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The jcn~ encodlnil the ~subunl[  uf the IPrOleasofftc From the ar,:haebaclerlum 7her,mphum, mld,  phihm: was cloned ~nd ~quem:ed "The Ilenc 
~ncodes for a I'~lypcptld¢ w:th 23~ nal:l'to acid res)dues and a calculated molecular we=eht of 2J~ll?0 Sequence si)ndar)ty of the .,.suhumt with 
the &l¢¢h.r.m,)'rrs ¢rrrdJla¢ wild.type supprc.or ilene srl l "  encoded pol~pq)pl:d¢, wh:ch :s probably identt¢'al w:th the subun)t YC? = of the yeast 
protca~om¢, lend~ support to a putative role of proteasomes m the rqlula¢=on ur gene express:on The siilntllcant sequence s:n~:htrity ¢o the various 

subumn¢ ofcukar)'ot:¢ prote;:somes make it hkely that proteasomal prate:as are e:tc~ded by one jene fam:ly of ancient orqltn. 

Proleasome, Prosome, Muhicalalytl¢ prolcinas¢, Arehaebacterium, Thermopkmtm .c/dophlhm~ 

I. INTRODUCTION 

The prozeasome is a high molecular mass (approx. 
700 kDa) cyhnder-shaped particle with multicatalync 
proteinase actwity (fat review, see ref. 1). It is found in 
all ¢ukaryotes from yeast to man [2]. It is widely ac- 
cepted now that the proteasome or multicataiytic pro- 
teinase (3] is identical to the prosome (4,5], a 19=20 S 
nbonucleotprote~n supposed to be revolved m the 
regulation of gene expression, While there ts no 
ewdence for the ex,stence of proteasomes ,n eubacterm 
[2,6], we have recently isolated proteasomes from the 
thelmoac~dophilic archaebactermm Thermoplasma 
actdophdum [7]. Contrary to the complex subumt com- 
posmon of eukaryouc proteasomes (8-16 different 
subumts, all m the molecular mass range between 20 
and 35 kDa) proteasomes from T. acldophdum com- 
prise only two different subumts. The a-subunit has an 
apparent Mr of 27 kDa, the smaller B-subumt has an ap- 
parent Mr of 25 kDa [7]. Nevertheless, proteasome 
complexes of eukaryot~c origin and from T. 
actdophdum are almost identical in size and shape, as 
shown by electron m~croscopy m conjunction w~th 
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Abbrewattons, crl, mutatlon encoding cyclohexlmzde and 
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of sell, dom,nant suppressor of crl3 temperature-sensitive lethality, 
SDS.PAGE, sodlum dodecyl sulfate pob'acr>lamlde gel elec- 
trophoreszs, TFA, trifluoroaceuc acid, YC, yeast component of the 
proteasome 

dtg|tal ~mage processing (7,8]. In this communication 
we report the cloning and sequencing of the genc en- 
coding the large (at-) subamt of the 7", acldoplulum pro- 
teasome. This is an important prerequisite for future 
more detailed structural studies and can be expected to 
give some hints as to the physLologicaI role of  pro- 
teasomes and the tasks performed by their constituent 
subunits 

2, MATERIALS AND METHODS 

Proteasomes from 7". actdophthon were purified to homogene=w as 
reported prev:ously [?], 25/~8 were separated by trJc=ne.$DS-PAGE 
[91 and detected by Cooma=sle blue sta:n:ng For cleavage w:th 
cyanogen brain:de the ~-subumt was ¢lcctroeluted and precipitated 
w,lh acetone The redissolved prote:n was treated wl:h IOOio (w/v) 
cyanogen bromide :n 10% (v/v) fon'm~, acid at room temperature for 
24 h The resulhn8 pept=des weie separated by trlclne-SD$ PAGE [9], 
electroblotted onto a sihco=uzed glass-f:ber sheet (Gla, ssybond, 
B:ometra, Gottmgen, Germany), detected by Coomas~le blue siam 
me, exc~sed, and subjected to sequence degradat;on [10] For cleavage 
with tryps,n, gel-shces containing the ar.subun:t were cut rote small 
p~eces and suspended ,n 0 I M amman:urn carbonate The protein was 
d)gcsted w:th fl pg trypsin at room temperature for 24 h Tryptic pep. 
t~des were extracted from gel p:eces, concentrated and separated by 
HPLC The column (H=bar LsChrospher-C=B column, 125 x 4  ram, 
Merck, Darmstadt. Germany) was eluted w~th a l,near grad:ent of 
0-7007o acetomtnle (0.1070 TFA) The effluent was men:tared al 
206 nm Fractions contmnmg tryptlc peptldes were collected, coneen. 
trated and subjected to sequence degradation [l I] 

Cloning of DNA-fragments into pUCl8-vectors, construction of 
small gone hbrarles and colony screening were done as described 
prevmusly [12] Inserts of recombinant double-stranded 
pUCl8-plasmlds were sequenced by the dldeoxy chain-termmauon 
method us:ng a Sequenase Sequencing KR (Umted States 
Biochemical, Cle~,eland, OH) 

Amino acid sequence alignments of various subun:ts of eukaryotlc 
proteasomes and the T actdophdum a-subumt were performed wsth 
'CLUSTAL'  [13], a software package for muir,pie sequence align. 
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mcn[, ~ r c h  tot proleln mollf~ Ifl Ihf ~mlno ~¢H s¢~luer~e w~, p~r, 
termed with 'PROf, IT~' [14), a ¢ompuc~rr~led dictionary or 
protein tiler aM pallerns, 

3. RESULTS AND DISCUSSION 

JI 

A#e| ~CS4| el,~ell~,es e," t~6f~H~ipqt(~q 

d 

3. I. Protein ~equencln& of  H,¢ P~bun i t  
As the N.terminus of the ¢~.subuni[ was found to be 

blo¢ked, the purified protein was cleaved with 
cyanogen bromide and trypsin, respectively. The 
isolated pep=ides were subjected to p~rtial amino acid 
sequence analysis by at==emoted Edman degradation 
(underlined sequences in Fig. I), 

3.2. Clomn& and sequenem& o.[ the ¢~.subumt.gene 
Southern blots of genomic restriction fragments of 7'. 

aci¢/ophilurn DNA were probed with two oli8onucleo- 
tide mixtures, the first (5'-TTYCARGTNGARTA- 
YGC-3') dertved from a tryptic and the second 
(S'-ATGAARTTYGCNAAYGG-3') derived from a 
cyanogen bromide peptide; (N =AGCT, R= AC, 
Y =TC). Fragments in the range from 4 to 4.5 kb of 
Hi~dlll-digested DNA, which gave strong hybridiza- 
tion signals with both probes, were lisated in pUCI8 
and E. col~ DH~u was transformed with the recombi- 
nant plasmids. One positive clone, harbour=ng a 4.3 kb 
H~tzdlll fragment, was identified by colony hybridiza- 
tion of a ~mall 8ene library of about 900 clones, The 
nucleotide sequence of  the ¢t-subunit gent and its ~'- 
and 3'-flanking reeler s was determmed (see FiB. 1). 
There were 3 possible inmation.codons for the open 
reading frame encoding the c~.subunit, but only one was 
preceded by the putative Shine-Dalgarno sequence 
GGAGGA, which ts complementary to the 3'-end of 
the 7". ac~dophUum 16 S rRNA [15]. Starting wtth this 
Initiation codon, the o~-subumt gene codes for a 
polypepttde of  233 amino ac=d residues (Fig. 1), giving 
rise to a molecular weight of  25870. This ts in good 
agreement with the apparent molecular mass of 27 kDa 
obtained by SDS-PAGE [7]. 

3.3. Anal.va~s of  the derived protein sequence o f  the 
¢~.subumt gene 

Scrutinizing the der;ved amino acid sequence of  the 
7". ac#dophilum a-subunit for known primary structure 
motifs with 'PROSITE'  [14], a computer-edited d;c- 
tlonary of protem sttes and patterns, we found a se- 
quence with homology to cAMP/cGMP-dependent 
phosphorylauon sites between amino acid residues 31 
and 37 [16,17] (see Table I). As discussed also for some 
euRaryotic proteasomal proteins [::2,24], we identified a 
potential tyrosme autophosphorylation site at amino 
ac,d residue 123 [18], a consensus nuclear location 
s,snal (NLS) between amino acid res,dues 49 and ~6 [19] 
and a region complementary to the NLS-conscnsus se- 
quence between amino acid residues 201 and 212 [20] 
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Fag I Restrict=on map, sequencmg strnteay, nucleotld¢ seq.ence and 
der=ved am~no acid sequence of the DNA.fragment containing the a. 
subuntt.gene The upper panel shows the restriction endonuclease 
map of the cloned DNA,fragment containing the c¢.subunlt gene The 
open box lad=cares the coding region of the gene, Continuous hnes 
mdlcate ~i' and 3'.non-cadre8 reg[ons Vert,cal arrows indicate 
restr=ct=on encIonuclease cleavage sites Hor=zomal arrows indicate the 
indlv~dual sequence runs The dotted arrow shows the dweehon of 
transcr,pt=on of the ,-,.subunlt.gcne The lower panel shows the 
nuclear=de sequence and the derived am=no acid sequence of the DNA- 
fragment containing the <~.subumt gent Nucleohdes are numbered 
beginning v, ith the first res=du¢ of  the l:,utatlve m~tlatlon codon ATG 
The nuclear=des upstream from the =at=lOtion codon are 1rid=cared by 
negat=ve numbers The underlined nucleic actds represent the putat=ve 
Shlne-Dalgarno sequence The stop codon ks boxed The predtcted 
am=no acid sequence ts shown below the nucleotlde sequence m the 
one letter code, Am=no ac=d residues are numbered beglnntng with the 
putative N-terminal meth=onme Underhned residues were 
determined by protein sequencing Ti and T2 mark the sequences of 
two tryptlc peptides. BI marks the sequence of a cyanogen bromide 

peptlde 

(see Table I), The ~dentiflcation of a consensus NLS- 
sequence (X-K-K(R)-X-K(R); X standing for any amino 
acld [19]) in a protein from an archaebacterium, i,e, an 
organism wlthout a distinct nucleus, is of coursr vuzzl- 
lag. It is unlikely that the sequence similarity at thls par- 
ticular sequence posltton ~s entirely coincidental, It is 
more reasonable to assume, that either the target of the 
NLS-sequence exists also in T. acedophtlum, or that this 

218 



Volume 271~. number 2 FEBS LETTERS Ja,tualry |t~91 

TABLE I 

~qu~ne¢ r¢111¢~'~ t~r prOl~On|al proleiO% w hleh ,d~ow ho~aloll~" to ¢¢m,~en,ms ~q~¢1~¢~ dr pho,~phofylaflon ~1~ ¢sr n~¢l~r Io¢~llon ~lilaah (NkS) 
or ~LS ¢ompl~rn~n~ry ~e~uen,.?= ÷ 

P r o ~ o m a l  Pu~.llv¢ tyrmln~ ~mopho~l=horylation ~ i 1 ~  Pumliw eAMP'¢(~MP. Pt,~a~i~¢ NLS Amino ~t¢ld ~eqt~n¢¢ 
pr.teln ~pendent phmphory, ~qg~nee ¢omplcmlnlary to 

lallon ~ll~ , NL~ ze~u~nc¢ 
1 ' a e f  112.LVKRVADQMQQY TQ.YGtd..VRPY.I)2 ~i2.KKG~T.,16 PO.$DKKVR.~ 2G~.IEIg~qKELRAPlg,21 I 
RnC2 , f  nf nf 21#.DLEFI'IYDDDD.2~ti 
RnC.~ I IO.LVQRVASVMQE Y TQ.SGCI.VRPF. I]O nf 411.TEKEQK.$~I nl' 
RnCm nr nf nf 24¢~.EEDI~DDi~2!I] 
RnC9 II0-LVTALCDIKQA .Y. TQ.FCdG..KRPF.1210 nr 249.REKKEK.~4 241.EKEEAKAERE.2SO 
Dm2~l. i nr 29.RKCI~T.!) 243.EKKKQK 24ii nr 
D i n 2 9  110.LVSHLCDIKQA ~ TQ.YGO.KRPF. I.~o nr M,2.AAKKEK.2~,? nr 
S~CI nf nr hi" 2~0.DDDEDEDDSD.2~9 
S~C'Tu I IT-LARRMANLSQI ~TQR. -^YMRPL.I:I7 nr IIKP.HFKKSK.I~O nr 

• , , =  

$¢quen,:¢ declinations Are .~ liven in Fill, 2, nf Ilal~d!l far not found Numbers Indicate positlol~ o[' Ih¢ first or lair re~idtJ¢ of the peptlde In the 
re=pectiv¢ lequene¢ Underlined ~mlno ¢teid re~lduet mark pot,,nlial pholphorylation =lte~ Bold type redtlues sinew consensus of tile NL$ f, equefl¢e 
dr Ih¢ clutter of acidic amino add residues ~omplementaTy to Ih¢ NL$ sequence, 

particular sequence motif exzstcd before the correspon- 
ding receptor had evolved. However, we can also not 
completely rule out the possibility that 7". acidophilum 
has acquired the a-subunit-gene by horizontal gene 
transfer from an eukaryote. As wzth the eukaryottc pro- 
teasomal proteins investigated so far, we have been 
unable to identify any known proteinase motif in the se- 
quence of the ~-subunit of 7". acidop/ulum. 

By searching for homologous preteens in the 
database of the Martinsried Institute for Protein Se- 
quences (MIPS) we found a significant sequence 
similarity to the wdd-type suppressor gene sel l"  encod- 
ed polypeptide of S. cerevistae [25], as well as to the 
various proteasomai proteins from eukaryotes 
deposited in the database. Detailed sequence analysts 
revealed, that the nucleotide sequence of the sell  ÷ gene 
zs almost =deatical w~th the yeast proteasomal subunit 
YC7-a [26]. Insertion of on,: thym~dme and one 
adenosine at position 129 and change of adenosine-228 
to guanosme m the nucleoude sequence of the sell  ~ 
gene leads to absolute identity of the nucleotzde se- 
quences of the se l l"  and the YC7-c~ genes, m the coding 
as well as m the 5' and 3'-flanking regions. In- 
dependently it was shown by gene disruption ex- 
periments that the sell + gene as well as the YC7-~ gene 
are essentml for growth [25,26]. The S C L I - I  mutauon 
of the sel l  + gene is a dominant suppressor of the 
cycloheximide-resistant, temperature-sensitive lethal 
mutaton, cri3 [25]. Th~s mutat]on-ehc~ted suppressor 
function of one of the S. cerevtstae proteasomal pro- 
teins sheds new light on the possible involvement of the 
parucle m the regulation of  gene expression [27], 
repression or modulation of mRNA translation [28,29]. 

3.4. A hgnmen t  o f  proteasomal  proteins 
The predicted amino acid sequence of the 7". 

actdophtlum ¢z-subunit shows significant sequence 

stmdarity with subunits from all the eukaryotic pro- 
teasomes investigated so far (Fig. 2). The sunilanty is 
pronounced in the N-terminal and central part of the 
proteins (up to position 166 in Fig. 2), where in some 
subunits the potential NLS targeting sequences and the 
putative phosphorylation sites are located, whereas the 
C-terminal part appears to be rather variable (Fig. 2). 
The conserved regions can be expected to be either 
critically revolved in proteasome functzon, or - -  in view 
of the highly conserved structure of the complex in spite 
of a rather different subunit composition - -  in pro- 
riding the regions of contact between the different 
subumts w~thm the proteasome. Similarity scores pro- 
vlded by pairwise ahgnment of different proteasomal 
subunits (Table II), imply that the genes for the ar- 
chaebactenal ct-subumt and the h~therto cloned and se- 
quenced eukaryotic proteasomal proteins belong to one 
gene family of ancient origin. Rat proteasome subunit 
C2 [301 and D. me/anogaster 35 kDa subumt [21] 
(simdarity score 135), rat subunit C8 [31] and yeast 
subumt YC1 [26] (simdarity score 121), as well as rat 
subumt C9 [32] and D. rnelanogaster 29 kDa subumt 
[33] (similarity score 178) (see Table IlL are hkely to be 
corresponding subumts m the proteasomes of the 
respectwe organisms. The rat subunit C5 [34] shows the 
lowest similarity scores with any of the other sequences; 
nevertheless tt appears to belong to the family of pro- 
teasomal proteins, as is shown by the ahgnment 
(Fig. 2). Remarkably the rat subunit C3 [23] y~elds the 
highest simdarny score with the T. acMophUum ~z- 
subumt (Table II). This might be taken as an indlcatmn 
that several gene duphcauon events of the C3 encoding 
gene led to the complex subunit composition of 
eukaryotlc proteasomes These events can be expected 
to be consequences of more sophm~cated funcuonal re- 
quirements and functmnal fine.tuning enforced during 
evolution of the eukaryouc cell. 
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F~g 2 Ahgnment of proteasoma[ proteins Amino acid residues are given m the one letter code, Dashes md~cate gaps, introduced for better 
ahgnment Numbers above the sequences refer to the posmon of the respective amino acid reszdue m the T aczdophdum <~-subumt sequence 
ResLdues are boxed m black sf they are idemtcal m all or m all but one sequence at the respecuve posmon. Res:dues are shaded if they are conserved 
m at least 9 sequences at the respective posltlon, according to the following grouping of  Argos [3S]. (PG), (ST). (KR), (EQND), (FWHY) and 
(AIVLMC) The abbrevmt~ons are as follows Tats, T acldophdum u-subanlt; RnC. Raltus norveglcus (rat) proteasome component, Din, 

Drosophila melanogaster proteasomal protein, ScC, Saccharom>ces cerevzszae (yeast) proteasome component. 
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