. * l National Library Biblioth
of Canada

Acquisitions and

ue nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reprodiction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ottawa (Ontario)

Your ffe Volro releience

Owr tile Nolre 1eéference

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de Ila thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

. La reproduction, méme partielle,

de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



THE UNIVERSITY OF ALBERTA

Nucleo-Mitochondrial Interactions: Protein Import and Assembly of Multi-Subunit
Complexes in N. crassa

BY

© Troy Anthony Alan Harkness

A thesis
submitted to the faculty of graduate studies and research
in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY

GENETICS

EDMONTON, ALBERTA
Fall, 1994



National Libra
l*l of C;gnadaI i

Acquisitions and

Bibiiothéque nationale
du Carada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa. Ontario
K1A ON4 K 1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the Nationa! Library of
Canada to reproduce, Iloan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontarno)

Yo e Looer e e e

L e Notee reloreince

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des c7pies de sa these
de quelque maniere et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thése & la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la these ni des extraits
substantiels de celie-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-95191-5

Canada



I

st University of Alberta Department of Genetics
. . kdmonton Faculty of Science
AN

Canada Toc, 21 G216 Hrinl());lm;lV;Ei‘un(o; « ‘L:l"‘lrtrrt_;r,v"li*iiv:'blr\\;m’_—(:l;l;));‘)2;32;)(‘
Teletax (4073) 492-193

June 28, 1994

TO: Faculty of Graduate Studies and Research

FROM: F. Nargang, Department of Genetics

RE: Use of previously published material in Ph.D. thesis of Troy Harkness

| was the supervisor of Dr. Harkness during the course of his Ph.D. studies. | am a co-
author on his publications and hereby authorize the use of any data in those

publications for his Ph.D. thesis.

Sincerely,

L —

Dr. Frank Nargang
Professor of Genetics



THE UNIVERSITY OF ALBERTA

RELEASE FORM

NAME OF AUTHOR: Troy Anthony Alan Harkness

TITLE OF THESIS: Nucleo-Mitochondrial Interactions: Protein Import and
Assembly of Nulti-Subunit Complexes in N. crassa

DEGREE: Doctor of Philosophy
YEAR THIS DEGREE GRANTED: Fall, 1994

Permission is hereby granted to the University of Alberi~ Library to reproduce
single copies of this thesis and to lend or sell such copies for private, scholarly
or scientific research purposes only.

The author reserves all other publication and other rights in association with the
copyright in the thesis, and except as hereinbefore provided neither the thesis
nor any substantial portion thereof may be printed or otherwise reproduced in
any material form whatever without the author's prior written permission.

(SIGNED) "\l \ ....................................
PERMANENT ADDRESS
......... o ol A
....... \/\/‘\‘(\
\ \ .



THE UNIVERSITY OF ALBERTA
FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and recommended to the Faculty of
Graduate Studies and Research for acceptance, a thesis entitied Nucleo-
Mitochondrial Interactions: Protein Import and Assembly of Multi-Subunit
Complexes in N. crassa submitted by Troy Anthony Alan Harkness in partial

fulfillment of the requirements for the degree of Doctor of Philcsophy.
7

Dr. Allen Good

gD
s ey g,

Dr. A. Richard Morgan

Dr. Dave Pilgrim

al

External Examiner: Dr. Michael G. Douglas
University of North Carolina
at Chapel Hili

iii



For my family, old and new, especially Terra.



Abstract

N.tochondrial biogenesis involves the co-ordinated action of both the nuclear
and mitochondrial genomes. The study of how cytoplasmically synthesized
precursor proteins are transported across mitochondrial membranes and
subsequently assembled into higher-order protein complexes should yield
inforrnation regarding the complexity of the processes involved. Two
cytoplasmically synthesized precursors, MOM19, the mitochondrial protein
import receptor, and NUQO78, the largest subunit of the NADH Jdehydrogenase
complex (complex |), were examined in this study.

Mom-19% was mutagenized in the filamentous fungus, Neurospora crassa,
using the phenomenom of RIP (repeat induced point-mutation). This procedure
involves integrating a second copy of mom-19* at an ectopic site within the
genome to produce a duplication. When this duplication strain is crossed to a
strain harbouring only the resident copy of mom-19*, the repeated sequences
within the transformed nucleus are aitered by methylation and GC to AT
transitions, effectively inactivating the function of the protein. Since mom-19*
was considered to provide an essential function to the cell, a variation of the RIP
procedure, called “sheltered RIP”, was used to isoiate the mom-19 mutants.
This procedure allowed the mutagenized nucleus to be maintained within a
heterokaryon containing a complementing, or sheltering, wild-type version of the
mom-19% gene. Incorporation of a gene that specifies resistance tc an inhibitor
of growth in the nucleus harbouring the inactivated gene allows alteration of the
retio of the mutant nucleus over the wild-type nucleus so that the mutant
phenotype can be studied. Strains selected from the sheltered RIP cross, that
exhibited a growth defect in the presence of the inhibitor, were characterized

further. Western analysis revealed that one of the slow-growing isolates lacked



the MOM19 protein. For ceils lacking MOM19, the following results were
observed: i) cells grew extremely slowly and eventually senesced, ii) MOM19
depleted mitochondria underwent gross morphological changes, iii) in vitro
import into isolated mutant mitochondria was deficient for the majority of
precursors tested, iv) the depletion of MOM19 appeared to affect the activity of
another component of the import apparatus, MOM22, and v) a second receptor
on the mitochoundrial outer membrane, MOM72, did not compensate for the lack
of MOM19 during in vitro import.

NUO78 deficient strains were generated and selected in the same manner as
described for MOM19. The lack of NUO78 in N. crassa cells only slightly
reduced the growth rate as compared to wild-type cells, but had a marked affect
on the ability of the strains to produce conidia. This contrasts with previous
findings in N. crassa where strains defective in other subunits of complex | have
not been reported to be associated with a recognizable phenotype. These
results suggest that NUO78 plays an important role in the assembly,

maintenance and/or function of complex |I.
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1 The role of nucleo-mitochondrial interactions for the biogenesis of
mitochondria: protein import and assembly of multi-subunit complexes

1-1 Introduction

Mitochondria, the double-membraned organelles contained within virtually
all eukaryotes, are responsible for fulfilling the energy requiements of the cell
(reviewed in Tzagoloff, 1982; Attardi and Schatz, 1988; Pon and Schatz, 1891).
The organelle can be divided into four subcompartments: the inner and outer
membranes, the intermembrane space and the matrix (Hogeboom et al., 1948;
Palade, 1953). Hundreds of proteins, the vast majority of which are encoded in
the nucleus, are required for proper mitochondrial function. These
mitochondrial proteins must be specifically localized to a particular
subcompartment in order to carry out their assigned function. The
mitochondrial genome (Schatz et al., 1964), located within the matrix, has a
limited coding capacity and gene:cally specifies only a few subunits of the
electron transport chain, the tRNAs required for the translation of these proteins
within the organelle, and mitochondrial rRNAs (MclLean et al., 1958; Tzagoloff,
1982; Hatefi, 1985).

The biogenesis of mitochondria requires the co-ordinated action of both the
nuclear and mitochondrial genomes (Griveli, 1989). Nuclear encoded
mitochondrial proteins are targeted to the outer membrane of mitochondria by
signals located within the coding region of the protein (Hurt and van Loon,
1986, Schatz, 1987). Some of the major functions of proteins within the
organelie include electron transport, oxidative phosphorylation, the citric acid
cycle and fatty acid metabolism (Tzagoloff, 1982), as well as the recognition
and import of the mitochondrially targeted precursors from the cytosol (Hart

and Neupert, 1990; Glick and Schatz, 1991; Kiebler et al., 1993). A series of



Saccharomyces cerevisiae mutants, affected in discrete steps of mitochondrial
biogenesis, have been utilized to identify nuclear genes encoding
mitochondrial proteins (Tzagoloff and Dieckman, 1990; Baker and Schatz,
1991).

There is good evidence that the physiological state of mitochonc'-ia can
influence nuclear gene expression. There are several examples of this so-
called "retrograde regulation" (Vandana et al., 1987; Butow et al.,, 1988;
Forsburg and Guarente, 1989). One of the best characterized involves the
elevated levels of nuclear CIT2 transcription in response to mitochondrial
dysfunction (Liao and Butow, 1993). Similar retrograde regulation was seen
with the mutliple ADP/ATP translocator genes in human cells (Lunardi and
Attardi, 1991), with the N. crassa cyt-21 gene that encodes a mitochondrial
ribosomal protein (Kuiper et al., 1988) and with the induction of the alternate
oxidase in respiratory deficiant strains of N. crassa (Lambowitz and Slayman,
1971; Edwards et al., 1974).

The work in this thesis focuses on two events that are essential for the
proper activity of mitochondria: i) the import of protein precursors targeted to
Neurospora crassa mitochondria, and ii) the association and assembly of
multi-subunit complexes composed of proteins encoded by both the N. crassa
nuclear and mitochondrial genomes. With regard to the former process,
mutants affecting the import apparatus have been constructed and analyzed.
As an example of the latter process, complex | (NADH:ubiquinone
oxidoreductase) of the electron transport chain has been a focus in this study.
This enzyme is composed of more than 30 subunits, 7 of which are derived

from mtDNA. The remaining subunits must be imported from the cytosol.



1-2 Mitochondrial Protein Import

1-2:1 The role of cytosolic factors

The initial events in mitochondrial biogenesis involve the recognition of
mitochondrial-targeted precursors and the subsequent translocation and
sorting processes that follow. Import across the mitochondrial outer
membrane requires the precursor to be in an extended, unfolded state
(Schieyer and Neupert, 1985; Rassow et al., 1989) which requires the action of
cytosolic factors (Argan et al., 1983; Pfanner and Neupert, 1987, Ono and
Tuboi, 1988), such as members of the DnaK (Deshaies et al., 1988; Murakami
et al, 1988; Stuart et al., 1994) and DnadJ (Caplan and Douglas, 1991; Caplan et
al, 1992; Atencio and Yaffe, 1992) families of chaperones, as well as ATP
hydrolysis (Pfanner et al., 1987a; Verner and Schatz, 1987; Pelham, 1988; Flynn
et al., 1989). A protein complex anchored in the mitochondrial outer membrane
initially recognizes and receives the precursor (Attardi and Schatz, 1988,
Pfanner et al.,1988; Hartl et al., 1989). The subsequent transfer of the
precursor from the chaperones to the outer membrane complex requires ATP
hydrolysis (Eilers et al., 1987; Chen and Douglas, 1987), although the
requirement for chaperones and ATP hydrolysis can be circumvented if the
precursor is first denatured in vitro with urea (Becker et al., 1992).

The interaction of the mitochondrial targeted precursor with cytosolic Hsp70,
a DnaK homolog, is thought to stabiiize the denatured structure of the
precursor (Gething and Sambrook, 1992). This is most likely accomplished by
preventing the precursors from folding into a conformation that cannot be
unfolded, or by preventing aggregation (Gething and Sambrook, 1992; Skowyra
et al., 1990). Depletion of cytosolic Hsp70 in the yeast, S. cerevisiae (the term

yeast will refer to S. cerevisiae for the remainder of this thesis), resuited in



accumulation of uncleaved mitochondrial precursor proteins and death
(Deshaies et al., 1988). Unlike the signal recognition particle (SRP) that directs
precursor proteins into the endoplasmic reticulum (ER; Bernstein et al., 1989),
cytosolic Hsp70 does not interact specifically with receptors on the
mitochondrial surface (Ellis, 1987).

In E. coli., DnaK interacts with unfolded polypeptides to maintain their
structure (Langer et al., 1992). The ATP-dependent release of the precursors
to a second chaperonin, GroEL (Hsp80 in eukaryotes; Hartl et al., 1992), which
catalyses the complete folding of precursors, is controlled by specific cofactors,
DnaJ and GrpE, that co-operatively stimulate the ATPase activity of DnaK
(Langer et al., 1992; Schréder et al., 1993). The DnaJ homologues in the
cytosol of yeast (Sec63; Rothblatt et al., 1989; Scj1; Blumberg and Silver, 1991,
Ydj1, Caplan and Douglas, 1991; Caplan et al, 1992; Mas5, Atencio and Yaffe,
1992) have been found to be non-essential components implicated in efficient
post-transiational import into mitochondria. In the eukaryotic cytosol, a
homologue to GrpE, if it exists, remains undetected.

The situation in mammalian cells for maintenance of an unfolded
conformation for precursor proteins seems to be more complex. Import of
precursors with cleavable presequences into rat liver mitochondria appears to
require a presequence-binding factor (PBF) of 50 kd (Murakami et al., 1990;
Murakami and Mori, 1990). Rabbit PBF contains acidic domains at both the N-
and C-termini that are proposed to interact with the positively charged amino
acids of the presequence. A second cytosolic factor, mitochondrial import
stimulation factor (MSF), a heterodimer of 20 and 32 kd subunits, is thought to
stimulate the import of the precursor of the matrix-localized protein adrenodoxin
possibly by depolymerizing and unfolding of the oligomeric precursor in an

ATP-dependent fashion (Hachiya et al., 1993).



1.2.2 Import Pathway into the Mitochondrial Matrix

Mitochondrial precursor proteins destined for different subcompartments of
mitocriondria carry different targeting signals (Hartl and Neupert, 1990. Glick
and Schaiz, 1991; Kiebler et al., 1993a). Proteins destined for the matrix
generally contain cleavable hydrophilic N-terminal presequences, whereas
some proteins targeted for the inner or outer membranes contain signals
within the mature parts of the precursor protein. These latter signals have not
yet been well defined (see below). Submitochondrial sorting signals are often
also found at the N-terminus, following the mitochondrial targeting signal, as a
stretch of hydrophobic amino acids of variable length. Submitochondrial
sorting signals show striking similarity to chloroplast thylakoid transfer signals,
as well as ER and bacterial translocation signals (von Heijne et al., 1989;
Robinson et al., 1994).

The most extensively studied signals are the mitochondrial matrix-targeting
signals (Hart! and Neupert, 1990; Glick and Schatz, 1991). The signais are
highly-degenerate sequences of 15-35 amino acids that can adopt an
amphiphilic a-helix and are usually rich in positively charged and hydroxylated
residues. Import into the matrix requires an electrochemical potential across
the inner membrane and ATP hydrolysis in the matrix. Upon arrival into the
matrix, the presequences are removed by specific proteases. The matrix-
targeting signal is necessary and sufficient to direct chimeric protein
sequences into the mitochondrial matrix. The matrix-targeting signals are
structurally related to imported chloroplast stromal protein presequences (Ko
and Cashmore, 1989; von Heijne et al., 1989; Robinson et al., 1994). These
chloroplast protein presequences are required for translocation across the

chloroplast envelope membranes and are cleaved by stromal proteases.



1-2-2-1 Outer membrane import machinery

Proteins destined for the matrix appear to follow a general pathway into
mitochondria (reviewed in Hartl and Neupert, 1990; Glick and Schatz, 1991;
Kiebler et al., 1993). The unfolded precursors are first recognized by the import
receptors on the surface of mitochondria (see above). Two receptors have
been identified: MOM19 (Stliner et al., 1989) and MOM72 (Sdliner et al., 1990)
in N. crassa (mitochondrial guter membrane proteins of 19 kd and 72 kd,
respectively) and the homologues Mas20 (Ramage et al., 1893) and Mas70
(Hines et al., 1980) in S. cerevisiae (mitochondrial ggsembly proteins of 20 kd
and 70 kd, respectively). In vitro studies using isolated N. crassa mitochondria
have shown that virtually all mitochondrial-targeted precursors utilize MOM19
as the major receptor (Séliner et al., 1989; Schneider et al., 1991). MOM72
seems to be limiter: to the import of a class of proteins structurally related to
the inner membrane ATP/ADP carrier protein (AAC; Séliner et al., 1990). N.
crassa strains deficient in either MOM19 or MOM72 had not yet been described
prior to the work described in this thesis. In yeast, disruption of both Mas20
and Mas70 have been described. Neither protein was found to be essential to
the organism (Ramage et al., 1993; Riezman et al., 1983). However, Mas20
deticient cells exhibited a pet phenotype (Tzagoloff and Dieckman, 1990) in that
they did not grow on non-fermentable carbon sources, but were able to grow at
reduced rates on medium containing glucose (Ramage et al., 1993).
Respiratory deficiency caused by the Mas20 mutant could be suppressed if
Mas70 was over-expressed, supporting the .tici that the functions of the two
receptors overlap (Ramage et al., 1993). Mutants of Mas70 showed a long lag
in forming colonies on glucose medium and barely grew on nonfermentable

carbon sources at 37°C (Riezman et al.,, 1983). The temperature sensitivity of



the mas-70 disruptant suggests that Mas70 plays a role in stabilizing the

receptor complex. Mitochondrial import studies using intact yeast cells carrying
a mas-70 null mutation have shown that the ability to import the F{-ATPase «a-

and B-subu.i's s well as cytochrome cq is reduced (Hines et al., 19890).
Additional in vivo studies have shown that Mas70 is an import receptor for
most, if not all authentic mitochondrial precursor proteins, suggesting a more
general role in import (Hines and Schatz, 1993). However, import of F1-8 into
isolated mitochondria was only partially inhibited by antibodies to either Mas20
or Mas 70 (Ramage ot al., 1993). Yeast strains carrying mutations in both
Mas20 and Mas70 are not viable, even on glucose, presumably due to a severe
reduction of import rates. Taken together, these results suggest that Mas20
and Mas70 have overlapping specificities, though the relatively milder
phenotype of mas-70 mutants suggests that Mas20 may play a more important
role. This interpretation disagrees somewhat with the results obtained in N.
crassa which suggests a very specific role for MOM72 and a general role for
MOM189. In fact, in vitro studies suggest that MOM18 may be able to substitute
for MOM72, but not vice-versa (Steger et al., 1990). Interestingly, a consensus
motif called the tetratricopeptide repeat has been found in MOM19/Mas20 and
MOM72/Mas70 (Boguski et al., 1990; Sikorski et al., 1990; Ramage et al.,
1993). Other members of this family participate in cell cycle control and in
cytoskeletal functions.

Other putative receptors have been identified. in yeast, a mitochondrial
integral membrane protein of 32 kd (p32) was identified using anti-idiotypic
antibodies, which mimic a chemically synthesized signal peptide of the
precursor of cytochrome c oxidase subunit IV (Pain et al., 1980). p32 was
localized to the outer membrane by immunoelectron microscopy and by Fab

fragments against purified p32 that blocked import of precursor proteins into



isolated mitochondria. A p32 disruption mutant resulted in an inability to grow
on non-fermentable carbon sources only, showing p32 was not essential for
viability. Sequence analysis unexpectedly revealed p32 to be identical to the
mitochondrial phosphate carrier protein, an inner membrane protein (Phelps et
al., 1991). The putative dual function of p32 remains to be elucidated. Other
studies report the purification of proteins of 28 kd from mitochondria of rabbit
heart, rat liver, bovine adrenal cortex and Schizosaccharomyces pombe (Font
et al., 1991), and of 29, and 52 kd from rat liver mitochondria (Ono and Tuboi,
1980; Ono and Tuboi, 1991) that may be putative receptor proteins.

Following interaction with the receptor(s), the precursor is then transferred to
a complex of proteins that make up the general insertion pore (GIP), first
identified in N. crassa (Pfanner and Neupert, 1987; Pfaller i al., 1888). Unlike
translocation across the inner membrane, import of proteins across the outer
membrane does not require an electrochemical potential. The GIP was initially
thought to be, or be part of, an import channel that spans the two membranes.
These import channels were thought to be situated at contact sites where the
two membranes are closely apposed (Schwaiger et al., 1987). It is now clear,
however, that each membrane contains unique translocation machinery that
may act in concert during the translocation of matrix proteins (Hwang et al.,
1989; Mayer et al., 1993). Studies using an outer membrane vesicle system
established the identity of an independent import apparatus (Mayer et al.,
1993). These vesicles can transiocate precursor proteins of the outer
membrane and IMS in a receptor-dependent fashion in the absence of a
membrane potential. Import of precursors requiring a membrane potential,
which is not present in the vesicles, is not supported, indicating that some

essential component is absent, perhaps components of the inner membrane.



Crosslinking or coimmunoprecipitation studies in both yeast (Moczko et al.,
1992) and N. crassa (Kiebler ot al., 1990; Séliner et al., 1892) have shown that
several proteins are associated in mitochondrial outer membranes including
MOM72, MOM38, MOM30, MOM22, MOM19, MOMB and MOM?7, or the yeast
correlates. MOM38 has been shown to be a component of GIP in N. crassa
(Kiebler et al., 1990). Isp42, the yeast equivalent of MOM38 (import gite protein,
Vestweber et al., 1989; Baker et al., 1990), and Isp6 (Kassenbrock et al., 1983)
are proposed to be part of the yeast GIP and have been isolated and cloned.
The disruption mutant of Isp42 is lethal in yeast, emphasizing its importance in
mitochondrial biogenesis and function (Baker et al., 1890). Isp6 was isolated
as an over-expression suppressor of an Isp42 temperature-sensitive (ts)
mutant. The disruption of Isp6 did not produce a phenotype, however, it was
lethal when combined with the ts allele of Isp42 at the permissive temperature
(Kassenbrock et al., 1993). Antibodies against Isp42 immunoprecipitated a
complex of proteins that included Isp6, showing a direct interaction between
the two proteins. Since the genes for MOM7 and MOMB8 have not been cloned,
a direct sequence comparison with Isp6 has not been possible. However, it is
doubtful that either MOM7 or MOMBS are related to Isp6 since they both respond
differently to externally added protease than Isp6 (Sdliner et al., 1992;
Kassenbrock et al., 1993). Furthermore, Isp6 showed mobility on an
acrylamide gel inconsistent with identity with MOM8 and was readily labelled
with 35S-methionine, whereas MOM7 was not (Kassenbrock et al., 1993).
This, however, does not entirely rule out the possibility that they are related.

Passage of precursors from the receptors to the GIP is thought to be
mediated by MOM22 in N. crassa (Kiebler et al., 1890; 1993b). The protein
spans the outer membrane with its N-terminus facing the cytosol. Antibodies

against MOM22 block import of all precursors tested in vitro, but do not prevent



binding to outer membrane receptors (Kiebler et al., 1993b). These results,
coupled to the observation that the N-terminus of MOM22 is highly acidic,
encouraged the idea that this domain interacts with precursor presequences
on route from the receptors to ihe GIP. The yeast homologue has not been
identified, however a protein of similar size in the import complex is a likely
candidate (Moczko et al., 19980). The known proteins of the outer membrane

import apparatus are listed in Table 1-1.

1-2-2-2 Inner membrane import machinery

The existence of a separate inner membrane import machinery was first
observed when import was restored to "protease-shaved" mitochondria by
selectively rupturing the outer membrane, thereby exposing inner membrane
import sites (Ohba and Schatz, 1987). Components of the inner membrane
import machinery are not well characterized. A 45 kd peripheral component of
the inner membrane was isolated from yeast using two independent
approaches. The first utilized a genetic screen designed to isolate
mitochondrial import mutants (Maarse et al., 1992). Using this procedure 19
recessive nuclear mutations were isolated. In addition to the mutant of the 45
kd protein (MPI!1), which was found to be essential, the SSC1 gene, coding for
mitochondrial Hsp70 and a gene coding for a protein (MPI2) that interacted with
mtHsp70 were identified. MPI2 may be the mitochondrial homologue of
bacterial DnaJ or GrpE.

The second approach utilized mitochondria depleted of matrix ATP to arrest
precursors translocating across the inner membrane (Scherer et al., 1992).
Proteins within the matrix, such as mtHsp70 and Hsp60, require ATP to
function properly in translocation and folding of precursors. Precursors stuck in

the inner membrane were then cross-linked to adjacent proteins. A protein of
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Table 1:4 Components of the mitochondrial protein import machinery in the

Organism:

N. crassa

mitochondrial outer membrane.

S. corevisiae Function:

MOM72

Mas70

Receptor component of import complex (Séliner et
al., 1990; Hines et al., 1990); contains seven repeats
of an amino acid motif found in proteins involved

in mitosis and cytoskeletal interactions (Schatz and
Glick, 1991).

-MOM72: specific recognition of a subset of
precursors; no report of a MOM72 deficient strain.
-Mas70: may act as a more general receptor;
overlapping specificity with Mas20 (Ramage et al.,
1993). Null mutant exhibits a slow growth phenotype
(Riezman et al., 1983); in vivo studies suggest
import of all precursors may be reduced (Hines and
Schatz, 1993).

MOM38

Isp42

Integral component thought to form the general
insertion pore (GIP).

-MOM38: can be cross-linked to imported precursor
intermediates; no report of a MOM38 deficient strain.
-Isp42: can be cross-linked to imported precursor
intermediates. Null mutant is inviable.

MOM30

?

In N. crassa, coimmunoprecipitated with antibodies
against MOM19; function unknown {Séliner et al.,
1992).

MOM22

?

In N.crassa, coimmunoprecipitates with antibodies
against MOM19 (Kiebler et al., 1990); in vitro studies
suggest a role in transferring precursors from the
receptors to the GIP (Kiebler et al., 1993b).

Disruption mutant is lethal in N. crassa (F. Nargang,
unpublished).
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Organism:

N. crassa

S. cerevisiae Function:

MOM19

Mas20

Protein import receptor (Séliner et al., 1989; Ramage
et al., 1993). In vitro studies show this protein to be
responsible for import of majority of precursors in N.
crassa (Séllner et al., 1989; Schneider ef al., 1991,
this study). Contains a single repeat of the amino
acid motif already described for MOM72/Mas70
(Ramage et al., 1993).

-MOM19: antibodies against MOM19 block import of
most tested precursors. Antibodies against MOM19
coimmunoprecipitate the import complex (Kiebler et
al., 1990; Séliner et al., 1992). Null mutant is
eventually inviable (this study).

-Mas20: import of tested precursors is blocked with
antibodies against Mas20 (Ramage et al., 1993).
Null mutant is inviable on nonfermentable carbon
sources and exhibits a wet phenotype on glucose
(Ramage et al., 1993); can be suppressed when
combined with overexpressed Mas70 (Ramage et
al., 1993).

MOMB8

?

In N. crassa, coimmunoprecipitates with antibodies
against MOM19 (Scliner et al., 1992); thought to be
part of the GIP. No reports of mutant strains.

MOM?7

?

As MOMS.

lsp6

Isolated as overexpression suppressor of Isp42
temperature sensitive (ts) mutants; can be
coimunoprecipitated with antibodies against Isp42
(Kassenbrock et al., 1993). Null mutant does not
have a phenotype, but when combined with the

Isp42 ts allele, it is inviable on all media
(Kassenbrock et al., 1993). Biochemical analysis
suggests that neither MOM8 nor MOM?7 represent the
N. crassa homologue of Isp6 (Kassenbrock et al.,
1993).
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45 kd was identified, called Isp45, that was shown to be identical to MPI1 by
tryptic peptide analysis (Horst et al., 1993).

A second component of the inner membrane import apparatus has been
identified in S. cerevisiae (Emtage and Jensen, 1993; Ryan and Jensen, 1993).
Mutants of the 23 kd protein, Mas6, were found to be temperature sensitive for
viability and accumulated mitochondrial precursor proteins at the restrictive
temperature. Yeast cells disrupted for Mas6 were inviable at all temperatures
and carbon sources. Mas6 was localized to the inner mitochondrial membrane
and antibodies against Mas6 blocked import into isolated mitochondria only
when the outer membrane was opened by osmotic shock (Emtage and
Jensen, 1993). Further studies showed that Mas6 could be cross-linked to an
imported protein arrested in transit through the inner membrane and that Mas6
could be ceimmunoprecipitated with at least two other proteins that could also
be cross-linked to arrested precursors (Ryan and Jensen, 1993). The two
additional proteins, of 10 and 60 kd, were not considered to be MP!1/Isp45 and
it was concluded that Mas6 and MPI1/isp45 probably do not interact. These
results suggest that Mas6 is a component of a mitochondrial inner membrane
import channel complex that interacts with mitochondrial precursors during

import.

1-2-2-3 Import components in the matrix

Once a precursor's N-terminus is through the inner membrane and exposed
to the matrix, it binds to a 70 kd protein (mtHsp70; Craig et al., 1989; Scherer et
al., 1990; Hartl et al., 1992). MtHsp70 appears to pull precursors into the matrix
by multiple rounds of binding and releasing in an ATP-dependent fashion
(Kang et al., 1990; Neupert et al., 1990). By this mechanism, unidirectionality is

conferred upon precursors translocating across the mitochondrial membranes



(Neupert et al., 1990; Simon et al., 1992). The completely translocated and
unfolded precursor is then transferred to the Hsp60 folding machinery (Cheng
et al., 1989; Ostermann et al., 1989). Hsp60, a bacterial GroEL homologue, is
a large chaperone composed of 14 identical 60 kd subunits, which hydrolyzes
ATP in order to function (Cheng et al., 1989; Reading et al., 1989). GroEL
functions with a smaller component, GroES, that has been shown to have a
homologue in mitochondria (Hsp10; Lubben et al., 1990). Mitochondrial
homologs to other E. coli proteins involved in folding have recently been
identified. MDJ1, a DnaJ homologue found in the mitochondrial imatrix, was
found to be non-essential in yeast for import, folding and refolding of proteins,
but seemed to increase the efficiency of these processes (Rowley et al., 1994).
Yeast cells harboring a disrupted GRPE gene, a GrpE homologue, were
inviable (Bolliger et al., 1994).

The N-terminal presequence of precursors that have reached the matri> is
removed by the matrix processing peptidase (a- and B-MPP; Hawlitschek et al.,
1988; Schneider et al., 1989; Arretz et al., 1991). Interestingly, in N. crassa, -
MPP is identical to the large subunit of the inner membrane cytochrome bc1
complex (complex ll) while a-MPP is soluble within the matrix. In yeast, both a-
and B-MPP are soluble whereas in potato mitochondria, MPP activity is

exclusively associated with the bc1 complex (Réhlen et al., 1991; Stuart et al.,

1993).

1-2-3 Pathways to the Intermembrane Space (IMS)

1-2-3-1 Cytochrome ¢ Heme Lyase (CCHL)

Proteins that eventually reside in the intermembrane space (IMS) take one of

a number of routes to that subcompartment. At least three different pathways
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have been defined (reviewed in Stuart et al., 1893). The cytochrome ¢ heme
lyase (CCHL), a peripheral component of the inner membrane, uses the
MOM19-GIP receptor complex to reach its final destination in the IMS without
transiocating across the inner membrane (Lill et al., 1992). The ability of CCHL
to be imported in the absence of ATP suggests that it does not require cytosolic
factors, while import without a membrane potential suggests that the precursor
does not come in contact with the inner membrane. The mitochondrial-
targeting signal must also be within the mature protein since CCHL lacks a
cleavable presequence.

The above results also show that the inner and outer membrane import
machinery can act independently of one another. Further work using a fusion
protein containing the matrix-targeting N-terminal presequence from the F1-
ATPase B subunit (F1-B) fused to CCHL presented strong evidence supporting
the dynamic interactions of the inner and outer membrane machineries (Segui-
Real et al.,, 1993). In the absence of a membrane potential the fusion protein
followed the signals residing in the CCHL moiety and was imported to the IMS.
In the presence of a membrane potential, the fusion protein would translocate
across both membranes to the matrix. In this case, the presequence was
processed. Precursors imported into the IMS could be chased into the matrix
when a membrane potential was restored, confirming that the machineries of

the inner and outer membrane could act independently.

1-2-3-2 Cytochrome C

The most unique pathway to the IMS is that taken by cytochrome ¢. The
heme-free apoprotein does not contain an N-terminal cleavable presequence
and apparently can insert spontaneously into and partly across the outer

membrane (Stuart and Neupert, 1990). Protease-sensitive components on the
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surface of mitochondria have not been found that mediate apocytochrome ¢
binding and import (Stuart et al., 1990). Mitochondrial-specific targeting of
cytochrome ¢ may be ensured by a high affinity interaction with CCHL, which
resides in the IMS (Nicholson ef al., 1887, Nargang ef al., 1888), and by another
cytochrome c¢ specific factor, cyc2 (Dumont et al., 1883). The driving force
responsible for cytochrome c translocation into the IMS appears to be the
refolding of the polypeptide as a result of the covalent attachment of heme,

catalyzed by CCHL (Nicholson et al., 1988; Dumant et al., 1988).

1-2:3-3 Cytchromes bz and c

A third pathway, which has been the topic of much controversy, concerns the
import of proteins with a bipartite presequence to the IMS (van Loon et al.,
1986). The signal consists of a positively-charged matrix-targeting sequence,
followed by a hydrophobic sorting signal. The latter sequence resembles the
bacterial and ER leader sequences (Randall and Hardy, 1989; Wickner et al.,
1991). Such proteins, for example, cytochromes bz and c4, are processed in a
two step fashion. Cleavage of the matrix-targeting signal occurs in the matrix
by MPP (see above). The second hydrophobic signal is cleaved by the
membrane-bound protease, called inner membrane peptidase 1 (IMP1), in the
IMS (Schneider, A. et al., 1991). IMP1 shows sequence similarity with the E.
coli leader peptidase (Behrens et al., 1991).

The sorting signal has been proposed to work in one of two ways.
According to the "stop-transfer" model (van Loon et al., 1987; Glick et al., 1992),
the first signal targets the precursor to the matrix, whereas the second signal,
because of its hydrophobicity, prevents complete translocation across the inner
membrane. Subsequent sorting to the IMS could then occur by lateral diffusion

in the inner membrane. Conversely, the "conservative sorting” hypothesis
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(Hartl et al., 1987; Koll et al., 1992; Schwarz et al., 1993) states that the first
signal targets the precursor completely into the inatrix whereupon it embarks
on an export pathway back across the inner membrane to the IMS as directed
by the sorting signal. This model is believed to refiect the route of protein
export in bacteria, which are proposed to be the evolutionary ancestors of
mitochondria. Eviderice favouring both models has been generated (Cheng et
al., 1989; Koll et al., 1992; Schwarz et al., 1993; Glick et al., 1992), however the

debate continues.

1-2-4 Sorting to the inner membrane

Import into the inner membrane appears to follow several pathways. The
ATP/ADP carrier (AAC), a member of a family of structurally related homo-
oligomeric proteins, is synthesized without a cleavable presequence (Smagula
and Douglas, 1988). Targeting information seems to reside in triplicate
internal segments (Pfanner et al., 1887b) which are located between amino
acids 72 and 111 (¥magula and Douglas, 1988). The majority (70%) of
imported AAC is received by MOM72/Mas70 (Séliner et al., 1989; Hines et al.,
1990) and transferred to the GIP via MOM22 (Kiebler et al., 1993b) in an ATP
dependent reaction (Pfanner and Neupert, 1986, 1987a). Yeast Mas70
mutants stili import AAC at approximately 30% wild-type levels. Mitochondria
isolated from N. crassa were treated with antibodies against either MOM19 or
MOM?72 in order to determine the role played by the two receptors in AAC import
(Steger et al., 1990). The antibodies blocked import with different efficiencies,
suggesting that the two receptors act in paraliel for AAC import. It was
proposed that AAC is next transported into contact sites via MOM22 and the GIP
(Kiebler et al., 1993), whereupon the protein diffuses laterally into the inner

membrane. This mechanism is implied by & requirement for an
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electrochemica! potential across the inner membrane, but the lack of an
interaction with matrix Hsp60, which is required for folding of precursors newly
imported into the matrix (Mahlke et al., 1990). In the absence of an
electrochemical potential, AAC accumulates at trie GIP level where it is not
exposed on the mitochondrial surface (Pfanner and Neupert, 1987b). AAC
cannot be translocated across the outer membrane in experiments using outer
membrane vesicles, showing that AAC must contact either the inner
membrane, possibly at contact sites, or an IMS component (Mayer et al., 1993)
for translocation to occur.

Another inner membrane protein structurally related to AAC, the uncoupling
protein from mammalian brown fat mitochondria, also lacks a cleavable
presequence (Agnila et al., 1987). The synthetic attaciiment of a matrix-
targeting signal to the uncoupling protein results in the translocation of the
hybrid to the matrix and it fails to enter the inner membrane even following
cleavage of the presequence in the matrix (Liu et a/., 1980). This suggests that
the uncoupling protein follows the same pathway as AAC by directly transferring
from the import sites to the inner membrane. A third structurally related protein,
the bovine mitochondrial phosphate carrier, is synthesized with a cleavable
presequence, suggesting its mode of import differs from AAC and the
uncoupling protein. This protein may be routed through the matrix (Runswick et
al., 1987).

Components of the respiratory chain generally follow the standard route of
import in that they are synthesized with a cleavable presequence and
translocated completely into the matrix before assuming their mature
configuration in the inner membrane (reviewed in Glick and Schatz, 1991; Hartl
and Neupert, 1990). However, CoxVa, a component of cytochrome ¢ oxidase

that is synthesized with a cleavable presequence (Glaser et al., 1988) and

18



requires both a membrane potential and ATP hydrolysis for import deviates
from the standard pathway in one important respect. Surprisingly, the CoxVa
precursor is imported into trypsin-pretreated mitochondria with efficiencies
equal to wild-type. CoxVa precursors that were arrested during import into
trypsin-pretreated mitochondria were found at contact sites, presumably at the
GIP, implying that the CoxVa precursor bypasses the receptors and interacts
directly with the GIP, becoming translocated into the inner membrane (Miller
and Cumsky, 1991). CoxVa also contains a hydrophobic sequence in the C-
terminal third of the protein that is necessary for proper inner membrane
localization; deletion of this sequence results in misrouting to the matrix
(Glaser and Cumsky, 1990). Furthermore, overproduction of a form of CoxVa
that lacks a presequence circumvents the leader sequence requirement for
import into mitochondria (Dircks and Poyton, 1990), suggesting the
hydrophobic sequence may be sufficient for localization.

In general, hydrophobic stretches of amino acids have been demonstrated
to be important for import across biological membranes (von Heijne ot al.,
1989) though the role of these stretches is a subject of debate (see above for
import of cytochromes bz and ¢1). For example, hydrophobic stretches in Fgo-
ATPase subunit 9 apparently fail to stop translocation across the inner
membrane (Mahlke et al., 1980), whereas the hydrophobic sequence in CoxVa
appears to stop the transfer of the precursor in the inner membrane (Glaser et
al., 1990). Studies using a hydrophobic ER stop-transfer sequence from the
vesicular stomatitis virus G protein, fused to the N-terminus of the normally
matrix-localized precursor, pre-ornithine carbamyl transferase, resulted in
import of the fusion protein to the inner membrane. Conversely, placement of
the same hydrophobic sequence near the C-terminus resulted in outer

membrane localization (Nguyen et al.,, 1988). Therefore it is not clear if the
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hydrophobic sequence acts as a "stop-transfer” signal that prevents the
complete translocation of the precursor across the inner membrane or acts

similar to a bacterial export sequence and is therefore consistent with the

conservative sorting model.

1-2-5 Targeting to the outer membrane

The extensive study of insertion of proteins into the mitochondrial outer
membrane has demonstrated several routes by which nrecursors destined for
the outer membrane are targeted to and recognized by mitochondria. Outer
membrane proteins typically are not synthesized with a cleavable presequence
and ar electrochemical potential across the inner membrane is not required
for their placement in the outer membrane (reviewed in Glick and Schatz,
1991). Nonetheless, it is likely that the outer membrane proteins share the
same import apparatus utilized by proteins previously discussed. This is
implied by two observations. Firstly, the placement of a hydrophobic stop-
transfer signal near the C-terminus of a matrix protein resuited in mistargeting
to the outer membrane (see above; Nguyen et al., 1988). Secondly, a water-
soiuble form of the mitochondrial outer membrane protein, porin (Pfaller et al.,
1985), which binds tightly to isolated N. crassa mitochondria, was shown to
interact with the same outer membrane import components as many matrix-
targeted precursors, and block their import (Pfaller et al., 1988).

The outer membrane proteins porin (Schneider et al., 1991) and MOM72
(Soliner et al., 1990) require MOM19 as a receptor, since their import is
inhibited if mitochondria are pre-incubated with antibodies againzt MOM19. A
different dependence was found for MOM38 (Keil et al., 1993) and for MOM22
(Keil and Pfanner, 1993). These two proteins appears to require both MOM19

and MOM72 for efficient import. This was shown using mitochondria
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separately pre-incubated with antibodies against MOM19 and MOM72. Import
was reduced by 80-90% for both MOM22 (Keil and Pfanner, 1993) and MOM38
(Keil ot al., 1993) when antibodies against either MOM18 or MOM72 were used.
The effects of using both antibodies simultaneously are not known since this
experiment was not done. The import of MOM19, on the other hand, does not
appear to require any protease sensitive mitochondrial surface receptors
(Schneider et al., 1991). However, when yeast mitochondria were pre-
incubated with antibodies against Isp42 (the yeast MOM38 correlate),
subsequent assembly of N. crassa MOM19 in the outer membrane was
blocked (Schneider et al., 1991). The requirement of both receptors for MOM38
and MOM22 was proposed as a mechanism to increase specific targeting to
mitochondria by a double-check system (Kiebler et al., 1993a; Keil ot al., 1993).
The requirement for precise control of MOM38 targeting becomes obvious with
the finding that MOM38 may target MOM19 to the mitochondrial outer
membrane. That is, if MOM38 was inserted into other cellular membranes,
which in turn led to MOM19 being targeted to other membranes, this could
presumably result in deleterious effects caused by mistargeting of all the
precursors recognized by MOM19.

The targeting signals of outer membrane proteins have been analyzed in
several proteins (Glick and Schatz, 1991). The N-terminal domain of Mas70
resembles a bipartite signal sequence; the first 12 amino acids can act as a
matrix-targeting signal, whereas residues 10 to 37 act as a hydrophobic stop-
transfer signal. It appears that Mas70 in yeast is initially directed to the matrix
and the hydrophobic domain acts as a stop-transfer signal for the outer
membrane (Hase et al., 1984; Hurt et al., 1986). This is opposed to what was
seen when a stop-transfer signal was placed at the N-terminus of a matrix-

localized protein; it was misrouted to the inner membrane (see above: Nguyen
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et al., 1988). Unexpectedly, it was found that the N-terminal domain of MOM72,
the N. crassa homologue of yeast Mas70, lacked a matrix-targeting signal
(Steger et al., 1990) but did contain the hydrophobic membrane-spanning
domain. The targeting information for porin, which also lacks a matrix-targeting
signal, seems to reside in both the N- and C-terminal domains (Hamajima et
al., 1988), whereas MOM38 and Isp42 do not contain typical mitochondrial
targeting sequences (Kiebler et al., 1990; Baker et al., 1990).

1-3 Assembly of multi-subunit complexes within the inner membrane

Many enzymes within the mitochondria are composed of multiple subunits
encoded by both mitochondrial and nuclear DNA. To gain insight into the
complex process of assembling such enzymes, | have used complex | as a
model system (reviewed in Weiss et al., 1991; Walker, 1892). Complex | is the
first of three proton pumping complexes involved in electron transport.
Complex |, as well as complexes il and IV, link electron transport with proton
translocation across the inner membrane, producing an electrochemical
potential that subsequently drives ATP synthesis (Tzagoloff, 1982). Electrons
are passed from NADH, generated by the citric acid cycle, to complex |, which
then passes the electrons to ubiquinone. For this reason, complex | is also
referred to as NADH:ubiquinone oxidoreductase.

This complex is by far the largest and most intricate of the inner membrane
complexes. It is associated with one FMN, four known iron-sulfur clusters
designated N-1, N-2, N-3 and N-4, perhaps two to four more iron-sulfur centers
(Ragan, 1987; Walker, 1992), and probably one bound ubiquinone. A variety of
inhibitors, such as rotenone and piericidin A, are proposed to block electron

flow from the iron-sulfur cluster N-2 to ubiquinone by steric hindrance or by a
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conformational change that prevents passage of electrons to ubiquinone
(Weiss et al., 1991, Singer and Ramsay, 1992; Walker, 1992).

The N.crassa enzyme contains approximately 3C protein subunits. In bovine
mitochondria, approximately 40 subunits have been identified and sequenced
(see Walker et al., 1992 and references therein). In both cases, seven of the
the subunits are encoded by mtDNA. The remaining subunits are encoded in
the nucleus, translated in the cytoplasm, and translocated into mitochondria
presumably by utilizing the import machinery of the mitochondrial outer
membrane. Not all subunits are synthesized with a cleavable presequence
(Walker et al., 1992), therefore it is not known precisely how the subunits are
imported.

Three of the remaining four complexes involved in oxidative phosphorylation
contain subunits derived from both mitochondrial and nuclear genomes
(reviewed in Hatefi, 1985; Tzagoloff, 1982). Complex Il (succinate:ubiquinone
oxidoreductase) transfers electrons from succinate to ubiquinone, but is not
coupled to proton pumping. All 4 of the subunits from this enzyme are enccded
in the nucleus. Complex Ill, also known as the bcs complex or
ubiquinone:cytochrome c oxidoreductase has only one of its nine subunits
encoded by the mitochondrial genome (the cytochrome b apoprotein).
Complex IV (cytochrome c oxidase) catalyzes the flow of electrons from
cytochrome c to the final electron acceptor, O2. This complex consists of 3
mitochondrial and approximately 8 nuclear encoded proteins.

Complex |, along with complexes Il and IV, pump electrons from the matrix
to the IMS producing a proton gradient. The excess protons in the IMS flow

through complex V, the F{Fo ATPase, back across the inner membrane to

generate ATP (Tzagoloff, 1982; Hatefi, 1985). This complex consists of two

subcomplexes: the hydrophilic F1 subcomplex, which faces the matrix, is
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responsible for catalyzing the synthesis of ATP while the hydrophobic Fq
subcomplex acts as the proton channel. F4 contains 5 proteins in different
stoichiometries whereas Fq is made up of 4 proteins. Both mitachondrial and
nuclear genomes contribute to this enzyme, however, the contributions vary in
different organisms.

Complex | has recently been studied extensively in N. crassa and bovine
(Weiss et al., 1991; Walker, 1992). The impetus for studies on complex I,
which has proven difficult due to the enormous complexity of the enzyme, has
come from several areas. i) The development of targeted gene replacement
(Nehls et al., 1892) and gene RIP (repeat induced point-mutation; a method of
generating mutations in specific genes in N. crassa and is discussed fully in
section 2-1 and Selker, 1980) in N. crassa has made it possible to study the
effects of mutant genes . ii) A broad spectrum of degenerative mitochondrial
diseases in humans have been associated with defects in complex |
(Schapira, 1993; Shoffner and Wallace, 1992). iii) Simpler related forms of the
NADH dehydrogenase enzyme have been found in fungi and bacteria which
allow comparative studies (Calhoun and Gennis, 1993; de Vries et al., 1992).
iv) Sequencing of subunits from complex | (Walker et al., 1992; has allowed the
functions of several subunits to be determined. v) Comparative electron
microscopic and biochemical studies have revealed that complex | is
composed of two distinct arms that are assembled independently of one
another (Freidrich et al., 1989; Tuschen et al., 1990), suggesting that the two

arms evolved separately.

1-3-1 Generation of mutants in complex |

As described above, the major role of complex | in the eukaryotic cell is to

transfer electrons from matrix-generated NADH to ubiquinone in the electron
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transport chain. Furthermore, electron transport is coupled to proton pumping
through this enzyme. Humans with defects in complex | present a variety of
debilitating diseases. On the other hand, the lack of complex | i S. cerevisiae
suggests that the complex is not essential, though it should be noted that S.
cerevisiae is not an obligate aerobe. To address the question of the
importance of complex | in N. crassa, mutants have been generated in subunits
of the complex using either gene disruption (Nehls et al., 1992) or RIP (Alves
and Videira, 1994).

Inactivation of the gene encoding the 21.3 kd subunit of the membrane arm
by gene disruption resulted in a mutant strain that grew almost as fast as the
wild-type parental strains (Nehls et al., 1992). Assembly studies revealed that
the peripheral arm accumulated in the absence of any assembled membrane
arm. Studies using isolated mitochondrial membranes from the mutant and
wild-type revealed that the remaining NADH:oxidoreductase activity resembied
the activity seen in wild-type cells grown in the presence of rotenone, piericidin
A, or chloramphenico! (Friedrich et al., 1989). As discussed below, it is not
clear if this activity is due to a completely different NADH dehydrogenase or if it
arises from the altered complex | due to a second ubiquinone binding site in
the peripheral arm (see below and Weiss ef al., 1991).

RIP was used to generate mutants in the gene coding for the 21.3 kd
component of the peripherai arm (Alves and Videira, 1994). This mutant was
also capable of growing at close to wild-type rates. Complex | was still
assembled in this mutant, but at a much reduced level. Therefore, all potential
activities are still present in this mutant, but at reduced levels.

Mutants in the Salmonella typhimurium complex I-like enzyme have been
described that have little effect on growth rate (Archer et al., 1993). Likewise,

disruption of the homologous enzyme in E. coli had little effect (Calhoun and
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Gennis, 1993). In both c.ases, there are simple enzymes that may be sufficient
to cover for the absence of the complex enzyme. Disruption of the gene
encoding the 51 kd subunit of the putative peripheral arm of Aspergillus niger
complex i, which is proposad to contain the binding sites for NADH, FMN and 1
iron-sulfur cluster, resulted in the complete loss of assembled peripheral arm
(Weidner et al., 1992). In this case, the mutant grew significantly slower than
the parental strain, perhaps emphasizing the importance of the potential
functions carried out by the peripheral arm.

In vitro studies using a human cell line defective in the mtDNA encoded ND4
gene, revealed that all or most of the mtDNA encoded subunits were absent
from the immunoprecipitated complex (Hofhaus and Attardi, 1993).
Furthermore, there was a complete loss of NADH-dependent respiration. It is
important to note that different human tissues utilize energy at different rates
and that it is the tissues that demand the highest levels of energy that invariably

show a phenotype in response to complex | deficiencies.

1-3-2 Human diseases associated with complex |

The organs of the human body utilize energy at various rates. Those with the
highest demand for ATP, such as the central nervous system and skeletal
muscle, are at possible risk of disease if any one of the 50 or so proteins
involved in oxidative phosphorylation, encoded by the nuclear and
mitochondrial genomes, becomes defective (reviewed in Weiss et al., 1991;
Walker, 1992). There have been a bioad spectrum of diseases &associated
with defects in the respiratory chain components that show a remarkable
heterogeneity of symptoms. The disorders associated with complex | range

from debilitating muscle and central nervous system disorders to diseases of
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less severity affecting the heart, kidney and liver (reviewed in Weiss ef al., 1991;

Walker, 1992; Shoffner and Wallace, 1992; Schapira, 1993).

1-3-3 Simpler forms of the NADH dehydrogenase

Prokaryotes have been found to contain enzymes similar to complex | that
have noncovalently bound FMN, multiple iron-sulfur clusters and a rotenone- or
piericidin A-sensitive ubiquinone binding site (Anraku, 1988). The prokaryotic
complex | is simpler than the mitochondrial counterpart. The isolated complex
from Paracoccus denitrificans contains approximately 15 subunits (Yagi et al.,
1992) encoded by the the NQO gene cluster. This cluster has been cloned and
sequenced, revealing 14 known structural genes and 6 URFs. The genes are
homologous to 7 of the bovine mitochondrial encoded subunits and 6 nuclear
encoded subunits, including the 51 kd and 75 kd subunits thought to contain
the NADH, FMN and 3 iron-sulfur cluster binding sites (Walker et al., 1992,
Walker, 1992; Weiss et al., 1991). The analogous complexes from E. coli
(Weidner et al., 1992) and S. typhimurium (Archer et al., 1993) appear to be
even simpler than the P. denitrificans enzyme.

It has been found that mitochondria of plants, fungi and yeast contain two
additional NADH dehydrogenases that consist of a single polypeptide with a
noncovalently bound FAD as the only prosthetic group. These rotenone- and
piericidin A-insensitive enzymes are found on both sides of the inner
membrane and oxidize either matrix or cytosolic NADH. The oxidation of NADH
by these enzymes is not coupled to proton pumping (reviewed in Weiss et al.,
1991; Walker, 1992). S. cerevisiae lacks an enzyme analogous to complex |,
containing only the internal and external simple enzymes, whereas
mammalian mitochondria lack both the simple enzymes and only contain

complex | (de Vries and Grivell, 1888). E. coli has also been shown to contain
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a single polypeptide NADH dehydrogenase that is not coupled to proton
pumping (Young and Wallace, 1976) as well as the more complex enzyme.
Sequencing of the S. cerevisiae internal enzyme (de Vries et al., 1992) and the
simple E. coli enzyme (Young et al., 1981) has shown these two enzymes to be
homologous. Yeast cells containing a disruption in the internal enzyme were
incapable of growth on nonfermentable carbon sources (de Vries et al., 1992).
Disruption of either the simple or complex enzyme in E. coli was not lethal,
however, a cell lacking both enzymes was inviable (Calhoun and Gennis,
1993). It has been proposed that the simple enzymes play an important role in
the regulation of the intracellular redox balance, whereas in mammalian
mitochondria, this redox balance is maintained by shuttle systems within the
inner membrane, thereby eliminating the need for the external and internal

simple enzymes (de Vries and Grivell, 1988).

1-3-4 Sequences and functions of complex ! subunits

Two different strategies have been taken to sequence complex | subunits
from N. crassa and bovine. For N. crassa, cDNAs have been isolated by
screening expression libraries with antibodies against isolated subunits and
by sequencing mtDNA (Weiss et al., 1991; Walker, 1992; Videira et al., 1990a,
1990b). The genes for approximately 22 subunits have been sequenced,
identifying the putative binding sites for iron-sulfur clusters N-3 and N-4 to
conserved cysteine residues (75 kd subunit), the binding sites for NADH, FMN
and iron-sulfur cluster N-1 (61 kd subunit), iron-sulfur cluster N-2 (ND5), the
ubiquinone binding site (ND1) and another potential iron-sulfur protein (22 kd;
Videira et al., 1880b). The 75, 51 and 24 kd subunits are related to subunits of
the Alcaligenes eutrophus NAD* hydrogenase and very likely constitute a

structural and functional unit. The mitochondrial encoded subunits ND2, ND4
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and ND5 show significant identity to each other, suggesting that these genes
evolved from a single ancestral gene. Furthermore, the 9.6 kd subunit shows
sequence similarity with a bacterial and chloroplast acyl-carrier protein,
suggesting complex | may have a function in fatty acid metabolism (Sackmann
et al., 1991). Finally, a 40 kd subunit has been found to be related to a family of
protein peptidases, including subunits of complex Ill and B-MPP of
mitochondria (Réhlen et al., 1991).

The approach used to isolate the bovine complex | subunits entailed the
design of DNA primers from partial protein sequence for use in PCR reactions
(Walker ot al., 1992; Walker, 1992). The PCR products were then used to
screen phage M13 libraries of bovine genomic DNA. The bovine subunits
shown to bind NADH, FIMN, the iron-sulfur clusters and ubiquinone were found
to be homologous to the equivalent N. crassa subunits. A bovine subunit was
also found to be homologous to the N. crassa subunit that exhibited similarity to
an acyl-carrier protein. Unfortunately, the functional identity of the remaining
subunits could not be deduced from the primary sequence.

It has been suggested that some of the subunits of complex | may be
involved in the binding of other matrix enzymes, especially metabolically linked
dehydrogenases (Moore et al., 1984; Sumegi and Srere, 1984, Fukushima et
al., 1989) since binding of these dehydrogenases to complex | would result in a
functionally logical enzyme organization. Thus, NADH production and oxidation
could be maintained in an efficient coupled manner. Analysis of the bovine
sequences did not provide any obvious clues as to which subunits may be
involved (Walker, 1992). However, studies using isolated mitochondria
containing a mutation in the ND4 gene from patients with Leber's hereditary
optic neuropathy (LHON) found that the rate of oxidation of NAD-linked

substrates, but not succinate, is decreased (Majander et al/., 1991). This

29



suggests that the mutation in ND4 may affect binding of other NADH-
dependent dehydrogenases to complex |, thereby promoting electron transfer

through complex |.

1-3-5 Independent assembly of the two subcomplexes

Comparative electron microscopy and biochemical studies have shown that
complex | in N. crassa is constructed of two distinct parts arranged at right-
angles to give an overall L-shaped structure (Hofhaus et a/., 1991). One part
protrudes from the inner membrane into the matrix space and contains
approximately 15 nuclear encoded subunits. This arm, called the peripheral
arm, contains the NADH, FMN and three iron-sulfur cluster binding sites (N-1,
N-3, N-4). The membrane arm, which is composed of approximately 17
subunits, contains all 7 mitochondrial encoded subunits and the N-2 iron-
suifur cluster and ubiquinone binding sites. It has been observed that in N.
crassa, if mitochondrial protein synthesis is inhibited by chloramphenicol, the
peripheral arm does not associate with any subunit of the membrane arm
(Friedrich et al., 1989). Furthermore, pulse-labelling experiments in N. crassa
have shown that the membrane arm subunits accumulate prior to final
assembly with the peripheral arm (Tuschen et al., 1990). One interpretation of
these results is that the two components evolved independently of one another
and later began to interact. This hypothesis is also supported by sequence
analysis which has revealed identity between components of the membrane
arm of complex | and an E. coli formate hydrogenylase (B6hm et al., 1 990) and
between components of the peripheral arm and the A. eutrophus NAD*
hydrogenase (Tran-Betcke et al., 1990). The different arms of the complex may
have conceivably evolved in different prokaryotic hosts, originally carrying out

different functions.
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While the peripheral arm contains the binding sites for NADH, FMN and at
least 3 iron-sulfur clusters, it has not been demonstrated if it is capable of
donating electrons to the electron transport pathway. If the cells are grown in
the presence of chloramphenicol, in which only the peripheral arm assembles,
the NADH dehydrogenase activity differs from complex | in that it shows a lower
affinity for ubiquinone and is insensitive to rotenone and piericidin A (Friedrich
et al., 1989). While it is possible that this activity is indicative of an alternative
NADH dehydrogenase, the authors suggest that the peripheral arm may be
capable of donating electrons to ubiquinone through a secord ubiquinone
binding site located in the peripheral arm. This binding site may act as a
reduction site for an internal ubiquinone in the larger complex | (Weiss et al.,
1991). ltis pointed out however, that this hypothesis is highly speculative.

in what appears to be an adaptation to the lower affinity for ubiquinone when
N. crassa cultures are grown in chloramphenicol, mitochondria increase the
ubiquinone content of the inner membrane 5 to 8 times the levels of control
cells (Friedrich et al., 1989). This suggests that some signal is sent from the
mitochondria to the nucleus to increase the ubiquinone level. This is
reminiscent of retrograde regulation p:oposed to explain how nuclear encoded
genes can be regulated by the functional state of mitochondria (Butow et al.,
1988).

1-4 Objectives of this study
The present study was designed to address two aspects of mitochondrial
biogenesis using genetic and biochemical approaches. First, the specific
roles of selected proteins in mitochondrial protein import, and second, the

assembly of imported proteins into multi-subunit complexes. The technique of
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"Sheltered" RIP was used to generate mutations in the genes mom-19 and
nuo-78.

In previous biochemical studies, MOM19, of N. crassa, was shown to be a
receptor on the mitochondrial outer membrane that is responsible for the
import of the majority of mitochondrial targeted precursors. To determine if
MOM19 plays an essential role in protein import and cell viability, the gene
encoding the protein was inactivated by RIP. During the course of the work in
this thesis, the yeast gene mas-20 was isolated in another laboratory (Ramage
et al., 1993). Sequence comparisons and functional studies in cells with mas-
20 null alleles suggested that Mas20 was a functional equivalent of MOM19.
Because MOM19 is predicted to play an important role in the cell, the technique
of "sheltered RIP" was used to generate the mutants so that the mutant
nucleus would be sheltered, or complemented, in a heterokaryon by a second
wild-type nucleus. This enabled the mutant allele to be maintained for further
study if it indeed proved to be essential.

In an unrelated project, designed to address the mechanism of assembly of
complex enzymes in mitochondria, a protein thought to be essential for electron
flow through complex | was inactivated by RIP. NUO78, the largest subunit of
complex |, is thought to contain binding sites for at least 2 iron-sulfur clusters.
Since electrons are routed through these iron-sulfur clusters, the electron
transport and presumably the proton pumping activity of complex | shouid be
abolished. It has previously been suggested that in N. crassa an aiternate
NADH dehydrogenase, or the peripheral arm of complex | alone, may be
sufficient to back-up the complex | activity (Friedrich et al., 1989, Weiss et al.,
1991; Nehls et al., 1992). On the other hand, results in Aspergillus niger
suggested that the loss of the complex | peripheral arm may be deleterious to

viability (Weidner et al., 1992). In N. crassa, the effects of totally disrupting
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peripheral arm assembly have not been demonstrated. Therefore, the nuo-78
gene was also inactivated using sheltered RIP to protect against possible
deleterious effects on the cell. The lack of NUO78 protein in one nucleus of the
heterokaryon generated by sheltered RIP could result in the loss of the
peripheral arm under selective conditions, thereby allowing the study of the

phenotype and effects on compiex | function.
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2 Inactivation of the Neurospora crassa gene encoding the mitochondrial
protein import receptor MOM19 by the technique of "shelitered RIP"

2.1 Introduction

The filamentous fungus, Neurospora crassa, has proven to be an excellent
organism for many biochemical investigations. The ease by which biochemica!
questions can be addressed has been contrasted, until very recently, by the
relative difficulty of isolating mutants in specific target genes. In the yeast
Saccharomyces cerevisiae, there are various methods for creating null alleles
of genes that have been cloned. Perhaps the most common is by integrative
replacement of the endogenous gene with a copy of the gene that has been
interrupted by a large DNA sequence, usually a selectable marker (Rothstein,
1991). This approach has achieved limited success in N. crassa (Frederick et
ol, 1988, Nehls et al. 1992) but the frequency of replacement by homologous
integration may be very low for many N. crassa genes (Asch and Kinsey, 1990).
Recently a method for increasing the efficiency of using gene disruption in N.
crassa has been described (Aronson et al., 1994). An efficient alternative to
methods of disruption based on homologous replacement is to utilize the RIP
(repeat induced point mutation) phenomenon that has been described in N.
crassa (Selker, 1890). The process of RIP affects duplicated DNA sequences
present in a nucleus that participates in a genetic cross and effectively results
in the disruption of both copies of the duplication by the generation of
numerous GC to AT transitions. Thus, a strain engineered by genetic
transformation to contain a duplication of any N. crassa gene could be used to

generate mutants specifically in that gene. This approach has already been

A version of this chapter has been published. Harkness, Metzenberg,
Schneider, Lill, Neupert and Nargang 1994. Genetics 136: 107-118.
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used to create mutants in various genes in N. crassa (Fincham et al., 1989;
Glass and Lee, 1992). Thus, gene RIP in N. crassa and gene replacement
procedures in yeast both result in the isolation of strains with non-functional
target genes.

However, for genes providing important functions to the cell, the rather
simple approach described above would not permit the isolation of mutants
since they might be inviable and/or have severely reduced germination rates. If
such a gene was essential for growth or germination of ascospores, a certain
percentage of tetrads, related to the frequency of RIP of the target sequence,
should produce on'y four viable spores instead of the usual eight. The latter
situation is analogous to sporulation of a diploid yeast carrying a disruption in
one copy of a gene, where failure to isolate the relevant haploid strain indicates
that the target genc is @ssential for germination and/or growth (Rothstein,
1991). In both organisms, the genetic data is useful but haploid strains with the
mutant phenotype, which might be utilized for further study, are not produced
because they are inviable. In yeast, one way to overcome this problem is by
supplying an extra copy of the target gene, Linder the control of a promoter that
is induced by galactose and is repressed by glucose, to the disruptant-
containing nucleus of the diploid prior to meiosis. Therefore, in the presence of
galactose and the absence of glucose, the disruptants will germinate and grow
since the spores are supplied with the essential gene product (Baker et al.,
1990; Schneider and Guarente, 1991). However, when such a culture is shifted
to medium lacking galactose and containing glucose the gene product is
gradually diluted out of the cells so that the effect of the deficiency can be
monitored in the cells at various stages of depletion of the product.
Unfortunately, there are no promoters with a suitable degree of control currently

available for performing similar experiments in N. crassa. Therefore, an
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extension of the RIP procedure, which is referred to as "sheltered RIP", has
been developed to achieve a similar outcome (Metzenberg and Grotelueschen,
1992a; the method is described with the aid of figures for the specific
inactivation of mom-19* in section 2:3). This technique allows the isolation of a
mutant gene in one nucleus, even if that gene is essential for the survival of the
organism, by sheltering the nucleus carrying the mutant gene in a heterokaryon
with an unaffected nucleus. Furthermore, the inclusion of a selectable marker
in the nucleus harbouring the RIPed gene makes it possible, by growing
cultures under the appropriate conditions, to shift the nuclear ratios in the
heterokaryons at will, to a state in which the nucleus containing the RIPed gene
predominates. This gives rise to a condition in which the product of the gene
that has been RIPed is present at very suboptimal levels and allows the study
of the mutant phenotype. The latter situation should be analogous to the
conditions created when the yeast disruptant is shifted t~ glucose medium
lacking galactose. In both cases, alterations in the composition of the medium
can be used to "control" the amount of the essential product present in the
culture.

In this chapter, the successful application of sheltered RIP is described for
generating mutations in the mom-19+* gene. As discussed fully in section
1-2-2-1, the product of the gene, MOM19, is a protease-sensitive surface
component of the protein import complex of the mitochondrial outer membrane
(Séliner et al., 1989). Biochemical studies, using MOM18 specific antibodies,
have demonstrated that MOM19 serves as the initial receptor site for the import
of the vast majority of nuclear-encoded mitochondrial preproteins (Séliner et al.,
1989). A second receptor, MOM72, was found to play a more specialized role in
the import of the ATP/ADP carrier (Séliner et al., 1990). Following interaction

with MOM19 or MOM72, the preproteins are transferred to a general insertion
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pore called GIP (Pfaller et al., 1988). A major component of GIP is MOM38
(Kiebler et al., 1990) or its yeast homologue, ISP42 (Baker et al., 1990).
Transfer of the preproteins from the receptor stage to the GIP stage is thought
to be facilitated by a membrane-spanning component of the receptor complex
called MOM22 (Kiebler et al., 1993).

Since MOM19 plays such a pivotal role in the import of the majority of
proteins into mitochondria, it was suspected that inactivation of the gene
encoding the protein might have severe consequences on N. crassa cells. For
this reason, sheltered RIP was used to isolate mutants in this gene. Here both
the genetic details of the procedure as applied to mom-19+ and the
characteristics of a mutant strain which is grossly deficient in the MOM19

protein when grown under appropriate conditions are described.

2.2 Materials and Methods
2:2-1 Strains and media.

Growth and handling of N. crassa strains was as described in Davis and de
Serres (1970). All strains used in this study are listed in Table 2-1. The Host IV
and Mate |V strains carry complementary nutritional markers on linkage group
IV (LG IV) that allow for specific selection of LG IV disomic ascospores
following crosses of Mate IV and transformed derivatives of Host IV (see
Results). LG IV disomics are the only spores generated from the cross that are
capable of growth on basal media lacking tryptophan (trp-4 marker) and uridine
(pyr-1 marker). Thus, we define basal medium as the medium capable of
supporting growth of disomics or heterokaryons containing both the Host and
Mate LGs IV. The medium contains Vogel's salts including trace elements and
biotin (Davis and de Serres, 1970), 1.5% glucose, and inosito! (50 ug/ml).
When required, uridine (1 mM) and tryptophan (0.5 mM) were added to the



medium. p-fluorophenylalanine (fpa) was used at various concentrations as
given in the text. Though not required by the strains used in this study, either
leucine (1 mM) or arginine (1 mM) were also present in media because they

are part of a standard medium used in the laboratory for similar experiments.

2:2-2 Plasrnid construction

Both genomic and cDNA versions of the mom-19* gene were cloned
previously (Schneider et al., 1991). The genomic clone was utilized to construct
a plasmid, pKSH6 (Fig. 2-1) that is a derivative of pBR322 containing the mom-
19* sequence and a bacterial hph gene (hygromycin B phosphotransferase)
expressed by a trpC promoter from Aspergillus nidulans (Cullen et al., 1987).
Resistance to hygromycin allows selection of transformants in N. crassa
(Staben et al., 1983). The N. crassa DNA in pKSH6 totals 1607 bp and extends
only 39 bp upstream of the first base of the mom-139* cDNA and 108 bp
downstream of the cDNA end point. In experiments designed to generate RIP
mutations in specific target genes it is desirable to limit the amount of non-

mom-19% DNA in the construct to prevent RIP of neighboring genes.

2:2-3 Isolation of mitochondria

Mycelia from liquid cultures was harvested by filtration. The mycelia was
weighed and ground by hand using a mortar and pestle in the presence of 1.5
g of acid washed quartz sand and 1 ml of grinding buffer (0.44 M sucrose; 10
mM Tris-HCI, pH 7.5; 0.2 mM ethylenediaminetetraacetic acid; 0.2 mM
phenyimethylsulfonyl fluoride) per gram of mycelia. When a smooth paste was
formed, the slurry was centrifuged at 3000 rpm in a Sorvall SS-34 rotor for 10
min to remove nuclei, cell debris and sand. The supernatant was transferred to

a clean tube and centrifuged for 20 min at 12,000 rpm in the same rotor. The



Table 21 N. crassa strains used in this study.

N. crassa strains

Strain Genotype or origin

Host Iva LG, a; LG IV, pyr-1 mom-19* mtrR trp-4+;
LGV, inl inv mei-2.

Mate VP LG, A; LG IV, pyr-1* mom-19* mtrS trp-4,
LG V, am inl inv mei-2.

T126.3 Isolate from tranformation of Host IV with pKSH6 (see Fig.
2-1), contains single ectopic copy of mom-19%,
hygromycin resistant.

T128.3 As T126.3

T140.3 As Tl 26.3

28.1 Ascospore isolate of Mate IV x Tl 28.3, selected as a
heterokaryon on basal medium, status of mom-19
gene unknow/n.

28.16 As 28.1, except that one component of the heterokaryon,
containing the LG |V derived from the Host |V strain,
is known to contain a RiPed allele of mom-19. Both
components of the heterokaryon contain an ectopic
RIPed version of the mom-19 sequence derived
from integration of pKSH6.

28.17 As 28.16.

28.18 As 28.1.

28.23 As 28.1.

M17.60 Homokaryon isolated from 28.17 containing RIPed allele of
mom-19

M17.63 As M17.60.
M17.65 As M17.60.
M17.67 As M17.60.
M17.69 As M17.60.
M17.70 As M17.60.
M17.71 As M17.60.
M17.72 As M17.60.
M17.73 As M17.60.
M17.74 As M17.60.
M17.75 As M17.60.
M17.76 As M17.60.
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17.43.1 Transformant of strain 28.17 obtained by transformation
with a cosmid containing the mom-19* gene and
approximately 35 kb of additional N. crassa genomic
DNA. Isolated on the basis of increased growth rate
on basal medium piates containing sorbose and
supplemented with 600 mM fpa plus uridine. Shown
to be a homokaryon containing LG IV from Host IV.
MOM 19 protein present.

17.67.1 As 17.43.1 except that transformation was with a plasmid
containing the mom-19* gene and an additional 4
kb of N. crassa genomic DNA.

17.94.2 As 17.43.1 except that transformation was with a plasmid

containing mom-19* cDNA.

9 The Host IV strain used in these experiments is carried as an alternate Host
IV at the Fungal Genetics Stock Center (strain #7270), the standard Host IV
strain (Fungal Genetics Stock Center strain #7254) is pan-1 instead of pyr-1.

O This strain is used as a heterokaryon with an inactive mating type strain
(allele aM1) carrying an ad-38 marker so that nutritional complementation is
possible with the Mate IV nucleus. Thus, the heterokaryotic strain can be grown
as a prototroph on minimal medium to increase fertility in genetic crosses
(Griffiths and Delange, 1978; Griffiths, 1982; Perkins, 1984).
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Figure 2-1. Plasmid pKSH6. Names of genes are indicated inside the circle.
Filled arrows indicate the extent of coding sequences, open arrows indicate the
promoter and terminator regions derived from Aspergillus nidulans. Restriction
sites are indicated outside the circle. The sites in parentheses indicate the
cloning sites and extent of the mom-19% genomic sequence in the plasmid.
The positions that correspond to the start and endpoints of the mom-19% cDNA
sequence are also indicated to demonstrate that the genomic DNA in the
plasmid does not extend significantly past mom-19+% sequence. hyg,
hygromycin resistance gene; amp, ampicillin resistance gene.
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supernatant was discarded and the mitochondrial pellet was washed once in
grinding buffer. The final pellet was suspended in a small volume of grinding

buffer and stored at -80°.

2-2-4 Analysis of genomic DNA for evidence of RIP

Restriction digests of genomic DNA with enzymes chosen to detect RIP
were electrophoresed on 5% polyacrylamide gels (29:1,
acrylamide:bisacrylamide) in 1X TAE buffer (40 mM Tris-acetate, pH 8.3; 1 mM
EDTA) and electroblotted to nylon membranes using 0.6X TAE as the blotting
buffer. The membrane was then placed on 3MM chromotography paper
(Whatman) saturated with denaturing solution (0.5 M NaOH, 1.5 M NacCl) for 10
min. Following denaturation, the membrane was neutralized by placing it on
3MM paper saturated with 3 M sodium acetate, pH 5.5 for 10 min. The
membrane was then air dried and baked at 80° for one hour. Hybridization of
the membrane to labelled probe was by standard techniques (Ausubel et al.,
1992) except that the hybridization and wash temperatures were reduced from

65° to 57°, since many of the restriction fragments were predicted to be small.

2-2:5 Other techniques
The standard techniques of agarose gel electrophoresis and Southern
blotting of agarose geis, preparation of probes for DNA-DNA hybridizations,
transformation of E. coli, isolation of bacterial plasmid DNA, and the
polymerase chain reaction (PCR) using Vent polymerase (New England
Biolabs, Beverly, MA) to minimize replication errors were performed as
described in Ausubel et al. (1992). The following procedures were also

performed using previously published procedures: separation of mitochondrial
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proteins by polyacrylamide gel electrophoresis (Laemmli, 1870), western
blotting (Good and Crosby, 1988), N. crassa DNA isolation (Schechtman,
1986), determination of mitochondrial protein concentration (Bradford, 1976),
transformation of N. crassa spheroplasts (Schweizer of al., 1881) with the
modifications of Akins and Lambowitz (1985), and restriction fragment length
polymorphism (RFLP) analysis of N. crassa genes (Metzenberg ot al/., 1984;
1985). DNA sequences were obtained using Sequenase (United States
Biochemical) according to the supplier's instructions. Database information
with regard tc the sequences obtained is given in the legend to Figure 2-5.
Antibodies to various mitochondrial proteins were generously supplied by
various individuals in the laboratory of W. Neupert. The mom-19* cosmid used
in these studies was isolated from an N. crassa genomic library of strain
NCN53 (su-1[mi-3]), described in Gessert of al. (1994), using previously
isolated mom-19* cDNA as a probe. Cosmid 15.1.3.6 from this library was
used in this study.
2.3 Results
2:3-1 Prirciples of "sheltered RIP"

It was suspected that the loss of MOM19 would have an extremely
deleterious effect on the organism, and to overcome this problem, the
procedure referred to as "sheltered RIP" was utilized to generate mutants of the
mom-19* gene. The method utilizes the phenomenon of RIP (Selker, 1990), to
destroy the target gene. When a DNA sequence is present in two copies in a
singie nucleus both copies are, with fairly high frequency, subjected to RIP in
the ascogenous hyphae as the nucleus is prepared for karyogamy. Thus, any
gene that has been cloned can be re-introduced into a strain by transformation
to create a duplication in which both copies serve as targets for RIP. Most

frequently the re-introduced gene integrates at an ectopic site (Asch and
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Kinsey, 1990). The result of RIP is that both copies of the sequence in the
transformed nucleus are effectively disrupted since they are aitered by
methylation and by GC to AT transitions. The single copy of the gene in the
nucleus of the mating partner in the cross is unaffected by RIP. To allow the
isolation of strains containing essential genes that have been RIPed during the
cross, the technique employs a mutant allele of the mei-2 gene in both
partners of the cross. This mutation effectively eliminates meiotic
recombination and also results in a high frequency of non-disjunction of
chromosomes during meiosis (Smith, 1975). Thus, in crosses homozygous for
mei-2, a variety of meiotic products are generated, many of them inviable
because they are nullosomic for one or more chromosomes. However, a
fraction of the meiotic products should be disomic for any specific
chromosome. The desired products of a sheltered RIP cross will be disomic
ascospores containing a RIP disruption of the target gene on one copy of a
certain chromosome (derived from the transformation host) and a norma! copy
of the target gene on another copy of the same chromosome (derived from the
mating partner of the cross). These disomic spores break down rapidly during
vegetative growth into a heterokaryon composed of two different nuclei (Smith
1974). Even if the target gene is essential for viability, the normal copy of the
gene in one component of the heterokaryon will complement, or shelter, the
non-functional copy in the other component. Knowledge of the linkage group on
which the target gene is located and appropriate genetic design of the strains
used in the cross allows the direct selection of the desired
dikaryons/heterokaryons from the progeny of the cross, as well as providing
selectable markers that can be used to alter the ratio of the different nuclei in
the ultimate heterokaryon (see below). Therefore, it is possible to produce a

strain in which the nucleus containing the disrupted version of the gene should
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be heavily favored numerically, though if the target gene provides an
indispensible function it can never become the sole nuclear type. These
skewed-ratio heterokaryons should allow any growth-limited phenotype to be
studied. In principle, the technique should be useful for generating mutants of
any cloned gene in N. crassa though it is particularly well-suited for genes that
have an important or essential function (Metzenberg and Grotelueschen,
1992a). Below, the details of the technique specifically as applied to the mom-

19% gene are described.

2-3-2 Transformants containing mom-18% duplications

The principle of sheltered RIP, which employs various genetic markers on
the chromosome carrying the target gene, requires that the chromosome or
linkage group (LG) carrying the target gene locus be known. Therefore, mom-
19* specific sequences were used as a probe to isolate mom-19* containing
cosmids from a N. crassa library. One cosmid was then utilized as a probe to
deduce the chromosomal location of the mom-19* locus in RFLP mapping
studies (Fig. 2:2). A cosmid was used as a probe in this analysis in order to
include a sufficient amount of genomic DNA to reveal RFLPs. The analysis
revealed that mom-19+¥ is located on LG IV near the pyr-1 marker as shown in
Metzenberg and Grotelueschen (1992b, 1993). Plasmid pKSH6, which carries
the mom-19*% gene (see Materials and Methods; Fig. 2-1), was used to
transform the Host IV strain. This strain carries a number of relevant markers:
the pyr-1 and trp-4* alleles to be utilized in the selection of appropriate disomic
ascospores following the eventual RIP cross, a recessive LG IV mutation
imparting resistance to fpa or 5-methyltryptophan (mtrR) which should allow
shifts in nuclear proportions favoring the RIPed nucleus in the isolates

ultimately obtained from the RIP cross, and a mutant allele of mei-2 to generate

60



disomics in the RIP cross (Fig. 2-3, panel 1). The genetic make-up of
appropriate transformants is shown in Fig. 2-3, panel 3.

Transformants were selected on media containing hygromycin. Sixty
transformants were purified through two rounds of single colony isolation on
hygromycin medium to insure that the transformants were homokaryotic. DNA
was isolated from 35 of these transformants and examined for the presence of
a single ectopically inserted copy of the mom-19* sequences derived from
pKSHS6, in addition to the resident copy of mom-19+*. This was tested by using
a mom-19*% specific sequence to probe Southern blots of genomic DNA
isolated from the transformants and digested with either Bgl/ll or EcoRV plus
Sall. Bglll has a recognition site within the coding region of mom-19% DNA and,
in appropriate transformants containing a single ectopically integrated mom-
19% sequence, should generate four bands when probed with mom-19+
specific DNA: two bands from the ectopic copy and two from the resident copy.
The size of the bands from the ectopic copy canriot be predicted and depends
on the position of flanking Bglll sites. Thus, appropriate strains should contain
bands that correspond to those in the parental strain Host IV, and two
additional bands. Both EcoRV and Sall cut outside the mom-19% coding
sequence and outside the mom-19%* DNA present in pKSH6 (Fig. 2-1).
Therefore, the double digest shouid generate two bands in appropriate
transformants. One band should be 1.8 kb representing the ectopic sequence
derived from integration of the mom-19% sequence in pKSH6. The other band
represents the resident mom-19% sequence and should correspond to the
band in the Host IV strain. Three strains that satisfied these criteria were
identified from the analysis: T126-3, TI128-3, and TI140-3 (Fig. 2-4). Each of these
strains was used as the male parent in crosses to strain Mate IV, which carries

the meij-2 allele on LG V as well as nutritional markers on LG IV that are



matches to

Ascospore Isolates: mom-19*
Cenl MMOO MMOO MMOO OOMM OOMM MMMM MMOM 0000 OOMM MM 298/34
pyr-1 MMMO MMOO MMOO OOMM COMM MMMM MMMM 0000 MoMO MM 32/34

mom-19% MmO MMO+ MM+O OOMM OOMO MOMM MMMM OOOO +0+0 MM
Fsr-62 MOMO MOOO MMOO OOMM OMOO MOMM MMMM MOOM MoMO MM 28/34

Figure 2.2. RFLP mapping of mom-19* to linkage group (LG) IV. The N. crassa
strains Mauriceville (M) and Oak-Ridge (O) were crossed to generate progeny.
These two strains are known to contain many genetic polymorphisms which
are manifested in restriction site differences in their genomes. Thirty-eight
segregants were selected from ordered asci (Metzenberg et al., 1984). DNA
from these isolates was extracted and digested with Sall. Sall was previously
found to be appropriate for detecting RFLPs with the mom-19% containing
cosmid through a test gel of M and O DNA that was digested with various
enzymes, blotted and hybridized to the morn-19% cosmid. The Sall digested
DNA from each test isolate was senarated on 0.8% agarose and analyzed by
Southern blotting using a radioactively labeled mom-19* containing cosmid as
a probe. Strains were scored according to whether the RFLP was like the
Mauriceville parent (M) or like the Oak-Ridge parent (O). The derived pattern
was then compared to a list of compiled patterns from DNA fragments covering
the entire genome. The greater the number of matches to a known gene, the
closer the linkage. Four of the DNA samples for the mom-19* analysis were
lost, therefore only 34 samples were available for comparison with the
compiled RFLP patterns. By this criteria, genes, or fragments of DNA, can be
localized with reasonable accuracy within the genome. The CenlV, pyr-1 and
Fsr-62 markers are all known to be on LG IV (Metzenberg and Groteleuschen,
1993). +, indicates a DNA sample that was lost.
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Figure 2-3. Relevant genetic markers in appropriate initial transformants, the
Mate IV strain, disomic progeny isolates, and subsequent heterokaryons. Only
the genetic markers that are important for generation, selection, or
manipulation of the strains are shown. These are indicated on specific linkage
groups represented by horizontal lines. The position of mom-19* relative to the
other markers on LGIV is shown as deduced from both the RFLP map
(Metzenberg and Groteleuschen, 1992) and the genetic map of LGIV (Perkins,
1992). LGIV (H), linkage group IV derived from the original Host IV strain; LGIV
(M), linkage group IV derived from the original Mate IV strain; LGV, linkage group
V; any LG, any of the seven linkage groups found in N. crassa. Boxes with
squared corners indicate nuclei, boxes with rounded corners indicate cells. 1.
The Host IV strain. 2. The Mate IV strain. 3. Desired initial transformants of the
Host |V strain containing a single ectopic copy of mom-19+. 4. The two
possible versions of disomic spores that would grow on media lacking both
uridine and tryptophan. Each must contain one LG IV from the original host
strain and one LG IV from the original mate strain to allow complementation of
the auxotrophic pyr-1 and trp-4 markers. One type contains one unaltered copy
and one RIPed copy (4a); the other contains two unaltered copies of mom-19*
(4b). In both cases the ectopic copy of mom-19* may or may not be present
depending on the meiotic segregation of the chromosome on which it was
integrated. §. Each of the possib!> disomics breaks down into a heterokaryon
in which one nucleus contains LG IV from the original host and the other LG IV
from the original mate. The heterokaryon in 5a contains the RIPed version of
mom-19* in one nucleus and the wild-type veision of the gene in the other,
whereas the nuclei in the heterokaryon in b both contain wild-type copies of

mom-19+.



4a

a1t eom19’ oS
1 | 1 1 wGNMm)
~oi-2
| Lev
ny LG
—
RiPed disomic
e
t oomt®  wn  epe’t
'i { | L. wBNVe)
ot  momid oS ol
d 1 ! 1L wGven
-2
1 LGV
aluwd"
o awilG
—— ——
spontaneous
breakdown to
& heterokaryon
™\
vt aomiRP an  wpe )
| 1 wnNey
-2
i GV
o owilG
ow1* momi19® ewS  #p4
[ 1 1 1 wven
"2
1 wv
nnm-W"
1
or eylG

mom-19RIP gheltered heterokaryon

1

ab,

OR

-1 mom-15° mR *
”1 1 { L tGV(H)
mei-2
1 GV
awy LG
transform with
mom-19
transformed H-V
ot mom1®  mR we*
[ 1 1 L WGVH)
mei-2
1 wv
mom-10*
i | aylG
g-——i—____’:

0 R pd
. v ! L weveo
o1t amnn' s w4
| 1 ] L v
-2
| eV
oumto *
{
o awlG
3)
spontaneous
breakdown to
8 heterokaryon
5b -
(.,-1 on10* @R i \
d 1 i I WV
-eld
{ LGV
-nurlvv’
o oylG
o1t mom10* ewS  tpd4
1 [l L wve
-2
! wv
—om-1¢°"
- 1
or aylG
mom19 * heterokaryon

64




Figure 2-4. Southern analysis of restriction digests showing single inserted
mom-19* sequence in strains TI26-3, TI28-3, TI40-3. Panel 1: Bgli digest of
total celiular DNA from the indicated strains. Panel 2: EcoRV plus Sall digest of
total cellular DNA from the indicated strains. Also shown is the 1.8 kb marker
generated from a digest of plasmid pKSH6. The probe was a radioactively
labeled mom-19% cDNA fragment that extends from nucleotides 245 to 1704
as shown in Fig. 2-6, except that the intron sequences shown in the Figure are
absent in the cDNA.
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complementary to those on LG |V of the transformed strains (Fig. 2:3, panel 2).
In the present study the analysis of the progeny from the cross involving T128-3

is described.

2.3-3 Generation and characterization of mom-19% RIF mutants

Crosses between the Mate IV strain and transformant TI28-3 are
homozygous for the mei-2 allele so that during meiosis non-disjunction of
chromosomes occurs and meiotic recombination is inhibited. Therefore, a
fraction of the ascospores obtained from the cross should be disomics
containing one LG IV derived from the Mate |V strain and one derived from the
Host IV transformed strain (Fig. 2:3, panels 4a and 4b). Such ascospores can
be directly selected because they are the only ones produced from the cross
that are capable of growth on medium that lacks both uridine (pyr-1 marker)
and tryptophan (trp-4 marker). When the cross is carried out a certain
percentage of the nuclei carrying the duplication of mom-19* should undergo
RIP of those sequences. Therefore, two types of disomics should emerge from
the selection. The first type would contain one LG |V derived from the Host IV
transformed strain with a RIPed version of the gene and ane LG IV derived from
the Mate IV strain carrying a wild-type mom-19* allele (Fig. 2-3, panel 4a). The
second type would contain two wild-type alleles of mom-19*. (Fig. 2-3,
panei-4b). The spores of the first type are the desired isolates and their
frequency will be related to the frequency of RIP of the mom-19% duplication in
the original transformed host. Depending on the site of integration of the
transformed ectopic mom-19% gene and the pattern of segregation of
chromosomes during meiosis, the épores may or may not contain the ectopic
integrated copy of mom-19+ as well ("any LG", Fig. 2-3). If the ectopic copy is

present in the spores that contain resident mom-19 sequences that have bee-
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subjected to RIP, the ectopic sequence should also have undergone RIP since
both copies of a duplication are affected by the process (Selker, 1990).
Ascospores produced from the Mate IV x TI28-3 cross were plated on basal
medium (see Materials and Methods), which lacks uridine and tryptophan. A
total of 50 colonies that formed on this medium were picked to culture tubes
containing basal medium and allowed to conidiate. Each strain was then taken
through two rounds of purification by streaking to single colony isolates on
basal medium to provide sufficient opportunity for breakdown of disomic nuclei
(Smith, 1974) and to maintain the heterokaryons formed during the process of
breakdown (Fig. 2-3, panels 5a and 5b). The isolates were then examined to
determine which, if any, carried RIPs of mom-19 in the pyr-1 trp-4* mtrR
component of the heterokaryon. We tested for such strains by examining the
growth properties of each isolate on medium that is both selective and
permissive for the RIPed nucleus, that is, containing uridine and fpa but not
tryptophan. The heterokaryotic strains isolated should all carry the recessive
resistance marker mtrR and should therefore be capable of growth on this
medium by spontaneous resolution to give mtrR homokaryons. However, if the
nucleus carrying mtrR contains a RIPed zopy of mom-19, and mom-19% is
required to maintain a normal rate of growth, then such strains should not give
rise to vigourously growing mtrR homokaryons. In such cases, the
heterokaryons should exhibit a reduced growth rate at some critical
concentration of the inhibitor, since the nucleus carrying the RIPed mom-19
allele is forced to predominate in the heterokaryon. In Table 2-2 the results
obtained with five candidate strains that exhibited altered growth patterns on
the inhibitor relative to control strains are shown. The values shown in Table

2.2 that indicate slower growth rate, by rate of mycelial advance, may even
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underestimate the growth difference compared to wild-type since the density of
mycelia for the slow growing strains is also reduced compared to wild-type.

As a test for RIP of mom-19 that was not influenced by any prediction with
regard to the functional importance of the gene, we examined the mom-19
DNA in the strains discussed in Table 2-2 for evidence of restriction site
alterations that should be produced by the RIP process. DNA was isolated
from cultures of each of these strains, digested with restriction enzymes, and
compared to digests of DNA from the parent strains used in the RIP cross by
Southern analysis using a mom-19+ specific sequence as the probe. It could
be determined if alterations were simply due to methylation or to actual base
pair changes by using the enzyme combinations described below. The
enzymes Sau3Ai and Mbol both cut the sequence GATC. However, Sau3Al will
not cut if the C is methylated and Mbol will not cut if the A is methylated.
Virtually all methylation in N. crassa is at cytosine residues (Selker, 1990) so
that digestion with Mbol should not be affected by methylation. Hpall and Mspl
both cut the sequence CCGG. Hpall will not cut if either C is methylated. Mspl
will not cut if the outer C is methylated. The enzymes were used in the
combinations (Sau3Al plus Hpall) and (Mbol plus Mspl) to generate many
restriction fragments thereby maximizing the chances of detecting alterations
due to methylation or restriction site alterations. As shown in Fig. 2-5, panel 1,
it is apparent that strains 28.16 and 28.17 have alterations with respect to
control DNAs. For strain 28.16, the alterations may be explained by differences
in methylation alone since there are no apparent differences from controls in
the Mspl plus Mbol digest. Howevzr, for 28.17, the alterations are likely the
result of both methylation and mutation. For both strains we have shown that
the aiterations are specific for mom-19+* DNA by stripping the blots and

hybridizing with a different probe (Fig. 2-5, panel 2). In this case, no differences
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Figure 2:5. Southern analysis of restriction digests showing RIP in strains
28.16 and 28.17. DNA isolated from the indicated strains was digested with the
restriction enzymes indicated. (H+S) = Hpall+Sau3Al; (M+M) = Mspl+Mboll. In

panel 1, the probe was a radioactively labeled mom-19* cDNA fragment as
described in the legend to Fig. 2:4. In panel 2, the probe was radioactively
labeled DNA derived from nuo-78% cDNA, used to show that the differences
seen in panel 1 are specific to mom-19* sequence.
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in banding patterns were seen in any strain. Although no alterations in mom-
19 were apparent in strains 28.1, 28.18, and 28.23 (data not shown), it is
conceivable that changes have occurred that are not detected by the restriction

enzymes used in the analysis.

2-3-4 DNA sequence analysis of mom-19RIP ajleles

To fully characterize the extent of RIP that had occurred in strains 28.16 and
28.17, mom-19 DNA was amplified from these strains by PCR of DNA isolated
from cultures grown under conditions that force the maintenarce of the
heterokaryon (basal medium). Since it had been demonstrated by Southern
analysis that both strains carried the ectopic, or plasmid derived copy of mom-
19 in addition to the resident copies on the two LGs IV (Fig. 2-6, panel 1), two
sets of PCR primers were used in these experiments. One set was designed
to amplify the introduced copy of mom-19 derived from plasmid pKSHE and the
other set was designed to amplify the resident genomic mom-19 sequence
(Fig. 2-6, panel 2). The characteristics of the primers used for PCR are listed in
Table 2:3. The products of each reaction were cloned into bacterial vectors and
their DNA sequences were determined. The strategy followed for sequencing
the two copies of mom-19 is shown in Fig. 2-6, panel 2. The sequence and
location of the primers used are shown in Table 2-3. As expected, the products
of the PCR reaction using the primers for the resident sequence gave rise to
two types of clones. One type was of the wild-type mom-19% sequence derived
from LG IV of the Mate IV strain. The other type gave DNA sequence with
alterations from the wild-type sequence. The latter type represents the RiPed
version of the gene present on the LG IV originally derived from the transfermed
Host IV strain. For strain 28.17 a total of 44 changes from the wild-type

sequence were observed in the 1134 base pairs of duplicated sequence



examined (Fig. 2-7, panel 1). All these alterations were of the type that
characterize the RIP process, GC bp to AT bp transitions. The strand bias of
mutation that is typical of RIP is also evident (Cambareri et al., 1989). The
mutations are predicted to result in a total of 18 amino acid substitutions in the
MOM19 protein (Fig. 2:7, panel 1). Most of the amino acid changes are
conservative but one, at nucleotide position 671, results in a Glu to Lys
substitution. The ectopically integrated copy of mom-19 in strain 28.17 has not
been sequenced entirely but from 870 bp completed thus far, 32 transitions
that would result in 12 amino acid substitutions have been found (Fig. 2:7,
panel 2). It is extremely doubtfui that any functional MOM19 is produced from
this ectopic mom-19 gene since the &' splice junction of the third intron is also
affected by one of the alterations. The sequence of the RiIPed alleles from
strain 28.16 has not been completed, but preliminary analysis indicates
several transitions characteristic of RIP in this strain as well. The resultant
amino acid changes determined thus far for strain 28.16 are shown in Fig. 2-7,

panel 2.

2:3-5 MOM19 protein in mutant strains

To investigate further the status of the mom-19 gene in the strains that
showed evidence of RIP on Southern blots, strains 28.16 and 28.17 were
examined for the presence of the MOM19 protein following growth as either
heterokaryons without fpa or in the presence of uridine and 600 uM fpa. The
latter conditions require that the nucleus containing the RIPed mom-19 alleles
be in a large majority in the cultures. Under such conditions the growth rate of
both strains is reduced relative to controls as shown in Table 2-2. Mitochondria
were isolated from these cultures, the proteins were extracted with detergent,

and subjected to polyacrylamide gel electrophoresis. The separated proteins
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Figure 2-6. Southern analysis and PCR/sequencing strategy for the mom-19
ectopic and endogenous copies. 1. Southern analysis of restriction digests
from putative RIP isolates showing the pressnce of the ectopic copy in strains
28.16, 28.17 and others. DNA isolated from tne indicated strains was digested
with the restriction enzymes EcoRV and Sall, which cut immediately outside the
mom-19*% gene in the ectopic copy derived from pKSH6 (Fig. 2-1) and at
flanking sites for the -=sident copy. This resuits in one band for each copy of

mom-19*. The probe, as described in Figure 2-4, was radioactively labeled

mom-19* cDNA. The strains in panel 1a represent the strains exhibiting a slow
growth phenotype in the presence of fluorophenylalanine (fpa). The strains in
panel 1b represent a sample of the remaining strains that do not show a
response to fpa. The latter were not examined further. 2. Two sets of PCR
primers were designed to amplify the two different copies of mom-19 from the
strains of interest. Primers specific for the §' region of the endogenous copy
(THAT1) or the vector sequence §' of the ectopic copy (THAY) were used in PCR
reactions with a primer specific for the 3' region of both copies (THAB) to
generate PCR products representing the resident and ectopic copies. EcoR|
sites were added to the PCR primers specific for the 5' end of mom-19+ (THA1
and THA7) and a BamHiI site was added to the primer specific for the 3' :nd
(THAB) in order to facilitate -loning. The PCR products were digested with
EcoRI and BamH! and cloned into the bacterial vector pBilueScript. To reduce
the number of primers for sequencing, these constructs were then digested
with Bglll and BamHI to divide the gene into two parts and subcloned again into
pBlueScript. The primers T3 and T7, specific for vector sequences in
pBlueScript, were used to generate sequence from the internal Bgill site. The
orientation of the subcloned BamH1/Bglil fragment relative to the T3 and T7
primer sites on the vector cannot be predicted. The remaining sequence was

generated as indicated using mom-19* specific primers. The seruences of

the primers used are shown in Table 2.3.ssenes, morn-19+ open re: ame;
—_— , 5" and 3' untranslated region; sttt , vector sequence . . .ounding
ectopically integrated copy; s, cloning vector.
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endogenous copy

THA1 THAS
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(673 bp)
ectopic copy
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Table 2.3 Primers used for PCR and sequencing of mom-19 alleles

onnaer Use Sequence (5't0 3)
THA 1 PCR AAGAA]IQ"TACGGGTACGATAATTACG(.}
THA2 PCR AAQAA’ITC(?CCTCCCC 1171 CTTCTA(‘i
EcoRl 4339 1349
THA7 PCR AAGAATTCTAGGCATAGGCTTGGITATG
EcoRl  vector sequence in ect. copy
THA 8 PCR AAGGATCCGATCGTAGTGGGAAGATTGG
BamH! fianking 3' end of gene
THA 13 sequencing ('ZTCGGCGTATTCTI'I'C'.I'
551 635
THA 14 sequencing AATTCCCCTAACCCCTT
1191 1175
THA 15 sequencing ('SACTCGTITAGTCGAG('S
1072 1056

The numbers below each sequence correspond to the numbering system in

Fig. 2.7, panel 1 and indicate the location and orientation of the primer with respect
to the mom-19 gene. The underlined sequence indicates the added restriction
site. Two A residues were included prior to the restriction site in order to facilitate

digestion with the desired enzymes.
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Figure 2-7. DNA sequence of the resident RIPed allele in strain 28.17 and
summary of the resulting amino acid changes in the resident and ectopic
copies from 28.16 and 28.17. 1. Genomic DNA sequence of mom-19*.
Asterisks indicate the extent of the duplication (ie., the mom-194 region cloned
in pKSH6; Fig. 2-1), which should serve as a target for RIP. The EcoRV and
Saul3Al sites that define the extent of the cloned mom-19* region in pKSH6
(see Fig. 2-%) are underlined. The two small arrows below the sequence
delineate the region that has been sequenced. Lower case letters indicate
intron sequences. The complete sequence of the wild-type gene is shown.
Bases above the wild-type sequence indicate the positions where mutations
were found in the RIPed version of the resident gene found on the original host
LG IV in strain 28.17. The amino acid sequence of the protein encoded by the
wild-type gene is indicated immediately below the sequence. Amino acid
alterations resulting from RIP mutations in the endogenous RIPed copy of
28.17 are shown under the normal protein sequence. The sequence of the
wild-type allele, as shown in this Figure, revealed minor errors in the sequence
previously entered in Genbank (accession number M80528). These changes
have been reported to Genbank and are entered under the previous accession
number as is the sequence of the RIP allele shown in this Figure. 2. Amino
acid sequence of MOM19 protein deduced from the DNA sequence and
changes identified in various RIP aileles. The extent of sequencing for each
allele is indicated by dashed lines. The amino acid changes resulting from RIP
in each allele are shown below the wild-type sequence.



ARARACACAGTTTGTGTAGTGTACGGGTACGATAATTACGGTATGTGCAATGTTTTGACC 60
>

TGCAAGCTTACCTCTCCTCTAACCATCCAATCTTTGAGAGTGCTGTTGATGTCCATIGCT 120
TGTGAACCTTCCCGTGGAGCCAGTGTCATATACTGACCCCCACTTGCAGCAGTCTTTICCG 180

GTAGTACTAAGAAATCGAGAGGCTCGATATCCATCGCATCTTTCCCTACCATTATAATIT 240
-
A

CTCTCTCTCGACTCTCCCCCGCATCCACCATCACCACACAACGAGCCAACAAGATGCCGT 300
MetProSer

A
CGCAAGCCGTCACCTACACCACCGCTGCCGTTGCGGCCGTCGCCACGGGTTTCCTCGgtt 360
GlnAlaValThrTyrThrThrAlaAlavalAlaAlaValAlaThrGlyFPheleu
Thx

a
agtttgcacttggatctcaacgtcaccactttctegagatgtaaccattagtogetgatg 420

a A A
ccttgegetecectacettecagCCTACGCCGTCTACTTCGACTACAAGAGGCGCARTGA 480
AlaTyrAlaValTyrPheAsplvrLysArgArgAsnAsp
JIle Asn

A
CCCCGAGTTCAGGAGACAACTCAGGCGCAGCGCCAGGCGACAGGCTCGTCAGGAGAAAGA 540
ProGluPheArgArgGlnLeuArgArgSerAlaArgArgGlnAlaArgGlnGluLysGlu

His

ATACGCCGAGTTGAGCCAGCAGGCCCAGAGACAACGAATCAGGCAAATGGTTGATGAGGC 600
TyrAlaGluLeuSerGlnGlnAlaGlnArgGlnArglleArgGlnMetValAspGluAla

A A
CAAGGAGGAGGGCTTCCCTACCACTTCGGACGAGAAGGAGGCCTACTTCCTCGAGCAGGT 660
LysGluGluGlyPheProThrThrSerAspGluLysGluAlaTyrPheLeuGluGlnVal

A A A a a
CCAGGCTGGTGAGATCTTGGGCCAGGATCgtaagtgttttgccaaccaagogagaagaag 720
GlnAlaGlyGluIleLeuGlyGlnAspPro

SerlLys

a

gaacggaacttcocgggacatgtgteggectactaacactecattogtaacagCCACCAAGG 780
ThrlysAla

A A A
CCATCGATGCCITCCCTCGCTTTCTACAAGGCCCTCAAGGTCTACCCTACGCCCGGCGACC 840
IleAspAiaSerleuAlaPheTyrLysAlaleulysValTyrProThrProGlyAspLeu

Thr Thr
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A y 8
TTATCAGCATCTACGACAAGACCGTTGCCAAGgtaagaggaatacgeccgcatagcacggyg

IleSerlleTyrAspLyaThrValAlalys
Asn
a a A A A

tggaatgtttactgatccgacaaacactagCCCATCCTCGACATCCTCGCCGAGATGATC
ProlleLeuAsplleLeuAl)aGluMetlle
Thr Ile

A A A
GCTTACGACCCCAGCCTCAAAATTGGCACCAACTACACCGGCGGCGTCGATGTTGCCGAG

AlaTyrAspProSerLeulysYleGlyThrAsnTyrThrGlyGlyValAspValAlaGlu
Asn Ser Ile

A A A AT
CTCATGCGCGAGATGGCCTCCGCCCCCGGTGTTGGCCTCGACTAAACGAGTCCACCAAAT
LeuMetArgGluMetAlaSerAlaProGlyValGlyLeuAsp

Ile IleSer Asn

A A
ACAGCAAGAAGCATAACGCTAGGGAGAGTGACAACARTAGCCCACCTCGCAAGAAACGTC

T A
CGGGGGTATCAGTTGACGTTGCGGTGGTTCCCCGCAGTCCCTCAAAGGGGTTAGGGGAAT

T AT A A
TGGGTGGTTACGGTTGTTGGGAAAACGGCGCGTGACGCACCAACGATGGCTTTTGTGGAC

A A
GAAAGGAAGAAAGCTAGGAATAGTGGAAACAGGACGAGCATTCCAACAGACGACCCCGGA

TCGATTTATACCCAGCCAGCTAGAAGAAAAAGGGGAGGCTAGCGGTCCTTTGCTTGTICTG
€
ACACATAACTCCL >CTTTCAACGTACGTCCTTITGCACCGCACTTTGGCTCTCTCTCCCCGG

TCAGTATTGCTCTCTCACGTCACCACTCTTGAACTCCCAACAGGTCAGCAGGTTTACGAG
CACCACACTTCCTCCCTTATCATTGGCTGGCTGGTATCTCAACCGAGCGTTTGAGGGTCG
AACGCTCACCCGAACTATCTACCTACCACCTTGTACAATATTTCTGTTCTGTTICTGTTCA
TGTTCCGGAGATGCGCGGGATGGTGGTGGTCTCCTATTTTATCCTGTAGCATCATGTACA
TAGCGAT AATTGGGTCCTATCAGGATAACGGACGGTGATTTCTGTATGCGCGAACGGGAT

AGCAGGCCACTTCAGGGGTGCTTAATGAGACAAGAACGTAAGAMACGTATTGCCAATCTT

CCCACTACGATC 1812
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were transferred to nitrocellulose membrane and probed with antibodies
raised against the MOM19 protein. As shown in Fig. 2-8, panei 1, the MOM19
protein was undetectable in strain 28.17 when grown in the presence of fpa
and uridine. When up to 200 ug of mitochondriai protein was loaded on the
gels, MOM18 in mitochondria from these cultures remained undetectable (Fig.
2-8, panel 2). Inspection of the blots in Fig. 2-8 suggests that the amount of the
protein is also reduced in 28.17 cultures grown as heterokaryons without fpa
(Fig. 2-8, panels 1 and 2). The simplest explanation for this observation is that
the heterokaryotic cells contain both RiPed and wild-type alleles of mom-19

resulting in an overall reduction in MOM19 content.

2.3.6 Rescue of mom-19RIP mutant

The ability to obtain evidence that nuclei containing the RIPed mom-19 allele
could be rescued by transformation with a wild-type copy of mom-19% was
desired to verify that the effects observed were specific to mom-19*. Both
genomic and cDNA versions of mom-19% were used to transform mutant
28.17. Successful transformation was qualitatively assessed by the
appearance of rapidly growing colonies on plates containing basal medium
plus uridine and 600 mM fpa. By this criterion, both genomic and cDNA clones
of mom-19% were capable of restoring rapid growth rate when transformed into
spheroplasts of strain 28.17. In addition, three primary transfocrmants were
purified through one round of single colony isolation on basal medium
containing uridine plus 600 uM fpa and examined for the presence of MOM19
protein in their mitochondria. Strain 17-43.1 was derived from transformation of
strain 28.17 with a cosmid containing mom-19% and an additional 35 kb of N.
crassa genomic sequence. Strain 17-67.1 was derived by transformation with a

plasmid containing mom-19% and an additional 4 kb of genomic sequence.
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Figure 2-8. Western blot analysis of RIP strains. 1. Forty pg of protein from
isolated mitochondrial was loaded per lane. Cells were grown in the indicated
medium: min, minimal medium; urid, basal medium plus uridine; het, basal
medium; fpa+urid, basal medium containing 600 uM fpa plus uridine.
Following electrophoresis, the proteins were electroblotted to nitrocellulose
membrane and decorated with polyclonal antiserum to MOM19. 2. Leftmost
lane, 200 ug of protein; other lanes, 40 ug of protein. As a control, MOM38 was
used to confirm the different amounts of protein loaded.
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Strain 17-94.2 was obtained by transformation with a plasmid containing mom-
19% cDNA. All three strains were found to be incapable of growth on basal
medium or basal medium containing tryptophan. However, they were able to
grow on basa' medium containing uridine or uridine and fpa Thus, these
strains are homokaryons containing the Host IV version of LG IV and do not
contain the sheltering copy of mom-19% from the Mate LG IV. As shown in Fig.
2-9, panel 1, the mitcchondria of all three transformed strains contain the
MOM19 protein. The growth rate of these transformed strains was measured in
“race tubes" (Davis and de Serres, 1970) and compared to control strains.
There was little difference between the transformants and control strains when
grown on medium that does or does not contain fpa (Fig. 2-9, panels 2 and 3,
respectively). The ability of cDNA clones to rescue the mutant phenotype is
significant since it proves that extension of RIP from duplicated mom-19
sequence into neighbouring genes (Foss et al.,, 1991) is not responsibie for

the phenotypes observed.

2.3.7 Horokaryons containing the mom-19RIP ajlele

The finding that the MOM19 protein was absent from 28.17 cultures grown in
the presence of uridine and fpa suggested that the protein might not be
essential for growth. To test this hypothesis, it was reasoned that if mom-19*
is an essential gene and strain 28.17 contains a null allele of the gene in the
pyr-1, trp-4%, mtrR nucleus of the heterokaryon, then it should not be possible
to isolate homokaryons of that nucleus. To determine if such homokaryons
could be isclated, conidia from strain 28.17 was plated on basal medium
containing uridine but lacking tryptophan and 78 single colony isolates were
picked to tubes containing the same medium. These were ailowed to conidiate

and then tested for their ability to grow on basal medium. Isolates able to grow



Figure 2-9. Analysis of transformants. Panel 1: Western blot of mitochondria
isolated from transformants grown on basal medium plus uridine. The
presence or absence of 600 uM fpa in the growth medium is indicated on the
Figure. The control strains were Mate IV grown in minimal medium, Ti28-3
grown in basal medium plus uridine and fpa, 28.17 grown in basal medium as
a heterokaryon (hetj, and 28.17 grown in basal medium plus uridine and fpa.
Eighty ug of protein purified from mitochondria from each of the indicated
strains was electrophoresed, transferred to nitrocellulose membrane, and
decorated with polyclonal antiserum to MOM19. Panel 2: Growth of
transformants 17-43.1 (A), 17-87.1 (x), and 17-94.2 (*) and ccntrol strains
TI128-3 (¢) and 28.17 (M) in race tubes containing basal medium plus uridine
and 400 pM fpa. Panel 3: Growth of transformants on medium lacking fpa.
Symbels for the transformant growth curves 17-43.1, 17-67.1, and 17-94.2 are
as in Panel 2. The transformants were grown on basal medium containing
uridine. For a control to indicate the growth rate of the untransformed strain as
a heterokaryon, strain 28.17 was grown on basal medium without fpa (¢). To
indicate the slow growth rate when the RIPed nucleus is forced to predominate,
strain 28.17 was grown on basal medium plus uridine and 400 mM fpa (l).
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on basal medium must be heterokaryons, but isolates that cannot grow on this
medium should be pyr-1 trp-4* homokaryons. We found that 64 of the colonies
picked from the original plates were able to grow on basal medium, but 14
were unable to grow without added uridine. These 14 were presumably
homokaryons containing only the RIPed version of mom-19. This interpretation
was supported by showing that each of the 14 putative homokaryons was
resistant to fpa. The mom-19R!P homokaryons isolated in this fashion have a
very slow growth rate and produce very few conidia. The density of mycelium
formed in slants also appears to be thinner than with control strains. When the
growth of 12 of the homokaryons in race tubes was examined, it was found that
the strains exhibited a complex behaviour. In addition to their slow rate of
growth, all the isolates stopped growing after various distances down the race
tube while controls continued to grow until the end of the tube was reached.
However, many of the homokaryons began growth again, usually from a smali
sector of the old growth front, after several days without growth. For at least
some isolates, the stop-start growth pattern was repeated through several
cycles. The growth patterns of representative strains are shown in Fig. 2-10,
panel 1. The iength of the period of growth in race tubes before the first
cessation of growth is not a consistent characteristic associated with each of
the individual homokaryotic strains since the amount of growth that precedes
the stopped phase is progressively reduced when race tubes are inoculated
with material from successive subcultures. This is shown in Fig. 2-10, panel 2
for strain M17-76, one of two homokaryons that grew over 35 cm when
inoculated from the primary subculture of the strain. Hence the organism is
apparently capable of short-term growth without a functional mom-19 gene but

not sustained long-term growth. Unfortunately, the further analysis these
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Figure 2-10. Growth patterns of mom-19R/P homokaryons in race tubes. Panel
1: Growth was measured for 50 cm or for 35 days. Control strains were Mate IV
grown on minimal medium (W), Host IV grown on basal medium plus uridine
(@), TI28-3 grown on basal medium plus uridine (&), and 28-17 grown as a
heterokaryon on basal medium (x). Three strains that represent the range of
growth capacity and the stop-start growth behaviour observed in mom-19RIP
homokaryons are also shown: M17-65 (e), M17-69 (*), M17-76 (+). These
homokaryons were grown on basal medium containing uridine. As described
for the crude measure of growth in slants (section 2-3:3) these curves
underestimate the difference in growth of homokaryons versus wild-type
because mycelial density is much lower for the homokaryons. Panel 2: Effect of
subculturing on extent of growth in race tube shown for homokaryon M17-76.
Cultures were grown on basal medium plus uridine. First subculture (e),
second subculture (W), third subculture (&).
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homokaryotic strains has been hampered due to the inability to generate

sufficient material from these strains.

2.4 Discussion

The technique of "sheltered RIP" was utilized to generate mutants of mom-
19. In at least two of the heterokaryotic strains (28.16 and 28.17) isolated
following the RIP cross, two different alleles of mom-19, one wild-type, the
other containing many transition mutations characteristic of RIP, were
demonstrated by DNA sequence analysis of PCR products. This suggests that
the heterokaryotic strains have exactly the genetic make-up predicted. To obtain
the desired mutants, LG IV complementing strains were examined for their
ability to grow on basal medium supplemented with uridine and fpa and for
evidence of RIP as seen on Southern blots following digestion of genomic
DNAs with appropriate restriction enzymes. Evaluation of these two criteria
alone were sufficient to identify the correct strains. Thus, the method of
sheltered RIP should be useful as a general technique for the isolation of
mutants in genes that are essential or have a severe effect on the growth of the
organism. Appropriate strains for each of the seven N. crassa linkage groups
are available (Metzenberg and Grotelueschen, 1992a). Perhaps the major
problem with the method will be to obtain confirmation of RIP in those cases
where target sequences are only mildly affected by RIP. Such a problern might
occur when the target duplication is relatively small (Selker, 1990). Mild RIP
could result in effective inactivation of a target gene, possibly by altering only
one or two codons, but would be difficult to detect by examination for restriction
site changes. In such cases the only way to demonstrate RIP may be by

sequence analysis following PCR of target genes. In these instances it would
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be usefu! to isolate DNA from cultures grown under conditions selective for the
RIPed nucleus since this will increase the ratio of RIPed to non-RIPed alleles.

It is assumed that the generation of 18 amino acid substitutions in strain
28.17 has effectively disrupted the gene and results in a non-functional gene
product. This is supported by the observation that the polyclonal antibody used
to detect the protein on western blots reveals no protein in the mitochondria of
28.17 cultures grown in the presence of uridine and fpa. It seems likely that the
altered protein is rapidly degraded, inefficiently sorted to mitochondria, or both
(see section 3-3-1 as well). Although we cannot entirely eliminate the possibility
that the protein retains a low level of activity despite lacking all antigenic sites
found on the wild-type protein, this seems unlikely. The possibility that the
phenotypic affects we observe in strain 28.17 are due to alterations in other
genes, unintentionally altered during the RIP cross, is effectively eliminated by
the observation that MOM19 and growth rates can be restored in cDNA
transformants.

The inability to detect MOM19 in mitochondria from strain 28.17 grown in the
presence of 600 mM fpa plus uridine suggests that MOM19 is not an absolute
requirement for growth since the cells do grow, albeit at reduced growth rates,
at this concentration of fpa in both slants (Table 2-2) and liquid cultures used
for mitochondrial isolation. The isolation of mom-19R/P homokaryons
supports the notion that MOM19 is not essential. However, the slow and rather
complex growth behaviour of the homokaryons makes it apparent that loss of
MOM19 is deleterious for the organism. One possible explanation for the range
of growth behaviours in the different homokaryons is that mitochondria
containing functional MOM19 are initially present in the culture and are diluted
out as growth occurs. Such mitochondria would be present in the conidia

formed from the original heterokaryotic culture used for plating. The length of

93



time that each homokaryon continues to grow in the race tubes may be related
to random factors that influence the number of mitochondria in different conidia
and/or the amount of MOM19 present in the mitochondria of each initial isolate.
It should also be noted that cessation of growth probably does not correspond
imrnediately to the loss of MOM19, but rather to the depletion of essential
components within the mitochondrion that are not replenished due to lack of
MOM19. This might result in at least some delay in the appearance of
phenotypic effects. It may also be that inefiicient import via alternate routes,
such as MOM72 or MOM22 can sustain slow growth for short periods. A
possible explanation for the "stop-start" growth pattern of the homokaryons is
that import via alternate routes may allow accumuiation of essential proteins in
mitochondria to occur very slowly. When a threshold leve!l of these prote.as is
reached in mitochondria of a particular cell, growth begins again. These
proteins might be nuclear encoded proteins involved in the maintenance or
replication of mtDNA, since a similar pattern of stop-start growth has been
observed previously in the so-called "stopper" extranuciear mutants of N.
crassa (McDouga!l and Pittenger, 1966, Bertrand and Pittenger, 1969; 1972). in
these cases, the stop-start growth pattern has been explained by changing
ratios of different forms of mtDNA in the culture (Bertrand ef a/., 1980; Gross et
al., 1984). However, it should be noted that yeast cells carrying a disrupted
mas20 gene, the homologue of mom-19*, are inviable on nonfermentable
carbon sources (Ramage et al., 1993). This suggests that mutations in the
equivalent gene in N. crassa would be lethal, since N. crassa is an obligate
aerobe. The observation that continuous subculturing of MOM19 deficient
homokaryons results in growth arrest (Fig. 2-10, panel 2) does indeed suggest
that once the mutant N. crassa cells have fully depleied their limited store of

functional MOM19, the cell is no longer capable of growth.



Mom-19 mutant strains should prove useful in understanding the functional
role of the protein in the import process. To this end, a detailed biochemical
investigation of MOM19 deficient cells was carried out as described in Chapter
3. The mom-19 mutant should also be useful for investigating the assembly of
the import apparatus. Furthermore, using sheltered RIP, as well as another
newly developed technique, "sheitered disruption”, attempts are being made to

create mutants in other genes that encode proteins of the mitochondrial import

machinery.
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3 A crucial role of the mitochondrial protein import receptor MOM19 for the
biogenesis of mitochondria

3.1 Introduction

The biogenesis of mitochondria requires the coordinated action of both
nuclear and mitochondrial genomes (Grivell, 1989). Proper function of
mitochondrial processes depends on accurate import and suborganeliar
sorting of many preproteins synthesized on cytosolic ribosomes. Protein import
into mitochondria is a complex process which requires two separate
machineries in the outer and inner membrane each consisting of a large
number of components (for reviews see Pfanner and Neupert, 1990; Pfanner et
al., 1992; Glick and Schatz, 1991; Segui-Real et al., 1993b; Maarse et al., 1992:
Emtage and Jensen, 1993). The translocation machinery of the mitochondrial
outer membrane is comprised of at least six components organized in a
complex (Kiebler et al., 1990; Moczko et al., 1992). MOM19 and MOM72 of
Neurospora crassa mitochondria have been reported to be involved in the initial
step of recognition and binding of preproteins to the mitochondrial surface
(Soliner et al., 1989; Ssliner et al., 1990). MOM22 has recently been shown to
function in the passage of preproteins from this receptor binding stage to a site
where proteins are fully inserted into the outer membrane (Kiebler et al., 1993).
At least part of this site, the so-called "general insertion pore" (GIP; Pfaller et al.,
1988) consists of MOM38 and MOM7/MOMS (Séliner et al., 1992). So far, most
of the functional analysis of preprotein passage across the receptor/GIP
complex has been carried out in vitro. For instance, the relative specificities of

MOM18 and MOM72 for various precursor proteins have been analysed in a

A version of this chapter has been published. Harkness, Nargang, van der
Klei, Neupert and Lill 1994. Journal of Cell Biology 124: 637-648.

101



biochemical approach by using MOM19- and MOM72-specific antibodies.
Antibodies against MOM19 inhibited import of the majority of mitochondrial
preproteins (Séliner et al., 1989; Moczko et al., 1993), while those against
MOM?72 appeared to be specific for a subset of proteins like the ADP/ATP
carrier (AAC; Soliner et al., 1990).

In order to understand the role of MOM19 in the initial reaction of protein
import, it is important to investigate its function in vivo, e.g., by using mutants
defective in MOM19. In yeast , Mas70p, the counterpart of N. crassa MOM72, has
been found to be involved, at least in vitro, in the transport of a number of
preproteins (Hines et al.,, 1990; Hines and Schatz, 1993). The phenotype of a
mas70 disruption mutant, however, was rather inconspicuous showing slower
growth only on non-fermentable carbon sources (Riezman et al., 1983) and no
drastic effects on protein import in vivo (Hines et al., 1990). Despite the wealth
of biochemical information obtained from N. crassa, mutants of the protein
import machinery had not yet been described (prior to this work), thus
precluding in vivo studies on the functional role of individual components.

In this chapter, the MOM19 deficient strain described in chapter 2 was
utilized to study the phenotypic consequences of a lack of functional MOM19 on
cell growth, cellular ultrastructure, mitochondrial protein composition, and
protein import into mitochondria. The results establish a crucial role for MOM19
in the biogenesis of mitochondria. A detailed investigation of the small amount
of protein import still detectable in isoiated mutant mitochondria suggests a
tight functional cooperation between MOM19 and MOM22. In addition, MOM72
does not serve as a general backup receptor for MOM19 implying that MOM19

is the major entry point for preproteins into mitochondria.



3.2 Materials and Methods
3-2-1 Neurospora strains and growth conditions

Strains of N. crassa used in this study were: (i) Host IV (H IV): LGI, a; LGIV,
pyr-1 mom-19* mtrR trp-4*. LGV, inl inv mei-2; (ii) Mate IV (M IV): LGI, A; LGIV,
pyr-1* mom-19* mtrS trp-4; LGV, am inl inv mei-2; (iii) T128.3, derived from H IV
by integrating an ectopic copy of mom-19* into an unknown chromosome
(linkage group, LG); (iv) 28.17, a heterokaryon containing one nucleus with
chromosome IV derived from M IV and another nucleus containing
chromosome [V derived from TI28.3 in which the two copies of mom-19 have

been inactivated by RIP (for genetic details see Chapter 2, section 2-3-3).
Cultures were grown at 25°C with vigorous aeration and bright illumination
in basal medium containing Vogel’'s salts including trace elements and biotin
(Davis and de Serres, 1870), 1.56% giucose and 50 mg/ml inositol. As required,
media were supplemented with 1 mM uridine (for pyr-1). Liquid medium was
inoculated with 1 to 5x136 conidia/mi. p-Fluorophenylalanine (fpa, Sigma) was
used at a concentration of 400 uM. In the absence of fpa all strains were grown
for 16 to 20 hours, whereas in the presence of fpa, H IV and Ti28.3 were grown

for 24 hours, and the heterokaryon 28.17 was grown for 32 to 36 hours.

3-2-2 Biochemical procedures
The following published procedures were used: Preincubation of
mitochondria with 1IgG (Séliner et al., 1989); immunoblotting and detection by
chemiluminescence utilizing the ECL system (Amersham Corp., Arlington
Heights, IL) was according to Mayer et al. (1993): ‘n vitro transcription and
translation in reticulocyte lysate using [358]-meth:onine as radioactive label
(Sollner et al., 1991); immunoprecipitation by protein A-sepharose

(Zimmermann and Neupert, 1980); protein determination using IgG as a
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standard was performed with the dye binding assay (Biorad) or with the BCA
reagent (Pierce); isolation of mitochondria (Stuart et al., 1990); SDS-PAGE,
fluorography (Nicholson et al., 1987), and quantitation by laser scanning
densitometry (Pfa!~r ot al., 1988); spectral analysis of cytochromes was

according to Bertrand arid Pittenger (1972).

3.2.3 Whole-cell protein extracts
Cellular protein extracts were prepared by grinding with 1 g quartz sand in 1
mi SEM buffer containing 1 mM PMSF and 1% SDS per gram of mycelia. The
protein extract was clarified by centrifugation (4,000 xg, § min) and the protein
concentration measured by the BCA method (Pierce). 125 ug protein was

analysed for the content of MOM19 protein by SDS-PAGE and immunoblotting.

3-2-4 Mitochondrial protein synthesis
To 100 ml of cell culture, 100 pg/ml cycloheximide and, where indicated in
Fig. 3-4, panel 1, 2 mg/ml chloramphenicol (CA) were added to block cytosolic
and mitochondrial protein synthesis, respectively (Hallermayer et al., 1977).
After 3 min the cells were labelled with [35S]-methionine (0.5 mCi; 1,100
Ci/mMol) for the indicated times and mitochondria were immediately isolated.
Radioactively-labelled mitochondrial protein (70 pg/sample) was analysed by

SDS-PAGE and fluorography. Quantitation was by laser densitometry.

3-2-5 Protein import into isolated mitochondria
A typical protein import reaction consisted of freshly isolated mitochondria
(30 ug protein), 1 to 5 pl rabbit reticulocyte lysate containing radioactively
labeled precursor proteins, 80% import buffer (250 mM sucrose, 3% (w/v) fatty
acid free BSA, 80 mM KCI, 5 mM MgCl2, and 10 mM MOPS/KOH, pH 7.2) in a
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total volume of 100 pl. Samples were supplemented with an energy mix (2 mM
ATP, 3 mM NADH, 10 mM creatine phosphate, and 100 ug/ml creatine kinase)
in order to maintain a high ATP to ADP ratio. Import was performed at 10 to
25°C for 15 min. After chilling on ice, samples were immediately treated with 30
to 60 ug/ml proteinase K for 15 min on ice. Protease digestion was halted by
the addition of 2mM phenyimethylsulphony! fluoride (PMSF) from a freshly
prepared 200 mM stock solution in ethanol, and samples were diluted with 1
m! SEM buffer (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS/KOH, pH 7.2)
containing TmM PMSF. In the case of MOM38 import, 50 pug/ml trypsin was
used which does not degrade imported MOM38, and protease was haited by
addition of a 30-fold excess (w/w) of soy bean trypsin inhibitor. Mitochondria
were reisolated by centrifugation for 12 min at 10,000 xg in a Beckman JA-18.1
rotor. Radioactive, imported proteins were subjected to SDS-PAGE and

fluorography, and quantitated by laser densitometry.

3-2-6 Electron microscopy

Hyphae were fixed in 1.5% KMnO4 for 20 min at room temperature followed
by intensive washing with H20 till the suspension was colorless. Protoplasts
and isolated mitochondria were fixed in 3% (v/v) glutaraldehyde in 0.1 M
cacodylate buffer for 30 min on ice and subsequently postfixed in a mixture of
1% (w/v) OsO4 and 1.5% (w/v) K2Cr207. Ali samples were post-stained in 1%
(w/v) uranyl acetate for 16 h at rcom temperature and sent to |. van der Klej
(University of Groningen, The Netherlands) for analysis. Samples were
prepared for electron microscopy by dehydration in a graded ethanol series,
and embedded in Epon 812. Ultrathin sections were cut with a diamond knife

and examined in a Philips EM 300.
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3-3 Results
3-3-1 Depletion of MOM18 results in severely impaired growth of Neurospora
cells.

The method of "sheltered RIP", as described in chapter 2, has been applied
to inactivate the mom-19* gene in order to study the functional consequences
of a deficiency of MOM19 protein in Neurospora cells and mitochondria. To
examine further the effects of MOM19 depletion on the growth of N. crassa cells,
the heterokaryotic strain 28.17 was grown in liquid media in the presence or
absence of fpa to inhibit or allow synthesis of functional MOM19, respectively
(Fig. 3-1). Cell mass was measured after harvesting the cells by filtration. This
differs from measuring the rate in which hyphae extend in a race tube (Chap. 2,
section 2-3-7) by measuring the rate in which whole cells increase their entire
mass. As seen in Fig. 2-10, panel 1 (Chap. 2), the mycelial elongation rate of
cells deficient in MOM19 in race tubes was reduced when compared to wild-
type, but remained substantial. However, the observation that these strains
exhibited diffuse mycelia in race tubes suggested that simple measurement of
hyphal extension may not be an accurate measure of the rate in which the cells
actually increase their mass. Therefore, growth of 28.17 in liquid culture was
analyzed. For comparison, growth of T128.3 cells was analysed in parallel. In
the absence of fpa, both 28.17 and Ti28.3 strains displayed exponential growth
at comparable rates (Fig. 3:2, panel 1). After an initial lag phase, T128.3 cells, in
the presence of fpa , grew at a similar rate as cells in the absence of fpa. In
contrast, 28.17 celis grown in the presence of fpa displayed a drastic reduction
in growth rate after about 20 h. When the cells were diluted into fresh medium
containing fpa, little further increase in mycelial mass was detectable
(28.17 +fpa* in Fig. 3-2, panel 1). Upon inoculation of these cells into fresh

medium lacking fpa, however, they were able to resume growth at wild type
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Figure 3-1: Inactivation of the mom-19* gene by "sheltered RIP" (this figure is a
modified version of Fig. 2-3). The host strain (H IV) carrying both the
endogenous copy of mom-19* and the auxotrophic marker pyr-1 (uridine
requirement) on chromosome (linkage group) IV was transformed with
genomic mom-19* DNA to produce the strain Ti28.3. The transformant thus
received a second functional copy of mom-19* (ectopic copy) on an
unidentified chromosome. T128.3 was crossed to the mate strain (M V), which
contained the trp-4 mutant allele (tryptophan requirement) on chromosome V.
During the sexual cycle the duplicated mom-19% sequences in TI128.3
underwent mutational modifications according to the RIP mechanism (Selker,
1990). Normal chromosome pairing during meiosis was prevented by the
inclusion of the mei-2 mutant allele cn chromosomes V in both H IV and M IV
strains. This led to non-disjunction generating a series of aneuploid products
including the desired disomic cell harboring both functional mom-19* and
mutant mom-19RIP alleles on the two chromosomes IV. Plating on media
lacking uridine and tryptophan ensured that only the disomic colonies
containing both chromosomes IV were present. The ectopic mom-19RIP copy
should segregate with the endogenous mom-19RI!P copy 50% of the time.
Further culture of the disomic colonies on media lacking uridine and tryptophan
allowed rapid and spontaneous breakdown of the disomic nucleus to a
heterokaryon containing haploid nuclei with one of the two different
chromosomes IV. The strain 28.17 which also contained the ectopic copy of
mom-19RIP was isolated. Synthesis of functional MOM19 was inhibited by
growth in the presence of the inhibitor p-fluorophenylalanine (fpa; mtr as the
genetic marker) which selected for cells containing mtr resistant (mtrR) nuclei.
Since cells harboring mtrS do not grow in the presence of fpa, only defective
MOM19 protein is produced, thus allowing the study of the effects caused by
inactivation of mom-19+.
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rates after a lag phase of 20 h (28.17 -fpa* in Fig. 3-2, panel 1). Comparable
recovery of growth after exposure to fpa was observed for the fpa-sensitive
strain M IV (data not shown). The results demonstrate that growth of 28.17 cells
was severely impaired when fpa was used to inhibit the proliferation of cells
expressing functional MOM19. The cells, however, remained viable even after
prolonged exposure to fpa.

The amount of MOM19 protein in whole cell extracts was measured by
immunoblotting. While fpa had no apparent influence on the amount of MOM19
during growth of T128.3, MOM19 was undetectable by immunostaining in 28.17
cells after growth for 22 hours, the time when cells exhibited a marked
reduction in growth rate (Fig. 3-2, panel 2). MOM19 was also not detectable by
employing an antibody raised against a peptide representing a segment of
MOM19 unaffected by RIP (data not shown). This excludes the possibility that
the lack of detectable MOM19 was due to alteration of all antigenic sites
recognized by the anti-MOM19 antibodies. Ti28.3 cells contained threefold
higher amounts of MOM19 as compared to wild type cells (Table 3-1),
apparently because of the presence of the additional copy of mom-19*. The
content of MOM19 in 28.17 cells grown without fpa, on the other hand, was only
about 20% of that found in H IV or M IV cells (Table 3-1; see also Chap. 2,
section 2-3-5). The effects described above were not due to alterations
introduced into 28.17 cells by RIP outside the coding region of mom-19, since
transformation of 28.17 cells with mom-19* cDNA fully relieved the growth
defect in homokaryotic isolates, and restored the MOM19 level to that observed
in 28.17 cells grown as a heterokaryon without fpa (Chap. 2, section 2:3-6).
Taken together, these results suggest an essential role for MOM19 during
growth of N. crassa cells. This notion is corroborated by genetic evidence

demonstrating that homokaryotic mom-19R/P mutant celis derived from the
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Figure 3-2: Depletion of functional MOM19 leads to a severe growth defect. 1)
Cells from the strains TI28.3 and 28.17 were grown at 25°C in the presence or
absence of fpa in basal medium as indicated. At various times cells were
harvested by filtration, and the wet cell mass was measured. After 38 h mycelia
of strain 28.17 grown in the presence of fpa were backdiluted 40-fold into fresh
basal medium with (28.17 +fpa*) or without (28.17 -fpa*) fpa, and growth was
continued at 25°C for the indicated times before harvesting and weighing of the
cells. The mycelial masses are given per liter of cell culture. 2) Time course of
MOM19 depletion. Cells were grown as described in 1) and harvested at the
indicated times by filtration. Whole cell protein extracts were analyzed by
immunobilotting with antibody against MOM19.
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heterokaryotic 28.17 strain fail to generate conidia, grow very slowly, exhibit a
"stop-start" phenotype and eventually senesce (Chap. 2, section 2-3-7). The
availability of a MOM19 mutant thus allowed the role of MOM19 in growth of

Neurospora cells to be investigated.

3-3-2 MOM19-deficient cells contain mitochondria with a grossly altered

morphology and protein composition.

As MOM19 has been reported to represent an important component of the
mitochondrial protein import machinery, MOM19-deficient cells were analyzed
for the extent of morphological consequences resulting from the loss of
MOM18. Cellis of strains T128.3 and 28.17 were grown for various times in the
presence and absence of fpa, and examined by electron microscopy. In all
cases mitochondrial profiles were clearly visible (Fig. 3-3). In the presence of
fpa, 28.17 cells accumulated abnormal mitochondria with a distinct lack of
cristae (panels 1 through 4), while in T128.3, fpa caused no apparent changes
(data not shown). The altered morphology of mitochondria in 28.17 cells grown
with fpa appeared concomitantly with the depletion of MOM19 from the cell
extracts suggesting that loss of MOM16 function is responsible for the altered
morphology (compare Fig. 3-3, panels 2 through 4 with Fig. 3-2, panel 2).
Interestingly, the lack of cristae in MOM18-deficient mitochondria resembles the
morphology observed for mitochondria in r0- and rr-yeast strains (Stevens,
1977, Stevens, 1981). Despite the substantial reduction in inner membrane
content, outer and inner membranes were clearly distinguishable in these
mitochondria. The number of mitochondrial profiles per cell and their size did
not change significantly upon MOM19 depletion. Furthermore, in
glutaraldehyde-fixed samples a lower number of mitochondrial ribosomes was

visible in MOM18-deficient cells (dat not shown). Mitochondria in these cells are
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Figure 3-3: The mitochondrial ultrastructure is grossly changed in MOM19-
deficient N. crassa cells. 1-4) 28.17 cells were grown as described in Fig. 3-2,
panel 1 in the absence of fpa for 15 h (1) or in the presence of fpa for 8 (2), 16
(3), and 32 h (4). Cells were examined by electron microscopy after fixation with
KMnOg4.
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apparently not fragile or damaged since mitochondria isolated from MOM19-
deficient cells appear as intact organelles despite the complete lack of cristae
(data not shown). Taken together, these data demonstrate the importance of
MOM19 for the biogenesis and morphology of mitochondria.

To confirm the observation of reduced numbers of mitochondrial ribosomes,
organellar protein synthesis was measured in vivo in the presence of
cycloheximide to inactivate cytosolic ribosomes. Under these conditions,
protein synthesis was reduced more than 40-fold in MOM19-deficient cells
compared to wild type cells or 28.17 cells without fpa (Fig. 3-4, panel 1). The
results suggest that MOM19-deficient mitochondria would be defective in the
expression of mitochondrial-encoded proteins, most of which are components
of the oxidative phosphorylation pathway. This observation and the loss of
cristae membranes (see above) in MOM18-deficient mitochondria made it likely
that the content of cytochromes aa3 and b would be reduced since both have
components encoded by mtDMA. Absorption difference spectra was recorded
for mitochondria (Bertrand and Pittenger, 1972) isolated from H IV and from
28.17 cells grown with and without fpa. Despite the marked reduction of
MOM18 in 28.17 cells grown withcut fpa (Table 3-1; described further below in
section 3-3-3), no apparent differences in the spectra from mitochondria of wild
type cells were cbserved (Fig. 3-4, panel 2). On the other hand, mitochondria
completely lacking MOM18 (from 28.17 cells grown with fpa) displayed a
substantial decrease in cytochromes aa3 and b, while cytochrome ¢ appeared
to be virtually unchanged.

The changes in the ultrastructure of mitochondria during MOM19 depletion in
28.17 cells were reflected by a changing mitochondrial protein pattern. While
fpa had no apparent effect on the protein composition of wild type mitochondria,

the steady state level of a number of proteins from mitochondria isolated from
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Figure 3-4: MOM19-deficient mitochondria have a strongly reduced protein
synthesis activity and a deficiency in cytochromes. 1) Strains H IV and 28.17
were grown at 25°C in the absence or presence of fpa as described in Fig. 3-2,
panel 1. Chloramphenicol (CA) was added where indicated to inhibit
mitochondrial protein synthesis. Cycloheximide was added to all cultures prior
to the addition of [35S]-methionine to block cytosolic protein synthesis. The
cultures were incubated in the presence of radioactive label for the indicated
times. Some of the mitochondrial protein synthesis products are indicated (S5,
ribsosomal protein S5; cox! - Ill, subunits | - |Il of cytochrome ¢ oxidase; cytb,
cytochrome b; su6 and su8, subunits 6 and 8 of Fo-ATPase). Molecular
weights of marker proteins are given on the left side of the figure. 2)
Mitochondria were isolated from strains H IV and 28.17 grown with and without
fpa, and examined by differential absorption spectrophotometry (Bertrand and
Pittenger, 1972). The spectra of mitochondria from H IV grown with or without
fpa were identical. The absorption maxima of the cytochromes aag3, b, and ¢
are indicated. Equivalent amounts of mitochondrial protein were used in each
spectrum.
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28.17 cells strongly increased or decreased in concentration during growth in
medium containing fpa, as assumed by examination of ponceau S and
coomassie blue stained gels of mitochondrial proteins (data not shown). To
investigate the specific changes of individual mitochondrial proteins,
mitochondria were isolated from H IV, TI28.3, and 28.17 cells grown with or
without fpa and analysed by immunostaining. The amounts of the other
components of the protein import complex in the mitochondrial outer
membrane was examined first. No significant changes in the steady-state
levels were observed for the GIP protein MOMZ38 or the cther surface receptor
MOM72 upon complete depletion of MOM19, in 28.17 cells grown in the
presence of fpa (Fig. 3:5, panel 1 and Table 3-1). In contrast, MOM22 was
reduced by 80% in these cells as compared to wild-type cells of strain H IV.
Even in 28.17 cells grown in the absence of fpa, where MOM19 is present at
24% of wild-type levels (Table 3:1), a twofold reduction of MOM22 was seen as
a consequence of the decreased amount of MOM19. On the other hand, in
T128.3, which contains threefold higher amounts of MOM19 as a result of the
second copy of mom-19%, MOM22 appeared to be increased (Table 3-1).
These results suggest that the steady-state levels of MOM19 and MOM22 are
adjusted in a coordinated fashion. This might be a consequence of a direct
interaction between these two proteins in the receptor complex which is also
suggested by independent functional studies (see below, section 3-3-4).

Next, individual components of the outer membrane and the intermembrane
space were analyzed for changes in their steady-state levels as a result of
MOMH19 inactivation (Fig. 3-5, panel 2). All proteins analyser from these sub-
compartments including cytochrome c¢ (see above and Fig. 3-4, panel 2) were
not significantly altered in their ievels irrespective of the amount of MOM19

present in the mitochondria. A similar result was observed for proteins from the
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Figure 3-5: MOM19-deficient mitochondria display a largely aitered protein
composition. Mitochondria were isolated from strains H IV, T128.3, and 28.17
grown in the presence or absence of fpa. 1 to 100 pg of mitochondrial protein
was analysed by SDS-PAGE and immunoblotting for the relative amounts of the
indicated components from 1) the protein import complex of the outer
membrane, 2) the outer membrane and the intermembrane space, 3) the
matrix space, and 4) the inner membrane. CCHL, cytochrome ¢ heme lyase;
Cyt ¢, cytochrome c; Hsp 60 and Hsp70, heat shock proteins of 60 and 70 kDa;
a-MPP, a-subunit of matrix processing peptidase; B-IDH, B-subunit of isocitrate
dehydrogenase; CS, citrate synthase; F18, B-subunit of F1-ATPase; AAC,
ADP/ATP carrier; Fe/S, Rieske iron-sulfur protein; CoxIV, subunit IV of

cytochrome ¢ oxidase.
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Table 3-1: Abundance of components of the protein import complex of the
mitochondrial outer membrane in MOM19-deficieni mitochondria.

N. crassa strain MOM19 MOM22 MOM38 MOM72
H-IV or M-IV =100 =100 =100 =100

T128.3 -fpa 322 185 | 84 106
T128.3 +fpa 280 128 92 87
28.17 -fpa 24 49 112 96
28.17 +fpa n.d. 20 104 62

Mitochondria were isolated from the indicated strains grown in the presence or
absence of fpa. Mitochondrial protein (10-100 ug) was analysed for the relative
amounts of the various components of the protein import complex by SDS-
PAGE and immunoblotting using the ECL luminescence detection kit
(Amersham). Quantitation was performed by laser densitometry. Data are given
relative to the values obtained for wild type strains H IV and M V. n.d., not
detectable. Values are the average of 5 to 10 different experiments.
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matrix space, with the exception of Hsp70 which showed a twofold increase,
and the B-subunit of F1-ATPase, a protein tightly associated with the inner
membrane (Fig. 3-5, panel 3). Components of the inner membrane, on the
other hand, were reduced by factors of more than ten as a result of MOM19
depletion (Fig. 3-5, panel 4). This result is consistent with the substantial
reduction in cristae membranes and with the decrease in cytochromes. From
the data in Fig. 3-5 it becomes obvious that the steady-state levels of specific
mitochondrial proteins were altered as a consequence of MOM19 inactivation.
These effects are most likely due to a variety of secondary events, e.g., protein
import and assembly, reduced expression of the mitochondrial gene products,

altered regulation of expression, and different stability of the individual proteins.

3-3-3 MOM19-deficient mitochondria are strongly impaired in the import of most,
but not all precursor proteins.

To assess the consequences of a lack of functional MOM19 for the transport
of individua! mitochondrial preproteins, import into isolated mitochondria was
measured. Mitochondria from strains H IV or 28.17 grown in the absence or
presence of fpa were incubated with in vitro synthesized preproteins. Import
into MOM19-deficient mitochondria (from 28.17 cells grown with fpa) was
substantially reduced for a number of preproteins, in comparison to import into
mitochondria derived from H 1V wild type cells (Fig. 3-6, panel 1). Import into H
IV mitochondria was not effected by fpa (not shown). These proteins included
components of the outer membrane (porin; Kleene et al., 1987 and MOM38,;
Keil et al., 1993), the intermembrane space (cytochrome ¢ heme lyase (CCHL);
Lili et al., 1992), the inner membrane (Rieske Fe/S protein; Hartl et al., 1986
and Su9-DHFR, a fusion protein between subunit 9 of Fp-ATPase and

dihydrofolate reductase; Pfanner et al., 1987), and a protein from the matrix
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Figure 3-6: Protein import into MOM19-deficient mitochondria is severely
affected for most, but not all preproteins. Radioactively-labelled preproteins
were incubated in import buffer (supplemented with an energy mix) with 30 ug
freshly isolated mitochondria from strains H IV and 28.17 grown with and
without fpa as indicated. To assure that small differences in the rates of import
can be detected, import temperatures were kept at 10°C. After the indicated
times import was terminated by transfer to 0°C and immediate protease
treatment. Mitochondria were reisolated by centrifugation, and the samples
were analysed for imported protein by SDS-PAGE and fluorography.
Quantitation of the fluorographs was performed by laser densitometry. Ordinate
values are given relative to the amount of radioactively-labelled protein
associated with mitochondria after 15 min. The standard lane (std.) contains
30% of that material. Preproteins which were affected by MOM19 depletion are
shown in 1) and those unaffected by MOM19 deficiency are given in 2) and 3).
Su9-DHFR, a fusion protein between subunit 9 of Fo-ATPase and dihydrofolate
reductase; cyt c1c, a fusion protein between the presequence of cytochrome cy

and cytochrome c. Other abbreviations are as in Fig. 3-5. 3) Import of MOM19
was for 10 min at 25°C (Mayer et al., 1993). Samples were treated with the
indicated amounts of elastase for 10 min at 25°C followed by . ddition of 1 ml of
SEM buffer containing 1 mM PMSF and an incubation for 5 min at 25°C. Further
analysis of the samples was as above. Import was estimated from the
characteristic fragmentation pattern of MOM19 which is formed oniy after correct
insertion of MOM19 into the outer membrane (Schneider et al., 1991). In
contrast, MOM19 precursor present in reticulocyte lysate becomes degraded at
much lower concentrations of protease (Lysate control).
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space (B-subunit of F1-ATPase; Rassow et al., 1990). Although the data is not
shown in Fig 3-6, similar results were obtained for precursors of MOM22 (Keil
and Pfanner, 1993), the a-subunit of matrix processing peptidase, a-MPP
(Schneider et al., 1989), and pF51-CCHL (Segui-Real et al., 1993a), a fusion
protein between the presequence of F13-ATPase and CCHL. The effects varied
for the individual preproteins from a threefold (for CCHL) to a more than tenfold
reduction (porin). Even though strongly diminished, the residual import of
matrix and inner membrane components into MOM19-deficient mitochondria
was still fully dependent on the presence of a membrane potential (data not
shown) required for the import of these proteins across the inner membrane
(Schleyer and Neupert, 1985). This shows that the low amounts of protease-
protected proteins observed in these experiments still represented authentic
protein import. These findings demonstrate the important function of MOM19 in
protein import into mitochondria. Surprisingly, import into mitochondria derived
from 28.17 cells grown without fpa was only slightly reduced as compared to
wild-type mitochondria (Fig. 3:6, panel 1) despite the substantial reduction of
MOM19 by 80% in these mitochondria (see Table 3-1). This suggests that
MOM19 is either not involved in the rate limiting step of the protein import
reaction, or that under laboratory conditions, protein import into isolated
mitochondria can occur at almost wild-type rates even when levels of MOM19
are greatly reduced. It is probable that a strain of N. crassa in the wild, with a
tevel of MOM19 exhibited by the 28.17 heterokaryon, would be at a competitive
disadvantage for utilizing available food sources.

Previous findings have shown that a number of mitochondrial proteins
become imported into mitochondria independently of MOM19 function including
the ADP/ATP carrier (AAC; Solliner et al.,, 1990), cytochrome ¢ (Stuart and
Neupert, 1990), and MOM19 (Schneider et al., 1991). Therefore, we expected
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that import of these proteins should not be affected by the depletion of MOM19.
Indeed, AAC was imported with equal efficiencies into mitochondria
irrespective of their content in MOM19 protein (Fig. 3-6, panel 2). The fact that
AC needs a membrane potential for import into the inner membrane (Pfanner
and Neupert, 1987) supports the conclusion drawn above that the largely
diminished import of MOM19-dependent preproteins of the inner membrane
and the matrix was not the result of a reduced membrane potential in MOM19-
deficient mitochondria. As with the import of AAC, no significant import
differences were observed between wild type and mutant mitochondria for a
fusion protein between the presequence of cytochrome c1 and cytochrome ¢
(Fig. 3-6, panel 2). This protein is similar to cytochrome ¢ in its import across
the outer membrane which occurs independently of the receptor/GIP complex
(Stuart et al., 1990). Likewise, no effect of MOM19 depletion was observed on
the insertion of MOM19 precursor into the outer membrane (Fig. 3-6, panel 3).
The unchanged import of MOM18-independent precursor proteins convincingly
demonstrates that MOM19-deficient mitochondria are still fully functional in
performing protein import reactions which can occur without the participation of
MOM19. For the majority of preproteins, however, MOM19 is needed for efficient

transport.

3-3- 4 MOM19 cooperates with MOM22 during protein import and is not
substituted for by MOM72.

Previous studies have demonstrated that protein import can occur without
the function of protease-sensitive components (Pfaller et al., 1989). This so-
called "bypass" import reaction occurs at a low efficiency, and preproteins are
thought to enter the mitochondria at a later stage of the import reaction,

possibly by directly engaging contact with constituents of GIP. However, it
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should be noted that "bypass" import may also be due to a residual level of
intact protein import components that may remain following protease
treatment. MOM18-deficient mitochondria were examined in order to determine
whether the small amount of protein import into these mitochondria occurred
via a bypass or a protease-sensitive pathway. Import experiments were
performed using mitochondria which had been pretreated with proteinase K
(Fig. 3-7) or trypsin (data not shown). As previously observed, import of various
precursor proteins into mitochondria derived from a wild type strain (H V) was
strongly dependent on the integrity of protease-sensitive components (Pfalier et
al., 1988). Similar results were obtained for mitochondria derived from strain
28.17 grown without fpa. Import into MOM19-deficient mitochondria (from strain
28.17 grown with fpa) unexpectedly appeared to be strongly susceptible to
protease pretreatment suggesting that the import reaction in the absence of
functional MOM19 cannot be considered to represent bypass import. This is
supported by the observation that import into protease-pretreated wild type
mitochondria (i.e. bypass import) was usually at least twice as high as import
into mitochondria lacking MOM19 (Fig. 3:7, compare lanes with 40 ug/mi
proteinase K in H IV with 0 ug/m! proteinase K in 28.17 +fpa). What might be
the explanation for these findings? First, one has to take into consideration that
wild type mitochondria used for bypass experiments still contain the
membrane anchor of MOM19. This membrane-embedded protein fragment
might still be attached to the protein import complex and thus fulfill an important
function in the structural organization of the other subunits in the complex
and/or provide some protection for the other subunits from protease
degradation. The complete lack of MOM19, on the other hand, might result in a
protein import complex of largely altered composition, stability, and access to

protease. Therefore, the definition of "bypass" import used for wild-type
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Figure 3-7: Protein import into MOM19-deficient mitochondria requires
protease-sensitive components other than MOM19. Mitochondria (Mito.) freshly
isolated from the indicated Neurospora strains were pretreated with the
indicated amounts of proteinase K (PK) for 15 min at 0°C. After addition of 1
mM PMSF mitochondria were reisolated by centrifugation (7 min, 6,000 xg) and
resuspended in import buffer. Before import of the indicated preproteins (15
min at 15°C) samples were supplemented with an energy mix. After protease
treatment mitochondria were reisolated by centrifugation, and the samples
analysed for imported protein by SDS-PAGE and fluorography. Quantitation of
the fluorographs was performed by laser densitometry. Abbreviations are as in

Fig. 3-5.
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mitochondria may not be applicable for MOM19-deficient mitochondria since
complete lack of the protein may render the remaining proteins of the complex
(which probobly facilitate bypass import) more susceptible to protease action
than in wild-type mitochondria. Second, protease sensitivity of import into
MOM19-deficient mitochondria indicates the participation of protease-sensitive
components other than MOM18. Possible candidates for such components
might include i) MOM72 which may act as a backup system for MOM19 (see
below), ii)) MOM22 which has recently been characterized to have a functional
role between receptor and GIP stage (Kiebler et al., 1993), iii) MOM38, a
putative component of GIP (Kiebler et al., 1990), and iv) possibly other yet to be
identified components of the import machinery.

To specifically address whether MOM22 function is still required for protein
import after MOM19 depletion, and whether MOM72 can partially replace
MOM19; mitochondria were pretreated before import with antibodies against
MOM22 or MOM72 and, as a control, against MOM19. In wild type mitochondria
(H V) import of MOM38, o-MPP, CCHL, and SuS-DHFR was strongly decreased
after blocking of MOM19 or MOM22 (Fig. 3-8) Comparable resuits were
obtained for the R-subunit of F1-ATPase, Rieske Fe/S protein, and porin (data
not shown). Import into mitochondria containing lower levels of MOM19 (28.17
-fpa) was inhibited to a lesser degree, showing further that import is not
occurring at optimum efficiency in the heterokaryon. In mitochondria devoid of
MOM18 (28.17 +fpa) pretreatment with anti-MOM19 antibodies had no inhibitory
effect on the residual low levels of protein import (Fig. 3-8). These observations
demonstrate that the antibodies specifically interferred with MOM19 function in
wild-type cells. Similarly, only a minor inhibitory affect in MOM19 depleted
mitochondria was seen using antibodies against MOM22 (Fig. 3-8). Apparently,

the lack of MOM19 led to protein import which was not only strongly reduced
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Figure 3-8: MOM19 cooperates with MOM22 during protein import, but cannot
be functionally replaced by MOM72. 20 pg freshiy isolated mitochondria were
incubated in import buffer for 40 min at 0°C with 70 png (MOM19 and MOM22)
and 130 pg (MOM72) immunoglobulin G (IgG) specific for the indicated
proteins. Mitochondria were reisolated by centrifugation and resuspended in
import buffer. After addition of an energy mix import of the indicated preproteins
was preformed for 15 min at 15°C. Following protease treatment mitochondria
were reisolated by centrifugation, and the samples analysed for imported
protein by SDS-PAGE and fluorography. Quantitation of the fluorographs was
performed by laser densitometry. In order to account for the large differences of
import into the various mitochondria (Figs. 3-6 and 3-7), data are given relative
to the respective control import in the absence of IgGs. Preincubation of the
mitochondria with 70 pg IgG isolated from preimmune serum yielded import
efficiencies of 93 % (+/- 9 %). Standard deviation for import into H IV and 28.17
cells grown without fpa was 9%, whereas it was 18% for the low amounts of
import into mitochondria from 28.17 cells grown with fpa.
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due to lack of MOM19, but the small amount of import activity remaining
occurred largely independent of MOM22. Thus, import into MOM18-deficient
mitochondria fairly efficiently bypasses MOM22 function. These data suggest a
direct functional cooperation of these two proteins during the import reaction.
The remaining weak dependence on MOM22 function in MOM19 depleted
mitochondria shows that MOM22 still plays a role during import, though at
reduced efficiency.

Using wild type mitochondria, antibodies against MOM72 displayed an
inhibitory effect on the import of MOM38 and a-MPP, whereas the import of
CCHL and Su8-DHFR was not affected (Fig. 3-8). Virtually identical inhibition by
anti-MOM72 antibodies was seen using mitochondria with a low content of
MOM19 (28.17 -fpa) or mitochondria deficient in MOM19 (28.17 +fpa) showing
that MOM72 is used to the same extent in these mitochondria as in wild type
controls. This observation is surprising for proteins like MOM38 and a-MPP
whose import is partially inhibited hy MOM72 antibodies in wild-type
mitochondria even though the import of these proteins is drastically reduced in
MOM19 deficient mitochondria. That is, since the import of these proteins is
partially affected by MOM72 antibodies in wild-type mitochondria, it might be
expected that the residual import in MOM19 depleted cells is due to MOM72
function. However, this does not appear to be the case because these proteins
display no higher degree of dependence on MOM72 in MOM19 deficient
mitochondria than in wild-type mitochondria (Fig. 3-8).

These observations suggest that MOM72 cannot functionally replace MOM19
during import of these proteins, at least not at the levels present in these
mitochondria. The exact role of MOM72 during the import of MOM38 remains to
be determined. Overlapping specificities of MOM138 and MOM72 have been

reported, however, for the import of AAC in that this precursor can use MOM1g,
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when MOM72 is absent (Steger et al., 1890). As expected from earlier
observations, import of AAC into wild type mitochondria was only weakly
affected by antibodies against MOM19, but strongly inhibited by anti-MOM72
antibodies (Fig. 3-8). In MOM19-deficient mitochondria, however, import of AAC
was no longer inhibited by anti-MOM19 antibodies and occurred exclusively and
at unchanged efficiency (see Fig. 3-6, panel 2 and Fig. 3:7) via MOM72. Thus,
AAC can use either MOM72 or MOM19 for efficient import, whereas most other

proteins appear to strictly depend on functional MOM19 for high levels of import.

3-4 Discussion

The novel technique of "sheltered RIP" for inactivating individual genes in
Neurospora crassa provides a useful tool to analyze the roles of important or
essential genes. Thus, sheltered RIP was utilized to enable investigation of the
function of MOM19 in vivo. Experiments in vitro had suggested a participation of
MOM19 in the initial steps of protein import into mitochondria of N. crassa
(Soliner et al., 1989) and yeast (Moczko et al., 1993). In order to understand the
role of MOM19 it was essential to study its action in the intact cell.

Deficiency in MOM19 as a result of inactivation of the mom-19* gene has
drastic effects not only on the structure and function of mitochondria, but also
on the behaviour of whole cells. Growth of cells slows down in conjunction with
the falling levels of MOM19 and virtually stops, when MOM19 is fully depleted.
This is undoubtedly related to the alterations occurring on both a morphological
and a biochemical level. MOM19-deficient mitochondria display a nearly
complete loss of cristae membranes and consist only of the outer membrane
and the inner boundary membrane. Furthermore, the data suggest that
mitochondria lose their capacity for oxidative phosphorylation and for protein

synthesis. Clearly, MOM19 performs an essential function in the formation and



maintenance of mitochondria which are competent to provide energy for the
cell.

The loss or drastic reduction of the ability to import proteins from the cytosol
is a prominent characteristic of mitochondria deficient in MOM18. The impaired
import competence holds for the majority of mitochondrial proteins (at least of
those tested here) and includes proteins from all mitochondrial
subcompartments. However, reduced import is not observed with all
precursors, as some were found to be imported at the same rate into mutant
and wild type mitochondria. This emphasizes that the changes caused by
MOM19 depletion are not unspecific or general, but lead to defined and
selective changes in the protein import pathway. Furthermore, this differential
effect on various precursor proteins is in excellent agreement with the
previously cbserved differential inhibitory effects of antibodies against the
MOM19 and MOM72 components of the mitochondrial receptor complex.
Finally, the results strongly argue that MOM19 is the major entry site for
precursor proteins into mitochondria.

These findings provide detailed insight into the consequences of depletion
of MOM19 on the structure and function of mitochondria. These consequences
appear to be rather complex. On the one hand, the deficiency in the levels of
most inner membrane components is consistent with their strongly reduced
import. On the other hand, the steady-state levels of proteins from other
compartments in mutant mitochondria and the import rates do not correspond
to each other. An interesting example is the ADP/ATP carrier. Its precursor is
imported into MOM19-deficient mitochondria with the same apparent efficiency
as into wild type mitochondria. This is consistent with the previously observed
preferential use of MOM72 as its import receptor. The observed level of the

ADP/ATP carrier in MOM18-depieted mitochondria is, however, very low. [t
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seems therefore that some constituents of mitochondria cannot be assembled
because other components limiting for assembly are missing, or because
cristae membranes are lacking, and there is no space for integration. It will be
interesting to determine whether the precursor of the ADP/ATP carrier becomes
degraded, and if so, where and how degradation takes place.

The opposite behaviour was observed with porin. Import of this major
component of the outer membrane was drastically reduced in MOM19-depleted
mitochondria, but the steady-state level was nearly the same as in wild type
mitochondria. Apparently, porin existing at the time when depletion of MOM19
starts is not degraded and/or the very low rates of import during the phase of
depletion are linked to the slow rate of growth so that normal concentrations
are maintained in the outer membrane. Degradation or limitations due to
impaired assembly do not appear to have a diminishing effect on porin. A
comparable interpretation may explain the unchanged levels of the highly
protease-sensitive component MOM72 which has been shown to require
MOM19 for its specific association with the outer membrane (Séliner et al.,
1990). The almost normal levels of matrix proteins in MOM19-deficient
mitochondria may also reflect the absence of limitations regarding assembly of
these proteins, since most of them are homooligomers or monomers. The
availability of a mutant in which uptake of components is disturbed will be
useful for investigating the regulation of assembly and may allow the
identification of components critical for the assembly of the mitochondrial
membranes.

Mitochondria of cells depleted in MOM19 contain virtually normal levels of
MOM?72. This and the import experiments using anti-MOM72 antibodies show
that MOM72 does not act as a general backup receptor for MOM19. With the
ADP/ATP carrier, for which MOM72 acts as major receptor, deletion of the



MOM?72 correlate in yeast had only a limited effect on the targeting efficiency of
AAC to mitochondria. This is because MOM19 can functionally replace MOM72
as a receptor (Steger et al., 1990). It cannot be excluded, however, that MOM72
is capable of low efficiency recognition of a number of other components and
that highly increased levels of MOM72, due to overexpression for example,
could improve the efficiency of targeting precursors, even MOM19 dependent, to
mitochondria, as is the case in yeast (Ramage et al., 1993).

MOM38 and MOM22 represent a class of precursor proteins that apparently
requires both MOM19 and MOM72 for targeting (Keil et ai., 1993; Keil and
Pfanner, 1993). Antibodies against both MOM19 and MOM72 were found to
inhibit import of these precursors. In agreement with these findings, import of
both precursors was strongly reduced in MOM19 depleted mitochondria. The
data in Fig. 3-8 also show that MOM72 alone cannot act as a backup system,
even though MOM72 does interact with the preproteins. To date, it is unclear,
how the entry of MOMB38 is achieved by both receptors acting at the same time.
However, a possible reason for this mode of import could be to increase the
specificity of targeting by a double-check system. It seems logical that the
targeting of MOM38 should be controlled with particular precision, since
MOMZ38 is also believed to control the insertion of MOM19 into the outer
membrane (Schneider et al., 1991), and MOM38 may be able to form an
essential part of the outer membrane translocation pore (Séllner et al., 1992).
Thus, incorrect insertion of MOM38 into other cellular membranes could lead to
deleterious effects due to the subsequent mistargeting of mitochondria!
proteins to other membranes.

The results presented in this chapter allow new insights into the functional
interaction of components of the receptor complex. In particular, it appears that

MOM19 and MOM22 may act in a cooperative fashion. This is suggested by
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bypass of residual MOM22 during import of precursors into MOM19-deficient
mitochondria. Antibodies against MOM22 have been shown to inhibit import of
precursors into wild type mitochondria (Kiebler et al., 1993) but, as seen in Fig.
3.8, MOM22 antibodies had only a small effect on the import of precursors into
MOM19-deficient mitochondria. Obviously, proteins imported via MOM19 also
require the function of MOM22, whereas in the absence of MOM19 preproteins
enter the outer membrane mainly without the help of MOM22. Both proteins are
constituents of the protein import complex of the outer membrane (Kiebler et
al., 1990). As shown in Table 3-1, the level of MOM22 is reduced in MOM19
depleted mitochondria. This may reflect a requirement for MOM19 to allow
stable integration and maintenance of MOM22 in the outer membrane receptor
complex. An analogous situation has been described for subunit IV of the
cytochrome ¢ oxidase complex (Dowhan et al., 1985) in which a null mutant of
Cox IV in yeast results in the inability of cytochrome ¢ oxidase components to
assemble. On the other hand, there might also be a regulatory mechanism that
ensures a correlated synthesis of both components. The molecular basis of
the cooperation between the two proteins is unknown. The availability of
receptor-deficient mutants may now allow the dissection of the initial steps of
protein transiocation into mitochondria. Moreover, such investigations can take
advantage of a recently developed system for the study of protein insertion and
translocation into the isolated outer membrane (Mayer et al., 1993), and thereby
should allow novel! insights into the molecular details of these complex

processes.
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4 Inactivation of the Neurospora crassa gene encoding the 78 Kd subunit of
Complex | by RIP is deleterious to the cell

4.1 Introduction

The rotenone-sensitive mitochondrial complex | of Neurospora crassa,
(NADH:ubiquinone oxidoreductase), is composed of approximately 25 nuclear
and 7 mitochondrial encoded proteins. The complex links electron transfer
with proton translocation across the inner membrane, producing an
electrochemical potential that subsequently drives ATP synthesis (reviewed in
Weiss et al., 1991; Walker, 1992). Recent studies have shown that the proteins
composing complex | form structures referred to as the peripheral arm and the
membrane arm. These arms assemble independently of one another and
then come together to form an L-shaped structure (Friedrich et al., 1989;
Tuschen et al, 1990). There is no obvious sequence similarity between
components of the two arms, which are apparently responsible for different
activities.

As reviewed in section 1-3-3, the transfer of electrons from NADH to
ubiquinone can also be carried out in various organisms by enzymes with a
much simpler structure than complex |. For example, the yeast Saccharomyces
cerevisiae does not contain a complex | enzyme but does harbour single
polypeptide enzymes on both sides of the inner mitochondrial membrane that
are rotenone-insensitive and are not coupled to ATP synthesis (de Vries and
Grivell, 1988; de Vries et al., 1992). N. crassa and plants contain complex | as
well as simple rotenone-insensitive enzymes. Mammals, on the other hand,
seem to lack the the rotenone-insensitive enzymes (de Vries and Grivell, 1988;
de Vries et al., 1892). The lack of a complex | enzyme in S. cerevisiae suggests

that complex | may not be essential for functional mitochondria. Indeed, two
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recent papers report that in N. crassa subunits of the peripheral arm (Alves and
Videira, 1994) and membrane arm (Nehls et al.,, 1992) can be rendered non-
functional, resulting in abberant assembly of the complex. In the former case, a
small amount of the complex is still completely assembled, whereas in the
latter case the fully assembled peripheral arm accumulates in the absence of
the membrane arm. However, neither the reduction in, nor the lack of
assembled complex | were reported to be associated with a significant effect
on growth rate. On the other hand, in Aspergillus niger, disruption of the 51kd
subunit of the peripheral arm resulted in a growth rate significantly slower than
the parental strain (Weidner et al., 1992). The 51 kd subunit contains binding
sites for NADH, FMN and an iron-sulfur cluster and its disruption resulted in
complete loss of peripheral arm assembly, whereas the membrane arm was
fully assembled. Moreover, several human diseases are associated with
complex | deficiencies (Weiss et al., 1991; Walker, 1992). The effects of
complex | abnormalities may be amplified in humans since they lack the
simple forms of the enzyme.

The role of components of the peripheral arm in the assembly and function
of complex | in N. crassa is further addressed in this chapter. The 78 kd
subunit protein, NUO78, which is the largest in the peripheral arm, is thought to
contain two iron-sulphur cluster binding sites. In this report, we describe the
inactivation of the gene encoding this protein by repeat induced point-mutation
(RIP). To control for any possible deleterious effects caused by the inactivation
of this subunit, the mutant was generated by the sheltered RIP procedure
described elsewhere (Chapter 2; Metzenberg and Groteleuschen, 1992a;
Harkness et al.,, 1994) and maintained as a heterokaryon that contained a wild-
type nuo-78* allele in the sheltering nucleus. Homokaryotic isolates could

subsequently be obtained that lacked NUO78 protein, demonstrating that the
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gene is not essential for viability. These isolates had only a slightly reduced

growth rate, but they failed to fully conidiate.

4.2 Materials and Methods
4-2-1 Strains and media.

Growth and handiing of N. crassa strains was as described in Davis and de
Serres (1970). All strains used in this study are listed in Table 4-1. The Host Ii
and Mate Il strains carry complementary nutritional markers on linkage group |l
(LG Il) that allow for specific selection of LG |l disomic ascospores foliowing
crosses of Mate Il and transformed derivatives of Host |l (see Results). LG |1
disomics are the only spores generated from the cross that are capable of
growth on basal media lacking tryptophan (frp-3 marker) and threonine (thr-3
marker), but containing uridine (pyr-3 marker). Thus, basal medium is defined
as the medium capable of supporting growth of disomics or heterokaryons
containing both the Host and Mate LGs [I. The medium contains Vogel's salts
including trace elements and biotin (Davis and de Serres 1970), 1.5% glucose,
and inositol (50 pg/ml). When required, threonine (1 mM) and tryptophan (0.5
mM) were added to the medium. Uridine was used at various concentrations
as given in the text for increasing the ratio of mutant to wild-type nuclei or at 1
mM to maintain heterol.aryons. Though not required by the strains used in this
study, leucine (1 mM) was also present in media because it is part of a

standard medium used in my laboratory for similar experiments.

4.2-2 Plasmid construction
Nuo-78% cDNA was cloned previously (Preis et al., 1991). The cDNA was
utilized to construct a plasmid, pGAH3 (Fig. 4-2) that is a derivative of pBR322

containing a portion of the nuo-78* cDNA sequence and a bacterial hph gene
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Table 4.1 N. crassa strains used in this study

Strain Genotype or origin

Host I LG I, A; LG Il, thr-3 nuo-78* arg-12S trp-3*; LG IV, pyr-3;
LG V, am* inl inv mei-2.

Mate Il LG |, a; LG I, thr-3* nuo-78* arg-12* trp-3; LG IV, pyr-3,
LG V, amq32 inl inv mei-2.

TH6.3 Isolate from tranformation of Host Il with pGAH3, contains
single ectopic copy of nuo-78%, hygromycin resistant,
two rounds of single colony isolation.

TH 49.3 As TH6.3
TH 61.3 AsTH6.3
TH 62.3 As TH6.3

49.6 Ascospore isolate of Mate || x TH 49.3, selected as a
disomic/heterokaryon on basal medium, does not

contain the ectopic copy of nuo-78*. One component
of heterokaryon contains RIPed, non-functional nuo-

78% gene.
NCN 235 LGl g LG\ n-2.

NCN 251 LG, A

6.17 Homokaryotic ascospore isolate from NCN 235 x 49.6;
LG |, a; LG II, thr-3* nuo-78R!P may be arg-12S or
arg-12% trp-3*, LG IV, pyr-3%, LG V, inl* inv* may be
mei-2 or mei-2%; LGVI, pan-2.

17.1 Ascospore isolate from NCN 251 x 6.17; may be arg-712S or
arg-12%; may be pan-2 or pan-2¥, contains nuo-78*
allele.

17.2 As 17.1, except it contains nuo-78RIP allele.

17.3 As 17 1.

17.4 As 17.2.

145



17.5
17.6
17.15
17.20
62.4
4.102

62.5

5.103

As 17.2.
As 17.1.
As 17.2.
As 17.1.
Ascospore isolate of Mate Il x TH 62.3. As 49.6.

Homokaryotic isolate from 62.4 containing transformed
H Il component of heterokaryon and nuo-78+RIP
allele.

As 62.4

Homokaryotic isolate from 62.5 containing transformed
H Il component of heterokaryon and nuo-78RIP
allele.
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(hygromycin B phosphotransferase) expressed by a trpC promoter from
Aspergillus nidulans (Cullen et al., 1987). Resistance to hygromycin allows
selection of transformants in N. crassa (Staben et al. 1989). The N. crassa DNA
in pGAH3 includes the 2.3 kb carboxy terminal portion of the nuo-78* cDNA,
including approximately 600 bp of the 3' untranslated region. In experiments
designed to generate RIP mutations in specific target genes it is desirable to

limit the amount of non-nuo-78* DNA in the construct to prevent RIP of

neighboring genes.

4-2-3 Isolation of mitochondria

Mycelia from liquid cultures was harvested by filtration. The mycelia was
weighed and ground by hand using a mortar and pestle in the presence of 1.5
g of acid washed quartz sand and 1 ml of grinding buffer (0.44 M sucrose; 10
mM Tris-HCI, pH 7.5; 0.2 mM ethylenediaminetetraacetic acid; 0.2 mM
phenylmethylsulfonyl fluoride) per gram of mycelium. When a smooth paste
was formed, the slurry was centrifuged at 4000 rpm in a Sorvall SS-34 rotor for
5 min to remove nuclei, cell debris and sand. The supernatant was transferred
to a clean tube and centrifuged for 12 min at 12,500 rpm in the same rotor. The
supernatant was discarded and the mitochondrial pellet was subjected to a
second round of centrifugation to fully remove contaminating cellular
membranes. The final pellet was suspended in a small volume of grinding
buffer and stored at -80°.

Mitochondria for e.p.r. (electroparamagnetic resonance; currently being done
by collaborators) analysis were isolated by differential centrifugation as
described above. The pelleted mitochondria were then washed once in 20%
sucrose; 10 mM Tris, pH 7.5; 0.2 mM EDTA and then resuspended in a
minimal amount of 60% sucrose; 10 mM Tris, pH 7.5; 0.1 mM EDTA,
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transferred to a SW41 centrifugation tube and layered successively with §5%
sucrose; 10mM Tris, pH7.5 and 44% sucrose; 10mM Tris, pH7.5. The
samples were spun for 90 min at 40,000 xg. The mitochondria were extracted
from the 44%/55% interface. The mitochondria were washed once in grinding
buffer and resuspended in a minimal amount of the same buffer to give a
concentration of about 30 to 50 mg of mitochondrial protein per ml. The
samples were then delivered to R. Rothary in the Department of Biochemistry

at the University of Alberta to carry out the actual e.p.r. analysis.

4-2-4 Analysis of genomic DNA for evidence of RIP

Restriction digests of genomic DNA with enzymes chosen to detect RIP
were electrophoresed on 5% polyacrylamide gels (29:1,
acrylamide:bisacrylamide) in 1X TAE buffer (40 mM Tris-acetate, pH 8.3, 1 mM
EDTA) and electroblotted to nylon membranes using 0.5X TAE as the blotting
buffer. The membrane was then placed on 3MM chromotography paper
(Whatman) saturated with denaturing solution (0.5 M NaOH, 1.5 M NaCl) for 10
min. Following denaturation, the membrane was neutralized by placing it on
3MM paper saturated with 3 M sodium acetate, pH 5.5 for 10 min. The
membrane was then air dried and baked at 80° for one hour. Hybridization of
the membrane was by standard techniques (Ausubel et al., 1992) except that
the hybridization and wash temperatures were reduced from 65° to 57°, since

the size of many of the restriction fragments was predicted to be smali.

4-2-5 PCR sequencing
Fragments of nuo-78%* DNA, RIPed and wild-type, were generated by PCR
reactions and either cloned into bacterial vectors or directly sequenced. A

typical PCR reaction contained primers flanking the gene plus genomic DNA
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isolated from the appropriate N. crassa strain. Approximately 0.1 ug of genomic
DNA was brought to a final volume of 10 ul, and to this, the following was
added: 1 pl of each primer (0.25 mg/ml), 6.8 pl 10X Taq buffer, §.8 ul 256 mM
MgCla (2.5 mM final concentration), 0.9 pl 10 mM dNTPs (0.15 mM final
concentration), 0.4 ul Tag polymerase (Bio Can), H20 to 58 ul, and overiaid
with 30 ul paraffin oil. The reaction conditions were as follows: 1 cycle at 95°C
for 1 min, followed by 30 cycles of 95°C for 30 sec, 49°C for 60 sec, and 73°C
for 3 min on a RoboCycler (Stratagene). After a final cycle of 73°C for 2 min, the
samples were shifted to 4°C. The reaction products were separated on 0.8%
agarose gels, visualized by ethidium bromide staining and UV irradiation,
excised and isolated using the protocol according to Geneclean (Bio 101). The
DNA was extracted from the glassmilk with 13 pl of sterile ddH,0O; 12 ul was
recovered. The DNA was prepared for sequencing by adding 1 p! of primer to
the 12 ul of template and boiling for 8 min followed by flash freezing in a dry
ice/ethanol bath for at least 2 min. The DNA samples were rapidly thawed and
to each the following was added: 1 pl sterile ddH,0, 1 pl 56X dGTP labelling mix,
1 1l 0.1 M DTT, 0.5 ul Mn buffer, 0.5 pl 35S-dATP, and 0.25 ul sequenase (US
Biochemicals). The reactions were incubated at room temperature for 2 to 5
min, after which 4.2 ul of the reaction was aliquotted to 2.5 ul of each of the 4
ddNTP termination mixes. These were incubated for a further 5 min at 37°C.
To stop the reactions, 5 ul of the formamide stop mix was added. In regions of
high GC content that were difficult to resolve using dGTP mixes, dITP mixes

were used.

4-2-.6 Whole cell PCR
Small samples of conidia from N. crassa cultures were suspended in 500

ml of sterile distilled H,O. To each sample, 2.5 mg of lysing enzyme (Sigma)
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was added, followed by a 10 to 15 min incubation at 37°C with shaking at 100
rom. The samples were pelleted in a microcentrifuge with a 5 min spin and
washed 2 times with 1X Taq polymerase buffer (10 mM Tris-HCI (pH 8.8), 0.5 M
KC!). The pelleted samples were finally resuspended in 10 pl distilled H,0.
The PCR reaction mixes and conditions were as described in section 4-2-5.
The products were separated in 0.8% agarose gels, stained in ethidium

bromide and visualized under UV irradiation.

4-2:7 Other techniques

The standard techniques of agarose gel electrophoresis and Southern
blotting of agarose gels, preparation of probes for DNA-DNA hybridizations,
transformation of E. coli, isolation of bacterial plasmid DNA, and the
polymerase chain reaction (PCR) using Vent polymerase (New England
Biolabs, Beverly, MA) to minimize replication errors when individually cloned
PCR products were to be sequenced were performed as described in Ausubel
et al. (1992). Also see section 4-2-5 for specific PCR reaction conditions. The
following procedures were also performed using previously published
procedures: separation of mitochondrial proteins by polyacrylamide gel
electrophoresis (Laemmli, 1970), western blotting (Good and Crosby, 1989), N.
crassa DNA isolation (Schechtman, 1986), determination of mitochondrial
protein concentration (Bradford, 1976), transformation of N. crassa
spheroplasts (Schweizer et al., 1981) with the modifications of Akins and
Lambowitz (1985), and restriction fragment length polymorphism (RFLP)
analysis of N. crassa genes (Metzenberg et al., 1984; 1985). DNA sequences
were obtained using Sequenase (United States Biochemical) according to the
supplier's instructions. The gift of antibodies to NUO78 (J. Azevedo and A.

Videira) is gratefully acknowledged.

1506



4.3 Resuits
4-3-1 Rationale and Design of Sheltered RIP

Since nuo-78* may contain binding sites for two iron-sulfur clusters in
Complex | (Preis et al., 1991), it was reasoned that the effects of disrupting this
gene might have a deleterious effect on the organism, therefore, the technique
referred to as "sheltered RIP" was employed to mutagenize nuo-78%. As
previously described (Chapters 2; Metzenberg and Grotelueschen, 1992;
Harkness et al., 1994), this procedure allows the isolation of mutant alleles in
one nucleus, while sheltering the mutant nucleus from any deleterious effects
caused by the mutations, with a wild-type allele in a second nucleus in a
heterokaryotic culture. The phenomenon of RIP (repeat jnduced point
mutation) is utilized to generate GC to AT transition mutations (Selker, 1990).
This is achieved by crossing a strain carrying two copies of nuo-78+ DNA with
an appropriate strain containing only the endogenous copy. A percentage of
the nuclei containing the repeats undergo RIP, while the nuclei harboring only
the single endogenous copy is unaffected. Inclusion of the mei-2 mutant allele
in partners of the cross causes disruption of chromosome pairing during
meiosis, resulting in a high degree of nondisjuction (Smith, 1975). Disomic
ascospores carrying a chromosome from the unaffected nucleus which
houses the wild-type nuo-78* allele and a chromosome from the nucleus
subject to RIP, carrying the nuo-78RIP allele (or another wild-type allele if RIP
did not occur), can then be selected if the chromosomes of interest carry
complementing nutritional markers. The disomic ascospores will rapidly and
spontaneously break down to heterokaryons (Smith, 1974); one nucleus
containing the wild-type allele and the other containing the putative RIP allele. If

the affected nucleus carries an appropriate marker on the chromosome
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containing the RIPed gene, the ratio of RIPed to wild-type nuclei in a culture can
be selectively enhanced so that the mutant phenotype can be studied.
However, if the gene encodes an essential function, the culture can never
become homokaryotic for the RIP nucleus. In these cases the concentration of
inhibitor is adjusted so that a minimal amount of the essential gene product is
supplied by the unaffected nucleus to maintain a basal level of growth but still
allowing the mutant phenotype to be studied. The isolation and

characterization of nuo-78RIP alieles is described below.

4-3-2 Generation of duplication strains

In order to utilize the appropriate complementing markers when selecting for
disomic ascospores, it is imperative to know the linkage group (LG) on which
nuo-78*% resides. Accordingly, nuo-78* specific sequences, derived from
previously isolated cDNAs (Preis et al., 1991), were used to isolate cosmids
containing nuo-78*% from an N. crassa library. RFLP mapping studies
(Metzenberg et al., 1984) were then carried out using a single cosmid as a
probe to deduce the chromosomal location of the nuo-78* locus. The results
demonstrated that the nuo-78* locus is on LG |l (Fig. 4-1). A plasmid (pGAH3)
carrying 2.3 kb of the carboxy terminal portion of the nuo-78% cDNA as well as
the bacterial hph gene for hygromycin resistance (Fig. 4-2), was used to
transform the strain designated Host Il (H Il). H |i carries markers relevant to
achieve the goals of sheltered RIP for genes on LG Il (Fig. 4-3, panel 1;
Metzenberg and Grotelueschen, 1992). The thr-3 and trp-3* alleles on LG ||
allow selection for disomic ascospores following a cross with the Mate |f (M Il)
strain, which is thr-3% and trp-3 (Fig. 4-3, panels 2 and 3). The arg-12S allele
on the H Il LG Il suppresses the pyrimidine requirement caused by the pyr-3

allele on LG IV by a fairly complex mechanism (see below, section 4-3-3) and



matches to
Ascospore lsolates: nuo-78*

Cenll, arg-5 00 MMOO MMOO OOMM MMMM MMMM MMMM 00OO OoMM 00 25/27

nuo-78* ++++ MMO+ MM+O OOMM MMMM MMMM ++MM OMO+ O+MO O+
preg OMOO MMOO MMOO OOMM MMMM MMMM MMMM OMOO OOMM oo 26/27
Ncr-5 OMOO ++00 M+00 OOMM MMMM OMMO MMMM OMOM +OoMM MO 19/23

Figure 4.1. RFLP mapping of nuo-78* to linkage group (LG) Il. The N. crassa
strains Mauriceville (M) and Oak-Ridge (O) were crossed to generate progeny.
These two strains are known to contain many genetic polymorphisms which
are manifested in restriction site differences in their genomes. Thirty-eight
segregants were selected from ordered asci (Metzenberg et al., 1984). DNA
from these isolates was extracted and digested with Apal. Apal was previously
found to be appropriate for detecting RFLPs with the nuo-78* containing
cosmid through a test gel of M and O DNA that was digesied with various
enzymes, blotted and hybridized to the nuo-78% cosmid. The Apal digested
DNA from each test isolate was separated on 0.8% agarose and analyzed by
Southern blotting using a radioactively labeled nuo-78% containing cosmid as a
probe. Strains were scored according to whether the RFLP was like the
Mauriceville parent (M) or like the Oak-Ridge parent (O). The derived pattern
was then compared to a list of compiled patterns from DNA fragments covering
the entire genome. Since some DMA samples were lost (indicated by ) not all
38 ascospores were available for comparison. The greater the number of
matches to a known gene, the closer the linkage. By this criteria, genes, or
fragments of DNA, can be localized with reasonable accuracy within the
genome. The Cenll/arg-5, preg and Ncr-5 markers are all known to be on LG |i
(Metzenberg and Groteleuschen, 1893). +, indicates that DNA prepared from
that isolate was lost.
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nuo-78 (-NH2)

EcoRI

ampR

Figure 4-2. Plasmid pGAH3. Names of genes are indicated. Filled arrows
indicate the extent of coding sequences and the open arrow indicates the
promoter region derived from Aspergillus nidulans. Restriction sites are also
indicated. hyg, hygromycin resistance gene; amp, ampiciilin resistance gene.
The nuo-78%* cDNA sequence on the plasmid lacks the N-terminal coding
region.
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will allow the nuclear proportions in the final sheltered RIP heterokaryon to be
shifted in favor of the RIPed nucleus (Fig. 4-3, panel 4). A mutant allele of mei-2
is utilized to generate disomic ascospores by disrupting chromosome pairing
during meiosis.

Appropriate transformants of H || were selected by growth on hygromycin
and were purified through two rounds of single colony isolation to insure that
the transformants were homokaryotic. To identify isolates containing single,
ectopic copies of nuo-78* sequences, in addition to the resident nuo-78+
gene, thirty transformants were analyzed by restricting genomic DNA with
enzymes that do, or do not cleave within the gene. Appropriate transformants,
when restricted with EcoRI, which does not cut within the gene, should contain
two bands when analyzed by Southern blotting using nuo-78* sequences as a
probe; the 2.3 kb band from the ectopic integrant and a 3.4 kb band which was
previously found to represent the endogenous copy (Fig. 4-4, panel 1). Digests
using Pvull, which has a single site within the gene, should produce four
bands upon Southern analysis (Fig. 4-4, panel 2). Two of these bands will be
from the ectopic integrant and will be an unpredictable size, and two will be
from the endogenous copy, with sizes of 2.4 and 1.4 kb. Using these criteria,
transformants TH6.3, TH49.3, TH61.3, and TH62.3 were identified for use in

genetic crosses as the male parent to the LG Il mate strain (M 11).

4-3-3 Generation and characterization of nuo-78R/P alleles
Strain M |l was used as the female parent in genetic crosses with the
appropriate transformants. This strain carries various markers essential for
the goals of the sheltered RIP cross: the thr-3* arg-12* and trp-3 alleles on LG
Il; and pyr-3 (uridine requiring) on LG IV. The M |l strain also carries the mei-2

mutant allele, which must be homozygous in a cross to be effective. When the
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Figure 4-3. Relevant genetic markers in appropriate initial transformants, the
Mate [l strain, disomic progeny isolates, and subsequent heterokaryons. Only
the genetic markers that are important for generation, selection, or
manipulation of the strains are shown. These are indicated on specific linkage
groups represented by horizontal lines. The position of nuo-78* relative to the
other markers on LG Il is shown as deduced from both the RFLP map
(Metzenberg and Grotelueschen, 1992b, 1993) and the genetic map of LG |l
(Perkins, 1992). LG Il (H), linkage group |l derived from the original Host i
strain; LG Il (M), linkage group Il derived from the original Mate Il strain; LG V,
linkage group V; any LG, any of the seven linkage groups found in N. crassa.
Boxes with squared corners indicate nuclei, boxes with rounded corners
indicate cells. 1. The H Ii strain containing only one copy of nuo-78*. 2. The
cross of the M Il strain with the appropriate transformed H |l strain that carries
two copies of nuo-78*. 3. The generation of disomic spores that would grow on
media lacking both threonine and tryptophan, but containing uridine. Each must
contain one LG Il from the original host strain and one LG !l from the original
mate strain to allow complementation of the auxotrophic trp-3 and thr-3
markers. One type contains two unaitered copies of nuo-78*; the other
contains one unaltered copy and one RIPed copy. In both cases the ectopic
copy of nuo-78%* may or may not be present depending on the meiotic
segregation of the chromosome on which it was integrated. 4. Each of the
disomics breaks down into a heterokaryon in which one nucleus contains LG |
from the host and the other LG 1l from the mate. In one case, the LG |l derived
from H It in the heterokaryon contains the RIPed version of nuo-78*, whereas in
the other case, the LG |l derived from H Il contains the wild-type copy of nuo-

78*.
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Figure 4-4. Southern analysis of restriction digests showing single inserted
nuo-78* sequence in strains TH49.3, TH61.3, and TH62.3. Panel 1: Pvull
digest of total cellular DNA from the indicated strains. Panel 2: EcoRI digest of
total cellular DNA from the indiczied strains. The rrobe was a radioactively
labeled nuo-78* cDNA fragment tiiat extends from nucleotides 784 to 3150 as

shown in Fig. 4-9, except that the intron sequences shown in the Figure are
absent in the cDNA.
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cross is carried out, a certain percentage of the H |l nuclei harboring the
duplicated nuo-78* sequences will undergo RIP of the repeat (Fig. 4-3, panel
2). The presence of the homozygous mei-2 allele will result in the production of
some ascospores disomic for LG Il. The disomic ascospores of interest can
be directly selected since they should be the only ones from the cross able to
grow on medium lacking both threonine and tryptophan ,but containing uridine
(Fig. 4-3, panel 3). Thus, the desired ascospores should contain one LG lI
from the mate, one LG Il from the transformed host strain and be monosomic
for the remaining linkage groups. The LG |l from the transformed host will carry
the RIP allele at a frequency equal to the frequency of RIP of that allele during
the cross. The spores may contain the ectopic copy of nuo-78* as well,
depending on the sie of integration and the segregation pattern of the
chromosomes during meiosis. |If the endogenous copy of nuo-78% was
subject to RIP, the ectopic copy will also exhibit a similar degree of alteration,
since both copies of a duplication are affected by the RIP process.

Ascospores produced from the crosses were plated on basal medium
containing uridine (see below) but lacking threonine and tryptophan. Although
germination of spores was very poor, viable spores were isolated from the
crosses involving TH6.3 (2 spoies), TH49.3 (11 spores), TH61.3 (1 spore) and
TH62.3 (10 spores). Following conidiation in cuiture tubes containing basal
medium, each strain was then purified through two rounds of single coiony
isolation on the same medium to provide sufficient opportunity for breakdown
of disomic nuclei and to maintain the strains as the heterokaryons formed
during the process of breakdown (Fig. 4-3, panel 4).

To identify strains deficient in the mitochondrial NUQ78 protein, cultures
were grown in low concentrations of uridine, which should shift the nuclear

ratios in favor of the nucleus carrying LG Il from the potentialy RIPed H Il strain.



The manipulation of uridine concentration in the medium allows the skewing of
nuclear ratios by the following mechanism. The arg-12S allele carried on the H
I version of LG I, which will also carry the RIPed allele of nuo-78* following the
cross, affects the mitochondrial ornithine carbamyl! transferase, reducing its
activity over 98% without imposing an arginine requirement (Houlahan and
Mitchell, 1947: Perkins et al.,1982). As a result, accumulated carbamy!
phosphate overflows to the nucleus where it is used in the pyrimidine
biosynthesis pathway, thus by-passing the carbamylphosphate synthase
deficiency in that compartment caused by the pyr-3 mutant. Thus, the arg-125
allele suppresses the pyrimidine requirement of pyr-3 strains, and growth of
pyr-3 heterokaryotic cultures in low levels of uridine forces the arg-12S nucleus,
containing the nuo-78RIP allele, to predominate in the culture. Of course, the
medium must also contain threonine to be permissive for that nucleus. The
results in Table 4-2 show that there were several strains that grew very slowly
in low concentrations of uridine, and not at all in medium entirely lacking
uridine. The latter observation suggests that nuo-78 may be an essential gene
(but see below, section 4-3-4).

In order to determine the state of NUO78 in the slow growing strains,
mitochondria were isolated from cells grown in low concentrations of uridine in
order to enhance the ratio of mutant to wild-type nuclei while still allowing
growth to occur. The proteins were solubilized, separated by SDS-PAGE,
transferred to nitrocellulose membrane, and then analyzed by immunoblotting
with antibodies against NUO78. Four of the isolates, 49.6, 62.1, 62.4, and 62.5,
were shown to be deficient in NUO78 (Fig. 4-5, panel 1). The result with 62.1

could not be repeated and was not analyzed further.
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Figure 4-5. Western blot analysis of potential RIP heterokaryotic and
homokaryotic strains. 1) A sample of the heterokaryotic strairis generated from
the sheltered RIP cross were analyzed for their NUO78 protein content. Each
lane contained 150 ug of protein isolated from mitochondria. Cells were grown

in medium containing threonine and low concentrations of uridine (3 pM) to
enhance the proportion of RIPed nuclei to wild-type nuclei. Following
electrophoresis, mitochondrial proteins were electroblotted to nitrocellulse
membrane and decorated with polycional antiserum to NUO78. 2)
Hoimokaryotic isolates obtained from crossing (6.17) or vegatative isolation
(4.102 and 5.103) from the heterokaryons 49.6, 62.4 and 62.5 were analyzed for
their NUO78 proiein content. Each lane contained 50 pg of mitochondrial
protein. The gels and blots were treated in the same fashion as described in 1.
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4-3-4 Isolation of nuo-78RIP homokaryotic strains

To determine if NUO78 was indeed essential for the cell, an attempt was
made to isolate homokaryons from the strains that were shown to be deficient
in the protein under growth conditions favoring the RIPed nucleus. Conidia
from the heterokaryons were streaked onto plates containing threonine and
lacking tryptophan and uridine. Such medium should allow growth of
heterokaryotic strains or homokaryons of the thr-3 trp-3* nucleus, providing that
the loss of NUO78 were not lethal to the cell (the desired homokaryons should
not require uridine since they should contain the arg-12S allele). Single
colonies were isolated, allowed to conidiate and then tested for growth on
minimal medium, ie., lacking threonine, tryptophan and uridine. Only
heterokaryotic strains, containing both the thr-3 trp-3* and the thr-3* trp-3
nuclei will grow on this minimal medium. Any isolates that do not grow on this
medium must therefore be thr-3 trp-3* homokaryons. Such homokaryons were
obtained from both 62.4 anu 62.5 (Table 4-3). The results for 62.5 suggest that
the nuclear ratios in this strain are strongly biased towards the RIPed nucleus
in the heterokaryon. Strain 49.6, however, did not segregate thr-3 trp-3*
homokaryons since all isolates grew on minimal media. [n a reciprocal
experiment, the three strains were tested for their ability to segregate thr-3* trp-
3 homokaryons, which would contain the sheltering nucleus only. All three
strains were shown to segregate thr-3* trp-3 homokaryons (Tahle 4:4),
confirming that the strains were indeed heterokaryons.

Since homokaryons were obtained from tne NUO78 deficient heterokaryons
62.4 and 62.5, it seemed likely that NUO78 was not essential for viability.
However, the tack of homokaryons from 49.6 suggested two possibilities.
Either the specific alteration in the 49.6 nuo-78R/P allele was responsible for

the lack of cell viability or a random alteration in the thr-3 tro-3* nucleus of the

164



Table 4-3 Generation of thr requiring homokaryons from the heterokaryotic

cultures
colonies thr requiring
examined homokaryons heterokaryons
49.6 96 0 96
62.4 73 25 48
62.5 85 63 22

Table 4-4 Generation of trp requiring homokaryons from the heterokaryotic

cultures
colonies 'trp requiring
examined homokaryons heterokaryons
49.6 49 44 5
62.4 36 11 25

62.5 21 2 19




strain affected an essential function. To distinguish these possibilities, an
attempt was made to separate the nuo-78RIP allele in 49.6 from any other
unknown mutations by crossing with a wild-type strain, NCN235. Progeny were
plated on complete media, and 117 germinated spores were cultured in tubes
of the same medium. Since 49.6 is a heterokaryon composed of two different
nuclei, each capable of undergoing nuclear fusion prior to meiosis with the
NCN235 nucleus, only a fraction of the progeny spores will be the result of a
fertilization with the H 1l nucleus. The isolates were tested for their tryptophan
and threonine requirements by inoculating conidia on medium containing all
required nutrients except tryptophan or threonine. Any isolates that were thr-3*
trp-3 would have arisen from fertilization by the M | sheltering nucleus, whereas
the thr-3 trp-3* isolates would be the desired products from fertilization of
NCN235 by the H Il nucleus. Since the strain NCN235 is thr-3* trp-3*, it is
expected that half the progeny would be thr-3% trp-3* with their origin
indeterminable. The results show that nearly half the isolates (55) were thr-3*
trp-3, but none were thr-3 trp-3*. The inability to isolate ascospores from the
cross involving the RiPed nucleus may be due to underrepresentation of that
nucleus in the heterokaryon, or an inability of the RiPed nucleus to progress
through the cross and give rise to viable ascospores. Since some of the 62 thr-
3* trp-3* spores could have contained the nuo-78RIP aliele as the result of
crossing-over, primers specific for RIP sequence (see below for sequence
data specific to the 49.6 RIP allele; Table 4-5 and Fig. 4-9, panel 2) were used
in whole celi PCR reactions to identify the 49.6 RIP-specific nuo-78 allele in any
isolate. Only one of the three thr-3* trp-3* isolates that showed delayed
conidiation in small slants tested in this fashion, 6.17, was found to contain the
nuo-78RIP allele. This result supports the notion that the nucleus containing

the nuo-78RIP allele is underrepresented in the cross.
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The 49.6 crossing isolate, 6.17, and the homokaryotic isolates from 62.4
and 62.5, 4.102 and 5.103 respectively, were analyzed for their NUO78 content.
Mitochondrial proteins from these strains were separated by SDS-PAGE and
analyzed by Western blotting with antibodies against NUO78. The results
clearly show that homokaryotic isolates lacking NUO78 protein car: be obtained
(Fig 4-5, panel 2). These results are apparently in contradiction to the initial
data (Table 4-2) that suggest NUO78 was essential. At least for 62.4 and 62.5,
the difference can not be attributed to other mutations that have occurred in the
RIPed nucleus, since homokaryons of that nucleus were isolated directly from
the heterokaryons. This problem is as yet unresolved and is discussed in
section 4-5.

To demonstrate that the poor recovery of the 49.6 RIP allele from the original
(NCN235 x 49.6) cross was not due to a deleterious effect of the allele itself,
but rather to unknown alterations in the 49.6 RIP nucleus that caused it to be
underrepresented in the 49.6 heterokaryon, the 6.17 isolate was further
crossed to the strain NCN251 and 36 ascospores isolates were obtained.
These isolates exhibited a slight difference in the amount of conidiation when
grown in the smali slants used for picking ascospores. This difference was
enhanced when the cultures were grown in conidia flasks (Fig. 4-6, panel 1).
Growth of all 35 ascospore isolates in conidia flasks revealed that 16 isolates
conidiated poorly while 20 conidiated normally. Western analysis on all 36
strains revealed that the isolates with poor conidiation lacked detectable
NUO78 protein whereas the mitochondria froni the fully conidiated strains
contained NUO78. Fig. 4-6, panel 2, si.ows the results for 4 isciates with full
conidiation and 4 with poor conidiation.

The growth rates of these 8 isolates were tested on medium containing

either sucrose or glycerol as a carbon source in order to determine if growth of
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Figure 4-6. Phenotype of strains deficient in NUO78. 1) Ascospore isolates
from a cross between the wild-type strain NCN251 and the mutant strain 6.17,
containing the nuo-78RIP allele from the heterokaryon 49.6, were picked to
small slants. Conidia from these isolates were used to inoculate flasks in
order to enhance the conidiation difference seen with the isolates. The flask on
the left is a fully conidiating strain (isolate 17.3) whereas the strain on the right
is a poorly conidiating strain (isolate 17.2). 2) Mitochondrial proteins from four
fully conidiating strains and four poorly conidiating strains were solubilized and
separated on SDS-PAGE in order to determine the NUO78 content of these
strains. The proteins were transferred to nitrocellulose membrane and
decorated with antibody against NUO78. +, fully conidiating strain; -, poorly
conidiating strain. TH 49.3 and 6.17 are control strains. Isolates 17.1 through
17.20 are different isolates of the NCN251 x 6.17 cross.
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Figure 4-7. Growth rate analysis of ascospore isolates on medium containing
either sucrose or glycerol as a carbon source. 1) Growth of poorly conidiating
isolates 17.2 (®), 17.4 (A), 17.5 (x), and 17.15 (®) compared to the fully
conidiating strains 17.3 (+), 17.6 (*) and 17.20 (M) in race tubes containing
sucrose. 2) As in 1), except glycerol was used as the carbon source.
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the NUO78 deficient strains on a poor carbon source would enhance the
severity of the phenotype. As shown in Fig. 4.7, panels 1 and 2, NUO78
deficient strains grow at a slightly slower rate than strains containing NUO78

regardless of the carbon source.

4-3-5 DNA analysis

To determine the number of copies of nuo-78 in the heterokaryons, genomic
DNA was isolated and digested with EcoRI, which does not cut within nuo-78*
and should result in 1 band for each copy. Southern analysis, using nuo-78*
specific sequences as a probe, demonstrated that the RIP isolates lacked the
ectopic copy of nuo-78* (Fig. 4-8, panel 1). In order to demonstrzte directly that
RIP-type alterations were responsible for the loss of NUO78, genomic DNA
from the homokaryotic and heterokaryotic versions of strains 49.6 and 62.5 was
digested with Hhal, and compared to appropriate parental strains by Southern
blot analysis. Hhal cuts the sequence CGCG with no apparent sensitivity to
methylation. Therefore, this analysis will identify changes in sequence, but not
in methylation patterns. The results revealed that the homokaryotic strains
lacking NUQ78 were altered with regard to their restriction fragment patterns,
as expected for sequences that have undergone RIP (Fig. 4-8, panel 2).
Cultures for DNA isolation from the 49.6 and 62.5 heterokaryons were grown
under conditions that force the maintenance of the heterokaryon, ie., minimal
media. A heterokaryon harbouring nuclei of equal proportion should show
bands of equal intensity representing both the altered and unaltered nuclei.
However, the restriction patterns seen in these isolates was consistent with the
skewing of nuclear ratios mentioned previously (see Table 4-3 and section

4.3-3). The pattern for the heterokaryon, 49.6, is similar to the pattern of the
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625

Figure 4-8. Southern analysis of restriction digests showing the number of
copies of nuo-78 in the heterokaryotic strains and RiP in strains 49 the
derived homokaryons and relevant parental strains. The pr ~/as a
radioactively labeled nuo-78% cDNA fragment as described in the legend to Fig.
4-4. 1) DNA isolated from the indicated strains was digested with EcoRI, which
cuts outside of the gene. Therefore, one band should be present for @ach copy
of nuo-78%. 2) DNA isolated from the indicated strains was digested with the
restriction enzyme Hhal. Hhal is not sensitive to methylation, therefore any
observed changes would be due to nucleotide substitutions only.
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sheltering MIl nucleus, whereas, the pattern for the heterokaryon, 62.5, is
identical to the homokaryon 5.103, isolated directly from this strain.

To determine the extent of the RIP alterations, the genomic sequence of the
endogenous nuo-78RIP gene, representing the RIPed allele originally
obtained in heterokaryon 49.6, from ascospore isolate 6.17 was determined
and compared to the previously published cDNA sequence and to our own
wild-type genomic sequence (Fig. 4-9). The PCR, cloning and sequencing
strategy is shown in Fig. 4.9, panel 1. The primers used are listed in Table 4-5.
The sequence shown for this "49.6" allele is a composite of sequence
determined from PCR amplified products of the origina! strain, 49.6, and the
subsequent crossing isolate, 6.17, containing the same allele. Sixty-one
transition mutations were revealed that were characteristic of RIP. In the case
of the 49.6 allele, all were G to A. The changes would result in 39 amino acid
changes, including the introduction of 4 stop codons. The sequence shown for
"62.5" was obtained entirely from the RIPed allele from 5.103, which is the
same allele as in the original heterokaryotic isolate, 62.5. This allele was also
partially sequenced directly from PCR products. From approximately 1103 bp
of sequence, 14 G to A and 27 C to T transitions were observed. These would
result in 21 amino acid changes, including 3 stop codons.

The analysis of the genomic sequence in the RiPed alleles and the wild-type
also revealed 5 introns, ranging in size from 66 to 106 bp, relative to the
previously published cDNA sequence. Four were clustered withir the first 260
bp of the cDNA sequence, upstream of the sequence used for the duplication
(Fig. 4-9, panel 2). The fifth intron was at the extreme 3' end of the gene.
Several discrepancies were observed between the sequence presented here
and that of the published cDNA (Preis et al., 1991). Three non-RIP-type

nucleotide substitutions, relative to the previously published cDNA sequence,



Figure 4-9. PCR/sequencing strategy and sequence for the resident RIPed
allele in the strains 6.17/49.6 and 5.103/62.5. 1) The primers designed for PCR
(THA5 and THA17) flanked the region of nuo-78% used to generate the
duplication in order to avoid mispairing due to any possible RIPed sequence.
The PCR primer, THA4, was within the duplicated region. BamH| sites were
attached to THA4, THAS and THA17 to facilitate cloning of the PCR products.
When products were cloned, pBlueScript, cut with BamHI, was used as the
bacterial vector. When PCR products were used for direct sequencing, there
was no need for digesting the products. The primers used for sequencing are
also indicated and described in Table 4-4. The template used to obtain
sequence 5' and 3' of the dupiicated region (using primers THA23 and THA16)
was created by cloning a 6.7 kb genomic fragment containing the wild-type
version of nuo-78* from cosmid 3.6.2.1, isolated from one of the laboratories
genomic libraries (su-1[mM/-3]), into pUC19 to generate the plasmid pTH-H4.
The arrows without names indicate sequence that was obtained by subcloning.
The arrows with names indicate the location and orientation of the primers, but
not the length of sequence obtained by each primer. All sequence was
obtained with both short and long sequencing reactions. x, indicates the §' and
3' ends of the nuo-78* cDNA;usunn , the nuo-78% gene; the duplication was

generated by cloning the EcoRI fragment from the nuo-78* cDNA covering the
C-terminal portion of the gene. 2) The EcoRI sites that define the extent of the

cloned nuo-78* region in pGAH3 (see Fig. 4-2), which should serve as a target
for RIP are underlined (at nucleotides 784 and 3150). The dashed lines above
the sequence delineate the region that has been sequenced in each allele.
Lower case letters indicate intron sequences. The compiete sequence of the
wild-type gene is shown. Bases above the wild-type sequence indicate the
positions where mutations were found in the RIPed version of the resident
gene, originally isolated in 49.6 or 62.5. However, the sequence shown as
"49.6" is a composite of sequence obtained from 49.6 and 6.17. The sequence
shown as "62.5" was derived entirely from the subsequent homokaryotic
isolate, 5.103. Using DNA isolated from the homokaryotic strains as a template
avoids the problem of isolating two different aileles of nuo-78*, wild-type and
RiPed, as was the case when dealing with the heterokaryons. The wild-type
sequence obtained in this study differed from that of the published sequence
(Preis ot al., 1591) at several locations . Bases in bold within the wild-type
sequence represent bases in the published wild-type sequence that differed
from the sequence obtained from this work. The changes observed in this
study are indicated above the base shown in bold (on the line for "49.6") and
were nonRIP-type. At four locations within the sequence, a single bp
inserticn/deletion was found as compared to the published sequence.
Insertions are indicated by a + in the wild-type sequence with the base

obtained in this study above it. Deletions are indicated by a + in sequence
above the wild-type sequence. The corresponding base that is missing



compared to the published sequence is indicated in bold below the +. The
insertion/deleticns were followed in all cases by a corresponding
deletion/insertion that returned the reading frame to that of the published
sequence. The amino acid sequence of the protein encoded by the wild-type
gene is indicated immediatelv below the sequence. Amino acid alterations
resulting from RIP mutations are shown under the normal protein sequence.
Amino acids in the published wild-type sequence that are altered due to the
1anRIP-type nucleotide substitutions are shown in bold with the changed
2mino acid below. An asterisk next to a changed amino acid indicates that the
aonRIP-type alteration resulted in a closer match to the published hovine
amino acid sequence (Preis et al., 1991). The altered amino acids within the
regions corresponding to balanced insertior./deletions do not increase the
degree of homology of the wild-type sequence derived here with the published
amino acid sequence.
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CCAAGTCCCCCTCCGACCGCCGTCGAGACGACGACACACGATGTTGAGGTCGACATTGTC
METLeuArgSer fhrLeuSexr

CCGTTCGGCTTGGCGGACTGGCAGGCATCAGGCGGCCAGGAACGCCAGCCGTGCCTTTTC
ArgSerAlaTrpArgThrGlyArgHisGlnAlaAlaArgAsnAlaSerArgAlaPheSer

GGCCACAGCTCAGAGACCCGCAGACCTCGAGCTCACAATTGgtatgtctccatccagacce
AlaThrAlaGlnargProAlaAspLeuGluLeuThrIle

tccaccacatactagcatacaccgtgtatgatccccgtacccgtcggcgccgatactgac

tcgtgtctcccgcatctcacagATGGAAAGAAGGTCTCTATCGAGGgtgagcactcacaa
AspGlyLysLysValSerIleGlu

tgcgctgcgtcgaagtcctggctacggataatggggatgaggggggcccaaaaatacgga

catggtcgtcgctaatacccgaggaaaccaccagCTGGGTCGGCCTTGATCCAGGCTTGC
AlaGlySerAlalLeuIleGlnAlaCys

GALAAGGCCGGCGTTACCATTCCCAGgtatgecggaaaacggaccctgaatctecgggactg
GluLysAlaGlyValThrIleProArg

cccgtagaggttcttgctgactgttttgcagATACTGTTACCATGAgtacgtcacatgtg
TyrCysTyrHisGlu

gctcgcccgctctcccaaattgatcgcagctccagtcactccagcaggcgtacctacgaa

gatcgactgacaaattgttggtaactttccagGAAGCTCATGATTGCGGGCAA:TGCCGC
LysLeuMETIleAlaGlyAsnCysArg

ATGTGCTTGGTCGAAGTCGAAAAGGTCCCGAAGCCCGTCGCGTCGTGCGCATGGCCCGTC
METCysLeuValGluValGluLysValProLysProValAlaSerCysAlaTerroVal

CAACCTGGCATGGTCGTCAAGACCAACTCGCCCCTGACGCACAAGGCGCGCGAGGGTGTG
GlnProGlyMETValValLysThrAsnSerProLeuThrHisLysAlaArgGluGlyVal
ATGQAAIEﬁﬁTGCCCGCAAACCACCCCTTGGACTGCCCCATTTGCGACCAGGGTGGTGAG

METGluPheleuProAlaAsnHisProLeuAspCysProIleCysaspGlnGlyGlyGlu
Leu*

TCGGATCTCCAGGACCAGTCGATGCGTTACGGCCGCGACCGTGGTCGGTTCCACGAAGTC

SerAspLeuGlnAspGlnSerMETArgTyrGlyArgAspArgGlyArgPheHisGluval
Cys*
Serx Lys

GGCGGGAAGCAAGCGGTGGAGGACAAGAACATGGGTCCCCTCATCAAGACCTCCATGAAC

GlyGlyLysGlnAlaValGluAspLysAsnMETGlyProLeulleLysThrSerMETAsn
Arg*
Arg* Ile
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49.6

49.6

62.5
49.6
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62.5

62.5

49.6

49.6

62.5
49.6

1440

AGGTGTATTCAGTGCACGAGATGTGTGCGATTCGCGAACGATATTGCCGGCGCCCCGGAG
ArgCysIleGlnCysThrArgCysValArgPheAlaAsnAspIleAlaGlyAlaProGlu
Tyr Lys
fer

CTGGGTTCGACCGGCCGTGGCAACGACCTGCAGATTGGTACCTACTTGGAGAAGAACCTC
LeuGlySerThrGlyArgGlyAsnAspLeuGlnIleGlyThrTyrLeuGluLysAsnLeu
Ser

GACTCTGAGCTTTCTGGTAACGTCATCGATCTCTGCCCTGTCGGTGCTCTGACCTCGAAG
AspSerGluLeuSerGlyAsnvValIleAspl.euCysProvValGlyAlaLeuThrSerlys
Ser Thr
Ser

CCATATGCTTTCCGTGCGCGCCCTTGGGAGCTGAAGAAGACGGAATCGATTGACGTTCTG
ProTyrAlaPheArgAlaArgProTrpGluleulyslLysThrGluSerIleAspValLeu
Met

GACGGCCTGGGCTCCAACATTCGCGTCGACACTCGTGGCTTGGAGGTTATGCGCATTCTT
AspGlyLeuGlySerAsnIleArgValaspThrArgGlyLeuGluVelMETArglleLeu
Ile
Ser

CCTCGCCTCAACGACGAGGTTAACGAGGAGTGGATCAACGACAAGACTCGCTTTGCCTGC
ProArgLeuAsnAspGluValAsnGluGluTrplleAsnAspLysThrArgPheAlaCys
Stop Tyr

Cys

GACGGTCTCAAGACCCAGCGTCTTACCATCCCCCTAGTCCGAAGAGAAGGAAAGTTCGA
AspGlyLeuLysThrGlnArgLeuThrIleProLeuvValArgArgGluGlyLysFPheGlu
His

CCGGCGTCATGGGACCAGGCTTTGACCGARATTGCACACGCTTACCAAACGCTGAACGLCC

ProAlaSerTrphspGlnAlalLeuThrGlullealaHisAlaTyrGlnThrLeuAsnAla
Pro
Leu LeuSTPAsn
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1140

1200

1260

1320
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49.6

49.6

1560

49.6

49.6

45.6

49.6

49.6

49.6

49.6

49.6

49.6

49.6

49.6

43.6

49.6

CLGGGCLATGAGTTCAAGGCTATTGCTGGCCAGCTCACCGAGGT . GAGTCATTGGTTGCC
GlnGlyAsnGluPheLyshlaIleAlaGlyGlnLeuThrGluvalGluSerLeuValAla
Thr Lys Ile

ATGAAGGATCTTGCCAACAGGCTCGGGTCGGAGAACCTTGCGCTGGATATGCCCTTCGGG

METLysAspLeuAlaAsnArgleuGlySerGluAsnLeuAlaleuAspMETProPheGly
Ile Thr SerGly

1500

CCACAAACCTCTTGCTCATGGTGT+GATGTCCGCTCCAACTATATCTTCAACTCCAGCATC 1620

ProGlnThrSerCysSexrTrpCys AspValArgSerAsnTyrIlePheAsnSerSerIle

HisLysProLeuAlaHisGlyVal
Thr SerIleAsn

GTCGGTATCGAATCTGCTGATGTTATCTTGCTAGTTGGTACTAAC 'CGAGACACGAGGCC
ValGlyIleGluSerAlaAspValIleLeuLeuValGlyThraAsnProArgHisGluAla
Asn

GCTGTACTCAATGCTAGAATCCGTAAGCAATGGCTGCGCTCTGATCTCGAGATTGGCGTT
AlaValleuAsnAlaArgIleArgLysGlnTrpLeuArgSerAspleuGluIleGlyVal
Asn

GTTGGCCAGACCTGGGATTCTACTTTTGAGTTTGAGCACCTAGGTACCGACCACGCTGCT

ValGlyGlnThrTrpAspSerThrPheGluPheGluHisLeuGlyThsAspHisAlaAla
STP ThrThr

————— T T e C ety CET P TS
CTTCAGAAGGCGCTTGAGGGTGACTTTGGCAAGAAGCTCCAGTCGGCCAAGAACCCCATG
LeuGlnLysAlalLeuGluGlyAspPheGlylLyslLysLeuGlnSerAlaLysAsnProMET

Ser Ile

ATCATTGTGGGCTCCGGCGTCACCGACCACGGCGACCGTAATGCCTTCTATGAGACCGTT
IlelleValClySerGlyValThrAspHisGlyAspArgAsnAlaPheTyrGluThrval
Ser Ala Lys

GGAAAGTTCGTCGACAGCAACGCTTCTAACTTCCTTACTGAGGAGTGGAACGGCTACAAT
GlyLysPheValAspSerAsnAlaSerAsnPheLeuThrGluGluTrpAsnGlyTyrAsn
Arg Lys STP
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GTCCTGCAGCGCGCTGC+TCCAGAGTCGGCGCCTTCGAGGTTGGGCTTCACTGTTCCTTCC 2040

ValLeuGlnArgAla?2 iaProGluSerAlaProSerArgleu GlyPheThrvValProSer
Ile SerArgValGlyAlaPheGluVal



62.5
49.6

2220

49.6
62.5

62.5

49.6

49.6

62.5
49.6

GCCGAGATTGCCCAGACAAAGCCCAAGTT ZGTCTGGCTCCTCGGCGCCGATGAGTTCAAT 2100
AlaGlulle2laGlnThrLysProlLysPheValTrpLeulLeuGlyAlaAspGluPheAsn

GAGGCCGACATCCCCAAGGACGCCTTCATCGTCTACCAAGGCCACCACGGTGACCGGGGC 2160
GluAlaAsplleProLysAspAlaPheIleValTyrGlnGlyHisHisGlyAspaArgGly
Asn
Ile STP TyrTyr

GCCCAGATCGCCGATATCGTTCTCCCTGGLCGCTGCCTACACCGAGAAGGCTGGCACCTAC

AlaGlnIleAlaAspIleValleuProGlyAlaAlaTyrThrGluLysAlaGlyThrTyr
His Ser
Ile

GTCAACACCGAGGGCCGTGTGCAGATGACCCGCGCTGCCACCGGCCTTCCCGGTGCCGLC 2280
ValAsnThrGluGlyArgValGlnMETThrArgAlaAlaThrGlyLeuProGlyAlanla
Ile Ile
Val

CGTACGGACTGGAAGATTCTCCGCGCTGTGAGCGAGTACCTCGGCGTCCGCCTCCCCTAT 2340
ArgThrAspTrplysIlelLeuArgAlaValSerGluTyrLeuGlyValArgLeuProTyr
STP

GACGATGTCGCTCAACTTCGGGATCGCATGGTCGAGATTAGCCCTGCTCTGTCATCTTAT 2400
AspAspValalaGlnLeuArgAspArgMETValGlulleSerProAlaLeuSerSerTyr

Asn Ile

Ile
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GATATCATTGAGCCTTCCCT+GCTGCAGCAGCTCAGCAAGGTGCAGCTGGTCGAGCAGAAC 2460
AspllelleGluProSerLesu LeuGlnGlnLeuSerLysValGlnLeuValGluGlnAsn
Asn ProSer

ProSer

CAGGGCGCCACCGCAACCAACGAGCCCCTCAAGAAGGTTATCGAGAACTTCTACTTTACT 2520
GlnGlyAlaThraAlaThrAsnGluProLeulysLysVallleGluAsnPneTyrPheThr
STP
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LTGUCRETTTCCAGREGgLLCghtetcttttgttacgectgacgacatctccactccatce 2580
lati

agatcataacgcagtatccactaaccgtccacaactcacagCTCCCCAACCATGGCCCGT 2640
SerSerkroThrMETAlaArg

TGCTCAGCCGCCAAGAAGACGGGTGATTCCCGAACCAACTTCATTGGCTCCGGCAT+GGAG 2700
CysSerhlahAlaLyv~LysThrGlyAspSerArgThrAsnPheIleGlySerGlyMET Glu
Glu AlaProAlaleu

GAGGATAGACCTATGGGTCAGTACGCCTATGGTGCATAGATAAGCATCAGGGATCAAGLCG 2760
GluAspArgProMETGlyGlnTyrAlaTyrGlyAlaStop

TAGGCCAAAACAAGGCAAAGGTAAGGGGCGAATGAACAAGCAACAGACAGACAGATACAG 2820

CCAAACCAACAGACACTGGAACACAGTACAGTGCAGGACATATAAGACATGAAAAAAGAG 2880

AGGAAGGAGGGTTTCCGTCTTTCCTTGCTTTCTCTTTTCAACTTGTTCTTACCGCATGCA 2940
TCCCAGTTGCTGCAAGTTGTTTTTTT +GAAGGACGATAAGAGACATACAGAGTTTTGTTCT 3000

TGCTCTTTGATTTATTTCTGTCCTAGCTTTGTGTTTATTGTGCATGTAT++++ATATTGAA 3060

CGGATGATGTTGTGGAGGTTGTGGAGATAGGTGTTGGTTACAGTCAGGCCTAGAGTAGCA 3120

GGGTTGTATGCAATCTCGTGCCGCTCGTGCCGARAATTC 3150
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Table 4-5 Primers used for PCR and sequencing of nuo--8 alieles

Primer Use Sequence (5°'to 3)
THA 4 PCR AAQQ&IQQ?AGTMAGTAGAAGTTCTCG
BamHl 2520 2502
THAS PCR MQG.AT_(EGAAAGAAGGGTCTCTATCGAG
BamHl 366 285
THA 9 sequencing ‘{CGTTGAGGOGAGGAAC‘-}
1274 1258
THA 10 sequencing AGGTTTGTGGOOCGAAG
1570 1554
THA 11 sequencing GCGATOOCGAAGTTGAG
2367 2351
THA 12 sequencing ?T OGAGTATTAGOGAO(?
2126 2110
THA 16 sequencing fGTCAGGOCT AGAGTAC'S
3101 3117
THA 17 PCR AAGGATCCCACGCCATGAGAGATGACTG
BamH| 3'flank -9 5'
THA 18 RIP sequencing GAATACACAAAATGTATGCG
970 589
THA 19 RIP sequencing 'l‘TAATGATITAACTI’CGGTq
1495 1476
THA 20 sequencing GGTTCTTCT OCAAGTAG
1078 1062
THA 2 sequencing GATTGAOGTTCT GGACG
1188 1204
THA 22 sequencing ACGC'ITAOCAAACGCTG
1418 1434
THA 23 sequencing (.BT CGAGTATTAGCGAC('S
383 368
THA 24 sequencing GACGATGTCGCTCAACTTCG

2340 2359
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were identified in both the 49.6 allele and the wild-type sequence that resulted
in an increased similarity of the N. crassa amino acid sequence to that of
bovine(Preis et al., 1991). Three other nucleotide substitutions relative to the
previously published sequence were identified that did not increase similarity.
In addition, there were four single bp insertions balanced by four single bp
deletions that resulted in four regions with a different amino acid sequence
compared to the previously published sequence. Ail four regions were in areas
of low identity to the bovine sequence and the changes do not increase or
decrease overall similarity to the published protein sequence.

The 3' intron divided the 2.3 kb of the cDNA used to generate the duplication
into a 1751 bp region containing the fifth and largest exon and a 528 bp
fragment containing the last exon and the 3’ untranslated region. All RIP-type
transition mutations were found exclusively in the larger fragment and not in the
smaller 528 bp fragment. This is in accordance with previous observations
that duplications smaller than 1 kb tend to be missed by the RIP machinery
(Selker, 1990) and suggests that breaks in a repeated region, such as that
provided by the 84 bp fifth intron, disrupt the identification of repeated regions

by the RIP machinery.

4.4 Discussion
The technique of sheltered RIP has again proved to be an efficient method to
mutagenize specific genes in vivo. The finding from these experiments that
inactivation of the nuo-78% gene has an affect in the mutant strain is the first
reported demonstration in N. crassa that defects associated with complex | are
indeed debilitating. Previous findings with N. crassa strains deficient in
complex | subunits did not report any significant effects on growth (Nehls et al.,

1992; Alves and Videira, 1984). The heterokaryon generated following the
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crosses involving the transformed strains and the mate strain grew at wild-type
rates and fully conidiated, indicating that the deleterious effects caused by the
lack of NUO78 protein is effectively complemented by products in the mate
nucleus. T..e fact that the mutation is not lethal is not surprising when it is
no.ed that other N.crassa strains defective in respiratory components, such as
Coxl ([mi-3]; Lemire and Nargang, 1986) and cytochromes b (cyb-1 and cyb-2,
Bertrand et al., 1977) and ¢ (cyt-2, Drygas et al., 1989), still grow, although at
reduced rates. [Furthermore, it appears that strains defective ir respiratory
components may be capable of up-regulating other components, such as the
alternate oxidase in N. crassa (Lambowitz and Slayman, 1971; Edwards et al.,
1974), through a pathway that leads from the mitochondria to the nucleus
(Butow et al., 1988; Forsburg and Guarente, 1989) in an apparent attempt to
compensate for deficiencies and to enhance viability. Similarly, N. crassa
strains grown in the presence of chloramphenicol accumulate the peripheral
arm of complex | and increase ubiquinone levels 5 to 8 fold (Friedrich et al.,
1989). An appealing hypothesis is that these cells are attempting to
compensate for the reduced NADH dehydrogenase activity by increasing
ubiquinone.

The initial results obtained by growing the heterokaryons on various
concentrations of uridine is misleading. Growth on media lacking uridine
should selectively enhance the proportion of RIPed nuclei compared to wild-
type, resulting in the manifestaticn of a mutant phenotype. The complete lack
of growth observed in these initial tests suggested that NUO78 was essential.
This was a surprising result since previous complex | mutant strains of N.
crassa did not manifest a recognizable phenotype (Nehls et al., 1992; Alves and
Videira, 1994) and an A. niger mutant strain lacking the peripheral arm simply

showed a slow growth phenotype (Weidner et al., 1892). In fact, the
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subsequent generation of viable homokaryotic strains lacking NUO78
conclusively demonstrates that the gene is not essential.

It appears from the results described in this study that strain 49.6 contained
a secondary mutation within the thr-3 trp-3* component of the heterokaryon that
affected another essential gene. This mutation could have arisen
spontaneously or by the integration of a fragment of DNA into an essential
locus during the initial trans*-rmation. This secondary mutation resulted in a
drastic under-representation of the RIPed nucleus in the heterokaryon as
shown in Table 4-:3. The second generation cross of the NUO78 deficient
isolate from the first cross resulted in Mendelian segregation of the nuo-78RIP
allele among the progeny. This result demonstrates that the RiPed allele
derived from 49.6 was not responsible for the severe phenotype observed in
the 49.6 heterokaryon. These experiments also demonstrate the versatilty of
the system in which nonessential RIPed alleles can be crossed into any
desired genetic background for further study.

These data presented here demonstrate that N. crassa is an excellent
organism to study the roles of various complex | subunits. Human cells lacking
components of complex | suffer a number of side-effects. It is difficult to study
the roles of nuclear encoded mitochondrial proteins in humans. Thus, the
ability to manipulate N. crassa biochemically, and now genetically, allows the
study of mutant nuclear genes that exhibit phenotypes which can be interpreted
as being analogous to that observed in higher eukaryotes. Future work in this
area might include the inactivation of the alternate dehydrogenases to elucidate
their role in NADH oxidation. This would aiso be an ideal method to determine

the functions of other subunits of complex 1.
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8§ General discussion

51 MOM19 deficient strains

The minimal size of the duplication required for recognition by the RIP
machinery is considered to be approximately 1 Kb (Selker, 1990). With an
ectopic copy of this size, approximately 10% of the progeny will be expected to
undergo RIP. Furthermore, the proximity of the ectopic copy to the endogenous
copy is thcught to influence efficiency (Selker et al., 1987). The genomic
sequence used to generate the mom-19* duplication ericompassed the region
encoding the entire cDNA but very little flanking DNA, for a total of 1.6 Kb. It was
predicted that the frequency of the RIP would be at about 10-20%. Between 20
and 100 spores were recovered from each of the crosses involving a strain with
this mom-19* duplication and each was analyzed for its ability to grow on p-
fluorophenylalanine (fpa), a toxic amino acid analog. Cells containing the
RIPed version of mom-19 carry the mtrR allele, which blocks the transport of
fpa into the cell, thereby allowing growth on fpa media unless the mom-19%
gene is required for viability. It was found that only isolates obtained from thc
cross involving T128.3 exhibited growth defects on fpa media. Southern
analysis revealed that all tested isolates from the cross (9) involving T128.3
contained the ectopic copy as well as the resident copy, whereas isolates from
the other crosses showed that the ectopic copy did not always segregate with
the endogenous copy. This suggests that the ectopic copy in TI28.3 had
integrated into the chromosome harbouring the resident gene. This further
implies that the proximity of the two copies in T128.3 was sufficient to overcome
the relatively small size of the repeat used for this study for recognition by the
RIP machinery. It seems likely that the protein is missing in 28.17 because of

rapid degradation of the altered product. However, one transition mutation was
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found upstream of the transiation start site. Although this aiteration does not
affect a known consensus sequence for transcription or translation, it is
conceivable that it reduces the efficiency of either of these processes. In future
experiments, use of repeats smaller than the one used here may prove to be
too inefficient for practical use.

The initial finding that the cells deficient in MOM19 can still grow suggests
that the protein is not essential for viability. The severe stop-start phenotype of
the homokaryons does, however, indicate that cells without MOM19 suffer ill
health. The demonstration that repeated sub-culturing of the homokaryons
results in decreased growth can be explained by low levels of residual MOM19
that enables basal growth, while the gradual dilution of MOM19 during growth
and sub-culturing leads to levels that do not support growth. The growth
pattern observed for the homokaryons in race-tubes, ie. sectored growth from
the old growth front, may be due to the generation of cells homoplasmic for the
limited amount of MOM19-containing mitochondria. Heteroplasmic cells have
been shown with time to segregate homoplasmic cultures (Hawse et al,.
1990), however this was observed in actively growing cultures. Furthermore,
the finding that the yeast and N.crassa mitochondrial receptors contain
repeated sequences previously shown to be characteristic of proteins involved
in mitosis and interacting with the cytoskeleton (Sikorski et al., 1990; Ramage
et al., 1993) might suggest that MOM19-containing mitochondria are selectively
retained in growing cells by interacting with the cytoskeleton. This however, is
purely speculative and remains to be investigated.

Growth of the heterokaryons in liquid culture containing fpa results in
eventual cessation of growth that coincides with the depletion of MOM19.
Furthermore, the mitochondria of these cells had undergone drastic

morphological changes resulting in the loss of cristae membranes. Cristae
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membranes normally contain the bulk of the respiratory complexes that
produce ATP essential for N.crassa viability. Cytochrome spectra and western
analysis revealed that the levels of inner membrane complexes are severely
reduced. The inability of cytosolic proteins to be translocated across the
mitochondrial membranes also renders the mitochondria incapable of protein
synthesis, and presumably mtDNA replication and transcription, further
reducing the mitochondrial synthesized proteins necessary for health.
Moreover, the finding in yeast that the loss of the MOM19 homolog, Mas20,
results in an inability to grow only on nonfermentable carbon sources, whereas
the Isp42 nuli strains are incapable of growth on any carbon sources, suggests
that enough proteins can translocate across the mitochondrial membranes in
the absence of MOM19/Mas20 to maintain at least minimal levels of essential
cellular operations. However, when the organism is totally dependent on
mitochondrial function for energy production, the lack of MOM19/Mas20 cannot
be overcome. Taken together, these findings suggest that MOM19/Mas20 is
essential for mitochondrial function and cell viability in N. crassa.

In yeast, the mas-20 disruptant strain could be suppressed if Mas70 was
over-expressed (Ramage et al., 1993). This implies that the two receptors
have overlapping functions and co-operate during the translocation of
precursor proteins. Furthermore, the disruption of both mas-20 and mas-70 in
the same cell resulted in the inability to grow on any carbon sources tested,
suggesting that the two receptors act synergistically in the same pathway. The
in vitro findings with N. crassa do not suggest a similar conclusion. Antibodies
against MOM72 did not influence the residual amount of import into isolated
MOM19-deficient mitochondria, suggesting that MOM72 does not compensate

for the loss of MOM19. It must be considered, however, that this experiment
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was not conducted with a strain over-expressing MOM72, since such a strain
does not presently exist.

The results presented in this thesis also demonstrate that MOM22, the
protein that mediates the transfer of precursor proteins from the receptors to
the proposed GIP (Kiebler et al., 1993), is directly influenced by the presence of
MOM19 and may directly interact with MOM19. The transformant strain, T128.3,
over-expresses MOM19 by about 3 times that of wild-type. MOM22 is also
found to be present in the mitochondria of the transformant at levels higher
than wild-type (Table 3-1). Furthermore, in MOM19-deficient strains, MOM22 is
found to be reduced. Finally, import of precursors into MOM18-deficient
mitochondria was found to be less dependent on MOM22 function than in wild-
type. Several possibilities can be considered to explain these findings. First,
the conformation of the complex may be influenced by the presence of MOM19,
resulting in increased or decreased stability of some components. The N-
terminus of MOM22 faces the cytosol, so conceivably, the accessibility of
MOM22 to endogenous proteases may depend on the conformation of the
complex. Secondly, MOM22 and MOM19 may work together to increase the
efficiency of import. In the absence of MOM19, MOM22 may be incapable of
efficiently fulfilling its responsibilities during import. Lastly, the GIP may be
more exposed in MOM18-deficient mitochondria, allowing incoming precursors
to interact directly with the translocation apparatus, thereby reducing

dependency on the receptors.

5-2 NUOT78 deficient strains

From approximately 20 heterokaryotic strains obtained following the
sheltered RIP crosses involving TH49.3 and TH62.3 with M I, at least 3 were

found to be deficient in NUO78 protein under the appropriate growth conditions.
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The ability to isolate the RIPed alleles from all three heterokaryons as
homokaryotic cultures indicates that cells deficient in NUO78 can survive. In
view of the phenotypes displayed by other mutant cells of N. crassa that lack
components of the respiratory chain, such as [mi-3] (COX |; Lemire and
Nargang, 1986), [exn-5] (COX II; Lemire et al., 1991), and cyb-1 and cyb-2
(complex IlI; Bertrand et al., 1977), which display slow growth phenotypes, it is
perhaps not surprising that cells deficient in NUO78 can still survive. The
demonstration that the inability to fully conidiate segregates with the loss of
NUO78 protein in a cross involving nuo-78% and nuo-78RIP strains suggests

that NUO78 function is important for proper conidial function.
5-3 Nature of the RIP machinery

The simplest explanation for the mechanistic action of RIP involves the
deamination of cytosine and 5-methylcytosine to produce uracil and thymine.
This suggests that one strand of the duplication is methylated followed by
deamination of the 5-methylcytosine to produce the effects observed (Selker,
1980). Two results suggest that the RIP machinery is independent of the
apparatus utilized for meiosis and general genome methylation Firstly, the
observation that RIP still occurs in crosses homozygous for the mei-2 mutation
(Selker, 1990), demonstrates that pairing of the repeated sequences must
occur by some other mechanism. Secondly, a methylation minus mutant in N.
crassa is still capable of undergoing RIP (Foss et al., 1993), indicating that
methylation of repeated sequences is not carried out by general processes.

The observation that an 84 bp stretch of non-repetitive DNA, representing an
intron of nuo-78% amidst repetitive sequences, is sufficient to break up the
duplication into independent modules strengthens the idea that the RIP
machinery pairs the two repeats together and initiates the mutational process

on only those sequences that are homologous, as previously described

196



(Selker, 1990). Perhaps the "enzyme" requires contact with strands from the
two repeats in order to function and any significant stretch of non-repetitive DNA
may be sufficient to signal release. The observation that, 1) strains containing
more than two copies of a repeat undergo RIP on two repeats at a time
(Fincham et al., 1989; Selker, 1990), 2) repeats as divergent as 10% still
remain active targets for RIP (Selker, 1990), and 3) tandem duplications
undergo RIP 100% of the time, all support a model for the RIP machinery. A
RIP enzyme(s) may actively search the genome for repeated sequences and,
upon identification of such a target, pair the repeats. Alternatively, physical
pairing may be required for identification of repeats. In either case, the correct
detection of the repeats activates the mutational activity. Tandemly aligned
duplications may be the simplest to find, whereas smaller repeats dispersed

throughout the genome are much more difficult to discern.
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