEG QDMAQFEHEH
151 LGDDESASLK AIINPSFLDGG [LTGIFVGDYL QAVTPRLGLG LOAVWQORQGL
201 TQGPDTAISY FARYKAGDWV AJEDLOAQGA| LNTSFWKKLT DRVQAGVDMI]
251 LSVGLTKEGITT FGERYDHRMS TFRAQIDSKG KLSCLLEKRL

301 GAAPVTLHFA ADVDHVTQQA KLGMSVSIEA SDVDLQEQQE GAQSLNIPF

1 MASFSTESPL AMLRDNAIYS SLSDAFNAFQ ERRKQFGLSN PGTIETIARE

51 VOQRDTLLTNY MFSGLRADVT KAFSLAPLFQ VSHQFAMGER LNPYAFAAILS

101 [ETNQIFAQGN LDNEGALSTR. FNYRWGDRTI TKTQFSTIGGG QODMAQFEHEH

151 'SASTK AINPSHODEE LTCIFVeDYN QAVTPRLGLG LOAVWQRQGL

PSHWKKLT DRVQAGVDMT

201 TQGPOIAISY FARYKAGOWV ASAQLOAQGATTI

251 [LSVAPSQSMM GGLTKEGITT FGAKYDFRMS [FRAQIDSKG KIJSCLLEKRL

‘SAEA SDVDLOQEQQE GAQSLNIPF

301

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 36. Regions in Tom40 chosen for initial cysteine scanning mutagenesis.

Boxed residues indicate those chosen for cysteine scanning.
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Figure 37. The structure of the TOM complex in SCAM strains. BNGE of isolated
mitochondria from a selection of SCAM strains, compared with a the TOM complex
containing the cysteineless version of Tom40. The gel was transferred to PVDF

membrane and blotted for Tom40. The positions of molecular weight markers are

indicated on the left of the blot.

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66 kDa—>>

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 38. The procedure of cysteine scanning mutagenesis. Outline of the SCAM

procedure which is described in detail in the text (see section 3.9).
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Create series of strains expressing Tom40
with single-cysteine replacements in each protein

Step 2
Grow strains and isolate mitochondria
Step 3
Treat with biotin maleimide
Step 4
Wash mitochondria to remove excess label
Step 5

Lyse in IP buffer plus TritonX-100, immunoprecipitate
Tom40 with C-terminal peptide antibody

Step 6

Subject immunoprecipitated samples to SDS-PAGE and transfer
to nitrocellulose membranes.

Step 7
Detected presence of label with streptavidin-biotinylated
HRP conjugate and ECL
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Figure 39. N°%-(3-maleimydylpropionyl) biocytin (biotin maleimide). A. The
chemical structure of biotin maleimide. B. The sulthydryl specific cysteine modification

reaction with biotin maleimide.
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Figure 40. Results of the cysteine scanning mutagenesis procedure. A. Biotin
maleimide labeling of specific cysteine substitution strains. The name of the strain
corresponding to each lane is listed above. The CYS- strain is a strain that lacks the
single endogenous cysteine residue in Tom40, and serves as a negative control. The
L10C, and S344C strains contain single cysteine replacements in the extreme N- and C-
termini of the protein, respectively, and are predicted to be accessible to biotin labeling
since they exist in the intermembrane space. Thus, these strains act as positive controls
for the experiment. Controls are indicated by a horizontal bracket on each gel. The
D334C residue (bottom of panel A) is indicated by bracketed vertical bars because this
lane was taken from a different gel. B. The cysteine scanning experiment from the
V316C-G323C trial was used for immunodecoration with a-Tom40 antiserum derived
from mouse. This verifies that the Tom40 immunoprecipitation was efficient, and

Tom40 is present in each lane of the gel.

188

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 41. A model of R-group orientation in antiparallel B-strands. Depicted is a
pair of anti-parallel P-strands, the GREEN arrows indicated the N- to C- terminal
arrangement of the amino acids within each strand. DASHED lines indicate hydrogen
bonds between the two strands. The R-groups of the polypeptide chains alternate

between each side of the -strand. Figure adapted from (Voet, 1990).
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Figure 42. Model of Tom40 topology determined by SCAM. [-sheets are depicted
spanning the bilayer of the mitochondrial outer membrane. Residues in blue represent

those protruding into the Tom40 pore. Those in red are in the bilayer.
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4. DISCUSSION

4.1 The tom40 null strain

Tom40 was previously shown to be essential for the viability of S. cerevisiae cells

and reduced levels of Tom40 resulted in the accumulation of mitochondrial precursors in
the cytosol of mutant cells (Baker et al., 1990). I have confirmed these results, showing
that tom40 is an essential gene in N. crassa and that mitochondria containing reduced
levels of Tom40 are deficient in their capacity to import precursor proteins in vitro.
When the sheltered heterokaryon, RIP40het, was made deficient in Tom40, it grew
slowly compared to control strains. This is most likely related to a decreased capacity of
the deficient st_rain to accumulate essential mitochondrial factors. The original findings
in yeast by Baker et al. (1990), have been extended, as I have shown that mitochondria
with lowered levels of Tom40 are smaller than normal and are devoid of cristae. These
results are reminiscent of mitochondria observed in slow growing cells deficient in other
important components of the TOM complex such as Tom20 and Tom22 (Harkness et al.,
1994b; Nargang et al., 1995). Mitochondria deficient in Tom40 also have reduced levels
of the TOM core complex components Tom22 and Tom6. These deficiencies are most
likely due to the inability to import and/or assemble the proteins in the absence of
Tom40. 1 have ruled out the possibility that reduced levels of Tom40 might signal
reduced transcription of these genes by demonstrating that the mRNA for Tom22 is

present at normal levels.

4.2 Role of a conserved region in the N-terminus of fom40 on Tom4( assembly

Very little is known about the processes of Tom40 membrane insertion, and TOM
complex assembly. Previous work has suggested that Tom40 must exist in a partially
folded conformation for recognition and assembly into the TOM complex and is
dependent on the receptors Tom20 and Tom?70 for initial precursor binding (Rapaport and
Neupert, 1999). More recent evidence has implicated the small Tom proteins in the
assembly process as well (Model et al., 2001). To determine which domains of Tom40
may be important for this process I mutagenized conserved regions of N. crassa Tom40

and characterized the variant proteins with regard to their ability to assemble into the
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TOM complex in vitro. A subset of these mutations was further analyzed to determine

their effects on TOM complex function and stability in vivo.

Previous findings showed that the highly conserved region containing amino acid
residues 41-60 of Tom40 was not needed for binding of the Tom40 precursor to the
receptors or for membrane insertion but was crucial for the assembly of the protein into
the TOM complex (Rapaport et al., 2001). Various mutations in cDNA clones were
made so that the import of variants could be assessed by in vifro assembly assays. First,
mutations were made affecting the residues 40-48. Mutations were made that deleted the
highly conserved NPGT (ANPGT) domain, replaced NPGT with alanine (AAAA) and
deleted amino acids 40-48 while replacing amino acid 49 with alanine (A40-48). The
A40-48 variant of Tom40 had the most severe in vitro import defect, showing reduced
assembly to the 400 kDa complex. The smaller mutations resulted in a slight inhibition

of assembly of Tom40 to the 400 kDa assembled form.

To determine the importance of the 40-50 region of Tom40 in vivo, genomic
versions of the cDNA alleles described above were constructed. All mutant alleles were
capable of rescuing the fom40 null strain, but resulted in the formation of TOM
complexes with altered electrophoretic mobility and stability in vivoe. The changes in
mobility likely reflect changes in conformation of the TOM complex as all mutants
analyzed displayed similar mobility changes, whereas the molecular weight of Tom40 in
the AAAA mutant is not significantly different from that of the wild type form. The
TOM complexes in all the mutant strains are also less stable than wild type as Tom40
monomers were lost from the mutant strains after solubilization in dodecylmaltoside. It
seems likely that the highly conserved NPGT sequence, which is affected in all three
strains, may play a role in mediating stability of the TOM complex. The N. crassa strains
expressing the Tom40 variants were also altered in their ability to form conidia and
exhibited growth defects. The region spanning amino acids 40-50 may also play a role in
import of mitochondrial preproteins, as mitochondria expressing only ANPGT and
AAAA forms of Tom40 showed a decreased ability to import preproteins in vitro

compared to control strains.
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Mutations were also made in the region encompassing amino acids 50-60 of
Tom40. Deletion of the entire region (A51-60) resulted in a form of the Tom40 protein
that was unable to progress past the 250 kDa intermediate assembly stage in in vitro
assays, and was unable to progress to the fully assembled TOM complex even after 60
min of import at 25° C. The deletion of residues 51-60 does not totally abrogate
assembly in vivo since strains expressing only this form of the protein are viable. Strains
expressing a deletion of the conserved RD residues (ARD), RDTLL residues (ARDTLL)
and the A51-60 mutant (Fig. 19B) all display growth defects and alterations in TOM
complex stability. It is surprising to note that mitochondria from the A51-60 strain, do
not show a reduction in import of mitochondrial preproteins in in vitro import assays.
This may suggest that the region spanning amino acids 40 to 50 is more important for
function of Tom40 within the TOM complex, whereas the region spanning amino acids
50 to 60 is important for assembly of Tom40 into the TOM complex. Regardless, the
regions encompassed by both the A40-48 and A51-60 mutations play an important role
for achieving the interactions necessary for progression past the 250 kDa intermediate on

the Tom40 assembly pathway.

Several observations support the view that the impaired assembly of Tom40
mutant variants reflects a specific function ofthe affected amino acid residues rather than
simple misfolding of the mutant forms. Wild type Tom40 that is appropriately assembled
into the TOM complex yields characteristic 26 kDa and 12 kDa fragments upon treatment
of mitochondria with proteinase K (Kiinkele et al., 1998b). These cleavage products can
be generated from all of the Tom40 mutant constructs used in this study (data not shown).
The same fragments can be generated after integration of full-length Tom4( precursor
into the membrane of isolated mitochondria at a stage when Tom40 is not yet assembled
into the complex (Rapaport and Neupert, 1999; Rapaport et al., 2001). Thus, Tom40
appears to reach its final, or near final, conformation rather early in its assembly pathway,
and the actual integration of Tom40 precursor into the core of the TOM complex may not

induce major conformational changes.

Many unanswered questions remain in regards to the N-terminal Tom40 mutants.

How does a region in the N-terminus of Tom40, predicted to lie within the
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intermembrane space, affect the import of mitochondrial precursor proteins, the stability
of the TOM complex, and the assembly of incoming Tom40 precursor molecules? It is
possible that this region of the protein contributes to the dimerization of Tom40. If true,
mutations in this region would likely affect stability of the TOM complex. The 40-50
region may play a role in trans site binding, so that these mutations would affect the
efficiency of import of preprotein destined to all mitochondrial subcompartments, with
the possible exception of those residing in the outer membrane. Finally, this region may
play some role in establishing interactions with other components of the TOM complex
such as Tom6 and Tom22. Both of these proteins have been implicated in either stability
of the TOM complex or establishing higher order TOM complex structures. In support of
this hypothesis, Tom6 is lost from the mitochondria isolated from strains containing

mutations in the 40-50 region, in the same manner that Tom40 is lost (data not shown).

4.3. Role of a conserved region in the C-terminus of Tom40

Mutations were also made in the conserved KLG residues near the C-terminus of
Tom40. Two computer predictions of Tom40 structure place this region within the last
membrane-spanning domain of Tom40 (T Schirmer, via D. Rapaport, personal
communicatioﬁ) (Mannella et al., 1996) while one does not (Court ef al., 1995). Two
different Tom40 variants were constructed, one lacking the KLG residues (A321-3) and
one replacing these residues with alanine (321AAA). Both types of cDNA Tom40
variants were used in in vitro Tom40 assembly assays, and genomic variant constructs
were used to determine the in vivo relevance of the mutated residues. The lack of
assembly to any high molecular weight intermediate of the A321-3 variant at 0° C in in
vitro Tom40 assembly assays was striking. At this temperature the altered protein may
not be in an import competent conformation. At 25° C, the precursor can be imported to
the 250 kDa intermediate but cannot proceed to the membrane integration step of the
assembly pathway. The severity of the assembly defects in vitro are supported by the
observation that the genomic fom40 construct bearing the A321-3 mutation cannot rescue
the tom40 null nucleus. There are a number of possible reasons that the A321-3 variant
fails to assemble past monomer binding at 0°C and arrests at the 250 kDa intermediate at

25°C. It has been shown that Tom40 must be in a partially folded state for effective
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integration into the membrane (Rapaport and Neupert, 1999). It is possible that the
A321-3 variant may be unable to achieve the correct conformation for integration.
However, it seems unlikely that there are gross overall changes in conformation at 25° C
since the protein assembles past the initial precursor recognition stage and into the 250
kDa intermediate in vitro. Another possibility is that the KLG residues might provide a
specific signal for Tom40 integration into the membrane or assembly with other TOM
complex components, but this seems unlikely as changing the residues to alanine has
little effect on in vitro assembly. In addition, a fom40 gene encoding the 321AAA
variant can restore viability to the tom40™" nucleus, although the resulting strains have
growth and TOM complex defects. Finally, it is conceivable that the KLG residues form
part of a membrane-spanning domain. In this case, a reasonable explanation for the
drastically different behavior of the deletion and substitution variants could be that
replacement with alanine residues still allows the region to span the membrane, while
loss of the residues does not allow membrane spanning and prevents integration. Such a
membrane-spanning region might also be important for channel formation. It should be
noted that the results of the cys-scanning experiments strongly support the idea that these
residues occur in a membrane-spanning -strand.

Given its position near the C-terminus and the striking fragility of the TOM
complex from the 321 AAA strain, it is conceivable that the region could also be involved
in maintaining interactions between TOM complex subunits. The presence of the Tom40
dimer sized complex in digitonin treated samples is reminiscent of the subcomplexes of
Tom40 dimers seen in Tom22 deficient yeast cells (van Wilpe et al., 1999). Thus, the
321AAA Tom40 mutant might have weakened interactions with Tom22. The breakdown
of the complex in 321AAA mitochondria to Tom40 monomers following solubilization
with dodecylmaltoside suggests that the region could also contribute to the formation and

maintenance of Tom40 dimers.
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4.4 The nature of Tom40 assembly intermediates in V. crassa

Tom40 assembly into the TOM complex is thought to occur through a variety of
translocation intermediates. It has been suggested that Tom40 initially binds the TOM
complex as a monomer. This monomer then progresses to a 250 kDa complex of
unknown composition. At this stage Tom40 is thought not yet to be incorporated into the
mitochondrial outer membrane. The Tom40 precursor molecule then progresses to a 100
kDa intermediate, which most likely consists of the Tom40 precursor protein in
association with a pre-existing molecule of Tom40 (Model ef al., 2001). Another model
suggests that assembly occurs directly from the 250 kDa to 400 kDa complexes and that
the 100 kDa form is non-productive (Rapaport and Neupert, 1999). The experiments
presented in this thesis are consistent with the notion that both the 100 kDa and the 250
kDa forms are on the assembly pathway to the 400 kDa complex. However, the temporal
relationship of the two intermediates in time course experiments using wild type Tom40
precursor could not be confirmed because both the 250 kDa and 100 kDa forms appeared
and decreased at the same time. When the assembly of mutant Tom40 molecules was
examined, many variants gave rise to both the 250 kDa and the 100 kDa intermediates,
although the two largest classes of assembly defects seen were either failure of precursors
to progress past the 250 kDa complex, or accumulation of precursors at the 250 kDa
intermediate with some progression past this point of the pathway. The existence of
variants that arrest at the 250 kDa intermediate with no discernable evidence of the 100
kDa intermediate (see Figs. 17B, 22, 26, and 27) supports the model in which the Tom40
precursor appears in the 250 kDa form first and then progresses to the 100 kDa form.

It has also been proposed that Tom40 precursor in the 250 kDa intermediate is
associated with the outer membrane on the intermembrane space side and is extractable
with sodium carbonate (Model er al., 2001). My data from carbonate extraction of
mitochondria following import of wild type Tom40 into wild type mitochondria do not
allow conformation of this aspect of the model due to the unexpected finding that
carbonate enhances assembly of Tom40 precursors in the intermediates to the final 400
kDa form. However, the observation that precursors of the A51-60 form of Tom40 in the
250 kDa intermediate were mostly extractable by carbonate and the precursors of the

A321-3 variant were entirely extractable does support the notion that the Tom40

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



precursor is only peripherally associated with the membrane at this stage. It also suggests
that there may be two distinct pools of 250 kDa intermediates, one pool that is only
peripherally associated with the outer fnembrane, and one which is in the process of
integrating into the membrane. One explanation for the action of sodium carbonate on
wild type precursors might be that protein-protein interactions hold the molecule at the
250 kDa intermediate stage of assembly, and these are disrupted in the presence of
carbonate. It is also conceivable that interactions between Tom40 molecules in existing
TOM complexes may be weakened, facilitating replacement of existing subunits with

incoming molecules.

4.5 Alternate assembly pathway identified in mitochondria bearing mutations in

the N-terminus of Tom40

Analysis of the import and assembly of wild type Tom40 precursors into
mitochondria éontaining only Tom40 with mutations in the N-terminus of the protein
revealed differences from the normal assembly pathway. Following import of wild type
Tom40 precursor protein into mutant mitochondria, very little of the precursor was seen
in the 250 kDa intermediate and none of the 100 kDa intermediate was detectable.
Instead, the precursor was found in a 450 kDa complex which appeared to assemble
directly into the 400 kDa form. The Tom40 precursor in the 450 kDa form is completely
sensitive to digestion with proteinase K, and the simplest interpretation is that 450 kDa
complex represents a Tom40 precursor molecule associated with a pre-existing TOM
complex. As most of the precursor at this stage was extractable with sodium carbonate,
its initial association with the TOM complex must precede integration into the
membrane. It seems likely that the Tom40 precursor at this stage integrates directly into
the existing TOM complex by displacing a pre-existing Tom40 subunit. This
interpretation suggests that amino acid residues 40-60 of Tom40 molecules in the wild
type TOM complex normally interact with incoming subunits. Although this hypothesis
seems difficult to reconcile with the predicted intermembrane space localization of these
residues in the topology of Tom40 it has been suggested that the Tom40 precursor in the
250 kDa intermediate is on the intermembrane space sjde of the mitochondrial outer

membrane (Model ef al., 2001). Another interpretation could be that the mutation in the
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N terminus alters the confirmation of the TOM complex, making direct integration into
the TOM complex possible. Although it may be surprising that an alternate Tom40
assembly pathway exists, it is also possible that a small amount of assembly occurs by
this pathway under normal conditions, but is not easily detected by BNGE. Although
others have shown that the N-terminus of Tom40 is not required for stable interactions
between Tom40 molecules (Gordon ef al., 2001), my results suggest that the region is
important for assembly of the protein into the TOM complex since alterations in the N-
terminus of both Tom40 precursors and Tom40 molecules within the TOM complex have
an affect on thé assembly pathway.

It was also observed that more radioactivity was found in the final 400 kDa
intermediate than could be accounted for by the initial amount of 450 kDa present in the
initial 0°C time point following the pulse of import. It is possible that the Tom40
monomer seen on the lower portion of the BNGs in Fig. 28 also progresses directly to the
400 kDa complex by a mechanism similar to Tom40 in the 450 kDa intermediate, as this
monomer form also disappears over the time course in all of the N-terminal mutant
strains tested. It would be difficult to quantitate the amount of protein this monomer
form contributes to the final complex, as the monomer does not form a discrete band, but
is more diffuse in nature. As with the 450 kDa intermediate, the Tom40 precursor at this
stage of assembly also appears to be completely sensitive to PK, and is carbonate

extractable.

4.6 The protein content of the mitochondrial outer membrane

In an attempt to find the N. crassa homolog of Tom37(Mas37), the putative yeast
TOM complex assembly factor (Wiedemann, 2003), OMVs were isolated and subjected
to SDS-PAGE. Bands were excised between the molecular weights of ~38 kDa, and ~70
kDa and analyzed by mass spectroscopy. This region of the gel was chosen because
information from the laboratory of N. Pfanner suggested that the N. crassa homolog had
a molecular weight of 48.6 kDa. Although Tom37(Mas37) was not identified, a number
of novel proteins were found (see Table 7). As the molecular weights of the proteins
analyzed were restricted to a narrow molecular weight range, it is likely that a number of

unidentified proteins remain to be discovered in the N. crassa mitochondrial outer
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membrane. There are a number of observations that support this notion. For example
Fzolp, a mitochondrial outer membrane protein required for mitochondrial fusion, is
known to exist in an 800 kDa complex, the composition of which is largely unknown
(Rapaport et aZ., 1998a). Also, unknown proteins involved in import and assembly of
mitochondrial precursors may exist. For example, Tom37(Mas37) may be part of a
separate assembly complex, of unknown composition, responsible for the insertion of -
barrel proteins into the mitochondrial outer membrane in S. cerevisiea (Wiedemann,
2003). Since the process of Tom40 assembly is well conserved between N. crassa and
yeast, it seems likely that a similar complex exists in N. crassa. Further, both EM
tomography and conventional EM have shown close associations between the
endoplasmic reticulum and mitochondria (Mannella et al., 1998; Rizzuto ef al., 1998). It
is conceivable that these interactions are maintained by a yet uncharacterized protein or
protein complex either in mitochondria, the endoplasmic reticulum, or both organelles.
Finally, morphological contact sites, where outer and inner mitochondrial membranes
associate closely, are permanent structures (Hackenbrock, 1966; Hackenbrock, 1968;
Hackenbrock and Caplan, 1969; Hackenbrock er al., 1971). It is thought that the IMF
fraction recovered during isolation of OMVs represents the association of the outer and
inner membranes at these contact sites (Mayer et al., 1995a). As these structures seem to
be permanent, it is likely that this membrane contact is mediated by an unknown protein
or protein complex. Following identification of unknown proteins, further work would
need to be done to prove the proteins are localized to the mitochondrial outer membrane.
Mutations could then be made to assess the effects on cell viability, mitochondrial

morphology, inheritance, and import of mitochondrial preproteins.

4.7 Cys scanning mutagenesis to determine the position of B-strands in Tom40

Current models of Tom40 structure are based almost entirely on computer
predictions (Court et al., 1995; Mannella et al., 1996) (T. Schirmer, via D. Rapaport,
personal communication). One experimental observation regarding N. crassa Tom40
structure localizes the extreme N- and C-termini to the intermembrane space (Kiinkele et

al., 1998b), though this conflicts with data from yeast sﬁggesting that the N-terminus is
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exposed to the cytosol (Hill et al., 1998). Spectral evidence on the o-helix versus B-
strand content of the protein also has given conflicting results (Hill e al., 1998; Ahting ef
al., 2001). Thus, it would be of interest to demonstrate directly which residues of Tom40
lie within the membrane, the aqueous channel, the intermembrane space and the cytosol.

Cys-scanning has several advantages over other techniques for topological
studies. The substitutions of amino acids residues with cysteines have been shown not to
result in gross changes in the structures of proteins being studied and the function of the
protein is likely to be maintained, as only a single residue at a time is replaced by
cysteine. During the procedure, the protein remains in its natural environment and in its
normal confirmation. Finally, channel proteins with cysteine-substituted amino acids can
be labeled with charged sulfhydryl reagents and examined by electrophysiology
(Maloney et al., 1994; Zhou et al., 1997). This technique may be useful for elucidating
those residues which function to form the pore of the TOM complex.

As previously discussed, two computer models of Tom40 structure place the
highly conserved KLG residues (amino acids 321-323 of N. crassa Tom40) in the last
membrane-spanning [-strand of Tom40 [T Schirmer, via D. Rapaport, personal
communication; Mannella, 1996 #1527]. The inability of the A321-3 mutant form to
assemble in vitro or to rescue the rom40%" nucleus while the 321AAA form does
assemble and does rescue, adds further support for these two models. Using SCAM, I
have verified fhat these residues are part of f-strand, as the region that encompasses
residues 316-327 shows the alternate pattern of labeling predicted for amino acids in a
membrane-spanning B-strand. It is interesting to note that some of the other mutations
that have been made in other regions of the genomic tom40 plasmid show the same
pattern of non-rescue (for the deleted form) and rescue (for the alanine form) of the
1om40™” nucleus (see Table 5). As with the 321-323 region, it is possible that these
amino acids are also part of membrane spanning domains of Tom40. Cysteine scanning
of these regions should verify this suggestion.

The predicted pattern of label/non-label for a B-sheet spanning a lipid bilayer is
not evident in the entire region spanning amino acids 306-316. Rather the pattern was
seen for amino- acids 311-316, but none of residues 306-310 were labeled (Fig. 40). This

1s not entirely unexpected, as the technique of cys-scanning has been shown in previous
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studies not to be able to label all expected residues. For example, residues in small loop
domains of membrane proteins are not labeled with equal efficiency even though all these
residues should be in the aqueous environment (Tang ef al., 1998; Fujinaga et al., 1999).
In these studies, it was suggested that a steric hindrance in the region surrounding the
specific non-labeling residues might prevent access of biotin maleimide to the residue in
question. As the Tom40 protein is part of a multi-subunit complex, it is possible that
similar steric hindrances may exist within the TOM complex, preventing labeling patterns
of certain residues of the protein.

The occurrence of such problems in generating topological data by cys-scanning,
suggests that supporting evidence for the models produced will be beneficial. Supporting
evidence for the position of predicted B-strands could be generated by mutational analysis
of the regions. As seen in the case of the 321-323 region, small deletions within the
membrane-spanning domains would be predicted not to rescue the tom40®" nucleus,
while the corresponding replacement of residues with alanine would allow the p-strand to
span the membrane. Insertion of a string of hydrophilic amino acids into a membrane-
spanning domain would also be predicted to fail to rescue the rom40™" nucleus. Another
type of evidence would be electrophysiological verification of residues predicted to exist
in the aqueous pore. TOM complexes containing Tom40 with cysteines at positions
predicted to line the pore could be isolated, reacted with a charged sulfhydryl-labeling
reagent, and analyzed electrophysiologically. It has been found that such adducts in the
pores of channel proteins and channel protein complexes perturb or block normal
conductance (Maloney et al., 1994; Zhou et al., 1997). These experiments will be donfe

in conjunction with collaborators at the University of Munich, Munich, Germany.

4.8 Future directions

Tom40 is an essential protein and is highly conserved between divergent species
(Fig. 13). In conjunction with a new graduate student, I have started a study to both
delete and change to alanine all the highly conserved domains of the tom40 gene. The
results of certain mutations have been discussed above, but a number of domains remain
to be characterized (Table 5). The genomic versions of the mutations have been created,

and the new student is in the process of determining the effects these mutations have with
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respect to growth phenotypes, TOM complex morphology, and the ability of
mitochondria isolated from these strains to import mitochondrial precursor proteins. In
vifro assembly assays have already identified domains that may be important for Tom40
assembly. In this study we are particularly interested in mutations that do not appear to
affect Tom40 assembly in hopes that we identify domains primarily responsible for
preprotein import. This may allow us to define domains that participate in the formation
of the cis site, the trans site or regions of the protein that are responsible for translocation
of preproteins.

Tom?22 is required for assembly of Tom40 into the TOM complex, and is required
for maintaining higher order structures within the TOM complex (Rapaport et al., 1998b;
van Wilpe et al., 1999). Our laboratory has previously generated a variety of mutant
strains containing only mutant versions of Tom22 (Court et al., 1996; Nargang et al.,
1998; Rodriguez-Cousino et al., 1998). It would be interesting to determine if regions of
Tom?22 are required for Tom40 assembly into the TOM complex, and to determine the
effects of these mutations on TOM complex structural stability. Initial experiments with
a mutant version of Tom22 lacking the intermembrane space domain of the protein
suggest that the Tom40 assembly pathway in these mitochondria is unaffected by deletion
of this domain (data not shown) (Court et al., 1996), but the cytosolic and membrane-
spanning domains may be involved in TOM complex assembly.

Virtually nothing is known about how the components of the TOM complex are
spatially arranged. Using various strain supplied by our lab, collaborators at the
University of Munich are trying to crystallize the TOM complex to determine it’s three-
dimensional structure. This structure would offer great insight into how different
components of the TOM complex interact, and how precursor proteins interact at both the
cis and trans binding sites. The SCAM strains described in this thesis may help generate
the X-ray structure by providing TOM complexes with specific Tom40-cysteine
substitutions that will be useful for obtaining phasing data following interactions with

2+
Hg" 1ons.
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