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Abstract

. .
'I‘he [ml—‘3] and [exn-5] extranuclear mutants of )(Jeurospara crassa are both .
.charactcm,ed by lhelr defi rcnency in cylochrorne df’, levels. Vanous a;ﬁoaches wer\e used 1o

_ 'more f ully characlerrze these two mutants. ,l : ‘.f' ."' - L l.\ :
DNA sequence analysrs of the fmz 3] oxi- 3 gene ré\ﬁaled a mxssense mutatron in codon .

448 of the mature subumt 1 polypeptrde of cytochrome c oxrdase The G/C to T/A ' 4

transversron results in a tyrosine resrd" e al this posmon mstead of -the normally present

- '7*‘-5;‘;“,

aspartic acrd Three lines of evrdence suggest that thrs mutauon confers the [mi-3): phenotype
' Frrstly ‘the ammo acrd subsntutron isa relauvely severe change in thatgan ammo acid wrth a ,
negatlvely charg‘d s"de chain is.replaced- by one that carnes a polar bu! uncharged aromauc ':.l.
srde chain: Secondly ’ the ammo acid resrdue at thrs posruon appears to be &merved as erther |
an aSpartrc acid dr a glutamic acrd in dwerse specres Thrs implies thal an acrdrc resxdue may
be f uncuonally rmportanl at that posmon Fmally the uansversron mulauon appea\rs to ‘.
. '!agregate wrth the mutant phenotype in forced heterokaryons
The DNA sequence of the [exn-5 J oxr-] gene revealed a missense mutation in subunit
» . _

" 2 of cytochrome c oxrdase A C/G to T /A transmon in the 15th codon of the mature subunit

) codmg region specifies an. rsoleucme resrdue in the [exn-5]. polypepude whrle the wxldtype

h\as a thrcomne at this posmonmo genem evrdence is avarlable at thxs nme to conf irm that

ls;.rnutauon confers the cyrochrome aa,-defi icient phenotype to [exn—.ﬂ strainis. 'l'he seventy '
of the ammo acid substitution, a polar amino acid is replaced by a non-polar resrdue and the
;« v observatxon that hydroxylated amino acxds are f ound exclusrve:l)l at this posmon in the subuml

,f N 2 polypepudes of varlous organisms is good crrcurnstantral evrdence that this substrtuuon gives '

to the [exn 51 phenotype

\" ln lrght of the above f mdrngs a model is proposed to explam the manner in which the

T \l
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~_ 1. Introduction .-

ﬁ Mnochondnal Genetics o o _ . . )

The advent of exuanuclear geneucs began with Lhe drscovery of cytoplasmrc

resprratory def 1c1ent mutants in yeast (Ephrussr and Hotunguer 1951) and in Neurospora
(Mnchell and Mnchell 1952; Mitchell er al., 1953) Evidence that mnochondh@o\tamed
! DNA (Luck and Rexch 1964) and lhat these organelles were transmitted exclusively by lhe '
protopemhecral parent in. Neurospora (Rerch and Luck 1966) lead to_ the conclusion that
/rnaternally rnhemed charac ;nsues were encoded by the mnochondna Drrect evidence
supporting this theory was obtamed for Neurospora in 1965. Dracumakos et al. (1965)

mlCl‘OaneCled purrfred mnochondrra from the cytoplasmrc [abn-]] mutant (G

.1965) into a wrldrype strain. The m?car.ornjected wrldtype cultures acquired the maternally
mhemed mutam characterrsucs of slow -growth as well as defi 1c1enc1es in cytochrom aa; and b
(Dracumakos et al., 1965; Garnjobst er al., 1965). ‘
Today, much more is known about the nature of the mnochondrral genome The
complere mnochondnal DNA sequences from vanons eukaryotes have been pubhshed
(Anderson et al., }981; Bibb ez al., 1981 Anderson e al., 1982 Clarpand Wolstenholme 1985
Roe et-al., 1985). The size of the mnochondnal genomes vary f rom ca. 16 kbp in anrrnals to
up 1o 2509 kbp in plams (Sederoff, 1984; Mulligan and Walbot 1986) Fungal mitochondrial
genomes are i_ntermediate in sijca. 17 kbp to '>'100 kbp)v(Clark-Walker and Sriprakash, ‘ ‘ |
1982; SederofT, 1984) The size differences, at least in fungal' organe]xle genornes. can be |
accounted f or by the presence of optronal introns and the length of rmergenrc spacer regions - .
(Sederof f, 1984 Brenenberger and Ra]Bhandary 1985). ! |
Despne the size variations, mitochondrial genomes are f uncnonally conserved and
essenna]ly encode the same number of protems (Sederoff, 1984 Brenenberger and
P RaJBhandary 1985; Mulligan and Walbot 1986). The three largest subunits of cytochrome c
- oxidase, apocytochrome b, and some components of bot.h the NADH dehydrogenase complex‘ &

and the mitochondrial ATPase are specified by genes in the mitochondrial genome (Sederoff,

-



. 1984; Brertenberger a}fﬁ
encode components of th; Tk Béndrial,

r&?‘*‘“ '
rRNA subumts a*nbosomaﬁ protem and tRNA molecules (Sederoff 1984 Brertenberger and

% Ra]Bhandary 1985)
. Y~ ' :
- A ovel feature characteristic of organelle genomes is the use of a genettc code

R

= - ‘drﬂt?erent from the' unrversal genetic code (Barrell et al:, 19 Fo. ,1979 Anderson et aI
/195}' x and Leaver, 1981, Anderson et al., 1982; Brbb et al; 1981» W

llace,_ 1982; de Bruijn;

p

“\&983 Ty and Wolstenholrne 1983b; Clary and Wolstenholme 1985 Roe et al., 1985) For.
»

exampl in Neurospora thg UGA codon specrf ies a tryptophan resndue mstead of a

termination co_don -(Heckman_ et al., 1980).

Cytochrome ¢ Oxidase - | ._\'L.- g

Cytochrome c oxrdase the terminal e , in the res'piratory cha’ih} 'catalyzes‘the
transfer of electtons from cytochrome c to oxygen in the mttochondna of eukaryotes
(Kadenbach and Merle, 1981; Tzagoloff, 1982; Capaldl et al, 1983 Denis, 1986). The transfer -
of electrons from. cytochrome oxrdase to oxygen can be prevented by azrdes cyamdes and

earbon monoxtde. (Exgure 1) In Neurospora cytochrome oxidase is composed of at least
seven subumts only three of whrch are mrtochondnally encoded (Sebald et aI 1973 Schatz
and Mason 1974) Cytochrome oxidases from hrgher eukaryotes lrke bovme and rat may ’

' consrst of as many as 12 or 13 subumts (Kadenbach and Merle 198]; Capaldi et al., 1983; .

- Denis, 1986) or as few as 5 subunits are observed in some plants (Dems 1986) .

The holoenzyme in addition to the polypepude subumts co tams four electron

, acceptors two heme groups and two copper atoms (Capaldi et al., 1983; Denis, 1986).
Subumt lis thought to be the site of attaéhment of hemes a'and a, and one of the copper .
atoms (Dems 1986) Subumt 2is the site of attachment of the second copper atom and is the '

‘subunit that interacts with cy&ochrome c (Capaldt et al., 1983; Dents. 1986).



Figure 1. Electron 'transport chain of Neurospora mitochondria. {Referenoés: Jackson
and Lightbown, 1958; Lambowitz and Slayman, 1971; Stryer, 1975; Bertrand et al.,
1976; Tzagoloff, 1982). R ' : : ‘
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Mrtochondnal lmWrt of Proterns S o ' {' _
- Pulse- labelrng experiments in thé presence of mlubrtors lrke cyclohexrrmde and
v chlora%hemcol was.the rmtral major source of information concemmg the origin of
'mxtochondnal polypepudes (Sebald et al., 1973 Schatz and Mason 19743. As little as 5%. of
- the mxtochondnal proterr mass is synthesrzed on mrtochondnal Tibosomes. The bulk of
" ”“%nochondrral protems are encoded by the nucleus and transported from the cwioplasm into’
the mrtochondna (Schatz and Mason 1974 Schatz and Butow, 1983 Schatz, 1987)."
| Cytoplasmrcally trans‘lated proterns are 1mported into the mrtochondna and gutded to \)ne of.
the four maJor mltochondrral Iocatrons the matnx the inner membrane, the mtermembrane '
. space or the outer membrane (Schatz 1987) 'I’he rmport of protems into the mrtochondna
can-be drvrded into four drscrete steps: 1) mrtochondnal recogmtron of Precursor - |
| polypepudes 2) translocatron of the precursors across the membrane(s) 3) processing of the
precursor p\rotems and, 4) their. assembly into multrmerrc complexes (Harmey and Neupert,
1984). | | |

The mrtochondrral retognrtron of precursors is mediated by receptors located on the . |
cytoplasmrc surface of the outer membrane (Schatz and Butow 1983 Harmeyand Neupert :
1984). Protein receptors are specific for precursors; they do n_ot bind mature polypeptrdes |
(Harmey and Neupert, 1984). Some Teceptors are specific for particular proteins, for example
pocytochrome ¢ has its own receptor (Zimmermann et al., 1981; Hennrg etal, 1983) But
most receptors are not so specrf ic and they bind and translocate a number of diff erent
a.polypeptrdes (Harmey and Neupert 1984; Hay et al., 1934)

Protems that bmd 10 mrtochondrral receptor molecules contain information necessary
for mtracellular targetmg This infarmation is contamed within amino- terrmnal presequences
(Douglas etal, 1986 Huit and van Loon, 1986) These presequences function in mtra-
mrtochondnal sorting and determine the final destination of the protein (Douglas et al., 1986 o
Hhrt and van Loon. 1986 Schatz 1987) Matnx and mner membrane proterns have

"presequences that are nch in. posrtrvely charged and hydroxylated amino acrds and devord of

vacrdrc residues (Hurt and van Loon 1986) The presequences of mtermembrane ‘space
E:

N



P
proteins, in addition to being rich in basic and hydroxylated amino‘ acids, have a long stretch - -
of uncharged amino-acids (Hurt and van Loon 1986) Proterns destmed to the outer -
membrane lack cleavable presequences but therr ammo -terminal sequences resernble the
presequences of protems destmed for the mtermembrane space (Hurt and van Loon 1986)

Translocatxon of proterns to the outer membrane does not requrre a membrane .
potentral but t,he transport of polypeptrdes across the mner membrane is energy dependent

"(Schatz and Butow 1983 Harmey and Neupert, 1984 Retd 1984 Douglas et al 1986) Some .°

precursors hke the yeast cytochrome b, and cytochrome « polypepudes are transported bv a’

. 1wo step. process to the 1ntermembrane space but most appear to be translocated in a. smgle
. t#" A N

%98;4)- T /

- o [,

precursor polypeptrdes undergo some l' orm of post-translational rrhﬁf ication (Hay et al., 5

1984). Many precursor protems have their amino- termmal presequences cleaved by a protease

(Bohni et al 1983’ Cerletu el al., 1983; Yaffe et al., 1985; PratJe and Gutard 1986). Other, |
protems undergo such post- translatronal modrf rcatrons as heme attachment bef ore assembly o
' mto protem complexes (Zrmmermann et aI 1979 Schatz and Butow, 1983 Hay et al 1984

Tzagoloff et al., 1986). ‘ ’ A

: Nuclear-Mrtochondnal Interactrons - )
‘ Mrtochondna are composed of hundreds of protems most of whtcPf are encoded by
the nucleus (Schatz and Mason 1974 Schatz, 1987) Nuclear mutants of yeast that carry
.def ects affecting mrtochondnal gene expressron are referred 10 as pet mutants (Tzagolof f, : ’,
1982). Ovwer 200 complementatron groups have been ‘identified for the collectlon of about 4000
" different pet mutants (Michaelis et\al 1982) The complementatron groups ‘were orgamzed
" into three ¢classes. Most mutants exhrbrted no detectable drffcrences relatlve to. the wrldtype
) ,when the ”S labeled mrtochondnal translatron products were s{p\gag:d on LIDS poly- o ,“
: acrylamrde gels whﬁe about 10% of. the pet mutants ‘had defects in tochondrral protem |
_ .synthesrs (Mrchaehs et al 1982 Fox 1986) A thud class of pet mutants had erther redu

v . .
. . .




.amounts or the complete absence of specrf‘ ic mrtochondnally encaded proterns (Mrchaehs eI
al., 1982 Fox, 1986) This latter class of pel mutants encodrs protems that regulate the
_‘ expression o_f _ mttochondrxal genes by specrf 1cally -aff ecting a post?transcrlptlonal_ step (Fox,
86 - ‘ | . \;. v T . Lo
| Nuclear mutations that prevent the translation of partrcular 15i1C chondnal transcnpts
vmclude the following: ché cbsI cbs2 pet54, peiIII and pet494. The three mutants cbp6
cbsl and ;bs2 have defects in nuclear encoded functions essenttal f or the translatton of |
‘cytochrome b transcrrpts (Dreckmann and Tzagoloff 1985; ROdel efal., 1985 Fox 1986
_ Rodel 1986 Rodel et al., 1986) Both PET54 and PET494 gene‘s encode products that permit
translatron of the, coxIIl message whrle PET 111 specrfrcally af’ fects translatton of the coxII
mRNA (Costanzo and Fox 1986? Costanzo et al 1986; Fox, 1986 Poutre and Fox, 1987)
| A sécond class of nuclear ge:bes encode products not required for the translation of
mrtochondrral messages, faut are necessary for the post- translattonal processrng of |
'mrtochondrtal and nuclear precursor protems The CORI gene encodes a 44 lt%a pratein that
processes apocytochrome b to mature cytochrome b, possibly through the addition of heme.
(Tzagol’of f et al., 1986). The ma.:} ancl ts2858‘mutations prevent proceS’sing of precursor _
polypeptrdes by inhibiting, either dtrectly or mdlrectly the rerhoval of transrent presequences
(PratJe et al., 1983; Yaffe et al., 1985 Pratje and Gutard 1986). The T'S2858 gene product
appears to be requtred for the removal of presequences from the mttochondrrally encoded \
.cytochrome ¢ oxrdase subunit 2 polypeptrde %‘%% the nuclear denved protem, cytochrome b, -
(Pratje et al., 1983 Prat;e and Gurard 1986) The matnx protease encoded by the MASI
gene, cleaves of f ammo-termmal extensions from 1mported mttochon,dna_l precursor
' polypeptides (Bohni et al 1983; Yaffe ef al., 1985). |
Other pet mutants havg pletotroptc defrcrencres in the resptratory cham charactenstrc
of def ects in the mitochondrial transcriptional or translatronal apparatils (Michaelis et al,, ‘
1982 Fox 1986) Nuclear genes code f or the maJorrtv of the components necessary for |
mltochondnal protein synthesrs mcludmg most ribosomal protems and all amtnoacyl -tRNA -

smthetases mtttatton elongatnon and termmatron factors (Schatz and Mason 1974) A defect

. p‘-‘e' kR



in any one of these genes is expected to adversely

.consequentl} leadmg toa resptrator) defxcxent phenotype ecently pet mutants with lesi&xs \ _

- in, mltochondnal tRNA synthetases (Myers and ngolof f 1985 Pape et aI 1985 Natsouhs el

al 1986, Chatton et al., 1988) have been charactenzed ' ‘
Of parttcular mterest was the fmdmg that the H’FSI gene in"yeast encodes both the -

nd cytoplasmnc hlSUdlne tRNA - synthetases (Natsouhs et al., 1986) 'The HT Sl

from two. altemate promoters to produce transcrlpts of dtf fering length

: with diff erent translauonal in- f rame start codons The longer message apparently encodes tht
mttochondnal synthetase while the shorter transcnpts specify the cytoplasmtc histidine- tRNA
synthetase functtorr (Natsoults et al., 1986). Mutauons af f ecting the upstream AUG
translatton initiation codon ehrmnate the mttoc \ﬁndnai synthetase functton This leads 13 a - K
resptratory -deficient phenotype because of the anerse -effects on mttochondrtal translauon
but the levels of cytoplasmtc hrsndme t{RNA synthetase repdin unaltered (Natsoulxs et al.,

1 1986). A smular transcriptional pattern vlS -observed f or the yeast-valyl tRNA sy_nthetases

(Chatton et al., 1988). ) | | |

"o

Recently, more nuclear mutants af fectmg the btogenes1s of \cytochrome dxxd(:tse in

yeast were :solated One class of mutants, consxsttng of 14 complementatton groups, appears

to be dcfecnve in the assembly of holocytochrome oxxdase (McEwen’ el al., 1986). Mutantsom

: thlS class are def xc1ent in cytochrome ¢ oxtdase acnvxty -yet they contam apparently normal _
amounts of all cytochrome oxtdase subumts It.has been proposed that ‘the the pnmary defects _‘:
in these mutants may affect heme bnosynthesxs the’ presence of card;ohpm or some other
f unctton necessary for the assembly of hblocytochrome ox1dase (McEwen ex al., 1986)
. Despxte the overwhelmmg number of exampl’es of nucl genes regulatmg

‘mltochondnal gene expressxon as evxdent by the largg number of pet complementatlon grou.ps)
there are mdxcatlons that the Unverse may: also be true. Mttochondna may export protems ;

: ,_that mfluence nuclear gene expressmn (Edwards and Rosenberg, 1976 Yafl" e and Schatz

' 1984 Fischer Lmdahl 1985 Pankh etal, 1987) In mice, it is well documented that a classl

- ’cell surface ant1gen mia, is matemally mhented (Ftscher Lmdahl and Bttrki, 1982 Ftscher
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A Lmdahl & al 1983; Frscher Lrndahl 1985) The nuclear gene hmt is the struotural gene f or

. hature of-mtfand its mo

Schatz \1984)

- v

~."nua and rt maps to the mouse major htstocompaubtlrty complex (Ftscher Lmdahl et al 1983 '

Frscher Ltndahl 1985) lts expressron on the cell surface is regulated by a cytoplasmtc f actor

" mi f ( Frscher Lmdahl el al., 1983 Ftschcr Lmdahl 1985) Specrl" ic mt f types are assocrated
', with® mrtochondrtal DN/\, restnctron f ragment length polymorphrsms (RFLP) thus supporttng K

- the vrew that mt f is encoded by the mttochondnal genome (FTSCher Ltndahl 1985). The

of actron is not understood at present

{

Edwards and Rosen rg (1976) concluded from their expenments studymg the '

reggtjon of the alternate oxrdase in Neurospora that a mrtochondrtal gene product regulated ’

cyanidecinsensitive resprratron in a negative manner. by acting at a site external to the

‘ :

organelle There was 1o mentron of the mechamsm of actton of the regulatory protem
AT tnal example whereby the mrtochondrral genotype mfluences nuclear gene B -

exprcssron was ‘obsérved in yeast. Specific nuclkr mRNAs from dif ferent mttochondrral

\
resprratorv def 1cren,,stratns were diff erenttally express;d among 1sonuclear yeast strains .

3

(Parrkh et al., 1987) Two classes of transcrtpts mfluenced by the mttochondnal genotype

were detected Class I transcrrpts were expressed at hrgh levels in all regptratory def icient

‘strains examined, regardless of the nature of the mttochondrral mutatron while class II

<+

NG

‘mRNAs were only abundantly expressed inp and o° strams but not ué mit” and P strains.

(Parrkh et al., 1987). Thts suggests that, the type of mrtochondnal lesion i fluences t_he levels’

of expressron of clags il genes Cytochrome oxrdase subumt 6 was found to be,an example of

aclass Il gene (Pankh et al., 1987)

Evrdence from mouse, Neurospora and yeast suggests that a mrtochondrral f unction

exerts its mflnence outsrde the organelle 0 regulate the expressron of nuclear genes Presently.

-

there lS no i irm evrdcnce to support thts view. However there are mdtcatrons that genet1c

- . matenal Ras moved f rom the mitochondria to the nucleus (Ttmmts and Scott 1984 Yaffe and

amples of homologou-s mrtochondrtal DNA sequences f ound in the nuclear

‘genome has been demonstrated for such dtverse orgamsms as sea urchm (Jacobs et al., 1983)

©

locust (Gellissen.et al., 1983) i, (Tsuzuki etal, 1983), yeast (Huda et al., 1985),”

. by . .
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- Podoepara (Wuﬁt and Cummmgs 1983) and Neurospora (van den Boogaan el al., 1982a)
Tif Podospora mltochondnal DNA sequences (a sen DNA) assocrated with senescence
have been observed to Lranspose to the nucleus (anht and Cummings, 1983; Txmmxs and

_Scott 1934) The mex1 strain, a Podospora mxtochondnal mutam lacks the mllochondrlal

- DNA restncuon fragment- encodmg the oxi-3 gene and from which the a-seff DNA sequences ‘

are denved (Vlemy et al., 1982 anht and Cummmgs 1983). The excision and/or

amphﬁcanon of the a-sen DNA appears to play a role m senescence {Vierny et al 1982)

The mex] mutant has trdnsf ened its subunn 1 encodmg oxi-3 gene to the nucleus and in the

process has escaped 'senescenCe (Vierny et al., 1982; anht agld Cummmgs 1983). The .
- nuclear oxi-3 gene apparently provrde!he normally mitochondrially specif 1ed function
(Wright and Cummings, 1983; Timmis and Scott, 1984). -

The transfer of DNA between genomes may have also occurred m Neurospora (van
den Boogaart et al., '“82a Yaffe and Schatz, 1984). Two copies of the ATPase 9 gene are
present in Neurospora (van den Boogaart el al., 1982a). The funcuonal gene is located in the

' nuclear vgenome-, while the rmtgchondrlal version is apparently. not expressed (van den |

. Boogaart et al., 1982a; Yaffe and Schatz, 1984). .

Yeast Cytoplasmlc Mutants

The field of extranuclear geneucs in yeast thnved wnh the dlscovery of numerous _‘
] cytoplasmlc mutants. The rmtochondnal vanants ‘of yeast have been classif’ 1ed into four
f amlhes the cytoplasmlc o vegetative petites, the anub%ue-resfstant mutant.s the mit ’
* mutants and the syn miutants (Tzagoloff et al., 1979; Tzagoleff, 1982). |

The cytoplasmxc peutes consrst of a heterogeneous group of extranuclear mutants
charactenzed by resplratory def 1c1ene1es due to large deleuons in the mxtochondnal genonie

The retamed segmem of mnochondnal DNA is amphfxed tandemly to produce a genome size

_s1mxlar to that of wﬂdtype strains. Vegetative peutes are often also defi 1c1ent m nutochondnal

protein synthesls and oxrdauve phosphorylauon because the large deleuons usually result in '

- the loss of syn and mit genes, respectwely (Schatz and Mason 1974 Tzagolof f 1982) Pemes :

v
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. single loci (Tzagoloff, 1982).

Neurospora Extranuclear Genetics

11

g _ared ‘m}uced by such mutagens as ethtdtum bromlde and acrtdme dyes (Tzagolof f, 1982)

\
}7he anubxotxc resnstant (am ) mutants are reststant to various drugs and anubtotms

while w:ldtype cells are normally sensmve (ant ). to these anublottcs Thus the aan mutants

are able o grow on nonf ermentable substrates in the presencer of inhibitors. Diff erent types of
inhibitors are readily dtstmgulshable by their modes of action. Certam drugs like antimycin A
mh:bnt electron transport by interacting wnth specxf ic cytochromes (Tzagolof f, 1982; thure

1). Oligomycin, another drug, interf eres w1th the ATPase co‘mplex and dtrectly mhxbtts )
oxidative phosphorylation, while other inhibitors like chloramphemco] ehmmate mitochondrial

protem synthesis by interacting with ribosomal subunits (Tzagolof f, 1982). Aan mutants are

easily obtainable by 'plating mutagenized yeast cells on.nonfermentable media supplemented

~with an inhibitor (Tzagoloff, 1982).

Mit mutants are unable to grow on nonf ermentable substrates because of pomt

mutauons in genes necessary for electron transport and oxxdatwe phosphorylauon (Tzagolof f

et al., 1979; Tzagoloff, 1982). Phen‘ot pically, mit mutants appear 10 be similar to vegetative

petites, but further analysis reveals th fact that mit mutants are revertable and that they have .
retained their capacity for mitochondrial translation because their lesions are. festricted to '
The final class of yeast cytoplasmic variants consist of the syn mutants. These

‘harbour point mutatigns in genes required for mitochondrial protein synthesis. (Tzagoloff et

al., 1979) While both cytoplasmic petites and syn mutants have an impaired mitochondrial

translatlon syslerw, only syn mutants‘are‘ revertable. This test readily distinguishes this class of ©

mutants from ) the vegetative petites (Tzagoloff, 1982).

There is a distinct lack of respiratory mutants in Neurospora when compared with

veast. This is because of. ‘the powerf ul selection scheme that exists for finding respiratory

mutants in yeast because yeast is a facultative anaerobe and Neurospora is an obligate aerobe

»

Mutauons ;tau;gmpletely ehmmate mitochondrial functions in yeas.t are not lethal. Yeast

- ‘ : N
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respiratory' 'mutants are readily a‘pfaarent on medium containing low levels-of glucos'e and a
hrgh glvcerol concentrauon (Tzagolof f, 1982) The mrtochondnal mutants, unable to respire,
stop growing when the supply of glucose is exhausted w}ule wildtype cells are not affected by
llthe depletion of glucose Resprratory competent cells continue 10 grow to form large colomes
In contrast, Neurospora completely lacks the ability to ferment. Lesions that completcly -
eltmmate mrtochondnal f unctions are theref ore lethal Itis evxdent then, that any collection of
. Neurospora resprratory mutants consrsts of those having a reducuon rather than a complete
" loss of mitochondrial T unction (Bertrand and Prttenger 1972)
Attempts have been made to mduce specrf 1cally extranuclear mutations in Neurospora.
. Such mutagens as-acriflavine (Srb, 1953) uv (McDougall and Prttenger 1966), MNNG
(Bertrand and Pittenger, 1972) and 2- ammopurme (Rosenberg el al, 197‘ have been used,
“Jbut the lack of a suitable selectton scheme has made it difficult to recover extranuclear
mutants. Many techmques have been uSed either solely or m combmatrons to select for -
resptratory mutants of Neurospora fi 1ltratron concentrauon (Nargang and Bertrand 1978 :
‘Prttenger and West 1979) tnosrtol less death rnethod (Edwards et al 1973 Rosenberg et al.,
976 Pittenger and West 1979) screening for cyamde insensitive or salrcylhydroxamate :
(SHAM) -sensitive resptrauon (Edwards et al., 1973 Nargang and Bertrand 1978; Ptttenger
arid West, 1979; see thure 1), reduction of dyes such as tetrazolium or sodium tellurite
(Grlhe 1970 Edwards et aI 1973; Rosenberg et al., 1976; Nargang and Bertrand 1978),
“addition of cyclohextmrde pnor to mutagenesrs (Rosenberg etal, 1976) perrods of growth
interspersed ‘with successive UV 1rradratron treatments-(McDougall and Prttenger 1966)and
the contmuous growth of Neurospora cultures (Bertrand and PttEger 1969).
None of these methods were very effi 1c1ent at recovertng piratary -deficient mutants
of any kind, but extranuclear mutants were still parucularly rare A number of factors in -
* addition to bemg an obhgate aerobe may account for the lack of cytoplasmrc ‘mutants m
Neurospora. The larger genome srze of the nucleus and the obse on-that most protctns
f ound in the mitochondria are rmported from the cytoplasm ma:\ drf ficult to specrfrcally

induce cytoplasmic variants. The majonty of resptratory def xcrent mutants recovered have -
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acqﬁifed mt_itatjons in the nuclear rather than mitochondirial genome.
~ Another ‘im'p_onam factor is the large npmber of mito_chondria in coenocytic hyphae
and conidia and the observaﬁdn that each 'mitdchondrion contains more than one molecule of -
DNA ( Lewin 1987) Consequentlv in order f or an extranuclear muitation to be expre‘ssed‘i ii
must be suppressive $o as 10 produce 2 detectable mutant. This may not{g% ‘compatible with
.thc need to be a leaky mutam Other actors such as the permeability of mnochondna to
mulagens may also play a role. ..
Backer and Blrky (1985) have concluded that in the absence of selection, random drift
and random partitioning are thc primary mechamsms in determmmg the fate of a new antR
mutation in yeast. It is conceivable that similar mechanisms cxist in Neurospora for fi mng .
cxfranuclear gene mutau'ons Th{xe itis likelv that most mitochondrial mutations are lost
rather. than fixed. With such constraints regulaung the fixation of cytoplasmxc mutations, it is .
. not surpnsmg that there are few mnochondnal mutants in Neurospora, and that of the 16
‘extranuclear muLamSoclassif ied by Bertrand and Pittenger (1972), 10 arose spontaneously. '
~ Because of the very low frequency of recovery of cytoplasmlc mutants in their MNNG
mutagenesis experiment, Berirand and Pittenger (1972) could not exclude the possibility that
the f our muochondnal variants recovered were a}so spontaneous rather than mduced Thus, as
many as 14 of 16 cytoplasmnc mutants may have arisen spomaneously
Classification of Neurospora Extranuclear Mutants | .
Bertrand and Pittenger (1972)x and Bertrand et al. (1976) have proposed a scheme to
classify Neufospora cytoplasmic ‘mutan.ts. The classif ieat;on system proposes the _establishmem )
of four groups. Members of a gro‘up ‘ﬁi;}e identical or similar phenotypes and are sup‘preésed
by the same nuclear sdppfessor genes. Group I mutants are deficient in cytdchrome» aa, and b.
The original N crassa extranuclear mutant, [poky], is the best known member of this group,
but eight other mutants are also included in this gr‘oup‘ (Mitchell and Mitchell, 1952; Bertrand
and Pielenger_. 1972, BerErand'_et al.,'1976). The nature of the primary defect in [poky] and
other group 1. mutants has been determined: by'"Akins_ and‘ Lambdwitz (1984). A 4 bp deletion

L8



at the 5" end of the 19S RNA gene is present in [polcy] and all other group l mutants

xexammed The lesion promotes the synthesis of aberrant 19S rRNA molecules and is sufficient . |

-

"to account for the pleiotropic effects observed in group 1 mutants. It is likely the pnmary
. defect affecting all group I mutants '(Akins and Lambowitz 1984). Varidtions in thc '
phenotype of group 1 mutants are likely due to drf ferences in nuclear background and/or 10
secondary lesions in the mttochondrtal DNA since all are suppressed by the nuclear Suppressor
f gene (Mitchell and Mitchell, 1956; Bertrand et al., 1976; Akins and Lambowitz, 1984). It has~ |
- been suégested that all group I mutants may simply be reisolates of the original [poky] mu-tant
(Akins and Lambowitz, 1984). - |

The extranuclear mutants, [mi-3] and [exn- 5] are the only members of group ll Both
of these mutants have def iciencies in cytochrome aa, (thure 2). The [mi-3] mutant also has
' ‘been shown to have reduced cytochrome ¢ oxrdase activity ( Bertrand and Ptttenger 1972;
Bertrand et al., 1976) It is likely that [exn-5] is also defi 1c1ent in thlS activity, but this has
never been examined. The mutant phenotype of group II mutants is suppressnble by su-I a |
nuclear gene linked to al’ 2 on hnkage group I (Gillie, 1970; Bertrand and Pittenger, 1972;
Bertrand et al., 1976 Perktns etal, 1982) However, differences between the two mutants are
known to exrst For example the mductlon of cytochrome aa, by the nuclear gene cyb-l .ot by
agtimycin A is charactenstrc of [nu-3]@nd not [exn—5] cultures. (Bertrand etal, 1976
 Bertrand and Collins, 1978; Bertrand, 1980). . |

| Group I mutants have the "stopper" growth phenotype_ and arey def icient in

cytochromes aa, and b (Bertrand and Prttenger 1972 Bertrand et al., 1976). Stopper mutants
contain insertions or delettons m thexr mrtoghondnal genome (Bcrtrand et al, 1980) It has
been suggested that the "stop-start" giowth phenotype isa consequenee of the compeutron R
tbetween defective and less defectrve mttochondnal DNA specxes The defective mttochondnal
DNAs tend to predommate but the less def ecttve molecules must be retamed to sustain
' growth (Bertrand et al 1980). These charactenst!a drf ferentiate the group III mutants from
- the [poky) and [ poky]}-like yanants.
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I‘lgure 2. Cylochrome spectra obtained from the muochondna of a) w:ldtype b)
[mi-3] and . c) [exn-5) Neurospora. crassa strains.
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The sole representauve of group IV is [eni-3]. This mutant has a full complement of .
fmttochondrral cytochromes but "has a mutatron that has af f ected the alternate oxidase system
" in a manner that allows it to be constrtutrvely expressed (Lambowrtz and Slayman 1971;
_'Edwards and Rosenberg, 1976' Rosenberg et al., 1976; see also thure 1). The expertmental
evidence suggested that a mltochondrrally encoded protem regulates the alternate oxidase

pathway by acting at a site external to the mltochondnon (Edwards and Rosenberg 1976)

The M,Extranuclear Mutant _ »

Since it was orrgmally descrrbed (Mxtchell et al 1953) the [mi- 3] mutant has been
studxed sporadtcally The mutant arose Spontaneously from ascospores produced f;on{ a cross
of wildtype Abbott 12a protopemhecxa to wild 1400-44 and has a matemall) mhented : |
abnormal phenotype distinct f TOTA’ [paky] (Mttchel] et al., 1953) The [mz 3] mutant strams are -

deficient in both cytochrome aa, levels (Frgure 2b) and in cytochrome 'C oxrdase actrvrty and
have a growth rate intermediate between [poky] and wrldtype strains (Mttchell et-al., 1953

°

Ttssreres and Mrtcheu 1954; Bertrand and Pittenger, 1972 Bertrand et al., 1976). ‘ A & d.f}

~ Gowdridge (1956) forced heterokaryons between [m1-3] and [poky] and bet;véﬁ [mz-ﬁ]

and a wildtype strain. Of the 12 heterokaryons formed between the two cytoplasrmc rnutants1 :
t. L

all but 2 acquired the [mi-3) phenotype suggestmg,that [mt-3] was suppressnve over [poky]

When a wildtype strain was-used mstead of [poky] only 50% (5/10) of the heterpquyon

cultures acqurred the mutant phenotype Thts md.rcated that {mr-3] mttochondn&drd’not h’av@* B
‘," \‘ ﬂ! R L) .
the same advantage over wildtype mrtochondna that they dld over [poky] From her resui:§- S

Gowdndge (1956) concluded that [poky] and [mz-3] cytoplasms cannbt mte'ract ina m .
2. ! . v
‘heterokaryon to f orm a wildtype strain or one that has an mtermed;tate phenotype ; IR

d‘

A decade passed before f urther Studies on [mz-3] appeared in the lrterature andward
and Munkres (1966) isolated mitochondrial structural protem (MSP) which hid an appapnt - A,

MW of 23,000 as judged by sedtmentatron equthbnum studres When MSP- from an [mz-f]w “
. Q 3*‘ LS

strain was compared to wildtype MSP preparations in experiments measunng dtssocrat.tgn o gi\ ;

-,

constants, it was f ound that the mutant MSP-NADH and MSP-malic dehydrogenase  , "{‘% 3
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~complexes dissociated rnore rapidly. In addition, amino acid analyses revealed that (mi-3]
| srrains-'contained one less tryptophan ‘re'sidue per mole of MSP"when compared 10 f our other'
strains. Fmgerprmung of trypuc peptides revealed the absence of a tryptophan- comarmng

peptide. The conclusion drawn was that [mz-3] had acquired a missense mutauon in the MSP

structural gene changing a norma.lly specified tryptophan residue to some undeter-rmned ammo A 4

acid (Woodward and Munkres 1966). Subsequent expenments questioned the vahdnty of. ;""
conclusion by demonstraung that the MSP preparauons consxsted of a mxxlure of protems
| most probably specif ied by both the nuclear and mnochondnal genomes (Sebald et al., 1968 )9
In 1972, a retraction was pubiished (Zollinge‘r and Woodward, 1972). » |
‘ Lambowitz and Slayrnan (>1971) showed the existence of an alternate oxidase éystem‘ in
[poky). The [mi-3] mutant also respires by means .of the alternate oxidase becaus'e it sbov}s.-.

-

antimydn and cyanideFinsensitive respiration (von Jagow et al., 1973). The alternate oxidasc

-

systern 1s also functional, albeit at a low level, in wildtype cells. (Lamb_ow’iiz and Slayman,
1971; Figure 1). This lével may be increased substanstially by ’supple'menting the media witb
antimycin A, cyanide, oligomycin, ethidium bromide chloramphenicol or etarving the culture
‘ for copper (Lambowm. and Slayman, I971; Schwab 1973 Edwards et al., 1974; Bertrand el
al., 1976 Edwards and Rosenberg, 1976 Szakacs and Bertrand 1976) Jureti¢ (1976) showed ©
that a mutant blocked for the synthesrs of phosphatrdyl cholme chol-1. (Luck, 1965) 1nduces
its mnochondnal alte'nate oxidase when starved for choline. ‘ _
Prelumnary expenments by Bertrand et al. (1976) indicated that [m1-3] and themore - ..
. recently isolated group 11 mutant, [exn-5] have mutations which af fect the regulation of
.cytochromr ‘oxidase bxosynthesrs rather than structural components of cytochrome aa, This
. conclusion was based on the observation that a nuclw gene mutation, cyb-I (Bertrand et al.,
1977) that confers a cytochrome b defi mency, suppresses the [mi \f]/gytochrome aa,
deficiency. Suppres‘sl n is not observed in cyb-1 [exn-5] double mutants even though the
. cytochrorne aa; d“l‘/]ency of both group II mutants is effi 1c1ent|y Suppressed by su-l The
_ ‘}cyb-l mutation also suppresses the cytochrome oxldase dcﬁcrency of eyt-2-1, a nuclear mutant

defrcxent in cytochrome’? ag, and ¢ (Mitchell et ., 1953; Betrand et . 1977; Bertrand mnd.
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Collins, 1978) The cyt- 2 1 mutant is now known to have a mutagon in the gene encodmg - L
cytochrome ¢ heme lyase (Drygas, M}E R. A Akms A M. Lambowrtz and F E Nargang, |
preparation). ' 4

Further experiments revealed that the mductron of cytochrome aa, mvolves an rndtrect '
" gene interaction smcescyb-Z‘ [mr-3] double mutants also have higher levels of cytochrome aa,
. _than [mi-3] strams (Bertrand and Collms 1978 Bertrand 1980) It was shown that the
suppressrve interaction was likely related to the blockage of electron transport in complex 1
(cytochrome be, segment) since -aptimycin A, an inhibiter of the electron transport chain in
- the cytochrome b, regron of the’ transport chain (Frgure 1), also markedly strmulated the

growth and partrallv relieved the cytochrome aa, de‘l'tcrency of [mz-3] (Bertrand and. Colltns

1978; Bertrand, 1980). Olrgomycm an inhibitor of the TPase (Tzagoloff et al., 1979;

# Tzagoloff, 1982) dnd 2-heptyl-4- hydroxyqutnolme -N- oxrde (HNQO) (Jackson and

L ightbown, 1958) also induced the productton of cytochrome aa, (Bertrand 1980). Antrmycm
A, oligomycin and HNQO ltkewtse suppressed the cytochrome aa; deficiency in cyr-2-] and
the nuclear cytochrome aa;- -defi tcrent mutant, cya-3 -16 (Bertrand et al., 1977) but tt drd not
' strmulate their growth \ates (Bertrand and Collins, 1978). The suppressron not only resulted
in the induction of cytochrome aa,, buyalso reduced the excess levels of cytochrome ¢ in
[mi-3] and cya-3-16 (Bertrand and Collins, 1978). The [ercn-5] mutant agd other nuclear
cytochrome oxidase-deficient mutants were not suppressed by growth in media St:pplemented_ '
with these inhibitors, indicating that this is a locus-specif ic phenomenon (Bertrand and
Collins, 1978; Bertrand, 1980). At about the same time, ivt was shown that the [}mi-3]' mutant
had a deficiency of immunoprecipitable cytochrome oxidase subunit (Bertrand and Werner.
1977) and accumulated a larger cytochrome oxidase subunit 1 polypeptide (Bertrand and
Collins, 1978; Bertrand and Werner, 1979). The subunit 2 defficie was alleviated in cyb-1
[mi-3] double mutants (Bertrand and Collins, l978).lt was con?luded that the [mi;3] mutant .

may have sustained a lesion in a locus regulating the biosynthesis of cytochrome oxidase.

lCyb-2 mutants have a nuclear mutation that leads to a complete absence of
cytochrome b and reduced amounts of cytochrome aa, (Bertrand et al 1977).
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¢ These observauons the suppressron by rnhtbrtors of electron transport and the two
cyb locr the subuntt 2 deficiency and the larger subunit 1 polypepude were taken as
mdtcat,tons of a complea regulatory system that' specrf rcally controls the productton of
" cytochrome }xrdase in Neurospora A basic model was f ormulated 10 account for thesj results
(Bertrand and Collms 1978) The model postulated the exrstence of at least two control
circuits’ that regulate the productton of cytochrome oxidase. The first circuit was thought 1o -
| be mvolved in the constrtutrve productron of cytochrome oxidase. Lesnons in loci af fecting thts '
control circuit (i.e. [mi-3], cyl -2-1, cya-3-16) lead toa cytochrome oxidase def iciency- .

.

(Bertrand and Collms 1978). “The second controllmg element appears to mcrease cytochrome
' _ oxidase levels when there :an 1m.pa1rment of electron flow in the cytochrome bey segment of |
the electron transpoﬁ cham (Bértrand’ and Collrns 1978; thure l) Thts second c1rcurt is
responsrble for the mductton ol' cytochrome oxrdase in anumycm A supplemented cultures of
[mi-3), ¢yt-2-1 and cya-f3'-16 . The.same m_echanism is thought to be involved in the
suppfession of th‘ei cytochrome oxid‘ase"def iciency by cyb-] .a'nd cylrz loci (Bertrand and
Collins, 1978). Other control circuits must exrst in order to account for the other nuclear and
cytoplasmtc mutants and the observation that mutants having an abnormal complement of
cytochromes have excess levels‘of cytochrome ¢ (Bertrand and Co‘llms 1978 Bertrand 1980). -
'I’he latter tndrcates that ‘some common parameter like electron transport is aff ected (Bertrand
and Ptttenger 1972). Further evrdence supporting tlus vrew comes from the observatton that\
* wildtype cultures grown in the presence of anttmycm A and chloramphemcol have excess .
‘cytochrome c levels (Woodward et al., 1970; Bertrand and Prttenger 1972)

- The [nu-3] mutant as well as twa nuclear mutants, 299-1 and cyt-2-1, accumulate a |
larger cytoch:ome oxidase subunrt 1 polypeptrde having a molecular wetght of 45 kDa
-compared to the normal 41 kDa polypepttde (Bertrand and Collins, 1978; Bertrand and
Werner, 1979) Thls larger polypeptide, demonstrated to be a precursor of mature subunit 1,”
was processed upon 1nducuon of cytochrome aa, wrth anttmycm Ain the [mi-3] mutant
(Wemcr and Bertrand, 1979 Werner et al., 1980) The 45 ltDa precursor did not assemble K
mto the cytochrome ox:dase holoenzyme complex. but the 41 kDa’ mature subunit 1
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polypeptrde did associate wrth the other subumts (Bertrand and Werner, 1979; Wemer and
‘ Bertrand 1979) Pulse- labelmg exper;ments by others demonstrated the 1mmunodewctabrltt.f
of the subumt 1 preeursor in wrldtype cells’ (Van tSant et al., 1981; Van't Sant and Kroon
1983) By altermg the growth condmons of the wrldtvpe (labelmg experiments perf ormed at
" 9°Corin the prcsence of chloramphemcol) they noticed an mcrease in the alnount of
precursor relauve to the amoum m control cells The) concluded that these condmons
prevented the processrng»of kmtqehondnal precursors (Vant Sam and hroon 1983) .-
I:dman deg{adauon?gf ;the pr;;grrsor ‘and’ mature polypepudes isolated from wrldtype
_cultures revealed that i}@‘ﬁ %mecursor\was blocked at rts\ammo terminus with
N- -f ormylmethromne whrletﬁrme was the ammo termmal resndue of the 41 kDa polypeptrde
(Werncr et al 1980). These observatrons lead-to the conclusion that the precursor polvpepude

~

bore an ammo -terminal extension of 25 to 35 amrno acrds wlnch would aceount ’f or the
apparent 4000 MW difference (Wemer et al., 1980) Therefore it 'was quite unexpected that
only.a 2 amino acid N-terminal preprece was predrcted on the basrs of DNA sequence analysrs
of .the subunit 1- encodmg oxi-3 gene (Burger et al 1982; de Jonge and de Vries, 1983 Frgure

: 3). Addruonally the DNA sequence data revealed an_unusual C- termmal extensron of about
20 ammo acrds relative to the human and yeast subunit ] polypepudes (Burger et al., 1982; de
Jonge and de Vrres 1983 Frgure 4)

Finally, recent work has demonstrated that the Neurospora mltochondnal genome is

probably transcribed T rorn‘ onlx a few promoters (Breiten_berger et al., 1985; Burger el al.,

. -1985). The cob—oxz:-3-URF 1 re'éion is transcribed together on a single transcript that can be

processed by the prec:se‘excrsron of tRNA molecules or at sites other :han tRNA sequences

: (Burger et al 1985 ﬁ'he fact that there are so few Neurospora mrtochondnal transcrrpts
(Brertertberger el‘al 1985' Burger et al. 1985) no’introns in the [mz-3] oxi-3 gene,(Lemlre
and Nargang 1986) coupled with the genetrc and rmnyﬁrologrcal studies on [mi-3], probably

rules out transcnptronal regulatron as the affected process in- elther [mt-3] or [exn- 5]

\
’. \
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- Figure 3. Amino acid sequence of "the N-termini of cytochrome oXiddse subunit 1
polypeptides from various species. The asterisks (*)-denote the ‘position of in-frame
AUN codons. The filled square (M) denotes the.position of the sole in-frame
AUAA codon. The filled circle (e) ‘denqteS' the methionine residue at -2 that is
thought to be the N-terminal residue of the subunit 1 precursor polypeptide. The
-veftical arrow (¥) indicates the proteolytic cleavage site that gives rise to the mature
-subunit 1 polypeptide, The ‘underlined amino acids indicate’ the hamology to .the -
subunit, 2 presequence. (References; - N. crassa: Burger et al., 1982; de Jonge and de
‘Vries, '1983; A. nidulans: Waring et al., 1984; C. reinhardtii: Vahrenholz et al, 1985
Boer- and . Gray, 1986; Kuck and Neuhats, 1986; D. melanogaster: de ‘Bruijn, 1983;
D." yakuba:- Clary and Wolstenholme, 1983b, 1985; Bbvine: Anderson” et al., 1982;
- Human: ‘Anderson et al, 1981; Maizg: Isaac et al., 1985, Mouse: Bibb et al, 1981,
Rat: Grosskopf and Feldmanp, 1981; S. cerevisiae: Bonitz et al., 1980; Wheat:
Bonen et al., 1987; X. laevis: Ree et al., '1985). : o
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Figure 4. Amino 'acid sequence of the C-termini of various eukaryotic cytochrome
oxidase .subunit 1 polypeptides. The. numbers at the e&of each amino, acid
sequence denotes’ the length of each polypeptide. The #filact length of the. S. - pombe
and P. anserina ‘subunit 1 polypeptides has not been determined because the genes
have only been partially. sequenced (References:  N. crassa: Burger et al, 1982, de
Jonge and. de Vries, 1983; A. nidulans: Waring et al., 1984; Bovine: Anderson ‘et
‘al;, 1982; C. reinhardtii: Vahrenholz et al., 1985; ‘Boer and Gray, 1986; Kick and -
Neuhaus, 1986; D. melanogaster: de Bruijn, 1983; D: yakuba: Clary and o
- Wolstenholme;1983b, 1985; Human: "Anderson et al., 1981; Maizes Isaac et al, 1985
- ‘Mouse: Bibb ér al., 1981; P. anserina: Jamet-Vierny ‘et al., 1984; Rat: ‘Grosskopf .
" and Feldmann, 1981; S. cerevisie: Bonitz et al., 1980; S. pombe: Lang, 1984;
Wheat: Bonen et al., 1987; X. laevis: Roe et al., 1985). I
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The Present Study
The studies undertaken in this thesrs were desrgned to understand and charactenze the

' nature of the [m1-3] and [exn -5] mutatrons Exammauon of the [mr-3] oxr-3 gene and its §'

‘ l‘lankmg region was mrttated on the basis that: the mutant accumulated a subuntt,l precursor

. polypeptide that bore an amtno -terminal extensron (Bertrand and Werner 8979 Wérner and

AI‘,
\

Bertrand 1979; Werner et al., 1980). This region was analvzed bv ‘examining restnctron
fragments on polyacrylamrde gradient gels and by DNA sequence analysrs Thesc approaches '
revealed the presence of an RFLP upstream of the coding regton as well as a transversion
mutation in the subunit 1-encoding oxi-4 gene. Genetic studres with forced heterokaryons:
 should reveal \yhethes or not the'ﬁsﬁubunit l.r’nis_sense mutation or the RFLP are related to the |
mutant phenotype L S o N @ y

H’:f

The uncét‘tarnty a"l')out the pnmary strueture oﬁthe subumti polypeptrde prompted

R
e

, od thrs pmb@m through Western blot analysrs of mttochondrral translatron
) \ ! ‘
préducts ustng antrsera ratsed agamst conlxugated peptrdes homologous to specrf ic regrons of =~

efforts T

~ the presumed precursor polypeptrde Such exper,rments shouldapermrt determmatton of the
processmg steps, requrred for maturatton of the. subumt 1 precumor polypeptrde. ' Il |
.. Previous studres on the [exn-5] rnutant f arled 1o reveal any clues as to whrch
cytochrome oxidasé component was af f ected rn»the [exn-5] mutant (Bertrand and Werner.,,
. 1979) Stnce thé phenotypes of both [nu-3] and [exn-5] have several common as«pects and the |
' ) [;:g: 3] mutant had acqurred a mutatron‘l in the subunrt 1 gene (Lemrre and Nargang, 1986) rt '

was goncervable that [exn-5] also had a mutauon in the axr—3 gene DNA sequence analysrs of

tl;re [exn-S] col gene was undertaken as an rmttal step 10 eharactenze this, mutant 5

¢

~.An attempt to clone and charactertze the nuclear suppressor su-l (Grllre 1970) was )
) a—rso rncluded in thrs study. This. gene suppresses the group I extranuclear mutants [ml-.?] anﬁ
[exn-S] (Bertrand et al., 1976). ./owledge of the nature of the suppressrve actwrty should
~grve msrght mto some of the complex mteractrons tmportant in, the btogenesrs of cytochrome
. o;uclase In addrtron charactenzatton of this gene may reveal clues as to the loeatron of the

[exn-5] lesron Steps were taken to clone thts gene usrng standard Neurospora tranSf orrnauon

. s it
R o T .
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» procedures. (Akins

and Lambowitz, 1985; Vollmer and Yanofsky, 19%6).
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I1. Materials and Méthofls» :

Medla and Buffers

The composmon of all media and buf f ers is gwen in the appendn

" E..coli coh Strains and Culturc Conditlons o 2

A

Strams of E coli used are described m Table 1. Bacterial strains were grown m

L- broth (Lennox 1955; see appendlx) at 37‘C in a,shaker- mcubator Ovemnght culturcs of

i
5,

Table 1. B_acterial Strains. -

Strain . Genotype . o Reference T T
E. coli HB101 F™hsdS20,recA13, - Maniatis et al., 1982 g

ara-14,proA2lacy'l, - - ' , S
 galK2,xyl-SrpsL20, - B
mi-1,supE44.X55 |

o . . . %
‘ . o e ° ' % " &
E. coli IM103 a(lac-proAB ), supf thi, Messing, 1983;
: o strA,sbcB15 end{ Yamsch Perron et al 1985
[F traD36,proAB 7
zacﬂzAM15] ‘
. v r
E. colt. IM83 ara,A( lac-proAB ), rpsL YariiSéh-Perron et al., 1985

$80,lacZaM15 ~

TN §
va

E]
a - 9

7 JM103 were grown in DM Salts (Davxs and- Mingfoh 1950) contammg unamme and glucose

(see appendlx) Bac&agar (‘Dxfco) was added 4) 1 5% (w/v) for solid medxa and to 0. 7%
(w/v) for soft agar X*GAL (dlSSOlVCd m N N- dlmethylformamlde) and IPTG were added to

| o a fmal concentrauon e£ SO ,tg/ml and 25 ug/m'l respecuvely Anublotms for sclecuve B

) purposes were agded as req_uue& (Table 2) For amphf xcahen of plasmxds m hqmd culmrcs. »

.)'\
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' chloramphemcol (dxssolved in 95% ethanol) or specunomycm were added to a f mal

, concenlrauon of 170 u.g/ml and 300 ug/ml respecuve]y ‘when the culture's absorbance
reached 0.6 Ao (MamaUS et al.; 1982). For long term storage of E. col: strains, glycerol

stocks were prepared as described in Mamaus et al. (1982) An 850 ul aliquot from a -

saluratcd overnight culture was add@d to a sterile microcentrifuge tube contammg 150 p4 of

sterile glycerol. Glycerol stocks were stored at -20°C or at -70°C.

3

Table 2. Antibiotics added to’ bacteriablkmedia.
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Stock Final
Antibiotics Concentration Concentration
- - (mg/m+) (vg/m4)

ampicillin’ - 10 100
streptomycin 100 100
tetracyclineHCl ™ 2 20
chioramphenicol 34 20
kanamycin 25 50

L Dnssolved in dH,O f ilter-sterilized and stored at 4°C.

2. Solutxon was light sensitive. Stored in the dark

<

-.3. Dissolved in 95% ethanol and stored at -20° C

- 4. Dissolved in dH,0., filter-sterilized and stored at - 20C

Plasmid and Cosmid DNA Vectors

Plasmxds pBR322 (Bollvar el al 1977) pBR325 (Bolivar, 1978), pUC18 or pUC19

(Yamsch Perron et al 1985) pKGS (Kuhn et al., 1986) and the cosgmd vector pSVSO

(Volimer and_Yanof sky, 1986) were used as cloning vectors (Table 3). Table 4 lists the

recombinant plasmids obtained from others or éon}structed for use in this study.

L]
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Table 3. Plasmid and Cosmid Cloning Vectors.

0

Vector : Antil}iotic Resistances. References .
-+ .

. pBR322: ApR, TR Bolivr }/ . 1971
pBR325 ApR, TR, cm® ~ Bolivar. 1978

~ pUCI18 8 | ApR : o 'Yani':scil-Perron. et al.; 1985
pUC19 . Ap—R ‘ ' Yanisch-Perron et al., 1985
pKGS. ket Kuhn e al., 1986
pSV50 - ApR, Bt " Vollmer and Yanofsky, 1986

“E._coli Transformation Procedufe |
. E. coli strams were transf ormed by the procedure of Notgard et al. (1978). A 250 ul
moculum from a fresh overmght culture was added to 25 m4 of L-broth and mcubated at
37C with shakmg until the- absorbance ofthe culture reached 0 b A‘ s0- At this time, the cells _
were harvested in sterile Oak Rxdge cenmf uge tubes (7, 000 rpm for 5 minutes)? and washed
once with 10 m< of transformauon mxx #l (100 mM NaCl 5 mM Tris- HCl pH 7.1%, 5 mM
MgCl ). The cell pellet was resuspended in 10 ml of cold txansf ormation miix #2 (100 mM |
CaCl,, 250 mM KCI 5 mM TrissHCl, pH 7.1, 5mM MgCl ) and left on ice for 30 mxnutcs to .
several hours. Th.e cells were pelleted as bef ore and resuspended in a smaJl volume of
transformauon mix #2 (ca 250 to 1000 ul) DNA (ca. 0: 1 to 0.5 ug) was addcd to 250 ul
of competent cells and lef { on ice for 30 minutes. After heat shockmg the transformation ' ,"/
mixture m a 45‘C water-bath for 2 minutes, thc transf orn;auan mxxture was incubated at 37‘C
for 30 to 60 minutes after the addmon of 1 m« of L broth. Ahquots (25t0 125 ul) were /

-

- plated on selective media. | e n

’Unless otherwxse stated oentrmugauon was in an SS 34 rotor (Sorvall) at 4'C
. ”I’he pH of Tns buffers was ad)usted at room temperaturc

T
o
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Table 4. Recombinant Plasmids.' A
" Plasmid ,Descriptio'n
pDH1 [mi-3] EcoRl-4 fragment in pBR325
pEL1 Abbott 12a EcoRI-4 fragment in pBR322
_ pEL2 - [mi-3) BglII/PvuIl fragment in pBR322-
pEL3 ‘Abbott 12 Bglll/Pvull. fragment in pBR322
. pELS [mi-3] EcoRI/Xhol. fragment in pBR322
pEL6 * (mi-3] HindlI-7¢ fragment in pUCI19
\ pEL7 10-9-1* EcoRI/Xhol fragment in pUCI9 -
~ pELS [exn-5] EcoRI-4 fragment in pUC19
pELY [exn-5) Xbal/Xmnl fragment in pKGS
pEL10 nic 240 Xbal/Xmnl fragment in pKGS
pELll 10-45-3* Xhol-4 fragment in pUCI19
pEL12 10-45-4* Xhol-4 fragment in pUCI19
pEL13 10-45-1* Xhol-4 fragment in pUCI9
pEL14 10-45-5? Xhol-4 fragment in pUC19
pEL16* [exn-5] EcoRI-4 fragment in pUC19
pEL17 45-10-3* Xhol-4 fragment in pUC19
" pEL164 pSVS0 cosmid clone ‘containing AL-2 gene .
pFN1 [mi-3) EcoRI-4 fragment in pBR322
pFN2* [mi-3] EcoRI-3 fragment in pBR322
X pFN3 - 10-45-7* Hindlll-7c fragment in pUCI9
pHBE3¢ 74A EcoRI-3 fragmem in pBR322
pHBE4* 74A EcoRl-4 fragment in pBR322
~ PpLNI1 Abbott 12z EcoRI-3 fragment in pBR322
- pLN2 [mi-3] EcoRI-3 fragment in pBR322
pPK1 [exn-5] EcoRl-3 Yragment in pUCI8 °

.

1. See Figure 5 for a ‘description of the cloned fragmems
2. Slow-growing heterokaryon formed when- [mr 3] and nic 240 were supenmposed on

minimal media.

® Independently cloned from pELS. : _
4. Fast-growing heterokaryon formed when [ml-3] and nic 240 were supenmposed on

minimal media.

5. An extra EcoRI fragment was madvertently cloned along with Lhe EcoRI 3

. fragment.

6. A generous gift from H Bertrand University of Guelph



Figure 5. Partial restriction map of the regions of the mitochondrial genome .
_é'_r‘lcoding-; the oxi-3 (col) and oxi-1 (coll) genes. (References: Agsteribbe et al., 1980;
Macino, -¥980;- Burger et al., 1982; Citterich et al, 1983; de Jonge and de Vries,
1983: Macino and Morelli, ‘1983; d& Vries et al, 1985; Taylor and Smolich, 1985
Burger and Werger, 1986). . Voo
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Rapld Plasmld DNA lsolatlon

For analvucal purposes plasmrd DNA was 1solaled by a modification of the
alkalme lysrs procedure of Brrnborm and Doly (1979) The cell’s from SmLof a
plasmld harbonng E. coli ovemxght culture grown in L-broth comammg the appropnale
antibiotic were pelleted (7,000 rpm for 5 minutes). The supematanl was discarded, the pcllel
was suspended in 200 p£ of vcoldSO mM glucose, 25 mM Tris HCl, pH 7.5, 10 mM EDTA and.
rransf erted to a microcentrif uge tube. A 400 u< aliquot ofaf reshly-p_repared sblution_- of

alkaline-SDS (0 2M NaOH, 1% (w/v) SDS') was added. The tube was mixed well by

" inversion and left on ice f or 5 minutes. The addxuon of 300 u< of cold 3 M sodium acem

pH 4.8, precrprtated the protemaceous materral and non- supercdllled DNA Af ter 10 minutes

- on ice, the tube was eenmfuged ina mxcrocentnfuge‘ for 5 mmutcs The supcmatant (750

ud) was Lransf erred to a fresh tube and the DNA was precipitated by the addition of 450 ud

. of cold isopropanol. After 5 minutes at -20°C, the DNA was pelleted by centrifugation (5

mmutes ina mrcrocenmf ugd? The supematant was removed by asprrauon and the pellet was

ethanol followmg the addition of 100 ulof cold7.5M ammomum acetate pl-l 1.5. The tube

. was rru).ed by inversion and centnf uged for 5 mmutes The supematant was removed by .

aspiration and the pellet was dned in a vacuum: dessxcator The nucleic acrd pellet was

‘suspended in 100 ud of water and 5to 10 u-( was used m a 50 ul digest comammg RNase A

(2 ud of a 10 mg/m< soluuon Mamaus et al 1982) : : o -

When the DNA was to be used m Neurospora transf ormauon cxpenmems the rapxd

" plasmid procedure was modrf 1ed slrghtly :The procedure was @v{ed exactly as. descrlbed ‘
'; above except that the nuclerc acrd pellet at the end of the procedure was resuspended in 100 -
‘ut of cold 50 mM glucose 25 mM TrisHCI, pH 1.5,10 mM EDTA mstead of 100 ud of - ‘
dH,O ‘A second extracuon was perf ormed on the nuclexc acrd pellet sumlar to the procedure : :

L descnbed by Ahmed (1987) To this solutlon was added 200 ut of alkalme SDS Followmg,’a : |

'. ‘Unless otherwrse indicated, centrtrugauon in - the mrcrdeenmfuge was camed out at
room temperature S e ‘ , :

in 200 u4 of water. The DNA was reprecrpnated»by filling the tube wnh cold 95%
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5 minute mcubauon at room temperature 150" u£ of cold 3M sodlum acetate, pH 4.8 was

added The resultmg solution was mixed and allowed%n for § minutes at room |

o

temperature. T'he ‘contents o{ the tube were centnfuged %a mtcrocentnfuge for 5 mmutes e

The supernatant was transf erred to another tube and the nuclexc acids were precxpttated by the
addmon of 2 volumes of cold 95% ethanol. Followmg as mmute mcubatxon step on ice, the ’
nuclelc acrds were recovered by centnf ugauon ina mtcrocentrtf uge %or 10 minutes. The

ethanol was decanted and the pellet was dried brtel‘ly under vacuum The pellet was

; | resuspended in ZSO\M of dH,0. An equal volume of cold 5 M LiCl, 50 mM Tris: HCl, pH 7.5
was added. The tube was mixed well by mversron and left for 5 minutes on ice. The tube was !
centrtf uged f or minutes in a mtcrocentrtf uge and the RNA pellet was dtscarded - The DNA .
,was reco*ered af ter the addruon of vwo volumes of cold 95% ethanol to the supematant and
centrtf ugatron in a mtcrocentnf uge f or 10 mmutes The pellet was wvished with cold 70%
ethanol. reéuspended in dH,O and precipitated agam with 95% e"thano_l. The pellet was
r’esuspended_. in 100 ud of dH,v(‘),, and used iniNeurospora transformation experiments. o

.-

vLarge-Scale Plasmld and~ Cosmtd DNA Isolattons
‘ Plasmld DNA wa: 1solated by a modrfrcatton of the proéedure of Kahn et al (1979)

* Cells from 1 £ of ar‘han(phf ied culture were pelleted at 4C in elther a GSA_ or GS-3 rotor
| (5 000 rpm f ors minutes) and resuspended in 2 m< of 25% (w/v) sucrose, 50 mM. Tns HCI
' “pH 7.5, A small aﬁmunt of lysozyme (ca 30 mg) was dlssolved ip the cell suspensmn and left
" for 10 mmutes on ice. A solution of EDTA pH 8.0 (2 m<) was added and the mixture was

left on ice f or 10 minutes. Cells were lysed by the addtuon of 4 ml of 4% (v/v) triton X- 100
.b Af ter mcubatmg on ice for 10 mmutes the visibly vxscous solutton was centrrfuged (18 000
rpm f or 30 mmutes) The supernatant was decanted toaf resh centrif uge tube. Cesium
' chlortde (l g f or, ever) ml of solutton) and ethrdmm bromtdev(600 ul of 210 mg/m-(

solutton) were added to the supematant and mixed unnl the cesrum chlortde was thoroughly

: dtssolved The solutton was left in the dark at T00M temperature for 15 mmutes This' soluuon

o
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- ) ' 0 .
“was then centnfuged (1s, 000 rpm for. 15 mrnutes) 1o pellet the insoluble materral The
sﬁpemamnt was transferred to 13 X 51° mm Qurck -Seal™ tubes (Beckman) and the plasmrd
*.
* DNA was banded by equthbrrum densrtv centrif ugatron ina VT165 rotor (Beckman) f or 6.

hours at 54,000 rpm (at 20°C). ‘
Cosmrd DNA or plasmrd DNA was also isolated by the SDS lysrs or. alkalme -lysis
procedures (Mamaus et al., 1982) with minor modifi 1catrons ln the SDS lysrs procedure the
cells f rom a 1 £ saturated culturewere washed once with 150 mM NaCl 10 mM Trrs'HCl« pH
: 73,1 rnM EDTA and resuspended in 20 m< of 10% (w/v) SUcrose, 50 mM Trrs HCI, pH 7. 5
A 4 m4 altquot ofaf reshly prepared lysozyme solutron (10 mg/ml in 0.25 M TrisHCI, pH
) 7. 5) and 16 ml of 0.25 M EDTA, pH 8.0 were added and mrxed well by inversion. Af:t\ér 10
to 30Wmtnutes on ice, 8 m«£ of 10% (w/v) SDS was added. Af tera quick, -but gentle mrxrng,
12 m£ of SY M NaCl was added The solution vvas .mixed gently and placed in an ice-\vater
_bath for 1 hour. The hrgh molecular weight DNA was pelleted by centrtf uging the mixture ° ‘
- (18 000 rpm for 30 mmutes) The supernatant was decanted toa clean tube and the DNA was_'.
' precrprtated by the addltron of 0.6 volumes of cold tsopropanol Af ter mcubatmg on ice for 10
mtnutes the DNA was Tecovered by centrrf ugauon (12 000 rpm f or 10 mmutes) The
' supematant was dtscarded and the pellet was resuspended in7 m-( of drsttlled water. The
: DNA was banded in CsCl- -ethidiym bromrde gradtents as descrrbed prevrously O }
' In the alkalrne SDS procedure, cells from al« saturated culture were suspended in 26 '
' m4 of 50 mM glucose 25 mM Tris HCl, pH 1.5, 10 mM EDTA &rs was achreved by mtxmg o
rn 40 ml of a freshly prepared soluuon of 0 2 M NaOH 1% (w/v) SDS. Af ter 10 mmutes on

ice, the solutron was~neutrahzed by the addttron of 30 ml of cold 3IM sodmm acetate pH

4, 8 mmng by inversion and 1ncubatmg on ice for 10 mmutes The hrgh molecular wcrght

‘ DNA was pelleted by centrtf ugau&xat 4 C in an SW 28 rotor (Beckman) at 28 000 rpm f or .

: 30 mmutes The supercorled DNA was precrpttated from the supernatant by the addmon of
0. 6 volumes of cold tsopropanol The DNA was. recovered by centnf ugatron resuspended m i

T 'water and banded ina Cscl ethrdrum bromrde gradtent as descrrbed above

N

i



_salt saturated 1sopropanol (see appendrx) to Temove the ethtdrum bromrde CsCl was removed

by dtalysxs agamst water. The DNA solutron was extracted twice wrth water saturated phenol

'cthanolprecrpttatton .j- R R o

' M13 Transf ectton

-DNA collected from CsCl ethtdrum brormde gradtents C/as extracted several trrnes wrth

and once with’ chlorof orm/rso amyl alcohol (24/1) (v/v) before recovermg the DNA by e ‘

The M13 repltcattve f ‘orm o1 M13 smgle stranded DNA was transf ected into )
Q 4

:prev1ousl\ descrrbed in thc E. COII transformauon protocol (Norgard el al 1978) PET the

.“, addmon of DNA 1o the competent cells and rneubatmg on, ice for 30 mmutes alf ots of the

B B

:'transf ectton mtxture were added 10 3 m2 of soft agar supplemented with. 250 / , T a _ ’

saturated JM103 culture 10 ud of sterrle IPTG solutron (25 mg/m<) and,ééLul of X- GAL

. -‘solutton (25 mg/m! in N N- drmethylf ormamrde) and overlayed onto L broth plates The

E plates were mcubated at 37'C for at least 6 hours. ' o

Isolatton of MI3 Smgle-Stranded DNA ’ S R

M13 single- stranded DNA was rsolated b) a modtf 1ed version of the followmg

3 ‘procedure (M13 Clomng and Sequencmg System A Laboratory Manual New England§

BroLabs Inc.). lndmdual plaques were. ptcked using sterxle pasteur pipets and blown mto

. separate 250 m+ Erlenmeyer flasks contammg 25 m4 of L broth moculated thh 100 ul of

cells froma J M103 overmght culture The culture was mcubated at 37‘C wrth vigorous shakrng

for 810 11 hours The cells were pelleted by centrrfugatlon (15 000 rpm f or 30 tnmutes) The |

f

: supernatant was caref ully decanted tog f resh tube takrng care 10 avord dtsturbtng the pellet

To the supernatant was a@led 6 ml of 10% (w/v) PEG 8000 2. 5 M NaCl. After mtxmg, the
solutron was mcuHated on ice f or at least 30 mmutes The precrpttated phage was pelléted

(10 000 rpm for 20 mmutes) and the supematant was drscarded The pellet was resuspended

B in.650 w4 of 0.3 M NaCl 0 1 M Trls HCl pH 1.3, 1 mM EDTA To thts was added 10 ut of



8
a 10% (w/v) SDS~Solutron and 10 poof protease K Solutron (see appendtx) f ollowed by a 30 '
mrnute mcubatron at 37‘C The. soluuon was extracted twrce wnh water - saturated phenol and o :
once wrth chlorof orm/rso amyl alcohol (24/1) (v/v) ‘The smgle stranded DNA was
precrprtated by the addmon of 1.m« of 95 ethanol The DNA was recovered by centrrf ugmg

ina mrcrocentnf uge f or 5 minutes. The pellet was drted under vacuum and resuspended in 200 |

CplLof water. The amount of smglea tranded DNA to be used in a hybrrdrzauon reaction was

estimated by runnmg 2 ud ahq_uots qn a 08% agarose gel along wrth standardscwhose DNA

concentration were known.

' Isolatlon of the M13 Rephcatwe Form' _ v ,
. ,‘ A srngle plaque was added to 25 m-( of L- broth contammg 100 ud of moculum f roma: -
: fresh JM103 saturated culture After 2 to 3 hours at 37‘C wrth vrgorous shakmg thrs was used ‘
to. moculate 500 ms. of L- broth A 1 ml moculum from a JM103 saturated culture was also

added and the culture was mcubated at 37‘C for 10 hours wrth vrgprous shakmg The M13

- repltcatrve f orm was 1solated f rom the cells by the SDS lysrs or alkalme SDS procedures as

: descnbedpre_vrously. o S,
Neurospgra crassa Strams and Culture Condtttons - _ L
| Strarns of N crassa used are deanbed in Table 5. The Abbott 12a stram was obtamed
from the Fungal ‘Genetics Stock Center (FGSC) It is the wﬂdtype protoperrthecral parent of
the orrgtnal [mr-3] mutant (Mttchell et al., 1953) It became apparent dunng the course of the
study that thlS was not a bona ﬁde Abbott 12a strarn but tlns strain was used as a type l\
mrtochondrral DNA standard smce 1t appears 0 be wrldtype in all respects (Lermre and
Nargang, 1986 Newmeyer et al 1987) S .'f o -; TR o | ‘_
Vegetatrve propagatton of Neurospom was on modrfred V'ogel s medrum (Davrs and _ .
de Serres 1970 see appendrx) contarmngl 5% (w/v) agar (Srgma) The culture was- |
mcubated at 30 C untrl the mycehal growth was deemed suff rcrent at whtch ttme they were ’

. .o [N



_Table 5. I\;eurospor‘a' crassa Strains.

BT

Strain Genotype - Source '
74-OR23-14 (744) A | . " H. Bertrand
/lm ([mi-3])' | A, ‘pa'n-2,'v5[mi-3]. - ~ H. Bertrand -
nic 240 A, nic-1, al-2 H. Bertrand
 Abbout 12a 4 FGSC #351
[exn-5) - o, e, al-2, [exn5) H. Bertrand
su-1, [hﬁ] .a‘, pan-2, su™3.1 [mi-3)  H. Bertrand
nic 237 g a, nlc—j, al-2 H. Bertrand
arg-6.- | 4, arg6 . FGSC #266
4003-HU-2a o, pan-l, al-l H. Bertrand
al-l1 A, al-l FGSC #901
eyhl . a, cyhl —  FGSC #4013
hom. R a, hom FGSC #1282
un-7 a,

.

un-7

"FGSC #2176

taken out and exposed to light to induce conidiation. iLiquid Vogel's medium was inoculated -

| with COl’lldla (ca 10‘/m1) and 1ncubated at 25 to 30'C in a shaker- mcubalor unnl the culture -

reachcd sﬁﬂnatmn

7 ’J
7

R ::'5" T

T,

Snllca Gel Preservatmn of

Neurospora ntralns were preserv on sflica 'ge] ds described oy Davis' alld de Serre's'b B
(1970) Two dram screw -cap v1als half -filled with sxhca gel (grade H, type 11, 6 12 mesh) .,
- were placed in an oven at '180° C with the caps loosened to acuvate the s1l1ca gel Af ter 90
- mmutes the v1als were removed from the oven and allowed 10 cool wn.h the caps tlgmened
Comdna [rom f resh slants- (slants < 10 days old) werc suspended in 1 to 2 ml of a stenhzed

10%? (w/v) soluuon of reconsmuled sk.xm mnlle The comdxal suspenswn was added to the X 2

- . e o - ; ‘s'
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-activated silica gel; enough suspensron was added 10 be f ull) absorbe’d bv the srlrca gel Af ter

[
addmg the conidial suspensron the vial Qvas qurckly transferred to an ice- water bath f or 10

minutes. The vral was vortexed vrgorously and stored at room tempefature Af ter one week rl'

‘ ﬁthe grams of srhca did not appear dryi or if growth was evrdent the V1als were dlsearded lf
o these cntena were met a gram oT WO of the srhca stock was transf erred to sohd Vogel 5

medrum to check vrabrhtv Stocks were: stored at 20 C m a sealed contamer contammg srhca

gel .

Heterokaryon Constructron

Heterokaryons were f. orced by supenmposmg\ c0mdra from two drﬁ“ erent auxotrophs -

‘onto unsupplemented media (Bertrzzhd and Prttenger‘ 1969) When strains contammg

: differences in ther"r mrtochondnal DNA were forced as heterokaryons they were snbcultured

: Neurospor Genetrc Crosses

* Mutant strajns were mcubated at 30 C 10 accelerate therr growth and then removed to room o '

~

heat - shockmg at 55 .

11986). - LT R T S

after fertrhz.atron, the ag

f ora number of generatrons to aliow them 10 become homoplasmrc (Lemrre and Nargang.

¥
&
s !

re
h
¢’ ¢ % 2,

The protopenthecral parent was moculated on modrf 1ed crossing medra (Davrs and de

Serres 1970 see appendrx) and stored m ;the dark at room temperature f or.1l to 2 weeks.
temperature to perrmt protoperrtlrecral development Fresh comdra f rom the prospectrve male
parent was spread over the protopenthecra Femle matrﬁgs showed srgmf rcant developmém

and darkemng of penthecra as soon. as 12 hours after- t}rulrzauon Approxrmately 2 weeks;_

using a sterile wodll ik 'tor stick and transf erred to stenle water 'I'hey were acuvated by

medra and mcubat%d at 30 C f or about 12 hours Germmated spores were, ;ransferred

) 'mdivrdually to supplemented Vogel 's sla.nts and theﬁ checked for mgmudnal requrremehts

i .

S matured and ejected ohexr asoo«Sporcs Ascospores were collected -

s

v



Mltochondnal DNA Isolation » »

The mvceha from an early stauonary or late log phase quuld culture of . N crassa was
harvested by vacuum l' 1ltrauon in a2 Buchner { unnel All subsequent steps were perf ormed at
4C unless staled othefw1se 'I'he myceha was ground using-a mortar and pestle acid- washed

sand (see appendrx) and a minimal volume of gnndmg bufl" er (15%:sucrose, 50 mM TrisHCI, _

\9\753 0.25 mM EDTA) unul a smooth paste was f ormed. The ground mycelra was

. SUSpended in grinding buffer aﬁﬂ cemrrf uged at 3, 000 rpm for 10 minutes to pellet the sand

S

" and cellular debns The supernaLam was layered onto a step gradrem consrstmg of layers of

- 2.0 M sucrose and 0.8 M suc{pse each made in. 50 mM Trrs ‘HCL, pH 7. 3 0.25 mM EDTA

(Nargang and Bcrtrand 19,78) The gradrem was cen{rxfuged at 18 000 rpm for 1 hour and
the mnochondna were collected at the mterf ace of the 0. 8 M and 20M sucrose layers The
muochondna were drluted yérnth 100 mM Tris: HCl pH 7.1, 5 mM EDTA and pelleted by-
cenmf ugation (12 OQO rpm for 30 fmn)utes)

: Alternauvely the mnochondna were punf ied’ by flotation-gradient centrif ugatron as

E descrrbed by Lambownz (1979) wrth minor modifications. After the initial centnf ugamn to

' pellel the sand and debrrs t}w supematant was ‘centrifuged at 15 000 rpm for 40 mmutes to
pellel the mnocheﬁllnﬁ The crude mrtochondnal pellet was suspended in 60% (w/v) SUCrose,
50 mM Trrs ‘HCl, pH 7. 3 0. 25 mM ED‘l‘A ensur‘mg that the mrtochondrxal suspensron was
denser than thq«»gS% (w/v) sucrose layer If required, the densrty of the mrtochondnal
suspensnon was mcreased by the addmon ol‘ 80% (w/v) sucrose 50 mM Tris HCl pH 7. 3

0. 2"‘5 mM EDTM Aquuols‘ (ca. 10 m4) of 55% (w/v) Sucrose, 50 mM TnsHCl pH 7. 3 O 25

"mM EDTA and 44% (w/v) Sucrose 50 mM TrisHCI, pH T. 3.0. 25 ml\‘ EDTA were the other :

componems of the ggadren&, Flotatlon gradrent centrif ugauon ‘was perf onned in elther an..

' Sw-28 rotor (Beckman) at 28,000 rpm for 150 minutes Or in an SW 40 rotor (Beckman) at

K4

. 40, 000 rpm f or-90 mmutes Gradrent -purif 1ed mrtochondrra were drluted with excess 100 mM

.Tns HCl pl—l 7. 1 5 mM EDTA and pelleted (12, OOO pm for 30 mmu{es)
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Mrtochondnal DNA was isolated as descnbed (Lemtre and Nargang, 1986) 'I‘he |
mitochondrial pellet was resuspended in 3.m« of 100 mM Tns HCl pH 7 1 S mM EDTA
SDS was added to a final concentrauon of 1% (w/v) The sample was extracted twice wrth
: waer - saturated phenol and once wrth chlorof orm/tso -amyl alcohol (24/1)(v/v) Cesrum |

chlonde-(l g for every m4 of supernatant) and ethtdrum bromtde (30 L ofa 10 mg/mz o
solution) were added and the DNA was banded by equthbnum densrty centz;f ugahon as
descnbed prevrously Both bands (correspondmg 10 supercorled and lmear/mcked DNA) were

collected The etludtum bromrde and cestum chlonde were removed as prevnously menuoned

-

.Cytochrome Spectral Analysts L. ’
Cytochrome spectra were obtamed by a modrf ied version of the Bertrand and _ _

- ‘ Pnttenger {1969) procedure usrég a Perkm )Elmer Model 559 ora thmadzu UV 265 recordmg "
: spectrophotometer Crude or gradlem puru' ied mitochondria were suspended in 3 m« of 2 5%

.. (w/v) sodium deorgcholate 10 mM Tl‘lS HCl, pH 7 5 5 mM EDTA The drssolved

mrtochondna were centrif uged for 5 minutes in a mrcrocentnf uge. The supernatant was o

.\|

: transferred to spectrophotometer cuvettes The baselxﬁe was obtamed by scanning the

arr oxrdtzed samples from 650 nm to 500 nm. A few crystals of potassrum femcyamde was
_ added 1o the reference cuvette to ensure complete oxrdatmn of its contents. and the solutton in .
‘the sample cuvette was reduced wrth a few grams of sodmm drthtomte The scan from 650 nm |
to 500 nm was repeated The a absorptron peaks for cytochrome aa,, cytochrome b
cytochrome ¢ are at 608 nm, 560 nrn and 550 nm, respecttvely (Bertrand and Ptttenger 1972).
T e.‘&;’,-f,.

Preparatton of Eeurm a Sphaeroplasts % “ i i'_ |

Sphaeroplasts were prepared essenttally as descnb%by Akms and Lambothz (1985) _;‘ |
' .A comdlal suspenston in stenle water was prepared usrng f resh corudta (< 2 weeks old) and |
its &entrauon was detennmed usmg a haemocytometer ‘é 2 1 flask contatmng 1 1 of 0 SX

”Vogel ] (see appendw) was,moculated with the comdral suspenston to grve a fmal

eyt
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. concentration of 5X 10‘ 10 1 5 X 107 conidia/m4. The culture was mcubated at 25 to 30 (O
~ with gemle shakmg (ca 200 rpm) Once greater than 80% germmatlon was: achleved as Judged
by countmg ina haemocytometer the number of germmated conidia as a fractxon of total

ia, the conidia were harvested in stenle GS-3 centnfuge bottles (s, 000 rpm for 10

mmutes) The comdla were washed once wnth sterile dH,O and twme wnh sterile 1 M sorbxtol :
Af ter the final wash the comdxa were resuspended in about 9 m+ of sterile 1 M sorbltol The
concentration or the comdlal suspension was determined and adjusted, if necessar; with sterile
1 M sorbitol, 10 reduce the con‘centration to below 1 X 10° conidia/m<. The conldia)' |
suspensnon was transf erred oa stenle 250 m« Erlenmeyer flask and Novozym 234 (Novo
Laboratories Inc.) was added 10 15 mg/mZ. The solution’ was mcubated at 30°C with gentle. |
agxtatlon (ca. 100 rpm) for 1 to 2 hours. The extent of sphaeroplastmg \:as momterﬁ*ﬁ
mlcroscopncall) by determining the rau?’ of ghosts 10 tota] conidia plus ghosts in an

SDS treated sample The desired level of sphaeroplastmg was 2 90%. After the

sphaeroplastmg step was completed the sphaeroplasts were pelleted 'ip a cl1mcal centnf uge (10 |
minutes at the lowest speed) and washed twice with sterile 1 M sorbitol and once thh sterlle
:'20 mM MOPS, pl-l 6 3, SQ mM CaCl‘,. 1 M sorbitol (ME;S) The sphaeroplasts were suspended
'in 6 to 8 m4 of stenle MCS arl:l l‘f;: spita:r:pla;i c;hcbgnt;ug; was’ sted between 2.5

< tc:;é 5% 100 sphaemplasts/mz For% B4 of sphaerqplf&t s(’,Slutton the’ fggoﬁ‘was added:
275 w4 of sterile 40% (w/v) PEG-4000, 20 mM MOPS, pH 6. 3550 mi CaCl "?P@C) 13 ut
of dimethylsulf OXIdC and 65 x4 of a sterile heparin solutlon (5 mg/ml). 'I‘l_fe mlxtute was

: geptly mixed ‘and the‘ sphaeroplasts were transf etred to sterile micrecentrif uge*tubes and stored
at - 70 C. The, sphaeroplast vnablhty was determmed by platmg dilutions onto wqplhty plates
(see appendu) using top. agar lackmg benomyl (see appendlx) anbllnty frequgdctes; ogsreater

e S Py
than 10"/m4 were expected. ' o f. IR



N.eurgp_g: Transformation vProc‘edure. I |
| Neurospora (ransf ormauons followed the sib- selecuon‘ﬁrooedure of Akms and‘
Lambowrtz (1985) usinng a Neurospora genomrc lrbrary constructed in the cosmrd vector
SVSO (Vollmer and Yanof sky, 1986) The f rozen sphaeroplasts (6}/{0‘ 10 3.5 X 107 vrable
sphaeroplasts/ug DNA) were thawed on ice. About 2. 5 ug of DNA per reaction was used m '
the first two rounds of transf ormatuon The amount of DNA used decreased in subsequem
rounds of transformauon because of its decreasmg complexrtv The DNA,.in a volume equal
to 60% of ‘the sphaeroplast volume was added 10 the thawed sphaeroplast solution and .
“sincubated on ice for 30 mmutes after mmng gemly Stenle PMC ( lOX the sphaeroplast | - .
. volume) was added to the transf Ormauon mrxture and lef 1 on ice for 20 mr_nutes_at room ‘
temperat'ure. The transformation mirrure was .added-to Iop agar '(ca."lb(),bml/plate; see
 appendix). Plates were incubated at 30 to e, |
, Alternauvely if the comdrauon of the. transf ormants was 1mportam the F ollowmg
procedure was used. The transf ormauon mxxture ‘was added to 30 ml of regenerauon media
'(see appendxx) and mcubated at 25°C for 4 hours/ with gentle agitation (ca 100 rpm) The cells }
, were harvesled in a sterile Oak Ridge centnf uge tube (7, 000 rpm for 10 mmutes) and washed
o once wrth 0 5X Vogel's. The supernatant was removed by asprratnon and the pellet was
| suspended in about 1 m« of 0 5X Vogel 9med1um %lxquots were spread on benomyl plales _ -
‘and the plates were mcubated at 30 "C. After several days the plates were removed to the light :

for conidiation.

w.

, »Con]ugated Peptldes ‘ I . L 9'
Pepudes homologous to three regrons of th; presumed cylochrome oxrdase subumt 1

, vv ‘precurso:mere conjugated to keyhole hmpet hemocyamn (KLH) and bovme serum albumm

T (BSA) (Frgure 6) The KLH conjugales were used to ehcrt an 1mmune response m rabblts

whrle the BSA con]ugates were used"as anugens in the mdlrect BLlSA assays The conjugates ot

were synthesu.ed by the Alberta Pepude lnstrtute (Edmonton) was greatly apprecxated’lf or .
. e -
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- thxs aspect of the pro;ect Protem hydrophthty,and hyd’iopathy profiles were used 10 select '

the opumal antxgemc regxons ( l-lopp and Wood)s 1981 Kyte and Doollttle 1982; Flgure 7)
Figure 6. Syntheue pepudes homologous to diff, erent reg:ons of cvtochrome oxidase subunit 1
" and conjugated 1o KLH and BSA. ﬂ S

1) --Glu-GlurPhc;S{Iy-Leu-Ser-Leu-Asn-Ser-Ser?Lys-amide
. <o . . ) s .

2) --Pro-Arg-AfgfllefSer-Asp-Tyr-Pro-Asp-Ala-Phe-‘_amide\ T R
3) --Glu-Gin-Lys-Glu-lle-Ser-Gly - Arg-Gln-Gin-Ash-amide’ e
. - 0
v X )
Antibody Productlon L o

e

‘i{he KLH conJugated pepude (ca 400 ug) was dxss“olved in 0.5 ml of sterile 0. 9%
“(w/v) NaCl and mixed with 0. 5 ml of Fr und s complete adJuvant\(Dﬂ'co Laboratones)

* until the consxstency was that of mayonnaise Prior to the first injection, the rabblt was bled
to obtain pre- 1mmune sera. Equal volume; (0. 25 m<) of the anngen adJuvam mixture was ..
in JeClCd under each shoulder blade and in each hip muscle. Two weeks later the rabblts were
in Jected agam but Freund 5 mcomplete adjuvam (le co Laboratones) was used mstead of

[OTI complete adJuvam 'l'wo weeks after the second mjecnon 10 ml of blood was collected. If
the annbody titer in the anusera determmed by indirect ELISAs was suf ficiently hlgh
(colour reaction at 10 dxlutxon) the rabblts were sacrificed and the blood was used to
obtam large quangtnes of 3nus,era;,§thermse_the rabbn was again .mJecled with an mcomplete
ad;uvant/antxgen mixture and the anubody titer was checked two weeks later.
| To obtam sera the b]ood was. allowed 10 elot overmghﬁC The sera was ser;arated

" from the blood clot by ccnmfugat;;yn at top speetl in a cllmcal {gge The &od clot‘was °¢‘

) dlscarded and the supernatam (antisera) st store(L at, 20 after »dmg Nalﬂl3 & ;‘7“- )

=’ (W/\'). L . . . H .
. o - ",.A_;% BRI+ % %

* An extra. glutamme residue was acmdentally /i mcorporated into thlS pepnde at
position 9., = ‘ ] ‘ S R

L] ..
rho
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i ..Fiigureb 7. Héptabeptidé ‘polarity profiles of the : cytochrome  oxidase ‘subunit- 1 open
-+ reading frame using thé . programs of .a) Hopp and Woods, 1981 and, b) Kyte and
- { Doolittle, 1982. E ' ' g o o ’






. .».,-lndu'ect ELISA " N '5;._ _ - !
The mdrrect ELISA procedure ol;:\?oller (1980) was used Ahquots (100 ul) of »
antrgen stock solut;,on (5 ug/mz Jof ‘ I;SA con]ugated pepude in comng buf f er see appendrx)
| werg added to,(tl\e wells of a Dynatech unmulen flat bottom plate (Frsher Smenttfrc) placed
~in an arrtrght contamer hned wrth wet paper towels and left overmght at &C. Thc next -
| 'mommg the wells were empued by asprrauon and washed three" trmes wnh PBST (see.
.,',"é:'..- ; ‘appendrx) Any remammg quurd in the wells was removed by asprratron A 100 ul ahquot of

. 'anusera (drluted 11(.14) usmg PBST BSA (2% (w/v) BSA in PBST), was added to the mp row.

,10 u—( from the 1/100 drluuon was added to 90 ,rl of PBST- BSA in the the adjacent wcll m '

”:the «same column Thrs was contmued untrl all'the’ wells ina column contamed mcreasmg lO -

)

',f old drlutrons of antrsera The plate was agam placed m an arrtight contamer lmcd with glet . .

; _paper XOWelS but thrs tlme left at’ room temperature for 2 hours The wells were cmpued by .

d
"asprrauon and washed three trmes w1th PBST as before. A 100 ul aliquot of alkalme s

.\f’

. phOsphatase conJugated goat antr -Tabbit IgG (Boehnnger Mannherm dlluted 1000 fold in )

PBST BSA) was added to each well Followmg.a 2 .5 houf room temptature mcubauon (same :

o "f xcdndmons as before) t:he wells were empued and washed with PBST as bef ore, 100 ul of

: ‘ “‘ substrate soluuon (see appendrx) was. added to each wel@f}er 30 'mnutes the absorbance at

460 nm was 'determmcd usmg a Tltertek Multiscan Mrcroplate Reader (Flow Laboratones

- ’Isolatlon of Mrtochondnal Translatron Products ~ )

Mrtochondnal translatron products were labeled by the procedure of Bertrand and

- *'Iemer {1977) Bnefly, 500 ‘e ef—llqurd Vogel' $ medxum was moculated with 1 X 10’ comdf B

and rr&ubated afao C with shakmg unul the culture reached log phase (12 to 24 hours

depend}hg on tire stram) To 100 ml of the exponenually growmg cultur@ cyclohextmr e (0 1

Y

R

mg/m!) whg added and mrxed f or 2. 5 mmutes bef ore the addmon of the radrolsowpe Erthcr . -

1 mCx of lg%meucme (45 -70 Cl/mmol) or 0. 5 mCr of L [”S]methiomne (>800
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lmmunoprecipitations

L

oA

_Cr/mmol) or 100 uCr of L [“C(U)]leucme ( >300 mCr/mmol) (Amersham) was added and-

‘ "'mcorporatron of the label proceeded forl hour at 30°C with shakmg The: culture was

L

: harvested by vacuum fi iltration ina Buchner f unnel and frozen rmmedtately W1th quurd \—\

mtrogen Alr subsequem steps were: perf ormed at 4C The frozen myceha was ground ina -

7

mortar afier the addmon of grmdtng buffer (500 u-() PMSF (5 u—( of a 200 mM soluuon in
cthyl acetate) and acid-washed sand. Once ‘ground to a paste the mixture wa‘gsuspended in

grmdmg buffer and centrtf uged (3,000 rpm f or 10 minutes) to pellet the debrrs “The

'supernatant was decanted t0a clean tube and the mttochondrra were pelleted (10, 000 rprn for-

»30 mtnutes) The mltochondrra were washed twice wrth 0 1M TrissHC], pH 7. 5 and stored

frozen at -20°C. Unlabeled mrtochondrtal protems ‘used in the rmmunoblot expenments were

also obtamed from log phase cultures The cyclohextmrde and labelmg steps were omrtted

bd .

Labeled mttochondrtal translatton products (ca. 200 000 cpm of 3I-l and/or ca. 50 000

cpm of 14 C- labeled protems) were drssolved in 1 ml of triton buffer (2% (v/v) trrton X 100,

03M NaCl, 50 mM Tns HCI pH 7.0, 1 M EDTA) The solution was centrrfuged in’a

' mi‘cr_ocemrif uge-for 10 mmutes and the supernatant was transf erred to a clean tube. :

The protem A/antibody complex was prepared as follows protein A sepharose

(Pharmacra) was hydrated in trrton buf fer contammg 0.02% (w/v) NaN, by mrxmg at 4 C for

" at least 1 hour Hydrated protem A was stored mdef initely at. 4C. Hydrated protem A (ca 8

¢

mg) was added 10 an altquot of antrserum (ca 50 t0.100 u—() and mrxed for 1 hour at 4C

- The protetn A/antrbody complex was pelleted by centrtfugauon (5 mmutes in a

mtcrocentrtfuge) The pellet was resuspended in 100 ul of trtton buffer

“The solutron of mttochondnal proteins in trtton buf fer was added to the protern

' 'A/antrbody suspensron and’ mtxed for'l hour at 4°C. The sample was centnfuged for 5
' mtnutes in‘a mtcrocentrrf uge and the pellet was washed ﬂrree trmes w‘ith trtton buf fer and

" twice with 0.3 M NaCl 50'-mM Trrs-HCl pH 7.0, 1 mM EDTA The pellet was denatured by

Bf



Imtrrunbbldts Lo

) . -
instructions were f ollowed (Bethesda Research Laboratorres lnc ) Pﬁ)tem samples separated-."' -

) TN

- .on. erther Laemmh gels (Laemmlr 1970) or. SDS slab gels (Bertrand and Werner 1977

Bertrand and Werner 1979) were electrophoretrcally transferred to msrocellulose paper (pore
size = 0. 45 um; Schletcher & Schuell Inc ) usmg a Trans Blot Ce.ll (B% Rad) The transfer _
'buf f er used was 25 mM Tris (pH 8. 3) 192 mM glycrne 20% (v/v) methanol 0. 1% (v/v)

SDS. Transf ers were carried out on a constant voltage power supply at 40 Volts f or 40

rmnutes Followmg the ‘transfer, the mtrocellulose f 1lter was sealed in a hybrr@zauon bag wrth T

; : excess 1% (w/v) BSA 50 mM Trrs HCl pH 7 S 02M NaCl (TBS) for 30 mmutes at room

. 9.
.teraperature using gentle agrtatron The blocked f 1lters were: mcubated wrth dilutions of

: antrsera (1/100 to 1/1000) in 'I'BS (510 10 ml per 100 cm?). After an ovemrght rncubatton at
4C wrth gentle agrtauon the filters were washed three times f or 15 minutes wrth excess wash
buffen (0 5% (w/v)BSA 50 mM TrrsHCl pH 7.5, 0 2 M NadCl, 0 1% (v/v) tween 20) The i

f 1lter was then rncubated wrth the. secondary antrhody (brotrnylated goat anti-rabbit lgG
g

- diluted 1/1000 in TBS). Frlters were washed three trmes as before The streptavrdm alkalme -

phosphatase conJugate (1/3000 dlluuon in TBS) was added and the f; rlters were gently agltated -

'~ for 30 mrnutes at room temperature The filters were washed three times wrth 50 mM

o
N

" TrisHC, pH75 02MNaCl 01% (v/v) tween20. LN i-

R
In order to vrsualrze the btotm labeled protem bands the followmg procedure \‘las ( .

" used. Frlters were washed with excess 0 1 M Tns HCl pH 9.5, 0 1 M NaCl 50 mM M8C11

. The substrate wlutron was prepared by addmg 44 ul of mtroblue tetrazolrum chlorrde to 10

) ml of 0.} M Tris HCl pH 9 5, 0. 1 M NaCl 50 mM MGQz. mmng and then addrng 33 w4 of

»

T,

_5- bromo 4 chloro 3 mdolylphosphate p- tolurdme salt After muung gentlyé the frlter was
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) _»51_._“.

= 1mmersed m substra'e solutron for 10 o 30 rmnutes ifi the dark wnth penodxc a,gttauon The :

' color development was termtnated by was‘nng the f 1lters in excess water. L - v

)

Polyacrylamlde Gel Electrophoresns - e _.'.’ ~97 :

, Electrophoresxs of m"ochonanal protems was on 10% (w/v) acrylamlde (dtluted from

2 30 ( w/v) acrylamrde/bxsacrylamlde (29/1)(w/w) stock) 0. 1 M Tns HCl pH 8.0, 1%

: (w/v) SDS verttcal slab gels (20 cm X 20 cm X 3 mm (or 1. 5 mm)) (Bertrand and Werner

[N

1979)¢. ‘Gels were Tun at 75-t0 100 Volts (constant voltage) wrth 0.1 M Tns HCI, pH 8. 0 1%

-(w/v) SDS as the reservoir buff qr " Bef ore loadmg protem samples (100 000 cpm of *H or

'10 000 cpm of “C o1 20 000 cpm of 35S labeled protems)@ere denatured by addmg an equal

volume of 10% (w/v) SDS yA (V/v) B mercaptoethanol 0. M Tns HCl, pH 8.0 and leavmg

" at room temperature for at least 4 hours Fhe denatured protein samples were centnfuged f or -
'5 mmutes m a mlcrocentnf uge and the supernatant was transf erred to a clean tube Pnor to
: loadmg 1/10 volume of loadmg dye (01 M Tns HCl pl-l 8 0 1% (w/v) SDS, 50% (v/v)

glycerol, ﬂ 1% (w/v) bromphenol blue) was added

- Electrophoresrs of mltochondrtal protems was also carned out on Laemmh (1970)

‘ gels Gels (20 cm X 20 ¢ cm X 3 mm (or 1.5 mm)) consxsted of a stackmg gel (3% w/v)
. acrylamlde (prepared from a 30% (w/v) acrylamlde/btsacrylamxde (29/1)(w/w) stock 0.125 -

: M Tns HCl pH 6.8, 0. 1% (w/v) SDS) andé separat'mg gel (10% (w/v) acrylamlde 0 375 M

Tris: HCl pH 8 8,0:1% (w/v) SDS) The reservorr buf fer used was 25 mM Tris, pH 8 3,192
mM glycme 0:1% (w/v) SDS Protems were denatured by the addi 'on of an equal volume of

4% (w/v) SDS 0.125 M kfns -HCl, pH 6 8 10% (v/v) B- mercapt et’hanol 2()% (v/v) glycerol

- 6‘ 1%. (w/v) bromphenol blue The samples were leftat room temperature for at least 4 hours

' and cehtrlfuged for 5 minutes in a mrcrocentrrfuge before loadmg Gels were run at 15 mA.

°Wemer and Bertrand (1979) -did not find any srgmfrcant dlfference in the resolution
of précursor and mature ‘subunit 1 polypeptides when - separated on 7 5% to 20% -
SDS polyacrylamide gels We did not detect the subunit 1 precursor using 15% gels
and tried - 10% gels since they- resolve protems better m the 40,000 to 50, 000

-range than do 15% gels (Hames, 1981)

<



 during the stacking phase and mcreased 10 25 mA When the proteins had entered the

separating gel. . T

'__Slrcrng Protern Gels ‘ - ) s - B " el °
Lanes f rom Laemmlr gels or SDS slab gels were shced usrhg a manual gel slrcer (Tyler
. Research) The 1-mm slrces were transf erred rndrvrdually to scmtrllatron vials contarnmg 0. 5
_ ml«of 0 1 M Trrs HCl pH 8 0 1% (w/v) SDS The vials were mcuhated at 65 10 70C f opal
o least 6 hours 5 m< of Aqueous Countrng Scintillant (Amersham) was. added 10 each vral and |

o mrxed vrgorously Samples were counted in a Beckman LS7500 Scrntrllatron Counter
&

DNA Sequencrng ‘

é\ | ', DNA sequenerng was by the nwthod of Sanger el aI (1977) on M13 smgle stranded
o 'DNA templates (Messrng, 1983) Brreﬂy srngle stranded DNA clones were constructed usmg -
' M13mp7 (Messmg et al 1981) M13mp8 M13mp9 (Messmg and Vrerra 1982) Ml3mp10

.Ml3mp11 (Norrander et al., 1983) M13mp18 or M13mpl9 (Yamsch Perron et aI 1985) The
‘ single- stranded DNA template (ca. 0. 5 fo 1.0 u,g) was annealed to the appropnate M13 : _j\j’,’
_pnmers (New England BroLabs Inc. and Regronal DNA Synthesrs Laboratery) in 7 mM ‘ B
' Trrs HCI pH 8.0,7 mM MgCl,, 50 mM NaCl (total volume of hybridization mrxture was 12 _ :
, ul) m a mrcrocentrrf uge tube Annealmg of the pnmer ‘to the template was achreved by
E placmg the sample in botlrng water or by- heatmg at 7OC f or 15 mrnutes and allowmg itto |
cool slowly to at least 3TC Once cooled the hybrrdtzatron mrxture was transf erred to a Nunc
ercrowell Plate (60 wells with lrd) To thrs was added 1 ul of 0.1 M drthrothren,'ol and 1 ud
R of radrorsotope Erther a"P -dATP (>600 Cr/mmol) (NEN) or a’sS- dATP (>-1000
Cr/mmol)(Amersham) was used as the radtoactrve label In preparatron f or. the elongatron 8
" _ reactron 1 ul of Klenow Fragment (1 Umt/uJ) was mrxed m Aquuots (3 ul) were drspensed
. _to f our adJacent wells To mruate th&;ﬁlongatron reactron an e’qual volume of the A, C, G and ’:’_"

dr
o T rruxes (see appendrx) was added to the appropnate wells mxxed and rncubated in an arr

. ‘“
‘ R
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incubator (43 to 55 C) After 10 to 20 mmutes l 5 al of chase (see appendrx)zwas added to
. #/ k) '
o the 4 wells and pYaced in the arr mcubator f or 1010 20 mmutes ’I‘he reuad’l’,rbns were stopped

by addmg 14 u-l ol' dye f ormamrde mix (see appendrx) to each well» "-ﬂre samples were

k]

transferred to mrcrocentrrf uge tubes denatured by placmg in bgﬂ}ng water for 5 mmutes and

loaded onto 6% (w/v) acrylamnde (prepared from a 40% (;e/va) acrylamrde/brsacrylamrde
&z

(19/1)(w/w) stock) 8 33 M urea 0~1 M Tris- borate plﬂ‘g% 3 2 mM EDTA The gels (40 cm

X 20 e, X 0 2‘, mm and 80 crn X 20 cm X 0.25 mﬁ) were rhn at 25 and 50 Watts (constant
; 4 _
power settmg) respecuvely When problems with secondary structure were encountered

-]

e;ther»leP (Sanger et al 1982) or ¢’ dGTP (Barr et al., 1986) replaced dGTP in the

"o’ o 1]
.. ° .o sequcgcmg rruxes (see appendrx)

P

ln sorne cases supercorled double s;randed DNA templates’ were used in-the

P
24 -~

i".f ; sequencmg reac;uons as descnbetl by Ahmed (1987) except that CsCl banded plasmrd DNA -
e - a,/ \a
o ;v' was u§ed Super;corled plasnﬁd D’lﬁA (2 ug in 20 ul of water) was denatured by the addrtron _

;_;ju of 2 ui of 2 M NaQH 2 mM %ﬁTA AT ter 7 mmutes at room temperature neutralrzatron, _
o y"

was achreved by addrng 3 *! of 3IM sodrum acetate, pH 5. 0 and 7 ud of dH,O The DNA
' was precryrtated by the addruon of cold 95% ethanol pelleted m a microcentrif uge (10
mmutesai 4 ‘C), washed with cold 70% ethanol and dried under vacuum The D;NA pellet was
drssolved in 9 ud of drstrlled water. Primer (60 ng)-and 1.5 p4 of 10X sequencmg buffer (100 ‘ B
S mM TrxerCl pH’8 0 50 'mM MgCl,, 75 mM drthrofhrertol) was added 10 the template DNA

Ann;:almg -was achieved by mcubatmg the template/pnmer mrxture for 20 mmutes at 37’C
; 0 e ’ . A
W The I}NA sequencing reacuons were “performed exactly as descrrbed above except that 5K

) of Klenow fragment (5 Umts/ was ‘used 1n’each reactron

57 . " When a*$- JATP was used gels were drred at 80°Cin a Model 483 Slab Dryer

el

~ (Bio- Rad) Autoradrography was performed at room temperature for 20 to 30 hours befatg
the XAR- 5 X-ray film (Kodak) was developed accordmg to the manufacturer's rnstructrons
p.- labeled gels were not drred autoradrography was performed at - 20 C and the X- ray film

was developed after 12 10 16 hours. _ S . v
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| glycerol 2 mM EDTA poured onto a 25 ml plug of 20% acrylamlde m the same bul' l' er..The ‘_ -

~ bands were visualized and photographed ona UV- transilluminater. o 5 _'- '

Polyacrylamnde Gradtent Gel Electrophoresrs ' e '

DNA was also separated on non- denaturmg polyacrylam:de gradrent gels (45 cm X 20

- cm X 3 mm) Gels gopsrsited of asto 15% polyacrylarmde gradtent (made f rom, a 40% (w/v)

acrylamrde/bxsacrylamtde stock” (19/1)(w/w)) in01M Tns borate p}-l 8 3 5% (v/v)

15% acrylamlde soluuon contained 20% sucrose to stabthze the gradlent durmg the . e |

onstructron of the gel. The slots were poured separately usmg the S% acrylamlde soluuon
after the gel had polymenzed All acrylarmde solutlons were deg,asged pnor {0 use.

Electrophoresxs was perf ormed for 48 hours at 400 V' (constant voltage) with 0.1 M

- Tris- borate, pH 8. 3, 2 mM EDTA as the runmng buff er. The gels were stained for: 30 mmutes

in 0.5 pg/m4 of ethldrum bromlde followed by 30 mmutes of destammg m dtstrlled water The

¢
# R
T

Agarose Gel Electrophoresrs ’ ,

Gels were made to 0. 8% (w/v) agarose in 0.1 M Tris- borate, pH 8. 3 2 mM EDTA

and contamed ethtdtum bromrde (0. 5 ug/ml) DNA samples were made to 5% (v/v) glycerol

contammg bromphenor blue just pnor to loadmg Electrophoresxs -was camed out at 25 to 100

_Volts on a constant voltage power _supply, ’

,"Punhcatton of DNA from Agarose Gels

EN .

R

°

"DNA was 1solated from agarose gels by three dif’ ferent rhethods 1) from low meltmg

pomt agarose (Bethesda Research Laboratones f-nc ). 2) from DE&%« (Whatman) and

' ‘3) from NA- 45 membrane (Schlexcher & Schuell lnc ). Wmsolated from low meltmg :

pomt agarose the DNA was electrophoresed ona 0 8% gel The desrred f ragment was exetsed

from: the gel and melted at 65 C after addmg an equal volume of 50 mM Tns HCl pH 7 3 0. 5

~mM EDTA. An equal volume of water- saturated phenol was added and the sample was: placed

'at 65 *C for 10 mmutes mmng occasronally The sample was mtxed thoroughly and the pluses

i A
e .
o.

e



B T mal concentratron of 0.3 M.

v-,were separated by centrtf ugatron (10, 000 rpm for 5 minutes). The aqueous phase was

| transf erred 102 clean tube ‘and the phenol phase was extracted with an equal volume of 50 s

.".-,'mM TrrsHCl pH 7. 3 0.5 mM EDTA (heated 1o 65" C) The phases were separated by

' centrlf ugauon and the aqueous phases were combmed ThlS was extracted twice wrth

o .k water saturated phenol and once with chloroform/rso -amyl. alcohol (24/1)(v/v) The DNA

L was recovered by ethanol precrprtatton after the addmon of 3IM sodium acetate, pH 7 Doa

N , ¢«
DNA wass atso 1solated from agarose gels using DEAE paper (DE 81 filter paper

, Whatman) After the DNA bands were separated on an agarose gel the band of mterest was -

located and a slit was made 1mmedrately 1n( front of it. The DEAE paper was inserted into the

\% and electrophoresis was contlnued Once the band disappeared into the paper it was

removed from the slit and packed into a P- -1000 blue tip (Type BR- 40 Bio-Rad). The paper
‘_ ) was washed once with water (l m<) and three trmes} with 400 p4 ahquots of 0.1 M NaCl. 10
'mM Tns HCl pH 7. 3 1 mM ED’I‘A The bpttom of the ttp was sealed wrth Paraf ilm™ and
i 5 200 ud of 1 M NaCl, 10 mM TrisHCI, pH 7 3, 1 mM EDTA was added, ensunng that n B
: covered the paper Thts was left for at least 2 hours at 4°C. The quutd was forced out using a
P 1000 plpetrnan (thson) mto a mrcrocentnf uge tube. Another 200 p4 of 1 M NaCl, 10 mM
‘ Tns HCI, pH 7 3, 1 mM EDTA was added and forced out. The eluted hqurd was extracted

“twice with water-saturated phenol and once with chloroform/rso amyl alcohol (24/1)(v/v)

The DNA was recovered by et_hanol precrprtatton. tRNA (4 10 5 ug) was sometimes added as '

. a carrrer |
E NA 45 membrane €Schle1cher & Schuell Inc.) was also used to 1solate“DNA from

| agarT]se gels To mcrease the binding capacrt) of the memWe it ‘was first washed wrth 10

M EDTA. pH 8.0 for 10 minutes then 5 mmutes in0.5M NaOH f ollowed ‘by several raprd

washes in dH,O The. membranes were stored at 4C in dH,O ‘After the DNA fragments were

W

separated on an agarose gel, a stnp ol" NA -45 me)

$in,

hew a& placed in an mcmon
' 1mmedtately ahead of the band of mterest Elegtwp}fore,s%!’

o f PR

55’

¥ gas contmued unttl the DNA band

fi ¢
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drsappeared into the membrane. The membrane wa§ Wed f Tom the sht and freed of
agarose by thoroughly ﬁrakmg ina rrucrocentnfuge tube contatmng 0.15 M NaCl 20 mM

’ TnsHCl pH 7.3, 0 1 M EDTA The DNA ‘was eluted by submergmg the membrane in 450

LB

u! of 1.0 M NaCl 20 mM Tns HCl pH 1. 3, 0 1 mM EDTA and mcubatmg at 65 C for 4*
mtrﬂtes wrth oecasronal swtrhpg; The hquxd was extracted twice with water saturated phenol
and once wrth chloroform/rso amyl alcohol (24/1)(v/v) The DNA was recovered by ethanol A

LI
precrprtatton .

FilterQColony‘Hybridization % _ Lo T : (\

’ Colonies’ were grown drrectly on Bio Trans nylon membranes (ICN. Btomedr’%u
Inc. ) overlayed on selectrve medta or patched onto the nylon membrane overlayed on s@rve ‘
medta Frlter -colony hybndlzattons were perf ormed as recommended by the manuf acturer.
Cells were lysed by placing the membrane on 3MM paper (Whatman) saturated wrth 1.5 M
NaCl, 0.5 M NaOH for 5 rmnutes Neutraltzatron was achreved by plactng the membrane for

5 mmutes on 3MM paper saturated w1th 3 M sodium acetate, pH 5. 5 The excess hqutd 'was

blotted with 3MM paper and the membrane was air- -dried. for 30 mlnutes before baktng at

a
4 - ‘* ’h,

80Cforlhour . a - .
_ Membranes were pre- hybrrdrzed f or at least 1 hour at 65'C W1th ‘hybndtzatron solutton .
(SX Denhardt s (see appendtx) 5X§PE (see appendix), 0 2% (w/v) SD§ 500 ug/ml of '
heat denatured salmon sperm DNA). About 4 m< of solutton was used per: 100 cm’ of ‘
rnembrane In the hybndrzatton reactron 2 X 10¢ cpm of "P -labeled probe was used per 500 g .
“cm? of membrane and about 2 ml of. hybndtzatton solutton 100 cm2 of membrane _
Hybndtzatton was allowed to take place dvermght at 65 C Membranes were washed three o
times for- 30 mrnutes at room temperature with exeess 5 mM sodium phosphate. H 7 0 1
mM EDTA 0 2% (w/v) SDS (250 ml per 100 cm’) and vrgorous agxtatron (ca. m).

The membranes were wrapped w1th Saran Wraa} m preparatron f or autoradtography
W 3 ’ o : . T : . . /'./'.



) Radrolabelmg DNA Restnctron

' DNA f ragments were radroacnvely labeled by the olrgo labehng method of Femberg

' and Vogelstem (1983 1984). Lmear DNA (25-10 50 ng in dH,O) was purrf ied from agarose -_

oS

and mrxed with 10 ul of QLB buf fer (see appendrx) and dH,O 10 41 ul The DNA/pnmer
mixture was placed in borlmg waler f or 3 minute$ and. allowed to cool slowly to 3TC.BSA ( 2 v.
ud of a 10 mg/m< solution) and 5 u4 of a"P dCI'P (3000 to 4000 Cr/mmol) were added

The labelmg reacuon was initiated by the addmon of 2 ul of Klenow fragmem (1 Umt/u{,)
The reaction was left overmghl at room terpperature The reactron was stopped by addmg 200 .
w4 of stop buff er (20 mM NaCl, 20 mM TrisHCI, pH 7 5, 2 mM EDTA .0.25% SDS, 1 uM
dCTP). Purrf 1ca'uon of the umncorporaled label from the DNA probe was not n.,cessary The
;number of cpm mcorporaled into the probe was determmed by the following procedure an
' alxquol (5 ut ol” the termmat\ed labelmg reacuon‘) was spoued omo a DE 81 f 1lter

(Whatman) and w’ashed wrth 0.3 M ammonium formate (5 ml) The filter was transferred to
a scintillation vral comammg 5 mA of Aqueous Countmg Scmullam (Amersham) and counted
in a Beckman LS7500 Scintillation Counter}o determme the cpm/u‘(.f

Enzymes

Restriction endonucleases T4 DNA Lrgase and Klenow f ragment were obtamed f TOM

t

. Bethesda Research Laboratories, Inc. or New England BroLabs, Inc. and were used in
accordance with the suppliers' instructions.

g .



-~

" 11 Results and Discussion

5 /p¥géPrecursor and Mature Subumt 1 Polypeptldes .
P o
. The nucleoude sequence of the oxz-3 gene drd not resolve the problem concemmg the

_nature ol' the ammo termmal presequence in the col precursor polypepude as discussed m the

: oducuon on page 21 (Burger et al., 1982; de Jonge and de Vnes 1983). The only in- f rame

2!

; mauon codon 1s just two codons upstream from the start of the mature subumt l B
,' B pol ypeptrde (Figures : 3 and 8). It drd not seem hkely that 2 -amino acids could account f or the
4000 MW difference between the precursor and mature polypeptrdes A number of proposals |
wereputforth o | a . o ‘ o , o
The first model proposed the exrstence of an intron in the col gene that would f uie
~ the out- of f rame ATG codon at posmon 450 to the mature codmg sequcnce (Fxgure 8). This.
would extend the reading ‘frame upstream ol' the mature codmg sequence and thus, would
encode the N termmal preprece Northem analyses of ‘the col transcnpt has ruled out lhlS
: possrbxhty (Burger et al., 1982; Burger and Werner 1983) L N
A second model suggested that only 2 amino aclds were proteolytrcally removed f rom
the N- termmus and this led to the observed molecular welght diff erence between precursor .A
' -and mature subumt 1 (de Jonge and de Vn.es 1983 Frgure 3) lt is has been estabhshed that .'
hydrophobxc protems run anomalously on SDS gels thereby leadmg toa sngmf xcant = ‘
- ﬂdlscrepancy between the actual and apparent molecular wetghts ol' such protems (Burger et al.;
1982; de Jonge and de Vnes 1983) On SDS gels ‘ature subumt 1 has an apparent molecular ‘
R welght of 41 kDa but its true molecular welght deduced from translanon of the DNA ‘ :
’A sequence 1s ca 60 kDa (Burger et al 1982 de Jonge and de Vnes 1983) This observauon | :

: ) L glves credence 0 the suggesuon tha,t amrno termmal processmg mvolva the renmval of only 2

‘;' ' -amrno acrds (de Jonge and de Vnes 1983)

e

>

v ”"Pomons of thls chapter have been pubhshed elsewhere (Lermre E. G "and F.E.

~, i Nargang. 1986, A missense. mutation in the oxi-3 gene of the [mi-3] extranuclear
e~ % mUtant’ of Neufospora .crassa. I Brol Chem. 261 5610 5615) and are. mcluded m :
’___« ¥ thrs ﬁhesrs with the pubhsher s permrssrom :




_ Figure ‘8. The position of ithe start (AUG) and stop (TAA) codons, the regions
7 homologous _ to the conjugated- peptides and the homology to the subunit: 2
prgseq’uence are” indicated in Telation to the mature subunit 1 coding region. ~
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A.third allernative suggested that the N. Crassd sulﬁnir 1"“.polyp'eptj_de hada

€. mmlnal cmenslon which was removed 10 gwe 1he mature subunit. This posslbrhty was

‘based enurely on the obsr?vauon that the N crassa protem is ca. 20 amino acrds longer at the o

" C-terminus relatxve to the suounu I sequences Tt rom. plants f ungr and other hlgher
cukaryotes' (Burger ef aI '1982; de Jonge and de Vnes 1983; Flgure 4) Concewably, ,
.pmleolyuc cleavage of ammo acid residues could occur at both the C- and N- terrmm to yield
the mature polypepude (Bunger e: al., 1982; de Jonge and de Vries, 1983) There isa’ |

precedence for similar pro:essmg The N. crassa laccase has residues removed fr rom both. the

N- and C-termini (Ge¢t'imann et al., 1988) The alpha chams of pea seed 1solect1ns and the

wvariant surfzce s ycoprotein ( VSG) from trypanosomes are both post- translauonally modrf 1ed e

by C- Lermmal processmg (Borst, 1983 er el al 1987) ' B o f :

T

y The use of alternatrve codons to initiate translatron of the coI messa{ge is'a f ourth .

possibility (Burger et al 198 de Jonge and de Vries, 1983). Unorthodox eodons like AUAA

- (Clary and Wolstenholme, 1983b; de Bruun, 1983; Clary and Wols_tenholme, 1985), AUGA

~. (Waring ef al., 1984) or AUN (Bibb er al., 1981; waUaée,‘ 1982) are used as translation ;
initiation codons m other m_itochondrial Systems. Alth_o_ugh rhere is no evidence to support' the

‘use of alternate initiation codons in Neurospor‘a such an occurrence would. permit an |

amino-terminal extension of up to 50 amlno acid resrdues dependmg on whlch mmauon

' _codon is+ used (Frgure 3). Cleavage of a presequence of tlus length would easfly account for ,v

the observed molecular werght drf ference between the precursor and mature subumt 1

polypeptides. Addmg support to this hypothesrs is the observauon that a block of 6 amino

acrds upstream of Lhe mature coding sequence shows consrderable homology toa reglon of the'

, subumt 2 ammo termmal presequence (van den Boogaart 1982b Macmo and More111 1983

Table6 and Frgures 3 and 8)._

J : . . e
“*The subunit 1 amino acid sequences from the protozoans were not 1ncluded in this
analysis' because -they differ significantly and have limited homology to the col -
polypeptides of other eukaryotes (de la Cruz et al., 1984 Hensgens et al., 1984;
Pritchard ef aI 1986 Zrare and Suyama 1987).

- R
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_ Table 6. Homology between an in-frame amrno acrd sequence precedmg the mature suhumt 1
~coding region and a regron of the subumt 2 amino- termrnal presequence

N ‘Afv'
R
N RS
PR S
R

subumt‘l --Ile Leu- Phe Asn Gli- Leu 0. ;nﬁno acids- mature protem

’

L ""’h
subumt 2 --Leu Leu Phe Asn Asn Leu 5 amino acrds mature proue,m I
Concervably thrs homology mrght reflect a functronal relatedneq,srél" presequences such as a
. e‘;"’ Q,s ey

: requrrement for mseru?lnto the membrane or a proteasg recogmtron site.
A f mal model ypothesrzes that the remo-fal of the two amino acrd N termmal

prepiece is coupled to some other post translatronal modrf rcatron (z e. phosphorylauon) whreh B

| would aff ect iggh ‘:obrlrty in SDS gels

j w models are ref’ uted by the observauons that no serine or 1soleucme resrdue is
vfound wrthm 10 steps of the N- f ormylmethtomne at the N- termmus (Burger et al., 1982) and_' o
~ that the preprece consrsts of at least 12 amino acrds (Burger and Wemer 1983) The latter

vrnf ormatron concermng the length of the preprece excludes all the models that postulate the

”.

'exrstence of a 2 ammo acid presequence Furthermore any use of the unorthodox mmatron f
codons AUN AUAA or AUGA leads to the presence of erther a senne and/or an 1s§leucme o

' _resrdue wrthrn 10 steps of the mrttatmg methromne (thure 3) Consequently all models
t:ontaul$l some aspect whrch conflrcts eXperrmenml observatlons

Unless an unprecedented mechamsm f or synthesrs of the mature polypeptrde is

" mvoked one or both of the observatlons concemmg the nature of the preprece must be -

rnqorrect In an effort to resolve this ‘dilemra and to’ dlf f erenuate among the models
'_presented above peptrdes homologous to specrf ic regrons of the col polypeptrde were
synthesized and conjugated to carrier protems (Frgures 6 and 8) The synthetrc peptrdes were
used to ehcrt an 1mrnune response in rabbits in order to obtam antxgen specrf ic anusera o
| (Shrnmck et al., 1983) The choice of peptrdes was based on more or less establrshed
parameters (Shmmck et al., 1983) 1) the peptrde should contam mamly polar or charged
' amrno acrds 2) pepudes contammg prolme tend to be good antlgens‘ 3) amino acids at the

' N or C- -terminus often mduce protem -reactive anubodres and 4) pepttdes should be 10 or DRES

¢«

S ] . ' .



: _more ammo acids in length Wlth these parameters taken mto consnderauon the hydropathy

,_‘and hydrophrhcrty analysrs programs ( PP and Woods 1981 Kyte and Doohttle 1982
Frgure 7) were run, and the chorce@&pep les was,made The frrst synthetrc peptrde was
homologous to ammo acrds 18 to,,;S:(%rgures 6 ang, »8)ﬁ'fhts sequence was chosen to 7

. determme whether or not the N- terrnmaf prﬁgeguence extendéda ﬁpstream of the methromne N

're51due at - 2; (Figures 3 and 8) If ;he‘homology to the subunit 2 presequence was

f uncuonally 1mportant the anugemc site rmmlcked by pepude 1 should be d;tectable

a’”

The sequence of pepude 2 was homologous to amino acids 440*10 450 of mature .

A\ “ . v

'fsubuml 1 (F!gures 6 and 8) Anubodres rarsed agamst thxs mmunogemshould react with both

4'u~'

the precursor and mature po]ypepudes and function as a control 1n 1mmuno‘igl,pt expenments

Subsequently it was drscovered that [rru 3] harboured a nusseq)ﬁse mutatlon in codon 448
: ﬁ.‘ i - 1" g

. leadmg 10 an asp- to tyr substltutron (Table 9 Lemrre and Nargang, 1986) It was hoped W

amrsera agamst thrs pepude would only react w1th the wrldtype pojypeptrde thereby

;‘ T 'r_(f','i'x", i

substanuatmg the nucleic acrd sequence data

e

The sequence of pepude 3 was derrved from the last 10 ammb acrd resxdnes (546 to '
. i Pt
- 555) =at the subumt 1 C-terminus (Figures 6 and 8) Anubody obtarned from an 1mmune

response agamst this syntheuc antlgen should determme whether or not proteolyuc cleavage of
‘C termmal rcsndues is mvolved xn the maturauon of the this precursor (Frgure 4)

.. As can be seen in’ Flgure 9D~bumt 1 appears as a broad band when subumt

1- specrf;c antibody is used as the prrmary .antrbody No subumt 1 band 1s vrsrble m the other _ 5

blots where antisera agamst the synthenc antrgens was used but Other bands of unknown

. origin (some may be degradauon prod‘ucts) are apparent (Frgure 9A - C) The mef fectiveness
- of the anusera was unexpected smce a colour reacuon was present at. the 10° dllutlon in
‘mdtrect ELISA expenments (Table 7) No f urther 1mmunoblot expenrnents were perforrned :
because of these unsatlsf actofy results Therefore, the exact nature of the post transIatronal
steps required to produce the mature subunrt 1 polypepude from the precursor remams a -

my-stery g
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Figure ‘9. Immunoblots of [mi-3] and “wildtype - mitochondrial translation products
using -different primary antibodies: ‘A) -peptide .1-specific. antisera, B) . peptide
2-specific ‘antisera,’ C) peptide 3-specific aniisera and D) subunit 1-specific ‘antisera.
“An adjacent lane containing *H wildtype mitochondrial translation products- (e—e) .
“-was sliced ‘and the profile is shown. below the immunoblots. The arrows indicate the
position of the protein markers having the approximate molecular weight of 43,000
~ Da and 25,700 Da. The subunit 1 peak is located between thése markers.

‘ “
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- Table 7. Results of _ELISA*assays._ ’

3

v I')~ilu'tion' |
,..v”_ll . .. 2 ) . ’r . 3 e T
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074 006 om0 026 |
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v

1 Denotes the antrsera ‘Taisdd a gamst the appropnate pepude (ie. 1. corresponds to o
o the anttsera <obtained. when peptrde 1 was used as the anttgen and SO . on)
2 no detectable colour reacyon ' - : -

' 'AnalySIS of l | mttochondnal translatlon products

o

Prevrous studres demonstrated that the [m:-3] mutané accumulated a larger cytochrome o
: oxrdase subumt 1 polypepttde (Bertrand and Wemer, 1979) that was, converted 10 the mature

: : f orm upon 1nductton of cytochrome aaJ wrth anttmycm A (Werner and Bertrand 1979

A

= Werner et al 1980) Evrdence from ammo acid- sequenctng mdtcated that the precursor bore

V\‘ .
an N- terrmnal extensron relatrve,to mature subumt 1 (Wemer et al 1980) thh this -~

. knowledge the idea of developmg an -in vitro assa‘y for the processrng of the subumt I S ‘
precursor from (mi- 3] using wrldtype mrtochondnal extracts was pursued Such an assay would
. g .
_ allow us to deterrmne whether suppressed [mz-3] (swl, [nu-3]) or antrmycm A- supplemented

i

' [mz—3] cultures had mofe proeessmg activity than [mz-3] strams Addrttonally purrf 1catron of

Kl

the processmg/acnvrty could be achreved through thrs assay - ‘ o ‘
The entue approach was contmgent upon bemg able to drstrngursh between the
: precursor and mature f o,rms of cytochrome oxrdase subumt 1 on 10% SDS polyacrylamrde gels -

‘ ) as descrrbed by Bertrand and Wemer (1979) Figure 10 shows a proftle ol' the mitochondnal

) '..Y o

" translauon products from a wrldtype culture labeled wrgt 3H-leucine in the presenoe of

E cyclohexrmrde A peak wrth a molecular wetght of ca. 50 kDa is often seen in preparauonsslt v

Y

1s thought to oorrespond ,to the nbosomal protem SS though tt has not been demonstrated



_ Figure 10. A profile "of °H mitochondrial translation products from a wildtype strain
(nic -240). The peaks correspoffd to col. (41 *kDa), cytochrome b (31 kDa), coll (28

kDa), colll (21 kDa), ATPase subunit 6 (19 kDa), an unknown polypeptide. (15

kDa) and ATPast subunit- 8 (11 kDa).: T‘he'-'c'yto'chrome b-and. cgll _peaks and. the

colll .and ATPase subunit 6 peaks did not separate and -appear as one, The 15 kDa
polypeptide is -almost completely absent in this profile. References: Sebald er al.,

1973; Weiss and Ziganke, 1974; Jackl and Sebald, 1975; Bertrand and Wemer, 1977, .
Nargang ef -al., 1979. : . ' - ‘ -

F
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Rathandary, 1985)

g i -~/
Drf f erentrally labeled mttochondrral translatron products from [mi-3) and wrldtype

- conclusrvely (Burke and RaJBhandary. 1982 Brettenberger

| were isolated, mixed- and separated on a 10% SDS polyacrylamrde gel Frgure 11 shows that

. ‘the subumt 1 peaks were not separ ed Subumt 1 specrf ic. anttsera (generous gtft from Dr S

‘_‘Wemer U. of Mumch) w to separate the subumt 1 polypepttdes f rom the other

mrtochondnal translatron products since this should enhanze the detectron 6f the molecular

~ -

werght diff erence between subumt l precursor ‘and mature polypeptrdes The subumt 1

Va R
1mmunoprec1p1tates f rom ’H labeled [mz-3] and uC- labeled wrldtype mrtochondnal protems :
.wcre electrophoresed (Frgu-re 1") The molecular werg)(drf f erence detected/?y others -

’ ( Bertrand and Werner 1979) was not apparent

Since the two f orms of subumt l could not be separated on 10% SDS gels as descnbed o

. earlier, the decision was made 16 use a different gel system?thers have resolved the two

forms using the Laemmli (1970) gel systemﬂ (Van® Sant et al., 1981- Van't Sant and Kroon,

o 1983) Frgure 13 shows the profrlepﬁ subumt 1 1mmunoprecrprtates separated on & 10%

Laemmh gel The mutant\Subumt 1 peak does appear to be shifted shghtly towards the o

cathode mdrcatmg a htgher molecular weight form, but this result could not be. obtamed

6

[

consrstently ‘Based on these results no def mlte cond?sron on the presence of a htgher
molecular weight subunit 1 pd‘lypeptxde could be mad ‘ |

g] .

‘ Othe:gearchcrs have'observed that the source of SDS used in the preparatton and
. " running of ST

]yacrylamtde gels af f ected the mobrhty of mttochondnal protems (Chomyn N
el al., 1986) Two other commercral sources of SDS were used in the preparation ahd

,electrophoresmg of protem samples on 10% SDS slab gels Nerther source of SDS resolved the

precursor from the mature f¢ orm. 'l‘he results ‘from one such expertment using UItrapure SDS .

»'«.‘

4(Bethesda Research Laboratones lnc') are prof 1led in Figure, 14

1t had been demonstrated prevrously that mrtochondnalv Pr ursor polypepttdes

. accumulated in wrldtype when labehng was perf orrned at 9°C (Van t

Sant and Kroon 1983) It was hoped that labelmg the mutant mrtochondrial translangl

et al, 198.1:‘ Van't '



"* % _Figure 1l. ‘Differentially-labeled mito_élbgdria'lr translation. products ffom nic 240 -
. (s—e) and [mi-3] (0—0) separated on-a 10% SDS gel. U
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" Figure 12. Subunit 1 immﬁnopxecfip'itatﬁ:é from "H-labeled [mi-3]’ '(0.—'4.1,0)".5‘:1&‘

1C:labeled nic240 "(o—o) - mitochoridrial translation - products ‘separated on :a 10% S
SDS slab gel. © 0 ..o o e Tente e
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“’Figuré 13.',‘Sub'uni1‘ 1 immunoprecipitates from *H-labeled [mi-3] (0—0)' and
- 14C-labeled ‘nmic’ 240 (0—o) mitochondrial translation products separated on a 10%
.. Laemmli gel. ' : ' o S :

\
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. Figure 14. Differentially-labeled ‘mitochoridrial translation products from nic 240
(e—e) and [mi-3] (O—3) separated on-a 10% SDS gel using Ultrapure™ SDS . .
~ (Bethesda Research ‘Laboratories, Inc.). .- ‘ SRR o o
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' products at the lower _tetnp‘ature might be snf f icient to dis't_inguish, between the two forms.
Howerer, this approach a‘l'so proved unsuccessful. No dif fArences cb_uld be detected bet_v{een

| subunit 1 >polypeptidc‘s of [mi-3) and wiidtvpe in either whole mitochondrial' translation

" products (Frgure 15) or in 1mmunoprecrpttatron prof iles (Flgure 16):

Failure to detect the subunit 1 precursor in our [mi-3] strain usmg two different gel

K]

‘systems and dlff erent commermal (preparauons of SDS led us to consnder the possxbthty that”
this stram was not [mi-3] IL-40. Closer exammhtron of this strain conf irmed that 1t had the
correct nutrmonal requirement ( pan-2), the correct matmg type (A) and a def iciency in

4,cytochrome aa, (thure 17a) Induction of cytochrome aa, dld occur in antimycin

A- supplemented cultures- (Frgure 17b), charactensnc of [mt—3] strains (Bertrand and Collms
1978; Bertrand, 1980) Furthermore, the slow growth and cytochrome aa,- -deficient phenotypc

~was found to be inherited in a matemal fashion "(Table, 8). These data conftrm that the stram ‘
is in fact [mi-3] since there are no other Neurospora strains known 10 -possess all of these -
. . : . ; S - v : . .
" characteristics. o

Table 8.§Ion-Mende‘lian segregation of the [mi-3]_phenotype.v

 ‘Génetic Cross . E " F1 Progeny. ‘
9 e e - wildtype
(mi-3]X nic 237 Y S V2 0
© [mi-3] X 4003-HU-2a - w2 0/28

nic 237 X [mi-3) -14/16%

1. Two’ of the: sxxteen ascospores picked were deftctent in cytdchromes aa, and b. This 1s
. characteristic of strains having lesions in the mitochondrial translation apparatus (Le.

[poky]). Since no [mi-3] ascospores were picked, it was concluded that the mutant
, characteristxcs of this strain were mhented matemally

»\.’u"\
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Figure 15. Differentialiv-labcled ‘mitochondrial translayon products [Tom 1E-labeled- iR y——r

nic 240 (o—o) and 'H-labeled {mi-3] (e—e) scparated on a 10% Lacmmli gcl. e

4 Translation products were labeled at 9°C. . S Coe
o , o ‘ , : »

!

e . . :
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Figure 16 Subunit - 1 ‘i‘mmunoprecipila'lc of ”’H.-la‘.b_c;le.d [mi-3] (0—3)'and "*C-labeled
. nic 240  (0—o) mitochondrial translation products. Translation products were labeled.
. at 9C and scparated on a 10% }Lacmmli- gel: o ‘

. .
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Figure 17. Cytochrome spectra of [mi-jj gUlLurcs"gro’w'n in a) in the absence bf'
antimycin A and b) in the presence of - antimycin .A (0.3 ug/m<).
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Detection of an RFLP in the [mi-3) Mutant .

Smcc 1he [mL3] mutant of N. crassaa

g

(

tha\l bears an ammo termmal e\lensnon ( chand and Wcrncr }979 Wcmer and Bulrand

‘

}SBR' 2 (Figures § am 18). The. FcoR]
N \

cy lochrome oxidase subum; 1 (Aegstsnbbo" X
- L

) ; Dﬁ‘; -\ \{ b'\ '\ .‘&
obscrved in the Eco}ﬂ] f ragmcm of mi 3] @e?ﬁ&zs@mtﬁ wuh lhal ol wlal\pt-
18) _. - . 4 1‘,9.: . N l:"-" ” S; ; \{_»_(? ' ‘.”' _)\“'x K : - i.z‘,\“ ;o a - ‘
To facnhlalc Lhc detecuon ol po : om‘ bs\rnuron dlgcgts ol’ L T
. ‘—‘,‘\\ 4". ,_._.'

\and Abbou , La wcrc

-.‘\

?' é,

molecular%xgm was detecled mé‘thg[rm ﬂzﬁmp\

e

the pubhshed wxldtype DNA sequences (Bur?er ejt 1982 de Jonge anddc Vries, 1-%3)

from this region, revealed that the allei} L‘{m af'feqled a}a 270 bpl HpaIl/Pstl (ragmcnl within .

\n 3‘ k
19)

the original ca. 630 bp Rsal f ragmem (F:gﬁ;e ;\J’f’?ﬁg gostgxqon )

II lhc.RH P relative 16 the

oxi-3 gene 1s shown in Fxgure 20

¢

" mutation acqulreg durmg or af ter the clon
’ ‘\is- /‘k’&'

DNA were ompared by gradnen}.’[’gélv%

“7 :A,“

and t°v pe P mnqghond l I“.DNQSK :
X vx‘&j)'&» ‘\‘ v \"._:‘
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llgurcls '.EcoRi 'digcstslof. EcoR1-3 clones andemitochondrial DNAs fTom the
. mi-3). mutant and wildtype scparated on an agarose gel. The plasmids. pHBE3 and
* 0 pLN2 ‘arc"the. wildlype and [mi-3] clones of EcoRI1-3, respectively. -

e Ir;"\. - S
R S S »
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Figure- 19, Polvacrylamide grd@icm g'cl' showing. clectrophoretic differences observed in
Rsal and Pstl#Hpall digestion products between' cloned [mi-3] (pLLN2)-and wildtype
(pHBE3) FcoRI-3 mitochondrial DNA fragments. The top arrow indicates the Rsal
products of differing molecular weight; the bottom arrow the differing Pstl/Hpall
products. The number of base pairs in two marker bands is indicated.
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Figure 20, Partial restriction. map of the region of mitochondrial DNA éncoding “the
cvtochrome oxidase subunit 1 'genc. The arcas encompassed .by the a) Psu/Hpall” and
b} "Rsal fragments in [mi-3] arc indicated. Rsal sites occur within all Pstl
palindromes (Pst Pal). - A S, ~. .
. _ S 1 . y
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Figure 21. Rsal digestion products of [mi-3] and wilditype (Abbott 12a) mitochondrial
DNAs .separated on a polvacrylamide gradiemggel. The arrow indicales the position
of the restriction fragment length “polymorphism.
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DNA from 744 dnd exist. These dlffcrcnccs were almbulcd 1o polymorphisms mherem in the

I pL I'and type I mitochondrial DN As.

! : & . ;
DNA Sequence of the RFLP

1n ord@to determir .« nat. r%’u\ the alteration giving rise 1o the RFLP, the DNA -

S J -

~ sequence of the 279 bp Hpail stl fragme it {rom [rni-3] was dctcrmmcd and compared to the
o

> .
pubhshui wxldlxpc secquences ( Burger el al., 1%2, de lomzﬂ and de Vrlcs 1963) The scﬂc

difference obscrvad was a single A/T bp inscrtion in. an A/T r1ch palmdromlc reglon (Flgure
2). On the bd\l\ of the difference observed in C]GClTOphOTCU( mobllm an mseruon of Sto

10 bp was cxpected. Anomalies in migration rates of restriction fragments c'omaihing 1 bp
chunécs have been _rcponcid previously (Ross er al._, 1982; Singh et al., 1987). h
Inlcrc‘fling].\'. the un_usua.l migration paucrnvof the fragmept carrying lh'c'sihgle base
Pair inseruon was dcstroycdﬁb)f dichsLion with the restriction endonuclease Dral (dzﬁa not
shown). The Dral silé (5' T’IT&T\‘AA_ 3') is located él the junction of the poly T and paly A
slruchc (hourc 22) I)igcsuon with Dral would- deslrw any mlramo]{tar second.ar\' '
xlruuurg formed by 1his palmdromnc IC glon However, it is\not immediately ob\'lous how -

-

insertion of*a singlc non-mismatchcd base pair might alier tQe sccondary structure and lead to
RIC anomalous clccllrophoretic mobility observed. . ) | |
.Q S
Genetie Relationship of the RFLP to the Mutant Phenonpc
| ln order to lésl gencucal]\ the IClaUOI‘lshlp bctwcen the [mz 3] phenot\ pe and the
élltcrﬂzmon found in Lhc Hpall/Px fragment, heterokarvons were forced bctwecn a wildiype
strain and an [1711'-‘3] straiﬁ. It was reasoned that [mi-3] should predominate over the wildtype
)componcm in heterokarvons after repeated subcullu’ring as had been reported for other ~
" mutants of Neurospora (Diacumakos ef al., 1965; Mannclla and Lambowitz, 1978).
_Thc‘helcrokar,\'ons were constructéd us‘ing‘componcmvs‘lhét cpmainéd type 1

mitochondrial DNA ([mi-3]) and type Il mitochondrial DNA (nic 240) so that recombination

N\



A

~ Figure 22. DNA scquence of the region preceding the oxi-3 gene that contains the
alteration found in [mi-3]. -

1
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be momtored by ollowmg the umdxrgcuonal gene conversion 1o

Lhe Vype iLécoRl * andﬂ%%l ~EcoRI -9 fragments as descnbcd previously (Mannclla and

/

5
M}j{ 1979) Thus am heterokar\em 1hat acquxred lm {mz 3] phcnou pe should have

4 , 4\ U ..'
b(‘nh 1hc Hagmem lhat chams Lhe [nu- ] 1e51on from the mcommg npc 1 mnochondn.ﬂ

>
DNA plus Lhe typc I EcoRl fragmem from 1he wjldtvpc componcm of the h(‘l{ roqu» on

the alieration originally 1denuhed in the Rsal fragmcm could be shown to be present in d”

4 .
heterokaryons that havc acquired the [mi-3] phenotype. this could be construed as pood
evidence that the alteration is, in fact, responsible for the [mi-3) phenotype.

. .. )

~ After repeated subculturing, 10 out of 30 heterokaryons were found to have bctmc )

phenou pically [ml 3] as determined initially by the decline in lhcxr growth rates. This was

conﬁrmed by spectral analysis showing a dcﬁcnenu of cv Lochroma aa; (}-murc 23). Th1;~

1 the {mi-3] extranuclear mutant can bc 5upprcssnvc over w1ld1_vpc
muochondné af are group | mutants. Since more subculturmg passages of the heterokarvons
were required than was reported for group I mutants (Mannella and Lambowitz, 1978), the.
[mi-3] mutant appears 10 be less efficient in this supprcsswe procass

Restriction analysis of the mnocho&inal DNA 1solatcd from these hctcrokarvons was
éarried out by digesticn with EcoRI and the products‘ were cxamined by agarose gel

clectrophoresis. All heterokaryons possessed the type il mitochondrial DNA version of

_EcoRI-5 and 3 of 10 had the lype I EcoRI-9 fragment, thus demonstrating that mitgchondrial _

DNA fécorhbination Had taken place. We did no?‘ob erve the unidirecti 1al cc}nv‘ rsion Lo the
v pe I EcoRL 9‘Fragmem as described by Mannclla nd Lambowitz (197OS (Figure 24.).

' Whole mnochondnal DNAs s isolated rom he helerokaryons were compared by
gradxcm polyacrylamide gel electrOphorc51s f ollow ng Rsal dxgcsuon Thcsc data are shown m '
Figurc 25 for 4 of the heterokaryons. The most important observation m'adcvfr,om Figure 25 is
that heterokaryons 10-9-1 and 10-45-1 carry tHe [mi-3] version of the 630 bp Rsal‘v I’ragrﬁen_l. '

while heterokaryon 10-45-7 carries the'wil‘dly e.version of the fragment. At least 4 of the

) - Temaining 6 heterokaryons that had acquife the [mi-3] phenotype.also appear 1o carry the *



. 4 v R A ’ ) ' .
Figuree 23, Cylochrome spectra of [mi-3], wildtype (nic 240) and ten heterokaryons
that were constructed and propagated as described in the text. '

. .
' “ . X

.
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Figure 24. Agarose gel electrophoretic analysis of EcoRI- dxgcsled mitochondrial DNAs
from [mi-3] (ype 1 milochondrial DNA), 744 (type 1I mitochondrial DNA) and the
heterokarvons. The position of ‘all wvpe 1. EcoRl fragments and -the ype 1"EcoRI-5
and EceR1-9 fragments is indicated.

1
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Figur¢ 25, Polvacrvlamide - gradient gel cl;—(;mphorc.\m of Rsal -digestion products of
the mitochondrial DNAs from four heterokarvons is shown. The ar-ow indicates the .
region containing the restriction frdgments of interest. The differences described in
the text are most casily observed by comparing the distanee -between the variable

band and the band migraung immediately below it. The pLN2 and pHBE3X plasmid
provide ‘controls for the [m-3] and wildtype fragments, respectively.

.
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\Qildlj.‘pc f'ragmcm (data _not shown). Thc rcsults are leds clear for hcterokar\on 10-45-13
o
which dpp‘,ars 1o possess a mixed population of the 630 bp RsaI fragment. Régardiess. genetic

dﬂdl\%l% ol thc hclcrol\arwons sugguls that th obscrvcd difference is not responsible for the
{rmu-3] n*umm‘phenon pe. 3

- 14
e

el ©

RS
»r

DNA chuuu( ’\nah‘*‘?lx of the [nn ]0)\1-? Gene
Since no dll(.rd[lon Lonicrrmg the mutam phenou pe was dctected through restriction

analvsis, il _Was' deemed ’ncccssar_\' 10 scqu‘?ﬁ.cc the [mi—3].subunit 1-encoding oxi-3 gene

x

~mdudmg the §° Han‘} ing r(,"IOI'! (}-n_urc 7()}(51"
determined on one xlrand onh beeause the nudeoude sequence of thc wildtype subumt 1 gene

had previously been published (Burger er al.. 1982;-de Jonge and de Vries, 1983). Wh%cver N

changes relative to Lhc wildiype sequence were dcmcted thc sequence of the complementary

-
4,

-~ strand was dctcrmmcd IM a chanec in the sequencc of the exlranuclear mutant was confirmed.
the Abb(m l2a scquence from Lhc corrcsporfdmg rcglon was chccked 10 dctcrmmc whether or

not the c'hanuc was a simple -polvmorphvism that existed between type Iand type 1I

‘.

mnochondrlal DNAs. The first nuclcoude of the mature codmo sequence was desxgnaled as
¥
G

] (Figurc 26).

Five changes relative to the wildtype sequences were obszerved in the [mi-3] oxi-3 gene,

. L] . — . . .
mle two of which were contained in the coding region (Figure 26 and Table 9). The first
change in the intergenic region between cob and oxi-3 occurs at position -468. The [mi-3]

mutant sequence contains an additionalsnuclentide and at least one mere change. The Abbott

12a strain had a sequence identical to that of the mutant. "ic wildtype strain used in the de

Jonge and de Vries (19En) study was nél described. Consequeml\ ot ikal time, we werg

.

unablc to discern whether or not lhls:change was due to diffzrent mitochondrial D

.

xx'pc “On the mhcr hand our sequcncc matched the 18 bp consensus scquence. of Pst I

palindromes characteristic of Neurospora muochondnal DNA (Yin er al., 1981).

I

‘Subsequently, we learned (H. de Vries, pers. comm.) thal 74,4 was. the w1ldtvpe. @
strain used by de 1ongc and de Vries (1983).

he sequence from the [mi-3] mutant was largely

L4
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Figure 26.- Partial restriction map and the. DNA scquencing stralcgg' for the oxi-3
region of N. crassa mitochondrial. DNA. The f[irst nucleotide. of the subunit 1
mature coding scquence is designated +1. Horizontal arrows show the exient and
directian of sequencing from Mi3: clones. Arrows beginning ‘with short vertical lines

indicate sequences obtained for [mi:3] and thosc beginning with filled circles designate o

Abbotl 12a sequences. Horizontal arrows. with broken. lines indicatc scquences

beginning at sites outside the ‘region. Vertical arrows and the corrcspondmg numbers - .

indicate the position of differences. detected In the [mi-3] sequence. The enlarged
darkenéd area shows the mature oxi-3 coding regién.
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Table 9. Summary of gifferences detected in the “DNA scquence of the {mi-3] oxi-3-
gene and its flanking “re%ons versus the corresponding region - in wildtype.
2 .

’ Differehcgs Observed o

B

- References

. .

-468 : :

' o , : o .de Jonge and ic Vries.s 1983
CAGG—CAGG = - e de Vries er ai.. 1983 &
CAGGGCGGG : o " Abbou 12a. [mi-3] (this studv) |

Jo0s -
- | v Birger er- al.. 1989
(T):.A(A),, ' g : ~de-donge and de Vries, 1983
(T)::ACA ). ' - ' [mi-3] (this syudy),

1342 . ‘F‘Burgcr- et al... 1982, :
S _ : o de Jonge and dec Viries, 1983
GAC {(asp) _ Abbott 12 (this study)

TAC (1v1) [mi-3) (this study)

-matire subunit. 1 codon 44& -

1574 !

- GCG (ala) . ' Burger er al.. 1982
GTG (val) ~ _ de Jonge and de Vrics, 1983;
-mature subunit 1 codon 525 . Abbott 12a, [mi-3] (this study)
1675 | | |
. . ' Burger e al., 1982; R
TTTTCECGAA -, _de Jonge and de Vrics, 1983
TTTTCTTGAA : Burger and Werner, 1986;

Abbott 12a, [mi-3] (this study)

o~

The second alteration correspohds 10 the A/;f ;Jp' ;nscflion in the A/T rich palindro_mé

"at pésition -305 that was detected as an RFLP, as previou‘sl_v rﬁcntioned (Figure 26 and Table

9). The sequenéc of the Abbott 12a wildtype was not determined. thercfore we canﬁot ascribe
this change 10 2 mitochondrial‘ DNA type polvmorphism, but génelic analysis with forced

heterokavons demonstrated that this insertion was not associated with the {mi-3] mutation as



108

discussed prunousl\ on pag}y‘? hgurc 25). » ?

" The final change located ous‘idc the oxi-3 coding region was located immediately - o
dm& nstream of the TAA tcrmmauon codon (Figure 26 and Table 9), Thc published seq;ences
| (Bu_rgcr et a/.. 1%2; Jonge and de \/rles 1983) predict the presencc of a Taql snc ..
(5" TVCGA 37 The cxislcncc of this site co'uld not be conﬁrmed using cloned mnochondrial
DNA I'rorﬁ both the mutant and the wil‘dtybcs. Since lihc é:hangé is outside ‘thcv oxfi-3 coding
~region., it is not likely that it would confer the cvtochrome oxidass deficiency upon tpe [mi-3]
mutant. Its presence was attributed to .cithcr a DNA scqucncing‘eiror or a genelic :
polvmorphism. In a subscquent publication by Burgcf and Wcrner—(1986). their sequence
completely matched the séqucncc published by Lemire and Nargang (19863.

Only two differences affected _Lhc [mi-3) oxi-3 gene scqgcptc (Figure 26 and Table 9).
The ff;rst change affected amino acid 525 of‘ the 555 anmino ac‘i.d‘.s;ubunil 1 po!ypeﬁlidé. The-
[mi-3] and Abbott 12a séquénccs n;élchcd_thal of de Jonge and de VrieS (1983) in that é X
\'ifi,linc residue was spcc'if'icd ai this position. Burger and Wcrﬁcr (1982) have an-alanine at this
posilion.'Sincc the de Jonge and de Vries ('19 'Q) 74A strain (1vpe II) specific: a valine at
posilion 525 like the ly.'pc I strains, [mi-3] and Abbott 12a, it waé thought Lmlikcly tﬁél a
gcnclié‘ polymorphism would be prgsc'm in an essential and well conserved structural gene

withirr the same species. It is likely that a scquencing error was made by Burger and Werner

(1982) since their sequence was obtained from 744, the same strain used by de Jonge and de

&

[} .
Vries (1983 Whether or not this change is a genetic polymorphism or a sequencing €rror is

i.rrclé\vam, We can cxclude an association‘with‘ the [mi;3] lesion since the codon specifying a
valine residuc at this positiof is i)_fcsehl in at lca; two different wildtype strains.

The second alteration found within the [mi-3] subunit 1 gene is a G to T transversion
that specifies a tyrosine ;11 position 448 of the mature col polypeptide instead of the,"usuavl:
aspartic acid residue (.Table 9 ana Figures 26 and 27). The Abbdn 12a strain contains the
wildtype amino geid, aspartic acid. at this position (Table 9). Therelore, this missense

mutation cannot be ‘zyr'iLmCd to a mitochondrial DNA type | polymorphism. The seyérily of
’ L )

1 N



Figure 27. Section of a DDNA sequence gel autoradiogram that shows the nucleotide
substitution affecting codon 448 of the mature subunit-1 gene in [mi3]. '
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wild- - .

Mi=3 type .
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the amino acid substitution (@rantham. 1974) makes it a likely candidatc for the mutation

conferring the respiratory-deficient phenotype upon the [mi-3] mutant.

-

.To determine whether or not this change segregated with the mutant phenotype,
heterokarvons were forced between nic 240, a wildtype strain, and {m:-3]7 as previously
described. The scguence of the subunit 1 coding region containing the chanze was determined

in 6 of 10 slow-growing heterokaryons. All six contained the G to T transversion mutation

(Figure 28). Additionally, the sequence of this region from a fast-growing hctcrok:;ry on was

determined and it was identical 1o the sequence characteristic of wildtype strains in that an

aspartic acid was specified at position 448 (Figurc 28). The data suggest that the mi'.(#%nsc
mutation segregales with the mutant phenotype.

At this point it should be mentioned that the heterokarvons were grown at least once
. o ¥ .
along the length of a race tube after the 15th generation of subculturing to make them

homoplasmic. It is clear from l‘ﬁle heterokarvon mitochondrial DNA run on p()lyacr_\'lamkl.b

- gradient gels that at least some, if not all, consist of mixtures of mitochondriai. DNA
molecules (Figure 25). Thereforé; it is' possible that the "correct” aTchc was conveniently

( cléned in all seven cases. But this is unlikely since the mhr.tam and wildiype phenotype
conferred upon the heterokaryons is due 10 a pAlominance of mitochondrial DNA _molcculg _

harbouring the [mi-3] mutation and wildtype allele, reSpchivély. .

‘ R . ] )
A second line of evidence suggests the functional importance of at least an acidic

o Tesidue at position 448. When cytochrome ¢ oxidase subunit 1 polypeptides {rom various
. . & . ’ ,

)

. 1
.. organisms are ‘Aligned on the basis of amino acid honiglogy,“’ it. was notcc.i' that .there was

complete conservation of the aspartic acid residue at this position with the exceptior of S.

pb}nbe (Lang, 1984) whjch specified the closely 'related amino acid glutamic acid (Grantham,
1974; Tab]e 10). ConservaLiOn of an acidic.amino acid in onc'of the few hydrophilic regions

-of the'cvtochrome oxidase subunit 1 polypeptide can be construed as good circumstantial

] s,

e

S

b & -
19The protozoan subynit 1 sequences were not icfuded in this table because of their
~ limited homology to other eukaryotes (de la Cruz et al., 1984; Hcnsgens er al.,

1984; Pritchard er al., 1986; Ziaie and Su_\'arrla,i‘g,.ll987). v
o : : Ay ‘

R

s
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Figure 28. Poruon of a DNA scquence  gel auloradlogram that “shows :he sequence
ol the non-coding strand for the region of the amino acid substitution affecting
codon 448 of the mature subunit 1 gene ‘in. heterokarvons forrned ‘beiween [mi-3]
and wildivpe.- A) slow-growing heterokaryon B) fast-growing heterokarvon.. Thes
slow-growing heterokaryon carries the transversion -mutation in codon 448, -
characteristic of [mi-3] strains, while the. fast-growing heterokarvon nas relamcd thc‘
wildivpe sequence in lh:s region.






‘Table. 10. Conservation of an acidic residue at position 448 of subunit 1. Only
amino acids different from. the N. crassa type 11 sequence are indicated—in - the
sequences from the other organisms. Amino acids are given.in the standard 1-leuter

code. : . : .



ORGANISM

N..crassa
typeli mtDNA

type I mtDNA
-3
nidulans
reinhardtil
melanogaster
_yakuba
Bovine

| Human

- Maize.

Mouse

ﬁgt

' 8. cerevisiae
S. pombe

oo o>»

"~ - Wheat
. X. lagvis

P. ansering -

AMINO ACID SEQUENGE

PRRlsoij
Iy
MF A
Y
Y
Y
Y
P
Y
Y
o
P €
P
Y

C A
YTT
YTT

YTM

YTT

YA

YTT

YTT

YA
“YTL

AV
v

AF SGWNL | SSF
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evidence of the importance of this residuc.

In conclusion, all of the above evidence strongly indicates .Lha:l the missense mulaitioyn
fn codun 44% of the [mi-3] oxi-3 gene impérls the mutant phenotvpe. It is‘ not immediately
Obvious how all the inf'orman’on on {mi-3] can be explained by this mutation. A missense -
mutation ciose 1o the subunit 1 C-terminus may prevent the proteolytic removal of the
nminu-wrmi‘nul ¢xtension by prcvcming_ th}c'polypcptidc from adofning a conformation

compatibic with processing. This proposal does not casily explain how antimycin A suppresses
. v o s

the cvtochrome aa. deficiency and allows conversion of the precursor subunit 1 polypeptide to

the mature form. An cxplanation for the observed cyvtochrome q,#sc subunit 2 deficiency is
. . . . : ) . ‘ q

also not readily obvious. Thus, though it secems unlikely, one or more mutations elsewhere

mav act i whole or in part to manifest the mutant phenotype characteristic of [mi-3] strains.

o

*Molecular ‘Characlcrization of the [exn-3] Mutant

Previous studies on the [exn-5] mutant did- r‘iol reveal .th’c, location. or nature of the
mul;moﬁ leading to its abnormal phenol_vbc. However, it was noted: that there was a slight but’
consistent displacement of ihc [exn-5] subunit 1 polypeptide towards the cathode irT SDS
polvacrvlamide gels. 1t was concluded that the degree o-f displacement was insufficient to~ .
establish whether or not the protein did in fact have a higher molecular weight (Be-trand and
Werner, 1979). Since the [mi-3) mutam._has a mutation in the oxi-3 gene (Lemire and

3

Ndrgzmg, 1986) and both cxtraﬁuclcar mutants are suppressed by a common SUppIressor,
namely su-/ (Bertrand er ax. 1976). and [exn-5] may have a sﬁbunil 1 polypcf)‘{ide with a
“slightly different molecular weight (Bertrand and Werner, 1979), it was reasoned that
examination of the {exn-5] oxe-3 gene was the rﬁos( logical starting point 1o search for ithe

{exn-5) mulalion.‘Tlﬂc DNA sequence of the [exn-5] subunit 1 gene was determined using the ¢
strategy. outline in Figure 29. Comparison of the oxi/-3 coding sequence to the published
»\‘ild!_\'pc.scqucnccs (Burger er al.. 1982; de Jonge and de Vries, 1983) failed o re.vcal any

changes.



\ ' . » .
Figure 29. DNA sequencing strategy and a partial restriction 'map of the [exn-5)
oxi-3 gene. The_arrows indicate the dircction and extent of sequences. The first
nucleotide of the mature coding sequence is designated as +1.

Y
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Both [exr-5] and [-r{u‘-'.?] are phenolypica.lly similar and are suppressed by a con1nm§1

" suppressor suggesting that theyv-have acqmréd gcﬂéticall\' similar.lesions.' It is now establisked

-

Lhal the N. crassa subuml 1 polvpcpudc is s\mhcsucd as a prccursor (\ an't Sant el a/ 1981;

v

Van't Sant and Kroon, 1983) and mm (mi-3] accumulalcs‘ the prccursor‘for‘m of clechromé '

oxidasc subunit 1 (Bcrland and Wcrne} 1979; Wcrncr and‘~ Bérlrand. 1979;: Werner et a/. o

Y
\ﬂ

1980) The onl\ other mllochondnallwsncodcd subunit lhal is synthesiatd as-a prccursor 1\
subuml 2 (\an clen Beogaarl e a/ 1982b), thercforc it was reasoned lhnl the [exn-5]

v

mutation may. affect the subunu 2- encodmg oxt-1 gene (\an den Boogaart el al 1982b;

o

‘Macmo and Morelli, 1983). Thc decision was. madc lo sequence lhc mutant oxi-/ gene. The
:scque.ncihg str"alegy 1x oulined in F?gurc .30. Any sequence dlitcrcnccs detected were comparcd
4‘16 Lhe‘ m;cl'eéti'de scquence of the coricspoﬁdinsx rcgioq in the parcﬁml wil_dx_\:pc, T4A (van den
Boogaart er al.. 1%’ Macmo and Morclh 1983). |
DNA sequencing revcaled six alterations, two of which are not within Lhc oxi-1 coding
Tegion (Plgure 30 and Tablc 11). Tbc first gSxange was l‘hc presence of ari additional T about
110 bp upstream of lhe mature coding chuencc (Flgure 30 and Tablc 11). Thc Macino and
Morelh (1983) sequence may be mc"orrecl since: ttic 74 4 sequenc.c presented here and Lhc :
A !

prevwously published parual sequcncc of van den Boogaart et al. (1982b) are bolh in complctc
agreemem w1th the {exn- 5] sequencc m ths reglon A]ternauve]\ the alurauon may be a
polym‘olrphlsm since it is locap¢d in an indGrgenic region. chcrlhelcss. sirfe the mutation dqcs
not affect the o'xi-l-gene anc} al. ]caét 18°70) wildllypc strainé con‘(ain the inéérlig)n,: iI‘ 15 unli,kc»ly _

v.that it confers the cytochrome aa, deficiency to [exn-5] lrainé'. ) v f
4 ' .
_._The second change affects nucleoude -44,a C 1s replaced by a T in [exn-5) (hgurc 30

and Table 11) The pubhshed wxldtvpe sequences‘(van den Boogaart ef al., 1952b; Mauno and
Morelh 1983) as well as the 744 sequ‘cnce (this study) are all in complete agreement with
Cach other bul the\' dlﬂ er from [exh-S] at this position. It is peculiar that a2 polymorphism

would exist in the Iexn 5} stram but be abscm m 1ts paremal wildtype. /4A It has been

observed however, that mutational hotspots are often 1ocated in rchons of base repeats



a5,
R/

Figure 30. DNA scquencing strale\s&\& ?nd a parual restgiction . map of ‘the [exn- 5]
oxi-1 gene. The horizomal arrows - mglcme the. direclionr and extent of 9cqucnce>

. Horizontal ‘arrows beginning. with Llospd .circles indicate scquence, obtained from

. lexn:5} clones. while those beginning w1th filled squares indicale sequence obtained
from wildivpe clones. Vertical arrows and. the correspoading numbers . indicate the
location of the alterations -detected. The boxed area indicates the extent of the coll
gene. The "darkened box shows the presequenca The first nucleotide of ‘the mature -
coding suqucncc is desigrated as " +1- o P
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. (()ka‘da et al.. 1972). The poly'morphi;m i situated in a stretch of T residues (Table 11).
Sincc the base subsmulion occurs outside the subunit 2.c0ding'rcgion, it is. noy likely that i1 
confers the respiratory-deficient phenotype to [exn-5] strains. | |

CA nuulvco‘lidc cﬁang; within Lﬁc subunit 2 coding sequchcc affected c'o.don ‘38 of the
'ni;num p()l}‘vpcplidt rerlacing a valincA‘wiLh a glycirre rcsildub (Figure 3Qand Table 11). 'Th¢
Macino andiMnrclli ('1983) S’Cduchc ;a\' bé incorrect since the 744 sequence présemed here
and the previously published 5cquoncc ol van den Boogaar! ef al. (1%"b) arc both complctcl\
identical 1o the [exn- 5] sequence in this region. It 1s unhkcl\ that a well conscrved protein
would have an amino aga"d subsmulion within the same species. |
\ Anmhcr :xllcralio'n af‘f'c?tcd nucleotides 556 and :557 of the mature coding sequence
i(} u_urc 30 and Tdb]C 11). The 744 énd [exn-5] sequence determined in ;his study predict the
codon 4\0(\ (serine), whil¢ the published sequence (‘Macino and Morelli, 1983) ﬁas a GAC

u)don (aspartic acid} at Lh]s position. A scrine residue appecars 10 be conserved al [hxs posmon

upon examination of other subunilv 2 sequences (Barrell er al., 1979; Young and Anderson. .

4 -

4 198(); Anderson 'e;l al.. 1981; Bibt;et al.; 1981; Fox and Leaver, 1981; Grosskopf and L
.l-'cldmann, 1981. Anderson er al., 1982;'B}own and Simpson, 1982; Clary and Wolstenholme,
* 1983a; de Bruijn, 1983: Hicscl and Brennicke, 1983; Bonen ef al., 1984; Kao eI‘ al., 198¢; Clary -
and Wolstenholme, 1985; Moon et al., 1985; Roe et al.. 1983; Grabau 1987' 'Ramhal.lck and
Dulu 1987), the. so]c cxccpuon beiny S cerevisiae which also has an asparllc acid l’fSldUC at
this position ((,,oruzm and Tzagoloff, 1979). We find it unlxkcl._\' that this is a po],\mog'phlc site
singe severe amiﬁo acid substitutions (Grantham, 1974) are not likely to be tolerated in
~conserved protcins.wilhin‘ a species. chertheléss. Qsincc at least thQ sequence of the [exn-5]
;.)arcma]' wildivpe is com'plc.tely idemicgl to the mutant sequcn'cc in this reéion. this excludes
the possibility that this change is responsible f 'o th esplrator\ -deficient ChaIaClCI'ISllCS in
[exn-5). =
Another amino acid substitution résullcd when a ‘t] was "p:és.em at position 601 in 744

and [exn-5]; instead of an A as determined by Macino and Morelli (1983) (Figure 30 and
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~ Table 11. Summary of differences detected in the DNA sequence of the oxi-/ gene
in [exn-5] versus the corresponding region in wildtvpe. The first nucleoude of ihe
mature coding sequencc is designated as -+1. ’

‘Differences Observed e ’ -+ References
-110 . . T _
TATA-TTT : Macino and MoreliF. 1983
TATATTTT . - van den Boogaart er al., 1987h:
' ‘ 744, [exn-5] (this study)
oo =44 . .. ~van den Boogart (-’l. al.. 1987b,
| Macino and Morclli, 1983;
TTTCTTTTTTT o744 (this study)
TTTTTTTTTTI ‘ . [exn-5]'uhisfslud\)
44 : R - o o van der Boogaart er al.. 1982
SR [ e T Macino.gnd Morélli, vi%« '
AACTS0NT) © S G Ta4 (IS study) ,
ATT (ile) W _ e ' {exn-5] (this study )
-mature subgmit 3 c@')tﬁ * ' .
. 5 . ) 7 ; . )
113 ¢ - o : L i
GTT (val) : S o Macino and Moféj]i, 1983 :
C . . * " o » . - i o ,: )
GGT (ghy) ‘ : o - van den Boogaart el 1982b;
-mature suburfit 2 codon 38 & v 744, exn-5] (this study) .
GAC (asp) .7 . 5% Macino and Morcllit 1983
AGC (serd - T . o 744, [exn-5] (ihis study)
~ -mature ‘sibunjt "2 codon 174 o ' ) o -,,;
E ,: Tool AT ~
601 T | p
AGG (arg) B |  ‘Macino and- Morclli, 1983
GGG (gl\) o - . 744, [exn-S) - (this study)
-mature . subumt 2 codon 189 o ' o .
e o a e . .

Table 11) 'lfhis results in glycine bemg specified by codon 189 mslcad of an argmmc Thc .

Macina and Morelh (1983) sequence is probably incorrect since cxammauon of othcr subuml '

L

&

g
_"i?r.' B
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2 sequences at this posilion shows that a serine residue is always present at this position
(H;rrrcH et al., 1979 Young and Anderson, 19%0. Andecrson e az.. 1981 Bibb ef al.. 1981: Fox
and lLeaver, ]%1; Cr(;sskopf' and Feldmann. 1981: Anderson ef al., 1982; Brown and Simpson,
| 19%2: Clarv and Wolstenholme, 1983a; de Bruijn, 1983; Hiesel and Brennicke, 1983. Bonen er
al. V9R3: Kao er a/i, }984; Clvarb_\' and Wolstenholme, 1983; Moon er al.. 1985; Roc et al., 1985,
Girabau, I‘lw:»Ran-rharack and l?e_clc.\', 1987). |
ACioT 1ran»si[ion mutation in the 15th codon of the mature subunit 2 sequehcc was
N .

;:l\-r.» deteced . ( Figures 30 and 31: Table 11). The mutation leads 10 the replaccmchl of
thrconme by an isoleucine residuc in [exn-5). The published scquences (van den Bbogaarl el

. 1952b: Macine and Mowelli, 1983) as well as the parent 744, all have the ACT codon |
(rhr-.-\nnn' at this position: [exn-5] has rhc nucleotide sequence ATT (isoleucine). This
change is relatively drastic because an amino acid with a polar side chain (threonine) is
replaced tr} on¢ with a hvdrophobic side chain (isoleucine) (Grantham, 19-74).‘Compatison of
:rrbunil J scqucncés from other organisms reveals that the amino acid at position 15 is
mnsuud without exception, as cither a threenine or serine mdrcaurw that a hvdroxylated

amino amd may play a key functional or structural rolc (Table 1") " is likely that this is

the mutaLi(m.vin [exn-5] that lcads 1o its characteristic maternally inherited cvtochrome

aa.- dchucm phenot\ pL No gcnctrc evidence substamralmg this claim has been obtained at
this time. lmompaublhucx bclwecn strains prcvcmed the formauon of heterokaryons,
therefore, it is not possible to determine if therc exists a corrclauon between the prcsence of
this rr;msilion mutation and'the mutant phenotype as demonstraled m the case of the [mi-3)
“oxi-3 mutation (L cmrrc and- Nargang, 1986). It is pecu]rar lhal [exn-5) appeared 1o sy nthesize

2

‘ 1ghtl) lower levels (Bertrand and Werner 1979)

a normal subunit 2 pol\'pbplidc albeit a

Thus, the possibility that one or more mula’honc elsewhere in the muochondrra] genoi’ne

rl !

confer the slow'-growlh and c_vtochrome oxidase-deficient p.henotype upon th{e .L,é;xﬁ_—_ﬁmmani-
. . ' . ; - ")‘l’: P SRR

’ i .
N -
.

g e L

“The prolozoan subunit 2 scquenccs were not included in thrs able’ because of their
distinct nature and limited homology to other eukanouc coll sequences (de la Cruz
ef al.. 1984; Hensgens er al., 1984,




X

\ : :
Figure 31.- Portion of a DNA sequence gel autoradiogram that shows the scquence
of the coding strand of [exn-5] and wildtype in the region comammg the transition
mutation affecting the 15th codo® of the mature subuml 2 gcnc Thc _sequence was
oblamed using dITP mixes (sec Appendix). v :






Table 12. Conscrvation of a hydroxylated residuc at pasition 15 of mature subunil
2. Only amino acids different from the 744 sequence are indicated in the sequences

from other organisms. Amino acids are given in the standard l-letter code.
. ety



ORGANISM
N crassa |

7AA -

[exn-8]

‘Bovlno

- D. melanogaster

D. yakuba -
Human
Maize
Mouse |

-/ Oenothera

Pea

Rat

Rice

8. cerevisiae
Soybean
X.1advis
Wheot
Monlfcy .

AMINO ACID SEQUENCE

}

DAPSPWG | YF QDS ATIPQMEGL VELHD

~ MAY MQLG

* MS TWANL GL
MS TWANL GL
MAHAAQVGL
" AE - QLGS
MAY FQLGL

AE QLGS
AE QLG
MAY FQLGL

AE QLGS

V T YAC
AQ QLG

MAH SQLG
AE QLGS

MAH VQLSL

el
AT|S| | E LHF

Sl L Q IFF

j L Q IFF
ATIS | E ITF
Allma 110
ATlS | E MNF
Al|lMaQ 11D
AllmMma 1o
ATlS |- E TNF
Al|lMa AiD
Sl Ne i
AllmMa 11D
A8l I E LHWF
AllMma 11D
ATIY 1

E ITF

: .

128



~ cannot be excluded.

The su-1 gene

Thc cytochrome aa. deficiency 6f boir; group 11 @tranuclear mulants Is suporessed N
‘the nuclear suppressor, su-/. Even though the mutat&cﬂélthoughl 0 be responsibk for voth -
the [mi-3]‘and [ex.n-g] mutant phenotypes have becn local(z¢d to the o:x'i';'a' (Lemire and
Nargang, 1986) and o‘xi-l (this Sfudy) genes, respc'cl};vcl_\'. muéh more needs tobe known (o

i

more fully uri‘derstand the exact mechanism by which the mutations impart their characterisie

resplralor\ dcf1c1em phenou pes. Therefore, lhc clomng and-characterization of the nuclear

El

genc su- 1 was Lundcnaken It was hoped this would reveal clues about thc nature of the-

suppresswe acuvntv that relieved thc cvlochrome aa, deficiency in the two uloplasmm

. R
3 M .u R

mutants as well as uncchrmg mIormanon con‘bornmg the coordmalc C\prcwon of thc nudcar
B3 . \ J A
g - -

and'mnochondna] genomes. - ' -*

“ cosmid vector, pSVS50 (Vollmer and Y anofskv 1986). For a 99% pro’hablln\ ha._ - a;“c% . ..‘;,-‘:"
DNA sequence would be reprxescmed in the library (using 27,000 Kbp as the genome suc: -
(Vollmer and Yandfsky, 1986) and 40 kbp as the average size of insert (Vollmc‘r‘ and
Yanofsk\ 1986)), 5000 individual clones (80% insert frequency) were: picked (Clarke and-
Carbon, 1976) mto 96 well microtitre dishes as described by Vo]lmcr and ‘Yanofsky (1980). .
‘T_his_ genomic library was used in all subsequerit N. crassa transformation experiments.

First round transformations indicated that DNA from sibs 12;13, 14 and 16 rescued
fhe [mi-3] mutant more efficiently th?m DNA preparalibns from the other sibs. Second round
DNAs from eaéh of these sibs were isolated and used in separate transformation c*berimc_:nts.'
however ambiguous results were repeated.ly 6§,t‘ained. This led to the conclusion that the
select?on s,cher;c. (i.é-. ]ooking for fas_l'-grow/ing transfdr'ma;nts (su-1, [mi-3]) in a background

of slow;growers ([mi-3])). was not adequaté.“Arj alternative approach, ch‘romospmc Walkiﬁg

from an adjacent locus, was considered feasible.

~



l%‘ﬁ- Vollmer and Yanofsky, 1986) Rathcr the sphaeroplasts were Lransferrcd to

- 130
In the orieinal paper citing the discovery of su-/, the suppressér was mappéd 10
linkage group 1, about 4 c.cnumorgans (9/20] recombinants) away from thc al-2 locus,
apparently proxim%o the centromere (lelle‘, 1970; Perkins et-al.. 1982): Vollmer and
Y;m(LIs}:_\‘ (19%0) éstimatcd that the average insert size of the liBra{y (40 kbp) was rough‘ly
i'tllm‘iﬂt‘m to 1.5% érccombination. This ’suggcswd lhz;lithe su-l‘gcnc was >100 kﬁp away from

al- 2 and vould be reached by a minimum of three walks. The success of this approach

(chromosome walking from a/-2) was contingent upon being able to identify the clone
. 4 N

carryuy the suppressor gene by transformation of an [mi-3] strain. It was felt that the. -

. Yelecnon scheme previously described would permit 1dcnuf1cauon of the correct clone under
¥ 2

&hidiuons where the transforming DNA consxstcd of a unique cosmid clone ralheu-l'mn a

mn.ed po ul‘m(m as was the case in the sib-selection rocedire. At oint, it should be
pop P p

AEN «)
mentoned that ambmuom results are more Ofl"n than not the nérm for the first-two rounds

: ¢

» _ , . - o . : N '
_of transformation with cviochrome-deficient mutants (Akins an_d'lfambownzq 1985). .

- Transforming with single clones virtually circumvents this problem.

The AL-2 genc was 1solated from the su- I [m1 3} cosmld library by transforming nic
240. (mr 1, a/ ’) and rcscumg its albmo phcnotypc To achxeve this, Lransformamc were not

ov Crl‘ncd onto benomyl plates wuh top agar as was normally done (Akins and Lambownz
B

e generation média (see appendix ) and grown at 25 C until the cel] walls- regenerated (about 4

hours). These were subscquemly spread onto benomyl plates using a glass'spreader after
washing. This modification was Esscntial because it maximized thﬁe number of conidiati,gg. ‘
transformants. This in turn madc_ the détection of non-albino transformants possible.

The first two rounds. bf sib-sclection localized AL-2 1o sib 1‘6.4. thusvlimiting'thﬁ_

scarch 1o 48 clones (Figure 32). Instead of proceediﬁg t0 the third and fourth tounds of

{#nsformation using CsCi-banded cosmid DNA, the DNA was isolated by a modified rapid

plas;\n\id procedure incorporating a LiCl step 1o remove the RNA (see Materials and

Methods}. DNAs from only & of the possible 48 clones were isolated in this manner to test



N. crassa AL-2 gene by sib selection.
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the feasibility of this approach. Fortuitously. 1 of the & clones tested rescued the albino

phenetype. Clone 16.4.1.8 of], the. su-/ {mi-3] genomic library harbars the AL2 gene (Figure

. 32).-Transformation of [mi-3] sphacroplasts demonstrated that the cosmid clonc, as was

& . . ~

L

expected. did not carry the [su-7) gene.

Before chromosome’ wal?ting is initiated, a linkage map of the region must be

S

constructed to accurately map the su-/J ‘genc on chremosome 1. Thé identification and clbning

of markers on either side of the suppressor locus would help 1o limit the scarch. Crosses

. . . b ’ .
involving strains¥carrving the following linkage group | markers are being performed: arg o,

al-1. hom, un-7, and cyh-1.

.



- L Iv. Céncludifxg ».Remé_rl.(s
Miscense mutations in the oxi-3 and oxi-1 genes af [mi-3] 'ahd'[ie_x_n-S\]_‘ respectively,
';,‘vc-'bAc“n dctccwd by DNA scq‘ucn‘c’c ana]vsis (Lemiré vénd Nargang. 1986; this study). These | Q
changts arc relatively severe based on the parameters of Gramham (1974) and both affect - .
relativ LI\ LOH\CTV(d domams of Lhc rcspccuvc polvpepude< (Tables 10 and 1”) Al lca51 Lhe

transversion mutation in [m1 3] appears lo scgregate with thc mutant phcnotvpc {Lemire: and

Narganyg. 193()) indicalinga gcnclic re?alionship with the [mi-3] mutation. No genetic evidence

supporting the hyvpothesis that the oxi-/ transition mutation and the [exn-5] mutation are on

ey

and thy same is availaole at this time. . .

oxi-3 and oxi-/ genes imparl'thc mutant phenotypes to [mi-3] and [exn-5]. respectivcly, wlh'
» 7

ln h\ nmsiormanon rescuc cxpvrlmcms lhdl is. bv 1mroducuon of a wnldupc versmr}’m the

N ” ’\1
dmucd un' Thc transformed mutants would be e\pccted to be respiratory compctem The

c}'mplasmic transformation of S. cerevisiae using puriﬁed mitochondrial DNA has been

L

mmmd (Maqueda er al.. 1984). Two ‘c:\"LoplasfniC- muLanl_slrairiS'Wére rescued u.sin'g this
procedure. An cr)‘lhroni_\'cin-sensiti'vc strain was lrahsformed {0 an 'én e’rythromycimr'ésistam
phulonpc and a rcsplralor\ -defi 1c1cm strain (p ) becamewesplrdtorv-competem after
1mnstormmg with muochondnal DNA from a p . donor stram (Maqucda el al., 19&4) ' ‘ ?
T mnsiormauon of the mutants with wﬂdtvpe mnochondrlal DNA and DNA sec;ucncc analvsxs

of the rcyons comammg the missense mutauom m the w1ld[vpc transformahs should -

4

establish the nmportancc of the changes in confcrrmg Lhe cnochrome qx/ase-deﬁcxem

Al

fphcnol,\’pcs.,Bul as of _\'Cl. there are no reports of successful cyloplasmic transformation

.

“eaperiments in Neurospora crassa. . o : : .
_ v , :

“A sccond approach being developed involves the chemical svnthesis of mitochondrial
- ' 4

genes (Gearing er al., 1985). A svifthetic genc was made using the universal rather Lhan the

mitochondrial gcncm code-ahd was {used to a. cuuab]c N-terminal largetmg prescquence S

. (Gumng et al., 1985; Gcarmg and Naglcx 1986). THe in vitro import of a synthetic ATPase

134
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subunir' 8 pr)lypepride, ﬁormally-specif ied b_\f the mi‘rochondri:.il génomc. In1o - veast
milo,chondria Qas fcpr)r[ed ‘(Gearing and Naglcy. 19_86). Trarrsformalion ‘with svnthetic o.\'i-.l'_
and oxi-3 genes linked 10 $uitable N-terminal prcseq‘u;ncesvshould rescue Ule [exn-5] and
[mi-3] mularrts. respectively, if the missensc&r’nulalions detected conferred the

réspiratory-def iéienr phen_or es. Prob!crn_s may arise-in these transformants sim:c the
appropriare cyLQ.chrome oxidase subunit probably wou]vd not be produced in sl(richionlclric‘.
amounts, a¢ys the casc in wildt'ypc strains: }-'"urrl,r"crrnorc. asscrlrb'l;" of this subunit into-the
hd]oenzyme 'comple.\’ may be prevcrucd il the artifi,é'iall)'-.auachcd preseqiicigce is not.correctly,
removed. But it is éncourqging 10 note that there is a preccrlcrrl for a function normally

. Specrﬁed function by the mitochondria being provrdod by a nuclear gene. Th‘c cvtochrome
oxidase. subuml 1 polypeptide is found in the nucleus in lhc Podospora mex| mutam and

| a_ppears 10 provjde thc normaily specified milochondrial function. (\’icm_\‘ e! al., 19827 Wright -
and Cummin'gs. 1983, T'immis and Sdou‘,' ]984).. '

a

An underslarlding of thé primary strlrcture Qf‘-the col precursor and miuurc
polypeptides is necessary 10 fully compreh_endtthe respiralory'-dcf.icicnl bhcnolsypc of [ml-_j] .
 sirains. The use 'Qf.symhe’tic antigens, homdl(;gous 1o di'ffcrerrt portions of the*col prccrrrgor_‘
10 produce antisera used for immun‘oblolsiproved unsﬁcccésf ul. The use of longer peptides as
immufogens may circumvent this problem Altematwe approach to resolve the primarv’
erucwre of the col forms also mern an attempt. Partial amino acid sequence analysis of lhc
[mi-3] subunit 1 precursor polypeplidc would delerrnine’lhe length and scqr’rcncc ol the.
N-terminal preselqn‘cnce. Since the [mi-3] mutant accumulare_é the prc.cur‘sor form' (Bertrand .
‘and Werner, 1979; Werner and Bertrand.’l979; Werner ef al.,‘ 1980), isolaring :iufr'icichvl

3

‘ amoums for amino acrd sequencmg should not be drt”frcuh Thrs is contingent upon the _
precursor form bemg relatively stable and thal its-amino- Lermmal methioninc resrduc rcsrduc
‘can be dcformv]ated 10 remdve the b]ock (Werner and Bertrand 1979; Werner et al., 1980) .

The C terminal reSrdue could be determmcd by convenuonal means such as ‘hydrazinolysis or

the yse of carboxypepudase (LLhnmger 1976). The presence of different C terminal residues
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would be good evidence in support of the C-terminal proccssmg hv pothcsxs/ ‘
Therefore, until L;K primary struclurc of the mature and precursor subunit 1
pob. peptides is dctcrrhingd .'lh}c possibility rcmains that either'N-r or C-terminal processing or
i-;()x_!‘f may be iﬁvqlv.c'd in the maturation of cytachrome oxidase subunit 1. The use 'o.f -
A}lun.slivc initiation codons has n'c')l been eiiminaled nor has tl}e possibilivl)v that some other
RN translational modil"ica.l-ion.'vcyem.likc phbsphor);lépion has occurrcd."_‘

Bertrand and Collins (1978) proposed a model 1o explain the genctic data on the

' . N . . . - . N ’ N
regulation of cvtochrome -aa. biosvnthesis in Neurospora. They suggested that at least two

bnirol circuils regulated the expression of cvtochrome aa;. The first circuit, which includes
4 -
; :
¢ eyt:2-1, [me-3), and cya-3-16genes, controlled the constitutive cxpression of cylochrome

ovidase, while the second circuit modulated the levels of cytochrome oxidase when electron

Mow m blocked through the cylochrome be; segment of ‘the respiratory chain by chemical

(1 ;.mnm\un A, HNQO) or genctic means (4. €. cyb-1. cyb- ’) (Bcrtrand and Collins, 197&;

' B
Bertrand, 1%()) oo

The recent p(’idcnccf'prcscmc?hcféi_n and elsewhere (Lemire and Nargang, 1986) now
C . -~ - L . - .
% . \‘ . . . .
indicates that scvcrﬁU‘laws cxist in the model.: First, it was proposed that cyr#2-1 and the two
Y : : : : - "

‘extranucicar mutants, [mi-3] and [exn-5], had mul'ati,'ons in genes that regulate the expression.
© of cvtochrome oxidase rathcr Lhan in -ones that code for structural componenls (Berlrand el

al.. 1970 Bcrlrand an Collms 1978 Bcrtrand 1980) Evidence gathcredfrom this study ha%

shown that both Lhc-' [,m_t}'?] and [éxn-.’i_]‘;rnuta_ntghme missensc mutations in cvtochronte
oxidase structural genes, o - D A\
! Co- ‘ ;‘\1 9' \

The &cm affcclcd’m thc cyt 2 1 stram has been dclermmcd (Drygas, M E R.A.
Akins, A.M. Lambowitz and F.E. 'Nargang, In prepa'ration). The cy1-2-J mutation does not

affect a slruuural component of c»lochromc oxxdase as in the two extranuclear mutants, but

0

rather the gmc for Y lochromc ¢ heme Jyase, an enzyme that posl translauonali\ modlﬁes

apoulmhromc ¢ by auachmg the heme prosthetic group (Dumom el al 1987 Nacholson et

4

al.. 1987: Drygas, M. E.. R.A. Akins, A M. Lambowuz ahd E Nargang in preparauon)
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Thus, it appears that the c,vlocmomeaa; dcficicricyiin cyté.’ﬁ’ i; nxc(cl')' a sccdndpr; effect ol‘

the heme l\ ase mutanon A sxmxlar phcnomenon reggrdmv the uchhrpmc aa. ddxucnc\ 15,

. c-

obscrvcd in-the veast heme I\ asc-mutant, cyc3 parucularl\ under repressing condmons

© \ ‘) N

.

'(Sherman el al., ]96:, Dumont er al., 1987). It'1s not vel known hm\ a ulmhromc c hLmL

-

lvase mutauon affects the cxprcssnon of cv lochromc aa..

. The modulator circuit proposed by Bcr[rand and Collmx'( 19"’\) appcarx 1O eNist,

Increased levels of cytochrome ag, are obscrvcd when clectron lranspoln I8 blud.cd gCllL‘li-L‘.lu_\

or chemically at compiex 111 of the rcspirator)f cha’in. but, not cxclu-siycl_\' as pr(')po.\‘t‘d..

Anumwcm A and HNQO (qurc 1), as well as lhc nuclear mutauons (}b [ and b2

e

mducc the producuon of cvlochrome aa; in [mi- 3] bul 50. docs oh;:om\ un an mhlbuor of the

mnochondnal ATPas\, (Bcrlrand and (,ollms lgi Bcnrand 1%0 T agoift, 1982).

 Oligomycin does bloc} electron ﬂo“ but only ‘ndizcth bLLaUSL ATP p- odmonn and;the 110“
g

of electrons arc coupled (Lchmngcr 197¢; Tzagolo! f 1%’) Conscqucml» c'lquOn fl(m s E

not spﬁgificall_\' impairéd in the cylochrome b, segrgnt. Ad,ditionall\ﬂ, 1hc cyb-3 allclc (MVCSL'
and, Putenger 1977) a nuc]ear mutation resulting in a c\lochromc b dcﬁucnl phc.nm\ pe |
51m11ar 10 cyb-l does not mducc the production of cvtochromc aa. in [nu 3} (Bcrlrand, 1930;
’ vFrom these observauons it can be concluded lhal the 1mpaxrmcm of clectron flow cap
sometimes modulate levels of cytochrome aa, in somcmtochromc aa:- dehucm m'umms |

}

Blockage of clectron transport at cvlochromc b does not alwavb increase: the lcvels of

cy lochrome aa, and inhibitors that do not spcc1f1call) a<.l at complm Ild’ma\ bchavc snmularl\ i

. R 4 S
to armm\c n A with respecl to its effecls on cvlochromc aa:-levels: : Sy

ll should also be notcd thal the chemical and gchUL means %sed do not Lxclusnvclv

-

impair the flow of electrons Plcnotro* effects are obscrved ‘For cxamplc th Cyb-/

&,
v

omvcm are all dmown 1o~mducc lhc allcmala
y
1976' Edwards.er al. 1974"Szakacs»and Bcﬂrand.

mutation, as well as antimycin

vxidase in Neurospora (Bertrand et
1976 Nargang, 1982) Thc mducuon of the alteryate oxndasc 18 probabl\ not, thc cnuuiﬂ’w S

component rcqulred for the modulation of cvtochg)me aa‘ lcv;:ls smce cyb 2 mulﬁms are

¢

,’
K 3

¥
3
3

%

<.

I
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unible o mduce the alternate oxidase, vet this allele.is as effective as cyb-/ in mcreasme

cvtochrome aa: levels in-[mi-3] (Bertrand and Collms 197%; Bertrand. 1980 Nargang, 1982).

" Chemicals such as cyanide and clhidi,um bromide induce the alternate oxidasc in Neurospora.

(1.ambowilz and Slayman, 1971; Edwards and Rosenberg, 1976), vet there are no reports that

“they kead 1o intreased levels of cytochrome aa.. Additionally, the [mi-3] mutant already

1

: produumn since ¢y

aa. -production in

respires predominanthy by the aliernate oxid‘&sc (von Jagow et al., 1973). -
; . . i v
“ e ’ S

()ligom_\'cih and antimvcin A also disrupt the membrane potential and, consequently

" block the import of proteins synthesized on cytoplasmic ribosomes (Hoey e al.. 1964). The

. L w _
J’a&ii_bilion of protci,n import into mitochondria is probably not what induces cytochrome aa.

asmically sx’ﬂt‘kié'ﬁﬁCd polvpcptidcs are essential for the biogencsis of

2

cviochrome aa.. he concentration of anumvun A (0.3 pg/m<) USCd to achieve cylochrome

-~

? -3] 18 probﬁ‘*bl\ 1rlsu$ﬁucm lo complclc}\ inhibit electron flov\ and

conquucmull\ protcm ll’anle(.dUOn The poss%ht\ exists thal some proteins (z e a

errusor of ulochromc aa- producllon) are less efficiently translocated into lhe mitochondria

3

than olhcrs under these conditjons, bu,( as of- vet there is no cv1dcnce Lo support the existence
¥ |
of sich a rcg.ulalor\ protein. o

>§ &

Thc vanous a\puls of muochondrlal activity aff ccled b\ these chemicals makes it

dlffltull to détermine cxacxl\ hat modulatex cnochrome aa. expression in [mi-3].

Lox&c?ucml\ it ma\ be worthwhxlc {0 determinc if other mhxbuors of the respiratory chain
¢

such as r;otcnow: and azides, (I;lgurc l) affect the levels of cytochrome aa, in [mi-3] and other
. iy

uxmhrqmc aa. -deﬁcxcnl mulams It would be particularly interesting to sce if ollgomvcm

induces c’vtochromc aa, cxpress;on in Lhe prcsence of 2.4-dinitropheno! (an 'uncoupler), since
‘ ‘?2..‘
»clutron Lr:msfcr would be C\pccted 10 résume, mdcpen‘c'lem ot” ATP synthesis. Expenmepts of

- this nature ma\ help to localue the. cmlcal factor(s) mvo]ved in the modulator circuit.

e

Thc model assumés'thal spce{rallv deleclable cvtochrome aa. is svnonvmous with

.,'.‘

L\I()Lhr()mL oxidase activity {B"rlrand and Collins, 1978) This may be.a maJor error on the
)

pm oL,thc authors since u' has been suggested that the presence of cvitochrome aa; may net
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_alwayvs be associated with cytochrome ¢ oxidase activity (Nargang el al., 1979). In fact, it has-
; . T
been shown that choline starvation of N. crassa cultures tesults in a decrease in the amount

of cyanide-sensitive Tespiration, despite the normal amounts of cytochrome aa. -(1.uck, 1'%5;
- i . .
Jureti¢, 1976: Nargang ef al. =1979) "The cy Lochromc ¢ ouda%c amvu\ was ne\mr ddcrml[i,d

in antimycin A-supplemented cultures of [mi-3]. ¢y1-2-1 or cya 3 16 (Bcrlrand and Colhin

1978; Bertrand, 1980). It has.been observed that only [mi-3]. but not cya-3-16 nor eyr-2-1 has

-

a markedly stimulated growth rate along with the indﬁttion of cvlochfome aa, expression in

the presence of antimycin A (Bertrand and Collins, 1978). This mayv possibly reflect an -
’ . ' B
increase in.cvtochrome oxidase activity along with the clevated levels of cvtechrome ae in

[mi-3]. while in cyt-2-1 and cya-3-16 cultures there is no increase in enzymatic activity

associated with the presence of.cytochrome ag,. Other factors may explain this particular

observation. but this scenario is presented to stress the fact that the enzymatic and
spectrally -detected componcm{of complex IV-may be distinct and should be,quantitated
separately rather than assuming-that a change in one correspondy 1o a similar chahgq in the
“other. ) O L
~ ‘ ¢ ‘

Smce the [m1 3] and [exn- 5] mulants arc geneucall\ similar (Bertrand e al 1976),

\d

theymust have Tnutations affecting a sxmxlar step involved in Lhe bxogencsxs of cuochromc
a.. Based on the evidence gathered in this study, it is conceivable that the extranuclear

mutations in [mi-3] and [exn-5] affect the processing of both subunit 1 and 2 precursor

_polypeptides, 1espectively. Both cytochrome oxidase subunits 1 and 2 are synthesized as

precursors in ‘Neurospora (Van't Sant et al., 1981; van den %ogaan et al., 1982b; Van't Sanl
CY ,
and Kroon, 1983). Thus Lhe assumptlon wou]d be that tt%m.xsscnse mutauons in 1he lWO

cvloplasmic mutants lead 1o a conformauona] change in the poI)pcpudc which altcrs

protease recogmuorﬂﬁ&d/or binding site in a manner thal is not com’pau@é with efficient
processing. - , :
& .

Th" 1WO L,lcplasmlc mutanés are suppressed b) a common SUpPIEssor, namely su-l.

- Thus, the su-/ gene niight encode a protease similar to the TS2858 gene producl 1denuﬁcd in

v
s

~
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veast (}'rdm er al.. 1983; Pratje and Guiard, 1986). Thxs gene appears 10 bc requxred for the '
removal of Ihc veast cyltochreme oxidase-subunit 2 presequencc (Prauc et al., 1%3 Pratje and
(}umrd, 1956) . Since cylochromc oxrdasc subunit 1 in veast is not-syx)lhesucd as a precursor

(Mannhaup!t et al., 1985). there is no analogous function required for proteoiytic cleavage of

lhl\ prm i -

T he su-/ mutation has no dclcclable phenotype in wildtype erams (Bcrlrand and

C Colline, 1978)

»

suggesting that the wildtype function is una‘ffected by this mutation. It .

appears that the su-/ géne product may have been modified 1o recognize and process the

MUulant precursor l"orms_morc cl'ficicnt]). Alternatively, the su-l mutation ma_\' be a
‘promoter-up mutation which increases the lcvcls of expréssion of lhxs gene. Concelvablv the’ ‘--j«—i-;;%eé;.

. Increased lwcl\ of prOLcssmO activity would enable }}10 poorly processed precursor substrales
»

o bc nore cl,'l"icicnll_\rpht-Lranslauonall_\' modified.

’

If the precursor and mature forms of subunit 1 had been resolved on SDS

I

. . .
polvacrylamide gels. the dcvclopmem of dn in vilro assay using wildiype, [mi-3] and

suppréa%scd [mi-3) (su-1. [mi- 3]) mnothondrla wou]d have helped to test this hvpothems A*t
. la'hl&.u‘.* .,Jga ,‘)uru ”y.{n“'~ ’?’
least the proussmn activity, cncoded by the A?ﬁ§] gene (Yaffch::!ﬁgl..,l985) pr%q@usl\ _:le
4
Jescribed (BO%m el al.. 1%?) As sensmve 10 cﬁ&wr@ agents: The,re'&nq rcpon of a%sﬁf ‘,

< C\pCHmLm being tried with the Ts2858 gene product Possibly, the addit! r%bf EDTA - t’%e'@

3.
AR

su-1 extracts would affect the processing of Lhe subuml 1 precursor and lgnd supporl to’this
hypothesis. In addilion such an assay would allow isolation of the su-I Jactivity.

Al Ior the cvtochrome oxidase subunit 2 deﬁclenC) characteristic of [mi-3] strains

. Yo,
ﬁcrlrand and Wcrncr 1977), this may merely reflect the instability of this parucular subu%nf "’
L P L RS T

when not assunblcd into the holoenzx me complex. Suppression by anumvcm A aﬂow’s
processing o( vthc subum.t l precursor to proceed, which subsequenl}}' permits assembly of the
" constituents into the muitimcrip complex (Werner and Bertrand, 1‘57!1; Werner ef al.; 1980).
Further cxpcrimcmaliop is rcqui~red‘ before a model incorporating the observation that

. . . . e . j .
~¢vtachrome aa, levels are induced in specific mutaqis by both chemical and genetic means.

{ » . . . S
oy Nt
. QO
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It appears that vmiloc-ho.ndrial bjogcnesié involves complex imcracti(:s. The iC\'cls Qf
expression of the different c_v}ocﬁrémes_ appear io bc coo'rdinalely‘rcgtilalcd s well
documented that cquchrc;me ¢ levels are elevated in c_vtochromcv aa. mutants. Thc c_yt-;’-l

mutant, which has a"dcfeclivc cvtochrome ¢ heme lS'ase gene ('Narga‘ng el al.. 1988). is also
deficiem in cvtochrome aa.. This suggests ‘lhat the levels of expression of c_\'mchrom‘c»_az;\v.and '
¢ are affected by the levels of CyL_(‘)chromvc c and aa,, respectively. C_vt’o&rdmc b and c levels
likewise show a similar relationship. Excess c&’lochronlcfis also prcscmvin cvb mutants and
wildiype le\-"'lc‘ls of.c_\'lochromé b are present in cyb-1. cyt-2-J double mutants (Bcr{rand and
'Co_llins:: 1978). Thus, it appears that the levcl,s: of oné cviochrome are dependent on' the fevels |
_ of ‘the other c_\'tochrm;n'es, rendéring it more difficult 1o proposc models and dcmonslra_lihg the

complexity of the system. This emphasizes the'need for further experimentation 1o morce fully

understand the intricacies of mitochondrial biogenesis.

. AN
1
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| Af)pendix

1. Bacterial Media®%" %

L.-broth .
.( Lcnno..\‘ 1955)

-

bacto-tryptone (Difco)

10 ¢
5 £ . veast extract (Dxico) '
- 5.g" NaCl
P 1 g D- glucosc

" The pH was adJuSled to 7.4 with 5 N NaOH. The soluuon was made up 1o 1 with water
_=and sterilized by auloclavmg

"D.M. Salts + Thiamine + Glucose
(Davis and Mingioli, 1950) ,

S0 m«4 20X D .M. stock
1 ms 10% MgSO, ,
1 mf.' 10 mM thiamine -~ . Q-

Thc solution was rhade up to 500 m< with water and sterlllzcd by auloclavmg A 1% (w/v)
solution of sterile D-glucose (500 m<) was added when the above solution had cooled.  °

20x D .M. Stock

< 20¢ (NH..SO.

| . 60g KH.PO,
N ~ 140g KHPO,

o

Thys was made up to 14 with water and 5 m< of chloroform was added as a preservative.

'I1. Neurospora Media and Solutions:

Vogel's Medium
) R (Da\ns and de Serres, 1970)
& SR . 20m1 SOX Vogclssloclr .

T e - 1 m< 1X trace elements:

e Yo _e . 1 m< biotin solution
AL "&L"- S lﬁg Lablesugar
Sk P o '
® A Sp@plemems'wcre added as nec.e5>ary and the soluuon was made up to 1 £ with water sefore
(% ¥ au;oclavmg , .

g 3



- 56,

0.5%_Vogel's
10 m4 50X Vogel's stock
0.5 m«4 biotin solution
0.5 m4- 1X trace elements
7.5'g lable sugar '

Supplements were added as required, but only.1/2 the 'amount added to Vogel's and crossing
media. The solution was made o1 £ with water and sterilized by autoclaving.

) , 50X Vogel's
o . - {Davis and de Serres, 1970}

125 ¢ Nacitrate2H,O
250 ¢ KH,PO.
100 g NH,NO.

5g CaCl;2H;0

The. first three ingr.dients werc dissolved sequentially in 650 m< of water. The MgSO, and
" CaCl; were dissolved in 35 m«£ and 100 m< of water respectively. These two solutions were
added slowly awd sequentially 1o the first. When completel\ dissolved, it was made up to 1 4
: unh water, Lhioroform (5'm<L) was’addcd as a prescrvative.

o
. _,,,_.;

S 4X Trace Elements ¢
* (Davis and de Serres, 1970)

g Citric Acid'1H,0 : '
g ZnSO,7H,0 . ‘ ‘
g Fe(NH,).(SO,)6H, O :

g CuSO.5H.0

g MnSO, 1H,0

g H.BO. ., :

_ g Na,MoO.ZHO _

. o, N 2

‘ater was added to 1 £ A 1X slock was made Lo use as a workmg solution. Both were, slored
4C. i .

Biotin Solution . |

%

(Davns and de Serreé)

S mg of biotin was dissolved in a [inal volume of 400 m+ of 50 (v/v) Ethanol and stored‘atly'
4C. : :

- Supplements
(Davis and de Serres, '1970)

| -amino acids and vitamins were added 1o a final concemrauon of 200 ug/m< and 10 ug/md,
respectively, when requnred



1
, -

n ‘ g - s

Acid-Washed Sand

" A large glass container 3/4 full with sand (Ottawa sand or éca sand) was filled with

concentrated HC! and left overnight-in the fumehood. The nexi day; the acid was decanted:
and the sand was washed with water until the pH was neutral. The sand was dried in an oven,
dispensed into. jars and stored at 4°C, - ‘ T '

) -~
F

i, Crossing Media
{(Davis and de Serres, 1970)

_ 50 m« 20X Westergaard's,
PR o 1 m< 1X trace elements
' ' R 21 m<£ biotin solution
©% 15 ¢ 1able sugar
. - 15g agar

ES

4 N KOH w'as'addEd to pH 6.5 and the Solut‘jbn was made 10 1 £ with watér and sterilized by

~The solution was made up to 1 £ with water and 5 m«£ of c.hldp i
" .preservatiye. : N

autoclaving. The carbohydrate concentration Was reduced to 0.1% or eliminated tompletely
and substituted by the presence of filter paper-to help improve fertility. Supplements were

added as required. °

. 20X Westergaard's _
{(Davis and de Serres, 1970)

KNO,
KH,PO,
‘NaCl
" CaCl2H,0°
Mgson' 2

2
2

oo
e "

oo

0 0o M2

2

o o1

o

The first three ingredicn’t's were dissolyedvin 650 m£ of %vatel’ ‘. he CaCl; and the MgSO, were
‘each dissolved in 50 m« of water and added slowly and sefuelglaly 1o the rest of the solution. '

' . Viability Plates

20 m£ 50X Vogel's
1 m£ biotin solution
1 m#4 1X trace elements

15 g agar

3
'
Supplements were added as required and the solution was made up to 908“m¥ with water.
After autoclaving, 100 m< of 10X sugars solution was added prior 10 pouring the plates.

'



B R £

10X Sugars |

¥yt

e

e : ‘ - 8
» g

g

-Triny was made up to I £ with

€
L-sorbose .
D-fructose
D-glucose:
myo-inositol

waler and sterilized by autoclaving.

Top Agar - SN
20 m4 SOX Vogel's stock

~ . : 182 ¢

1 m<

10 m«
15 g

Supplements were added as required before the solution was madc up to 900 m<. -After

sorbitol ,
1X trace clements
vitamins mix

agar

. “47,

autoclaving, 100 m# of 10X sugars solution waq added. For determining sphaeropjast v1abﬂm '

no benomyvl was added. For transformations, 2 m< of benomyl Solution (0.25 mg/mi in &5
cthanol) was dddCd at the same time as the 10X sugars .

s

Vitamins Mix

riboflavin

30 mg

100 mg thiamine

- 75 mg pyridoxine :

S m<£ p-aminobenzoic acid (1 mg/md) -

200 mg choline chloride —_
1 m+£ folic acid

4 ¢ myo-inositol
0.5 g adenine sulfate
0.5¢ uracil
0.5 g L-methionine
0.5g L-arginine
1g L-lysine .

" 0.l g L-threonine - .
0.5g L-serine
0.2 g L-homoserine
0.5 g L-histidine
0:1 g L-isoleucine
0.2 g . L-valine
0.2 g L-leucine
0.5 g- L-proline

The riboflavin was dissolved in 100 m< of water containing 4 drops of 5 N NaOH before
adding to the rest of the solution. After addmg water to 1 ¢, the solution was filter stenhzed

and stored in dark: bottles at 4C.-

X

Benomyl Plate:s

Benomivi plalex'wérc prcparéd exactly like viability plates except that 2 m+£ of bencgm)l

&oluuon (()

,7
r

S mg/m< in 95% ethanal) was added when the 10 X sugars were added.
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Regeneranon Medm ’}:u_e:

o ; g 5 m4T SO)\ ¥ogel § slock
W o . Myg sucroSe
A ¥ PR 25! D-xglucose _
e ,[.:’:J ‘ +20.25 m4, 44X trace elements
; L 0.251%¢ biotin solution

gﬁ m<  vilamins mix - - g
. .‘.’_".',‘":‘ h

P o .
Supplements (same amounts as in 0. 5>x Vogel's) were added, 1f required. The so]ulmn was
made 10 250 m+ with water and autoclaved. After the solution had cooled, 250 mL of u sterile
1 M MgSQO, solution was added as wcll as 0.Sm«L ol a benom,\l soluuon (025 mg/md in 95%
"cthanol) ‘

4

f1L. DNA Sequencing Mix

an Solutlons

'ts

Regular \’lng
A mix:
40 p4- 0.5 mM dCTP

40 y£ 0.5 mM dGTP
40 x4 0.5 mM TTP

Lo 40 w4 10X pol buffer
, 140 w4 dH,0 . —=
1 44 10 mM ddATP
4 ' ' : C mix:
P | «

4 y£ 0.5 mM dCTP
40 g4 0.5 mM dG’TP
40 y4 0.5mM TTP .
40 p4 10X pol buffer
120 44 dH,0 =
2 u4 10 mM ddCTP

G mix: mlx

40 u4. 0.5 mM dCTP S
4 44 0.5mMdGTP
40 4 0.5 mM TTP.
40 <4 10X pol buffer
110 x4 dH;O o
" 4 y4 10 mM ddGTP

T mix:

40 44 0.5 mM dCTP
. 40 p£ 0.5 mM dGTP
‘ 454 05 mMTTP
BN - _ 40 y£ 10X pol buffer ;
s ‘ © 100 w4 dH,0 ' >
8 ud 10 mM dTTP ’



N

dITP Mg&% ?’

'_ (Sangcr et q; §1982)

LR I, Y mﬁ‘a
A ml’x" f )
20 ut o,s nfM dCTP

100 p4 0.5 mM dITP
20,11 0.5 mM.TTR
+ 20 p£- 710X pol buffer

C 40 ua(' dH.O -

0.28, ;u’ ]0 mM ddATP

4 € mix:

.. 2 44 0.5 mM dCTP
10044 0.5 mM dITP
20'u4 0.5mM TTP

20 w4 10X pol buffer
60 w4 dH,O
1.5 u¢ 10 mM ddCTP.

o Gomixs

20 u¢ - 0.5 mM dCTP
344 0.5 mM dITP,
20 44 0.5mM TTP
-+ 20 u4 710X poi buffer

C. 140 pt dH,0 -

1.5 i¢: 1 mM ddGTP

»

Tnnx
‘ 20,11 GSmMc}CTP‘
100 u< OSmM dITP
) 2/_1»( OSmMTTP

' },mx pol buffer
60 £ dH,0

4 ¢ 10 mM dTTP

Deaigguanine Mixés
(Barr er’al., 1986).

A mix:

"~ 40.44 0.5 mM dCTP
40 ¢ 0.5 mM c'dGTP
40 u£ 0.5 mM TTP
40 u£° 10X pol buffer

140 y£ dH,O
1 ut 10 mM ddATP -

PO
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SRS ‘lex.

"4 pd 0.5mM. dCTP
40 u4 S mM c'dGTP

40 ud 0.5 mMTFFP———
40 ;£ UK po¥ buffer

?.-Ou'f dHaO o .
2 4t 10'mM ddCTP R

G mix:

40 p£ 0.5 mM dCTP
4 p£ 0.5 mM ’dGTP

40 £ 0.5 mM TTP

40 y¢ 10X pol buffer

110 4 dH.O
4 p< 10 mM ddGTP

T mix;
40 u4 0.5 mM dCTP -
40 u£ 0.5 mM c¢’'dGTP
o 44 0.5mMTTP -
s . 40 g€ 10X pol buffer
' 100 x4 "dH,0 -
’ 8 uf 10 mM dTTP

S ‘ 338 Mixes
B (New England BioLabs, Inc.)

A mix:

19 44 0.5 mM dCTP
19 44 0.5 mM dGTP
19 44 0.5 mM TTP
25 u£ 10X pol buffer
163 ut dH,0
Syt 1mM ddATP

C mix:

344 0.5mMdCTP = . ¥F-.
27 u4 0.5 mM dGTP
27 uf 0.5 mMTTP
25 u4 10X pol buffer
160 p4 dH,O0
7.5 44 10 mM ddCTP



- G _mix:

27 w4 0.5 mM dCTP
3 44 0.5mM dGTP
27 w4 0.5 mM TTP
L , 25 u4 10X pol buffer
e i 160 w4 dH,0 ,
A t 7.5 44 10 mM ddGTP

L

. ‘ T mix: - ,

0.5 mM dCTP v
27 44 0.5mM dGTP -
3 u4 0.5mM TTP ) .
25 44 10X pol buffer
155 44 dH;0 g
15 44 10 mM dTTP -

Chase:

20 u< 10 mM dATP
20 p£ 10 mM dCTP
20 < 10 mM dGTP
20 y£ 10 mM dTTP .
120 x4 dH.O

W

10X _Pol Buffer } g

07mé 1M TrsHCL pH80 ¢
o 142 mg- MgCl,6H,0 ' 5
ad , o 1m<& SMNaCl

" The solution was made up to 10 m4 with water.

L4 R : .

. : o I)ve-Fgrmaniidc‘ Mix . , o ‘l :
. Q RO {
- 10'mg" xylene cyanole FF (Kodak) L [
10 mg. bromphenol blue: = - . -
40044 0.25 M EDTA, pH 8.0 .
9.5 m<  deionized formamide’ ~. o
S : , : - &
" Deionized formamide was prepared as [ollows: To 50 m<« of formamide was added 5 g of
mixed-bed resin (Bio-Rad AG 501-X§&, 20-50, mesh) ’This was stirred for 30 minutes. =~ -
The formamide was decanted into a clean beakér and ?hore ql_iqu-%ed resin (3.g) was &
added. After mixing for 30 minutes, the formamide was decanted into a-clean beaker and
filtered to remove any resin. The deionized formamide. was stored at -20°C.,
: : v . . : ' cal

-, . »
- . . .
- . . R PR



163

., IV. ELISA Buffers:

_ Coating Buffer (pH 9.6) -
(Vo‘le 1080)

o } 429 Na:COMOHO. .
=~ ' ’ ' A 293¢ NaHCO_
, - 02g NaN,

The soluuo& was madc ol « w1Lh water and was. SLOred at 4°C.

PBST (pH 7.4)
{Vollgr, 1980)

b g NaCl
0:2¢g KH,PO. .
1 0.46 ¢ Na,HPl, o
- - ORg KCl- o ’
0.2 g NaN,
" 0.5m4 tween 20 .
The solution’ was made up to 1 £-with water and was stored at 4. © 4 3
. ! : P

s

ELISA Substrate Solution
_(Voller, 1980)

2X 5 mg tablets of p- mtropheny]phosphale (Slgma 104 phesphalasc substralc) werc
dxssolved m 10 m« of 10% DB Buffer .

.

g,

. 10% DB Buffer - %
(Vgllcr, 1980)

" 97 m4 diethanolamine
¢+ 02g NaN, .
700 .m4 dH,0
The pH was ad3usted 10 9. 8 with concemrated HC] bcforc addmg waler o ] JC The
buffer was stored at 4°C.

~

- . A
V. thridizz{tion'vBuffers:' ‘

5.8 ficoll
S g 'polyvinvipyrrolidone
Se kAo
Ti?c sdlinion‘ was stored at -20°C after adding 'Wa’te_r 0500me.- .
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- 20X _SSPE

21.04 ¢ NaCl |
. 2.4 g NaH,PO, : -
T8 ms OZ:MNa}:DTA pr()

ic pH was adluxlcd 10 8.3 with l M NaOH beforc addmn water to 10() mf.

VI. Miscellancous Solutions:

. Salt-Saturated Isopropanol

c', o -
-@; 9?& : 100 g NaCl
10 m4 1 M TrisHCL, pH 7.3
250 m«  distilled water
500 m£ . isopropanol
The mixture was mixed thoroughly and the phases werce allowed to separate. -The 1op
phase was used 1o extract the ethidium bromide from aqueous solutions.

Protease K Solution

30 mg of protease K (Sigma) was diséolved in 5 m+ of 100 mM TI'IS HCl, pH 7.3, 150
-mM NaCl, ] mM EDTA and incubated in a 37°C water-bath. After 60 minutes, 5. m« of *
glveerol was added and’the well-mixed solution was stored at -20°C.

‘. OLB Buffer

OLB buffer was madc by mixing solutions A:B:C in a rati® of 100 250: 150 and stored at
20 C.

Solution O: 1.25 M TrisHCl, pH 8.0. 0.125 MgCly (storé\a.t 4C).

' Solution A: 1 m« of solution O + lb ul of B-mercaptoethanol + 5 u< each of 0. l M
solutions of dATP, dGTP and TTP in 3 mM Tns HCI, pH 7. O 0. 2 mM EDTA (stored at
- 200 C) :

Soluliog B. 2:mM Hepes, pH 6.6 (tilra-téd’\bilh 4 M NaOH and stored at 4'C)

boluuon C Hexadeoxy nbonucleoudes (P-i. Blochemlcals) made 10.90 OD Umls/mx1 in 3
mM TrisHCL, pH 7.0, 2 mM EDTA (stored at - 20 C). :

R



