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PAS3, a Sacchar omyces cer evi si ae Gene Encodi ng a Per oxi somal

I nt egr al Membr ane Pr ot ei n Essent i al f or Per oxi some Bi ogenesi s

Jör g Höhf el d, Mar t en Veenhui s, * and Wol f - H. Kunau
I nst i t ut f ür Physi ol ogi sche Chemi e, Abt ei l ung f ür Zel l bi ochemi e, Ruhr - Uni ver si t ät Bochum, D- 4630 Bochum 1, Feder al
Republ i c of Ger many ; and * Labor at or y f or El ect r on Mi cr oscopy, Uni ver si t y of Gr oni ngen, Bi ol ogi cal Cent r e, 9751 NNHar en,
The Net her l ands

Abst r act . Sacchar omyces cer evi si ae pas3- mut ant s ar e
descr i bed whi ch conf or mt he pas- phenot ype r ecent l y
r epor t ed f or t he per oxi somal assembl y mut ant s pasl - 1
and pas2 ( Er dmann, R. , M. Veenhui s, D. Mer t ens,
and W- H Kunau . 1989. Pr oc . Nad. Acad. Sci . USA.
86 : 5419- 5423) . The i sol at i on of pas3- mut ant s enabl ed
us t o cl one t he PAS3 gene by f unct i onal compl ement a-
t i on . DNA sequence anal ysi s r eveal ed a 50. 6- kD pr o-
t ei n wi t h at l east one domai n of suf f i ci ent l engt h and
hydr ophobi ci t y t o span a l i pi d bi l ayer . To ver i f y t hese

pr edi ct i ons ant i bodi es wer e r ai sed agai nst a t r uncat ed

N r ecent year s t he bi ogenesi s of per oxi somes has at t r act ed
i ncr easi ng at t ent i on . I t i s now wi del y accept ed t hat per -
oxi somes ar i se by gr owt h and di vi si on of pr eexi st i ng or

ganel l es ( Lazar ow and Fuj i ki , 1985 ; Bor st , 1986, 1989) .
Per oxi somal pr ot ei ns ar e synt hesi zed on f r ee pol yr i bosomes
i n t he cyt osol and post t r ansl at i onal l y i mpor t ed i nt o t he or -
ganel l e . I n most cases, t he t r ansl ocat i on st ep occur s wi t hout
coval ent modi f i cat i on of t he i mpor t ed pr ot ei n . The t r i pept i de
SKL was i dent i f i ed as a per oxi somal t ar get i ng si gnal at t he
car boxyl t er mi nus of di f f er ent per oxi somal pr ot ei ns by Goul d
et al . ( 1989) . However , ver y l i t t l e i s st i l l known about pr o-
t ei ns t hat cat al yze and cont r ol t he bi ogenesi s of per oxi somes .

I n a r ecent r epor t , we descr i bed t he i sol at i on of per ox-
i somal assembl y mut ant s ( pas- mut ant s) of Sacchar omyces
cer evi si ae ( Er dmann et al . , 1989) . These mut ant s wer e
char act er i zed by a l ack of mor phol ogi cal l y det ect abl e per ox-
i somes and per oxi somal mat r i x enzymes wer e mi sl ocal i zed
t o t he cyt osol . Phenot ypi cal l y si mi l ar mut ant s wer e al so i so-
l at ed f r omCHOcel l s ( Zoel l er and Raet z, 1986 ; Tsukamot o
et al . , 1990) and f r omt he met hyl ot r ophi c yeast Hansenul a
pol ymor pha ( Cr egg et al . , 1990) . Speci al at t ent i on has been
at t r act ed t o per oxi somal di seases i n man, e . g. , Zei l weger
syndr ome ( Schut gens et al . , 1986) . I n cel l s of Zei l weger pa-
t i ent s, per oxi somal membr ane ghost s wer e r ecent l y i dent i -
f i ed ( Sant os et al . , 1988) . The synt hesi s of per oxi somal ma-
t r i x enzymes i s unaf f ect ed i n t hese cel l s, but t he enzymes f ai l
t o be packaged wi t hi n t he membr anes ( Schr am et al . , 1986) .
I t has been t hus suggest ed t hat mut at i ons i n t he per oxi somal
i mpor t machi ner y cause t hese di seases ( Sant os et al . , 1988) .

The possi bi l i t y t o i sol at e pas- mut ant s of S. cer evi si ae and
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por t i on of t he PAS3 codi ng r egi on over expr essed i n
E. col i . Pas3p was i dent i f i ed as a 48 kD per oxi somal
i nt egr al membr ane pr ot ei n . I t i s shown t hat a l ack of
t hi s pr ot ei n causes t he per oxi some- def i ci ent phenot ype
and t he cyt osol i c mi sl ocal i zat i on of per oxi somal mat r i x
enzymes . Based on pr ot ease di gest i on exper i ment s
Pas3p i s di scussed t o be anchor ed i n t he per oxi somal
membr ane by i t s ami no- t er mi nus whi l e t he bul k of t he
mol ecul e i s exposed t o t he cyt osol . These f i ndi ngs ar e
consi st ent wi t h t he possi bi l i t y t hat Pas3p i s one com-
ponent of t he per oxi somal i mpor t machi ner y.

t he power f ul genet i c and mol ecul ar appr oaches avai l abl e i n
t hi s yeast make i t an especi al l y at t r act i ve or gani sm i n whi ch
t o under t ake a det ai l ed mol ecul ar anal ysi s of per oxi some
bi ogenesi s . Thi s i n t ur n may hel p t o under st and t he sever e
per oxi somal def ect s i n man . Her e we r epor t t he i sol at i on of
t hr ee mut ant s of t he pas3- compl ement at i on gr oup . The
af f ect ed gene has been cl oned by f unct i onal compl ement a-
t i on and char act er i zed by sequence anal ysi s . I t i s demon-
st r at ed t hat PAS3 encodes a 48- kD per oxi somal i nt egr al
membr ane pr ot ei n essent i al f or per oxi some bi ogenesi s . A
t opol ogi cal model of Pas3p wi t hi n t he membr ane i s di s-
cussed, whi ch i s i n agr eement wi t h a possi bl e f unct i on as a
r ecept or pr ot ei n .

Mat er i al s and Met hods

St r ai ns and Medi a

Bact er i al and yeast st r ai ns used i n t hi s st udy ar e l i st ed i n Tàbl e 1 . Yeast com-
pl et e and mi ni mal medi a have been descr i bed ear l i er ( Er dmann et al . , 1989) .
YNO medi um cont ai ned 0. 1% ol ei c aci d, 0. 05% Tween 40, 0. 1% yeast
ext r act , and 0. 67 %yeast ni t r ogen base wi t hout ami no aci ds ; YPO medi um
cont ai ned 0. 15 % ol ei c aci d, 0. 05 % Tween 40, 0. 3 % yeast ext r act , 0. 3 %
bact o pept one, and 0. 7%KH2PO4, adj ust ed t o pH 6. 0.

I sol at i on of p=3- mut ant s

Pas3- mut ant s wer e i sol at ed af t er mut agenesi s of X2180- 1A ( PM3- I 1, PM3-
13) and UTL- 7A cel l s ( PM3- 12) usi ng et hyl met hanesul f onat e ( Sher man et
al . , 1979) . The scr eeni ng pr ot ocol i ncl uded r epl i ca pl at i ng on YNO- agar
pl at es, f r act i onat i on of yeast cel l s, and EMas descr i bed by Er dmann et al .
( 1989) . Mut ant s wer e char act er i zed by st andar d yeast genet i c t echni ques
( Ausubel et al . , 1989) .
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Anal yt i cal Pr ocedur es

Acet yl - CoA acyl t r ansf er ase ( 3- oxoacyl - CoA t hi ol ase ; EC 2 . 3. 1 . 16) , cat a-
l ase ( EC 1 . 11 . 1 . 6) , 3- hydr oxyacyl - CoA epi mer ase ( EC 5. 1 . 2 . 3) , cyt ochr ome
c- oxi dase ( EC 1 . 9 . 3. 1) , and f umar at e hydr at ase ( f umar ase ; EC4 . 2 . 1 . 2) wer e
assayed by est abl i shed pr ocedur es ( Mor eno de l a Gar za et al . , 1985 ; Veen-
hui s et al . , 1987) .

EM

KMn04 f i xat i on of i nt act yeast cel l s and cat al ase cyt ochemi st r y wi t h 3, 3' -
DAB wer e per f or med as descr i bed by Er dmann et al . ( 1989) . I mmuno-
cyt ochemi st r y on ul t r at hi n sect i ons of Lowi cr yl - embedded cel l s wi t h ant i
3- oxoacyl - CoA t hi ol ase ant i bodi es was per f or med as descr i bed by Douma
et al . ( 1985) .

Cl oni ng and Char act er i zat i on of PASS

To i sol at e t he PAS3 gene, t he st r ai n PM3- 11 was t r ansf or med wi t h a
genomi c DNA l i br ar y of Sacchar omyces cer evi si ae cont ai ned i n t he E. col i -
yeast shut t l e vect or YCp50 ( Rose et al . , 1987) . Tr ansf or mat i on was done
by a modi f i ed l i t hi um acet at e met hod ( Gi et z and Sugi no, 1988) . Ur a+
t r ansf or mant s wer e scr eened on YNO- agar pl at es at 30° C f or t hei r abi l i t y
t o ut i l i ze ol ei c aci d as sol e car bon sour ce . The compl ement i ng pl asmi d
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YCpP3/ 7. 5 was r ecover ed by a common i sol at i on pr ocedur e ( Ausubel et al . ,
1989) . Subcl ones of YCpP3/ 7. 5 wer e const r uct ed by i nt r oduci ng def i ned r e-
st r i ct i on f r agment s and f r agment s obt ai ned t hr ough par t i al di gest i on of t he
genomi c i nser t wi t h Sau3AI i nt o t he CEN4- URA3 vect or pRS316 ( Si kor ski
and Hi et er , 1989) . Compl ement at i on anal ysi s i nvol ved t r ansf or mat i on of
t he r esul t i ng pl asmi ds i nt o PM3- 11, sel ect i on f or Ur a+ , and subsequent
scr eeni ng on YNO- agar pl at es .

Recombi nant DNA t echni ques, i ncl udi ng enzymat i c modi f i cat i on of
DNA, f r agment pur i f i cat i on, bact er i al t r ansf or mat i on, and pl asmi d i sol a-
t i on wer e per f or med essent i al l y as descr i bed by ei t her Mani at i s et al . ( 1982)
or Ausubel et al . ( 1989) .

To sequence t he 2- kb over l appi ng r egi on of pl asmi ds pRSP3/ 2 . 4 and
pRSP3/ 2 . 3, r est r i ct i on f r agment s of t hi s r egi on wer e subcl oned i nt o vect or
pBLUESCRI PT ( St r at agene Cl oni ng Syst ems, La Jol l a, CA) . Si ngl e-
st r anded sequenci ng t empl at es wer e pr epar ed f r omt r ansf or med TGl bac-
t er i al cel l s i nf ect ed wi t h MOR408 as descr i bed ( St r at agene Cl oni ng Sys-
t ems) . Nucl eot i de sequence anal ysi s was car r i ed out usi ng t he di deoxy
chai n t er mi nat i on met hod ( Sanger et al . , 1977) . The i nf er r ed Pas3p se-
quence was used t o sear ch EMBL Nucl eot i de Sequence Dat abase r el . 25
f or si mi l ar i t i es wi t h ot her known pr ot ei n sequences usi ng t he GENPRO-
pr ogr am ( Ri ver si de Sci ent i f i c Ent er pr i se, Seat t l e, WA) .

Fi gur e 1. Scr eeni ng f or gr owt h on ol ei c aci d
as sol e car bon sour ce . I n cont r ast t o t he
wi l d- t ype st r ai n, t wo spor es of PM3- 11 ar e

not abl e t o gr ow on a YNO- agar pl at e af t er

i ncubat i on at 30° C f or 14 d . Tr ansf or mat i on

of PM3- 11 wi t h t he pl asmi d YCpP3/ 7. 5 r e-
sul t s i n a f unct i onal compl ement at i on of t he

ol ei c aci d non- ut i l i zi ng phenot ype .

Tabl e L Yeast and Bact er i al St r ai ns

St r ai n Genot ype Sour ce or r ef er ence

Sacchar omyces cer evi si ae

X2180- l A MATa, mal , gal 2, SUC2, CUPI W. Dunt ze ( Bochum)

XP300- 26D MATa, ade2, t r p5, hi s6, l ysl , gal 2 W. Dunt ze ( Bochum)

UTL- 7A MATa, ur a3- 52, t r pl , l eu2- 3 W. Dunt ze ( Bochum)

D273- I OB MATa W. Dunt ze ( Bochum)

XDC- 10A MATa, ur a3- 52, t r pl , l eu2- 3 W. Dunt ze ( Bochum)

PM3- 11 MATa, pas3, ur a3- 52, hi s6 Thi s st udy

PM3- 12 MATa, pas3, ur a3- 52, t r pl , l eu2- 3 Thi s st udy

PM3- 13 MATa, pas3, ur a3- 52, t r pl , l eu2- 3 Thi s st udy

GDP3- 1- GDP3- 9 MATa, pas3: : URA3, t r pl , l eu2- 3 Thi s st udy

Escher i chi a col i

TGI A( l ac, pr o) supE t hi hsdD5 F' O. Pongs ( Bochum)

t t r aD36 pr o* l acI 9' l ac7àM15J
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I nt egr at i ve Di sr upt i on of PASS

A 431- bp Sau3AI - EcoRI i nt er nal f r agment of PAS3 was subcl oned i nt o a

Ban1HI / EcoRI - di gest ed shut t l e vect or YEp352 ( Hi l l et al . , 1986) . The
r esul t ant pl asmi d was t hen di gest ed wi t h EcoRI / Sel l and t he r el eased f r ag-
ment was i nt r oduced i nt o t he i nt egr at i ve vect or pRS306 ( Si kor ski and
Hi et er , 1989) . The pr oduct of t hi s mani pul at i on, pl asmi d pRSP3- GD, con-
t ai ned t he sequence of nucl eot i de 408- 839 of PAS3. Pl asmi d pRSP3- GD
was l i near i zed wi t h Hi ndI I I wi t hi n t he i nt er nal PAS3 sequence and subse-
quent l y used f or t r ansf or mat i on of UTL- 7A. Ur a* t r ansf br mant s wer e
scr eened f or ont o- phenot ype and mat ed t o XDC- 10A. The di pl oi ds wer e
spor ul at ed and asci di ssect ed i nt o t et r ads . The segr egat i on of Ur a + and
ont i was anal yzed by r epl i ca pl at i ng . URA3 : pas3 t r ansf or mant s wer e
mat ed t o PM3- 11 and t he r esul t ant di pl oi ds checked f or compl ement at i on .

Ant i - Pas3p Ant i bodi es

A 1 . 4- kb Pst l - Pst l f r agment of pRSP3/ 2 . 3 was subcl oned i n f r ame i nt o t he
E. col i expr essi on vect or pEXPI ( Raymond et al . , 1990) . The r esul t ant
pl asmi d cont ai ned a 1, 293- bp f r agment of PAS3 ( l acki ng 30- bp at t he 5' end)
behi nd t he st ar t codon of pEXPI . The const r uct pr oduced a 455- r esi due
pol ypept i de i n r esponse t o t he addi t i on of i sopr opyl - ß- D- t hi ogal act opyr ano-
si de t o exponent i al l y gr owi ng cul t ur es ( expr essi on i s under Pt ac cont r ol i n
t hi s vect or syst em) . Resi dues 1- 24 ar e encoded by t he st ar t codon and mul t i -
pl e cl oni ng si t e of pEXPI , wher eas codons 25- 455 encode ami no aci ds I 1-
441 of Pas3p. Af t er a 3- h i nduct i on of a t r ansf or med TGl cul t ur e wi t h
1 mMI PTG an addi t i onal pr ot ei n band ( M, = 48 kD) was i dent i f i ed af t er

SDS- PAGE ( Laemml i , 1970) of bact er i al l ysat es . The engi neer ed pol ypep-
t i de was essent i al l y pur i f i ed vi a t he gener al pr ocedur e f or i nsol ubl e pr ot ei n
aggr egat es ( i ncl usi on bodi es) r epor t ed by Rober t s et al . ( 1989) . I n cont r ast
t o t he descr i bed pr ocedur e, t he t ot al cel l ul ar l ysat e was cent r i f uged f or 10
mi n at 700 g and t he pel l et washed t hr ee t i mes wi t h 1% Tr i t on X- 100, 50
mMTr i s, pH7. 5, and 20 mMEDTA, f ol l owed each t i me by cent r i f ugat i on
at 1, 200 g f or 10 mi n . The r emai ni ng pel l et was r esuspended i n SDS- PAGE
sampl e buf f er and l oaded on a 2- mm pr epar at i ve SDS- pol yacr yl ami de gel
( 10%) . The pur i f i ed pol ypept i de was t r ansf er r ed t o a ni t r ocel l ul ose mem-
br ane and t he membr ane sl i ce di ssol ved i n 500141 di met hyl sul f oxi de . Ant i -
bodi es wer e r ai sed by pr i mar y subcut aneous i nj ect i on of t he sol ut i on ( 200

ug pr ot ei n) i nt o mal e NewZeal and Whi t e r abbi t s . Af t er 4 wk, 100 - Rg boost
i nj ect i ons wer e admi ni st er ed subcut aneousl y ever y 3 wk unt i l a sat i sf act or y
r esponse was obt ai ned .

Af f i ni t y Pur i f i cat i on of ant i - Pas3p Ant i bodi es

The obt ai ned ant i ser a wer e af f i ni t y pur i f i ed agai nst a 0- gal act osi dase- Pas3p
f usi on pr ot ei n . The 1 . 4- kb Pst l - Pst l f r agment of PAS3 was subcl oned be-
hi nd t he l acZ gene of t he expr essi on vect or pUR288 ( RÜt her and Mül l er -
Hi l l , 1983) . I nduct i on of a t r ansf or med TGl cul t ur e wi t h I PTG l ed t o t he
expr essi on of a 165- kD f usi on pr ot ei n .

For af f i ni t y pur i f i cat i on, cr ude ext r act s of t he i nduced cul t ur e wer e
l oaded on a 10% SDS- pol yacr yl ami de gel , t r ansf er r ed t o a ni t r ocel l ul ose
membr ane, and t he 165- kD pr ot ei n was cut out of t he membr ane sheet af t er
st ai ni ng wi t h Ponceau S ( Har l ow and Lane, 1988) . The membr ane sl i ce was
i ncubat ed i n 5 %BSA f or 30 mi n, washed sever al t i mes wi t h 50 mMTr i s
( pH 8. 3) , 150 mMNaCl cont ai ni ng 0. 05%Tween 20 ( TBS/ Tween20) and
i ncubat ed f or 2 h i n a 1 : 500 di l ut i on of t he cr ude ant i ser um. Af t er i nt ensi ve
washi ng wi t h TBS/ Tween 20, t he bound ant i bodi es wer e el ut ed wi t h 0. 1 M
Gl yci n, pH 2 . 5, 0. 1% BSA and subsequent l y buf f er ed wi t h 0. 25x vol . of
1 MTr i s, pH7. 4, 0. 1% BSA. The r emai ni ng membr ane sl i ce was washed
wi t h TBS/ Tween 20 and agai n i ncubat ed i n di l ut ed ant i ser um. The af f i ni t y
pur i f i ed ant i body was di al yzed agai nst TBS/ Tween 20 at 4° C and st or ed at
- 20° C.

I mmunobl ot s

West er n bl ot anal ysi s was per f or med accor di ng t o st andar d pr ot ocol s
( Har l ow and Lane, 1988) , usi ng ant i - r abbi t I gGcoupl ed al kal i ne phospha-
t ase as second ant i body ( Si gma Chemi cal Co. , St . Loui s, MO) . For det ec-
t i on of Pas3p, ni t r ocel l ul ose f i l t er s wer e i ncubat ed over ni ght i n t he undi l ut ed
af f i ni t y- pur i f i ed ant i body at 23° C. Sampl es of yeast cr ude ext r act s wer e pr e-
par ed f or gel el ect r ophor esi s as descr i bed by Yaf f e and Schat z ( 1984) .

Fr act i onat i on of Yeast Lysat es

Pr epar at i on and f r act i onat i on of yeast l ysat es by di f f er ent i al cent r i f ugat i on

was per f or med as al r eady descr i bed ( Er dmann et al . , 1989) . For f ur t her
subf r act i onat i on by i sopycni c sucr ose densi t y gr adi ent cent r i f ugat i on, wi l d

Höhf el d et al . Char act er i zat i on of PAS3 of Sacchar omyces cer evi si ae

t ype st r ai n D273- 10B was gr own f or 40 h on YPD medi um, col l ect ed by
cent r i f ugat i on, and t r ansf er r ed t o YPOmedi um( 4 g wet wei ght per 500 ml
medi um) . Af t er i nocul at i on f or 18 h at 30° C, pr epar at i on and f r act i onat i on
of t he i nduced yeast cel l s wer e done as descr i bed by Er dmann et al . ( 1989) .
The r esul t i ng 25, 000- g pel l et f r act i on ( 35 mg pr ot ei n) was r esuspended i n
6 ml 5 mMMes buf f er ( pH 6. 0) cont ai ni ng 0. 5 mMEDTA, 0. 6 Msor bi t ol ,
and 1 mM PMSF and l oaded ont o a cont i nuous 32- 54% sucr ose densi t y
gr adi ent ( 24 nt l vol ) wi t h a cushi on of 1 ml 60%sucr ose di ssol ved i n 5 mM
Mes ( pH 6. 0) , 1 mMEDTA, 1 mMKCI , 0. 1% Et hanol . Cent r i f ugat i on was
per f or med f or 1 . 5 h at 48, 000 g i n a Sor val l SS 90 ver t i cal r ot or at 4° C.
Af t er f r act i onat i on of t he gr adi ent , 100 / A of each f r act i on ( t ot al vol ume
of 1 ml ) was di l ut ed i n 900 j ul 10% TCA and pr eci pi t at ed f or 2 h on i ce .
The sampl es wer e cent r i f uged f or 10 mi n i n a mi cr ocent r i f uge and t he
r esul t i ng pel l et was r esuspended i n 50 pl Laemml i sampl e buf f er wi t h 2%
0- mer capt oet hanol ( Laemml i , 1970) . For West er n bl ot anal ysi s, 0. 5- 2 t i l
of each sampl e wer e l oaded on a SDS- pol yacr yl ami de gel .

Membr ane Pr epar at i on

Membr anes wer e pr epar ed f r om i sol at ed per oxi somes accor di ng t o Fuj i ki
et al . ( 1982) and Hashi mot o et al . ( 1986) , except t hat 1 mMPMSF was
added t o each sol ut i on . Cent r i f ugat i on st eps wer e per f or med at 200, 000 g
f or 1 h .

Pr ot ei nase K Tr eat ment

The 25, 000- g pel l et f r act i on ( 5 mg pr ot ei n) of ol ei c aci d i nduced wi l d- t ype
cel l s was r esuspended i n 4 ml 1 . 2 Msor bi t ol , 5 mMMes ( pH 6. 0) and
di vi ded i nt o al i quot s whi ch wer e i ncubat ed at 30° C i n t he pr esence or ab-
sence of 25 mg/ ml agar ose- coupl ed pr ot ei nase K ( Si gma Chemi cal Co . ) and
0. 1% Tr i t on X- 100. At di f f er ent t i me poi nt s, al i quot s of each sampl e wer e
pr eci pi t at ed i n 10% TCA and pr epar ed f or gel el ect r ophor esi s .

Tabl e I I . Di st r i but i on Pat t er n of Per oxi somal and
Mi t ochondr i al Mar ker Enzymes i n t he 25, 000- g
Super nat ant and Pel l et Fr act i ons of Cel l Lysat es f r om
Wi l d- t ype and pas3- Mut ant s Gr own f or 18 h
on YNOMedi um

1169

St r ai n Enzyme

Act i vi t y i n

Super nat ant
f r act i on

( A1)

25, 000 g

Pel l et
f r act i on

( A2) Al / A2

Wi l d- t ype Thi ol ase 4 . 51 11 . 51 0 . 4

Cat al ase 1 . 11 x 10, 4 . 33 x 10 3 0 . 3

Epi mer ase 3 . 17 20 . 14 0 . 2

Fumar ase 2 . 11 6 . 79 0 . 3

PM3- 11 Thi ol ase 15 . 40 1 . 66 9 . 0

Cat al ase 22 . 48 x 10 , 0 . 49 x 103 45 . 4

Epi mer ase 5 . 32 1 . 24 3 . 2

Fumar ase 4 . 02 9 . 57 0 . 4

PM3- 12 Thi ol ase 10 . 97 1 . 71 6 . 4

Cat al ase 13 . 87 x 10 3 0 . 32 x 103 43 . 3

Epi mer ase 12 . 97 4 . 10 3 . 2

Fumar ase 5 . 75 10 . 41 0 . 6

PM3- 13 Thi ol ase 27 . 77 2 . 85 9 . 7

Cat al ase 22 . 11 x 103 2 . 64 x 103 8 . 4

Epi mer ase 12 . 73 3 . 60 3 . 5

Fumar ase 1 . 71 2 . 95 0. 6

PM3- 11 Thi ol ase 5 . 22 14 . 11 0 . 4

+YCpP3/ 7 . 5 Cat al ase 1 . 81 x 103 3 . 06 x 10 3 0 . 6

Epi mer ase 2. 24 7 . 49 0 . 3

Fumar ase 2 . 22 7 . 52 0 . 3

GDP3- 2 Thi ol ase 23 . 78 1 . 98 12 . 0

Cat al ase 23 . 13 x 103 0. 46 x 10 3 50 . 3

Epi mer ase 15 . 26 3 . 86 4 . 0

Fumar ase 2 . 23 5 . 59 0 . 3
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Fi gur e 2 . ( a and b) Sect i ons of KMnO4- f i xed ol ei c aci d gr own cel l s of wi l d- t ype S. cer evi si ae ( a) and t he gene- di sr upt ed st r ai n GDP3- 2

( b) . I n t he case of t he wi l d- t ype, gr owt h on ol ei c aci d r esul t ed i n a mar ked per oxi some pr ol i f er at i on ( a) . I n cont r ast , per oxi sor nes wer e
not det ect abl e i n sect i ons of ol ei c aci d- i nduced cel l s of t he pas3- mut ant GDP3- 2 ( b) gr own under t he same condi t i ons as t he wi l d- t ype
st r ai n . ( cf ) The per oxi some- def i ci ent mor phol ogy was al so demonst r at ed by cyt ochemi cal st ai ni ng of cat al ase act i vi t y . Af t er i ncubat i on
wi t h DABand HZOZ, posi t i vel y st ai ned per oxi somal st r uct ur es wer e absent i n t he mut ant PM3- 11 ( c) , but wer e r eadi l y det ect abl e i n PM3-
11 cel l s t r ansf or med wi t h t he compl ement i ng pl asmi d YCpP3/ 7. 5 ( d) . I mmunocyt ochemi cal det ect i on of t hi ol ase r eveal ed t he par t i cul at e

l ocal i zat i on of t hi s per oxi somal enzyme af t er f unct i onal compl ement at i on of PM3- 11 ( f ) , i n cont r ast t o nont r ansf or med PM3- 11 cel l s ( e) .

L, l i pi d dr opl et ; M, mi t ochondr i on ; N, nucl eus ; P, per oxi some ; V, vacuol e. Bar , 0. 5 um.
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Resul t s

I sol at i on and Char act er i zat i on of pas3- mut ant s

We have pr evi ousl y descr i bed t he i sol at i on of f our per ox-
i somal assembl y mut ant s ( pas- mut ant s) af t er mut agenesi s of
yeast wi l d- t ype cel l s wi t h EMS ( Er dmann et al . , 1989) .
Genet i c anal ysi s r eveal ed t hat t hese mut ant s f al l i nt o t hr ee
compl ement at i on gr oups, pasl t o pas3 ( Er dmann et al . ,
1989) . I n addi t i on t o t he pas- def ect t he or i gi nal pas3- mut ant
possessed a second mut at i on af f ect i ng t he ut i l i zat i on of ol ei c
aci d as sol e car bon sour ce . As a f i r st st ep t o char act er i ze t he
pas3- mut at i on a monogeni c pas3- st r ai n ( PM3- 11) was i so-
l at ed by mei ot i c segr egat i on . PM3- 11 car r i es t he pas3- def ect
as a si ngl e genet i c l esi on pr event i ng gr owt h on ol ei c aci d as
demonst r at ed by t et r ad anal ysi s. Backcr osses of PM3- 11 t o
wi l d t ype cel l s yi el ded di pl oi ds t hat wer e abl e t o ut i l i ze ol ei c
aci d i ndi cat i ng t he r ecessi ve nat ur e of t he pas3- mut at i on . By
means of t he descr i bed scr eeni ng pr ocedur e ( Er dmann et
al . , 1989) t wo addi t i onal monogeni c pas3- al l el es ( PM3- 12,
PM3- 13) wer e i sol at ed .

As descr i bed, per oxi somal assembl y mut ant s of S. cer e-

vi si ae ar e not onl y char act er i zed by t hei r i nabi l i t y t o ut i l i ze
ol ei c aci d as sol e car bon sour ce but , i n addi t i on, by t he accu-
mul at i on of per oxi somal mat r i x enzymes i n t he cyt osol and
by t he absence of mor phol ogi cal l y det ect abl e per oxi somes
( Er dmann et al . , 1989) . Ther ef or e, t he pas3- mut ant s wer e
char act er i zed wi t h r egar d t o t hese t hr ee pr oper t i es bef or e at -
t empt s t o cl one t he PAS3 gene wer e i ni t i at ed . The ol ei c aci d
nonut i l i zi ng phenot ype ( onu- ) demonst r at ed f or al l t hr ee
pas3- mut ant s i s shown f or PM3- 11 i n Fi g . 1 . I n cont r ast t o
a wi l d- t ype st r ai n, t he mut ant i s not abl e t o gr ow on ol ei c
aci d mi ni mal medi umpl at es even af t er i ncubat i on f or 14 d
at 30 0 C.

I t has been r epor t ed t hat not onl y pas- mut ant s but al so
st r ai ns def ect i ve i n i ndi vi dual 0- oxi dat i on enzymes ar e un-
abl e t o ut i l i ze ol ei c aci d ( Er dmann et al . , 1989) . Hence, f i r -
t her bi ochemi cal char act er i zat i on was necessar y t o ensur e
t hat t he onu - phenot ype of PM3- 11, PM3- 12, and PM3- 13
was due t o a cyt osol i c mi sl ocal i zat i on of per oxi somal en-
zymes . Subcel l ul ar f r act i onat i on st udi es wer e per f or med
af t er i nduct i on on ol ei c aci d medi um. 3- hydr oxyacyl - CoA
epi mer ase and 3- oxoacyl - CoA t hi ol ase, component s of t he
per oxi somal 0- oxi dat i on syst em i n yeast , and cat al ase wer e
assayed as per oxi somal mar ker enzymes, whi l e t he mi t o-
chondr i al enzyme f umar ase ser ved as a cont r ol f or t he i n-
t act ness of t he i sol at ed or ganel l es . Resul t s ar e shown i n Ta-
bl e I I . For t he wi l d- t ype st r ai n, bul k act i vi t i es of t he di f f er ent
enzymes ar e pr esent i n t he 25, 000- g pel l et , i ndi cat i ng t hei r
par t i cul at e nat ur e. However , af t er di f f er ent i al cent r i f ugat i on
of l ysat es of PM3- 11, PM3- 12, and PM3- 13, per oxi somal en-
zymes wer e pr edomi nant l y det ect ed i n t he 25, 000- g super na-
t ant , wher eas t he mi t ochondr i al mar ker enzyme f umar ase
was st i l l sedi ment abl e ( Tabl e I I ) . These dat a i ndi cat e t hat t he
bi ochemi cal phenot ype of t he pas3- mut ant s i s t he same as
r epor t ed f or pasl - 1 and pas2 : per oxi somal enzymes ar e st i l l
i nduci bl e ; t hey ar e mi sl ocal i zed t o t he cyt osol , and t hey as-
sembl e i n an act i ve f or m ( Er dmann et al . , 1989) .

The mor phol ogi cal phenot ype of t he pas3- mut ant s was i n-
vest i gat ed by EM. Gr owt h of t he wi l d- t ype st r ai n on ol ei c
aci d as sol e car bon - sour ce r esul t s i n a mar ked per oxi somal
pr ol i f er at i on ( Fi g . 2 a) . I n cont r ast , even af t er i ncubat i on
wi t h DAB and H2 0 2 f or t he det ect i on of cat al ase act i vi t y,

Höhf el d et al . Char act er i zat i on of PAS3 of Sacchar omyces cer evi si ae

per oxi somes coul d not be det ect ed i n ol ei c aci d i nduced
cel l s of t he pas3- mut ant ( Fi g. 2 c) . St ai ni ng of mi t ochon-
dr i a i s due t o t he act i vi t y of cyt ochr ome c per oxi dase. The
cyt osol i c l ocal i zat i on of per oxi somal mat r i x enzymes was
al so demonst r at ed by i mmunocyt ochemi st r y usi ng pol ycl onal
ant i - t hi ol ase ant i bodi es ( Fi g . 2 e) . I t i s t o concl ude t hat t he
pas3- mut at i on causes a l ack of mor phol ogi cal l y det ect abl e
per oxi somes .

Cl oni ng of t he PAS3 Gene
by Funct i onal Compl ement at i on

The r ecessi ve nat ur e of t he pas3- mut at i on opens t he way t o
cl one t he PAS3 gene by f unct i onal compl ement at i on . PM3-
11 was t r ansf or med wi t h a genomi c l i br ar y of S. cer evi si ae

mai nt ai ned i n t he E. col i - yeast shut t l e vect or YCp50 ( Rose
et al . , 1987) . Tr ansf or med cel l s wer e sel ect ed f or ur aci l pr o-
t ot r ophy and subsequent l y scr eened f or gr owt h on ol ei c aci d
medi um. Among 30, 000 t r ansf or mant s, one cl one was r e-
cover ed t hat had r egai ned t he abi l i t y t o ut i l i ze ol ei c aci d as
car bon sour ce ( Fi g . 1) . The pl asmi d i sol at ed f r omt hi s cl one
( YCpP3/ 7. 5) cont ai ned a 7. 5- kb i nser t t hat was char act er i zed
by r est r i ct i on anal ysi s ( Fi g. 3) . To ver i f y t hat t hi s pl asmi d
car r i ed t he compl ement i ng gene, YCpP3/ 7. 5 was t r ansf or med
i nt o PM3- 11, PM3- 12, and PM3- 13 . Ur a+ t r ansf or mant s of
al l mut ant st r ai ns wer e agai n abl e t o gr ow on ol ei c aci d .
Mor eover , cel l f r act i onat i on f ol l owi ng ol ei c aci d i nduct i on
of t he t r ansf or med mut ant st r ai ns demonst r at ed t he par t i cu-
l at e l ocal i zat i on of per oxi somal enzymes i n t hese cel l s ( Tabl e
I I ) . The pr esence of per oxi somes was shown by cat al ase cy-
t ochemi st r y ( Fi g . 2 d) and t he l ocal i zat i on of 3- oxoacyl - CoA
t hi ol ase wi t hi n t hese per oxi somes demonst r at ed by i mmuno-
l abel i ng ( Fi g . 2f ) . To l ocal i ze t he pas3- compl ement i ng r e-
gi on of YCpP3/ 7. 5, subcl ones wer e const r uct ed i n pRS316
( Si kor ski and Hi et er , 1989) by usi ng def i ned r est r i ct i on f r ag-
ment s and f r agment s obt ai ned t hr ough par t i al di gest i on wi t h

Y( pP3ns
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Fi gur e 3 Compl ement at i on anal ysi s and sequenci ng st r at egy of t he
PAS3 r egi on . The sol i d bl ack l i ne i ndi cat es t he 7. 5- kb genomi c f r ag-
ment of t he pl asmi d YCpP3/ 7. 5, whi ch was f ound t o compl ement
t he pas3- mut at i on . Subcl ones of t hi s f r agment ar e shown al ong
wi t h t hei r compl ement i ng abi l i t y ( - / +) . The over l appi ng r egi on of
t he di f f er ent compl ement i ng subcl ones i s mar ked wi t h a hat ched
bar . Adet ai l ed r est r i ct i on endonucl ease map of t hi s r egi on and t he
i dent i f i ed l ar ge open r eadi ng- f r ame, i s gi ven i n t he l ower panel . Ar -
r ows i ndi cat e t he di r ect i on and ext ent of sequence det er mi nat i ons .
S, Sau3A1 si t e .
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Sau3AI . These subcl ones wer e t est ed f or t hei r abi l i t y t o
compl ement t he onu- phenot ype of st r ai n PM3- 11 . The r e-
sul t s mapped t he compl ement i ng gene t o a r egi on of t i 2. 0
kb ( over l appi ng r egi on bet ween t he compl ement i ng pl asmi ds
[ Fi g . 3] ) .

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991 1172

Fi gur e 4. Nucl eot i de sequence
of PAS3 and deduced pr i mar y
sequence of t he gene pr oduct .
The t wo hydr ophobi c domai ns
ar e shown shaded . The smal l -
est compl ement i ng Sau3AI sub-
cl one st ar t s at posi t i on - 212
of t he upst r eam r egi on as was
i dent i f i ed af t er par t i al Sau3AI
di gest i on . For onr er expr essi on
i n E. col i , a por t i on of t he
gene f r om t he Pst I si t e at po-
si t i on +30 t o t he Pst l si t e
at +1420 was subcl oned i nt o
t he pEXPI expr essi on vect or .
These sequence dat a ar e avai l -
abl e f r om EMBL/ GenBank/
DDBJ under accessi on num-
ber X58407.

To est abl i sh t he aut hent i ci t y of t he put at i ve PAS3 gene and
t o excl ude t he possi bi l i t y t hat a suppr essor l ocus was cl oned,

a chr omosomal i nt egr at i on exper i ment was per f or med . A
431- bp cent r al Sau3AI - EcoRI f r agment of t he over l appi ng r e-
gi on was subcl oned i nt o t he yeast i nt egr at i ng vect or pRS306

- 212 GATCATAGCTAACATOTCGTTAACATGTAGTAGAGT

- 153 TTGCGTCAATGTATGAATATTTCCCTTTTTCCTTAAAAATTCCTTGCATTTTCGTAATC

- 102 OTGTGTAATGATAAGCGCGTTATTCOACTTATATOAOCATGOOOTATATTATTGAGGTA
Spel

- 51 GTTAATAC' T` AGT CATCGTAAAAOCAGAAOCACOAAACAACGAGGCAAACCACTAAAAGG
Pst I

+l ATG GCC CCA AAT CAA AGA TCA COT TOG CTT CTCCAC AGA CAT CGA
Met Al a Pr o Ann G1n Ar g SEr Ar g Sar Leu Leu Gl n Ar g Hi s Ar g 15

r 46 GOA AAG GTA CTC ATT TCA TTG ACT GOA ATA OCT OCT TTA TTT ACC
Cl y I . ys Val Lau I 1a Sar Lou Thr a2- 3r I - 1- A' 1- At a Lou Pk. - Ti ar 30

+91 ACA OGG TCG GTG GTA GTG TTT TTC GTG AAG AGA TGG TTG TAT AAA
Thr Gl y Sar Val Val Val Pi pa E- 1- Val Lys Ar g Tr p Leu Tyr Lys 45

+136 CAC CAC TTA CGG ATT ACT GAG CAA CAC TTC ATC AAA GAA CAG ATC
Cl n Cl . n Leu Ar g I l . Thr Cl . Cl n Hi s Pha I l . Lys Gl u Gl n I l . 60

+181 . AAA ACA AGG TTC GAG CAC ACA CAG GAA CAC TCG TTG TAC ACA ATA
Lys Ar g Ar g Pha CI . Gl n Thr Ol n CI . Asp Sar Leu Tyr Thr I l e 75

+226 TAC GAG CTA CTT CCT GTA TGG AGA ATG GTT TTG AAT GAA AAC CAT
Tyr Gl u Leu I . - u Pr o Val Tr p Ar g Met Val I - An . Cl u Asn Asp 90

f 271 TTG AAT TTG GAC AGC ATC GTT ACC CAA TTA AAG GAC CAA AAG AAC
Leu Asn Leu Asp Sar I l a Val Thr Gl n I - u Lys Asp Gl n Lys Asn 105

+316 CAG TTG ACT AGA' GCA AAG TCT AGT GAA AGC AGA GAA AGT TCG CCG
CI - Leu Thr Ar g AI . 1, y . S. , S- Cl u S. , Ar g Gl u S- Ser Pr o 120

+361 TTA AAA ACT AAA OCT GAG TTG TOO AAC GAG TTA GAA CTA AAG AGT
Leu Lys SEr Lys Al a Gl u Leu Tr p Asn Gl u Leu Gl u Leu Lys Si r 135

+406 TTG ATC AAG CTG GTG ACA GTG AGO TAG ACA GTA TCG TCG CTG ATT
Lau I 1o Lya I . ou Vat Thr Vat Thr Tyr MI . - Val Sar S- l - 1: 2. - 150

+4S1 CTT TTA ACA AGA CTG CAA CTA AAT ATC CTG ACA AGA AAC GAG TAC
~u I wu Tk. - Ar g Leu Cl n LEU Asn I I - I - Thr Ar g Asn Gl u Tyr 165

+496 CTG CAC TCC CCA ATA AAA TTA ACC ATG CAC CAG GAA AAC TGC AAC
Leu Asp Sar Al a I l e Lys Leu Thr Met Gl n C1n Gl u Asn Cys Asn 180

+541 AAA CTA CAG AAT AGG TTC TAT AAC TGG GTT ACA TCG TOG TGG ACC
Lys Leu Gl n Asn Ar g Pha Tyr An- Tr p Val ' r h, Sar Tr p Tr p SEr 195

+586 GAT CCG GAG CAC AAA GCC GAT GAT GCA ATG GTA ATG GCA GCA AAA
Asp Pr o Gl u Asp Lys Al . Asp Asp Al a Met Val Met AI . Al a Lys 210

Hi naI l l
+631 AAG TCA AAG AAA GAA CGC CAG GAA GTG TAT ATT AAT GAG CAA GCT

Lys Ser Lys Lys CI - Gl y Cl n Gl u Val Tyr I l . Asn Cl . Gl n AI . 225

+676 ZTC CTA TCA CTA TCA TGG TGG ATT CTT AAC AAG GGG TGG TTG AGT
Pha Leu Sar Leu Sar Tr p Tr p I l e Leu A- Lys Gl y Tr p Leu Sar 240

, 721 TAC AAT CAA ATA ATT ACA AAT CAA ATC CAA ATT CAA TTT CAC GGC
Tyr Asn Gl u I l . I l - Thl A. - C_- I n I l . CI . i l - Gl u Pha Asp Gl y 255

+766 ATA CAC CCA AGA GAT ACT CTA ACG TTA GAA GAA TTT AGT TCT CGT
I l - Hi s Pr o Ar g Asp Thr Leu Thr Leu Gl u CI . Ph . Sar Sar Ar g 270

ECORI
+811 CTC ACG AAC ATA TTC CGG AAC ACG AAT TCC CAA ATA TTC CAC CAA

L. eu Thr Asn I l . Ph. Ar g Asn Thr Asn S- CI - I l - Pha Cl n Gl n 285

1856 AAT AAT A- AT AAC CTC ACG TCT ATT TTG CTT CCT AAA GAT TCC ACT
Asn Asn Asn Asn LEU Thr Sar I l - Lau 1- Pl . 1- Y. A. p S- , S- 300

1901 GGA CAC. GAG ' TI T CTT CTG TCA CAC- ACG CTT CAC GCC GAT CCT TTA
Gl y Gl n CI . Pha Leu LEU Ser Gl n Thr 1- Asp AI . Asp AI . LEU 315

PSel
+946 ACA AGT TTT CAC TCT AAC ACA CTA GTT TTT AAT CAA TTG GTG AAT

Thr Se r PhE Hi s Ser As n Thr Leu Vat Pha Asn Gl n Leu Val Asn 330

+991 GAA CTG ACC CAA TOT ATC GAA AGC ACA GCA ACA TCC ATA GTG TTA
CI . Leu Thr Gl n Cys I l . Gl u Ser Thr AI . Thr SEr I l - Val Leu 345

+1036 GAG TCT CTA ATA AAT GAA TCA TTC CAT TTC ATA ATG AAC AAG GTC
Gl u Se r Leu I l e Asn Gl u Ser Pha Hi s Pha I l - M- t A. - 1- Y . V. 1 360

+1081 GGC AAG ACA ATA GCC AAG AAA AAA CCT GGC CAA CAA CAT CAG
Cl y

AT:
11a Lys Thr Sl e Al . Lys Lys Lys P- Gl . y Cl n Gl u Asp Gl n 375

41126 CAA CAG TAT CAA ATG GCA GTT TTC OCT ATG TCG ATG AAA CAC TGT
Gi n Gi n Tyr CI n Met Al a Val Phe Al a Met Ser Met Lys Asp Cys 390

+1171 TGC CAA GAA ATG CTT CAA ACA ACT GCC GGG TCT TCC CAT ACC GGC
Cys Cl n Gl u Met LE- u Gi n Thr Thr AI . Gl y Sar Ser Hi s Sar Gl y 405

+1216 AGC GTG AAC GAA TAC CTG GCC ACT CTG GAT TCT GTG CAG CCG CTC
Sar Val A- Gl u Tyr Leu Al . Thr Leu Aap Sar Val Gl n Pr o Leu 420

+1261 GAT GAT CTG AGC GCC ACC GTA TAC ACC AAC TTT GGC GTC TCC ACC
Asp Asp Lau Sar Al . Sar Val Tyr Sar A. - Ph . Cl y Val Sar SEr 435

+1306 TCG TTT TCC TTC AAG CCT TAA TCTCTGAATAAOTACTGACACTCACACCAGA
Ser Ph. Sa r Phe Lys Pr o * 441

+1359 ATATATATATATATAGCCTAATCTTTAATACAOTAAGTGTGCAATAGGTAACATGACAT
Pst I

+1417
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Fi gur e 5. Hydr opat hy anal ysi s of Pas3p. A hydr opat hy pr of i l e of t he

pr edi ct ed ami no aci d sequence of Pas3p was cal cul at ed accor di ng
t o Kyt e and Dool i t t l e ( 1982) wi t h a wi ndow si ze of 19 ami no aci ds.
Two hydr ophobi c r egi ons wer e i dent i f i ed . The ami no- t er mi nal se-

quence ( ami no aci d 18- 39) , especi al l y, has been supposed t o be a
t r ansmembr ane span due t o a l engt h of 22 ami no aci ds and a
hydr ophobi ci t y scor e of about 2 . 0.

( Si kor ski and Hi et er , 1989) . The r esul t i ng pl asmi d was l i ne-

ar i zed wi t hi n t he genomi c f r agment t o di r ect i nt egr at i on t o

t he homol ogous chr omosomal l ocus . Subsequent t r ansf or -

mat i on of hapl oi d wi l d t ype cel l s yi el ded Ur al t r ansf or mant s

( GDP3- 1- GDP3- 9) showi ng pas- phenot ype ( Tabl e I I , Fi g . 2

b) . GDP3- 2 was mat ed t o a wi l d t ype st r ai n, r esul t i ng di p-

l oi ds wer e spor ul at ed, and t he mei ot i c segr egat i on was ex-

ami ned by t et r ad anal ysi s . An absol ut e cosegr egat i on of pas -

and Ur a+ was obser ved . Mor eover , a backcr oss of t he di s-

r upt ed hapl oi d GDP3- 2 t o t he or i gi nal mut ant PM3- 11 l ed

t o di pl oi ds whi ch wer e al so not abl e t o ut i l i ze ol ei c aci d as

car bon sour ce . These r esul t s i ndi cat ed an i nt egr at i on at t he

PAS3 l ocus of GDP3- 2 . Hence, t he aut hent i c PAS3 gene has

been cl oned .

Sequence Anal ysi s of PAS3

The over l appi ng r egi on bet ween t he genomi c f r agment s of

pRSP3/ 2 . 3 and 2 . 4 was sequenced usi ng t he di deoxynucl eo-

t i de chai n- t er mi nat i on met hod ( Sanger et al . , 1977) . The se-

quenced st r et ch of 1, 637 by cont ai ns an open r eadi ng f r ame

of 1, 323 by ( Fi g . 3) , cor r espondi ng t o a put at i ve pr ot ei n of

441 ami no aci ds wi t h a cal cul at ed mol ecul ar mass of 50. 6

kD. Sever al f eat ur es i ndi cat e t hat t he f i r st ATGcodon of t hi s

open r eadi ng f r ame i s i ndeed t he t r ansl at i onal st ar t si t e . A

put at i ve TATAel ement was not ed at posi t i on - 74 r el at i ve t o

t hi s AI G. I n addi t i on, t he sequence CAAG, whi ch of t en

def i nes t he st ar t si t e of t r anscr i pt i on ( Dobson et al . , 1982) ,

was i dent i f i ed at posi t i on - 23, and t he f l anki ng sequences

f i t wel l wi t h t he eukar yot i c consensus sequence of t r ansl at i on

st ar t ( Kozak, 1984) di spl ayi ng an A at posi t i on - 3 and a G

at +4 . An A- T r i ch r egi on was f ound downst r eam of t he TAA

st op codon of t he open r eadi ng f r ame . Such sequences have

been pr oposed t o be i nvol ved i n t he 3' - end f or mat i on of yeast

Höhf el d et al . Char act er i zat i on of PAS3 of Sacchar omyces cer evi si ae

mRNA by Zar et and Sher man ( 1982) . Ayeast consensus se-

quence f or pr e- mRNA spl i ci ng ( Gr een, 1986) coul d not be

i dent i f i ed . A t r anscr i pt cor r espondi ng t o t he open r eadi ng

f r ame was shown by a Nor t her n bl ot usi ng a speci f i c f r ag-

ment of PAS3 as a r adi ol abel ed DNA- pr obe . Hybr i di zat i on

t o pol y ( A) + mRNA i sol at ed f r om ol ei c aci d i nduced wi l d

t ype cel l s l ed t o t he i dent i f i cat i on of a 1 . 5- kb mRNAspeci es .

I n cont r ast , no si gnal coul d be det ect ed when pol y ( A) +

mRNAf r om gl ucose gr own cel l s was used ( dat a not shown) .

These r esul t s i ndi cat ed t hat t he open r eadi ng f r ame i ndeed

encodes a pol ypept i de whi ch i s expr essed i n r esponse t o

ol ei c aci d i nduct i on .

Sear chi ng of EMBL Nucl eot i de Sequence Dat abase r el .

25 r eveal ed no si gni f i cant sequence si mi l ar i t y t o any ot her

known pr ot ei n sequence. Hydr opat hy anal ysi s accor di ng t o

Kyt e and Dool i t t l e ( 1982) wi t h a wi ndow si ze of 19 ami no

aci ds l ed t o t he i dent i f i cat i on of t wo hydr ophobi c r egi ons

wi t hi n Pas3p ( Fi g . 5) . Especi al l y t he ami no t er mi nal se-

quence ( ami no aci ds 18- 39) f ul f i l l s t he r equi r ement s f or a

membr ane- spanni ng domai n : a sequence of at l east 19 ami no

aci ds wi t h a hydr ophobi ci t y scor e hi gher t han 1 . 6 ( Kyt e and

Dool i t t l e, 1982) . The second st r et ch f r omami no aci d 135 t o

153 i s char act er i zed by a hydr ophobi ci t y scor e of 1 . 59. The

nonpol ar ami no aci ds of t hi s segment ar e di sr upt ed by a l y-

si ne r esi due at posi t i on 138 . Thus, i t seems unl i kel y t hat t hi s

sequence act s as a second t r ansmembr ane span . Based on t he

Fi gur e 6. I dent i f i cat i on of Pas3p . The Pas3p was i dent i f i ed i n cr ude
ext r act s of ol ei c aci d i nduced wi l d- t ype cel l s by West er n bl ot anal y-
si s usi ng af f i ni t y- pur i f i ed ant i - Pas3p ant i bodi es ( l ane 2) . I n con-
t r ast , onl y a ver y weak si gnal was obt ai ned i n t he cr ude ext r act of
gl ucose gr own cel l s ( l ane 1) . Ol ei c aci d i nduct i on of a wi l d- t ype
car r yi ng addi t i onal copi es of PAS3 on a mul t i pl e copy pl asmi d r e-
veal ed an enhanced si gnal ( l ane 5) . Af t er di f f er ent i al cent r i f ugat i on
of i nduced wi l d- t ype l ysat es, t he Pas3p was excl usi vel y f ound i n

t he 25, 000- g pel l et f r act i on ( l ane 4) . ( Lane 3 cor r esponds t o t he

25, 000- g super nat ant . )
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hydr ophobi ci t y anal ysi s, we pr edi ct t hat Pas3p i s a mem-
br ane pr ot ei n anchor ed by at l east one membr ane- spanni ng
domai n .

I dent i f i cat i on and I nt r acel l ul ar Local i zat i on of Phs3p

The PAS3 nucl eot i de sequence dat a pr edi ct ed a mol ecul ar

mass of 50. 6 kDf or t he gene pr oduct . Fur t her mor e, t he dat a

i ndi cat ed t hat Pas3p mi ght be a membr ane- bound pr ot ei n .

Anal ysi s of t hese pr edi ct i ons was f aci l i t at ed by t he pr epar a-

t i on of a speci f i c ant i ser um. The pr oduct of a t r uncat ed PAS3

gene expr essed i n E. col i was pur i f i ed as an i nsol ubl e i n-

cl usi on body and used t o gener at e ant i - Pas3p ant i bodi es i n

r abbi t s . For t he exper i ment s descr i bed i n t hi s st udy, t he an-

t i ser umwas used af t er af f i ni t y pur i f i cat i on agai nst a ß- gal ac-

t osi dase- Pas3p f usi on pr ot ei n. As demonst r at ed i n Fi g . 6,

t he ant i bodi es speci f i cal l y r eact wi t h a 48- kD pol ypept i de
whi ch i s pr esent i n a ver y l ow amount when cel l s ar e gr own

on gl ucose ( Fi g. 6, l ane 1) and i nduci bl e by ol ei c aci d ( Fi g .

6, l ane 2) . Mor eover , i n a cr ude ext r act of ol ei c aci d gr own
cel l s cont ai ni ng PAS3 on a mul t i copy pl asmi d an enhanced
si gnal was obt ai ned ( Fi g. 6, l ane 5) , i ndi cat i ng t hat t he 48- kD
pr ot ei n i s t he pr edi ct ed PAS3 gene pr oduct . Af t er a 25, 000- g
cent r i f ugat i on of a yeast l ysat e obt ai ned f r om spher opl ast s,
t he pr ot ei n was excl usi vel y det ect ed i n t he pel l et f r act i on,

suggest i ng a par t i cul at e l ocal i zat i on of Pas3p ( Fi g . 6, l anes

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991

Fi gur e 7. I mmunol ogi cal det ect i on
of Pas3p i n per oxi somes . Per oxi -
somes wer e separ at ed f r ommi t o-
chondr i a on a cont i nuous 32- 54%
sucr ose gr adi ent as was i ndi cat ed
by t he pr of i l es of cat al ase and cy-
t ochr ome c- oxi dase act i vi t y . Per -
oxi somes wer e obt ai ned at a den-
si t y of 1 . 23 g/ cm3 , mi t ochondr i a
at 1 . 18 g/ cm3 . The Pas3p was
cl ear l y det ect ed i n t he per oxi -
somal peak f r act i ons ( 7- 10) by
West er n bl ot anal ysi s . For t he
bl ot , 0. 4% of t he vol ume of each
f r act i on was l oaded ont o a SDS-
pol yacr yl ami de gel . As a f ur t her
cont r ol , f r act i ons wer e al so checked
f or t he pr esence of t he per oxi -
somal mat r i x enzyme 3- oxoacyl -
CoA t hi ol ase ( each l ane cor r e-
sponds t o 0. 1% f r act i on vol ume) .

3 and 4) . I n cont r ast t o t hi s st r ong r eact i on i n t he 25, 000- g
pel l et of t he wi l d t ype l ysat e, i t was not possi bl e t o i mmuno-
l ogi cal l y det ect t he 48- kD pr ot ei n i n subcel l ul ar f r act i ons of
any of t he t hr ee pas3- mut ant s PM3- 11 t o PM3- 13 ( dat a not
shown) . I n addi t i on, t hi s was al so t he case f or t he gene- di s-
r upt ed st r ai n GDP3- 2, pr ovi di ng f ur t her exper i ment al evi -
dence f or t he aut hent i ci t y of t he 48- kD pr ot ei n as t he PAS3
gene pr oduct . I t can be concl uded t hat t he cause f or t he pas3-
phenot ype i s a l ack of t hi s pr ot ei n i n t he mut ant st r ai ns . Al -
t hough t he exper i ment al r esul t s st r ongl y suggest t hat t he
i mmunor eact i ve 48- kD pr ot ei n i s i ndeed Pas3p, t her e i s a
di f f er ence of t i 2 . 5 kD bet ween t he pr edi ct ed and t he ap-
par ent mol ecul ar mass . Thi s mi ght be expl ai ned by t he f r e-
quent l y obser ved f act t hat hydr ophobi c pr ot ei ns r un wi t h i n-
cr eased mobi l i t y i n SDS- pol yacr yl ami de gel s ( Bi i chel et al . ,
1980; Kami j o et al . , 1990) .

To f ur t her i nvest i gat e t he subcel l ul ar l ocal i zat i on of Pas3p,

a sucr ose densi t y gr adi ent cent r i f ugat i on was per f or med .
The 25, 000- g pel l et f r act i on was subf r act i onat ed by i sopycni c
cent r i f ugat i on i n a 32- 54% cont i nuous sucr ose densi t y gr a-

di ent . Fr act i ons wer e anal yzed f or cat al ase act i vi t y as a

per oxi somal mar ker enzyme, and cyt ochr ome c- oxi dase ac-

t i vi t y t o det ect mi t ochondr i a . Fi g. 7 shows t he di st r i but i on

pat t er n of t hese enzymes. A cl ear separ at i on of per oxi somes

and mi t ochondr i a was achi eved under t hese condi t i ons.
Per oxi somes wer e obt ai ned at a densi t y of 1 . 23 g/ cm3 ,
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Fgur e 8. I mmunol ogi cal det ec-
t i on of Pas3p i n t he pel l et f r ac-
t i on of car bonat e- ext r act ed
pemxi somal membr anes . Mem-
br anes wer e pr epar ed f r om i so-
l at ed per oxi somes by t r eat ment
wi t h 10 mMTr i s, pH 8 . 0. Af -
t er 200; 000 g cent r i f ugat i on t he
r esul t i ng pel l et f r act i on was ex-
t r act ed wi t h sodi umcar bonat e
at pH11 . 5 f ol l owed by a second
cent r i f ugat i on st ep ( 200, 000 g,

1 h) . The 48- kD Pas3p was
i dent i f i ed i n t he pel l et f r act i ons as i t i s expect ed f or an i nt egr al
membr ane pr ot ei n . S, super nat ant ; P, pel l et f r act i on .

wher eas t he mi t ochondr i al f r act i on was f ound at a densi t y
of 1 . 18 g/ cm3 . The gr adi ent f r act i ons wer e f ur t her anal yzed
by West er n bl ot anal ysi s usi ng pol ycl onal ant i bodi es agai nst
t he per oxi somal 3- oxoacyl - CoAt hi ol ase and t he af f i ni t y- pur i -
f i ed ant i - Pas3p ant i bodi es . As shown i n Fi g . 7, t he di st r i bu-
t i on pat t er n of bot h t he 48- kD Pas3p and t hi ol ase exact l y f ol -
l owt he enzyme pr of i l e of t he cat al ase act i vi t y . Based on t hese
dat a, Pas3p can be char act er i zed as a per oxi somal pr ot ei n .

The hydr opat hy pl ot suggest s t hat Pas3p i s a membr ane-
bound pr ot ei n . Especi al l y t he ami no- t er mi nal hydr ophobi c
sequence seems t o be l ong and hydr ophobi c enough t o span
a l i pi d bi l ayer . We f ur t her i nvest i gat ed t hi s quest i on by
i sol at i ng per oxi somal membr ane f r act i ons by means of car -
bonat e ext r act i on ( Fuj i ki et al . , 1982) . Per oxi somes i sol at ed
by sucr ose densi t y gr adi ent cent r i f ugat i on ( see Fi g . 7, f r ac-
t i ons 7 and 8) wer e l ysed i n 10 mMTr i s, pH 8 . 0. A subse-
quent cent r i f ugat i on at 200, 000- g separ at ed sol ubl e f r om
membr ane- bound pr ot ei ns. I ncubat i on of t he obt ai ned pel l et
i n Na2CO3 sol ut i on al l owed t o di st i ngui sh bet ween per i ph-
er al and i nt egr al membr ane pr ot ei ns . The l at t er wer e f ound
i n t he pel l et f r act i on of a second 200, 000- g cent r i f ugat i on
st ep . I mmunobl ot anal ysi s ( Fi g . 8) demonst r at es t hat t he 48
kD Pas3p was a component of t he 200, 000- g pel l et f r ac-
t i on af t er l ysi s of t he or ganel l es and was not ext r act abl e by
car bonat e . I n t hi s pr ocedur e i t t hus behaves l i ke an i nt egr al
membr ane pr ot ei n conf or mi ng t he concl usi on dr awn f r om
t he hydr opat hy pl ot .

We have r epeat edl y obser ved a degr adat i on of Pas3p when
f r act i ons f r om sucr ose densi t y gr adi ent s wer e st or ed at
- 20° C bef or e membr ane pr epar at i on . I n t hese cases t he 48-
kD Pas3p was no l onger det ect abl e i n per oxi somal mem-
br ane f r act i ons . I n cont r ast , t he af f i ni t y- pur i f i ed ant i bodi es
speci f i cal l y r eact ed wi t h a 41- kD pol ypept i de whi ch be-
haved l i ke a per i pher al membr ane pr ot ei n ; i t was ext r act abl e
f r omt he Tr i s, pH 8. 0 pel l et f r act i on by car bonat e t r eat ment
( dat a not shown) . The speci f i ci t y of t he ant i body r eact i on
suggest ed t hat t he 41- kD pol ypept i de i s a degr adat i on pr od-
uct of Pas3p ( Fi g . 9) .

Pr ot ease Tl r eat ment of P1zs3p

The t opol ogy of t he 48- kD Pas3p i n t he per oxi somal mem-
br ane was exami ned by pr ot ei nase K t r eat ment of a mi t o-
chondr i al / per oxi somal pel l et f r act i on ( 25, 000- g pel l et ) . Aga-
r ose- coupl ed pr ot ei nase K was used f or t hi s exper i ment
and t he or ganel l es wer e osmot i cal l y st abi l i zed i n 1 . 2 Msor -
bi t ol dur i ng pr ot ease t r eat ment . As a cont r ol t hat per oxi -

Háhf el d et al . Char act er i zat i on of PASS of Sacchar omyces cer ewsi ae

Di scussi on
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Fi gur e 9 Degr adat i on of Pas3p
i n per oxi somal gr adi ent f r ac-
t i ons st or ed at - 20° C bef or e
membr ane pr epar at i on . Thi s
degr adat i on l ed t o a 41- 0 pol y-
pept i de ( l ane 2, i ndi cat ed by
an ar r owhead) , whi ch was spe-
ci f i cal l y det ect ed by af f i ni t y-
pur i f i ed ant i - Pas3p ant i bodi es.
Lane 1 cor r esponds t o t he
per oxi somal f r act i on of a su-
cr ose gr adi ent , l ane 2 t o t he
200000- g super nat ant f r ac-
t i on af t er Na2CO3 ext r act i on
of per oxi somal membr anes
pr epar ed f r om f r ozen per oxi -
somes .

somal mat r i x enzymes wer e pr ot ect ed agai nst t he added pr o-
t ease by t he membr ane of t he or ganel l e, we i nvest i gat ed t he
pr ot ease sensi t i vi t y of 3- oxoacyl - CoA t hi ol ase i n t he pr es-
ence and absence of Tr i t on X- 100 by West er n bl ot anal ysi s .
As shown i n Fi g . 10 a pr ot eol yt i c di gest i on of t hi ol ase was
onl y obser ved when t he or ganel l es wer e l ysed wi t h Tr i t on
X- 100 bef or e t he addi t i on of pr ot ei nase K. I n t hat case a
pol ypept i de shor t ened by 3 kD was det ect ed af t er a 10- mi n
pr ot ease t r eat ment and was f ur t her di gest ed dur i ng i ncuba-
t i on . Degr adat i on pr oduct s of smal l er mol ecul ar mass wer e
obser ved when l ar ger amount s of pr ot ei n wer e l oaded ont o
t he gel ( dat a not shown) . On t he ot her hand, no cl eavage of
t hi s per oxi somal mat r i x enzyme was obser ved i n t he absence
of det er gent , t hus, i ndi cat i ng t hat t he per oxi somal membr ane
r emai ned i nt act under t hese exper i ment al condi t i ons .

I n cont r ast , addi t i on of pr ot ei nase K l ed t o a compl et e
degr adat i on of Pas3p i n t he absence as wel l as i n t he pr esence
of Tr i t on X- 100 ( Fi g . 10) . I n bot h cases, t he Pas3- pr ot ei n
band di sappear ed af t er a 30- mi n i ncubat i on and a domi nant
cl eavage pr oduct of 27 kD coul d be i mmunol ogi cal l y i den-
t i f i ed, whi ch i n t ur n was al so r api dl y degr aded . Thus, t he
maj or par t of Pas3p i s appar ent l y not pr ot ect ed f r ompr ot eo-
l yt i c at t ack by vi r t ue of t he i nt act ness of t he per oxi somal
membr ane .

Ver y l i t t l e i s known about t he f unct i onal f eat ur es and st r uc-
t ur es of yeast per oxi somal membr ane pr ot ei ns . We r epor t
her e t he i dent i f i cat i on and mol ecul ar char act er i zat i on of t he
per oxi somal i nt egr al membr ane pr ot ei n Pas3p whi ch i s es-
sent i al f or t he bi ogenesi s of per oxi somes i n Sacchar omyces
cer et dsi ae . Cl oni ng and sequenci ng of i t s gene, PAS3, be-
came possi bl e af t er t he i sol at i on of pas3- mut ant s .

Al l t hr ee r epor t ed pas3- mut ant s as wel l as t he const r uct ed
nul l mut ant r eveal ed t he same phenot ype as t he r ecent l y de-
scr i bed st r ai ns pasl - 1 and past ( Er dmann et al . , 1989) . Thi s
pas- phenot ype i s char act er i zed by t he l ack of mor phol ogi -
cal l y det ect abl e per oxi somes, causi ng t he i nabi l i t y of t he
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Fi gur e 10. West er n bl ot anal ysi s usi ng ant i bodi es agai nst 3- oxoacyl - CoA t hi ol ase and Pas3p af t er pr ot ei nase K t r eat ment of a cr ude or ganel -

l ar pel l et f r act i on . Four sampl es of a 25, 000- g pel l et f r act i on of ol ei c aci d- i nduced wi l d- t ype cel l s wer e i ncubat ed i n t he absence ( - )

or pr esence ( +) of 25 mg/ ml agar ose- coupl ed pr ot ei nase K and 0 . 1% Tr i t on X- 100 at 30° C. Af t er 2, 10, 30, and 60 mi n, al i quot s of each

sampl e wer e pr eci pi t at ed i n 10% TCA and pr epar ed f or SDS- PAGE. I n t he case of t he per oxi somal mat r i x enzyme t hi ol ase, degr adat i on

dur i ng pr ot ease t r eat ment was onl y obser ved when t he or ganel l es wer e l ysed by t he addi t i on of Tr i t on X- 100. I n cont r ast , Pas3p was accessi -

bl e t o t he added pr ot ei nase K i n t he pr esence as wel l as i n t he absence of det er gent . A 27- kD pol ypept i de was det ect ed as t he domi nant

cl eavage pr oduct ( i ndi cat ed by ar r owheads) .

yeast cel l s t o ut i l i ze ol ei c aci d as sol e car bon sour ce . I n addi -

t i on, per oxi somal mat r i x enzymes, whi ch ar e st i l l i nduci bl e

by ol ei c aci d, ar e mi sl ocal i zed t o t he cyt osol . The same f ea-

t ur es have al so been r epor t ed f or per oxi some def i ci ent mu-

t ant s of CHOcel l s ( Zoel l er et al . , 1989) , and of Hansenul a
pol ymor pha ( Cr egg et al . , 1990) , as wel l as f or f i br obl ast s

of Zel l weger pat i ent s ( Schut gens et al . , 1986 ; Schr amet al . ,

1986) . I nt er est i ngl y, i n Zel l weger f i br obl ast s empt y per oxi -

somal membr ane st r uct ur es ( " ghost s" ) cont ai ni ng per oxi -

somal membr ane pr ot ei ns have been i dent i f i ed, i ndi cat i ng

t hat def ect s of t he per oxi somal pr ot ei n i mpor t machi ner y

cause t hese di seases i n man ( Sant os et al . , 1988) .

Al t hough such st r uct ur es coul d not yet be unequi vocal l y

demonst r at ed i n t he di f f er ent pas- mut ant s of S. cer evi si ae,
we woul d l i ke t o post ul at e t hat t hey do exi st and ar e an i nher -

ent addi t i onal f eat ur e of t he pas- phenot ype . Thi s concl usi on

i s pr i mar i l y based on t he f ol l owi ng t wo obser vat i ons . Fi r st l y,

t r ansf or mat i on of pas3- mut ant s wi t h pl asmi ds bear i ng t he

PAS3 gene r esul t ed i n st r ai ns wi t h det ect abl e per oxi somes

( Fi g . 2, d and f ) . Secondl y, genet i c cr ossi ng of hapl oi d cel l s

of pas3- mut ant s wi t h st r ai ns of ot her pas compl ement at i on

gr oups ( e . g . , pasl or pas2) l ed t o di pl oi d cel l s cont ai ni ng

per oxi somes . Accumul at ed evi dence st r ongl y suggest s t hat

per oxi somes do not f or mby a de novo assembl y mechani sm,

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991

but ar i se f r ompr e- exi st i ng or ganel l es by gr owt h and di vi si on

( Lazar ow et al . , 1985 ; Bor st , 1986, 1989) . I n t he l i ght of t hi s

not i on and t he demonst r at i on of ghost s i n f i br obl ast s of Zel l -

weger pat i ent s, our f i ndi ngs make i t ext r emel y unl i kel y t hat

i n yeast cel l s wi t hout r esi dual per oxi somal r emnant s, r ecov-

er y of an essent i al gene by i t sel f can r est or e bi ogenesi s of

per oxi somes . The cl oni ng of t he PAS3 gene, encodi ng an i n-

t egr al per oxi somal membr ane pr ot ei n ( see bel ow) now pr o-

vi des t he basi s f or st r at egi es t o sear ch f or per oxi somal ghost s

i n S. cer evi si ae by means of mol ecul ar pr obes .

The sequence of t he PAS3 gene pr edi ct s a 50. 6- kDpr ot ei n

( Pas3p) t hat cont ai ns at l east one st r et ch of ami no aci ds

18- 39 whi ch i s suf f i ci ent l y l ong and hydr ophobi c t o span a

l i pi d bi l ayer . The pr edi ct i ons of t he sequence anal ysi s ar e

st r ongl y suppor t ed by t he pr oper t i es and t he subcel l ul ar l o-

cal i zat i on of t he i mmunol ogi cal l y det ect ed Pas3p . I t i s

cl ear l y i dent i f i ed as a per oxi somal pr ot ei n of an appar ent

mol ecul ar mass of 48 kD and, j udged by t he car bonat e-

ext r act i on met hod ( Fi g . 8) , an i nt egr al component of t he

per oxi somal membr ane . So f ar no i nt egr al per oxi somal

membr ane pr ot ei n of S. cer evi si ae and onl y t hr ee of ot her or -

gani sms, namel y PMP70 of r at l i ver ( Kami j o et al . , 1990) ,

PMP47 of Candi da boi di ni i ( McCammon et al . , 1990a) , and

PAF- 1 of CHO cel l s ( Tsukamot o et al . , 1991) have been

1176

 on June 29, 2007 
w

w
w

.jcb.org
D

ow
nloaded from

 

http://www.jcb.org


a

H2N /

	

Q

	

COON

41 k0

H t N E

	

O

	

COON

4B k0

H2N O
41 ko

COON

Fi gur e 11 . ( a) Schemat i c pr esent at i on of al t er nat i ve cl eavages l eadi ng t o t he obser ved 41ÁD degr adat i on pr oduct of Pas3p ( 48 kD) . ( A)
Put at i ve cl eavage at t he hydr ophi l i c car boxyl - t er mi nus woul d r esul t i n a pol ypept i de cont ai ni ng bot h hydr ophobi c domai ns ( shown as a
bl ack and an open box) ; ( B) Put at i ve degr adat i on at t he ami no t er mi nus woul d l ead t o a pol ypept i de mi ssi ng t he f i r st hydr ophobi c st r et ch
( bl ack box) whi ch i s di scussed as t he membr ane anchor of Pas3p. ( b) Hypot het i cal model of t he t opol ogy of Pas3p wi t hi n t he per oxi somal
membr ane .

char act er i zed by cl oni ng and sequenci ng of t he cor r espond-
i ng genes . Compar i son of t hei r deduced ami no aci d se-
quences wi t h t hat of Pas3p r eveal ed no si gni f i cant sequence
si mi l ar i t y . Whi l e PMP70 and PMP47 wer e char act er i zed
as maj or i nt egr al per oxi somal membr ane pr ot ei ns i n t he
r espect i ve or gani sms, a 48- kD pr ot ei n was not among t he
pr edomi nant pol ypept i des of t he per oxi somal membr ane of
S. cer evi si ae ( McCammon et al . , 1990b) .

Wi t h r espect t o t he t opol ogy of Pas3p wi t hi n t he per oxi -
somal membr ane, i t was an i nt er est i ng obser vat i on t hat a 41-
kD degr adat i on pr oduct of t hi s pr ot ei n ( Fi g. 9) behaved l i ke
a per i pher al membr ane pr ot ei n . I t i s obvi ous f r omsequence
anal ysi s t hat a cl eavage i n t he hydr ophi l i c car boxyl - t er mi nal
hal f of Pas3p can not expl ai n t hi s f i ndi ng ( Fi g . 11 a, A) .
However , t he shi f t f r om an i nt egr al t o a per i pher al mem-
br ane pr ot ei n and t he si ze of t he obser ved pol ypept i de coul d
r esul t f r oma cl eavage bet ween t he t wo hydr ophobi c st r et ches
of ami no aci ds 18- 39 and 135- 153 ( Fi g . 11 a, B) . The put a-
t i ve cl eavage pr oduct woul d l ack t he f i r st ami no- t er mi nal hy-
dr ophobi c sequence whi ch, as di scussed above, possesses
t he pr oper t i es of a membr ane- spanni ng domai n . Thi s r ea-
soni ng i mpl i es t hat t he second hydr ophobi c st r et ch ( ami no
aci ds 135- 153) al one i s not suf f i ci ent t o anchor Pas3p i n t he
l i pi d bi l ayer , but t o per i pher al l y associ at e i t t o t he per oxi -
somal membr ane . Fur t her i nsi ght i nt o t he t opol ogy of Pas3p
was obt ai ned by pr ot ease t r eat ment of a cr ude per oxi somal /
mi t ochondr i al pel l et f r act i on . The easy accessi bi l i t y of Pas3p
t o pr ot eol yt i c at t ack even when membr anes ar e not per meabi -
l i zed by det er gent ( Fi g . 10) suggest s t hat t he maj or por t i on
of Pas3p pr ot r udes i nt o t he cyt osol . The si ze ( 27 kD) of t he
obser ved pr edomi nant degr adat i on pr oduct cor r esponds
wel l wi t h t he hydr ophi l i c par t of t he Pas3- pr ot ei n . Based on
t he pr esent ed dat a we have specul at ed about t he t opol ogy of
Pas3p ( Fi g . 11 b) . I t i s pr esumabl y anchor ed i n t he l i pi d bi -
l ayer by t he t r ansmembr ane domai n at i t s ami no t er mi nus
wi t h i t s membr ane associ at i on bei ng suppor t ed by t he second
hydr ophobi c st r et ch, whi l e t he bul k of t he mol ecul e emer ges
f r om t he cyt osol i c f ace of t he per oxi somal membr ane i nt o
t he cyt osol .

Höhf el d et al . Char act er i zat i on of PASS of Sacchar omyces cer evi si ae

A sear ch of dat abases f ai l ed t o r eveal si gni f i cant sequence
si mi l ar i t i es of t he deduced pr i mar y sequence of Pas3p t o
ot her known pr ot ei n sequences, t hus pr ovi di ng no i nsi ght
i nt o a possi bl e f unct i on of t hi s i nt egr al membr ane pr ot ei n .
However , t he di scussed t opol ogy of Pas3p and i t s essent i al
r ol e f or t he bi ogenesi s of per oxi somes ar e pr oper t i es one
woul d expect of a put at i ve r ecept or on t he per oxi somal
membr ane .

Fi br obl ast of Zel l weger pat i ent s have been r epor t ed t o
cont ai n per oxi somal membr ane pr ot ei ns i n ghost - l i ke st r uc-
t ur es ( Sant os et al . , 1988) , wher eas sol ubl e per oxi somal
pr ot ei ns wer e f ound i n t he cyt osol of t hese cel l s ( Schr amet
al . , 1986) . Thi s seems t o suggest t hat membr ane- bound and
sol ubl e pr ot ei ns ar e del i ver ed t o per oxi somes by separ at e
mechani sms . I t has r ecent l y been demonst r at ed t hat t he
t r i pept i de SKI , and cer t ai n conser vat i ve modi f i cat i ons of t hi s
mot i f at t he ext r eme car boxyl t er mi nus of per oxi somal pr o-
t ei ns f unct i on as a per oxi somal t ar get i ng si gnal i n mammal s,
pl ant s, and yeast ( Goul d et al . , 1990) . However , an SKL- l i ke
mot i f i s absent at t he car boxyl t er mi nus of t he deduced pr i -
mar y sequence of Pas3p as wel l as of PMP70 ( Kami j o et al . ,
1990) , PMP47 ( McCammon et al . , 1990a) , and PAF- 1
( Tsukamot o et al . , 1991) , t he ot her known per oxi somal i n-
t egr al membr ane pr ot ei ns . Mor eover , wi t h r espect t o t he
di scussed t opol ogy of Pas3p, wi t h a membr ane anchor i ng
st r et ch at t he ext r eme NHZ- t er mi nus and t he car boxyl - t er -
mi nal hal f pr ot r udi ng i nt o t he cyt osol , i t i s concei vabl e t hat
t he pr ot ei n i s di r ect ed t o t he per oxi somal membr ane by an
ami no- t er mi nal t ar get i ng si gnal .

I nt er est i ngl y, t he ami no t er mi nus of Pas3p shows a sur -
pr i si ng st r uct ur al si mi l ar i t y t o t he noncl eavabl e NHz t er mi -
nus of t he 70- kD mi t ochondr i al out er membr ane pr ot ei n of
S. cer evi si ae ( Hase et al . , 1984) . I n bot h cases t her e i s onl y
a shor t sequence pr ecedi ng t he hydr ophobi c t r ansmembr ane
span, and t hi s membr ane spanni ng domai n i s sur r ounded by
a number of basi c r esi dues . I t was shown f or t he mi t ochon-
dr i a) pr ot ei n t hat t he f i r st 12 ami no aci ds ar e suf f i ci ent f or
t ar get i ng t o mi t ochondr i a, wher eas t he subsequent un-
char ged r egi on up t o r esi due 29 cont ai ns a " st op- t r ansf er "
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and " anchor i ngzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� f unct i on ( Nakai et al . , 1989) . Based on
t hese obser vat i ons Pas3p shoul d be a usef ul model pr ot ei n
f or st udi es of i nt egr al membr ane pr ot ei n sor t i ng t o yeast
per oxi somes .

We wi sh t o t hank Mar t i na Mar zi och and Ral f Er dmann f or pr ovi di ng t he

nonchar act er i zed pas3- mut ant s, and Kl aas Sj ol l ema and Jan Zager s f or t ech-

ni cal assi st ance concer ni ng t he el ect r on mi cr ogr aphs . Pl asmi ds pEXPI - 3

wer e ki ndl y pr ovi ded by TomSt evens, and pl asmí ds pRS306/ 316 by Rober t

Si kor ski and Phi l i p Hi et er . The YCp50 genomi c bank was a gener ous gi f t

of Car l os Gancedo . Speci al t hanks ar e al so ext ended t o Fr anzi ska Wi ebel

and Daphne Mer t ens f or hel pf ul comment s on t he manuscr i pt .
Thi s wor k was suppor t ed by t he Deut sche For schungsgemei nschaf t ( Ku-

329/ 3 and 329/ 4) .
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