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= AZA(Organelle)®] 3z, 2 F3 HT2
Oxidative phosphorylation2 %38 o|U=|-5 Y43
Y dojrh

nEZeeols AEY JEA i, AAR
o] Al Aedle dF FAAE SHAHLE
AR gler o]E frAARRE FHARE E,
il A gHAdsky] 1%t HEe A g4 AAE
ZFAAL Qle, nlEE=e]o} fAAte a3 Al
Etel o] dde] fHale} mEErelo} f-AA}
spe) AEEAe W ¥A AZALL Fo B
AARe] shiE we o) ol FolH sich

nEEEeoL AlF(genome)= T A7I7t Fel
w2t Atigt Aol & Mo}, g Alge] s e
AR EE Fol BA Y] HA R oA s} Sanger
gl o Al mEZ=ele) Al A
d7] widoe] ghajal ol HA7A A FEo A
EAZHE mEE=z|o} A fr|udo] B irE| o
lem, ARy Fgoli 5o wlady & =279
nEFEee}l Algd o7 2fed o YA
d7lmdo] FAbEle], @A A el Gl
o] A4 A i) vlEZE e}l Al FEHLE
ATPase complex % 270 subunit, cytochrome C
oxidase?] subunit 37§, 28] 3 apocytochrome b
A s 9o, o] FAARYEH gl
s Wisd g8 ghde) tRNAEH nlEE-=
glo} ribosome®] large®} small rRNA F3HAE
Ay ar slek(Fig. D).

vEFEE ol FAze) ) ) frAdzebe] A4
3 24 A8 FE AEA ARG o435l A
FHo g AFse g} ARE a5 A ML

E3H= oe] AJe] 3 2 2 facultative anaerobico] BE
nEZ=e]ol fAxLe] Wile] HajEoix AF f7}
AL, FFE 3% HErF 35 gled, £3
8ta zAto] Lol A T8 mEFE=o} A
ste] md AEZ de] o]g-xo] Sir).

tRNAE 2 Agstsr=gl g@e] 2 dejx glu
TEHOE HAFH, o]4% 5 Qe ¥AF AET
A ARz} geol, A G FH3 AE7LY
Z2AAQ A45AE-& dfshed HEgst Aol
E5e wEFoaloles 24719 tRNA HxA7}
e, shilal Aol Wag tRNAE A3tz ¢}
o}, §32} wea} processingel] Foidhe TE
87}, tRNAS] 5" RS processdhet] Frod3le
H4 & RNA subunit?l 95 RNAE &= 13l
FA2HE Alefsln, ¥ FAxb) Exgc). are
HEH Q) £ Saccharomyces cerevisige®] tRNAM
FAAb Ao] A7 § Fdie] #F9 AAS
ZAsta,  of 4 A (suppression)-S  FFE 3R E 4
tRNAS] 7224 EAL sotsli, voprl n]E2E
2]o} FAo) il & FAHRLE Fto}H w1} Fhe}

2

2. D|EECcz|o}l tRNAAP ZEHHO|FE(FF
1210-170)2] AN|AF

FF1210-170 F3F& v|EZ=2]ol2] (RNAM
Azrel 724 Cystidine $37]7} Thymidine 7|2
AAPPo 2y, HAAHA ZFe s & e &
T2 (Miller et al, 1981), o}5 & <ko] tRNAME
Ar&e] Wlaz, o] tRNAAPE aspartate o}v):4kHg-
8312 E3he Aoz w3 =Hgick(Faye ¢ al,
1976). C?—>T"9] o7 x)#-& tRNA*P2) acceptor
stem?] <t 9] Watson-Crick 97143
g A1 A, HAbA ]l (RNAMY] 7]5-8 AMAE 7o
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Fig. 1. Organization of the yeast and human mitocho-
ndrial genomes. Inner circle represents hu-
man mitochondrial genome (16,569 bp) and
outer circle represents yeast mitochondrial
genome (approximately 85Kb). Genes and
reading frames are depicted by open bars ex-
cept tRNA genes which are depicted by small
circles. Solid bars inside some open bars rep-
resent intron sequences. Genes are labeled
with their products. ATPase 6, 8 and 9 are
the genes for subnits 6, 8 and 9 of the oligom-
ycin sensitive ATPase. CB represents the
gene encoding apoprotein of cytochrome b;
COI, COII and COIII representing the genes
encoding the subunits 1, I and III of cytoch-
rome oxidase, respectively. The ND series on
human mitochondrial genome are genes enco-
ding the subunits of NADH-CoQ reductase.

Except for the subunits of NADH-CoQ re-
ductase, the yeast mitochondrial genome has
all genes in the human mitochondrial genome
and has three extra genes; a gene (varl) en-
coding a mitochondrial ribosomal protein, a
gene producing a 95 RNA involved in tRNA
maturation, and g gene for ATPase subunit
9.

2 F59r} o] @ 9]+ tRNA maturation(3',
5" processing®} -CAA addition)o] Uoh}= He
A& A "2 4 9len, =3 tRNA synthe-
taseZ} tRNAE <Qlx]she= H9] 5 U7} acceptor
stem ]2 °|v] e Qo). wie}x] o] Watson-
Crick 471 A% AHe] tRNAM 7)%5& #8}x]#A
FEFEFY] AHE frste 2239 dalalx,
28]3 tRNA9] acceptor stem F&e} I dh=
FAAE AHEe] F-ollA g otolw ] $j3 FF1210-

1702 278 AAFFE el zhzte] g7
TE A, FANESH A B
Hgtet.

MnCL ¢} EMS(ethyl methane sulfonate) & o]&
sted AR #55 FEHT 7 o) F5o EAS
AR ®okeh 2759 X8 38 #FF7} MnCl
MexellA], 2259 Z¥3Y 3B FF7} EMS A
gl zol4 7t qlojzich Axt 3F7)S B
HARE 3 3% 8 52o] ohiEln wlwd A 7pe)
Fog 38F T dlg xRS 2L o)
% 85+ Wild-type(FF1210-6C) 2} 7+o FAI3H
A Ee AFemoy Bl Al 9179 )}
thA] e o] 99712 A R)2hEE back mutationo]
2J3F true revertant® FAE gl 30T 4= v
2 FE QS Holy 37CHAE 5F7]%50)
vhb| == FFE°| suppressiono] 9j&}ed FE )
o] 358 o sMAE). olF FFEHE n)
EZ=2]o}] DNA(mtDNA)E Z%3}od, restriction
2]73&}e]  intragenic,
intergenic XEi= true revertant® H5F3k3 2 EZ]
©2 mtDNA @79 zAslnny 33 £
&9 th(Fig. 2, 3). 3 intragenic revertanty 2% 2]
+9 C%>T™e] x%ta} FA acceptor stem Ak
WEFoA G'>Al22e) A 29 Ashe] o} 9
2 G - C Watson-Crick 7] d§e) v} Agrzdo)
oFgt A - U Watson-Crick 93712822 dia=ge
o g ok ddiEeR Ao e AU
H71AFeR e diA: o]E 3|H FFEo] Beol:
2= 9 el ok o-E 9] intrage-
nic suppression$- Ato} B 7} Qo] acceptor
stem-"«] 2k Watson-Crick 477 3te] tRNAMY

z9 7% F f2a9E o4 71 sk

%E 27 S J1°]% 5 Fol| A restriction pa-
tterno] 2] EdolF9} 1 443 interge-
nic suppression®. & %337, mtDNAY £]&F sup-

fragment polymorphisme|

o

pression?]#| nuclear DNAe|| 2]%} suppression g
A& HZs17) 9] EtBra 38752 mDNAE
k4] A A& ok, mutant tRNAY {3045 714
452} mating2 A7 suppression F-H& Absn
et F RN AT FFolrt mtDNA 2 jlel 2)s}e]
350 7153 Yele|= 2 nuclear DNAo| A4
FAHAE BT At 5575E HEY
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Fig. 2. A; Cloverleaf structure of mitochondrial tR-
NA™ showing the single base substitution
present in FF1210-6C/170. Bases are numbe-
red using the method of Sprinzel ef al, (1985).
B; Single base substitution which would res-
tore watson-Crick base pairig in one of two
terminal base pairs of the acceptor stem. The
substituted base in circled. diagnostic restric-
tion enzyme sites are indicated by vertical
bars.

Ut 445 ZF mutant tRNAN §AE o4
A7l A8 Mo} nuclear DNAo] 2J3 <47
o g HAEA)

7P e ke EFF(UTF)E A«
712 & 3e)L suppressiono] wf-$- Bt siu
(ZEF71%°] sleol= #AZ 4 3E Glucose =]
A 24217) o] Wol| 90% o] Ake] A7t EF7 S
AbAlgit)), tRNAM 821 129 restriction pat-
terno] 7|=EE s o E Bokg Mtk o)
259 restriction pattern mutant®] mtDNA res-
triction patterno] tRNA®P 422 Z {3l mt-
DNA A7} Al A o2 FE sy 9l Jeiz, A
3=l vegitative petite T3¢ mtDNA(rho )<}
A4 =719 mtDNA(rho* )7} & Al EWe] &
£3}= o] 21} heteroplasmicdt #3olth £5F7]%
o] Ao g g%+ Glycerol w=|of wjjofdt
A%, 2559 mtDNA7} segregation HR|$tn 3.
F71%0] glelx A& 5 9l Glucose ¥ Aol A&
$7 segregatione] U} FF 7S AAE=
Z2o.2 Hol FZ %) mutant tRNA* 5217} sup-
pression® s WdYgS Az 7} 9lgde
W, AAR o] FFEAE tRNA*7L o2
tRNARCE 953 gol(F 50~100v)) AFArE]x
ek o] AMAL FF1210-1702] tRNAAPE o
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HEUEE 7158 7FR A 9le], A Ao g ge o
s tRNAME v)E v)ekshin} Glycerol )]
oA A+ 9lg BF ZE7HL AL $)
kil HedAlch

dEAen g 47)9 A$og ofy|=l tRNAAP
=ete] Watson-Crick 7] 43 AH-2 tRNAA»2]
715& #8733 AAA sFAFeE $EA)7] 2,
2PY S TF7)% 32 D LN Wat-
son-Crick 2% A& @ o2& E7F2] Watson-
Crick Ago2e] iz @ 44 FHoz A=
7159 B4, 285 @ # 4z wste) 9% R-
NAM 71552] g4 3B o2 o] B &5 qlch

3. #jof] Exlisl= A9 REX}

A 7)zte] & o] fAAe| ZQljrin BHE
47 F AR ofF =9 3 #FFE AYsiz
yez] 3ol tisted 2 FAEE EAL 24}
3k, 2 % g #5F< FF1210-170/E222%€ 22
A4 FAHAE F2YS2 1 247 Aty
th

7}7}+2] nuclear revertant® mtDNA7} ¢l 6p2
T3¢ matinggt ¥ sporulationA]# A1t ¢l A
AA LS FHslG) 2 1A 22k nue-
lear revertant®} 33t APz = Glycerol =]
o] A} #}eh= sporee] ¢} A}e}x| E3h= spore?
w7F 1018 v]EE o] e Jo2 Hol 7zt
Zte] A frAAEe] AMAe] Fo S 2
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T M 7Y dE 100% Glycerol B =)ol 4]
Z12h, mDNAe| 23 3§ 7)52] 32qg BelAA
¢t} 3 nuclear revertant 5o] 72 complemen-
tation g &= A 2] oRE zAbslrl 96
Zh7ke] 552 mating typeS t}E x|t oA &
A2LE AU 9les =g mutant tRNAM §-3
ZHE mtDNAC| 7HA2 9l F5FE5L A2 ma-
tingA1#A oA F32L9] segregation FANE AT W
gtk AR e A FAHAE AW FFEE ma-
tingAlZ& 74 319 ¥&2 357153 sporest
3F°) Z3e spore® segregation &z, 7L
AA FHAE 2D FF72) mating AHE A¥
100% %% 7153 sporeqt dArsldw g vie}
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Fig. 3. Identification of restriction fragment polymor-
phisms in revertants of mutant FF1210-170.
Top panel: The 700 bp Hpa II fragment carry-
ing the tRNA® gene is shown as a heavy
line. The location of the tRNAA® gene is indi-
cated by the box extending below the heavy
line. The location of restriction enzyme sites
for Hpall, Bglll and Hinfl are indicated by
H, B, and F, respectively. Brackets indicate
sites which are present in some revertants
but which are absent in the mutant. The dis-
tances in base pairs from the downstream
Hpall site are indicated above the heavy line.
The hybridization probe used in these experi-
ments is the 425 bp fragment indicated below
the line. Bottom Panels: Autoradiographs of
a Southern transfer of isolated mtDNA follo-
wing digestion with Hpall and Hinfl (left pa-
nel) or Hpall and Bglll (right panel). Trans-
fers of both digests were hybridized with the
nick-translated prob indicated above. Numbers
above the lanes indicate lanes containing di-
gests of mtDNA from revertants R1 (same-site
revertant), R12, R22, R26 (intragenic reverta-
nts), R27 and E1 (nuclear suppressors). WT
and 170 indicated digests of mtDNA from
wild-type and mutant, respectively. The pre-
sence or absence of Hinfl sites (left panel)
or Bglll sites (right panel) is indicated by a
+ or a — below the lane. The sizes of the
fragments in base pairs is shown between the
two panels.

°15 3 oAl FHAE M2 ARFHA 43 SZPAQ
segregation X3 7z} o} FAHALE o S

Ak

Fig. 4 DNA sequencing gel showing the point muta-
tion in the NSM3 gene. A 6% polyacrylamide-
7M urea gel showing the comparison of DNA
sequenes between the suppresser and the
wild-type genes. The DNA sequences of Tagl-
HincIl DNA fragments from both the suppre-
ssor and the wild-type genes were determined
by the method of Maxam and Gilbert (1980).
The G to A transition is marked with an aste-
risk. R represents G+ A; A represents A>C;
Y represents C+T, respectively.

UM o2 FF1210-170/E222 3] 4832}
(NSM3 ; Nuclear Suppression of a Mitochondrial
mutation) & A 7|2H-& z3}sty] ¢sle] o] A
AS F233k¢ir) E222] genomic DNAE Seu3
Al g REH o2 22 o}& shuttle vectord) YEp
13¢] 4214 FF1210-1709] mEZ=2]o} allele S
713 3FE59 ¥Fe) transformationd AA
%5 3o} 3¥5E coned Adsladc

HinClig} Bglllg A2 < 35kb DNA A #o)
mt tRNA*P2] mutation® A A|7]= R¢9lch o]
35kb DNA A #-& Maxam} Gilbert2] Chemical
modification el s Q7| d-& 248k} o]
35kb Aol 658 olv|izatow FAFe] gle
71 open reading framee] &3} gjglch = o]
A& probe® ©o]-%3te] RNA transcriptE ZAFgH
A7} o]o] Abs-3h- 2F 2,000 nucleotide®] transc-
ript7} ERABIIL S Flste] AeHdoz ac
tivegt frAzksl-& A 471 9ledck o) ORFE Mic-
rogenie(Beckmann)2] data base¢} w]msh #Hzt
Aol FHo| 7HM 3o A H2]& cytoplasmel Zx)
&= aspartyl-tRNA synthetase®} Ale3gh olv):-4b
g e} fAMIS Hole 71 o8 Mo} aspartyl-tRNA
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YEpl3-NSM3 s s 5 s +
YCpGL8S2 s 5 1 s +
YCpGLBOSB S s s W +
YCpGL1104-1 W s s w +
YCpGLYO1-4 W W s w -
YCpGL60S [} 0 0 [} -

Fig. 5. Determination of the location of the suppres-
sing mutation in NSM3. Panel A: A segment
of the chromosomal DNA showing the reading
frame for mitochonrial aspartyl-tRNA synthe-
tase (open box) and the flanking region. The
relative location of restriction enzyme sites
(S, Sall; N, Ncol; He, Hincll; H, Hindlll; Bg,
Bglll) used in the fragment substitutions is
shown above the line. Panel B: Plasmid YEp
13-NSM3 carrying the suppressing version of
the gene was used as a positive control. Plas-
mid YCpGL605 is the vector for the construc-
tion of the four YCp plasmids carrying the
gene switched between the wild type and su-
ppressing versions. Fragments from the supp-
ressing plasmid are designated S; fragments
from the wild type are designated W; and fra-
gments missing from the plasmid are designa-
ted 0. A+ in the column on the right (RESP)
indicate that the altered plasmid is suppres-
sive and produces respiration in the recipient;
(-) indicate that the altered plasmid is not su-
ppressive and does not result in respiring ce-
lis. Hc-Hd fragment is the site of mutation
of NAM3 allele.

synthetase d2 AJA}s}al g} 2ol RyE &%
2] n|EZc2jo}e]| 9l+ aspartyl-tRNA synthetase
#H2H(Gambel & Tzagoloff, 1989) eH= 7o) <
g d47] dhg B, o] d4 fHAe PEE=
2o} aspartyl-tRNA synthetase®] E<irdo]o] &gt
A& o 4 ark

NAM3 allele®] aspartyl-tRNA synthetase® syn-
thetase®] 7]-¢-& 7}AMA] mutant tRNA*PE <]
#|glefo} sl 2, o] alleled wild-types} ®|mato]
st mE Fage] dr) ARHAE Ao o
¥ B2, Szostak 52 double-strand-break-repair

23

2| 725l AR} Az uhgo R Seduoe]
7b dopd F-9E A3l o] Roe gride
wild-type# NAM3 allele® #3 ulwyg As
ORF9 AUG codon® 2%-¥ 11631 ¢zl 9li=
Guanosineo| Adenine® & X]&=]o], oA}zl ©}
H20] Serine(AGU)©] Asparagine(AAU) &}
of AR UL od F UK Fig 4). o] %o
AAEFE dodle YT YAdL HAsr ¢
8, ol=] 7} 259 wild-typed} NAM3 AR =2
ANz2EE plasmidE =FEAWY, ©15& 77} FF
1210-170 alleled 43 5 A=A %5 24}
gk 23} NAM3 mutationo] i3]+ DNA o)
U At TFFYHS HEAL F glo], o]
thel o 7] 3)%he] suppressiong Uo7 2|32 g
Yeleg AZ2)9} (Fig. 5).

4. 4 9 2%

e g o} tRNAM §-Azbe] C2— Ao 23
o}715 & 2L tRNAAP2] acceptor stem 2gte]
Watson-Crick 97]23& doiug)mgs odehd
Aol i 3efe] Watson-Crick g7]dgo g
X" intragenic revertant® ZAls] Rozx =
k2bs =0

Mutant f+374te] 5Fol| oJsloisy REHog
ZFo] FBs= Zﬂii o} o] mutant tRNAM =
H]E AJAba)e) oFo 2 Glycerol wjx|ollA] A17}ol

83 g 283 71eE RAE 28 ARg
vjeFsbitnl I 7S b AR AL ohde
o 5= slglek ©]2i§ heteroplasmel 2)3F mtDNA
mutation®] AAl= HA7IR] 272971 S, cerevisiae
(Dieckermann et al, 1984 ;: Muller ef al 1984)
ol 2] B35l wp glovh 7 A7) ae M2 e}
olle] A9t s FAA SEo) 27 (RNAS
#A F7h7t "elzl (RNAMS] 7)% A atg HAs)
F=d uksled k9] 27 9+= o|H signal-2 reco-
mbinationell oJs A AEa] W= =K oA sig-
nals oh& signal2 X8k % -$-olt}. )2} n)&gt
dado] Aol TEAFY] FASAAN of) A
7 2a¥l wlrz) 9lek(D. wallace, 1989). £3%], myo-
clonic epilepsy(MERRF) 2} -2 7-¢-= mt tRNA-
22l TyC loope] & 4717} 7]%5]°‘] 2 A
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heteroplasm& A& & $-2] =12 Q)= Aol A (Shoff-
ner et al, 1990) A|A}sh= ®p7b Acka sk A}
e Eroe o] HYHE v|EZ=ele}o]
AHH]l 7o) AEd| Hpdo|nE® Abgte) A
heteroplasm¥t el AW-E fx3ly, Ax9 3
4 heteroplasmel 2§} revertantZe| o}F ulsh
AR Hole Axe AR WA FEdo] &S
Holx Qi)

39 EHAY Ho EAze FAAE ©] mu-
tationg JAA|7l= HALR Bo} FHolx 37] o]4}e]
FRAAAE (ol il Ad)Eo] tRNA  acceptor
stem3} A7 7oz 243 Aoz A
°] Z U7} aspartyl-tRNA synthetaseo]di, o]
42§ olulAl 2| 3ho] Ml acceptor stem&
AAFZ 2 7S HHAIA Fr) o] Ao o}
o) Abe] AgHEl §-9)7) el odd} 7)5& A
A Y w2 97§ a2 3, ol
o 2709 A FHAE ZApEleER 2 Vs
d 77 U Aolth EF o] JA FAAE 24
=2 MW acceptor stemo] tRNA synthetaseZ ¢
Ashe A ol AuFt 7 5-& R AAE
E T glg Aoz Ay=ch
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