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The gene enceding the x-subunit of the protessame from the archackueterium 7 awrmeplusnia aeidaphillan was cloned and sequenved The gene

encades for a palypeptide with 233 anune acid resdues and a ealeulated molecular weight of 23870 Sequence similanty of the a-subunit with

the Suee huramyees eeeevisine wild-1ype suppressor gene se/l * encoded polypeptide. which 1s probably identical with the subunit YC7 & of the yeast

proteaseme, lends support to s putauive role of protensomes in the regulation of gene axpression The sigmiflcant sequence similirity 1o the various
subuniis of eukaryotic proteisomes make it hkely that prateasomal proteins are encoded by ane gene fanuly of uncient onigin,

Proteasome, Prosome, Multicatalytie proteinase, Archuebacterivm, Thermoplasmia acidophihon

1. INTRODUCTION

The proteasome is a high molecular mass (approx.
700 kDa) cylinder-shaped particle with multicatalytic
proteinase activity (fol review, see ref, 1). It is found in
all cukaryotes from yeast to man [2]. It is widely ac-
cepted now that the proteasome or multicatalytic pro-
teinase (3] is identical to the prosome (4,5], a 19-20 §
ribonucleotprotein supposed to be involved in the
regulation of gene expression, While there 1s no
evidence for the existence of proteasomes 1n eubacteria
[2,6], we have recently isolated proteasomes from the
theimoacidophilic archaebacterium  Thermoplasma
acidophiium [7], Contrary {o the complex subunit com-
position of cukaryotic proteasomes (8-16 different
subumis, all 1n the molecular mass range between 20
and 35 kDa) proteasomes from T. acidophilum com-
prise only two different subumts, The a-subunit has an
apparent M, of 27 kDa, the smalter #-subunit has an ap-
parent M; of 25 kDa [7]. Nevertheless, proteasome
complexes of eukaryotic origin and from 7.
acidophilum are almost identical in size and shape, as
shown by electron microscopy 1n conjunction with
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digital image processing (7,8). In this communication
we report the cloning and sequencing of the genc en-
coding the large (or-) subunut of the T. acidophiliem pro-
teasome. This is an important prerequisite for future
more detailed structural studies and can be expected to
give some hints as to the physiological role of pro-
teasomes and the tasks performed by their constituent
subunits

2. MATERIALS AND METHODS

Proteasomes from 7. acidophilum were purified to homogenaity as
reported previously (7], 25 xg were separated by tricine-SDS-PAGE
[9] and detected by Coomassic blue staining For cleavage with
cyanogen bronude the a-subunit was electroctuted and precipitated
with acetone The redissolved protein was treated with 10% (w/v)
cyanogen bromide in 70% (v/v) formic acid at room temperature for
24 h The resulting peptides weie separated by tricine-SDS PAGE [9],
electroblotted onto a silicomzed glass-fiber sheet (Glassybond,
Biometra, Gottingen. Gerimany), detected by Coomassie blue stain
ing, excised, and subjected to sequence degradation [10] For cleavage
with trypsin, gel-shces contamning the a-subunit were cut into small
picces and suspended 1n 0 | Mammonium carbonate The protein was
digested with § g trypsin at room temperature for 24 h Tryptic pep-
tides were extracted from ge] pieces, concentrated and separated by
HPLC The column (Hibar LiChrospher-C;s column, 125 x4 mm,
Merch, Darmstadt, Germany) was eluted with a linear gradient of
0-70% acetonitrile (0.1% TFA) The effluent was monitored at
206 nm Fractions containing tryptic peptides were collected, concen-
trated and subjected to sequence degradation [11]

Cloning of DNA-fragments into pUCI18-vectors, construction of
small gene libraries and colony screening were done as described
previously  [12] Inserts of recombinant double-stranded
pUC18-plasmids were sequenced by the dideoxy chain-termination
method wusing a Sequenase Sequencing Kit (Unmited States
Biochemical, Cleveland, OH)

Amino acid sequence alignments of various subunits of euharyotic
proteasomes and the 7° acidophilum a-subunit were performed with
‘CLUSTAL’ [13], a softwarc package for multiple sequence align-
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mend. Seurch for protein motifs in the amina adid vequence wis per.
tormed with 'PROSITE' [14). & ¢omputer-¢dited dictionary ef
protein «ites and patierns,

3. RESULTS AND DISCUSSION

A.1. Protein sequencing of the a-subunit

As the N-terminus of the a-subunit was found to be
blocked, the punfied protein was cleaved with
cyanogen bromide and trypsin, respectively, The
jsolated peptides were subjected to partial amino acid
sequence analysis by automated Edman degradation
(underlined sequences in Fig. 1).

3.2. Cloning and sequencing of the a-subunit-gene

Southern blots of genomic restriction fragments of 7.
acidophilum DNA were probed with two oligonucleo-
tide mixtures, the first (5'-TTYCARGTNGARTA-
YGC-3') derived from a tryptic and the second
(5'-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
Hindl1ll-digested DNA, which gave strong hybridiza-
tion signals with both probes, were ligated in pUCI18
and E. coli DHSa was transformed with the recombi-
nant plasmids. One positive clone, harbouring a 4.3 kb
HindlIIl fragment, was identified by colony hybridiza-
tion of a small gene library of about 900 clones. The
nucleotide sequence of the a-subunit gene and its 5'-
and 3'-flanking regiors was determined (see Fig. 1).
There were 3 possible initiation-codons for the open
reading frame encoding the a-subunit, but only one was
preceded by the putative Shinc-Dalgarno sequence
GGAGGA, which is complementary to the 3'-end of
the T. acidophilum 16 S rRNA [15]. Starting with this
initiation codon, the a-subunit gene codes for a
polypeptide of 233 amino acid residues (Fig. 1), giving
rise to a molecular weight of 25870. This 1s 1n good
agreement with the apparent molecular mass of 27 kDa
obtained by SDS-PAGE ([7].

3.3. Analysis of the derived protein sequence of the
a-sulunit gene

Scrutinizing the derived amino acid sequence of the
T. acidophilum a-subunit for known primary structure
motifs with ‘PROSITE’ [14], a computer-edited dic-
tionary of protein sites and patterns, we found a se-
quence with homology to cAMP/cGMP-dependent
phosphorylation sites between amino acid residues 31
and 37 [16,17] (see Table I). As discussed also for some
eukaryotic proteasomal proteins [[:2,24], we identified a
potential tyrosine autophosphorylation site at amino
acid residue 123 [18], a consensus nuclear location
signal (NLS) between amino acid residues 49 and 56 [19]
and a region complementary to the NLS-consensus se-
quence between amino acid residues 201 and 212 [20]
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Fig | Restriction map, sequencing strategy, nucicotide sequence and
derived amino acid sequence of the DNA-fragment containing the a-
subumit-gene The upper panel shows the restriction endonuclease
map of the cloned DNA-fragment containing the a-subunit gene The
open box indicates the coding region of the gene, Continuous lines
indicate 5’ and 3‘-pon-coding reglons Veruical arrows indicate
restriction endonuclease cleavage sites Horizontal arrowsindicate the
individual sequence runs The dotted arrow shows the direction of
transcription of the a-subunit-gene The lower panel shows the
nucleotide sequence and the derived amuno acid sequence of the DNA-
fragment containing the a-subunit gene Nucleotides are numbered
beginning with the first residue of the putative tmitiation codon ATG

The nucleotides upstream from the initiation codon are indicated by
negative numbers The underlined nucleic acids represent the putative
Shine-Dalgarno sequence The stop codon is boxed The predicied
amino acid sequence 1s shown below the nucleotide sequence in the
one letter code. Amino acid residues are numbered beginning with the
putative  N-terminal methionine  Underlined residues were
determined by protein sequencing T1 and T2 mark the sequences of
two tryptic peptides, Bl marks the sequence of a ¢yanogen bromide

peptide

(see Table I), The 1dentification of a consensus NLS-
sequence (X-K-K(R)-X-K(R); X standing for any amino
acid [19]) in a protein from an archaebacterium, i.e. an
organism without a distinct nucleus, is of course puzzi-
ng. It is unlikely that the sequence similarity at this par-
ticular sequence position 1s entirely coincidental, It 1s
more reasonable to assume, that either the target of the
NLS-sequence exists also in T. acidophilum, or that this
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TABLE |

Seyuence reglom of prateasamal profeins, which «iaw homology to convenyus sequences of phovphorylation vites or nuclear lavation signals (NLS)
or NLY complementary wequences

Protesvomal  Putative wyrevine autophosghorylution sites

Putative ¢cAMP «OMP-  Putative NLS

Amine acid sequence

pratein dependent phosphory:  wguence somplemeniary (o

latien sites NLS sequence
Taa HARLYKRVADOQMQQY TQ-YGU-VYRPY. 112 YL KRGET 14 S0-SDKKVR-5S$ 203 EEGEELKAPE: 21}
RaC2 af af af 218-BLEFTIYDDDD-224
RnC) 1NO-LYQRVASVMQE Y TQ.XGLI.VRPF. |30 nf 4%-TEKKQK-51 nf
RACH nf af nf H6EEDESDDD-28]
RACY HO-LYTALCDIKQA Y TQ-FGG- -KRPF. 110 af JH9-REKKEK 254 241.EEEEAKAERE-250
Dm2y. | nf 29-RKQOST-1) 24)EKKKQK 248 nf
Pma9 HOLVSHLCDIKQA X TQ-YGG-KRPF-110 nf 252-AAKKEK 257 nf
Sl nf nf afl 250-DDDEDEDDSD-239
S N7-LAKRMANLSQL XTQR- -AYMRPL:137 af 183. HFKKSK-1%0 nf

Scquenve designations are as given in Fig. 2, nf stanids for not found Numbers indicate positlon of the first or last residue of the peptide in the
respective sequence Underlined amino avid residuci mark potential phospharylation sitey  Bold type resitiues shaw cansensus of the NL.S sequence
or the cluiter of acldic aming acld residues complementasy to the NLS sequence.

particular sequence mouf existed before the correspon-
ding receptor had evolved. However, we can also not
completely rule out the possibility that T. acidophilum
has acquired the a-subunit-gene by horizontal gene
transfer from an eukaryote. As with the eukaryotic pro-
teasomal proteins investigated so far, we have been
unable to identify any known proteinase motif in the se-
quence of the a-subunit of T. acidophilum.

By searching for homologous proteins in the
database of the Martinsried Institute for Protein Se-
quences (MIPS) we found a sigmificant sequence
similarity to the wild-type suppressor gene scfl* encod-
ed polypeptide of S. cerevisiae [25]), as well as to the
vartous proteasomal proteins from cukaryotes
deposited in the database. Detailed sequence analysis
revealed, that the nucleotide sequence of the sc/l* gene
15 almost 1dentical with the yeast proteasomal subunit
YC7-o [26]. Insertion of onc thymidine and one
adenosine at position 129 and change of adenosine-228
to guanosine 1in the nucleotide sequence of the sc/l™
gene leads to absolute identity of the nucleotide se-
quences of the sc//™ and the YC7-« genes, 1n the coding
as well as 1n the 5'- and 3'-flanking regions. In-
dependently 1t was shown by gene disruption ex-
periments that the sc/l™ gene as well as the YC7-a gene
are essential for growth [25,26]. The SCLI-1 mutation
of the sc/l* gene is a dominant suppressor of the
cycloheximide-resistant, temperature-sensitive lethal
mutaton, cr/3 [25]. This mutation-elicited suppressor
function of one of the S. cerevisiae proteasomal pro-
teins sheds new light on the possible involvement of the
particle 1n the regulation of gene expression [27],
repression or modulation of mRNA translation [28,29].

3.4. Alignment of proteasomal proteins
The predicted amino acid sequence of the T.
acidophtlum a-subunit shows significant sequence

similarity with subunits from all the eukaryotic pro-
teasomes investigated so far (Fig. 2). The similanty 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 involved in proteasome function, or — in view
of the highly conserved structure of the complex in spite
of a rather different subunit composition — in pro-
viding the regions of contact between the different
subunits within the proteasome, Similarity scores pro-
vided by pairwise alignment of different proteasomal
subunits (Table II), imply that the genes for the ar-
chaebacterial a-subunit and the hitherto cloned and se-
quenced eukaryotic proteasomal proteins belong to one
gene famuly of ancient origin. Rat proteasome subunit
C2 {301 and D. melanogaster 35 kDa subunit [21]
(similarity score 135), rat subunit C8 [31] and yeast
subunit YCI1 [26] (similarity score 121), as well as rat
subunit C9 [32]) and D. melanogaster 29 kDa subunit
(33] (similarity score 178) (see Table II), are likely to be
corresponding subunits in the proteasomes of the
respective organisms. The rat subunit C5 [34] shows the
lowest similarity scores with any of the other sequences;
nevertheless 1t appears to belong to the family of pro-
teasomal proteins, as is shown by the alignment
(Fig. 2). Remarkably the rat subunit C3 [23] yields the
highest simularity score with the T. acidophilum a-
subunit (Table 11), This might be taken as an indication
that several gene duplication events of the C3 encoding
gene led to the complex subunit composition of
eukaryotic proteasomes These events can be expected
to be consequences of more sophisticated functional re-
quirements and functional fine-tuning enforced during
evolution of the eukaryotic cell.
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Taa
G2
RnCy
AnCS
RACY
fints
Oma8.1
Dmid
Om)s
| {191
seCa

Tact
RnC2
fncl

RnCS§
RnCY
Dm2d. 1
Pm2$
Dm3s
8eCl
SeCix

Tac
RnC2
RnC3
RnCS
RnC8
RnC9Y
Dm28.1
Dm29
Dm3S
ScQl
SeCa

Taa
RnC2
RnC3
RnCS
RnC8
Rncs
bm28.1
Dma9
Dm35
SeCl
Sec7a

Tax
RnC2
Rnc3
RnCS
RnCs
RncC9
Dm28.1
Dm2§
Dm33
SeCl
SeC7a
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TABLE
Numbers of dentleal “mi'.‘,‘fjfid roviduey, eluchdated by palrwle compurhon of the respective Uy
Frer RnC3 RaC'} RnCS RaCH RnCY Dmii | Dmiy Dms «LCt Sl
Taw
RnC2 a7
RaC) LY 4
Rné'$ jo Ja n
Racn H LE 64 29
Raco n 61 7% 4] as
PDmas.) ” 78 4 kb n k|
Pmiy 47 63 2 40 ()] 174 65
Dml$ &9 113 a8 n sé 70 8s 70
SCl n as n 25 121 (1] 9 (4] 73
8¢C7a (:}] 53 62 1y (1] 9 b)) 18 42 an

Sequenve designations arc as given in Fig 2.
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Fig 2 Alignment of proteasomal protens Amino acid residues are given 1 the one letter code, Dashes indicate gaps, introduced for better

ahgnment Numbers above the sequences refer to the position of the respectuve amino acid residue 1n the 7 acidophifum a-subumit sequence

Residues are boxed 1n black 1f they are 1dentical in all or 1n all but one sequence at the respective position. Residues are shaded if they are conserved

in at least 9 sequences at the respective position, according to the following grouping of Argos [35]. (PG), (ST), (KR), (EQND), (EWHY) and

(AIVLMC) The abbreviations are as follows Taw, T acidophilum «-subunit; RnC, Rattus norvegicus (rar) proteasome component, Dm,
Drosophila melanogaster proteasomal protein, ScC, Saccharomyces cerevisiae (yeast) proteasome component.
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