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ABSTRACT 
Cytochrome c oxidase subunit I1 (Cox2p) of Saccharomyces cmmisiae is synthesized within mitochondria 

as a precursor, pre-Cox2p. The 15-amino acid leader peptide is processed after export to the  intermem- 
brane space. Leader peptides are relatively unusual in mitochondrially coded proteins: indeed mamma- 
lian Cox2p lacks a leader  peptide. We generated two deletions  in the S. cmmisiae COX2 gene, removing 
either  the leader peptide ( ~ 0 x 2 - 2 0 )  or  the leader peptide  and processing site (cox2-21) without  altering 
either  the  promoter  or  the mRNA-specific translational activation site. When  inserted into mtDNA, 
both deletions substantially reduced  the steady-state levels of Cox2p and caused a tight  nonrespiratory 
phenotype. A respiring  pseudorevertant of the cox2-20 mutant was heteroplasmic for  the original mutant 
mtDNA and a p- mtDNA whose deletion fused the first 251 codons of the mitochondrial gene  encoding 
cytochrome b to the ~0x2-20  sequence. The resulting fusion protein was processed to yield functional 
Cox2p. Thus,  the presence of amino-terminal  cytochrome b sequence bypassed the  need  for  the pre- 
Cox2p leader  peptide. We propose that  the pre-Cox2p leader  peptide contains a targeting signal neces- 
sary for  membrane  insertion, without which it remains in  the matrix and is rapidly degraded. 

M OST proteins  encoded in mitochondrial DNA 
(mtDNA) are  inserted  into  the inner membrane 

where they assemble with nuclearly encoded  proteins 
imported from the cytoplasm (ATTARDI and SCHATZ 
1988).  The  membrane insertion of mitochondrially syn- 
thesized proteins, and  the  export of their hydrophilic 
domains to the  intermembrane space, has not been well 
characterized, largely due to the lack of a  true in uitro 
mitochondrial translation system.  Based on experi- 
ments with  yeast, in uiuo and in isolated mitochondria, 
this process is thought to be largely cotranslational 
(POY~ON et al. 1992).  Membrane bound mRNA-specific 
translational activators may initiate membrane tar- 
geting in yeast mitochondria (Fox 1996),  although  the 
possibility of posttranslational insertion has been  dem- 
onstrated  (HERFWANN et al. 1995). The machinery re- 
sponsible for  insertion and  export of mitochondrially 
coded  proteins has not been  identified. However, it 
does not  appear to closely resemble the Sec  system of 
procaryotes since the yeast genome does not contain 
any close homologues of bacterial sec genes that  could 
specify the  mitochondrial translocation apparatus 
( GLJCK and VON HEIJNE 1996). 

In well characterized procaryotic and eucaryotic sys- 
tems, exported  proteins  are  targeted to a  membrane by 
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signal sequences, often  contained in amino-terminal 
leader  peptides  that  are cleaved  off (VON HEIJNE 1988; 
SCHATZ and DOBBERSTEIN 1996).  Leader  peptides ap- 
pear to be rare in mitochondrial systems. There is no 
evidence for processing of mammalian mitochondrial 
gene  products, and in the cases  of mammalian cyto- 
chrome oxidase subunit I1 (Cox2p) and ATP synthase 
subunit 6, the existence of leader peptides has been 
ruled out (STEFFENS and BUSE 1979; ANDERSON et al. 
1982; FEARNLEY and WALKER 1986). Similarly, the Sac- 
charomyces cermisiae mitochondrial  gene  products cyto- 
chrome oxidase subunits I and 111, as  well  as cytochrome 
b and  Varlp  are known to lack leader peptides (MANN- 

HAUPT et al. 1985). However, a few exceptions to  this 
rule have been identified in fungi and plants. In S. 
cmmisiae, both Cox2p (SEVARINO and P O ~ O N  1980; 
PRAT~E et al. 1983) and ATP synthase subunit  6 (MICHON 
et al. 1988) are translated with leader peptides, as are 
Neurospora crassa Cox2p (VAN DEN BOOGAART et al. 
1982) and cytochrome oxidase subunit I (WERNER and 
BERTRAND 1979). ATP synthase subunit  6 of petunia 
also has a  leader  peptide (Lu and HANSON  1994). 

Both the  amino  terminal tail and  the large acidic 
carboxy terminal  domain of Cox2p are  exported from 
the matrix, through  the  inner  membrane to the  inter- 
membrane space (TSUKIHARA et al. 1996) (Figure 1A). 
The S. cermisiae pre-Cox2p leader  peptide is cleaved 
between residues 15 (N) and 16 (D) after transport 
to the  intermembrane space (Figure 1) by an  inner 
membrane  bound protease, IMP, that resembles the 
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tcrnlinal sc.qwnccs ol' \vil t l- ty)c pr(4:os2p. ;mrl t l ~ r  mutant 
protc-ins (:os!?-!?Op anti (:os2-OIp (R). Both the ;Imino ( S )  
ant1 c;u.l~osy ((:) termini ofCos2p a r c  in t h r  i ~ ~ r c r m c r n h r ~ ~ ~ ~ c  
s p e c  (151s). <:osL'p has t w o  I ~ I I I S I I I ~ I ~ I ~ ) ~ ; I I ~ ~  Ilelicc-s spmlning 
the i1lnc-r nwnll~ranc (151): thv! rstrnd from rcsitlucs :<I t o  
6 1 ,  ; u n d  from X 0  t o  107 ( W ) .  The leader peptick (El) is clc;~vcd 
i n  the I W i  t o  1 h 1 1  I I I ; I I I I ~ ~  <:os2p. The proteolytic clc:~v:~gc- 
sitr ol' prc-(:os2p is l ~ c t \ v c ~ n  rcsitlws 1.5 ; u ~ t l  I (i of  thc wild- 
tvpc  prot(bil1. 

leader peptitlase of  I.,'.sr.lrwir.hic/ coli (I'KAT\I< o/ crl. 1983; 
I3l~.lll<I.ss PI //l. 1 9 9 1 ;  s(:IIsI<II)I<R /'I nl. 1 9 9 1 ;  Nl'SS;\KI PI 
crl .  1 9 9 3 ) .  l - l o ~ v c ~ c r ,  the p1-c-Cox2p leader peptide docs 
not closely rcscml,lc lxlctrrial signal scqncnccs (\,os 
HI:.I~;. 1983: M ' I ~ : K S I < K  r /  crl. 1991) a s  it lacks a hydropho- 
bic core ;mrl the third residue is acidic (Figure I n ) .  
Frlrthcrmorc, clc;~vage of the Icatlcr pcptitle is not nec- 
essary for asscmldy  of  active cytochrome c oxidase at 
23", since a tntltant ldocked in this process can grow at 
t h a t  telnpcrature  on  nonfcrtnentahle  carbon so1trcc.s 
(M. \ssII . . \~ ' IT r /  nl. 1983). Thrse Facts, taken together 
w i t h  the f:~ct t h a t  thc  amintrtcrminus of nlam~nalian 
Cox2p is ;dso transported  through  the  inner  membrane 
without a le;~tlcr pcptitlc (Tst.w~:\K,.\ P/ crl. 1996), raise 
111~: qwstion  ofwhcther the !cast pre-Cox2p lcader p e p  
tide has a ncccssar?~ function i n  membrane targeting, 
export o r  c).tochromc oxitlase assembly. 

In  this study  w: have  taken atlwntagc of the fact that 
S. r .wvi,qiw lntDNA can be a l t c ~ c r l  by transformation 
and homologorls gene  replaccmcnt to rlclete the pre- 
(:ox2p Icatlcr peptide  coding scqttences in 71i11o. We 
li~tmtl t h a t  such tlclrtions lower the steady-state level 
o f  (hx2p  and causc~  a tight nonrcspirato~ phenotype. 
14'hiIc we ~vcrc Ilnahlc t o  isolatc suppressors o f a  leader 
peptide deletion t h a t  might irlcntil) components of the 
translocation tnachi11clT. w c ~  forlnd that fusion of the 
~ ~ ~ ~ ~ i ~ l o - t c ~ - ~ ~ l i ~ ~ ~ ~ l  portion ofanothcr mitochondrial gene 
protlt~ct, cytochmnc / I ,  t o  the leaderlcss <;ox2p pro- 
dr~cetl a fttnctional polypcptitle that w a s  proccssc:d nor- 

 mall^^. Thew findings clcmonstratc the importance of 
thc prc-Cox2p Ic;~tlcr peptide, p r o l x ~ l ~ l ~ ~  i n  nlcnllxuw 
targeting,  and suggest that the unprocc-ssetl amino-tcr- 
m i n i  o f  o t h c r  I~litochontlrial gene p~otlr~cts can c;I~I?. 
out  similar fltnctions. 
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Strains, media and genetic methods: The S .  ,./,t~~~i.ti//cstr;tins 
r~sctl i n  this il1vcsstig;ltion arc lislctl i n  Table I .  5lcclia and 
rnitoehontll.i;ll genetic  In;uni~~~~l;ltiolls were ;IS tlcscrilxd (Fox 
r /  d .  l!)!)l: 5 l t1 .1xo  m ~ t l  Fox l 9 ! ) 3 a ) .  Stmtlartl gmctic t w t h -  
otls wrrc ;IS tlcscril)ctl (KosI P/ ul.  I!)XX). 

(:onstruetion 01' the (.0.\.2-2// and rns2-2/ tlelction Inllt;ltions 
1)). iu 7~i/ro oli~o~~r~cleotit lc-~l ircctc~l  Inut;qcncsis (5lrltagcnr 
K i t ,  B i t r k d )  u x s  Ixrlormctl ;IS prcviotlsly tlrscrilxd using the 
pl:~smirl p]Yl2 ;IS ;I tcmpl;ltc ( \ l t . l . 1 m )  ;1ntl Fox I ! ) ! ) ~ ; I ) .  t .0~2- 
20 was gcwwtctl with the o l i g o ~ ~ ~ ~ c l r o t i t l ~ ~  .?'-(;TGTIG(;T;\- 

the (:OS2 I ~ K S ; \  s cywncc  a t  positions - 1 6  t o  + 3  ;untl +43 
t o  +.'X. w i t h  rc'spcct t o  t h r  translation  star^ cotlon. ~ . ~ 2 - 2 /  
was gcnc'al<d \vi t l l  the ol igo~~~~clcot i t l c  ."-,-\,-\<;<;T(;TT(;<;T..\- 

(;OX2 m K S A  seqwncc ;II  positions - 1 (i 1 0  +3  ;mtl +46 t o  
+ ( ; I .  r\ccumtc mllt;tgrn(.sis was conlirlnctl hy DS.4 sc.qwncc 
analysis. 

p" mitochontIria ofstl-ain \f\~<:(:IO!)p"\\.crc tlansformc*tI IvitII 
t h r  mucngcnizetl Ihsmitls by micro~~~-~! j~~c t i l c  I ~ o m l ~ ; ~ ~ ~ t l ~ n c ~ ~ t  
;IS previously tlrscril~c*tl (Fox r /  ul. l!)!)l; \ i t .1 .1cf<o ant1 Fox 
I W 3 a )  and Initochontlri;II tl-;unsfol-ln;Ints w c w  itlcntifictl by 
their aI)ility t o  p~~oducc respiring tliploitls d ~ c n  crossctl IO 
t h c  p + ,  C O . Y ~  tester strain \'(X. 

Detection of Cox2p by immunoblotting: Total y s t  pro- 
tc-ins w c r c ~  c~s t~~;~ tc t l  as  tlcscril)cd (~'. \I;I+. 1 9 9 1 )  liom cc*lls 
grown t o  s;ltur;1tion i n  rich mctlirlnl containing  either c-thanol 
; 1 n d  glycerol (WIX;) ,  01' gal;~ctosc (ITCkd) ;IS intlicatctl. Prcr 
tvins \ v c w  scp;~r;~tctl b y  SI)S-l'A(X (12% ;w-ylamitle), ;mtl 
analy~cd by \\'c*stcrn blotting under st;lntl;u*l p~-occtlurcs 
(S.\\IWOOK r /  nl.  I989). llsing t h c  ;mti-Cos2p mouse mono- 
c l o ~ ~ ; ~ l  antil)otly C<:O(i (;I qi f t  l'rom TIIO\IAS I. .  \l,\sos). CC06 
\vas ~ ~ s c t l  a t  a 1/30 tlilutlon and the sccontlnn mli-molw 
antil>otly (Gibco BRI., Inc.) a t  ;I 1/.5000 dilution.  Binding o f  
the sccontlat-y ;Intil)ody WIS rcvc~dccl using the ECI, clctcction 
kit of  Amersham. 

DNA and RNA isolation, electrophoresis, and  hybridiza- 
tion: Genomic DNA was isolatctl a s  tlcscril)rtl ( H O F F \ I . \ S  ;~nd 
\2'1sSIos l ! ) S i ) .  i-l/,nlI-tIigrstrtl DXA was scp;~l-;~tetl b y  clcc~rtr  
phorcsis o n  a 1 ..5% ;~garosc gd, trmsfcn-ccl t o  a nylon  mc1n- 
hr;Inr ant1 crosslinkctl  rlntlcr U\' light.  High-stringcncy hy- 
1)ritliz;ttion a t  6.5' IUS ;IS tlcscril,rd (S.\.\IIWOOK r'/ N/. l!)S!)). 
Cellular RN;\ W;IS isolatcd as  tlcscrihc.tl (Rosr r /  / I / .  1!)88) from 
cc.lls grown in rich g;~l;~ctosc. mctlirlln (W'(k11). Fivc micro- 
grams o f  each s;unplr \vc*rc clcctrt~pho~~rsetl in ;I 1.4% ;\g;\~-osc 
gel containing  for~l~altlch~tlc, b l o t t r r l  t o  nitroccllulosc and 
hyhritlizctl as tlcscril)cd (S.\MI~I<OOK r /  / / I .  l!)8!)). The COS2- 
sprcific 1 1 1 - o I ) c  used for I1yI)ritIization ;~n;~Iysc%s was ~"I'-IaIx+cI 
by P(:K amplification ( ISSIS and (;I<I.I>.\SI) I W O )  ol'thc entire 
CO,Y2 gc-nr l i - o m  t o t a l  DNA of  slrain D 1 . 1  rising primrrs 
tcrlnctl "a" ant1 "tl" i n  the legend t o  Figurr (i (see l)clow). 
in t 1 1 c  prcscncc of tlXTP. dGTI', tlTTP ;tntl u-'"l"clCTP. 

DNAsequence and PCR analysis: n1~T)SX ~rn~platcs for DX4 
sc*qIwlcc- ;ul;dysis \ \we  prcyar(d  by < k < : I  ecntlil\~g;~tion ;IS tlr- 
scril)cd ( F o s  o/ ///. l 9 ! ) l ) .  Scqucnccs were tlctcwninrtl by cs- 
tending t h r  (;OS2 spccilic primcr 5 ' - (~ , \TT(~,~~( ;~ \T;~( :T . -~~-  
;\(;(;T;~.\;\~\T:\.~\(; (tcnncd "I)" in t h c  Icgcnrl t o  Figr1l-c 6) using 
the clsDSA (:yclc Srqtwlcing kit li-on~ (;ilxo !'XI.. Inc. PCK 
w s  carI-ic*tl 0111 a s  li)llo\vs: 91" 1 min: 23 cycles, !)4' 30 s ~ .  .53' 

(:~\T(:~~I~(:;~rrI~;\~\T.~\.4,-\T(:TT;~,.\(:, ~ 0 l n l ~ l ~ m ~ I l t ; l I ~  t o  

(:AT(:(:r\~r\r\T..\I-\XI'(:TTiL.\(:, ~ o n l l ) l ~ l n ~ I 1 t ; 1 1 ~  IO t h ( 5  



Leader Peptide of pre-Cox2p 

TABLE 1 

Yeast strains used in this study 

Strain  Genotype  Source 

DAU 1 p" MATa ade2  ura3 [p"] This study 
DL1 MATa lys2 [p ' ]  FOLLEY and  Fox (1991) 

DS302 MATa met [ p -  COX21 CORUZZI et al. (1981) 
MCC109p" MATa ade2-I01 ura3-52 karl-l [p"]  COSTANZO and  Fox (1993) 
TF187 MATa his3-11,15 leu2-3,112 [p' cox2-171 This study 
VC32 MATa his4 pet9 [p' cox21 WILSON and CAMERON (1994) 

VC203A MATa lys2 [p' cox2-20] This study 
VC203AR MATa lys2 [p' cox2-20; p- cob::cox2-201 This study 
VC204 MATa ade2  ura3 [ p -  cob::cox2-201 This study 
VC300 MATa ade2-I01 ura3-52 karl-1 [p-  cox2-211 This study 
VC303A MATa lys2 [p' cox2-21] This study 

DL:! MATa lys2  [p'] FOLLEY and FOX (1991) 

vc200 MATa ade2-101 ura3-52 karl-1 [p-  cox2-201 This study 
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1 min, 65" 1 min; 65" 10 min. Additional primers employed in 
the experiment of Figure 6 were as follows:"a," 5"GACAAA- 

GCTGTAAn; "d," 5'-ATAAAAACTACCATCTCCATCTGT; 
"cob," 5'GGACAGATGTCACATTGAGGTGC. 

AGAGTCTAAAGGTTAAGA "c," 5"TGAACAATTTTTCCA- 

RESULTS 

Deletions in mtDNA that  eliminate  the  leader  peptide 
of pre-Cox2p: To initiate studies on  the function of the 
pre-Cox2p leader  peptide, we generated two deletion 
mutations in vitro that removed most or all  of  its coding 
sequence (MATERIALS AND METHODS). The cox2-20 allele 
removed 13 codons, fusing the translation initiation site 
to codon 15. The polypeptide coded by cox2-20contains 
the  peptide bond between residues 15 and 16 that is 
normally cleaved during maturation of Cox2p (Figure 
1B). The second  mutation, cod-21, deleted 14 codons, 
fusing the initiation site to codon 16, thus  eliminating 
the cleavage site (Figure 1B). We made two mutations 
to enhance  our chances of generating  a  functional pro- 
tein. Plasmids carrying these mutant alleles were intro- 
duced separately into  the  mitochondrial  compartment 
of a p" (lacking mtDNA) recipient by microprojectile 
bombardment  and  the resulting synthetic p -  trans- 
formants were isolated (MATERIALS AND METHODS). The 
plasmid-borne wild-type COX2 gene can support respi- 
ratory growth in trans in heteroplasmic strains formed 
by mating  a synthetic p -  transformant to a p + ,  cox2 
deletion  mutant (Fox et al. 1988; MULEKO and  Fox 
1993a). However, heteroplasmic strains generated by 
mating synthetic p -  transformants carrying either cox2- 
20 or cox2-21 to the p + ,  cox2 deletion  mutant TF187 
failed to grow on  nonfermentable (YPEG) medium, 
demonstrating  that  both  mutations  prevented COX2 
function. 

Homoplasmic p +  strains carrying each of the  leader 
peptide  mutations  integrated into mtDNA  were gener- 
ated by replacing the wild-type gene with mutant alleles 
by homologous  recombination (FOLLEX and  Fox 1991; 

FOX et al. 1991). The karl-l (CONDE  and FINK 1976) 
synthetic p -  transformants were mated with the p+ wild- 
type strain DL2 to allow homologous  recombination of 
mtDNAs and the  production of haploid cytoductants. 
Nonrespiring  haploid cytoductants, VC203A and 
VC303A (Table l ) ,  with the cox2-20 and cox2-21 muta- 
tions, respectively, integrated in p +  mtDNA  were identi- 
fied by their ability to produce respiring diploids when 
mated to a p - ,  COX2 tester strain (DS302). 

Phenotypic  characterization of leader peptide dele- 
tion mutants: The deletion  mutations affecting the pre- 
Cox2p leader  peptide  did  not affect the COXZpromoter 
sequence (BORDONN~: et al. 1988; CAMERON et al. 1989), 
but could have altered mRNA stability. To  determine 
if cox2-20 and cox2-21 interfered with gene expression 
at  the level  of  mRNA accumulation, we carried out 
RNA-gel-blot hybridization analysis on RNA isolated 
from wild-type and  mutant strains (Figure 2). Both of 
the  leader  peptide  mutants  contained approximately 
wild-type  levels  of the major 875 base COX2 mRNA, 
slightly shortened in the  mutants.  In  addition, they con- 
tained  the secondary COX2 transcript of roughly 2400 
bases,  which has the same 5'-end as the major mRNA 
(BORDONNE et al. 1988), as  well  as other less abundant 
transcripts of the  region.  Thus, these mutations do  not 
block expression at  the level  of  mRNA accumulation. 

The cox2-20 and cox221 mRNAs should be translated 
normally since they bear  the wild-type COX2 5'-untrans- 
lated leader  and translation initiation codon. This 5'- 
untranslated  leader  contains  the mRNA-specific transla- 
tional activation site that directs translation of Cox2p 
and of other protein  coding sequences placed down- 
stream of it (MULERO and FOX 1993b; D. F. STEELE, 
H. M. DUNSTAN and T. D. FOX,  unpublished  results). 
To test whether  the  protein  products of the cox2 mutant 
alleles accumulate in mitochondria, we analyzed total 
cell protein extracts by immunoblotting using an anti- 
Cox2p mouse monoclonal antibody provided by T. L. 
MASON (Figure 3). Cox2p was easily detectable in wild- 
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FIGURE 2."COXZ mRNA levels are  unafkcted by the cox2- 
20 and 60x2-21 mutations. Total cellular RNA was prepared 
and analyzed by RNA-gel-blot hybridization with a COX2-spe- 
cific probe (MATERIAIS AND METHODS). Lane 1, wild-type DLI; 
lane 2, the cox2-20mutantVC203A; lane 3, the cox2-21 mutant 
VC303A; lane 4, the cox2 deletion  mutant TF187; lane 5 ,  the 
pseudorevertant VC203AR. * mark the  major COX2 tran- 
scripts of 875 and 2400 bases. The arrow marks a novel eo& 
cox2 transcript  (see text). 

type extracts (Figure 3, lane 3) but  absent in an extract 
of a strain bearing a complete cox2 deletion  (Figure 3, 
lane 4). The ~ 0 x 2 - 2 0  mutant, which retains the cleavage 
site of pre-Cox2p, contained greatly diminished levels 
of  CoxPp (Figure 3, lane 5 ) .  The ~ 0 x 2 - 2 1  mutant, which 
lacks the cleavage site, contained even less Cox2p (Fig- 
ure 3, lane 6 ) :  upon  longer  exposure a faint Cox2p 
band was observed in the ~ 0 x 2 - 2 1  mutant  extract  but 
not in the  extract of the complete cox2 deletion strain 
(not shown).  Thus,  deletion of the pre-Cox2p leader 
peptide  reduces  the steady-state  level of Cox2p, proba- 
bly  by reducing stability  of the protein. 

Isolation  of  a ~0x2-20 pseudorevertant: In E. coli, se- 
cretion defects caused by the  absence of a leader p e p  
tide can be suppressed by mutations affecting the trans- 
location machinery (DERMAN el al. 1993). In an effort 
to identify analogous suppressors in the  mitochondrial 

FI(;t'RE J.-lmmmodetection ot CoxPp In wld-type and 
mutant strains. One  hundred micrograms of total yeast pro- 
teins were loaded in each  lane  and  reacted with an antibody 
directed against Cox2p (MATERIAIS AND METHODS). The  band 
corresponding to Cox2p is indicated. Cells for the extracts in 
lanes 1 and 2 were grown in nonfermentable  medium 
(YPEG), whereas cells for  the extracts in lanes 3-6were grown 
in galactose medium (YPGal). Lanes 1 and 3, the wild-type 
DL'L; lane 2, the  pseudorevertant  VC203AR  lane 4, the cox2 
deletion  mutant TF187; lane 5 ,  the cox2-20 mutant VC203A; 
lane 6, the rox2-21 mutant VCSOJA. 

system, we selected for respiring (Pet') revertants of 
the ~ 0 x 2 - 2 0  strain VC203A.  However, we were unable 
to isolate respiring revertants in preliminary screens, 
either spontaneously or with UV mutagenesis. 

We obtained  a single spontaneous respiring revertant 
of  VC203A from a largescale  experiment in  which - 10" cells, grown in 1 liter of glucose containing me- 
dium, were plated on nonfermentable medium 
(YPEG). This revertant, VC203AR, exhibited a mitoti- 
cally unstable Pet+  phenotype  upon  repeated restreak- 
ing, similar to previously characterized strains that re- 
quire two different mtDNAs for respiratory growth 
(MULLER et nl. 1984). Such mitochondrially heteroplas- 
mic strains typically contain the complete p+ genome 
of the original mutant  and  a p- mtDNA bearing a gene 
rearranged so as to allow expression. Mitotic  instability 
results from the rapid segregation of distinct mtDNAs 
from each other  at cell  division. 

To confirm the existence of a mitochondrial  genetic 
element suppressing ~ 0 x 2 - 2 0 ,  VC203AR was crossed to 
a p" strain (DAUlp") and  the resulting Pet+ diploid was 
sporulated.  Tetrads were dissected on  complete glucose 
medium (YPD).  While the  nuclear markers segregated 
2:2,  all the  spore clones were Pet-, as expected if two 
mtDNAs  were segregating  during growth on nonselec- 
tive medium. However, when mated back to p+ strains 
carrying the cox2-20mutation, most of the haploid prog- 
eny (seven out of eight  tested)  produced mitotically 
unstable Pet' diploids, indicating that they contained 
a suppressing mtDNA. 

Suppression of the  cox2-20  deletion by fusion of cyto- 
chrome b (COB) coding  sequence to its 5"end: We de- 
tected both rearranged C O X 2  sequences and  the origi- 
nal ~ 0 x 2 - 2 0  gene in the  pseudorevertant VC203AR by 
DNA-gel-blot hybridization analysis  of genomic DNA 
cleaved  with  HpaII.  HpaII generates a 2.4kb  fragment 
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FI(;I'KI< 4."\'<:203AK contains b o t h  rc;lrrmgctl CO,Y2 sr- 
qwncc's imt l  t h c  original cr).u2-20 gcmr. Total crllular DNA 
WIS prepared, tligcstctl with f f / d  and analyzed by gel-blot- 
hybritliz;~tion w i t h  ;I (XIX2-spocific probe ( \ I ~ Y ~ ~ F . K L \ I ~ S  :\XI> 
M I I I I O I K ) .  :b intlicatrs the 2:Ckb wiltl-typr lragnwnt and the 
arrow it1tlicatc.s t h c  novel rcwrangccl fragmrnc. I a l c  1 ,  t h c  
wild-type D L I :  Imc 2, the rox2-20 nnltant \'<X)JA: lane 3, 
ttw cos2 tlrlction m u t ; I n t  TFIXT: l a n r  4, the I~sc~~(lorcvcrtant 
\'(:203AK. 

of  wild-type m t D N A  containing the entire COX2 gene 
(Fox 19'79h) (Figltre 4, lane 1 ). A slightly shorter COX2 
fragment \vas ohscl~ed i n  DNA of both the VC203A 
m t l t a n t  (Figure 4, lane 2) and of the VC203AR pseudo- 
r e v c r ~ ~ n t  (Figttrc 4, lane 4). I n  addition,  the pseudore- 
vertant DNA contained a novel hybridizing fragment of 
-2.9 kt). 

Sequence analysis  of mitochondrial DNA isolated 
from a haploid containing only the  suppressor  genome 
(VC204) rewaled that it is a coh::cox2-20 translational 
fusion  l>ctwccn COB codon 251 ( i n  the first exon of 
strain D2'73-I OB) and COX2 codon 15 (Figure .5). Such 
a fusion shodtl produce a 2.9-kb H f d I  fragment, like 
that o b s c ~ ~ w l  i n  Figttrc  4, based on the known positions 
ofthe I f f A I  sites i n  the (,'OB (NOIWF.G\ and TL~\(;OI.OFF 

19'79a) regions of mtDNX. 
To confirm the  structure of the  chimeric  gene, and 

the heteroplasmic natwe o f  the  pseudorevertant 
WXHAR,  we pcrformetl PCR amplification of wild- 
tvpc, mtlt;mt and pseudorevertant DNA templates using 

1980) ;It1tl COX2 (COKl.%%I a t 1 d  TL,\(;()1,01~1~ 1979; Fox 

COIS antl COX2-specific primer pairs (Figrw 6) .  Thc 
expectcd COKCOX2 chimcl-a-specific fragment co~tltl 
1 x  amplified only from DNA of the hetcrop1;lsmic pscu- 
dorcvcrtant. This PC;R product was sequenced antl 

shown to contain  the cob::cox2-20 fusion ( n o t  shown). 
COX2-specific primer pairs amplified the expcctcd frag- 
ments  corresponding t o  unrearr;mgetl mtDSX f r o m  a l l  
three templates, confirming that \Y:2OSAR is hetero- 
plasmic, and demonstrating  that 1 1 0  downstream rear- 
rangements of the COX2 gene had occurred. 

Hybridization  analysis  of RNA from the lwtcroplasmic 
pserttlorevertant VC203AR indicated that the coh::cos2- 
20 chimeric gene is transcribed. This strain contains a 
novel ttanscript of  roughly 4 k h  that is absent horn the 
wild-type and mutant strains (Figure 2, lane .5). The size 
of  this  new RNA is compatible w i t h  the predictctl size of 
a chimeric gene tmnscript, ha\ing the .5'cntl of t h e  COW 
mRNA  followed by 950 Imcs of 0'011 .5'-unttansl~\ted 
leader (DIIX:KM,\SS and SI;\PII<S 1994) and '7.53 Ixws o f  
(~011 coding sequence, plus 2300 bases of the seconclal? 
COX2 transcript (the m h : :  cob2-20 fusion removes ;dx)r l t  

100  hases of COX2 sequence). Joining o f '  these same (,'OH 
sequences to the smaller  mqjor COX2 m R S A  w o d t l  pro- 
duce an RNA of  2400 bases, intlisting~rishal~le i n  this ex- 
periment from the wiltl-type secontLuy COX2 transcript. 

Expression of the cob::cox2-20 fusion gene leads to 
accumulation of apparently  normal Cox2p: A protein 
product of' the c0/1::cox2-20 chimeric m R S X  i n  thc hct- 
eroplasmic pseudorevertant mllst be fttnction;d, sinccb 
the strain can  grow on nonf~.rmentable  carbon so~~rces .  
The initial translation product should he a polypeptitle 
roughly twice the size o f  maturc wild-type (;ox2p. How- 
ever, while  this polypeptide lacks the leader  peptide 
sequence of pre-Cox2p, i t  shodtl have the amino-tcrmi- 
nal sequence of cytochrome h antl contain the peptide 
bond  that is normally cleaved to generate  mature 
Cox2p, between wild-type residues 15 and 1 6  (Figltrr 
7).  The chimeric cytochrome I~Cox2p ,ilsion protein is 
apparently cleaved at this site, since the pseudore- 
vertant contains Cox2p that is indistinguishable in size 
from wild type (Figure 3, lane 2). 

DISCUSSION 

I n  this study, we generated two deletion mutations 
in the COX2 mitochondrial Lrene that shorten the 1.5- 

.( 
aagafflattaaa ATG  TTA  GAT lTA  lTA AGA lTA CAA lTA ACA  ACA TTC AlT ATG  AAT  GAT  GTA. .. 

v 
aagafflattaaa ATG  AAT  GAT  GTA ... 

v 
... ~ A A A T l A m G T A ~ C T A T T C A C C T A A T A C T ~ G G T  AATGATGTA ... 

cob Exon 1 Sequence 

cox2 
FI(;L'KI< .r.-DDSX SC- 

q"''l1ces o f  cos2, (.OS2- 
cox2-20 20 and the m b : : m y 2 - 2 0  

chin1c.ric gc11c. Thr a 1 1 - o ~ ~  

indicate the position o f '  
t h r  protcwlytic rlc;l\.;lgc 
site i n  the cnrorlctl pr(* 

~ ~ b : : ~ ~ 2 - 2 0  reins. 
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Ft(;t'tw (i.-PP<:R ;umplification of  CO,Y2, rox2-20 and rob.'." 
~0.~2-20 scqtwnccs from wiltl-type nlrmnt and pseudorcvcrtant 
strains. Tola1 DNA was isolatctl from t h c  wild-type strain DL.1. 
t h r  ~0,~2-2/) nltlt;t111 stl;ain l'C20.74, the ros2 rlclction mut;ant 
TFISi, ; r n d  t h c  hctrropl;tsn1ic rcvcrwnt VC2034R. Thr PCR 
\vas ciarrird o 1 1 1  w i t h  lhr indicated primrr  pairs (JI.YII<KIAI-S 

trophorcsis. Thr cxpcrtcrl fragmcnl sizcs fbr car11 coml)ination 
of primer pair and trnlplatr itrc ;IS li)llo\vs: pair a/t l  on COX2 
m t D ! % \ ,  IO(i!) hp: pair a/cI  on ~os2-20 nltDX-1, 1030; pair a/d 
on Coh::ros2 IntDNX, no prodtlct; pair c/tl 011 a l l  templates, 
'783 1 ) p ;  p l i r  c - o l ) / h  o n  (X),Y2 ;mrl ros2-20 111tl)NX. 110 product; 
pair rol)/l, 011 coh::co.u2 m t l ) N h ,  .?eo. L;mcs I ,  no DNA; lancs 
2. t11c wild-type 131,I; 1a11cs 3, the r/)s2-2f)n~urant \'C203A; I;lncs 4. the mv2clclction n l l l t a n t  TFlXi; Imlc.s .?, the I~sc"dol-cvc.rtallt 
\'(:'LOJAR. 

;\SI) \ll~l'llol~s) alltl t h r  products iul~ll\zctl by ag;1rosr gel clcc- 

amino acid prc-Cox2p leader peptide by 1.7 or 14 amino 
acids. In one deletion,  the cleavagc~  site hetween resi- 
dues 1.5 and 16 w a s  retaincd while  in the other i t  was 
not. Both dcletions sulxtantiall!~ reduced the steady- 
s t a t e  lcvcls ofCox2p and C ; I I I S ~ ~  a strong nonrespiratot? 
phenotype, indicating t h a t  the l e ~ l c r  peptide has an 
important Liulction  in yeast. 

Thc. leader  peptide tlelction ~nul;~tions appear t o  

block COS2genc~ expression ;IC a postt~~ansl;~tiot~~~l level. 
COS2 mKNX steady-state levcls were unaffected bv the 
drletions. Furthermore, the  mutant mRNAs both car- 
ried the complete wild-type 5'-untranslated leader, 
which contains ;I site fbr activation of translation by the 
mKNA-spccific  acti\.;ltor protein Pet1 1 I p  (POL'TRI.: and 
Fox 1987; ML.I,KKO and Fox 1993a,h). Previous work 
fro111 this Ial>orato~y strongly suggests that  there  are  no 
sc*qwnccs required fbr tt-anslation i n  the  protein cod- 
ing region o f  the COS2 gene. Pl;tcemcnt of the COX2 
mKNX .5'-~lntr~unsl;ttc~l Ic;~clcr upstream of either  the 
cntlogenous (,'OS3 structural gcwc. or the synthetic 
ARGS"' structural gene (SII<I<I.I. PI nl. 1 9 9 6 )  is sufficient 
t o  activate  tr;unsIation oftlwse gcncs ( M [ . I , I < I < o  and FOX 
199311; 1). F. SI'I.F.I.I<, H. M. DL"T,\s and T. D. FOX, 
rtnp~~hlishctl results). Thus it  is highly  tlnlikely that the 
Ici~dcr pcptitlc tlclctions intcrfiw with tt.;lnslation. 

Our findings arc co~lsistent w i t h  the hypothesis that 
Icatlcr pcptitlc tlclctions prcvcnt n~etnl>rane insertion 
o f '  pt.c-(:ox'Lp, or export o f '  its intcm1emhratw space 
tlomlins, I>L'C;IIIS~ they rct11o~c ;I targrting signal  neces- 

-.-... _. 

i- "..- 
Cnx2p f - M L D L L R L O L T T F I M N D V P T . . .  

Cytb-COxZp ... I L A L F V F Y S P N T L G N D V P T... 

CYfi2 ... S S V A Y L N W H N G Q I D N E P K L . .  . 
FI(;~IW i.-Amino acid scqucwcs of'thrcr proteins clc;avcd 

in the intcrnlcn~hrmc spi~ce b y  t h r  Implp protcasc. Sc- 
qucnccs tlcrivctl lrom <:os2p ;arc untlcrlinetl. 

sal? to initiatc tl-;mslocation. In this view, t h c  mutant 
polypeptide would remain abcrtxn t l y  on t h c  ntatrix side 
ofthe  inner mcmbrane and be rapidly degraded. Trans- 
located but tunassembled Cox'Lp is degraded in yeast by 
an ATP-clependent protease of the h.t\ family encoded 
by thr YA4k;/ gene (N.AL.\I r /  d .  1995; PKAK(;I< and SHEK- 
SIAN 199.5: WEIXK PI d .  1996), whose  catalytic  activity 
is present on the  outer face of  the inncr  membrane 
(LI.OXII..\KD P/ d .  1996). Consistent w i t h  our hypothesis. 
we found  that J ) N P I  disruption had 110  effect on  the 
steady-state levels of Cox211 i n  Icmler peptide tlelction 
mutants (not shown). Untranslocatcd m u t a n t  fc)rms of  
Cox2p might be dcgl-;~dctl 11:. any one or more ofsc\~c~r;~l 
n~itochondrially locatcd p r o t c w c a s .  These include the 

ase o f '  the AAA f h i l y  located on t h c  matrix side of' the 
inner membrane (TY,~\(;oI.o~T r /  ( I / .  1994; GLY?I.IS r /  crl. 
11196; LI:osl<t\K1) r /  a / .  1996) and matrix localized ATP- 
dependent proteases homologorls t o  IxIcterial C l p  

Vt\s  DMX r t  d .  1994) proteases. 
Mutations i n  the k;. coli gene SNY, which encodes an 

integral membrane  conlponcnt of  the export tnachin- 
<XI?, can suppress complete signal sequence deletions 
affecting at least t w o  exported proteins (DI.KsI..\s r /  ( / I .  
1 9 9 . 7 ) .  M'e have s o  fkr I~een u t l a h l c  t o  sclcct any such 
sr~pprcssors of  cox2 leatlcr peptide tlcletions. H o ~ ~ e v e r ,  
we did isolate a single ~~scudorc'verti~~lt of  the leader 
peptide  deletion, (0x2-20, that retains t h e  11re-Cox2p 
cleavage site. In  this cast, ;I Ixge p clclctioll it1 mtDNX 
fused the first 2.51 codons of the mitochonclrial gene 
encoding  the integral Inembrane protein cytochrome 
/I to the ~0x2-20 sequence. The proteolytic cleavage  site 
between pre-Cox2p amino acids 1.5 and 16 remains in-  
tact  in the  predicted fusion protein (Figure f ) .  Mhen 
present I~eteroplasmically with the original p +  mutant 
mtDNA,  this rob::cox2-20 chimeric gene was expressed 
allowing respiratoly growth and accunlulation of 
Cox'Lp, indistinguishable i n  size from wild type. Thus, 
the presence ofamino-terlnillal cytochrome h sequence 
bypassed the need  for  the pre-Cox2p le;~der peptide. 

While the amino terminus of  ycast  cytochron1c l) is 
not proteolytically processed (%l.\ssr I . \ L I Y  P/ nl. 198.5), 
it appears to contain a targeting signal t h a t  can direct 
Cox2p into  the  inner meml>ranc. Prcsunlal,ly, nla~nma- 
lian Cox'Lp contains a similar unprocessed signal. Intcr- 
estingly, cytochrome b rcsidltc 2.51 is thought t o  he i n  

YtalOp/Ytal'Lp (A[q3P/KciIll>) ,\TP<lcpet1de11t prote- 

(I.I.osl1xRn-r r /  Nl. 1 9 9 . 7 )  antl I . o n  (SL.zrxl PI ( / I .  1994; 
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a  loop exposed in the  intermembrane space (TRUM- 
POWER 1990; GAVEL and VON HEIJNE 1992).  Thus  the 
chimeric  protein would be expected to deliver the  pre- 
Cox2p cleavage site to the processing protease located 
on  the trans side of the  membrane.  The fact that Cox2p 
in  the  pseudorevertant was indistinguishable in size 
from wild  type indicates that proteolytic processing had 
occurred. 

A comparison of  known and presumed fungal pre- 
Cox2p leader  peptide sequences (HARDY and  CLARK- 
WALKER 1990) revealed no conservation of charged resi- 
dues  present in the S. cerevisiae protein,  although  the 
placement of hydrophobic residues is generally similar. 
Our data do  not elucidate the possible role of these 
hydrophobic residues in  targeting since we were  only 
able to suppress the loss  of the  leader  peptide with a 
gene fusion that bypassed  this function. 

The  Implp subunit of the yeast mitochondrial inner 
membrane  protease processes both  the mitochondrially 
coded pre-Cox2p and  the nuclearly coded cytochrome 
b2 precursor (PRAT~E and GUIARD 1986; BEHRENS et al. 
1991; SCHNEIDER et nl. 1991; NUNNARI et al. 1993).  The 
fusion protein  coded by the cob:: 60x2-20 gene is cleaved 
to the size  of mature Cox2p, and thus is probably also 
an Implp substrate. There is little similarity among  the 
processing sites  of these three  proteins. The common 
features  are cleavage of the  peptide  bond between N 
and  an acidic residue (D or E), and a hydrophobic 
residue three positions upstream. More refined alter- 
ations of pre-Cox2p will be necessary to reveal features 
of the  leader  peptide necessary for  both targeting and 
processing. 
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