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Chapter　l

General　lntroduetion



1-1.hltroduetion

　　　　Mitochondria　are　essential　organelles　in　eukaryotic　cens　and　invoived　in　many　vital

cellular　Processes　including　bioenergetics,　apoptosis,　and　the　metabolism　of　amino　acids,

11pids･　and　Fe/S　clusters･Mitochon&1a　ajre　bounded　by　two　biological　membmnes,　the

outer　membrane　and　the　inner　membrane,　that　divi&　two　aqueous　compartments,　the

intermembrane　space　(IMS),between　the　outer　and　inner　membranes,　and　the　matrix､　which

is　the　innermost　compartment　enclosed　by　the　inner　membrane,　Although　mitochondria

contain　thelr　own　genomjc　systems　and　protein　synthesis　machineries　in　the　matrix,　only　a

few　p･roteins　are　encoded　by　the　mitochondrial　genome･　Thus,　a　large　majority　of`1･000

din&ent　mitochondrial　proteins　are　encoded　by　the　nuclear　genome,　synthesized　in　the

cytosol,　and　subsequentiy　imported　into　mitochondria･　Oncewithin　the　mitochondria､the

impoled　proteinsare　sorted　to　oneofthefour　submitochondrial　comPartments.　ThereTfore

protein　import　intomitochondria　is　anessentia]process　for　mitochondrial　biogenesis･

1'2.　N11tochondrial　targeting　signals

　　　　Nuclear“encoded　mitochondrial　Proteins　essentially　contain　tatgeting　information

withitl　thelmel゛es　(D.　Most　mitochondrial　proteins　are　synthesized　as　precursor　Proteins

with　N-terminal　extensions･termed　presequences･　that　contain　sumcient　targeting

inn)rmation　directing　precursor　proteins　into　the　matrix　(2,3),　Presequences　are　typicany

iO‘80　amino‘acid　residues　in　iength　and　able　to　form　positively　charged　amphiph111c

a-helices.　　0nce　precursor　proteins　emerge　in　the　ma�x,　the　presequences　are

proteolytically　ckved　off　by　the　matrix　Processing　peptidase　(MPP)as　they　are　not

necessary　for　protein　hmctions/On　the　other　hand･　some　other　mitochondrial　proteins　iike

polytopic　inner-membrane　proteins　are　syntheslRd　゛/1thout　clea9ble　preseq“e“ces　8d

conmin　targeting　infomlation　within　their　lnatre　pm　“s　111tesj　sig゛ls　(4)｣“eolltlrlst　to

the　presequences,　the　intemal　argeting　signjsare　less　characterized｡
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1'3.　Translocator　of　the　mitoeho･ndrial　outer　membrane

　　　　The　comPlex　Processes　of　mitochondrial　protein　imPort　are　nlediated　by　elabomte

systems　in　m〕itochondriaincluding　the　translocator　complexes　of　the　outer　and　inner

°e“lb“mes･　The　trallsloc“tor　of　the　outer　mitoehondrial　membrane　(TOM)mediates　the

elltry　of　“host　jl　ode゛`encoded　nlitochondrial　proteins　(5-8),ln　yeast&ydaro7W6

ce9vajaG　the　TOM　complex　consists　of　at　least　seven　distinct　proteins,　Tom40,　Tom22,

Torh5･　Tom6･　Tom7･　Tom20･　and　T6m70･　with　the　number　of　name　indicating　the

3pFoxl"1“te　"lolecul゛　mass　in　kDa　(Figure　l-D　(9)｡The　integral　membrane　proteins,

Tom20　and　Tom70･　whicFl　expose　the　large　C-terminal　domins　to　the　cytoso】,are　Primary

import　receptors　for　mitochondrial　proteins(10-14)｡　Tom20　mainly　recognizes

mitochondrial　targeting　signals　present　in　the　N“temlinal　presequences,　whereas　Tom70

pre&rentially　interacts　with　proteins　carrying　intemai　targeting　signals,　Tom20　and　Tom70

are　per1Pheral　subunits　of　the　TOM　complex.　The　membrane-embedded　protein　Tom40

constitutes　a　protein-conducting　channel　through　which　mitochondrial　proteins　traverse　the

outer　membrane　in　unfolded　confomlations　(15,16),The　TOM　core　complex　additionany

contains　an　integral　membrane　Protein　Tom22　and　tlm5e　sma]l】Tom　Proteins･　Tom5,　Tom6,

and　Tom7.The　x-terminal　domain　of　Tom22,　which　is　exposed　to　the　cytoso】and

enriched　in　negatively　charged　residues,　may　well　complement　the　receptor　function　of

Tom20　as　a　secondary　receptor　for　Presequence‘containjng　precursor　proteins　by

recognizing　the　positively　charged　face　of　the　helic31　pi'eseque“ce　(17)･To"122　also　has　a

negatively　charg�C‘terminj　domain　exposing　to　the　IMS　and　contributes　to　a

presequence'bindjing　site･　termed　thle　μ77zM　site･　on　the　IMS　side　of　the　outer　membrane

(18-20),0ne　of　the　small　Tom　proteiils･Tom5　mediates　theprosin　ttans&r　n‘om　the

imPort　receptors　to　the　Tom40　cho�(21)･Otherssll】TOI11　protel"s･　To“16　3"d　To“17

play　structural　roles　in　the　assembly　and　stabmty　of　the　TOM　co“IPlex･　Tom6　pro“iot6

the　assembly　ofthe　TOM　complex･　whereas　Tom7　appears　to　have　a　(kstabiiizing　innuence
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on　the　TOM　complex　(22､23)､Among　these　TOM　components､　only　Tom40　and　Tom22

are　essential　for　cell　vijbmty,　connrming　thelr　importance　for　protein　translocation　acloss

the　outer　membrane｡

1･4.　Translocator　of　the　mitochondrial　inner　membrane

　　　　The　mjtochondLjal　inner　nTlenlbrane　contins　at　least　two　smJcturally　and

fUnctional】y　distinct　translocator　complexes,　the　TIM23　comp】exand　the　TIM22　compiex

(Fig“゛　1‘1).　The　TIM23　complex　mainly　mediates　transloeation　of　presequence-

containing　precursor　proteinsacrossthe　inner　membmne,　whereas　the　TIM22　complex　is

requ1red　for　insertion　of　presequence'less　polytopic　membrane　proteins　into　the　inner

membrane(5-8)｡

　　　　The　TIM23　compkx　consists　of　two　integral　membrane　proteins,　Tim23　and

Tim】7,　and　a　per1Pheral　membrane　protein　Tim44.　The　C-terminal　region　of　Tim23　1s

embedded　in　the　inner　membrane　and　constitutes　a　cation゛selectjve　protein-conducting

channel,　probably　in　cooperation　with　Timi7　(24,25).　Tim23　extends　the　N4erminal

hydjrophilic　segment　to　the　IMS,　which　fUnctyions　as　a　receptor　for　presequences　(24,26)､

and　the　extreme　N-terminai　region　of　Tim23　1s　integrated　into　the　outer　membrane,

1ndicating　that　Tim23　takes　an　unusual,　dual-membrane-sPanning　topology　(27).Tim44　1s

perlPherally　associated　with　both　Tim23　and　Timl7　on　the　ma�x　side　and　provides　a

membrane-associated　anchor　for　the　matrix　molecular　chaperone　Ssd　p,　a　mitochon&lal

heat　shock　protein　HsP70　(mtHsp70),and　its　cochaperone　Ygelp/Mgelp　(28,29),Ssclp

and　Ygelp　function　as　an　import　motor　that　drives　proteintranslocation､across　the　inner

membrane(30-32),Recently,　another　compolleilt　of　the　TI°44Ssd　p‘YgelP　I11o㈲‘

complex,Timl4fam18,　w8　idemm�(33･　34).　Tim　14/Pam　l　8　1s　a　D･naJ-11ke　protein　that

is　anchored　to　the　inner　membrane　and　stimulates　the　ATPase　aetivity　of　Ssd　p　(35),

Unlike　the　TOM　components,　jl　the　TIM23　components　and　the　import　motor　components
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are　essential　for　cell　viabllity,

　　　　0ther　translocator　complex　of　the　inner　membrane,　the　TIM22　comPlex　consists　of

a　Putative　channel-forming　protein　Tim22　and　accessory　Proteins,　Tim54　and　Tim18

(36-39).The　TIM22　eomplex　cooperates　with　a　hmily　of　small　Tim　Proteins,　Tim8､

Tim9,　Tim10,　Tim　l2,　and　Timl　3　(40-43)｡Thtee　hetero-ohgomerie　eomplexes　of　small　Tim

Proteins　have　been　described;　the　Tim9-TimlO　complex　and　the　Tim8-Timl3　corilplex　are

soluble　in　the　IMS,　and　the　Tim9-Tim10‘Tim12　comPlex　is　associated　with　the　TIM22

complex　on　the　IMS　side.　These　smaH　Tim　complexes　functionany　link　the　TOM　complex

with　the　TIM22　complex,　facilitatjng　the　transfer　of　presequence‘less　preproteins　from　the

outlet　of　the　TOM　channel　to　the　TIM22　comPlex･

1-5.　Driving　f6rcesf6r　mitoehondriai　protein　import

　　　　Twoenergysources　are　stijctly　requlred　for　imPort　of　presequence‘containing

precursorproteins　11rlto　the　matrix･　The　f1rst　energy　source　is　the　membrane　potential　(AΨ)

across　the　inner　membrane･　which　fac111tates　the　translocation　of　the　N゛terminal　parts　of

precursor　Proteins　across　the　inner　membrane　thtough　the　TIM23　channel　(44)/rhe　Aψ,

negative　on　the　matrix　side,　Plays　at　】east　two　roles　in　the　precursor　protein　transiocation;

lt　dlrectly　activates　the　vohge-gated　TIM23　channel　(24､25)and　like】y　exerts　an

electroPhoretic　efiet　on　the　positively　charged　presequences　toward　the　matrix　(45､46),

The　second　energy　source　comes　from　the　ATP　hydrolysis　in　the　matrix,　which　is　utilized

by　the　matrix　molecular　chaperone　Ssdp　(44)･The　completion　of　the　precursor　protein

translocation　across　the　inner　membrane　is　absolutely　achieved　by　the　ATP-dependent

action　of　SsclP.　ln　contrast　to　the　protein　translocation　across　the　inner　membrane･　that

across　the　outer　membrane　does　not　requ1re　the　AΨand　ATP,　because　there　is　no

membrane　Potential　across　the　outer　membrane　and　no　ATP“dependent　chaperone　in　the

IMS｡
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1-6.　Missing　linkbetween　the　TOM　complex　and　the　TIM23　complex

　　　　The　tanslocationof　precursor　Proteins　across　the　inner　membrane　appears　to　be

tightlylinked　to　their　translocationacross　the　outer　membrane､　because　no　soluble

intermediates　in　the　IMS　can　beobse“ed(47,　48y　Nevertheless､　the　TOM　complex　in　the

outer　membmne　and　the　TIM23　complex　in　the　inner　membrane　aJre　notpemlanendy

linked･　but　they　can　interact　only　in　the　presence　of　a　translocating　precursor　Protein　to

gellerate　the　TOM-TIM23-prePR)tein　supercomplex　(49-5　D｡　Theref6re　a　precursor　protein

translocating　thtough　the　TOM　complex　needs　to　engage　the　TIM23　complex　in　the

boundary　inner　membrane,　whjch　is　closely　apposed　to　the　outer　membrane,　to　R)rm　a

transient¨translocation　contact　site¨(52),　Although　the　lMS　domain　of　Tom22　and　the

N-terminal　segment　of　Tim23　apPear　to　facmtate　the　transfer　of　translocating　precursor

Protein　from　the　TOM　eomplex　to　the　TIM23　complex　(20,　27,　53,　54),the　moleeular

mechanism　underlying　the　link　of　the　tmnslocation　across　the　outer　membrane　and　that

across　the　inner　membrane　remains　unclean

　　　　ln　the　present　study,　l　identmed　Tim50･　a　new　subunit　of　the　TIM23　complex‘

Tim50　is　an　inteμal　inner-membrane　Protein　and　exPoses　the　large　C4erminal　domain　to

the　IMS,　which　interacts　with　the　N-terminal　domain　of　Tim23.Tim50　1s　d1rectly　invoived

intranslocationof　presequence‘containing　precursor　proteins･　but　not　of　presequenceJess

preproteins,　across　the　innermembmne｡　Translocation　intermediates　lodged　in　the　TOM

chan〕nel　is　crosslinked　toTim50.0n　the　basis　of　these　observations,　a　Possible　role　of

Tim50　1n　linking　the　Protein　translocation　across　the　outer　and　inner　membranes　wm　be

discussed｡
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Chapter　2

ldentincation　and　Functional　A11alysis　of　Tim50



2-1.1ntroduction

　　　　Most　mitochondrial　proteins　are　synthesized　in　the　cytosol　as　presequence'

containing　Precursor　proteins　and　traverse　the　mitochondrial　outer　and　inner　membranes

through　the　TOM　and　TIM23　complexes･　resPectively･Althoughthe　translocation　of

precursor　Proteins　across　the　outer　membmne　apPears　to　be　tight】y　linked　to　thejr

translocation　across　the　inner　membrane,　the　direct　interaction　between　the　TOM　and

TIM23　components　has　not　yet　been　observed･　XVhat　mechanisms　are　underlying　in　the

functional　iink　between　the　TOM　complex　and　the　TIM23　complex?

　　　　Cytochrome　/72　(Cyt&2)lsamφ･r　soluble　protein　in　the　IMS　and　synthesized　as　a

precursor　Protein　with　an　N゛terminal　bipartite　presequence　consisting　of　the　ma�x‘

targeting　signal　(residues　l　-3　1　)f�lowed　by　the　IMS-sorting　signal　(residues　32-80)(D.

The　Cyt/)2　precursor　is　localized　to　the　IMS　by　the　fonowing　"stop4rans&r"　pathway

(Rgure　2j)(2),BridTly､the　N4erminal　presequence　part　is　translocated　across　the　outer

membrane　through　the　TOM　complex　and　trans&rred　to　the　TIM23　complex･　Then,　the

matrix-targeting　signal　part　emerges　in　the　matrix　and　is　cleaved　off　by　MPP･　generating

the　Processing-1ntermediate　form　(3)｡Simultaneously,　further　translocation　across　the

inner　membrane　is　arrested　at　the　lMS-sorting　signal　part　of　the　presequence　and　the

Processing'lntemlediate　form　is　lateml】y　released　from　the　TIM23　complex･　receives　the

second　cleavage　of　the　IMS-sorting　signal　by　lmP　l　p　in　the　IMS･　and　isconverted　to　the

mature　f6rm　(4),　Since　thjs　localization　path`vay　of　the　Cyt&P゛crsor　is　wl】

characterized,　Cytj2　Precursor　fusion　proteins　have　been　employedas　model　substrates　to

analyze　the　mechanism　of　mitochondrial　protein　import.

　　　　The　msion　protein　p&2(220)-DHFR　containsthe　N-termina1　220　residues　of　the

Cyt/j2　preeursor　fused　to　mollse　dihy&oMmr�lctase(DHFR)(Fig゛e　2“2A)'゛d　is

correctly　loca]Lized　to　the　IMS･　When　incubatedwith　isolatedyeast　mitochondria　in　the

presence　of　methotrexate　(MTX)･3　high‘3m"1ty　lig゛d　forDHFR'　p㈲C220)`DHFR　is

16-



complexedwith　MTx　and　mTested　as　a　translocation　intemlediate　spanning　the　outer

membrane(5,6),because　the　aanslocationacross　themitochon&ial　membranes　requ1res

ofoldillg　of　the　p3sserlgerdo°a111･　ln　this　transloeation　intermedjiate,　p&2(220)-DHFR

takes　a　topology　in　which　the　C-terminaI　DHFR　domain　remains　outside　the　nlitochondtia

whereas　the　N‘terminal　Cyt/72　precursor　part　has　already　traversed　the　outer　membrane,

Thus　the　N-terminus　of　p㈲1220)-DHFR　is　free　in　the　IMS　to　form　the　mature　foml　or　is

anchored　to　the　inner　membrane　to　foml　the　Processjng-lntermediate　R)rm(2)｡By　usjng

the　technique　of　the　site-specinc　photocrosslinking,　Kanamori　et　al｡　(7)showed　that　the

transloeation　interm�iates　of　P&2(220)-DHFR　containing　the　unnatural　amjno　acid　with

photomactive　crosslinker,　DL-2-amino-5-(/)-benzoylphenyl)pentm)ie　acid(BPA)(Figure

2―2B),at　residues　94　or　i　1　4　were　cmssl　inked　with　an　unidentined　mitoehon&lj　protein

to　generate　a~95-kDa　crosslinked　product(Figure　2-3)｡ln　this　crosslinked　product,

Pβ2(220)-DHFR　forms　the　processing-1ntemlediate　form　that　is　anchored　to　the　inner

membrane　with　the　crosslinking　residue　located　just　downstream　of　the　IMS“sorting　signaL

Since　the　crosslinked　partner　could　be　a　new　component　involved　in　protein　translocation

across　the　inner　membranej　decided　to　identify　the　crosslinked　pamler　protein･

　　　　For　this　Purpose,I　PrePared　a　recornbinant　P&(220)-DHFR-94C､a　p/)2(220)-

DHFR　derivative　harboring　a　unique　cysteine　residue　at　position　94･　in　large　amounts

n‘om£o/j　ce】ls　and　modjined　it　with　4-(Mmaleimido)benzophenone(NMBz)to　introduce

the　photoleactjvebenzoPhenone　moiety　to　Cys-94･　The　NMB7-o)dified　p&2(220)-

DHFR-94C　yielded　a　crosslinked　Product　of　゛95　kDa　an･d　the　crosslinked　product　was

purified　and　subjected　to　tryptic　digestio“　foliowed　by　mass　spectrometn/　amlysjs･　Thus

l　have　identified　a　noveI　Protein　Tim50･　l　suggest　that　Tim50　1s　dlrectly　involved　in　the

translocation　of　precursor　proteins　across　the　inner　membrane　and　likely　mediates　the

transf&of　Precursor　proteins　from　the　TOM　comPlex　to　the　TIM23　complex‘
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Figure　2･1.　Localization　pathway　of　cytochrome　b2　precursor　into　the

intermembrane　space

Cylochrome&2　is　synthesized　in　lhe　cytosol　s　a　precursor　prolcin　carrying　an　N4erminal　b】partltc

presequencejn　which　lhe　nrsl　parl　(matrlx-largetlng　signaD　d1rects　thc　precurs9r　protcin　tlHhc

malrix　and　is　cleaved　otTby　MPP　in　the　ma1rix　and　lhc　sccond　parl　(IMS-s()ning　signal)mcdlatcs

the　sortjng　to　the　lMS　and　removed　by　lmPlp　ln　the　1MS.　The　cylochrome　/)2　prccursoHs　locallzcd

to　the　IMS　according　to　the　''slop-transferl'　mechanlsm.　0M､outermembrane;　IMS,　inlemlcmbranc

spaceJM･innermcmbrane.
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Fi9ure　2･2.　Schematic　representation　of　the　fusion　protein　pb2(220)-DHFR

and　chemical　structure　of　the　unnatural　amino　acid　BPA

(A)The　fusion　protein　p/)2(220)-DHFR　eontains　the　nrst　220　residues　of　cytochrome　l･2　preeursor　fusd
with　a　7-residues　iinker　fragment　to　mouse　dihydrofolate　r�uctase(DHFRy　The　nrst　80　residues　of

cytochromeβ2　precursor　rePresents　a　bipartite　presequence･　ln　which　residues　l‘3　l　function　as　the

matrix4argetjng　signal　and　residues　32-80　the　IMS-sorting　signal｡vertical　arrowheads　indicate　the

processing　sites　by　MPP　and　lmplp,

(B)Chemieal　stnicture　of　the　unnmral　amino　aeid　with　photoreactive　erossliaker　BPA,　BPA,　DL-2-

amino-5-(μ-benzoylphenyl)pentanoie　acid,
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Figure　2-3.　Translocation　intermediate　of　pl)2(220〉-DHFR　containin9

BPA　is　crosslinked　with　the　unidentified　translocator　component

Trans!ocation　intermediale　of　pβ2(220)-DHFIR　conlalning　BPA　wD　cro､Q11kcd　wllh　lhc

uniden【ined　translocator　componenμX}atresidues94andH4andwllhTom4(}al　reMducs　l62,

183.195,and　213､　in　its　processing,intermcdiale　l`unTl　anchol･c(Jlo　lhc　lnner　mcmhrarlc.TOM,

IX)M　complex;　TIM23,　TIM23　comPlex;　DHFR､　dihydrdolalc　reductase;　MTX,　melhnlrcxatc.
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2-2.Materials　and　Methods

2‘2'1.　Yeast　strains　and　plasmids

　　　　77Mjθ/rj�iOjjCgμ/Sj･　a　yeast　diploid　strain　carrying　a　complete　nun　mutation　in

the　chromosomal　copy　of　77Mjθ･was　constructed　as　fonows･　The　Cad7&&/a&mMμ5j

(Cj///Sj)゜″kel　DNA　fm91ellt　゛“s　゛lplined　fto°　P13s°ld　pCgHIS3　(8)by　PCR　using

primers　Tim50CGF　(5'-ATC　ACA　GCT　AGA　ATA　AAC　TTC　CAA　AAA　TCA　CCC　GCT

TGC　AGT　TGT　AAA　ACG　ACG　GCC　AGT-3')and　Tim50CGR　(5'-ATA　GAT　ACG

TAG　ATA　CAT　GAG　AAG　AGG　GTT　TAC　ATG　AAA　ACA　CAG　GAA　ACA　CCT

ATG　ACC“3').Theslplified　DNA　f1‘agment,　nanked　by　40　base　pa1rs　of　the　sequences

upstream　and　downstream　ofthe　nMjθgene･　was　transformed　into　yeast　wild4ype　diploid

strain　W303“AB･　The　his゛　diploid　transfomlants　were　isolated　and　connrmed　by　colony

PCR　analys}s(9)to　have　one　of　the　two　coPies　of　T/Mjθdisrupted.

　　　　GAL7-TIM50,　a　yeast　strain　expressing　Tim50　under　the　control　of　the　G4£7

promoter,　was　constructed　as　follows･　The　Gλ£7　promoter　DNA　fragment　was　amplified

ftom　yeast　genomic　DNA　by　PCR　using　primers　GAL7F　(5'-GGC　CGA　ATrT　CAT　ATA

T][T　TCT　GTC　ATr　TTC-3')and　GAL7R　(5'-GGC　CGG　ATC　CTrTTΓG　AGG　GAA

TAT　TCA　ACT-3'),and　the　amP11fied　DNA　hgment　was　digested　with　£oRIJolHl　and

inserted　into　pBluescript　II　SK-　(Stratagene,La　Joh,　CA,　USA)､resulting　in　pBS-GAL7,

The　Cg/E//J　m&ker　DNA　hgment　was　amPlm�from　plas°ld　pCgHIS　3　(8)by　PCR

using　primers　CgHIS3F　(5'-CGC　AAG　CTT　GGG　TCT　TCT　GGA　GCA　CCG'3')od

CgHIS3R(5'-GGC　GAA　TrC　TGG　CCC　GAG　TCA　CCC　AGC　TC“3')･a"d　the　゛lplmed

DNA　fyagment　was　digestedwithμ･dIII-£{?aRland　inserted　intopBS-GAL7,　resulting　in

pCgHLIS3-GAL7･　A　DNA　Mlgment　contajLning　the　Cgμ/£7　marker　and　the　a4£7

promoter　was　amplified　from　pCgHIS3'GAL7　by　PCR　tJsillg　primers　T11il50SOF(51'CTG

ATrTr]rTGC　IT]『AGC　ACA　TCA　CAG　CTA　GAA　TAA　ACT　TCC　AAA　AAT　CAC
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CCG　CTT　GCA　AAG　(]TT　GGG　TCT　TCT　GGA　GC-3')and　Tim50SOR　(5'-TGG　CAC

AAC　CCT　AAG　AGC　CCT　TGA　ATTTAG　TCT　CAC　CGA　ATT　TCT　TAA　AAT　GGA

CAG　CAT　TTrr　TGA　GGG　AAT　ATT　CAA　CT-3')for　subsequent　integration　into　the

chromosorne　llpstresl　of　the　HMjθgene･　The　yeast　wild-type　haploid　shin　W303-IA

was　transformed　with　the　amplmed　DNA{ragment,　and　hisHlaPloid　transf(jrmants　wee

isolat�and　connrmedby　coio"y　PCR　ana】ysis(9)to　have　the　77MjO　Promoter　replaced

bytheGA£7　Promoter,

　　　　TIM50-3HA･　a　yeast　strain　expressing　the　C-t･emiinally　3HA-tagged　Tim50

(Tim50-3HA)lnstead　of　wild-type　Tim50､　was　construeted　as　follows｡　A　DNA　fhtgment

containing　the　77Mjθpromoter　and　the　nMjθgene　was　amplined　from　yeast　genomic

DNA　by　PCR　using　primers　Tin450F　(5'-GCC　CTC　GAG　CCT　CTTr　ACA　TGT　CTC

AGG　GC-3')and　Tim50R　(5'-GCC　GGA　TCC　CGC　GGA　AAG　TTG　TGA　GTA　CGJ'),

and　the　amPIined　DXA　htagment　was　digested　wjth　x/1θi-jamHl　and　inserted　into

pBlues�Pt　II　SK-　(Stmtagene､La　Joh､　CA､USA)､resulting　in　pBS-Tim50,　A　DNA

fragment　encoding　triple-HA　epitope,　(YPYDVPDYA)3､was　amplined　from　plasmjd

pSK-3XHA(10)by　PCR　using　phosphorylated　primer　Tim50HAF　(5'-GAA　GAA　GAT

TGC　TGA　ATC　CAA　ATA　CCC　ATA　T･GA　CGT　TCC　AGA-3')and　Primer　Tim50HAR

(5'-AAG　AGG　G7ITT　TAC　ATG　AAA　ATT　AAG　CGT　AGT　CAG　GTA　CGT　CGT　AA-3'),

　The　amP11ned　DNA　fragment　was　annealed　to　the　uracil゛containing　single‘strand　DXA

deriv�from　pBS-Tim50　at　the　end　of　nMjθgene･　and　then　extended　and　ligated,

according　to　Kuhkel　et　al.　(11,　12),resulting　in　pBS-Tim50-3HA･　The　DNA　fragment

containing　the　77Mjθpromoter　and　the　77μjθ“j/£4　gene　w8　prepared　fiom　pBS゛

Tim50-3HA　and　inserted　into　the　x/1θI-j･2MHl　site　of　the　C£/V6J7?Z)7　Plasmid　pRS314

(13)､resultingin　pRS314-Tim50‘3HA･　The　ye8t　diPloid　stmin77M%W&j&jQμ/,Slj

was　transf6rmed　with　pRS314-Tim50-3HA　and　stlbjected　to　sporulation　and　tetradanalysis

according　to　Rose　et　al.　(㈱,and　histl)゛haploid　ceils･　゛hich　e)(press　Tim50,3HA㎞stead
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of　wild-type　Tim50､　were　isolated｡

　　　　TIM50&TIM50-3HA,　a　yeast　stain　expressing　both　wild-type　Tim50　and

Tim50-3HA　was　constructed　as　f�lows･　The　yeast　haploid　strain　xV303-IA　was

transformed　with　PRS3　1　4‘Tim50-3HA　and　trp゛　haploid　transf6mlants　were　isolated｡

　　　　TIM50-HIS6,　a　yeast　strain　expressing　the　C'terminally　hexahistidine-tagged

Tim50(Tim50-His6)1nstead　of　wild-type　Tim50　was　constructed　as　fonows｡A　DNA

fhlgment　containing　the　T/Mjθpromoter　and　the　77/Wrjθ“μ/iS‘6　gene,　was　amPiined　from

yeast　genomic　DNA　by　PCR　using　primers　Tim50F　and　Tim50H6R　(5'-GCC　GGA　TCC

ITTA　GTG　GTG　GTG　GTG　GTG　GTG　TrT　GGA　TTC　AGC　AAT　CTT　CTTC-3')｡The

amplified　DNA　fragment　was　digested　with　x/1θI゛jaμ7Hl　and　inserted　into　the

CZW6-£/£4j　plasmid　pRS316　(13),resulting　in　pRS3　1　6-Tim50-His6,The　yeast　diploid

sttain　77MjOajECgμ/∫j　was　transhmed　with　pRS316-Tim50-His6　and　subjeeted　to

sporulation　and　tetrad　analysis　according　to　Rose　et　al･　(14),and　his゛ura゛　haPloid　ceh,

which　exPress　Tim50‘His6　1nstead　of　wild-tyPe　Tim50,　were　isolated･

　　　　pET-p&2(220)CA-94C､a　plasmid､f6r　expression　ofμ2(220)-DHFR-94C　in　£J9/j

cells,was　construeted　as　follows,　The　gene　for　p&2(220)-DHFR-94C　was　derived　fFom　that

for　p&2(220)-DHFR(7),The　codonsR)r　Cys-16,Cys-105,Cys-174,　Cys-234,　and　Ala-94

of　the　gene　for　pβ2(220)-DHFR　were　replaced　by　those　R)r　Ala-1　6,　Ala-　1　05,　Ala-　1　74,

Ala-234,and　Cys-94,　aceording　to　Kunkei　et　jjl　l　,　12),and　the　resultant　gene　encoding

P&2(220)-DHFR-94C　was　digested　with　y&I-nol　and　insetted　into　pET-21a(+)

(Novagen,　Damlstadt,　Gemlany).

　　　　pET-Tim50(242-476)､a　plasmid　f6r　expression　of　the　C-terminal　segment

(residues　242-476)of　Tim50　1n　£cd　cells,　was　eonstructed　by　PCR　using　primers

242-Met(5'-CCA　ACC　ATA　TGA　TGT　ACT　CTG　AC-3゛)and　Lys-476　(5'-GGGTTT

ACA　TGA　CTC　GAG　TTT　GGA　TTrC　AGC-3')｡The　amplin�DNA　nragment　was

digested　with　/V&14Ml　and　inserted　into　pET-21a(+)(Novagen,　Damlstadt,　Gc･rmany)｡
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　　　　pRS3　14-Titn50,　a　plasmid　for　expression　of　Tim50　1n　yeast　cells　under　the　controi

of　its　own　Promoter,　was　consttucted　as　foHows･　A　DNA　fhgment　containing　the　77Mjθ

promoter　and　the　77Mjθgene　was　preparedh‘om　pBS-Tim50　and　inserted　into　the

x&･I-RnHl　site　of　the　C£/V6-7W/)Z　plasmid　pRS314　(13)｡

　　　　pGEM-Tim50,　a　Plasmid　for　&　Wzrθtranslation　of　the　Tim50　Precursor　under　the

control　of　the　SP6　promoter,　was　eonstructed　by　PCR　using　㈲mers　Tim50TTF(5'-GCC

GAA　TTrC　TAA　ACT　TCC　AAA,　AAT　CAC　CC3')andTim50TrR(51CGG　AAG　CTT

GTA　GAT　ACA　TGA　GAA　GAG　GG-3')｡The　amplined　DNA　fmgment　was　digested

with　EcaRi-μjndIIl　and　inserted　into　pGEM-4Z　(Promega,Madison､WI,USA)｡

　　　　For　yeast　two-hybrid　analysis,　a　plasmjd　for　expression　of　the　IMS　domain

(residues　133-476)of　Tim50　fused　to　the　Gal4p　activator　domain　and　those　f6r　exPression

of　residues　l-50,　residues　51-96,　and　residues　l,96　of　Tim23　fused　to･　the　Ga14p　DNA､

binding　domain　were　construeted　by　PCR　using　Primers　Tim50(133-)(5'-GGC　GAA　TTC

AGG　GAT　TGG　GAG　CC-3')　and　Tim50(-476)(5'-GCC　GGA　TCC　TTA　TTrT　GGA　TTC

AGC-31)､Tim23(1-)(5'-GGC　GAATTrC　ATG　TCG　TGG　CTTrTTT　GG-31)and

Tim23(-50)(5'-GCC　GGA　TCC　TTA　TCC　ACC　AGG　ACC　TG-3')､Tim23(51-)(5'-GGC

GAA　TTC　ATG　CAT　GTC　GAC　ACC　GC-3')and　Tim23(-96)(5'-GCC　GGA､TCCTTA

GTC　ATC　GGT　CCA　CCC-3')､and　Tim23(1-)and　Tim23(-96)､resPectively,The

amplmed　DNA　fragments　were　digested　with　£cθRI‘βaMHl　and　inserted　into　the

2μ-£RL/2　Plasmid　PGAD-CI(15)and　the　2μ4L/£4j　plasmid　pGBDU-CI(15),

respectively･

　　　　Yeast　strains　were　grown　in　YPD　(I%yeast　extract,　2%polypeptone,　2%glueose)､

YPGal(1%yeast　extraet,　2%POlypeptone,　2%galactose),and　SD　(O｡67%yeast　nitrogen

base　wkhout　amino　acids,　2%glucose)suppiemented　with　nucleotides　“ldarino　lcids

aecording　to　Rose　et　aL　(14),

24･-



2-2-2.1dentmcation　of　Tim50

　　　　Mitochondria　were　isolatedfrom　yeast　wild-typestrain　D273,　1　0B　according　to

D゛l“1　et　j･　(16)･The　fusion　protein　P/)2(220)-DHFR-94C　expressed　in　£cd

BL21(DE3)cells　n‘o111　pl“sl111d　pET-p&2(220)CA-94C　゛s　purined　as　an　indusion　body,

solubilized　with　8　M　urea　in　20　mM　Tris-HCI　PH　7j,　50　mM　KCI,　2　mM　EDTA､　and　O｡2

m〕M　DTT,and　incubated　with　2　mM　4-(Mmaleimido)benzophenone(NMBz;　Sigma-

AI&lch,　St･　Louis,　MO,　USA)for　60　min　on　ice,　After　quenching　the　reaetion　by　addition

of　20　mM　DTT,　the　NMBz-modined　p&2(220)-DHFR-94C　was　diluted　20-fold　in　250　mM

sucrose･　10　mM　MOPS-KOH　pH　7･2,　80　mM　KCI,　2　mM　KPI,　5　mM　DTT,　5　mM　MgC12,

2　mM　ATP,　1%BSA,10　RM　MTX,　and　1　�vl〕NADPH,　and　incubated　f6r　l5　min　on　ice,

Then｡the　reaction　mixture　received　2　mM　XADH,　and　was　incubated　with　the　mitodlondria

(Oj　mg/1ni　proteins)f6r　20　min　at　30°C　to　R)rmammslocation　intermediate/rhen､the

mitochondtia　were　reisolated,　susPended　in　250　mM　sucrose,　10　mM　MOPS‘KOH　pH　7･2,

80　mM　K､CI,and　10　1J.M　MTX,and　subjected　to　UV　Irradiation　with　365-nm　Uviamp

(15W,CSL-15A;　Cosmo　Bio,　Tokyo,JaPan)for　10　min　on　ice｡　The　mitoehondria　were

recovered　and　solubilized　with　HBR　buar(6　M　urea,　50　mM　Tris-HCl　pH　7.9,　250　mM

NaCI)containing　20　mM　imidazole､　1%Triton　x-100,　and　l　mM　PMSF,　followed　by

clarifying　centrinlgatyion　at　100,000　xg　for　30　min　at　4°C/rhe　suPematants　were　incubated

with　His-Bind　resin　(Novagen,Darmstadt,Germany)for　12　hr　at　4°C　with　gentle　mixing,

Then　the　resin　was　washed　once　with　HBR　buffbrcontajining　20　mM　imidazole　and　l%

Triton　x-100,　and　wash�twice　with　HBR　bum5r　containing　20　mM　imidazole･　The　bound

Proteins　were　eluted　with　HBR　buf&rconaining　100　mM　imidazole　and　subjected　to

SDS-PAGE　and　CBB　R-250　staining,　The　CBB‘stained　95-kDa　crossiinked　Product　was

excised　from　the　gel　and　prePared　for　mass　spectrometlTy　analysis　(17)･The　°okul゛

mass　information　of　the　tryPtic　PePtides　was　obtaind　with　a　MALDI゛TOF　mass

spectrometer　voyager　Ehte　(PerSePtive　Biosysems,Foster　Cjty,　CA,　USA),The　abunblt
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ions　in　the　MALDl　spectm　were　�lbrated　with　the　intemal　control　and　used　f6r　database

searches　using　the　software　PeptideSemh　(developed　atthe　EMBL　B4omilytid　Resemh

GrouP　at　Heidelberg,　Germany;　http://www,mann.embl-heidelbergヽde/GroupPages/Page

Lin〕k/peptidesealchpage,html)､and　the　open　reading　hme　n)£㈲jw　was　identmed　by　the

matching　of　four　ions,　1425･46�z,　166121　�z,　198038　�z,　and　5559j7　�z,

corresponding　to　residues　393-404　(1426.6116Da),residues　323-336　(1665.9696　Da),

residues　372-392(1　980.2022　Da)､and　residues　164-210(55594004　Da)of　Tim50,

respectively.　The　sequence　coverage　was　2　L9%･

2-2-3.　Antibodies　against　Tim50　and　others

　　　　The　C-terminal　segment　(residues　242-476)of　Tim50　expressed　in　£ed

BL21(DE3)cens　fyom　plasmjd　PET-Tim50(242-476)was　Purined　as　an　inclusion　body

and　used　for　immunizing　rabbits　for　obtaining　antl-Tim50　antibodies　(arbitrary　rabbit

numbers;　99-5　and　99-6),　The　mouse　monodona]l　antibody　a㈱nst　the　HA　epitope

(16B12)was　Purchased　from　Covance　(Ptineeton､NJ,USA),The　Cy5-conjugated　goat

antl-rabbit　lgG　antibody　was　purchased　from　Amersham　Biosciences(Piscataway､NJ,

USA),The　specinc　lgGs　for　import　inhibition　were　purined　using　Protein　A　SePharose

4FF(Amersham　Biosciences,Piscataway､NJ､USA)asR)Ilows,　The　antisem　containing

sPecinc　antibodjes　wele　incubated　with　Protein　A　Sepharose　4FF　in　100　mM　Tris‘HO

pH　8,0　for　2　hr　at　room　temPerature　with　gentle　mixing,　and　the　bound　lgGs　were　eiutd

with　O.I　M　glycine-HCI　PH　2･5,　mixed　with　a　】/10vo】ume　of　I　M　Tris‘HC】PH　8･O･and

diaiyzed　against　20　mM　Ths-HCl　pH　7,2　and　80　mM　KCL

2-2-4.　1mmunonuorescenee　mieroseopy

　　　　lmmunonuorescent　staining　of　yeast　cells　was　performed　according　to　Kawai　et　aL

(18)with　minor　modincations.lncubation　with　the　primary　and　the　secondary　antibodies

-26-



was　performed　as　f611ows;　1:500　dilution　of　rabbit　antl'Tim50　polydonal　antisem　and

l:500　djlution　of　mouse　anti-porin　monoclonal　antibody(1　6G9-E6;　Moleeular　Probes,

Eugene､OR,USA)fonowed　by　l:500　dilution　of　rhodamine-eonjugated　goat　anti-rabbit

lgG　antibody　(valeant　Pharmaceutica〕ls　lntemational,　Costa　Mesa,　CA,　USA)and　l　:500

dilution　of　alexa488-cortjugated　goat　antl-mouse　lgG　antibody　(MOlecular　Probes､Eugene､

OR,USA),respectively,

2s2‘5.　Generation　of　mitoplasts　and　extraction　of　membrane　proteins

　　　　For　generation　of　mitoplasts,　mitochondria　were　diluted　lO-fold　with　10　mM

MLOPS‘KOH　PH　7.2　and　incubated　for　20　min　on　ice･　For　alkaline　extraction　of　peripherajl

membrane　proteins,　mitochondria　were　incubated　with　OJM　xa2C03　at　pH　i　l,5　for　30

min　on　ice,　and　then　centrifuged　at　i00,000　x　g　for　30　min　at　4°C.　For　extraction　of　integra]|

membrane　Proteins　with　Triton　x-　100,　mitochondtia　were　incubated　with　l　%　Triton　x‘100

1n　250　mM〕sucrose,　10　1hM　MOPS-KOH　pH　7,2,　and　80　mM　KCi　for　30　min　on　ice,　and

then　centrifuged　at　l　00,000　xg　for　30　min　at　4°C･　The　samples　were　precipitated　with　1　5%

TCA　and　O,05%　NaDOC,and　sutjeeted　to　SDS-PAGE　and　immunoblotting　followed　by

analyzing　with　a　Storm　860　1mage　anlyzer　(Amersham　Biosciences,　Piscataway,　NJ,　USA)｡

2‘2-6.　M　y&‘θlmport　into　mitoehondria

　　　　Mitochondria　were　isolated　from　yeast　strains,　D273-10B,　W303-IA,　and

GAL7-TIM50(16)｡Radiolabeled　Precursor　proteins　were　synthesized　in　rabbit

reticulocyte　lysates　by　j4　4m　coupled　transcrlPtion/transiation　system　(19-21)ln　the

presence　of　O,02　MBq/μ1[35S]-methionine(Tml35S-label;　valeant　Phamlaceutieals

lntemaional,　Costa　Mesa,　CA､　USA)｡lmport　reactjons　were　performed　by　incubation　of

the㈲nslation　produets　with　isolated　yeast　mitoehondria　in　lmport　bufir　(250　mM

sucrose,　10　mM　MOPS-KOH　pM　7.2,　80　mM　KCI,　2　mM　K]Pi,　2　mM　methjonine･　5　mM
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DTT,　5　mM　MgC12,　2　mM　ATP,　2　mM　NADH,　I%BSA)f61　20　min　at　30　°　C,　except

otherwise　stated･　The　import　reaction　was　stopped　by　addition　of　10　1λg/ml　valinomycin,

Ptotease　treatment　was　performed,　except　otherwise　stated,　by　incubating　the　mitochondjria

or　mitopl8ts　with　100　μyg/ml　proteinase　K　for　20　min　on　ice,　which　was　inactivated　by

subsequent　addition　of　l　mM　PMSR　The　samPles　were　analyzed　by　SDS‘PA(}E　and

radiojmaging　with　a　Storm　860　image　analyzer(Amersham　Biosciences､Piscataway､NJ､

USA).For　generation　of　mitoplasts,　mitoehondria　were　diluted　10-fold　with　10　mM

]MOPS-KOH　pH　7,2　and　incubated　for　20　min　on　ice･　For　dissipation　of　AΨ,

mitochondria　were　preincubated　with　1　0　1Ltg/ml　va]1nomycin　for　5　min　on　ice,For

inactivation　of　M〕PP,　mitochondria　were　preincubated　with　l　mM　θ-Phenanthroline　and　5

mM　EDTA　in　lmPort　buffbr　without　MgCI2　f6r　3　min　at　23゜C･

　　　　To　prepare　the　C-term〕1nally　truncated　Tim50　precursors　with　denned　lengths,

plasmid　pGEM〕-Tim50　for　&vam　translation　of　the　Tim50　precursor　was　digested　with

resu71ction　enzymes,　j,μPI,£a7T221,MjθI,　and　/F&al,　to　yield　truncated　genes　coding　R)｢

the　flrst　225,　255,　3　10,　and　355　residues　of　the　Tim50　precursor,　respectively,　and　subjected

to&v/zΓθtranscriPtion/translation　reactions　as　described　above,　The　translation　Products

conjugating　with　the　truncated　mRNAs　were　treated　with　2　mM　puromycin　f(jr　20　min　at

30°C　to　be　released　fjrom　the　truncat&1　mRNAs　and　ribosomes｡

　　　　To　inhibit　protein　import　with　specinc　lgGs,　mitochondria　(50μjg　proteins)and

mitoplasts(50　11g　proteins)wele　preineubated　with　antl-Tim50　1gGs　(5-60μg　igGs)and

with　lgG　prepafed　from　the　pre=immune　serum　(30-60μg　lgGs)for　30　min　on　ice　in　180　g】

of　250　mM　sucrose,　10　mM　MOPS-KOH　pH　7.4,　10　mM　KCI,　and　l　,33%BSA(f6『

mitochondria)or　in　180　111　of　20　mM　suerose,　10　mM　MOPS-KOH　pH　74,　10　mM　KCi,

and　l　,33%BSA(for　mjtoplasts)､and　then　added　60　91　of　4Xlmport　buffer　(250　mM

sucrose,　10　mML　MOPS-KOHL　pH　7,4,　290　mM　KCI,　8　mM　KPi,　8　myM　methionine,　20

mM　DTT,　20　mM　MgC12,　8　mM　ATP,　8　mM　NADH)(R)r　mitochondria)or　60　μlof
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4Xlmportbuffer　without　suerose　(for　mitoPlasts)

2-2-7.　Site-speeinc　photoerosslinking　with　the　BPA-eontaining　p&2(220)･DHFR

　　　　Mitochondria　were　isolated　fiom　yeast　strain　D273-10B　(16),The　site-specifie

Photocrosslinkjng　with　transloeation　intermediates　of　radl�abeled　p&2(220)-DHFR

containing　BPA　at　residue　94　or　residue　l14　and　the　immunopreciPitation　of　the

crosslinked　products　using　antl-Tim50　antibodies　and　using　the　preimmune　serum　wem

perf6rmed　according　to　Kanamori　et　al,　(7),The　samPles　were　analyzed　by　SDS-PAGE

and　radjoimaging　with　a　Storm　860　1mage　analyzer(Amersham　Biosciences,　Piscataway,

NJ,USA)｡

2-2-8.　Chemical　crosslinking　with　pSu9-DHTFR　aeeumuiated　at　the　TOM　ehannel

　　　　Mitochon&ia　were　isolated　from　yeast　strains　W303-IA　and　TIM50-3HA　(16),

Radiolabeled　PSu9-DHFR　was　synthesized　as　described　above,　and　incubated　R)r　10　min　at

30°C　with　the　mitochondria　that　had　been　p･reincubated　with　20　11M　carbonyl　cyanide

m-chrolophenylhydrazone(CCCP;　Sigma-Aldrich､　St｡Louis,M0,USA)fbr　5　min　on　ice

to　dissipate　AΨ,The　mjtochondria,　which　contain　wild-type　Tim50　or　Tim50‘3HA,　were

reisolated　and　subjected　to　crosslinking　with　200　1JLM　AμΥ-maleimidobutyryloxy“

succinimjde　ester(GMBS;　Pieree,　Rockford､I〕L,USA)or　200　mM　tmaleimidobdnzoyl-

M･hydroxysuccinimide　ester　(MB　S　;　Pierce,　Rockford､IL,USA),2speetively､for　60　min

on　ice　in　250　mM　sucrose,　10　mM　MOPS-KOH　PH　7,2,　10　mM　KCI,　and　10　1λM　CCCP･

After　quenching　the　reaction　by　addition　of　100　mM　Tris-HCl　pH　7･O,　the　mitochondria

were　reisolated　and　suhjected　to　immunoprecipitation　using　antibodies　against　Tim50,

Tom40,　and　Tom22,　and　using　antl-HA　monoclonal　antibody,　according　to　Kanamori　et　al･

(7)｡The　samPles　were　analyzed　by　SDS-PAGE　and　mdioimaging　with　a　Storm　860　1mage

analyzer(Amersham　Biosciences,　Piscataway,　NJ,　USA),
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2-2-9.　Preparation　of　yeast　total　lysate

　　　　The　ce11　Pellets　of　4　ml　of　yeast　culture　(OD660　m025)were　resuspended　in　100　RI

of　10　mM　Tris-HCl　pH　8,0　and　l　m&I　EDTA,　added　63　Ftl　of　5　M　NaOH　and　7　1λlof

p“mercaptoethanol,　and　incubated　for　4　min　on　ice･　Then,　the　proteins　were　precipitated

with　10%TCA　and　boiled　in　SDS-PAGE　sample　buffer　(125　mM　7IT¥ls-HCl　pH　6.8､　2mM

EDTA,2%SDS,100　mg/ml　sucrose,　2%n-mercaPtoethanol,　30　11g/ml　bromophenol　blue)

f6r　5　min　at　95　°　C,　After　darifying　centrifugation,　the　samples　were　subjected　to

SDS-PAGE　and　immunoblotting　followed　by　analyzing　with　a　Storm　860　1mage　analyzer

(Amersham　Biosciences,　Piscataway,　NJ,　USA),

2-2-10.　Measurement　of　the　membrane　potential

　　　　AΨof　isolat�yeast　mitochondria　was　assessed　by　using　thle　potential“sensitive

nuoreseent　dye　3,3'-dlPropylthiadicarboeyanine　iodide　(DISC3(5);MOleeuiar　Probes,

Eugene､OR,USA).　The　nuorescence　Tneasurenlents　were　perfomled　with　a　nuorescence

speetroPhotometer(F-30　1　0;　Hitachl,　Tokyo,　JaPan)at　25　°　C,　exeitation　at　622　nm､

emission　at　670　nm,　and　slits　5　nm.　The　f611owing　reagents　weiTe　added　to　a　cuvett]e　and

the　nuorescence　changes　were　recorded　in　&bitrary　units;　2j　ml　of　600　mM　mannitol,

20　mM〕HEPES-KOH　pH　7,4,　40　mM　KPI,　0,25%BSA,　5　mM　ATP,　15　mM　MgC12,

4,4　Rl　of　l　mM　DiSC3(5)in　DMS0,　25　Rl　oH　O　mg/ml　mjitochondria,　and　nnally　10　Rl　of

l　mg/ml　valinomycin　to　dissiPate　AΨ,

2-2-1　1･　Co-lmmunoprecipitation　and　eo-purmcation　assay

　　　　Co-lnlfnuRoprecipitation　of　the　complex　containing　Tim50　was　Perf6rmed　as

f611ows.　Mitochondria　were　isolatd　n‘om　yeast　strain　W303-IA　(16)｡The　rnitochond&l

(2　mg/ml　proteins)were　solub111zed　with　2%(ligitonin　in　eo-Lysis　buffdr　(20　rriM　Tris-HCI

PH　7,4,　250　mM　NaCI,　l　mM　EDTA,　10%glycerol)containing　protease　inhibitors　for　20
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min　at　4°C,　followed　by　clarifying　centrifugation　at　20,000　x　&for　10　min　at　4°C｡　The

supematants　wele　diluted　3‘fold　with　co‘Lysis　buf&r　and　incubated　with　Protein　A

Sepharose　4FF　(Amersham　Biosdences,　Piscataway,NJ､USA)carrying　specinc　antibodies

for　6　hr　at　4°C　with　gentle　mixing/nle　resins　were　washed　thtee　times　with　co-Lysis　buf&『

and　boiled　in　SDS-PAGE　samPle　buffer　without　6-mercaPtoethanol　for　5　min　at　95°C/rhe

samples　were　subjected　to　SDS-PAGE　and　immunoblotting　followed　by　analyzing　with　a

Storm　860　1mage　analyzer　(Amersham　Biosciences,　Piscataway,NJ､USA)｡

　　　　　Co-purincation　assay　of　the　comPlex　containjng　Tim50-His6　was　performed　as

f611ows,　Mitochondria　were　isolated　from　yeast　strains　TIM50-HIS6　and　TIM50-3HA

(16),　The　mitochondria　(l　mg/ml　proteins)were　soiubilized　with　l%digitonin　in　Lysis

buffer(50　mM　Tris-HCl　pH　8,0,　250　mM　NaCi)containing　20　mM　imidazole　and　protease

inhibitors　f6r　20　min　at　4°C,　followed　by　clarifying　cenujfugation　at　20,000　x　g　for　10　min

at　4°C,　The　supernatants　were　diluted　2-fold　with　Lysis　buffdr　and　incubated　with　xl‘NTA

agarose(Qiagen,Hilden,Germany)f6r　2　hr　at　4°C　with　gentle　mixing/rhen､the　resins

were　packed　into　columns,　washed　twice　with　Lysis　buffer　containing　Oj%digitonin　and

20　mNi　imidazole,　and　eluted　with　Lysis　buffer　containing　O･5%digitonin　and　250　mM

imidazole･　The　samples　wele　precipitated　with　l　5%TCA　and　O･05%NaDOC･　and

sutjected　to　SDS-PAGE　and　immunoblotting　followed　by　analyzing　with　a　Storm　860

image　analyzer(Amersham　Biosciences,　Piscataway,　NJ√USA)･

2-2-12.　Glycerol　density　gradient　eentrifugation

　　　　　Mitochondria　were　isolated　from　yeast　strajn　W303-IA　(16),The　mitochondria

(200　p･g　Proteins)were　solubmzed　with　200　91　oH%digitonin　in　20　mM　Tris-HCI　PH　7.5,

20　niM　NaCI,　2　mM　EDTA,　and　10%glycerol,£nowed　by　clarifying　centrifugation　at

l　00,000　x　g　for30　nTjn　at　4°　C｡　The　supematant　was　layerd　onto　5　ml　of　lO゛40%linear

glycerol　gradient　in　20　mM　Tr]is,HClpH　7,5,　20　mM　NaCI,　2　mM　EDTA･　and　O'2%
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digitonin,　and　centrifugated　at　200･000　`§for　1　5　hr　at　4　oC-　Aner　centrifugationjhcUons

(275　Ftl　each)were　collected　ftom　the　top　“nd　pl`ecipit3ted`゛lth　l5%TCA　and　O,05%

NaDOC.　The　samPles　were　subjected　to　SDS‾PAGE　and　immunoblotting　fonowed　by

ana]lyzing　with　a　Storm　860　1mage　analyzer(A“le5hsl　Biosciellees･　Piscataway,　NJ,　USA),
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Strain

D273-10B

XV303,1A

`W303-AjB

PJ69-4A

Table　l.　S.　cegF&&ze　strains　used　in　this　study

Genotype

MA7a

M/t74ia&2j　/zaj-/7,7j　zjraj-/　/eM2-j,/72　Z7/-/ca�j㈲

MA7a/a　a&?2-//a&?2-//zjjj-　/　/,　/j//z4j-//,/j　MMj-//Mmjj

&M2,jl,//2//eM2-j,/./2　/7/j/Z77j　Cω7/jaQ/cazz/,/θθ

A£47a　z77-9θ//a42-Jj/2MMj-j2　/1aj-20θga/4Aμ･rla9A

£}j2jjGλ£/-μ/5jGA£2-/tZ)£2　me/2yGA£7-&cZ

Remarks

tE15

77Mjθ/zajθyCg/7/Sj　MA7a/a　a£/e2-7/･2&2-/　/zaj-//jj/&∫j-//,/j　amj‘//Mraj-/　this　study

　　　　　　　　　　　　/gM2-J,7　72//eM2,J,772　z77-//17/-7　ca�jθ∂/ca�,/θ0

　　　　　　　　　　　　77Mjθ/z/mjθjjCjμ/∫j

GAL7-TIM50

TIM50-3HA

TIM50&TIM50-3HA

TIM50-HIS6

μÅraa&2-/　MyJ-//,/j　Mmjj　/,9M2-j,//2μμ/-/ca�-/θθ　　this　study

zfMjθyCg/7/Sj-/)GA£7,77Mjθ

MA7a�e2-7　ME/μj　Mmj-/　h2-μ72㈲/-/ca�j㈲　　this　study

SljEOM∫LHC£/V6　R/)7　77MjE?/MI

μÅra4&2-/&μE/7,/j　waj-/　/(?M2-j,　/　/2　z7/-/ca�jθθ　　this　study

[CRV6　7W/)/7U5∂-j/Mi

MAra�e2-/　6j-7　/jj　Mraj-/　h2-μ　/2　17/-7　cm/j㈲　this　study

zkjEQμ/&j[Cgv6　7M)/nM｣θ-μ/,S'61
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2-3.Results

2-3-1.　1dentmcation　of　Tim50　as　a　erosslinked　partner　of　the　transloeation

intermediate　anchored　to　the　inner　membrane

　　　　Transloeation　intermediate　of　pμ2(220)-DHFR　eontaining　BPA　at　position　94　was

crossiinked　with　an　unjdentifid　translocator　comPonent　to　generate　a　95-kDa　cmsslinked

product(7)｡ln　order　to　identify　the　crosslinked　partner　protein,　p£･2(220)-DHFR-94C､a

p&2(220)-DHFR&rivative　that　has　a　unique　cysteine　residue　at　position　94　and　a

hexahistidine　tag　at　the　C-terminus　was　prePared　in　large　amounts　from　£a)/j　cens　(Figure

2-4A)｡ModLincation　of　pβ2(220)-DHFR-94C　with　a　bifunetional　chemieal　crosshnker,

NMBz(Figure　2-4B),directs　introduction　of　a　photoreactive　benzophenone　moiety　to

Cys-94,　resulting　in　the　acquisition　of　the　simjlar　structure　to　the　BPA‘containing

pβ2(220)-DHFR(Figure　2-2)｡

　　　　NMBz-modined　or　moek-treated　Pβ2(220)-DHFR-94C　was　incubated　with

isolated　yeast　mitochon&la　in　the　presence　of　MTx　to　generate　translocation　intermediates,

and　then　the　samPles　were　Uv　irradiated　(Figure　2-5),　NMBz-modified　p&2(220)-

DHFR-94C,　but　not　mock-treated　pβ2(220)-DHFR-94C,yielded　a　erosslinked　produet　of

~95　kDa　by　Uv　hndiation　(Figure　2-5,1anes　4,　6,an.d8),　Since　this　crosslinked　produet

could　be　identical　to　that　of　the　BPA-eontaining　p&2(220)-DHFR,the　mitoehon&la　were

solubllized　with　6　M　urea　and　the　crosslinked　product　was　Purined　by　amnity

chjromatography　for　the　hexahistidine　tag　of　the　fusion　protein･　The　crosslinked　product

was　mainly　eluted　with　100　mM　imidazole(Figure　2-6､　ld　panei,　iane　5)and　the　purity

appeared　sumcient　to　identify　the　erosslinked　pMner　(Figure　2-6,right　pajnel,　1ane　5),

lndeed,　the　tryptic　digestion　of　the　pu�led　crosslihked　product　f6Howd　by　mass

spectrometry　analysis　identind　R)ur　pePtides,　whose　sequences　corresponded　to　the　open

reading　aarne(ORF)y/)£θGw　on　yeast　chromosome　xvl　that　encodes　a　55､098　Da
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P⇒dFJE　umuwt　mt　jF⑩t<y¥　Tk⇒}PxkLYH063F

mnmmd4%LJ4XExkLnHJXEm(Pms6119ktdN4mhjmhdudd

Ps♀6et　SdJmy　E-♀y{%2){sdtPmd々h5mnkak]qomμΓ6Mues,

HyU2N㈹pt2≒♀‰hh‰N4mk㈲M¥k　xiFadty　d　tkyOdkm》Jknkd

㈲mbdhdtmOhO㈲㈱%hdJ,mlh[MWd

x{↓E%5　nL　AEI⇒tdkmaht=kEthE⇒mhd‾thehsm

um㈱n{B‰hmndthkmxdPrGtdtnnRL　ntmdmsdTh5Umkta

㈱4μkd㈱htmh㈲m

{kkEtkmmj}{kWCmdmk{}mmlB4%hhmx}ultk　NS｡

　　　EUuhst　wmhs　4mwdLhlOkhjuKdhwmmamw444hdY　to　Tkn50

amlwtx⇒tmdmm

dhumt々pdm4Λmdud4E　GhAh　dWJw　{4BjfUHJ∠m04dd}mskh6/

79t7%sihi4㈲Rkh:omedaromFaμoJe(SPRC8TD2y｡21C〔34j%/67j%D,

/vamy6･ra　crag　(AA032939[27.8%/50,0%D,Caao4&&ra　e/,99a　(T21C9j2

[23,5%/53y1%D,£)n9j9/j&zw/nqmMr(CG12313[2LO%/5L8%D､Ms　maa/g

(NPJ79892[26j%/58j%D,andμo76(y9fa,y(XPJ53074[19.7%/45.2%D(Figure

2-9),These　Tim50　homologs　in　the　other　organisms　have　a　possibie　ttansmembrane

segment　near　the　N-terminus,　so　that　they　likely　take　the　same　Nin“C.μopology　in　the　inner

membrane　as　yeast　Tim50.　&cm?W4r　also　has　three　other　proteins　that　are　homologous

to　Tim50　and　function　as　CTD-11ke　phosphatases　(24),but　exhibit　djfferent】ocalizations,

namely　Nemlp　in　the　nue]lear/ER　membrane　(25)and　Psrlp　and　Psr2p　in　the　plasma

membrane(26).However,the　aetive　site　residues　of　the　DM)X(T/V)motif(24,27)､whieh

is　essential　R)r　their　phosphatase　activity,　are　not　conserved　in　Tim50･

　　　To　confirm　that　the　crosslinked　Products　arising　h‘om　the　MTX“arrested

mmslocation　intermedjates　of　P&2(220)-DHFR　conmining　BPA　at　positions　94　or　l14

possess　Tim50,1　raised　the　specinc　antibodies　against　the　C-termina】segment(residues
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242-476)of　Tim50　(Figure　2-10A),i7he　resultajnt　antibodies　recognized　both　50-kDa　and

54-kDa　proteins　R)r　mitochondria　contajining　both　wi.id4yPe　Tim50　(50,365　Da)and

C-terminally　3HA-tagged　Tim50　(T㎞150-3HA)(53､618　Da),　oronly　54-kDa　protein　for

mitochondria　containing　Tim50-3HA　instead　of　wild々pe　Tim50　(Figure　2-10B)jndicating

that　the　resultant　antibodies　could　recognize　the　TinT150　epitopes,　After　formation　of　the

MTX-arrested　translocation　intemledjates　of　Pμ2(220)-DHFR　containing　BPA　at　positions

94　or　1　14　as　des�bed　previously　(7),UV　imdiation　yielded　the　~95-kDa　or~102-kDa

crosslinked　products,　respectiveiy　(Figure　2-11).The　crosshnked　products　were

specmcally　immunoprec1Pitated　with　the　anUbodies　against　Tim50,　but　not　with　the

prdmmune　serum　(Figure　2-11).　These　results　indicate　that　the　crosslinked　parmer

responsible　f(jr　the　95-kDa　crosslinked　product　is　indeed　Tim50･

2-3-2.　Tim50　1s　an　essential　inner-membrane　protein　of　yeast　mitochondria

　　　　To　assess　the　functions　of　Tim50,　the　77Mjθgene　was　disruPted　in　the　diploid

yeast　strain　by　integration　of　the　μ/1Sj　gene　of　O�j&g/a&4㈲(CμμSj),the　cells　were

induced　to　sPorulate,　and　the　four　spores　were　subjected　to　tetad　analysis,Upon

dissection,　each　tetrad　yielded　only　two　viable　spores　(Figure　2-　1　2A).AIl　viable　spores

showed　his‘　selectivities　and　were　connrmed　to　carry　the　non-disrupted　T/ML5θ.When

tansformed　with　the　C£/V6-RR/plasmid　carrying　the　77/Mjθgene,　but　not　with　the　vector

alone,　the　77M5θ-disrupted　dlPloid　ceils　yielded　three　or　four　viable　spores　af〕ter　strad

analysis(Figure　2-12B)｡On.e　or　two　sPores　out　of　the　three　or　four　viable　spores､

respedvely,　showed　histp゛　selectivities　and　were　conf1rmed　to　carry　ie　Cgμ/･9　marker

instead　of　the　7Ua9　gene　and　to　supPress　theHethality　with　the　plasmid-derived　r/7/㈲θ

gene,　These　results　indicate　that　77Mjθls　an　essential　gene　h゛yeast　cell　viability,

　　　　Since　Tim50　cmTies　a　putative　mito(jhondriai　t4teting　presequence,　l　analyzed　its

subcdular　location　by　indlrect　immunonuorescence　microscopy,　Smining　of　yeast　cells
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゛lth　the　atlt1-T11゛50　゛tibodies　showed　a　tubular　network　in　the　cytoplasm　(Figure　2-　1　3,

1eft)｡This　staining　is　typical　fy(jr　yeast　mjtochondrial　proteins,　and　nearly　identical　staining

was　observed　with　the　antibody　against　mjtochondrial　porin　(Figure　2-　1　3,　center)｡Thus､

Tim50　1s　a　mitochondrial　Protein,

　　　　Then,　l　isolated　yeast　mitochondria　and　ana〕lyzed　the　submitochon&lal　iocation　of

Tim50,Tim50　was　inaccessibie　to　Protease　added　to　intact　mitochondria　(Figure　2-14,

1anes　l　and　2),but　was　accessible　to　protease　added　to　mitoplasts,　where　the　outer

membrane　was　seleetively　ruptured　(Figure　2-14,　1anes　3　and　4)｡This　behavior　resembles

that　of　Tim23,　an　ijnner-membrane　protein　exPosing　a　domain　to　the　IMS,　but　is　different

from　those　of　Tom70,　an　outer-ITiembram5　protein　exposing　a　domain　to　the　cytosol,　o｢

subunit　l3　of　FI-ATPase　(Flp),a　peripheral　inner-membrane　protein　on　the　mattix　side

(Figure　2-14).　TI㎞50　was,like　integrj　membrane　Proteins,　Tom70　and　Tim23,　not

extracted　from　the　membranes　with　Na2C03　at　pH　I　L5　while　a　peripheral　membrane

protein,Fln,　was　extracted　with　Na2C03　(Figure　2-14,　1anes　5　and　6)｡AIl　these　proteins

were　ex㈲cted　from　the　membranes　with　Triton　x-100(Figure　2-14janes　7　and　8)｡These

results　indicate　that　Tim50　1s　an　integral　membrane　protein　of　the　mitochondrial　inner

membrane.　Tim50　became　unrecognizable　by　the　antibodies　against　the　C4erminal

segment　of　Tim50　after　Proteasetreatmentsof　the　mitoplasts,Since　Tim50　has　only　a

single　putative　transmembrane　s･egment　neajr　the　N‘term〕inus,　Tim50　most　nkely　takes　the

Nin-C･ut　toPo】ogy　in　the　inner　membrane　and　exposes　the　large　C-termjnal　domain　(residues

133-476)to　the　IMS,

　　　　Tonjrther　connrm　that　Tim50　1s　the　inner-membrane　protein　of　mitochon&la,

radiolatiied　Tim50　precursor　was　synthesized　in　rabbit　reticulocyte　lysates　and　incubated

with　isolated　mitochon&la　in　the　presence　or　absence　of　Ay　or　in　the　Presence　or　absence

of　chelating　reagents,　Since　MPP　requlres　Mn2゛　f6r　its　processing-peptidase　activity,　the

chdating　reagents　a2re　able　to　inhibit　the　MPP　mnctions･　The　Tim50　precursor　was
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converted　to　the　mature　f6rm　in　the　presence　of　AΨ(Figure　2-15A,iane　l),but　was　not　in

the　absence　of　AΨ(Figure　2-　1　5A｡　lane　2)or　in　the　presenceof　chelating　reagents　(Figure

2-15A,　lane　3)｡These　results　indjcate　that　import　of　the　Tim50　Precursor　strictly　requires

AΨand　the　Tim50　precursor　likely　receives　the　cleavage　of　the　presequence　by　MPP.

XVhen　incubated　with　isolated　mitochondria　in　the　presence　of　AΨ,Tim50　precursor　w8

efficienUy　convert6d　to　the　mature　n)rm　as　described　above,　but　was　only　slowly

sequestered　to　the　inner　compartment　that　was　protected　from　protease　added　to　the

mjtochondria(Figure　2-15B､Figure　2-16)｡These　results　indicate　that　the　N-terminus　of

Tim50　can　reach　the　mattix　emciently　while　the　C-termina]l　domain　of　Tim50　traverses

across　the　outer　membrajne　slowly　j4　Wμθ,

　　　　The　slow　rate　of　the　jz7　Wμ7'　lmport　of　Tim50　Precursor　into　mitochondria　might　be

due　to　the　R)lded　structure　of　the　C-terminal　domjn　of　the　Tim50　Precursor,　which　is

resistant　to　moderate　protease　digestion　resumng　in　the　generation　of`28-kE》a　fragment　of

Tim50　precursor　(Figure　2-17),　lndeed｡C-terminally　truncated　versions　of　the　Tim50

precursor,　which　consist　of　the　residues　l゛225,　residues　l゛255,　residues　l‘310,　0r　residues

l-355　of　the　Tim50　precursor,　were　emciently　imPorted　into　mjtochondriajn　contrast　to　the

fulHength　Tim50　precursor(Figure　2-18),　M　y/9,Tim50　1s　hkely　importJed　into

mitochondj↑la　in　a　co4ranslational　manLner　because　it　is　synthesized　on　membrane,bound

polysomes(28).

2.3-3.　Tim50　mediates　translocation　of　presequence゛eontainlng　precursor　proteins

across　the　inner　membrane

　　　　Since　Tim50　1s　crosslink�to　the　transloeation　intemlediate　of　p&2(220)-DHFR,

Tim50　may　inediate　hjPort　of　precursorproteins　into　niitochon&ia･　l　constructed　a　yeast

strain　GAL-T][M50､in　whjich　the　galactose-lnducible　Ga£7　promoter　was　integratd　into

the　chn)mosome　in　front　of　the　77/WrL577　gene･　allowing　lregulated　expression　of　Tim50,
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Since　Tim50　is　esselltial　fbr　yeast　cen　゛iabUity,　GAL-TIM50　cells　grew　on　galactose-

eollta111illg°5dio°(YPGj),bot　not　oll　glucose-containing　medium　(YPD)(Figure　2-19A).

Total　lysates　were　prepared　fi゛om　yeast　wild-type　cens　or　from　GAL-TIM50　cells､　various

times　after　the　shift　from　YPG4l　to　YP'D,　andM/ere　anajlyzed　by　immunoblotting　6r　various

mitochondrij　proteins　(Figure　2-　1　9B),When　cultjvated　in　the　Presence　o･f　galaetose,　the

kvel　of　Tim50　1n　GAL-TiM50　cells　was　2j-fold　higher　than　i[wild-type　eells　(Figure

2-19B,lane　3,Tim50)｡However,the　levels　of　Tim50　decrease　with　the　time　of　cultivation　in

YPD　and　reach　7j%of　that　in　wild-type　ceils　24　hr　after　the　shin　to　YPD　(Figure　2-　1　9B､

lane　6,　Tim50)｡Depletion　of　Tim50　did　not　severely　affect　the　expression　levels　of　other

proteins　involved　in　the　mitochondrial　protein　import,　such　as　Tom40,　Tom22,　Tim23,

Tim17,Tim44,and　Ssclp　(Figure　2-19B)｡On　the　other　hand､　prolonged　euitivation　of

GAL-TIM50　cells　in　the　absence　of　gjactose　ied　to　accumulation　of　undeaved　precursor

f6rms　of　mitochondJrial　heat　shock　protein　Hsp60　(mtHsp60)and　Mdjlp　(Figure.2-19B､

mtHsP60　and　Mdjlpy　The　levd　of　PhosPhate　cmTier　(PIC),a　presequence-less　polytopic

inner-membrane　protein,　was　not　significantly　aftbcted　by　dePletion　of　Tim50　as　comPared

with　the　wild4yPe　strain.　Theltfole,　reduction　of　the　levd　of　Tim50　apparently　caused

defects　in　import　of　Presequence-containing　mitochondrial　proteins　&WW･

　　　　ln　paraHel,　the　efkcts　of　d9letion　of　Tim50　were　testdon.,mjtochondrial　pmtein

imPort　M　yjrra｡　FIrst｡mitochondria　wete　isolated　from　wild4ype　cells　or　GAL,TIM50　cens

(Tim50↓ceUs)after　cultivation　in　galaetosEFree　medium　for　12hr,　The　amounts　of　Tim50

1n　Tim50↓mitochondria　was　19%of　that　of　WT　mitoehondtia　and　the　A4″　of　Tim50↓

mitochondria　was　vMuaUy　identical　to　that　of　WT　mitochondria　(Figure　2-20),Then,

lmport　of　the　radiolabekd　presequence‘containing　Precursor　of　mtHsp60　and　radiolabeled

PSu9'DHFR,　a　fusion　protein　between　the　presequence　of　subunit　9　of　Fo'ATPase　and

E)HLFR,lnto　'WT　mitochondria　and　into　Tim50↓mitoehondria　was　mon,ltore(jL　The　rates

of　lLmport　of　the　mtHsp60　precursor　and　pSu9-DHFR　into　Tim50↓mitochondria　wele
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significantly　decreased　as　co“IPared　with　those　into　wild-type　mitochondria　(Figure　2-21A

and　2-21B)｡l　observed　similar　decreasein　imPort　rates　of　p&2(220)-DHFR　into　Tim50↓

htochondria(Figure　2-2　I　C)｡　Moreover,import　of　ADP/ATP　emTier　(AAC)｡a

presequence-less　polytoPic　inner-membrane　Protein,　lnto　Tim50↓mitochondria　was

comPat�with　that　into　wild‘tyt)e　mitochon&1a･　ln　conttast　to　nltHsP60　Precursor,

pSu9-DHFR,and　P&(220)-DHFR､neither　translocation　across　the　outer　membmne　nor

insertion　into　the　inner　membrane　for　AAC　was　aff&ted　by　depletion　of　Tim50　(Figure

2-2ID　and　2-21E),

　　　　To　connrm　that　Tim50　1s　dlrectly　involved　in　mitochon&1al　protein　impottj　tested

the　dfects　of　antibodies　agajnst　Tim50　on　protein　import　into　mjtochondria　and　into

mitoplasts　/n　v&m,　Antl-Tim50　antibodies　inhibit　the　Tin150　functions　when　incubated　with

mitoplasts　to　reach　the　IMS‘exposed　region　of　Tim50･　Mitochondria　and　mitoPi8ts　were

preincubated　with　immunoglobulins　G　(lgGs)prepared　tyom　the　anti-Tim50　antiserum　and

from　the　preimmune　serum,　and　subsequently　incubated　with　mdioiabeied　mtHsP60

precursor,　pSu9-DHFR,　and　Tim23･　Like　AAC,　Tim23　1s　imported　into　mitochondria　via

the　TOM　complex　and　inserted　into　the　inner　membrane　with　the　aid　of　the　TIM22　comPlex

instead　of　the　TI]M[23　compiex/While　imPort　of　mtFlsp60　precursor　and　pSu9-DHFR　into

mitochondria　was　not　aff&ted　by　preincubation　with　antl-Tim50　1gGsμhe　import　rates　of

mtHsP60　precursor　and　pSu9-DHFR　into　mitoplasts　were　significantly　decreased　by

Preineubation　with　antl-TjLnyt50　igGs,　but　not　with　the　co“trol　lgGs　(Fig゛e　2-22)･　The

amounts　of　anti-Tim50　1gG　requ1red　for　inhibition　of　the　import　of　mtHsP60　precursor　and

PSu9-DHFR　into　mitoplasts　were　<　5　11g　lgGs　per　50　Ftg　mitoeho“dri“l　proteins　(Figure

2-23),　0n　the　other　handjnsertion　of　Tim23　1nto　the　inner　membmne　was　not　affected　by

preincubation　of　mitochondr13　or　mjtopiasts　゛/ith　゛ti'Tim50　1gGs　(Figore　2‘23)･These

resultsindicate　that　Tim50　mediates　the　early　steP　of　ttanslocation　of　mitochond』rial

precursor　proteins　with　a　cleavable　presequence･　but　not　theoneswithout　a　Presequence,
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acmss　the　inner　membrane｡

〃･〃S〃

2‘34.　Tim50js　a　subunit　of　the　TIIV【23　complex

　　　　Since　Tim50　1s　d1rectly　inv�ved　in　the　tramlocation　of　Presequence‘containing

Precursor　Proteins,　but　not　of　presequence‘less　PMFoteins,　across　the　inner　membmne,

Tim50caH　be　a　comPonent　of　the　TIM23　comPlex,　a　translocator　for　presequence‘

containing　Precursor　Proteins･　l　thus　asked　if　Tim50　1s　associated　with　the　subunits　of　the

TIM23　complex　in　mitochondria･　Mitochondtia　were　solubllized　with　2%digitonin　and

subjected　to　immunoPtecipitation　with　antibodi6　against　Tim50,　Tim23,　and　Ton7140,　The

immunoPleclPitates　wele　then　analyzed　for　Tim50　and　Tim23,　the　main　component　of　the

TIM23　complex,　by　SDS‘PAGE　and　immunoblotting-　Tim50　was　cojmmunoprecipitated

with　antl-Tim23　antibodies,　but　not　with　anti-Tom40　antibodies,　Conversely,　antl-Tim50

antibodies　lrnnlulR⑩Precipitated　Tim23　together　with　Tim50　(Figure　2-24A)｡

　　　　To　obtain　additional　evid15nce　that　Tim50　1s　a　subunit　of　the　TIM23　complex,

mitochondria　containing　C-terminally　hexahistidine4agged　Tim50　(Tim50-His6)were

solub111zed　and　sutyjected　to　incubation　with　NI‘NTA　agarose,Tim50“His6　emciently

bound　to　NI-NTA　agarose　and　was　eluted　with　250　mM　imidazole　(Figure　2-24B,　lanes

4-6),　The　subunits　of　the　T][M23　comPlex,Tim23､Tim17,and　Tim44　were　also　adsorbed

to　NI-NTA　agarose　and　were　eluted　with　250　mM　imidazole,　while　Tom70　or　AAC　djd　not

bind　to　the　resin　(Figure　2-24B,　lanes　4-6)｡As　a　eontrol,　when　solubiiized　mitochondria

containing　TIrh50-3HA　instead　of　Tim50-His6　were　incubated　with　NI-NTA　agarose,

neither　Tim50　nor　other　subunits　of　the　TIM23　complex　bound　to　the　resin　(Figure　2-24B,

lanes　l-3)｡These　results　indicate　that　Tim50　1s　a　subunit　of　the　TIM23　comPlex,

　　　　To　assess　the　m�ar　ratio　of　Tim50　1n　the　TiM23　comPlex,　mitochondria　were

solubnized　with　l%digit(j)nin　and　analyz&l　by　glycerol　density　gradient　centtifugation･

Tim50　was　recovered　Partly　in　the　fyactions　corresponding　to`140　kDa　and　Partly　in　those
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corresponding　to　~250　kDa(Figure　2-25)｡Since　Tim23　wasreeoveltd　in　the　ntactions

com2sPonding　to　~250　kDa(Figure　2-25)､about　one　third　of　the　Tim50　molecules　are

aPParently　associated　with　the　TIM23　comPiex･　By　stalldardized　immunoblotting　in

cornParison　with　the　purified　Tim50　ftagment　expressed　in　£a)/j　cells,　yeast　mjtochondria

were　f6und　to　eontjn~30　pmol　of　Tim50　per　mg　of　mitochondrial　proteins　(Figure　2-26),

whjle　they　were　reported　to　contain　approximately　17-20　pmol　of　Tim23　per　mg　of

mitochondrial　proteins　(29,30),Therefore,the　molar　ratio　of　Tim50:Tim23　1n　the　TIM23

complex　is　roughly　estimated　to　be　l:2　1n　this　experimental　condition,

　　　　To　fUrther　ana〕lyze　the　interactions　between　Tim50　and　Tim23,　1　used　a　yeast

two-hybtid　analysis,　To　this　end,　a　fusion　gene　folr　the　activator　domain　of　yeast　Gal4p　and

the　IMS　domain(residues　1　3　3-476)of　Tim50　and　those　f6r　the　DNA　binding　domain　of

yeast　Ga〕14p　and　th14　segments　(residues　l-50,residues　5　1　-96､　and　residues　l-96)of　the

N-tem41nal　half　of　Tim23　was　constructed,　Aner　connrming　the　expression　of　the

corresponding　fusion　proteins　in　yeast　cellsjt　was　asked　which　combinations　of　the　fusion

genes　expressed　together　with　a　reporter　gene,　GA£2-AZ)£2jn　yeast　cells　give　rise　to　ade゛

colonies,lnteractions　between　the　two　fusion　proteins　wilHead　to　the　localization　of　Ga14p

to　the　DNA,　thereby　activating　the　GA£2-regulated　ailele　ofAZ)£2(15)｡The　IMS　domain

of　Tim50　fused　to　the　Gal4p　activator　domain　gave　rise　to　ade゛　colonies　when

Tim23(51-96)or　Tim23(1-96)､but　not　Tim23(I-50),nlsed　to　the　Ga14p　DNA　binding

domain　was　co-expressed　(Figure　2-27A)｡This　suggests　that　the　IMS　domain　of　Tim50

d1rectly　interacts　with　residues　5　1　-96　of　Tim23　･　lt　has　been　reported　that　Tim23　takes　an

unusu�transmembrane　topology　in　which　Tim23　spans　both　the　outer　and　inner

membranes(31);the　N-terminal　domin　(residues　l　-50)is　integrated　into　the　outer

membrane　and　exposes　the　extreme　x4erminus　to　the　cytosol･　whHe　the　C4erminj　half

(residues　100-222)ls　integrated　into　the　inner　membmnejeaving　residues　50-100　between

the　two　domaiB　exposed　to　the　IMS･　Therefore･　the　results　of　the　yeast　two'hybrid
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analysis　show　that　the　IMS　domain　of　Tim50　can　interact　with　the　possible　IMS-exposed

segment　of　Tim23　(Figure　2-27B)｡

　　　　l　next　tested　if　protease　accessibility　of　the　N4erminus　of　Tim23　1s　afkcted　by

overexpression　or　dePletion　of　Tim50　1n　mitochondtia.　About　half　of　the　Tim23　molecules

in　wild-type　mitochondria　were　clipped　and　a　resistant　fragment　Tim23*was　generated

when　intact　mitoehondria　were　treated　with　proteinase　K　(Figure　2-28),as　reported

previously(31)｡The　fraction　of　Tim23*that　received　the　N-terminj　deavage　deereased　in

mitoehondria　with　decreased　Tim50　(Tim50↓),whereas　it　increased　in　mjtochondria　with

overexpressed　Tim50　(Tim50↑)｡These　results　suggest　that　the　integration　of　the

N-tarninal　segment　of　Tim23　1nto　the　outer　membrane　is　dynamic　and　is　stab111zed　by

Tim50,　Since　Tim50　excess　over　the　wild-tyt)e　level　of　Tim50　st111　aflcts　the　clipping　of

Tim23jnteractions　of　Tim50　with　the　TIM23　complex　may　be　also　dynamic･

2-3-5.　Tim50　nnks　protein　translocation　aeross　the　outer　and　inner　membranes

　　　　The　N-terminal　domain　(residues　l　-50)of　Tim23　has　been　suggested　to　facilitate

the　tmnskr　of　precursor　proteins　n‘om　the　TOM　comPlex　to　the　TIM23　eomplex　(31),

Since　Tim50　has　a　large　C4ermjnal　domain　exposed　to　the　IMS,　which　interacts　with　the

IMUS-exposed　segment　of　Tim23,　Tim50　may　also　faellitate　the　trans&r　of　precursor

proteins　between　the　TOM　and　TIM23　complexes･　To　test　such　a　possibmty,　the

interactions　of　the　translocationjntemlediate　accumulated　at　the　TOM　complex　with　Tim50

was　probed　by　a　crosslitlkjng　aPproach･

　　　　pSu9-DHFR　bjnds　to　the　mitochondrial　surface　when　incubated　with　isolated

mitochondria　containing　wild4ype　Tim50　or　Tim50‘3HA　that　have　been　treat&l　with　CCCP

to　prevent　the　presequence　translocation　across　the　inner　membrane　by　dissipating　A4″　(32),

　ln　th〕ls　intermediate,　the　presequence　of　pSu9-E)HFR　reaches　the　μwm　site　of　the　TOM

complex　and　the　DHFR　domain　is　unfolded　and　bound　to　Tom40　(32),　Then　the
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mjtochondria　were　reisolated　and　tleated　with　hetercFbifun,ctional　crosslinker,　MBS　or

GM〕BS,　for　amino　grouPs　and　sulfhydryl　grouPs･　The　crosshnked　Partners　were　identified

by　solubilization　of　the　mitochocndria　&11owed　by　immunopreciPitation　with　specific

antibodies　apinst　the　kn⑩Mzn　c⑩nlPonents　of　the　TC)Mand　TIM23　complexes.

　　　　Rgure　2‘29　shows　the　cmsslinked　Pmducts　and　thelr　assignments　to　comPonents

of　the　T()M　and　TIM23　comPkxes,　The　crosslinkinl　Partners　f6r`92-kDa　and　~60-kDa

crosslinked　products　were　assigned　to　TonT140,　and　that　for`45‘kE)a　crosslinked　produ･cts

to　Tom22,　pSu9-DHFR　conGns　a　eysteine　residue　at　position　76　(residue　7　1n　the　DHFR

domain)and　Tom40　at　positions　165､　326.341　,　and　355､　but　Tom22　d,oes　not　have　a

cysteine　residue,　ThereR}re,　whik　there　are　many　possibilities　fbr　the　cysteine　residues

involved　in　the　cmsslinking　between　PSu9-DHFR　and　Tom40,　Tom22　should　be

crosslinked　to　a　single　cysteine　2sidue　n,ear　the　lN4erminus　of　the　E)HFR　domain　of

pSu9-DHFR･

　　　　Antl-Tim50　ajntibodies　immunoPreclPitated　`75‘kDa　and`65-kDa　crosslinked

products　for　mitochondria　containing　wild-type　Tim50　and　a　`90-kDa　crosslinked　produet

for　those　containing　Tim50-3HA　(Figure　2-29),　Although　the　band　of　the　~90-kDa

crosslinked　Product　for　the　mitochondria　containing　Tim50-3HA　was　partly　overlapped　by

that　of　the　crosslinked　pmduct　involving　Tom40,the　`90-kDa　Product　was

immunoprecipitated　with　the　ant1゛HA　a]rltibody･　but　not　with　ant1“Tom22　antibodies.　A

single　cysteine　residue　at　position　268　of　Tim50　1s　hkely　crossiinked　to　the　presequence　of

pSu9-DHFR,which　contains　seveml　amino　groups,　Theref6re,　the　translocation

intermediate　lodged　in　the　TOM　channel　is　already　intemcting　with　Tim50　of　the　TIN123

complex,　suggesting　the　role　of　Tim50　1n　linking　translocation　mediated　by　the　TOM

complex　and･　that　mediated　by　the　TIM23　complex.
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F19ure　24.　Schematic　representation　of　the　fusion　protein　pb2(220)-DHFR-94C
and　chemical　structure　of　the　phot○｢eactive　crosslinker　NMBz

(A)Thdusion　protein　μ2(220)-DHFR-94C　is　a　p&2(220)-DHFR　derivative　(see　Figure　2-2A)that　has　a　unique

cysteine　resMue　at　position　94　and　a　hexahjstidl“e　tag　at　the　C4erminus.Modmcation　of　p≒(220)-DHFRy94C

with　NMBz　dlrects　introduction　of　a　photoreactive　benzophenone　moiety　to　Cys-94.　SH,sulfhydryl　group　of

Cys-94　;His6,　hexahistidine　t4

(B)Cheml�structure　of　the　photoreactive　erosslinker　NMBz,　NMBz,　4-(A/-maleimido)benzophenonc
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Fi9ure　2-5.　NMBz-modified　pb2(220)-DHFR-94C　yields　the　95-kDa

crosslinked　product

μ2(220)-DHFR-94C　was　preincubated　with　O-5　mM　NMBz,　and　then　incubated　with　isolated

yeast　mitochondria　in　the　presence　of　MTx　to　form　a　translocation　insrmediatt　The　samples

were　divided　into　halves,　and　one　ahquot　was　kePt　on　ice　(lanes　l,3,5,and　7)and　the　other　was

UV　1rradiated　(1anes　2,　4,6,and　8).The　mitochon&1a　were　reisolated　and　proteins　were

analyzed　by　SI)S-PAGEajnd　immunoblotting　with　ant14)HFR　anUbodies･　Arrowheads　indicate

the　95-kDa　crosslinkedproducts,　e,　10%of　pl･2(220)-DHFR-94C　added　to　each　sample;　mt,

mitochondria;　NMBz,　modincation　with　%MBz;　UV･　Uv　irradiation;　p･　i･　and　m,　precursor,

processing-intermediate,　and　mature　forms　of　p&2(220)-DHFR-94C,　respeetivdy｡
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Fi9ure　2･6.　Purification　of　the　95-kDa　crosslinked　product

After　photocrossnnking　reaction,　the　mitochondria　were　reisoiated,　solub111zed　with　6　M　urea,　and　incubated

with　His‘Bind　resin,　which　was　subsequently　washed　twice　with　20　mM　imidazole,　The　proteins　bound　to

the　resin　were　eluted　twice　with　100　mM　imidazole　and　once　with　l00　mM　EDTA｡The　proteins　were

analyzed　by　SDS-PAGE　and　immunoblotting　with　anti-DHFR　antibodies　(left　panel)･or　silver　staining　(right

Panel)｡Arrowheadshldicate　the　95-kDa　crosslinked　products,　L,　loadd　sample;　FT,　now-through　fraction;

'Wl　and　W2,　washed　ftactions　with　20　mM　imidazole;　E　l　and　E2,　eluted　fractions　with　l00　mM　imidazole;

B,eluted　fraction　with　l00　mM　EE)TA;　pj,　and　m,precursor,processing-intermediate,and　mature　fbrms

ofμ2(220)-DHFR-94C,respective¥
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Fi9ure　2-7.　Mass　spectrum　of　the　tryptic･di9estion　mixture　of　the　95-kDa

crosslinked　product

The　purified　crosslinked　product　was　subjected　to　tryptic　digestion　foliowed　by　mass　spectrometry

analysis　and　database　search･　The　digested　fragments　derived　from　the　translation　product　of　the　open

reading　hme　996jw(77Mjθ)are　shown　in　gray　and　those　from　p&2(220)-DHFR-94Cin　white｡
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Fi9ure　2‘8.　Amino“acid　sequence　and　hydropathy　profile　of　Tim50

(A)Deduced　amino-aeid　sequenee　of　Tim50.　Tim50　eonsists　of　476　amino-aeid　residues　(MW;55,098　Da)
and　possesses　a　putative　mitochondrial　pr6equence　(residues　l,43;　shown　in　wh1㈲,which　is　cleaved　off

by　MPP,　and　a　potential　tmnsmembra"e　sqlmllt　(msidues　H　2-1　32;　showll　in　gray),The　prdictd　mature

form　of　Tim50　consists　of　433　amino,acid　residues　(MW;　50,365　DaE　Four　peptides　identind　by　tryptic

digestion　of　the　crosslinkd　㈲)duct　followed　by　mass　spectrometry　analysis　are　und�ined･

(B)Hydropathy　Pronle　of　Tim50　was　analyzed　by　the　algorism　of　Kyte-Doohttle　(33y　Tim50　11kely　takes

an　Nin-Cout　topology　with　the　N4erminal　p3『t(｢esidues　44‘　|　|　|)ln　the　matrix　and　the　large　C4rminal

domain(residues　l33476)1n　the　IM&vertkal　arrowhead　indieates　the　Putative　processing　site　by　MPP,

IMSjntermembrane　space;　IM　inner　membrane･
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Fi9ure　2-9.　Multiple　sequence　ali9nment　of　Tim50　homolo9s

Tim50　homologs　of　various　organisms　were　aligncd　by　lhe　CluQtal　W　proμam　04)､Astcrlsμ

indicale　identical　amino-acid　residues､　'≒"and　'∵'indicale　conMjrvcd　and　scmi-conscrvcd

substilulions､respectively.　Smalj　or　hydrophobic　reslducs　{､A､V,F､P,M､1､|.､and　Wjarc

shown　in　brown,　acidic　residue9D　and　E.}in　blue､　basicresidues(R　and　K)in　red,　and　othcr

residues(S､T､Y､H､C､N､G.and　Q}in　green.　The　Potcnlial　transmcmbranc　segmcnts　arc
boxed.　Sc､&cErn･41‘,Jr;Ca.C,jμ7j‘aJ715･;　Sp,£ρθyylZ,,?;Nc､y.c･Γμ5･ya;　Ce,　C.�galts･;　Dm,

Z).z?g/αaμalffr:Mm.M.mμa･μ&∫;Hs､Z/..y£jβIW?J.
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Tim50-3HA
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F19ure　2-10.　Construction　○f　specific　antibodies　a9ainst　Tim50

(A)The　epitope　region　of　antl-Tim50　antibodies　constructed　in　this　study　is　schematicaliy

shown,　The　C4erminal　segment　of　Tim50　(residues　242-4716)was　Purined　from　£cd　eells

and　used　for　jmmunizing　rabbits　for　obtaining　specific　antibodies　against　Tim50.

(B)Mitochondria　were　prepared　from　yeast　strain　expressing　both　wild4ype　Tim50　and

Tim50,3HA(WT&3HA)and　yeast　strain　exPressing　Tim50,3HA　instead　of　wild-type

Tim50(3HA)｡The　mitochondria　were　suijected　to　SDS-PAGE　and　immunoblotting　with

anti-Tim50　antibodies　(aTim50)and　the　preimmune　semm　(preimmune)｡99-5　and　99,6

1ndicate　the　arbitrary　numbers　of　rabbiK
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Fi9ure　2･lt　Translocation　intermediates　of　pb2《2207)-DHFFl　containin9

B;PA,　at　residues　94　o『114　are　crosslinked　with　Tim50

Radiolabeld　p/j2(220)-DHFR　eontaining　BPA　at　residue　94　(94　aa)or　residue　l　l4　(H4aa)were
incubatd　with　mitochondria　f6r　20　min　at　30oC　in　the　presence　of　MTⅨ,and　then　UV　Irradiatd

(lanes　2-4　and　6-8y　Cmssnnked　Products　were　analyzed　by　immunopreciPitation　with　antl-Tim50

antibodks(aTim50(IP))and　the　preimmujne　serum　(preimmune(IP)y　The　immunoptclPitates

wett　amllyzd　by　SE》S-PA(;E　and　radioim41ng-　Arrowheads　indicatt　the　cmssl㎞ked　producK

UV√Uv　irradiation;　Pj,　and　m,　Precursor√Processing4ntrmediMe,　and　mature　f6rms　ofμ2(220)-

E}HFR､respedve¥
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Fi9ure　2-12.　Tim50　is　essential　foryeast　cell　viability

(A)Onc　oOhe　two　chromosomal　77Mj㈲enes　in　yeast　diploid　slrain　W303,AB　was　dlsrullted　hy

inlegration　of　lhe　C.　μμμalα/7/Sj　geneμhe　diploid　cclls　wcrc　sPorula【ed.andsevendlj'lcrclu

asci　were　dissa･1d.　ne　four　spores　reco゛ercd　from　each　oHhe　asci　wcrc　allowed　lo　gcmmllalc

andtogr()w　on　YPD　for　3　days　a1　30°C.

(B)77Mjθ-disrupled　diPloid　strain　was　transllormed　with　the　77Mjθ-containing　plasmid　(ul)pcr

paneD　or　wilh　the　empty　vec【o｢(1ower　panel),and　subjecled　to　sPorulatjon　l'ollowed　by　te1rad

analysis　as　described　in　(A).
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Fi9ure　2-13.　Localization　of　Tim50　by　immunofluorescence　microscopy

Cells　ol'　ycasl　wild-type　slraln　W303-IA　were　analyzcd　hy　double-labcl　lmmunonuo【･csccncc

microscopy　using　anli-Tim50　anlibodles　and　anll-porln　monoclona】antlhody.　Pancls　lj､j.andcshow

lhe　same　neld　of　dle　nuorescenl　images　stained　wllh　anu-Tlm50　anllbodics　(rcd)or　antl-porln

antibodies(green),and　ol'the　merged　lnlageヽrespeclivcly･
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+
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+
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mJL~』

　Na2CO3　　TX‘100

Tim23

Flp

Fi9ure　2-14.　Submitochondrial　localization　of　Tim50

Mitochondria　were　convert�to　mitoPlasts　by　osmotic　swemng　(lanes　3　and　4)and

treated　with　200　Flg/ml　proteinase　K　n)r　20　min　on　ice　(】anes　2　and　4)｡Mitochondria

were　treated　with　either　OJM　Na2C03　(|.anes　5　and　6)or　l%Triton　x｣00(lanes　7

and　8),and　then　peliets　(ppt)and　supematants(sup)were　separatd　by　eentrifugation｡

The　samples　were　analyzed　by　SDS-PAGE　and　immunoblotting　with　antibodies

against　Tim50,　Tom70･　Tim23･　and　FJE　SW･　osmotic　swelling;　PK･　proteinase　K
treatment;　Na2C03,　extraction　with　Na2C03;　TX‘100･　extraction　with　Triton　x‘100;

ppt,　pellet　fractjon;　sup･　supematant　fraction･
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Fi9ure　2-15.　1n　Wfro　import　of　Tim50　precursor　into　isolated　mitoch○ndria

(A)Radiolabeled　Tim50　precursor　was　incubated　with　isolat�mitochondria　for　20　min　at　30°C　in　the

presenee(1anes　l　and　3)or　absence　(lane　2)ofAΨ,or　in　the　presenee　(lane　3)or　absence　(lanes　l　and　2)of
θヽphenanthroline　and　EDTA･　The　mitochondria　were　reisolated　and　proteins　were　analyz�　by　SDS-PAGE

and　radioimagin&c,　25%of　the　Tim50　precursor　added　to　each　sample;　AΨ,membrane　potential;θ‘phen,

addition　ofθ-phenanthrohne　and　EDTA;　p　and　m,　precursor　and　mature　formsof　Tim50,　respective¥

(B)Radiolabeled　Tim50　precursor　was　㎞�)ated　with　isolated　mitochondria　f(jr　20　min　at　30゜C　in　the

presenee(lanes　3　and　4)or　absenee　(lanes　l　and　2)of　Ay　The　samples　were　dividd　into　halves,　and　one

dquot　was　kept　on　ice　(lanes　l　and　3)and　the　other　was　treatd　with　l00　μμmg　Proteinase　K　f(1)r　20　min　on

ice(lanes　2　and　4).The　mitochondria　were　reisota�and　promins　were　analyzed　by　SDS-PAGE　and

radioimaging,　c,　25%of　the　Tim50　precursor　added　to　each　smple;　AΨ･membrane　potential;　PK･

proteinase　K　treatment･　p　and　m･　precursor　andmature　forms　of　Tim50,　respedveiy,
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Fi9ure　2･i6.　Tim50　precursor　is　slowly　imported　into　mitochondria

Radiolabeld　Tim50　precursor　was　incubated　with　isolated　mitochondria　for　indicated　times　in

the　absence　(upper　Panels)or　presence　(lower　pane】s)of　6･-phenanthrohne　and　EDTA｡The

samples　were　divided　into　halves,　and　one　aliquot　was　kept　on　ice　(-PIK)and　the　other　was

treat�with　l00　ag/mg　proteinase　K　for　20　min　on　ice　(+PKE　The　mitochondria　were

reisolated　and　proteins　were　analyzed　by　SDS-PA(jE　and　radioimaging｡　The　intensities　for

"+PK¨are　enhanc�30-fold　as　compared　with　that　16r　≒PKj≒pand　m,　precursor　and　mature

forms　of　Tim50,　respectively.
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　(~54　kDa}

fra9ment゛

(~28　kDa)

Fi9ure　2-17.　Tim50　precursoris　partially　folded

Radiolabeled　Tim50　precursor　was　incubated　with　O“300　μg/ml　Proteinase　K　in　250　mM

sucrose,l　mM　EDTA｡　and　lO　mM　MOPS-KOH　pH　7､2　for　l5　min　on　ice　and　then

precipitated　with　TCA･　The　samples　were　analyzed　by　SDS-PA6E　and　radioimaging･

fragment*,protease‘resistant　fragment　of　Tim50　precursor･
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F19ure　2-18.　The　Csterminally　truncated　Tim50　precursor9　but　not　the　full“len9th

Tim50　precursor,is　efficiently　imported　into　mitochondria

RLadjoljbeled　C-terminally　truncated　Tim50　precursors､　which　are　consist　of　residues　l-225､residues　l-255,

residues　1-310,0r　residues　l-355　of　Tim50　precursor　(225　aa｡　255　aa,　3iO　aa,　or　355　aa,　respectively),and　full-

length　Tim50　precursor　(full　length　(476　aa))wereincubated　with　isolatd　mitochondria　for　20　min　at　30oC｡

The　mitoehondria　were　reisolated,　converted　to　mitoplasts　by　osmotic　swelling　(lanes　l　and　2),and　treat6d　with

lOOIJLg/mg　proteinase　K　for　20　“11"　orl　ice　(i311es　2　Jld　4)･The　“11tochoridria　and　mitoplasts　were　reisolated　and

proteins　were　analyzed　bySDS-PAGE　and　radioimaging,　SW,　osmotic　sweHing;　PK,　proteinase　K　treatment,　p

and　m,　precursor　and　mature　forms　of　Tim50･　respectively･
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Fi9ure　2･19.　Depletion　of　Tim50　ieads　to　accumulation　of　mitochondrial

precursorpr○teins㎞Wvo

(A)Yeast　wUd-type　strain　W303-iA　(WT)and　the　GAL-TIM50　strinjn　which　the　promoter　of　77Mjo

is　repla(jed　by　the　indu･cible　Gn7　pro"loter･　゛ere　streaed　o"to　piactose-co“tainl"g　mdium　(YPGal)

and　glucose-containing　medium　(YPD)･alld　irlelbat�at　23oC　for3　d“ys　and　for5　dlys,　respeeti゛ely･

(B)Total　lysates　were　prepared　fro“l　yeast　strjrls　W303“IA　(WT)alld　GA･L-TIM50,　whieh　were　Fo`″n

at､23°C　in　YP6al,diluted,and　then　grown　at　23oC　in　YPD　6r　0,　12,18,and　24　hr｡　Total　Protein　was

isolated　and　analyzed　by　SDS‘PAGE　and　immunoblotting　with　antibodies　against　the　indicated　proteins.

The　arrowheads　indicate　the　accumulated　precursor　f6rms　of　mtHsp60　and　Mdj　l　p｡
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Fi9ure　2'20.　Tim50'depleted　mitochondria　9enerate　the　membrane　potential

Mitochondriawere　isolat£d　from　yeast　strains　W303-IA　(WT)and　GALTIM50(Tim50↓)akr　cultivation

in　glucose-containhlg　medium　for　12　hr　at　30°C･　The　AΨof　the　isolat�mitochondria　was　assessed　by

nuorescenee　quenching　with　the　pottntial-sensitive　dye　DISC3(5)｡　The　amount　of　Tim50　1n　Tim50↓

mitochondria　was　19%of　that　of　WT　mitochondria(see　Figure　2,28,　1anes　3　and　5,　Tim50)｡mito,,Jdition

of　mitochondria;　val｡,addition　of　valinomycin,
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Fi9ure　2s21　.　Depletion　of　Tim50　1eads　to　retardation　of　the　import　of　presequence-

containin9　precursor　proteins　jil　y/1ro

Mitoehondria　were　prePared　as　deseribed　in　Figure　2-m　Radiolabeled　mtHsp60　preeursor(A),pSu9-DHFR(B),

μ2(220)-DHFR(C),and　AAC　(D　and　E)were　incubatd　with　WTmitochondria(squares)or　Tim50↓mitochondria
(citcles)at　23°C　hjndieated　times,　The　mitoehondria　were　treated　with　l00　μg/ml　proteinase　K　Sr　20　min　on　ice

to　measure　import　of　precursor　pro{tindnto　°itochondria　(A,　B,　and　C)or　translocation　of　AAC　across　the　outer

membrane(D),or　the　mitoPiasts　generated　from　the　mitoehondria　were　treated　with　100　μg/ml　proteinase　K　for　20

min　on　ice　to　measure　insertion　of　AAC　into　the　inner　membrane　(E)｡The　samples　were　analyzed　by　SDS-PAGE

and　radioimagin&Theanlounts　of　radiolabeld　Proteins　added　to　each　samPle　are　set　to　100%,l　and　m,　processinF

intermediate　and　mature　Srms　ofμ2(220)-DHFR､respectively,
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Fi9ure　2･22.　1mport　of　precursor　proteins　into　mitoplastss　but　not　into

mitochondria,are　blocked　by　anti-Tim50　antibodies

Mitochondria(mled　symbols)and　mitoplasts(blank　symbols)(50μg　proteins)were　preincubated

with　antl-Tim50　1gGs　(aTim50;　clrdes)or　with　lgGs　prepared　from　the　preimmune　serum

(preimmune;　squares)(60μg　lgGs)for30　min　on　icc　Radiolabeled　mtHsp60　preeursor　(A)and

pSu9-DHFR(B)wereincubated　with　the　lgG゛treat�mitochondria　or　mitoplasts　at　23　oC　for

indjcated　times｡　The　mitochondria　and　mitoplasts　were　treatd　with　l00　μg/ml　proteinase　K　for　20

min　on　ice,The　samples　were　analyzed　by　SDS゛PAGE　and　radioimaging,The　amounts　of

radiolabeled　precursor　prosins　added　to　each　sample　are　set　to　100%･
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Fi9ure　2･23.　1mport　of　presequence“containin9　precursorproteins,　but　notof

preseq=uence-less　preproteinsl　are　blocked　by　anti'Tim50　antibodies

Mitochondria(mld　symbols)and　mitoplasts　(biank　symbols)(50μg　proteins)were　preincubatd　with　indicated

amounts　of　anti-Tim50　1gGs　(aTim50;　cire}6)or　lgGs　Prepared　㈲m　the　preimmune　serum　(PI;　squares)f6r　30

min　on　ice,　Radiolabeled　mtHsp60　preeursor　(A),pSu9-DHFR(B),and　Tim23　(C)were　ineubated　with　the　lgG,

tteatedmitoehondria　or　mitoPlasts　at　23　°C　R)r　6　“iin　(A　and　B)orf6r　l5　min　(Cy　To　measure　import　of　mtHsP60

precursor　and　pSu9‘DHFR　(A　and　B)μhemitochondriaand　mitoplastswere　treatedwith　l00μg/ml　proteinase　K

fbr　20　min　on　ke,　To　measure　insertion　of　Tim23　(C)･the　“11tochondria　were　convertd　to　mitoplasts　and　the

mitoplasts　were　trated　with　250　μg/ml　tryPsin　fk)r20min　orl　ice/rhe　samples　`゛ere　analyzed　by　SDS-PAGE　and

radioimagin&For　the　insertion　of　Tim23･　the　trypsi“゛resistant　fragment,　゛/hich　represent　Tim23　1nsertd　into　the

inner　membranejs　shown･　The　amounts　of　radiolabel�proteins　importd　or　insened　in　a　control　sample　without

lgGs　are　set　to　l00%･
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Fi9ure　2-24.　Tim50　1s　a　subunit　of　the　TIM23　complex

(A)Mitoehondria　were　solubmzed　with　2%digitonin]nd　subjected　to　co-immunoprecipitation　using

antibodies　against　Tim50　(aTim50(co-IP)),Tim23(aTim23(co4P)),afld　Tom40　((XTom40(co4P))

ajnd　using　the　Preimmune　serum　(Prdmmune(co-IP))｡lmmunoprecipitates　were　analyzd　by　SDS,

PAGE　and　immunoblotting　with　antibodies　against　Tim50　and　Tim23.

(B)Mitochondria　were　prePar�from　yeast　strjns　expressing　Tim50-3HA　(3HA)or　Tim50-His6

(His6)lnstead　of　wild4ype　Tim50,　The　mitochondria　were　solubmzed　with　l%digitonin　and

incubat�with　the　NI“NTA　resin･　which　was　subsequently　washed　with　20　mM　imida2ole,　and　proteins

bound　to　t]he　resin　were　elutdl　with　250　mM　imidazole･Proteins　were　analyzed　by　SDS-PAGE　and

immunoblotting　with　antibodies　against　the　indicated　proteins･　Tim50　had　slight　degradation　during

the　ana]Lysis,　L,　loaded　samPle;　FT･　now'through　ftaction;　E･　eluted　fraction･
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Fi9ure　2-25.　Tim50　partly　associates　with　the　TIM23　complex

Mitochondria　were　solub111zed　with　l%digitonin　･　layered　onto　1　0‘40%11near　glycerol

gradient,　and　centrifugat�at　200･000×μfor　l5　hr　at　4oC･　After　centrifugation,　fta£tions

werecollect�from　the　top　and　analyz�by　SDS-PA(3E　and　immunoblotting　with　antibodks

against　Tim50　and　Tim23-　Nmbers　indicate　fractions　(from　top　to　bouom),　vertical

alTowheads　show　the　positions　of　earbonic　anhydrase　(29　kDa),BSA(68　kDa),aieohol

&hydrogenase(140　kDa),eatalase(230　kDa),and　apoferritin　(440　kDa).
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Fi9ure　2-26.　Mitochondria　contain`30　pmol　of　Tim50　perm9　of

mitoch○ndrial　protein

Together　with　isola�yeast　mitochondria　(10μg　proteill　each)jndicatd　mounts　of　the

C4erminal　segment(residues　242-476)of　Tim50　(Tim50(242-476))purin�from£cd

cells　were　subjec�to　SDS‘PAGE　and　anaiyzd　by　immunobiotting　with　antj-Tim50

antibodies｡The　intensity　for　OjO　ng　of　Tim50(242-476)is　set　to　l　unit｡Blank　circle

indicates　the　intensity　fbr　endogenous　mature　fom　of　Tim50　1n　lO　μg　of　yeast

mitochondrial　proteins.
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Fi9ure　2s27.　The　intermembranesspace　domain　of　Tim50　directly

interacts　with　the　intermembrane-space　domain　○fTim23

(A)The　IMS　domain　(residues　B3-476)of　Tim50　expressed　as　a　hlsion　to　the　Gal4p　aetivator

domain(AD-Tim50(133-476))was　assayed　for　interactions　with　residues　l　-50,　residues　5　1　,96,

and　residues　l-%of　Tim23　as　fusions　to　the　Ga14p　DNA　binding　domain　(BD｡Tim23(1,50),

BD-Tim23(51-96),and　BD,TI.m23(|-%)､　respect1゛ely)and　with　the　Gal4p　DNA　binding

domain(BD)as　a　control　in　yeast　two-hybrid　analysis,　The　piasmids　f6r　the　BD　fusions　were

individua]ly　co4ransformed　゛/iththe　Plasmid　forADsTI°50(B3,476)lnto　yeast　strain　PJ69-4A

and　incubattd　on　minimal　SE)medium　lacking　denine　at　30°C　for　3　days｡

(B)D�uced　topology　of　Tim50　and　Tim23　is　sehematieally　outlin�,
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Fi9ure　2-28.　Tim50　affects　the　protease　sensitivity　of　Tim23

Yeast　strain　GAL-TIM50　was　grown　in　galact､ose-containing　medium　or　glucose{ontaining

medium　for　12　hr　at　30oC　to　Prepate　mitochondria　overexpressing　Tim50　(Tim50↑)or　those

depkted　of　Tim50　(Tim50↓),respeeti゛ely･　Wild-type　t゛ltochondria　(WT)were　prepared　from

yeast　strain　W303JA　grown　in　glucose“containing　medium　for　l2　hr　at　30oC.　The

mitochondria　were　mMted　with　500μg/ml　proteinase　K　in　250　mM　sucrose､　10　mM　MOPS,

KOH　pH　7,2,　and　80　nlM　KCl　for20　“11“　on　ice　(lalles　2･　4･　a｢ld6)･The　mitochondria　were

reisolated　and　prottins　were　analyzed　by　SDS“PAGE　and　immunoblotting　with　antibodies

againstTim50　and　Tim23,Th･eamountsof　Tim23　1n　lanes　l,　3,and　5　are　set　to　100%for　the

those　of　Tim23　and　Tim23*ln　lanes　2,　4,and　6,　respectively｡PK,proteinase　K　treatment;

Tim23*μproteolytic　n‘agment　of　Tim23　1n　mitochondr1&
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F19ure　2-29.　The　translocation　intermediate　of　pSu9'DHFR　lod9ed　in'　the

TOM　channel　is　crosslinked　to　Tim50

Mitochondria　were　prePared　from　yeast　wild々Pe　strjn　(WT)and　yeast　strain　expressing　Tim50-3HA

instead　of　wild-type　Tim50　(3HA)｡To　generate　the　translocation　inermediate　lodged　in　the　TOM

channel,ridiolabeled　pSu9‘DHFR　was　incubatd　with　the　mitochondria　for　lO　min　at　30°C　in　the　presence

of　CCCP,　The　mitoehondria　carrying　wild4ype　Tim50　(left　panel)and　those　carrying　Tim50･3HA　(right

panel)were　reisolated　and　suhjeeted　to　crosslinkjng　with　200　μM　GMBS　and　200μM　MjBS,respeetively,

for　60　min　on　ice｡After　quenching　the　crosslinking　reaction,　the　mitochondria　were　reisola�,solubilizd

with　l%SDS,and　subjeeted　to　immunoprecipitation　with　antibodies　against　Tim50　((XTim50(IP)),

Tom40((XTom40(IP)),and　Ton122　((XTom22(IP))and　with　antl-HA　monoelonal　antibody　(aHA(IP)y

The　immunoprecipitates　were　analyzed　by　SDS‘PAGE　and　radioimaging･The　intensities　for　lanes　3‘5

and　for　lanes　8-10　are　25“fbld　and　40‘fold　hi.gher　than　those　for　lanes　l“2　and　for　lanes　6'7,　respectively･

Arrowheads　indicate　the　identifi�　crosslinked　products,and　arrows　pSu9-DHFR｡
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2-4.1)iseussion

　　　　ln　the　present　study,　l　identined　a　novel　protein　Tim50　in　yeast　&a?nE'v£s゛/･y　as　a

crosslinked　partner　of　the　translocation　intermediate　anchored　to　the　mjtochondria11nner

membrane,　Tim50　1s　an　integra〕1　1nner-membrane　protein　and　exposes　a　large　C-termjinal

domain　to　the　IMS,　which　interacts　with　the　x-terminaHMS　segment　of　Tim23.　r)ePletion

of　Tim50　1ed　to　accumulation　of　Prectlrsorforms　of　mitochondrial　proteins　&WIJ　and

exhibited　defects　in　the　imPort　of　Presequence“containing　precursor　Proteins　jzz　v/a7)･

Besides,　antl-Tim50　antibodies　blocked　the　import　of　Presequence‘containing　precursor

Proteins,　but　not　of　presequence-less　preproteins)nto　mitoplasts･　These　results　indicate

that　TI.m50　1s　a　key　colTlponent　of　the　TIM23　complex　that　is　ditectly　involved　in　the

early　steP　of　the　Protein　translocation　across　the　inner　membmne･　Glycerol　density　gradient

centrifugation　of　solubilized　mitochondria　showed　that,　while　Tim50　1s　a　subunit　of　the

TIN423　comPlex,　only　one　third　of　the　Tiht50　molecules　are　associated　with　the　TIIVI23

complex　and　the　rest　of　the　Tim50　molecules　f6rms　a　pool　of　`140-kDa　complex,　which　is

distinct　from　the　TIM23　complex.　The　interaction　of　Tim50　with　the　TIM23　complex

appears　to　be　dynamic.

　　　　RecenUy,　Tim50　was　also　identified　in　M　cm∬a　as　an　addjtionai　Protein　purined

with　the　TIM23　compiex　(35)｡Tim50　1n　M　cmm7　eonsists　of　540　amino-acid　residues,

possesses　a　mitochondriaI　Presequence　(residues　l　-37),sPans　the　inner　membrane　with　a

single　transmembrane　segment　(residues　l　7　1　-　191),and　exposes　a　large　C-terminal　domajn

to　the　IM〕S,　as　yeast　Tim50　does.　'While　M　cr‘2∬a　Tih50　1s　a　Rlnctional　subunit　of　the

TIM23　complex,　only　a　nraction　of　the　Tim50　molecuies　were　f6und　in　association　with　the

TIM23　complex(35),　The　molar　ratio　of　TimjO:Tim23:Timl7　was　estimated　to　be　~2:1:I

in　mitochondria　and`O.3:1:1　1n　the　Puhned　TIM23　complex　in　/V.　cr･7j'xa,　These&atures

of　yV･　craMa　Tim50　are　similar　to　those　of　yeast　Tim50　desctibed　in　the　present　study,

　　　　IWhat　is　the　role　of　Tim50　1n　protein　imPort　into　mitochondria?　Tim50　1s　the　only
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subunit　of　the　TIM23　comPlex　that　exposes　its　lafgest　domain　to　the　IMS　and　could　be

dynamically　associated　with　the　TIM23　comPlex,　Since　this　IMS-exposed　C-termjna]

domain　is　tightly　folded　and　highly　conserved　in　evoiutionjt　may　wen　be　a　nJnctional

region　of　Tim50･　The　IMS　domain　of　Tim50　also　contains　a　coiled-coil　segment,　which

canmediate　a　protein-protein　interaction,　lndeed,　Tin450,　most　likely　via　its　iMS　domain,

was　efficiently　crosslinked　to　the　translocation　intermediate　lodged　in　the　TOM　channel　in

the　absence　of　AΨ,This　strongly　suggests　that　Tiny150　1s　involved　in　the　trans&r　of

precursor　Proteins　fFom　the　outlet　of　the　TOM　channel　to　the　TIM23　complex･　Besides,　the

recent　studies　showed　that　Tim50　1s　crossiinked　to　the　translocating　precursor　Protein,

which　spans　both　the　TOM　and　TIM23　comPlexes　to　generate　the　TOM‘TIM23-preprotein

suPercomplex(35,36).Furthemlore,it　was　reported　that　Tim50　1s　strietly　requifed　for

generation,　but　not　f6r　stabilization,　of　the　TOM-TIM23-preprotein　supercomplex　(37),

M/hen　the　supercomplex　is　genemted,　the　bulk　of　Tim50　1s　included　in　the　supercomplex

but　easily　released　as　it　is　not　necessary　f6r　the　stab】e　interaction　between　the　precursor

protein　and　the　TOM　and　TIM23　comPiexes　(37).These　recent　nndings　wouid　also

support　my　view　f6r　the　role　of　Tim50　1n　linking　the　TOM　complex　to　the　TIM23　complex,

　　　　Previously,　the　IMS　domain　of　Tom22,　whjich　contributes　to　a　presequence‘binding

site,　and　the　extl?eme　N-termina】　segment　of　Tim23,　which　is　integrated　into　the　outer

membrane,　have　been　suggested　to　fkilitate　the　transfer　of　precursor　proteins　from　the

TOM　comPiex　to　the　TIM23　clomplex･　The　mitochondria　contining　a　mutant　Tom22　that

lacks　its　IMS　domain　exhibit　no　def6ct　in　the　accumulation　of　the　tmnslocation　intemlediate

in　the　absence　of　AΨ,but　impairs　the　chase　of　the　intermediate　into　the　matrix　aftLer

regeneration　of　AΨ(32,38,39).　ln　addition,　this　IMS　domain　of　Tom22　1s　eruciai　f6r

generation　of　the　TOM-TIM23'p゛Ploteili　s"Pel‘complex　(37)･　The　mitoehon&1a

containhlg　a　mutant　ThJ･　that　iaeks　its　N-terminj　segment　(residues　l-50)exhibit　defbets

in　protein　import　into　mitocholldlja･　bot　ll('{:1"to　the　htop4';ts　(J)μmhm@mmt㈹jpuf
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aied　to　connrm　these　results　(37)/rhus,the　N-tenninal　segment　of　Tim23　stimulates　the

t】ransfer　of　Precursor　proteins　from　the　TOM　complex　to　the　TIM23　complex,　probably　by

tethering　the　TIM23　complex　to{he　outer　membrane･　Taken　together,　l　propose　here　that

Tim50,　1n　cooPeration　with　the　IMS　domain　of　Tom22,　11nks　protein　tmnslocation　across

the　outer　membrane　and　that　across　the　inner　membra』rle,　ln　the　f6Ilowing　manner,　An

incoming　Precursor　protein,　which　traverses　the　outer　membrane,　binds　to　the　zra4J　site　of

the　TOM　complex　on　the　IMS　side　of　the　outer　membrane　and/or　the　IMS　domain　of

Tim50　in　the　IMS,　ln　this　state,　Tim50　may　possibly　be　separated　from　the　TIM23

compkx　and　Present　in　the　゛140‘kDa　complex　in　which　Tim50　f&ms　a　homodimer　via　its

C-terminal　coiled-coil　region,　Then,　the　Precursor　Protein　is　delivered　from　Tim50　to　the

TIM23　comPlex　by　association　of　its　i〕MS　domain　with　the　IMS　segment　(residues　5　1　-96)

of　Tim23,　Finally,　the　presequence　of　the　precursor　Protein,　which　was　bound　by　the　IMS

segment　of　Tim23js　translocated　across　the　inner　membra]ne　with　the　aid　of　AΨ･Since　a

coiled-coil　dimer　can　bind　to　another　coiled-coil　segment　to　exchange　its　dimeric　pair(40,

41)and　th･e　IMS　segment　of　Tim23　also　forms　a　coiled-coil　dimer　(42),the　IMS　domain　of

Tim50　couid　Perhaps　open　the　Tim23　channel　or　dissociate　the　Tim23　dimer　by　changing

its　coiled-colI　Partner　to　Tim23･　This　hypothesis　shouid　be　addressed　in　hjture　studies,　ln

Particular,　which　fomsof　Tim50　(~250-kDa　Mrm　with　the　TIM23　complex　or~140-kDa

form　without　the　TIM23　comPlex)1s　erosshnked　with　the　translocation　interm�iate

accumulated　at　the　outer　membrane　and　whether　Tim50　hlnctions　as　a　pore'opening　factor

for　the　Tim23　channel　are　the　questions　to　be　answered｡

　　　　Although　Tim50　is　not　essential　for　stabllization　of　the　TOM‘TIM23‘preprotein

supercomplex,　the　bulk　of　Th50　1s　plesent　in　the　supereomplex　(37).Why　is　Tim50　stm

enriched　in　the　supercomPlex?　Tim50　1s　crosshnked　to　the　processing-1ntermediate　R)rm　of

translocating　pM〔220)-DHFR,not　the　mature　fbrm,　through　just　downstream　of　the

IMS-sorting　signal　of　the　Cytμ2　patt･　Thereforejt　is　possible　that　Tim50　1s　responsib】e　f6｢
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the　sorting　ftmction,　or,　more　specincally,　the　recognition　of　the　lMS-sorting　signal　of　the

Cy42Precursor　as　well　as　%r　Protein　mmslocation　across　the　inner　membrane,　Such　a　mle

was　Previously　assigned　to　Tim23　and　TimI　L　Mitochon&la　containing　a　mutant　Tim23

affect　the　sorting　of　the　Cyt&Preeursor　with　an　altered　sorting　signal　(43)｡TimH　was

emciently　crosslinked　to　the　IMS-sorting　signal　Part　of　the　Cyt&Preeursor(44)｡However､

since　Tim　l　l　was　found　to　be　a　subunit　of　F1F｡-ATPase　and　was　not　included　in　the　TI〕M23

eomplkx(45)jt　may　not　be　involved　in　intramitochondrial　sorting,　The　possible　roles　of

Tim50　and　Tim23　1n　sorting　proteins　to　the　IMS,　e,g,　,　recognition　of　the　IMS　sorting　sjgna】

and　discharge　of　the　IMS　Proteins　ftom　the　TIM23　complex,　will　be　an　essential　suMect　of

hlture　studies｡

,74-



2,5.Ke11renees

l)Daum､G｡Gasser､S.M｡,and　Schatz｡Gjl982)lmport　of　proteins　into　mitochondria｡

　　　Energy-dePendent,two゛steP　Processing　of　the　intermembnme　sPace　enzyme

　　　cymchjrome&2　by　isolated　yeast　mitochondria‥/.go/,　C/zfn､　257､13075-13080,

2)　Esaki｡M｡,Kanamori､T｡Nishikawa､Sμmd　Endo,　T､(19㈲)Two　distinct　meehanisms

　　　drive　Prot{5in　translocation　across　the　mitochondrij　outer　membnlne　in　the　late　step　of

　　　the　cytochmme　&lmPort　pathway｡　Z)nx‥/vaz/｡Acal&1£/&4.96,H　770-　1＼1　775.

3)Gd,V｡,Yang,M‥L,Suda,K｡､Lus㈲,Aμmd　Sehat4　Gjl990)The　MAS-eneoded

　　　processing　Protease　of　yeast　mitochondrh　Overproduction　and　characterization　of　its

　　　two　nonidentic�subunits.£j&/｡C/z6･､､265,1　92　1　6,　1　9222.

4)Schnel&r｡A｡､Behrens､M｡､Scherer,R､Ptatje､E｡｡Miehaelis,G｡,and　Schatz､　Gjl99i)

　　　lnner　membrane　protease　l,　an　enzyme　mediating　intmmitochon&ial　protein　sorting　in

　　　yeast,　EMjRS)j≒10,　247-254,

5)Rospert,S,｡Maner､S,,Schatz,G,｡and　G11ck,　B｡S{1994)Fusion　proteins　eontaining

　　　the　cytochrome&2　Presequence　are　sorted　to　the　mitochon&lal　intermembrane　space

　　　independently　of　hsp60‥£j&/･C/zat,269j7279-1728&

6)　Gruhkr,A,,0no｡H,,Guiard,B･,　Neupett,　W,,　and　Stutt｡R,　A,　(1995)A　novel

　　　intemtdiate　on　the　imPort　pathway　of　cytochrome&lnto　mitochondria:　evidence　for

　　　conservative　sorting,　RWSO£,14,　1　349-　1　359･

7)　Kanamor1,T,,Nishjkawa,　S,,　Shin,　L,　Schultz,　P`,G,μnd　Endo,　T,　(1997)Probing　the

　　　envirolllnent　along　the　Protein　imPort　pathways　in　yest　mitochondria　by　site-specific

　　　photocrosslinkingJy7cM2z/･Aa�･Sdμ&4･94･485490･

8)　Kbda,　K,,　Yamaguehl,　E,,　and　Arisawa,　M{1995)Cloning　of　the　CazJ&μ2&aM

　　　7R/)7　and　j7/5j　genes･　and　construction　of　thelr　disruptant　strains　by　sequential

　　　integrative　transR}lmation｡GazG　165,　203,206.

9)Hux19.(2,,　Gn5en,　E･　D･,　od　DIlhhaR　I･　(1990)Rapid　assessment　of&cgm4&e

75



　　mating　type　by　PCR,　7'rf�μ7rwz,　,　6,　236,

10)Sato､M.H｡and　Wada､　Y{1997)Universal　template　plasmid　for　introduction　of　the

　　triple-HA　ePitope　sequence　into　cloned　genes.　β&㈲c/M74w5,23,　254-256･

II)Kunkel,T｡A,(1985)Rapid　and　emcient　site-specinc　mutagenesis　without　phenotypic

　　selection,　/)Γθc　AU/Mc�｡&jλ/&4､82,488-492.

12)Kuhkel､T｡A｡,Roberts､J.D｡､and　Zakour､　R｡A｡(1987)Rapid　and　emcient

　　site-specific　mutagenesis　without　phenotypic　selection,　yWr/ta&ja7z77∂/,,154,

　　367-382.

13)Sikorskj､R｡S｡and　Hieter､　P.(1989)A　system　of　shuttle　vectors　and　yeast　host　strains

　　designed　for　emcient　manipulation　of　DNA　in　5jcda4'9'ca　ce9Wja6',　Gmd13,

　　122､19-27.

14)Rose=,M.　D,,　Winston,R,and　Hieter,　P.(1990)M�1�ya･}¥az　GadiE　A

　　£a£'θΓazaQ　CθMrts“£　M&u/.(Cold　Spring　Hatbor　Laboratry　Press,　Cold　Spring

　　Harbor､NY)｡

L5)James,P.,Hjladay､J,,and　Craig,　EA,(1996)Genomic　libraries　and　a　host　strain

　　designed　f6r　highly　emcient　two-hybrid　selection　in　yeast･　Ga7rz/d,　144,　1　425-　1　436.

16)Daum,G,,B6hjni,P,　C,　and　Schatz,　G,　(1982)lmport　of　proteins　into　mitochondria.

　　Cytochrome&2　and　cytockome　c　peroxidase　are　located　in　the　intermembrane　space

　　of　yeast　mitochondria･　£　β&/･C/1‘9z77･･　257j　3028“　1　3033･

17)Abe,Y･,0daka,M,､lngakl,　R　La1,　L,　Schlessinger,　J･,　and　Kohda､　D.(1988)

　　Disumde　bond　structure　of　human　ePidermal　growth　factor　receptor,　j,　Z?/θ/,C&w･,

　　273,1H50-IH57.

18)Kawi,λ､Nishikawa,　S･,　Hhta,　A･,　and　Endo,　T,　(2001)Lossof　the　mitochondrial

　　Hsp70　functions　causes　aggregation　of　mitochondria　in　yeast　celk　l　C･1?//　y£,114,

　　3565-3574.

19)Jackson,R,　J.　and　Hunt,　T･　(1983)Prepsltion　allduseof　nuclease-treatJed　mbbit

-76-



　　　reticulocyte　lysates　for　the　translation　of　eukaryotic　messenger　RNA.Mez/zθ&

　　　£Z17Mθ/｡､96,50-74.

20)Stueber,D｡,lbtahimi,I｡,Cutler,D.､Dobberstein､B｡,and　Bujard,　H{1984)A　noveHz7

　　　Wzrθtrajnscription-translation　system:　accurate　and　emcient　synthesis　of　sjngle

　　　proteins　from　doned　DNA　sequences,　£MZ?θ£,3,　3　143-3　148,

21)Hurt,E｡C｡,Pesold-Hurt,B｡,and　Schatz,　Gjl984)The　amino4ermjnal　region　of　an

　　　imported　mitochondria]prec　ursor　polypePtide　can　d1rect　cytoPlasmic　dihydtofolate

　　　reductase　into　the　mitochondjria〕l　matrix.　£MZ?θj.､3,3149,3156.

22)Claros,M｡G｡and　vincens､P.(1996)Computational　method　to　prediet

　　　mitochondrially　imported　Proteins　and　thelr　targeting　sequences･££zr･　j.　goc/1･9m,,

　　　241,779-786.

23)Pfhnner,　N,,　Doug18,　M,　G,,　Endo,　T･,　Hoogenraad,　X･　J･,Jensen,　R･　E･,　Meijer,　M,,

　　　Neupert,W,,S･chatz,G,､Schmjtz,U,　K,,and　Shore､G,C,(1996)Unifbrm

　　　nomenclature　for　the　protein　transport　machinery　of　the　mitochondrial　membranes,

　　　7¥a�yj&c/lfm｡Scj｡,21,51-52.

24)Kobor,M,　S,,Archambault,　J,,　Lester,　NV,,　Holstege,　F,　C･,　Gileadl,　0･,　Jansma,　D,　B,,

　　　Jennings,　E　G,,　Kouyoum411an,　F･,　Davidson,　A･　R･,　Young,　R.　A･,　and　Greenblatt,　J,

　　　(1999)An　unusual　eukaryotie　protein　Phosphatase　required　for　tmnscription　by　RNA

　　　polyn71erasell　and　CTD　dephosphorylation　in　£c･9nwa/£z4?,　Mθ/,G?//,4,　55-62,

25)Siniossoglou,S,,Santos-Rosa,　H･,　RaPpsilber,　J,　,　Mann,　M,,　and　Hurt､E(1998)A

　　　novel　complex　of　membrane　proteins　requlred　for　6rmation　of　a　spherical　nucleus,

　　　£MSO　j｡,17､6449-6464.

26)Siniossoglou,　S,　,　Hurt,　E　C,　and　Pelham,　H･　R･　B･　(2000)Psrlp/Psr2p,　two　plasma

　　　mertlbrane　phosphatases　with　an　esse“tiaI　DM)X(T/V)motif　requlred　for　sodium

　　　stress　response　in　yeast‥Agθ/･C&?M･･275･　19352‘19360･

27)Cdlet､JJ,,Stroobant,　V･,　Pimd,　M･,　Delpiene,　G･･　゛d　vanSchaingen､E,(1998)A

77



　　　new　class　of　phosphotransferases　phosphorylated　on　an　aspartate　residue　in　an

　　　amino-terminal　DXDX(T/V)motlL/Jjo/｡(〕Tkn､273,1　4　1　07-　1　4　1　1　2.

28)Diehn,M｡,Eisen､M.B｡,Botstein,D｡､and　Brown,P｡O｡(2000)Lajrge-scje

　　　identification　of　secreted　and　membrane-associated　gene　products　using　DNA

　　　microarrays,Λ/az,　Ggzld,　,　25,　58-62,

29)Dekker,P.J｡T.,Martin,E,Maarse,A｡C｡,B6mer,U.､Mmler､H｡､Guiard,B｡,Meijer,

　　　M,,　Rassow,　L,　and　Pfanner,　N,　(i997)The　Tim　core　complex　defines　the　number　of

　　　mitochondrial　translocation　contact　sites　and　can　hold　arrested　preProteins　in　the

　　　absence　of　matrix　Hsp70-Tim44,　£MZIθ£,16,　5408‘5419,

30)Sirrenberg,　C･,　En&es,　M,　,　Becker,　K,,　Bauer,　M,　R√Walther,　E･,　Neupert,　W≒and

　　　Brunner,M,(i997)Funetional　cooperation　and　stoichiometry　of　protein　transloeases

　　　of　the　outer　and　inner　membranes　of　mitochondria｡　£go/｡C/lem｡,272,29963,29966.

31)Donzeau,Ivl｡,Kjldl｡K.､A(jbjril,A｡,Paschen､S｡/Wanner,G｡｡Guiard,B｡,Bauer,IVL　F｡,

　　　Neupert､W｡,and　Bmnner,　M｡(2000)Tim23』1nks　the　inner　and　outer　mjtochon&lal

　　　membranes｡CW/､101､401-412.

32)Kanamori,T,,Nishikawa､S,,　Nakai,　M,,　Shin,　L,　Schultz,　P,　G,,　and　Endo,　T,　(1999)

　　　Uncoupling　of　trans&r　of　the　Presequence　and　unfolding　of　the　mature　domjn　in

　　　precursor　translocation　across　the　mitochondrial　outer　membrane･　/)rocΛ/az/･Acaj･

　　　Sd｡U&4,96､3634-3639.

B)Kyte,J,　and　Doolittle,　R,　F,　(1982)A　simPle　method　for　displaying　the　hydropathic

　　　character　of　a　protein.　j‥/t&)/･gθ/･,157j05-132･

34)ThomPson,　J.　D･･　Gibson･　T･　J･･　Piewniak･　F'･　Jeanmougin･　E･　and　Higgins･　D･　G.

　　　(1997)The　CLUSTAL-x　windows　int�Fhce:　ne`1ble　strategies　R)r　multiple　sequenee

　　　a〕11gnment　aided　by　quality　analysis　tools‘　/VMc/e&Ad&Ray･･　25･　4876-4882･

35)Mokanjac,D,,　Paschen,　S･　A･,　Kozany･　C･･　Prokisch･　H･　･　Hoppins,　S,　C･　,　xargang,　F,

　　　E,Neupert,W,｡and　Hen,　K,　(2003)Tim50,a　novel　eomponent　of　the　TIM23

78



　　　preproteinmmslocase　of　mitochondria,　£Mjθ£,22､816-825.

36)(kissler,A,,　Chacinska,　A,,　Truscott､　K,　N･､　Wiedemann,N｡,Brandner､K,,Sickmann､

　　　A･,Meyer,HJE･,　Meisinger,　(≒Pfanner,　N,　,　and　Rehling,　P.(2002)The　njtochondtia〕1

　　　presequence　translocase:　an　ess･ential　role　of　Tim50　1n　d1recting　preproteins　to　the

　　　import　channeL　(〕〕4?//,　111,　507-5　18,

37)Chacinska,λ,Reh〕11ng,　P,,　Guiard,　B,,　Frazier,　A,　E,　Schulze-Specking,　A,,　Pfaliner,

　　　N,　,　voos,　W,　,　and　Meisinger,　C{2003)Mitochondhal　translocation　contact　sites:

　　　separation　of　dynamic　and　stab111zing　elements　in　formation　of　a　TOM-TIM‘

　　　preprotein　supercomplex,　£Mβθ£,22,　5370-538　L

38)Court,　D.　A,,　Nargang,　F,　E,　Steiner,　H･,Hodges,　R,　S,,　Neupert/W,,　and　L111,　R,

　　　(1996)Role　of　the　intermembrane-sPace　domain　of　the　preprotein　receptor　Tom22　1n

　　　protein　imPort　into　mitochondria,　Mθ/･Cd/.gθ/･,16,　4035-4042･

39)Moczko,　ML,,　B6mer,　U,,　Kubrich,　M,,　Zutall,　N,,　H6nlinger,　A,,　and　Pfanner,　N,

　　　(1997)The　intermembrane　space　domain　of　mitochondrial　Tom22　ftmetions　as　a　zraG

　　　binding　site　for　Pleproteins　with　N-termina〕l　tajrgeting　sequences･　Mθ/･C･9//･　gθ/･,17,

　　　6574,6584.

40)Ajmat1,B,,Brooks,　M.　W,,　Levy,　N,,　Littlewood,　T,　D,,　Evan,　Gλ,and　Land,　H｡　(1993)

　　　Oncogenic　activity　of　the　c-Myc　protein　requlres　dimerization　with　Max,　Cf//,　72,

　　　233-245.

41)Carr,C.　M.　and　Kim,　P,　Sμ1993)A　spring-loaded　mechanism　f6r　the　conR)mlational

　　　Change　of　innuenzahemagglutinin･　C･i?//,　731,　823゛832･

42)Bauer,M｡F.,Sirrenberg,C｡,Neupert,W｡,and　Bmnner､　Mj1996)Role　of　Tim23　as

　　　voltage　sensor　and　Presequence　recePtor　in　pmtein　import　into　mitochon&la･　C‘5?//･

　　　87,33-4L

43)B6mer,U･､Meijer,　M,,　Guiard,　B･,　Dietmeier,　K･,　Pfanner,　N･,　and　Rassow,　J.　(1997)

　　　The　sorting　route　of　cytochrome　&2　branches　from　the　general　mitochon&lal　imPort

79-



　　　pathway　at　the　preProtein　translocase　of　the　inner　membmne,　j･　j/o/･　C/zeM,　,　272,

　　　30439-30446.

44)Tokatlidis｡K,､Junne,T･,Moes,&､Schatz,G,｡GIick,B,　S.,and　Kronidou,N{1996)

　　　Translocation　arrest　of　an　intramitochondrial　sorting　signa〕l　next　to　TinT111　at　the

　　　inner-membmne　import　sitejvaza9,　384,　585-588,

45)Afnold｡L｡Bauer,M｡F.､Bmnner､M｡､Neupert/W.,and　Stuart､　R｡A{1997)Yeast

　　　mitochondrial　FIF｡-ATPase:　the　novel　subunit　e　is　identicj　to　Tim　I　L　FZE7RS≒&?t､

　　　411､195-200.

-80-


