
Volume 299, number 1, 39-43 FEBS 10780 
© 1992 Federation of European Biochemical Societi¢~ 0014S793/92/$5.00 

March 1992 

Molecular cloning of an essential yeast gene encoding a proteasomal 
subunit 

Elena Georgatsou,  Tassos Georgakopoulos and George Thireos 

Institute of Motecular Biology and Biotechnology, Foundation of Research and Technology, PO Box I527, Heraclio 711 10o Crete, 
Greece 

Received 8 November 1991; revised version received 17 January 1992 

We present the cloning and sequence of a Saccharomyces cerevfsiae gene, PUP2, which encodes for a proteasomal subanit. The PUP2 protein is 
similar to other proteasomal components from yeast, as well as from Drosophila and rat. Although not-properly.folded proteins have been 
implicated to constitute substrates of proteusomes, we show that the accumulation of such proteins does not induce expression of the PUP2 gene. 
Finally, gcn¢ disruption experiments demonstrate that PUP2 belongs to the class of yeast proteasomal subunits tlmt are essential for cell viability. 
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1. INTRODUCTION 

Proteasomes are large, multicatalytic proteinase com- 
plexes which are found in all eukaryotes examined rang- 
ing from man to yeast [1,2]. They are composed of 
multiple subunits (10-20) which are different in size and 
charge and which are organised into cylindrical 20 S 
particles [3-6]. The proteasome catalyses the cleavage 
of peptide bonds on the carboxyl side of basic, neutral 
and acidic residues [7-9] but its exact function in the cell 
is still unknown. It has been implicated in playing a role 
in the degradation of proteins via the ATP-dependent 
ubiquitin-mediated proteolysis [10,11] and it was 
reported recently that prel-I yeast cells (mutations in 
the PREI gene encoding a proteasomal subunit affect- 
ing the proteolytic activity of the proteasome) exhibit 
decreased protein degradation and accumulate ubiq- 
uitin-protein conjugates [28]. The 20 S particles have 
been proposed to be also involved in tRNA processing 
and mRNA translation [12,13]. The expression of pro- 
teasomal subunits has been shown to be elevated in 
malignant cells [14] and tissue-specific expression has 
been reported in D. melanogaster [15]. Finally, pro- 
teasomes are localised both in the nucleus and the cy- 
toplasm [2,6,15] and developmentally specific ac- 
cumulation into the nucleus has been reported [16,17]. 
All these results suggest an important role for pro- 
teasomes in cellular proliferation and differentiation. 

Cloning of a number of proteasomal subunits from 
rat [18-23], D. melanogaster [l S,24,2~ and yeast [26-29] 
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has revealed another interesting property of these 
proteins. They belong to a unique family of proteins 
which share extensive inter- and intra-species simi- 
larities. This suggests that the proteasome is organi~d 
from multiple similar subunits which are evolutionarily 
related. Very recently the molecular cloning of six yeast 
proteasomal subunits revealed that these similar sub- 
units might serve different functions since only five of 
them are essential for cell viability [26-29]. In this report 
we present the sequence of a yeast gene encoding a 
proteasomal protein which is also essential for cellular 
survival. 

2. MATERIALS AND METHODS 

Saccharomyc¢s cerevistae strains used were W303-1B (Mata/~, his3/ 
his3, ade~ade2, leu2/leu2, trpl/trpl,  ura3/ura3) for 8¢ne disruption 
and $288C (Mata) for PUP2 expression analyses. Plasmids used for 
disntption and ~:qu¢ngin 8 were pUCl8 rocombinants. DNA scquen¢, 
ins was carried out by the didcoxy termination method with a UniUgl 
States Biochemical Corporation 70770 scquenas¢ ~,arsion 2.0 scqtmne- 
ing kit. 

S~lueno¢ alignment was prepared using the CLUSTAL algorithm 
[30] and gaps were introduced for optimisation. 

Yeast DNA was prepared according to Struhl et al. [31] and total 
RNA as described previously [32]. Yeast transformation was per- 
formed by the LiCI proe~ure [33] and sporulation and random tctrad 
analysis as described in [34]. 

3. RESULTS AND DISCUSSION 

3.1. Cloning and sequencing o f  a putative gene 
Pa~t of a putative gene was first identified in a cloned 

ye,~st genomic DNA fragment which complemented a 
gcn5 strain [32]. Nudeotide sequence determination of 
this DNA fragment defined in close proximity to the 

Published by F.l#evier Science Publfz'hers B.V. 39 



Volum¢ 299, number 1 FEBS LETTERS March 1992 

R 
Sau3A 

E P P H E 
• I I I -  I 

0 .2Kb  < ~ ' ¢ "  

B 

I 
61 

121 

18 

24 

3O 

36 

42 

48 

54 

60 

66 

72 

?8 

84 

901 

961 
1021 
1081 

TTTTATTRRGCGTGCARRCRTGRATGTRGCCCRRGTCCGTRRGGRTRRTTTRGTGCTTflR 
RTTRRRTRRRTCRCTRTTCRCGARARTRTTTTTGRRRTTTCRTTRTACAGGGTTRTCRTR 
RRCCRAGRCCGGTGGCRARRGRGTRRCCTRGGRRRTTGGRCRRGAGRGCGCTRTRRCTRT 

M F 
RGflATRCARGTCRRTRRGARCRTRRflTTCCRRTTGTCTRRTRTRRCTRGRRRGGRTGTTC 
L T R S E Y D R G U S T F 
TTflRCTRGRRGT6RRTRTGRTCGTGGTGTRR6CRCRTTT 
O U E Y S L E R I g L G S 
CAflGTTGRGTRTTCTTTGGRGG¢CRTCARRTTRGGRTCT 
K E O, U O L G U E K R fl T 
RRflGflflGGTGTT6TRCTRGGTGTGGflGRRRCGTGCCflCC 
S I E K I U E I D R H I G 
TCTRTTGAGRRRATCGTGGRGRTTGRTCGTCRTRTTGGT 
R D R R S H I E H R R T R 

S P E G R L F 
TCCCCRGRRGGGRG6TTATTC 
T R I G I fl T 
RCflGCRRTTGGTfiTTGCCRCG 
S P L L E S D 
TCRCCRCTRTTA6RRTCTGRT 
C R M S 6 L T 
TGTGCRRTGRGTGGGCTTRCR 
A U T H H L Y 

6CflGRTGCTCGTTCCRTGRTTGRRCRTGCGCGTRCTGCTGCRGTflRCGCRTRRTCTRTRC 
Y D E O I N U E $ L T O $ U C D L fl L R 
TRCGRTGRRGRCRTCAATGTTGRGTCCTTAACGCARTCGGTGTGTGRTCTTGCTCTflRGG 
F G E G R $ G E E R L M $ R P F G U R L 
TTCGGTGRRGGTGCCTCTGGTGRRGRRRGRCTRRTGTCTCGRCCRTTCGGGGTTGCCTTG 
L I R G H D R O D 6 Y 0 L F H fl E P S G 
TTRRTTGCTGGCCRTGRTGCGGRTGRTGGTTATCARCTTTTCCATGCAGAACCATCTGGG 
T F Y R Y N fl K fl I G S G $ E G R O fl E 
RCRTTTTRCCGTTRTRRTGCCRRRGCCRTT6GTTCRGGCTCTGRRGGAGCRCRRGCRGflR 
L L N E W H S S L S L K E fl E L L U L K 
TTRTTGRATGARTGGCATTCTTCTTTRRGTTTGRRAGARGCTGRGCTTCTTGTTCTAAAR 
I L K Q U M E E K L D E H N R O L $ C I 
RTCCTRRRGCRRGTGRTGGRRGRGRRRCTTGRTGRRRRTRRCGCGCARTTGRGTTGTATR 
T K O D G F K I Y D N E K T A E L I K E 
RCflRflGC 
L K E 
TTGflARU 
TAGTTRC 
6flRRGGR 

RRGflCGGATTCRRRRTATAT6RTflflCGflRAARRCTGCTGflRTTGRTRRflAGA6 
g E R R E $ P E E A D U E M S * 

AGRRRGAAGCTGCAGAAAGTCCRGAAGRAGCGGRTGTTGflRRTGTCRTRRRTR 
ATABRGGTAARTACCBACGTCRCACTRRCRRAGRBAGRRARCCTTACARRRRT 
RAR6TRGTRBRRTRRCCTCRBTTGATCRCBTCGTCTCGCCGTRCTRRflCRTTT 

2 

22 

42 

62 

82 

102 

122 

I'12 

162 

182 

202 

222 

242 

260 

1141 ATTTCTTCTTCGAI:iAGGRflTflGTAgCGGAflflAGC 
Fig. 1. (A) Schematic representation of the EceRI (E) yeast genomic fragment containing the coding region (black arrow indicating the 5'-to-3' 
direction of the coding strand) ot" the PUP2 gone, The Sau3A sit¢ indicates the border of the original clone in which the PUP2 gene was detected. 
P, P.~'tI; H, H&dlll. The arrows show the sequencing strategy. The hatched bar indicates the Pstl fragment replaegd by the HIS3 gen¢ in the 

disruption procedure, (B) Nucleotid¢ and deduced amino acid sequence of the PUP2 gene. 

G C N 5  gene, which is involved in the general control of  
amino acid biosynthesis in yeast [35,36], a second open 
reading frame with the coding capacity o f  252 carboxy- 

40 

terminal amino acids located at the very end of  the 
cloned piece (Fig, IA), By using an overlapping clone 
and a synthetic primer homologous to the end of  the 
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Fig, 2, Multiple sequence alignments of the PUP2 ~.mino acid sequ©n0¢ and other cloned yeast proteasom¢ subunits. Identical residues between 
PUP2 and the other subunits are blackened. Stars and dots denote identities and conserved substitutions, respectively. 

starting clone, we extended the sequence towards the 
amino terminus of this open reading frame. The com- 
plete sequence of this region is shown in Fig. lB. The 
putative encoded protein has 260 amino acids with a 
predicted molecular weight of 28.6 kDa. 

3.2. The putative protein is similar to proteasome sub- 
units 

Computer comparison of the sequence of the putative 
protein with the SWISS protein data base revealed that 
this protein was similar to protein subunits of the pro- 
teasome of D. melanogaster and rat. Recently the se- 
quence of additional proteasome subunits has been de- 
termined from both these species [20-25] as well as from 
yeast [26-29], and we have found, by doing multiple 
alignments, that they all share a high degree of simi. 
!arity. This family of proteins is unique and no other 
known protein is related to it. Since the putative protein 
exhibits the same extent of similarities with this unique 
family of proteins sharing the same highly conserved 

regions, we have concluded that this gene encodes for 
a subunit of the yeast proteasome which we named 
PUP2 (PUtative Proteasome subunit). The overall simi- 
larities among other already cloned subunits of the 
yeast proteasome and the PUP2 protein are shown in 
Fig. 2. As is the case for all promasomal subunits se- 
quenced from rat, Drosophila and yeast there is approx- 
imately 30% identity among these subunits and the most 
conserved region is at the amino-terminus of these 
proteins. The carboxy-terminus of the PUP2 protein 
also has conserved characteristics of proteasomal sub- 
units in that it contains clusters of charged amino acids 
which have been implicated in the regulation of their 
nuclear translocation [37]. 

3.3. Regulation of  expression of  the PUP2 gene 
Proteasomes are thought to be involved in the non- 

lysosomal degradation of proteins, and biochemical 
[ 10,11,38,39] and genetic [28] studies have indicated that 
their function is coupled to the ATP-depgndent ubiq- 

4 i  
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Fig. 3. The expr,-ssion of PUP2 mRNA under conditions that result 
in the accumulation of improperly folded proteins. Total yeast RNA 
was prepar~ from cells grown in minimal media (-) ,  in minimal 
media following a 30 rain heat-shock treatment at 37'C (HS+), or in 
minimal media following a 4 h incubation in the presence of 0.25 mM 
triazolalanin¢ fI'RA+), 2 gg each of these RNAs was electrophoresed 
and transferred onto a nylon filter. The filter was first hybridi~d with 
a 32p PUP2-eontaining DNA probe, and following dehybridisation, 
with a ~"P DF, Dl,containing DNA probe [42] used to control for the 

amount of RNA in each lane. 

uitin-mediated pathway of proteolysis. The ubiquitin- 
mediated pathway serves an essential function for cell 
viability and it is induced during heat-shock conditions 
or other stresses that result in the accumulation of not- 
prol~fly-folded proteins [40,41]. In order to investigate 
whether the expression of the PUP2 gene is regulated 
by those signals we have analysed the steady-state ac- 
cumulation of PUP2 mRNA under stress conditions. 
Fig. 3 shows that the level of PUP2 mRNA remains 
unaffected following treatment of the cells either with 
a 30 rain heat shock or by including in the media triazo- 
lalanine, an analogue of histidine that is incorporated 
into proteins. Thus, we have concluded that the expres- 
sion of the PUP2 gene, unlike the ubiquitin genes, is not 
induced under conditions that result in the accumula- 
tion of not-properly-folded proteins. The proposed role 
for proteasomes in cellular proliferation and differeL, tia- 
tion (el. Introduction) prompted us to examine a pos- 
sible cell cycle specificity in their expression. By analys- 
ing the accumulation of PUP2 mRNA in synchronised 
cells and over a period of two cycles we were able to 
conclude that the PUP2 gene is not regulated, at least 
at the mRNA level, by cell cycle-specific factr-rs (data 
not shown). 

3.4. The PUP2 protein is essential for cell viability 
Among the six already cloned yeast proteasomal 

genes, five of them, YC1, YCT~, 1"7, PRE1 and PUP1 
are essential, whereas the YI3 gene is not essential but 
is required for normal growth rates. Thus, despite their 
overall structural similarities, different functions are 

2 . 7 k b  

Fig, 4. Verification of the PUP2 gene disruption. Genomic DNA from 
two independent diploid transformants (lanes 1, 2) as well as from a 
non-transfomaed strain (wt) was isolated, digested with EcoRI and 
subjected to electrophorcsis-DNA transfer hybridisation analysis. A 

~:P Sau3A-HindIII DNA fragment (Fig. 1) was used as probe. 

served by the different subunits of the proteasome. In 
order to determine the phenotype of a pup2-disrupted 
strain we substituted the 461 bp PstI DNA fragment 
that is within the coding region of PUP2 (Fig. 1) with 
the HIS3 gene. The 461 bp PstI DNA fragment of a 
pUC18 Sau3A-EcoRI subclone (Fig. 1) was replaced 
with the 1.7 kb BamHI DNA fragment containing the 
HIS3 gene [42]. The insert was excised from the result- 
ing clone and used to transform a his3 diploid strain to 
histidine prototrophy. Confirmation that the disrupted 
gene had replaced, by homologous recombination, one 
of the wild-type alleles of the PUP2 gene was achieved 
by isolating genomic DNA from transformed strains, 
digesting it with appropriate restriction endonucleases, 
followed by DNA-transfer and hybridisation analysis 
(Fig. 4). In such strains the PUP2 DNA probe 
hybridises to two fragments, one corresponding to the 
non-disrupted gene on one chromosome and the larger 
one corresponding to the disrupted allele. These strains 
were sporulated and among the randomly collected 
haploids (>100) all were unable to grow on minimal 
media without histidine. Thus the fII$3.containing 
chromosome could not segregate to a viable haploid 
demonstrating that the PUP2 gene encoded for an es- 
sential cell viability function. 

The function of the proteasome in eukaryotic cells is 
still unknown but at least in yeast six out of seven cloned 
genes are essential for cell viability. Since disrupted 
strains are non-viable we cannot conclude whether null 
mutations of these proteasomal subunits result in the 
failure of the proteasome to be organised or whether 
each one of thes~ subunits serves for an essential func- 
tion. The acquirement of conditional mutations on 
these gents will allo~,;, the elucidation of this issue. 
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