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We have cloned and analysed the second mouse M HC-linked protessome subunit, designated MC13, which appears 1o be homologous to the human

RINGI0 proteasome protein. The isolated cDNA has an ORF encoding a protein of 276 amino acids with a molecular weight of ca. 30 kDa.

Sequence aligmment reveals that the subunit MC13 and several other mammalian proteasome subunils are encoded by a second proteasome gene

family, This second gene family encodes subunits of the S-type. reveals siriking sequence similarilies with the S-subunit of archaebacterial
proteasomes and is relaled to, but distinet from, the genes encoding the so-called a-type subunits,

1. INTRODUCTION

The proteasome is a highly conserved intracellular
700 kDa mulii-subunit proteinase complex which pos-
sesses several proteolytically active sites with trypsin-
like, chymotrypsin-like and glutamyl hydrogen bond
hydrolyzing activities (for review sge [1-3]). Due to its
biochemical properties the proteasome appears lo be a
candidate key enzyme of various non-lysosomal path-
ways of intracellular protein metabolism. More specifi-
cally, proteasomes are thought to play a role in onto-
genetic regulatory mechanisms [4,5] and in ubiquitin-
dependent proteolysis [6,7]. Recent reports have pre-
sented evidence that proteasomes are probably the pro-
teolytic enzymes responsible for the generation of pep-
tides presented by MHC-class I molecules [8-11}. Fur-
thermore, two genes encoding proteasome subunils, i.e.
RINGI10 and RINGI12, were identified within the
human MHC 1I region while only one mouse MHC-
linked proteasome subunit, i.e. LMP2, has been re-
ported. Here we report the cloning of the cDNA of a
second MHC encoded mouse proteasome subunit,
which was designated MCI3 following the nomencla-
ture of Tanaka for mammalian proteasome subunits.

2. MATERIALS AND METHODS

2.1. Screening procedure

Four different oligonucleotides derived from the human RINGI10
cDNA sequence were used to screen a BALB/c B cell lymphoma A20
cDNA-library (Stratagene) using the method of Wood et al. [12). After
hybridization nitrocellulose filters were rinsed 3 times with 6 x NaCl/
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Cit at 4°C, washed with 3 M Me,NCl for 10 min at 37°C and 30 min
with 3 M Me,NCI at 50°C, Filters were exposed overnight using a
Kodak X-ray film.

The following primers were used for library screening (derivatives
from ihe human RING10 ¢DNA-sequence) RING10/1,5-ATGGC-
CCATGGCACCACCACGCTCGCCTT-3"(29 nucleotides): RING
1072, »GAGATTAACCCTTACCTGCTTGGCACCATG-3(30 nu-
cleotides); RING 10/3,5-TGGGATAAGAAGGGTCCTGGACTC-
TACTAC-3(30 nucleotides); RING 10/4,5-CTATGACCTTGGCC-
GCAGGGCTATTGC-3(27 nucleotides). RING10/1 plus RING10/2
probes were pooled und used for hybridisation of the first set of
nitroceltulose filters. Pooled RING10/3 und RING10/4 probes were
used for hybridisation of the replica nitrocellutose filters.

2.2, Large-scale DNA preparaiion of MC13 and DNA sequencing

Since the ¢cDNA library A20 was purchased us A-ZAP vector li-
brary. Bluescripl plasmid containing the MC13 cDNA was casily
obtained afier cloning. following the excision method given by Strat
agene for helper phuages. Large-scale preparation of plasmid was per-
formed using standard procedures. To sequence the entire MC13
¢DNA., subclones in Bluescript vector from the whole ¢cDNA were
made after restriction enzyme digestion. In addition, MCI3 ¢cDNA
was truncoled stepwise by Buf3i treatment from both 5’- or ¥-¢nd 10
obtain more appropriale fragments for sequencing. DNA sequencing
was performed using the dideoxy method [14],

3. RESULTS AND DISCUSSION

To isolate the second MHC-linked mouse pro-
teasome subunit we screened a mouse BALB/c B cell
cDNA library using different oligonucleotides whose
sequence was derived from the human RING10 cDNA.
From 1 x 10° recombinants screened we obtained 12
positive cDNA clones, Of these, MCI3 contained the
largest cDNA insert and was therefore further analysed.
The nucleotide sequence obtained and the predicted
amino acid sequence are shown in Fig. 1. The isolated
mouse ¢cDNA MCI13 possesses a DNA sequence iden-
tity with the homologous human RING10 cDNA of
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1l GGCACGAGGCCAAGTIGETCATGGCGTTACTGGATCTGTGCCGTECCECTCAGEGACAGCGECCCEAGTAGGCTGCCCTGE 80
1 M A L L DL CGAAURGO QU RKUPEW®®WAZATLTD 21

8l ATGCGGGAAGCGGGGGTCGCTCGGACCCGGGACACTACAGTTTCTCCGCGCAAGCTCCGGAGCTCGCACTTCCCCGGGGA 160
22 A G 8 G R S8 D P G H Y &8 F 8 A QAP EIL A L P R G 47

161 ATGCAGCCCACCGCATTICCTGAGGTCCTITGGTGGTGACCAGGARAGGAATCTTCAARTTGAGATGGCCCACGGCACAAC 240
48 M Q@ P T A F L R 8 F 6 6 D @Q BE RNV EQTIIEMU®AMAHEBGTT 74

241 CACACTCGCCTTCARGTITCCAGCATGGCGTCATCGTGGCTGTGGACTCCAGGGCCACTCCAGGGAGTTACATTAGCTCCT 320
75 T L A F K FQH GV I vV AV D S35 RATWAGS S ¥ I 858 5 L1101

all

32l TAAGGATGAACAAAGTGATCGAGATTAACCCTTACCTGCTTGGCACCATGTCTGGTQGTGC&GCCGACIQCQ?GTACTGG 400
102 R M N KV I E I NP VY L L & T MI|8s & C A A D C OlY W 127

401 CAGAGGCTGTTGGCCARGGAGTGCAGGTTGTATTATCTTCGGAATGGGGAACGCATCTCCGTGTCTGCAGCATCCAAGET 480
126 E R L L A K E € R L ¥ ¥ L R N G E R I 8 V 8 A A 8 K L 154

481 GCTTTCCAACATGATGCTCCACTACCGGEGGATGGGCCICTCCATGECCECAGCATGATCTGTGGCTGGGACAAGARGGEAL 560
185 L s NMMTILGQUY R GG M EGEGL S MG s M I CGWID RKIRG P18l

pr
561 CAGGACTTTACTACGTAGATGACAATGGGACTCGGCTCTCGGGACAGATEGTTTTCCACTGGCAGCGGGARCACCTATGCC 640
182 6 L ¥ ¥ VvV D PNGTIRUL S§CQMUF S TGS G N T ¥ A 207

€41 TACGGCGGTGATGGACAGTGGTTACCEGGCAGGACCTCAGTCCTGAAGAGGECCTACGACCTTGGCCGCAGAGCTATTGCTTA 720
208 ¥ GI v M D &8 6 ¥ R @ D L &8P EEA Y DU LG GRIRATIAY 234

B1I
721 TGCTACchCG‘.'L‘CP.ACATGTACCACATGAAGGAAGACGGTTGGGTGAAAGTGGAGA 800
235 A T H[R D N Y S 6 G V]V N M ¥ H M X E D G W V X V E S 261

801 GTTCCGATGTCAGTGACCTGCTGTACAAGTACGGAGAGGCCGCTCTGTGATGGCTGCTGGGCAGGCCTCCCCCAGCATTG 880
262 s DV 3 DL L ¥ K ¥ & E A A L 277

881 GTGGCACTGGCTGGCAGACTCAGAGACCTGGGACTACTTCAGTCTTAGGAARAAGARGGGCTCAACCTGGECTGGAGRACA 960
861 AAGCTCTGTTTACCCTCTCGGCCCCCGCACTCACAGATACCTTCTARGTACAATAAARGAARAACGGTTARAARRARRARALC4O
1041 AAARA 1045

Fig. |. Nucleotide sequence and the deduced amino acid sequence of the cDNA clone encoding the mouse proteasome MC13 subunit, The boxes
depict the conserved PROS box domains.

1 MALIDLCGMRGQRPEWAALDAGSGGRSDPGHYSFSAQAPELALPRGMQE.‘TAFLRSFGGIS 60

Ll ol I ! FEEEL e bt
1 MLIGTPTPRDTTPSSWLTSSLLVEAAPLDDTTLPTPVSSGCPGLEPTEFFQSLGGD 56

61 QERNVQIWGTTTWKFQHGVIVAVDSRATAGSYISSLRMNKVIEIN'PYLLGTMSG& 120
FERRELERERTLT LR R PR bOe bl Db
S7 GERNVQIEMAHGTTTLAFKFQHGVIAAVDSRASAGSYISALRVNKVIEINPYLLGTMSGC 116

121 AADCQYWERLLAKECRLYYLRNGERISVSMSKLLSNMMLQYRGMGLSMGSMICGWDKKé 180

PERLEELETERLEL R Lt b e bbb e et e bttt
117 AADCQYWERLLAKECRLYYLRNGERISVSAASKLLSNMMCQYRGMGLSMGSMICGWDKKG 176

181 PGLYYVDDNGTRLSGQMFSTGSGNT‘.’A!GVMDSGYRQDLSPEEAYDLGRRAIA!A‘I‘HRDI:T 240

PEETRELLEER TR LR E b e b e bbbttt
177 PGLYYVDEEGTRLSGNMFSTGSGNTYAYGVMDSGYRPNLSPEEAYDLGRRAIAYATHRDS 236

241 YSGGVVNMYHMCEDGWVKVESSD‘.ISDLLIKYGEAAL 276 MCl1l3
AR AR N A R A e e |
237 YSGGVVNMYHMKEDGWVKVESTDVSDLLHQYREANQ 272 RING10

122



Yolume 302, number 2

FEBS LETTERS May 1992
MC13 MALLDLCGAARGQRPEWAALDAGSGGRSDPGHYSPSAQAP
TaP MN@TL -=T|IGT T|T V ITL
MCl13 ELALPRGMQPTAFLRSFGGDQERNYVQTI MAHIGT T|T LIAJFKF
LMP2 MLRAGAPTGCGDLPRACGCIEIVHT|IGT T|IT M|IA|]VE F
Delta=-& Tt MlalvoE
—— F [——asamas
TaP KDAIVIIMA T|IE RRV|TIMIEIN FIIIMEKNGK|IRKLIFQIIIDTYTGMTI-|AG
MC13 Q HGIVITI VAV|D S RIA|TIAIC|S Y|IIS SLRMNIKV|ITIE|IINPYLLGTM=~|S G
MP2 DG GIVIVMG S|D & RIVISIA|GIE A|IVIVNRVFDIKLISPILIEEHERIYCAL|S G
Delta-& DGGWVIVLGAID 8 RI?|T|T|G|S Y|IJANRV T DKLITP|I]JHDRIFCCR=-SC
o IT R
Taf LVGDAQVVIRYMKAELEEYRLQRBVNPIEEAV TIL|L SN M|L
MC13 CAADCROQIYWIE RLLAKE|CIR|LIY Y|LIR N GIE|R|I|S|{V|S|A A S|K|L|L SN M|M
LMP2 SAADAQIAIVIADMAA Y Q|L|IE|L|IH G|I|E L E{E|P|P|LIV|L|A A A|N|V|V R|N I|S
Delta-d SAADTQKAW_ADAVTYQLGLF;HSIELNEPPL_\LHTAASLFKEMC
TaP NQVKYMP?MVQLLVGGIDTAPHV-FaIDAA GSVEDTY|A|S
MC13 LOIWRIGMGILISMGEGSMICIGWDRKGP|G|L Y(YI[VDDN TRLS GQ M|F|S
LMP2 YKIYRIE - DILISAHLMVA|GWDIQREGI|IGIQVI¥Y|IGTL G MLTRQP ~|FIA
Delta~d YRYRE—DEMAGIIIAGWDPQEGGQVE_SVFM GMMYVRQSI|IF|A
BI
Tap -TIGSGSPFVYGIVL SQIY|ISERKIM|ITVIDEIGVDLVR=-|ATIA|SIA|AK
MC13 ~-TIGSGNTYAYCIVM|D|SGIYIRQDI|L|ISPIEEIAYDLGRRIAIA|YIAITH
LMP2 ICIESGSTFIYGIYVIDIAA|YIKPGIMISPIEEI[CRRFTTDI|AIAIL|IAIMS
Delta-d IG|GS GSSYIYGIYVIDIAT|I¥Y|JREGIM|ITK|IEE|[CLQFTAN|ALA|L|IAIME
B
TaP RDASCCMIIDVAVITREKDI|IGIYVQLP~-TDQIESRIREKLGLIL
MC13 RDNYSGGVI[VNMYHMHEE ~DICWVKVESSDVSDILLYKYGEARAL
LMP2 RDEGSSGECGV|IYLVTITA-|AIGVDHEHRILGEGNELPEKFYDE
Delta-3|RDEG S SGGEGV|[IRLAAIAE-|ISIGVERQVLLGDQIPKFAVATLPPA
Fig. 3. Amino acid sequence alignment of four S-type proteasolne subunits from archaebacteria (TafB), mouse (MC13, LMP2) and human (Delia-J)

[21). Sequences where at leust three out of four amino acids are identical are boxed.

73.9%, MC13 has a length of 1045 nucleotides and con-
tains a long open reading frame of 828 nucleotides en-
coding a protein of 276 amino acids with a calculated
molecular weight of ca. 30 kDa and an 1EP of 6.66.
There are three ATG at position 20, 161 and 224 of the
MC13cDNMA. Since the ATG at nucleotide 20 is located
within a sequence related to the consensus sequence for
initiation of translation [14] this first ATG most likely
also represents the translational stari site. The overall
identity in amino acid sequence between the MC13 and
the human RINGI0 protein is 60.8%. Amino acid se-
quence alignment of the two proteins, however, shown
that the sequence homology in fact is divided into two
parts (Fig. 2). Starting with the methionine residue at
amino acid position 69, sequence identity between the

two proteins rises to 91.4%. Nevertheless, even this
slight divergence seems surprising since other homolo-
gous mammalian proteasome subunits possess a se-
quence identity of close to 100% [17]. The fact that
starting with amino acid 69 the C-terminal two thirds
of the protein also shows strong similarities to deduced
sequences from other §-type proteasome subunits and
sequences derived from N-terminal protein sequencing
[15.16] might suggest that the ATG at nucleotide posi-
lion 224 serves as a translational start codon. Although
this possibility cannot be ruled out entirely, it is intrigu-
ing to see that both the amino acid sequence ideniity
and the conservation between the two proteins goes
beyond this methionine, arguing also in favour of a
translational start upstream of this position.

-

Fig. 2. The amino acid sequence similurities belween the human RING10 proleasome subunit and the mouse MC13 proteasome subunit are shown.
The domains forming a putative active site are underlined.
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TLAFK|FIQE|IGIVIVAV|D|SRASA
TLAFX|IFIQHIGIVIAAV|D[SRASA
IMAVE|IFID GIGIVVV G S|IDISRV SA
IMAVE|FIDGIGIVVMGS|IDI|SRV S A
ILAFK|IFIQE|GIVILAIX|D|IS
IMVEFID|IGCG|V|IVG G SD|SIDVS
IMAVQIFID G[G|VV L G A|D|S
VVVaAaKIF
FSPYAIFING|GITLL V I|X|E
IAGLV|FIKD|IGIVILCGA|IDIJXEATN
IACGV VYK D|G|I

LAFK|FIRX{GIVIVARIDISRATAGGYTF
L GV K|FIE G|G|VV IARB|IDIMLG
IMAVQIEIDG|GIVVLG~[DJADSRTTTGS

Fig. 4. Amino acid sequence alignment of’ N-terminal amino acid sequences deduced from cloned DNAs (MCI13, RING10, LMP2, RING12)and
amino acid sequences derived from N-terminal protein scquencing of isolated proteasome subunits. The mosl conserved amino acids are boxed.

3.1. MC13 is a B type proteasome subunit

Based on the molecular analysis of the genes encod-
ing the archaebacterial & and B subunits, it appears that
these two genes have given rise to two different but
related proteasome gene families encoding subunits
which are similar to either the a@- or B-type
archaebacterial subunit [18,19]. Sequence alignment
clearly identifies MC13 as well as the other MHC-linked
subunit LMP2 as a member of the S-type proteasome
subunits (Fig. 3). The 8-type subunits differ from the
a-type subunits in that they lack a-type PROS-boxes [
and III [20]. Further, 8-type subunits possess different
subtypes of the a-type PROS-box II. In addition, the
B-type subunits shown in Fig. 3 possess two conserved
domains, i.e. PROS-boxes I and SIl which are not
found in any of the a-type subunits and which only
appear to be present in a subgroup of B-type subunits,
In most cases N-terminal sequencing ol unblocked pro-
teasome B-type subunits reveals an N-terminal threon-
ine residue [15,16). Comparison of those data with the
amine acid sequences shown in Fig. 4 shows that this
threonine is preceded by additional - and between dif-
ferent subunils, varying numbers of — amino acid resi-
dues towards the N-terminius (Fig. 4). This is also true
for the MC13 subunit described here, whereby the thre-
onine in question at amino acid position 72 is preceded
by a glycine residue. If, as one may conclude from pro-
tein sequencing data of mammalian and archaebacterial
proteasome S-type subunits, the threonine residue is
indeed the N-terminal amino acid of the B-type subunits
which are incorporated into the proleasome, it has to
be postulated that at least a subset of proteasome sub-
units undergoes post-lranslational processing. Thus
there exists the likely possibility that proteasome en-
zyme subunits are synthesized as precursors and be-
come processed for activation or incorporation into the
multi-enzyme complex, MCI3, like all other pro-
teasome subunits identified so far lacks homologies to
known proteinases. Interestingly, Glynne et al. [9] dis-
cussed the possibility that the human RINGIO pro-
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teasome subunit possesses homology to a serine pro-
teinase-type active site found in subtilisin. However,
since MC13 as a homologous subunit possesses an as-
paragine instead of an histidine within the domain de-
fining the active site (Fig. 2) the functional significance
of this homology appears doubtful. Nevertheless, judg-
ing from the evolutionary distance the close homology
of MCI3 to the archaebacterial # subunit is striking and
suggests a potentially similar function of the proteins
within the enzyme complex. From circumstantial evi-
dence it was suggested [19] that the B-type subunits are
responsible for the proteolytic activity of the pro-
leasome complex. In fact, a peint mutation within a
B-type subunit of yeast proteasomes was shown to affect
the chymolrypsin-like activity of the complex [22].
Whether the MHC-linked proteasome subunits contrib-
ute to a similar type of proteolytic activity, and whether
this can be correlated to the potential antigen processing
activity of the proteasome, remains to be shown.
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