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We have cloned the yeast PREZ gene by  complemen- 
tation of pre2 mutants, which are defective in  the 
chymotrypsin-like  activity of the 20 S proteasome 
(multicatalytic-multifunctional proteinase complex). 
The PRE2 gene, a  8-type member of the proteasomal 
gene family, is essential  for  life  and codes for a 287- 
amino acid proteasomal subunit  with  a  predicted mo- 
lecular mass of 31.6 kDa. Missense mutations  in  two 
pre2 mutant alleles were identified. They led to  en- 
hanced sensitivity of yeast cells against  stress. At the 
same time, pre2 mutants accumulated ubiquitinated 
proteins.  The Pre2 protein shows striking homology to 
the human RinglO  protein (60% identity excluding the 
70 amino-terminal  residues), which is encoded in the 
major histocompatibility complex class I1 region. It 
represents  a component of the low molecular mass 
polypeptide complex, previously shown to be a special 
type of the 20 S proteasome. The low molecular mass 
polypeptide complex is assumed to be involved in an- 
tigen presentation,  generating peptides from cytosolic 
protein  antigens, which are subsequently presented  to 
cytotoxic T-lymphocytes on the cell surface.  The high 
homology of Pre2 to RinglO implies the hypothesis 
that RinglO  is  a  subunit of the low molecular mass 
polypeptide complex central  in  its chymotryptic  activ- 
ity. One might further suggest that replacement of 
constitutive proteasomal components by functionally 
related major histocompatibility complex-linked low 
molecular mass polypeptides, as is  RinglO,  adapts 
mammalian proteasomes for  functions  in the immune 
response. 

Proteasomes are ubiquitous non-lysosomal proteinase com- 
plexes of high molecular mass (about 650 kDa) with a  char- 
acteristic, hollow cylindrical structure.  These 20 S particles, 
highly conserved from yeast to man (1, 2),  are composed of a 
variable set of nonidentical but  structurally related subunits 
of sizes between 21 and 38 kDa and  exhibit multiple proteo- 
lytic activities (reviewed in Refs. 3-5). In  vitro analysis of the 
mammalian 20 S proteasome shows its ability to assemble 
with additional  proteins to a 26 S proteinase complex in  an 
ATP-dependent fashion (6-8), which is able to degrade ubi- 

* This work  was supported by the German Israeli Foundation for 
Scientific Research and Development, Jerusalem, and  the Fonds  der 
Chemischen Industrie,  Frankfurt. 

The nucleotide sequencek) reported in thispaper h,as been  submitted 

X68662. 
to the  GenBankTM/EMBL  Data  Bank  with accession number(s) 

$ To whom correspondence should be addressed: Tel.:  711-6854390; 
Fax: 711-6854392. 

quitinated  protein  substrates (reviewed  in  Refs. 5 and 9). 
Recent results from mammals indicate a  participation of 

proteasomes in the pathway of antigen  presentation by major 
histocompatibility complex (MHC)' class I molecules (re- 
viewed in 9-11). Here, proteasomes are  thought to generate 
peptide fragments from foreign proteins in the cytosol, which 
are delivered, after association with MHC class I glycoproteins 
and p-microglobulin in the endoplasmic reticulum, to  the cell 
surface and scanned by cytotoxic T-lymphocytes. In  both the 
human  and the murine MHC class I1 regions, two y-inter- 
feron-inducible genes were identified that encode components 
of the low molecular mass polypeptide particle, a multiprotein 
complex shown to be immunologically closely related to the 
proteasome (12, 13). The low molecular mass polypeptides 
encoded by the human MHC genes RINGlO (14)  and RING12 
(15)  and the murine RING12 equivalent LMP-2 (16) indeed 
revealed significant homology to known proteasome compo- 
nents. 

Experiments  in yeast are gradually uncovering general 
functions of the enzyme complex in cellular life (17,18). Here, 
the proteasome is found to function in degradation of short- 
lived, stress-induced,  and  abnormal proteins. Among the pro- 
teins degraded are  those of the ubiquitin-mediated proteolytic 
pathway (17, 18). 

These studies were initiated through analysis of mutants 
defective in proteolytic functions of proteinase yscE, the yeast 
proteasome. Three isolated mutants define two complemen- 
tation groups, PREl and PRE2, and show a defect exclusively 
in  the chymotrypsin-like activity of the enzyme particle (17, 
19). The trypsin-like  and the peptidylglutamyl peptide hydro- 
lyzing activities remain unaffected. PREl was cloned and 
sequenced and was shown to encode an integral proteasomal 
subunit  essential for cell viability (17, 19). 

Here, we report on the essential yeast proteasomal gene 
PRE2. The PRE2 gene product shows striking  structural 
similarities  to the RinglO protein, which imply related func- 
tions of both  subunits within yeast and  human proteasomes, 
i.e. a  participation in their chymotryptic activity. As in prel 
mutants,  the defect in the chymotrypsin-like activity of pre2 
mutant proteasomes leads to hypersensitivity of cells to the 
amino acid analogue canavanine  and to stress-induced accu- 
mulation of ubiquitinated proteins. 

EXPERIMENTAL  PROCEDURES 

Isolation of Mutants-Mutants of proteasomal chymotrypsin-like 
activity were isolated OR Petri dishes after ethyl methanesdfonate 
mutagenesis of strain c13-ABYS-86 (MATa pral-1 prbl-1 prcl-1 

The abbreviations used are: MHC, major histocompatibility corn- 
plex;  Cbz, benzyloxycarbonyl; kbp, kilobase pair(s). 
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5116 Yeast PRE2 and Human RING10 Are Homologous  Proteasomal  Genes 
cpsl-3 ura3A5 leu2-3,112 his-) using Cbz-Gly-Gly-Leu-4-nitroanilide 
as substrate (17). The 4-nitroaniline released by enzymatic hydrolysis 
was detected by a coupling reaction with N-(I-naphthy1)eth- 
ylenediamine yielding a  pink color. Non-staining or weakly staining 
colonies were picked and genetically analyzed as described in Ref.  17. 

Preparation of Extracts, Enzyme Tests, Immunological  Detection, 
and Quantification of Ubiquitin-Protein Conjugates-For testing  pro- 
teasomal proteolytic activities, cells were  grown in liquid YPD me- 
dium (1% yeast extract, 2% peptone, 2% glucose (21)) into stationary 
phase. Cell extracts were prepared by vortex mixing of 30% (v/v) cell 
suspensions in 50 mM Tris/HCl, pH 8.2, with equal volumes of washed 
glass beads for 2 min. The chymotrypsin-like activity and  the pepti- 
dylglutamyl peptide-splitting activity of the proteasome were tested 
in the  supernatants  as described in Ref. 17 using Cbz-Gly-Gly-Leu- 
4-nitroanilide  and Cbz-Leu-Leu-Glu-0-naphthylamide, respectively, 
as substrates. 

For immunological detection of ubiquitin-protein conjugates, 
strains were  grown in liquid YPD medium to early stationary phase 
at 30 “C and subsequently incubated at 37 “C for 3 h. After harvesting 
and washing, cells were resuspended in distilled water to yield a 50% 
(v/v) suspension, and washed glass beads, equivalent to  the respective 
cell volume,  were added. Cells were heated for 10 min at 95 “C in 
Eppendorf tubes and subsequently vortex-mixed 6 times for 30 s with 
intermittent heating for 30 s. SDS-EDTA solution (4.5% SDS, 2.25 
mM EDTA), equivalent to  the cell volume, was added, and  the samples 
were heated for an additional 10 min at 95 “C. Samples were centri- 
fuged and  the  supernatants were used for immunoblotting. For  SDS- 
polyacrylamide gel electrophoresis (10% gels), 50 pg  of protein were 
applied onto each lane. Immunoblotting using ubiquitin-protein  con- 
jugate antibody was done as described in Ref. 17. Quantification of 
the dye produced by the peroxidase linked to  the rabbit-immunoglob- 
ulin antibody was done using the JAVA 1.3 video analysis system 
(Jandel, Corte Madera, CA). 

Gene  Cloning and Analysis-Standard molecular biological (20) 
and yeast genetic/microbiological techniques (20-22)  were  used. The 
PRE2 gene was cloned by complementation of the defective chymo- 
trypsin-like activity of a  pre2-2 mutant  strain using a  yeast genomic 
library in the CEN4-ARS-URA3 shuttle vector YCp50 (23). One 
recombinant YCp50 plasmid restored the proteolytic activities of 
both the pre2-1 and  the pre2-2 mutant.  The complementing portion 
of its 12-kbp genomic insert was limited to 1.05 kbp after cloning of 
subfragments into  the CENl4-ARS-URA3 shuttle vector pDP83.’ 
For sequence analysis of the  PREP locus (see Fig. IA) by the dideoxy 
chain  termination method, pDP83-based plasmids with overlapping 
inserts from the  PRE2 region served as template. 

Construction of plasmids carrying a deletion of the  PRE2 coding 
region started from a pDP83-based plasmid harboring a 0.9-kbp 
fragment from the 5”flanking region of PRE2, which had been 
generated by exonuclease digestions (left bar in Fig. l.4). A unique 
polylinker BamHI site was used to introduce  a 1.3-kbp BglII/BamHI 
fragment from the 3”flanking region of PRE2 (right bar in Fig. lA). 
In the resulting plasmid pDP83AE2 the 5’- and 3’-non-coding regions 
are connected, resulting in a 1.0-kbp deletion (see Fig. 1B) of the 
entire  PRE2 coding region. This construct served two purposes. 1) 
Cloning of the  pre2  mutant alleles by “gap repair” (22) was done as 
follows. Plasmid pDP83AE2 was linearized with BamHI at  the 5’-3’- 
junction and introduced into pre2-1 and  pre2-2  mutant strains.  Plas- 
mids from Ura+ transformants were checked for the correct gap repair 
event by restriction analysis. The complete nucleotide sequences of 
the cloned pre2-2 and pre2-2 alleles were determined and a one-base 
exchange was detected in each allele (see Fig. 1B). Chromosomal 
introduction by the two-step gene replacement method (22) of each 
mutant allele into a wild-type strain actually led to loss of wild-type 
chymotrypsin-like activity. 2) Chromosomal deletion of the  PRE2 
gene by one-step gene disruption (22) was done as follows. Plasmid 
pDP83AE2  was cut with BamHI, and a 1.7-kbp BamHI fragment 
carrying the HIS3 gene was inserted. The diploid strain YS18/18 
(MATaIMATa his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 ura3A5/ 
ura3A5 canRlcanR) was transformed with the pre2AtHI.93 deletion 
allele excised from the vector. His+ transformants were selected, and 
replacement of one chromosomal PRE2 copy by the deletion allele 
was verified by Southern blot analysis. Several of these PRE2/ 
pre2A:HIS3 heterozygous diploids were sporulated, and asci were 
subjected to  tetrad dissection. Of each tetrad, viability of only two 
His+ spores was observed. 

Construction of Isogenic pre Mutant Strains-Isogenic single-mu- 
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tant  strains were generated by introduction of the  clonedprel or pre2 
alleles into wild-type strains WCG4a or WCG4a (MATa or MATa 
his3-11,15 leu2-3,112 u r d )  by the two-step gene replacement method 
(22). The resulting mutant  strains were used for generation of isogenic 
double mutants by mating of a prel-1  strain with a  pre2-1  or  pre2-2 
strain, respectively. The resulting heterozygous diploids were sporu- 
lated, and co-segregation of the two uncoupled mutations among the 
haploid progeny was identified within tetrads comprising two  wild- 
type and two mutant spores with respect to chymotryptic activity. 
Further proof for mutant spore clones indeed carrying the p e l - 1  
allele together with the respective pre2 mutation was obtained by 
backcrossing them with wild type and following the independent 
segregation of the pel-1 and  pre2 alleles in the spore progeny of the 
resulting diploid. 

RESULTS AND DISCUSSION 

The PRE2 gene  was cloned from a yeast genomic library 
(23) by complementation of the defective chymotrypsin-like 
activity in  the two pre2 mutants isolated. Sequence analysis 
of the complementing DNA  region revealed an open reading 
frame that encodes a 287-amino acid protein with a predicted 
relative molecular mass of 31.6 kDa (Fig. 1). 

Data  bank  search found the nucleotide sequences situated 
upstream of the PRE2 gene to match almost perfectly those 
of the RPL16B gene from Saccharomyces  carkbergensis (24). 
RPL16A and RPLI6B are duplicated genes encoding ribo- 
somal proteins  and  are found in S. cereukiae as well (25). The 
distance between the translation  initiation codons of the 
divergently transcribed PRES and RPLl6B genes amounts to 
600 nucleotides (Fig. 1). Whether  these two genes share 
common regulatory sites  is unknown. 

Standard genetic procedures (22) revealed the two pre2 
mutant genes to be alleles of the isolated PREB gene. The 
cloned PREB DNA  was able to direct  integration of a select- 
able marker gene to  the wild-type locus corresponding to  the 
pre2 mutant alleles (not shown). Furthermore, thepre2-1  and 
pre2-2 mutant alleles were cloned (see “Experimental Proce- 
dures”)  and shown to confer a defective proteasomal chymo- 
tryptic activity to wild-type cells. Both  mutant genes contain 
a missense mutation each (Fig. 1B). 

PRE2 is essential for cell proliferation. Sporulation of het- 
erozygous diploids carrying a  null allele of PRE2 (Fig. 1A) 
produces asci of which  only the two spores harboring a wild- 
type PRE2 gene  grow up to visible colonies. Although the pre2 
null mutant spores are capable of germinating, they  arrest 
after two to  three cycles of cell division. An identical cell 
division arrest is seen with spores deleted in the PREl gene 
(not shown). Seven of eight other  hitherto cloned yeast pro- 
teasomal genes (26-30)3 are  essential for life as well. Our 
results with PRES confirm the importance of a complete 
proteasome particle for cell survival. 

Biochemical analysis of pre mutants with respect to their 
defect in the chymotrypsin-like activity revealed a reduction 
in pre2-2 mutants of 95%, which is similar to  the value found 
in prel-1 mutants  (Table I;  Ref. 17). Pre2-I mutants exhibit 
a 3-fold higher residual activity compared with pre2-2 and 
prel-1 mutants  (Table I). Introduction of thepre2-1 mutation 
into  a prel-1 mutant  strain leads to a slight additional de- 
crease in  the chymotrypsin-like activity compared with prel- 
1 single mutants. Combination of the pre2-2 mutation with 
the prel-1 mutation in a double mutant finally yields a 
residual activity of only 4% (Table I). 

As shown previously (17), the peptidylglutamyl peptide- 
splitting activity remains in the prel and pre2 mutants. In- 
terestingly, this activity is even increased in these  mutants, 
most strongly in those carrying the prel-1 allele (Table I). 

Hilt, W., Enenkel, C., Gruhler, A., Singer, T., and Wolf, D. H. 
(1993) J. Biol.  Chem. 268, 3161-3167. 
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1 kbp A 

K No S X B g  0 

T r p  Val Ala Ser Cln mr Val Lys Lya Val 110 DIU I la  A m  Pro ph L w  L w  Ply Thr 
TCC C l l  CCT TCT W ACT CTC UC MA CTT ATT GAG ATC A M  C U  m TTA TTC 001 ACA 

Y.t Ala Cly Cly Ala Ala A s p  Cys Cln R. T r p  Clu Thr T r p  L u  Gly &r Gln Cy. Are 
pro?-2: Val 

ATC CCT C C T  CCT CCC CU C A T  TCT CM TTT Tff i  CU ACT Tffi CTA OZ TCT c*G TCT .u)c 

CTC U C  CAG CTC ACC CU AM CU CGT ATA  TCT CTC CU u% CU TCC A S  A l l  TTA UX 
L w  n o  Clu L w  Arg Glu ~ y s  Glu Arg !la 5.r Val Ala Ala Ala &r Lys 110 t u  &r 

AM L e u  Val Tyr Cln Tyr Lys c l y  Ala c1y Lw 5.r mt C l y  Thr mt 11. cy. oly Tyr 
M T  TTA CTA TIC UA TAT b M  CCO CCC CCT TTA T U  ATC f f iT ACl A T 0  ATC T C I  GDT TAC 

Thr  Arg Lya Clu Cly Pro Thr 110 Tyr  Tyr Val A s p  5.r A s p  Cly Thr Arg L w  L y .  011 
ACT ACC M C  CU: CCC C U  A C C  ATT  TAT TIC  GTC  CAC T U  U C  O t T  A U  ICI T T A  M A  GUT 

ASP Ila Phe Cys Val  Cly Ser Cly Cln Thr R. Ala Tyr C l y  Val L w  Asp &r AM Tyr 
CAC I T A  TTC TCC CTT CCT T U  C C T  CM A U  T T T  CU TAT ffiT CTT CTA W TCT Mc TAT 

1111 MA TCC C A T  TTA TCC GTT CAI CAT CCT TTA TAT CTA OZ MC AI% TCT A T T  TTA CCT CCT 
110 L y r  Trp ASP Leu Ser Val Glu Asp Ala L w  Tyr L w  Cly  Lys Arp &r 11. L w  AI. Ala 

1- Ala  Hls Arp Asp Ala l y r  r r  Gly Cly 5.r Val AM L w  Tyr nls Val Thr 81. Asp Gly 
d - 1 :  5.r 

1 1 1 1  CCC CAT A U  C A T   C C T  TIC  TCT CCT CCT T C T  CTA M T  n A  TAT UT CrT Acc c.Lc CAT CCT 

zw Trp 110 Tyr Wlr Cly Am n l s  A s p  Val 611 Clu L w  Re Trp Lya Val Ly .  Clu Glu clu 
1-9 T U :  A T A  TAT U C  C C T  M T  U T  U C  CTA CCT CU CTA TTT T U :  MC CTC AM CU GAG CU 

w 4 *  CCl TCT TTC M C  M C  CTT A l l  CCC T b M T A l W I C E I T 0 3 * U T A T ~ A T A l - T C T A T A n M T U T A  
m C l y  S.r ph AM Asn Val  11. Cly 
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FIG. 1. The PRE2 gene  and  its  encoded  polypeptide. A ,  phvs- 
ical map of the PHI:'? locus and the adjacent I?I'LlCi/j gene. Coding 
regions are shown as hoxrs with arrou~hrads indicating  the  direction 
of transcription. Arroros ahour the  restriction map represent DNA 
stretches sequenced on hoth  strands. DNA fragments included in 
plasmids used for cloning of the  two prr2 mutant alleles and for 
chromosomal  introduction of a prr2A::HISd deletion allele (see "Ex- 
perimental l'rocedures") are  shown hrnrnfh the map. Rnrs represent 
fragments from the 5'- and  :%'-non-coding regions, srpnrated hv a gap 
marking  the  extent of the I'RI2 gene deletion (see nlso H ) .  Replnrr- 

TARI.E I 
Protrasnmnl rhymotppsin-l ikr  and prptid~lslutnm.vl prptidr 

hydro/.vzing orfioitirs in rrurir rxtmvts ~ f p r ~  mrrfnnf c.rll.~ 
Strains  investigated  are isogenic except for the  rrspertive prr  

mutation(s) as indicated.  For  strain  construction,  preparation of cell 
extracts,  and  enzyme tests see "Rxperimrntnl I'rncrdures.'' Values 
presented  are  means of at least three  indeprndrnt  drtrrminations. 

Activitv  neninst 

Chx-Glv-Gly-I,eu-l- [ ' t ~ ~ - l ~ ~ ~ - l ~ ~ ~ . ~ ; l ~ ~ . , i -  

~~ ~- 

Mutn t ion  
. .  " ~ _  ". 

nitronnilide  nntphthylnmirlr 
v; 

~- - 

Wild t.ype 100 1fHI 
p r r l -  I 5.5 f. 1 5  153 f 17 
prr2-  I 15.2 t 2.3 11; f. 1 4  
prr2-2  5.0 f 1.1 111) f 1'1 
prr.?-l/prrI-l 4.9 * 0.1) 149 f :vi 
prr2-2/prrI-l  4.0 f 0.6 1.15 f. 2 3  

" .~ 

prrl.l 

prc: I p,.?.2 prr: I ",*?.I 

FIG. 2. Effects  of  elevated  temperature  and  canavanine  ap- 
plication on growth of prr mutant cells. ('ells from isnwnic 
strains differing in t h e p r r  mutatinns n.; indic:lted (see "1lxperimc.ntal 
Procedures"; M ' T ,  wild type) were streakrtl for  single rolonir.; onto 
YPD-agar plates (0 .  h )  or onto MY-agar plntes (0.6s'; yenst nitrogen 
hase  without  amino  acids, 2';' glucose, 2"; agar, and sllpplrments R S  

required (21))  rontaining no ( r )  or ( 1 . 4  pg/ml ~ d )  rnnavnnlne s111fate. 
Plates were incuhatcd at 30 "C (n. r. d )  or :18 "(: f h l  fnr t 1 p  t o  2 ti:lys. 

Because of the  high  act ivi ty  of other   proteases   against   the  
substrate of the trypsin-like proteasomal  activity (C.'hz-AIa- 
Arg-Arg-4-methoxy-ij-naphthylamide) in cnlde extracts,  ef- 
fects of the prrI  and prP2 mutat ions on this  activity  could not 
be determined. 

Cells defective in chymotrypsin-like  activity caused by t h e  
prel-I  mutation have been reported to exhibit  increased sen- 
sit ivity to stresses, as are elevated  temperature (38 " C )  a n d  
application of t h e  amino acid analop.le canavanine (17).  Even 
growth at 30 "C on YPD and, more  pronounced, on "\.' 
medium is affected hv the p r r l - I  mutation  (Fig.  2 ,  n and  r ) .  

ment, of the PIIE2 gene hv the HIS.? marker gene is indirnted. 
Restriction  enzvme  cutting  sites: X. ,Yhnl, K. Kpnl ,  .Vn. .Yarl. S d l ,  
HE, &Ill, H .  I h m H I ,  N.  ,VruI, and .Vp, Spr l .  I ( .  nurlrotidr  seclr~rnc~ 
ol the I'NK2 gene and predicted  amino arid seq~~enrr  o f  t he enrodrrl 
protein. The first three  nurlmtitles ( ( ' A T )  ol the 1)SA srcllwnce 
shown correspond to the  translatinn  initiation rotlon o f  thr I ~ I ' I , l ~ i I j  
gene, whirh is tr:lnsrrit)eti in the opposite  directinn relative t o  thr 
I ' I I ' E ; ~  gene ( see  A ). Altered nur1eotitlt.s in t he prv'." 1 and prvY-2 
mutant alleles and resulting  amino  arid  cxrhnngrs n r r  indirntrd. 
Irinnglrs mark t he rntl pnints o f t  he / ' / ? I 2  eene dvlrtion. 

~- ~ 
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The  stress  conditions  mentioned  were  shown to lead  to ac- 
cumulation of uhiquitinated  proteins  in p e l - l  mutant  cells 
(17).  In  part,  similar  phenotypes  are  induced  by  mutations 
residing  in  the I'IiE2 gene. With its high  residual  chymotryp- 
sin-like  activity, a pre2-I  mutant  strain  does  not  exhihit   heat 
and  canavanine  sensitivity  (Fig. 2, b and d ) .  However,  when 
the  pre2-1  mutation is combined  with  the p e l - I  mutation, 
the  resulting  double  mutants  show  phenotypes  that  are  by  far 
more  dramatic  than  those  observed  for  the p e l - 1  single 
mutant  (Fig. 2, a-d). In  contrast to pre2-1  single  mutants, 
pre2-2 mutants  exhihit  some  canavanine  sensitivity  (Fig.  2d), 
but as pre2-I  mutants,  they  are  not  heat-sensitive  (Fig. 2 h ) .  
Combination of pre2-2 with prel-1 yields  double  mutants, 
which also show  strengthening of the  prel-]-induced  pheno- 
types  (Fig.  2, a-d). Remarkahly,  pre2-l,  which  causes a less 
pronounced  phenotype  compared  with  pre2-2,  induces a some- 
what  tighter  phenotype  when  combined  with  prel-I as does 
pre2-2. 

Analysis of the  accumulation  of  uhiquitinated  proteins  in 
the  mutant  strains  parallels  their  stress-dependent  growth 
behavior.  While  no  accumulat,ion is seen  in pre2-I mutant  
cells  upon  stress  application  (not  shown),  pre2-2, p e l - I ,   a n d  
prel-l /pre2-2  mutants  exhihit  a 3-, 9-, and  18-fold  increase, 
respectively,  in  the  amount  of  high  molecular  weight  uhiqui- 
tin-protein  conjugates  compared  with  wild type (Fig. 3). We 
consider  this  accumulation of uhiquitinated  proteins  in  the 
pre  mutant  cells to result  from  reduced  degradation.  This  view 
is  supported  by  the  finding  that  hydrolysis of short-lived N- 
end  rule  substrates,  which  are  known to be  destined  for 
degradat.ion by attachment of uhiquitin  chains, is blocked  in 
these  mutants (18). 

An  additional  phenotype of t h e  pre mutants  rests  in  their  
capacity to hetker  survive a heat  shock of 52  "C  when  prein- 
cubated  at  37  "C  (not  shown). 

The  Pre2  protein is shown to he  an  integral  component of 
the  yeast  proteasome  by  two  lines of evidence. 1) The  reduc- 
tion of chymotrypsin-like  activity  is a feature  inherent  to 
purified  pre2  mutant  proteasomes (17). 2)  The  Pre2  protein 
shows  structural  similarity  to  proteins  from  yeast  (including 
Prel ,   see Fig. 4)  and  other  organisms,  which  have  been 
unambiguously  identified as components  of  the  proteasome 
particle. All ident,ified  proteasomal  genes  encode  suhunits 
with  characteristic  similarities  and  can  he  classified as a 
proteasomal  gene  family of ancient  origin ( 5 ,  31). P R E 2  
clearly  represents a member of this  family. 
An extraordinarily  high  degree  of  homology is found  he- 

prel -I Prel-1 pre2-2 pre2-2 WT 

-OR1 

-180 kDa 

-1 16 kDa 

-04 kDa 

FIG. 3. Accumulation of high  molecular  weight  ubiquitin- 
protein  conjugates in heat-stressed pre mutant  cells. Proteins 
in  cell extracts of heat-treated wild-type ( W T )  andprr  mutant  strains 
(homozygous diploids with the relevant  genotypes as indicated) were 
separated hy SI)S-polyacrylamide gel electrophoresis on 10"; gels, 
hlotted onto nitrocellulose filters, and reacted with antibody recog- 
nizing uhiquitin-protein conjugates. Origin ( O R I )  of the gel and 
molecular weights of marker proteins are indicated. Quantification of 
the amount of immunoreactive ubiquitin-protein conjugates was done 
within the regions containing  proteins with molecular masses higher 
than 110 kna. 

tween  the  Pre2  protein  and  the  recently  analyzed R I N G 1 0  
gene  product,  which is encoded  in  the  human MHC class I1 
region.  Not  considering  the  poorlv  conserved  amino  termini, 
a striking 60% identity  and 80% similarity  can  he  established 
in  the  entire  remaining  three-quarters of the I'RE2- and 
RINGIO-encoded  proteins  (Fig. 4) .  Because  identity  between 
proteasomal  proteins of a given  species  generally  does  not 
exceed  values of 40%,  stronger  homologies  hetween  two pro- 
teasome  suhunits of different  origin  indicate  corresponding 
funct,ions of the  respective  subunits  within  the  heterologous 
protease  complexes.  Thus,  the  highlv  conserved  structures of 
the  Pre2  and  Ring10  proteins  from  evolutionarily  distant 
organisms, i . ~ .  yeast  and  man,  predict  some  functional  equiv- 
alence of these  two  suhunits. 

The  alignment of the  Pre2  and  Ring10  protein  sequences 
in  Fig. 4 includes  other  yeast  (Prel  and  Pup1 (17, 2 8 ) )  and 
human  (Ring12  and 6 (15, 32))  proteasome  suhunits as well 
as t.he  P-suhunit of the  proteasome  from  the  archaehacterium 
Thermoplasma  acidophilum (31). These  seven  proteins  can  be 
grouped  into  the  &subfamily of proteasome  components, of 
which  the  archaehacterial  P-suhunit is regarded as the  ances- 
tor  (31).   The  only  two t-ypes  of suhunits,  (rand 13, constituting 
the  Thermoplasma  proteasome, solely confer  chvmotrypsin- 
like  activity  to  the  complex.  This  activity is thought  to  reside 
in   t he   [huhun i t  (31). Rernarkahly,  the  amino  acid  exchanges 
in   thepre2-I  (Gly-259 to Ser-259)  and  thepw2-2  (Ala-124  to 
Val-124)  gene  products  both  reside  at  positions  highly  con- 
served  among  the  archaehacterial  and  eukaryotic  proteasomal 
prot,eins  compared  in  Fig. 4. 

None of the  yeast  proteasomal  suhunits  involved  in  chy- 
motr-vpsin-like  activity, Prel  and  Pre2,  exhihit  any  sequence 
similarity to known  proteinases. By assuming  some  functional 
homology of Pre2  and  Ring10,  speculations  about  a  new type 
of serine  proteinase  represented  hv  Ring10 ( 1 4 )  cannot he 
supported  hy  the  Pre2  sequence  data. No histidine  exists in 
the  Pre2 region  corresponding to the  Ring10  sequence  stretch 
that  was  found  to  contain a histidine  residue  in a similar 
environment as the  one  present  in  the  catalytic  triad of 
suhtilisin-t-ype  proteinases.  Two  recently  cloned  genes  from 
the  rat   and  the  mouse (83, 34),  which  encode  proteasomal 
suhunit,s  (RC1  and MC13, respectively)  highlv  homologous  to 
Ringlo, also lack a histidine  at  this  posit  ion.  The  chymotryp- 
sin-like  activity of the  proteasome  could  he  brought  about hy 
a completely  new  proteinase t-ype, which  might  even  he  formed 
by interaction of two or more  suhunits.  The  fact  that  muta- 
tions  in  two  different  suhunits of the  yeast  proteasome result 
in  defective  chymotrypsin-like  activitv  mav  point t o  a coop- 
eration of distinct  proteasomal  proteins  in  activc-site  forma- 
tion. 

Mutations  in  yeast  proteasomal  subunits  have  uncovered 
proteasome  functions  in a varietv of cellular  events  such  as 
growth,  differentiation,  and  stress  response  (this  paper (17) ) .  
One  molecular  basis of action  seems to reside  in  the  capacity 
to  degrade  ubiquitinated  proteins  (this  paper  (17, 18)). which 
are  derived  from  different  degradation  pathways (18). In 
mammalian  cells,  the  proteasome is also  expected to exert a 
variety of different  functions, a specialization of which is the 
h.ypot,hetical participation  in  antigen  processing.  The  striking 
homology  between  the  human  MHC-encoded  Ring10  protein 
and  the  proteasomal  Pre2  suhunit,  necessary for the  chymo- 
trypsin-like  activity of the  yeast  protease  complex, supports 
t,he  involvement of human  proteasomes  in  this  latter process. 
Whether  uhiquitin  conjugation to proteins is a  prerequisite 
for  cleavage  and  suhsequent  presentation of peptides  as  anti- 
gens  has to he  investigated. 

In  contrast to Pre2, the  Ring10  suhunit does not  seem t o  
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HSE (NT) xxxLAfKFrxQUIV~lsQgVf 
Rn6 (NT) mLAfKFQ.QYILILwD. 
HsRinglZ 1 : m l r a g a p t g D l p r a g o V n T ~ M A V o F D p g ~ 8 ~ ~ 8 V V n R v f  
Hs6 (NT/cDNA) xx1MAVqFDgaWLgADSRtTtQsVIAnRvt 
Rn5 (NT) TTIMAVqFDgQVVLgADS 
Rn7 (NT) TTIMAVeFDgGWVgSWldVS 

. . .  ......................................... . .  ......................... 

pre2-2: v 
Til@ 40 :  kKLfQIdtVtgMTIkOlvgDAQVLVryMkqELELVrLqrrvnMpIeAVqtLLs~iLnqvK--yMpymVqLLvgGi~a---~VFsIDAa~s--V~diVASt(ga 
ScPrel 33: DKtrQLsPHt1MSf~AgDtvqfAEyIqaNIQLYsfredyeLspqAV~sfVRQeLaKsirsrrpyqVnVLi~VDkkKNkP.LYqIDylQ--TKVolpVgAMys 
ScPupl 61: aKUlrIoPkIwCag~AWItEAVtQLIgsNIELnsLytsreprVvsAlqMlKQhLFKVqg-hIgAyLIVA--OvDpt--Qsh~FSIhAM)-STdV-gyVLSl~ 
W n 2  107: kKViEInPFLlgTMMgAADCQfwetwLgsQCrLneLrekErI~Va~kIl~NLV~qYKgagLsMgtMIC--GY-trKE~IYyV~~--TRLkgdifCv~ .................................................................................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
HWinglO 100: N K V i E I n P V L l g T M ~ ~ Q y w o r L L a k E C r L V y L r n g E r I s V s ~ k L l s ~ M c q Y R g m ~ M I C - - ~ D - k K - ~ L ~ y V ~ ~ - - ~ f ~ t ~  
HsRing12 52: DKLspLhoHIyCaL~~AADAQAVADMA~yQLE~gIele~plV1IUanVVRNIsVKYR-edLsAhLMVA--OWD-qREGgqVY-gtLg~lTR--qpFAIgOW 
HS6 DKLtpIhdrIfCcrdisllADt~VADAVtyQLgfHsIe1nEpp1VhtAirsLfKEMCVRYR-edLrnAgIIIA--OWDpq-EOgqVYsVpMgQa3vR--qsFAIgOW 

pret-1: F preZ-1: S 
TaB 139: gpFVYOVLESqYsskWTvDEgVDLvirU5AAl~qRD~-SaOMIIPVAVItrkffiyVQtDqIEsrirklglil 
ScPrel  137: gfvtFoL~hYRpDWTtEEgLDLlk1CVqeLek~pmdfkPVI-VkIV-DkffiirQvDdfQaQ 
ScPupl  170: OlaAnaVLEBhWKqDLTkEEAIk~sdAIqAgIwnDlg-~snVDVCVM-E-i~-kDaEyL-rNyLtpnvrEEkQkrVkfpfGttavlkesivnicdiq~~qvdita 
OB-2 208: qTFAY~U#)oYKwDLSvEDALyLgkrsILAllAhROay-8aOsVNLyhVtE-DOnIyhgnhDvgELfwkvkEE-EGsFnnviG ........................................... . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  
H s R i ~ i O  200:  nTVA~YRpNLSpEEAyDLgrrAIAyAthRDsy-gOQWNMyhMkE-DOwVkvEstDvsDLlhqyrEanQ 
HsRingl2 151: OTFI~yVoP8YKp~pEECrrfttdUALIIMoRDgs-800VIyLVtIt-aaG-VDhrvIlgNEL-pkfyDE 
HP6 85VIVGyVoPtYRog~kEECLQftanALALIIMeRDge-800VIrLAAIaE-sO-VErQvLlgDQI-pkfavat1Ppa 

FIG. 4. Alignment of  the Pre2 protein sequence with other &type proteasomal components from the archaebacterium T. 
acidophilum (TaB, Ref. 31), the yeast Saccharomyces cerevisiae (ScPreZ and ScPupZ (17, 28)), and man (HsRinglO, 
HsRingZ2, and Hs6 (14, 16, 32)). Note that  the Hs6 sequence is assembled with residues encoded by a cDNA lacking the 5'-end of the 
coding region and  an overlapping amino-terminal sequence derived from amino acid sequencing. Some of the amino-terminal peptides ( N T )  
obtained from amino acid sequencing of proteasomal subunits from man (Hsc (35)) and  rat (Rn5, Rn6, and Rn7 (36)) are included ( x ,  
unidentified residues). Sequences are shown in single-letter code; gaps (-) are  inserted for optimal alignment. Amino acids are depicted in 
upper case letters if more than half of the residues in  a row are conserved (gaps and n are regarded as mismatches) and are additionally 
depicted in boldface type if more than half of the residues are identical. Residues identical or conserved at corresponding positions in  ScPreQ 
and HsRinglO are marked with double or sing& points, respectively. Similarity groupings are (IVLMAC) (EDQN)  (HYWF) (ST) (RK) (PG). 
Underlined regions in HsRinglO represent motifs including the proposed (14) active-site serine, histidine, and asparate (each doubly underlined) 
of a  serine protease-type catalytic triad. Amino acid exchanges in the  mutant proteins encoded by pre2-1, pre2-2, and p e l - 1  are indicated. 
The prel-1 allele was cloned analogously to  the pre2 alleles by gap repair. It shows a  C to T mutation at nucleotide position 425  of the coding 
region. (Note that  the  ScPrel sequence differs at amino acid positions 183 and 188 from the published data (17), which turned  out to be 
incorrect. The corrected amino acid and nucleotide sequences are available under accession number X56812 in the EMBL, GenBank, and 
DDBJ data bases.) 

be a  constitutive proteasomal protein, because the complete 
absence of this MHC-encoded subunit from human cells does 
not impair their viability (11). Therefore, it may  be assumed 
that MHC-encoded proteasome subunits  substitute for con- 
stitutive components of similar structure.  These  constitutive 
components may provide the proteasome with similar cata- 
lytic specificity but  they may change the intracellular biolog- 
ical function of the particle. Incorporation of RinglO could 
generate a proteasome that serves the specialized task of 
antigen processing, whereas an equivalent constitutive com- 
ponent may be contained in proteasomes involved in house- 
keeping functions,  as is the enzyme complex of the unicellular 
yeast. The strong homology between the human Ring12 and 
the human 6-component (55% identity, see Fig. 4) favors this 
model. Subunit 6 could represent the constitutive  subunit, 
which is replaced in antigen processing proteasomes by the 
Ring12 protein. Although until now no constitutive  human 
proteasomal protein with outstanding homology to RinglO 
has been identified, the strong similarity of the amino-ter- 
minal peptide derived from purified human proteasomal sub- 
unit 6 (35) with part of the RinglO sequence (Fig. 4) suggests 
that  other RinglO-related subunits  are encoded in the human 
genome. 
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