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The nucleotide sequence of & cDNA thut encodes a new subunit, numed RCI. of rat proteasomes (mullicatalytic proteinase complexes) has been

determined, The polypeptide predicted from the open reading frame consisted of 208 amine acid residues with o calculated molecular mass of 23,130,

which is consisteni with the size obtained by electrophoretic unalysis of’ purified RC1. The partial amino acid sequences of several fragments of

RC1. obtuained by protein chemicitl unalyses, were found to be in excellent accordance with those deduced from the cDNA sequence. Surprisingly,

the overall siructure of RC1 was found 1o be almost identical to thut of recently isoluted RINGI0, whose gene is located in the class 1l region of

the humun MHC gene cluster. This finding suggests thut RCI is 4 homologue of human RINGIO, supporting the proposal that proteasomes are
involved in the antigen processing pathway.

Antigen processing: Cluss I MHC gene: ¢DNA cloning: Multicatilytic proteinase; Proteasome: RINGI10: subunit RCI

1. INTRODUCTION

Proteasomes are a novel type of intracellular pro-
teinase complex with the unusually large size of 208,
and consist of approximately 15 non-identical subunits
[1]. For determining the functions of this proteasomal
multi-subunit complex. we are attempling to clarify the
entire structure of the rat proteasome by recombinant
DNA techniques, and so far we have isolated and se-
quenced 5 cDNAs encoding subunits RC2, RC3, RCS,
RC8 and RC9 [2-6). During structural analyses of the
rat proteascme, we recently isolated « cDNA encoding
4 new subunit named RCI. Interestingly, we found by
computer analysis that the primary structure of the RC1
showed marked similarity to that of RINGIO0, found
very recently as the product of a proteasome-related
gene located in the human MHC class II region [7].
suggesting that RCl is a homologue of human
RINGI10. In this paper, we report the cloning and se-
quencing of a full-length cDNA for RCI and discuss the
possible involvement of proteasomes in the antigen
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processing pathway, which has been proposed based on
recent findings that certain proteasome-related genes
are present within the MHC gene cluster [8].

2. MATERIALS AND METHODS

Subunit RC! was isoluted from purified rat liver proteasomes by
reversed-phase HPLC on a Cosmosil 5C;-300 column [9}). Fragments
of' RC1 protein were obtained by digestion with lysylendopeptidase,
und their amino acid sequences were determined with a gas-phase
sequencer (Applied Biosysiems, model 477A), and 120A phenylthio-
hydantoin analyzer on.line system [2.3]. A cDNA library of Reuber
HA4TG heputoma cells was constructed in a phugemid expression vee-
tor, Bluescript 11 KS' (Strutagene) [4]. For isolation of ¢cDNA for
RC1. about 120,000 transformants were screened by hybridization
with oligodeoxyribonucleotide probes that had been synihesized in an
Applied Biosyslems Model 330A DNA synthesizer and labeled at their
3" end with [y-**P]ATP. Colony hybridization was carried out by a
reported method {2]. DNA sequencing was carried out by the dideoxy
chain-termination mzthod with a Model 373A auiomatic DNA se-
quencer (Applied Biosystems).

3. RESULTS AND DISCUSSION

3.1. Protein sequencing of RCI

Previously, we reported the separation of multiple
components of proteasomes from rat liver by reversed-
phase HPLC [9]. First, 10 major components were sep-
arated on a Cosmosil 5C,-300 column and named com-
ponent 1 (C1) to component 10 (C10) in the order of
their elution. These components from rats were recently
renamed RC1 to RCI0 to distinguish them from those
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Fig. 1. Separation of fragments of subunit RCI cleaved with lysylen-
dopeptidase by reversed-phuse HPLC, S-Pyridylethylated RC1 was
digested with lysylendopeplidase and the fragments were resolved by
HPLC on a Chemcosorb 7-ODS-H column with a lineur gradient of
acetonitrile (0 Lo 80%) in the presence of' 0.1% trifluoroacetic acid at
4 tlow rute of 0.5 ml/min, Purtiul amino acid sequences determined
with a protein sequencer are also shown. X denotes an unidentified
residue.

Retention Time

of other species. RC1 was recovered at 51% acetonitrile
concentration. On SDS-PAGE analysis. the molecular
weight of RCI1 was determined to be 24,800 + 800 {2].
The N-terminus of RCI seemed to be blocked, because
it was not reactive with phenylisothiocyanate [2]. For
determination of the primary structure of its internal
region, samples of RCl were reduced, S-pyridylethyl-
ated and digested with lysylendopeptidase. The result-
ing fragments were resolved by reversed-phase HPLC
on a Chemcosorb 7-ODS-H column and their partial
primary structures were analyzed by automated Edman
Jdegradation (Fig. 1).

3.2, Isolation of a ¢cDNA clone encoding RCI

To isolate cDNA encoding RCI, we screened a
¢DNA library with the phagemid Bluescript 1I KS* vec-
tor using poly(A)"RNAs extracted from H4TG cells by
hybridization with synthetic deoxyribonucleotides as
probes [2,4]. For use as probes, we selected parts of the
sequences of two of the proteolytic fragments of RCI
with minimum codon ambiguity (Asn-Met-Met-Leu-
GIn-Tyr and Lys-Phe-Gln-His-Gly-Val) and synthe-
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51 ~TCGAGGTCGACGGTATCGATARGE TCTGTGC =181

GGCGCTCCTCGEGGECAGCGECCGAGTGEECTIGCCGTGGATGCAGRAGGGCTTCGETCG  ~121
GACCCGGEGACACTACAGTTTCTCCGTGCARGCTCOGGAGCTCGCGCTICCCCGGGEARTA -61
CAGCCCACTGARTTCCTOAGG TCC L T TGATGATGACCAGGARAGGAAGETTCAGATTGAA -1
ATGGCRCATGACACAACCACCCTGGCCTTCARATTCCAGCATGGAGTCATCGTGGCTGTA 80
M A MG T T T LAF KPFOUHGWVI VAV 20
GACTCCAGGGCCTCTGCAGGRAGT TACATTGC TACCATARGGGTGAACAAGG TGATCGAG 120
D S R A S A G S ¥ I A T I RV NEKTVYTEE 40
ATTAACCCTTACCTGCTTGGAACTATGTCTGGTTGTGCAGCCGACTGICAGTACTGGGAG 180
T NP Y L L GTMSOG6CAADC CO O® Y®WES 80
AGGCTCTTGGCCARGGAATGCAGGCTATACTATCTGCGOARTGGGGARCGCATCTCCGTG 240
R LLAKEGCRTLYJYTLRNGETRTISYV 80
TCTGCAGCCTCCAAGCTACTT TCCAACATGATGCT GCAGTACCGGGGTATGRGCCTICTCE 360
S A A S KL L S NMMTILOYRGMGL 8 100
ATGGGCAGCATGAT CTGCGGCTOGGACAACAAGGGACCGOGACTITATTACG TAGATGAC 360
MG S ¥ ICGMWDERIKSEGPGLYZYVDD 120
ARTGGGACTCOGCTCTCOGGACAGATGTTCTCCACAGECAGCGGGARCACCTATGCCTAC 420
N GTRTLS G M F S TGSGNT Y A ¥ 140
GGGGTGATGGACAGTGGG TACCGGCAGGATC TCAGTCCTGAGGAGGCCTACGACCETLAE 480
6 VMDSG YR QDNHDLSPEEA ATYTDTLA 160
CGAAGAGCTATTGTITATGCTACCCACAGAGACAGCTATTCTGGAGGAGTTGTCAACATG 540
R RAIVYATUHRDSYSOGGV V NM 180
TACCACATGAMGAAAGACGGTTOGGTGAAAGTGGAGAGCACTGACGTCAGTGACCTGTTG 600
Y HM KKODGH®VHKYVESTDVYVSDLLIL 200
CACAAGTACCHAGAGGCCACT CTGTGATCAC TGCTGGGCAGACATCCCCCGGCCCTGAG 660
4 K ¥ R E A T L = 208
GAGCTGGCAGACTCAGGGACE TAGGGCTACTICAGTCTTAGGAGAAAGACGGGCCCARCE 120
TGGGCTGGAGACARAGCTCTGAGGCTATGGAGACAT CTTTGT T TACCCTC TCACTEAGCS 780
AGCCCTCACGGATACC TT CTAAGTACAATANAAGARAAACAGTTCTAC-3 828

Fig. 2. Structre of' cDNA for subunit RC1 of rat protensomes. Upper
panel: resiriclion endonuclease mup of cloned cDNA for RCI and
sequencing strategy. The solid and open boxes show Lhe coding region
and 5"- und ¥’-non-coding regions, respectively. Continuous lines indi-
cate the sequence of the vector, Bluescript 11 KS™, The numbers below
boxes indicate the nucleotide numbers of the first nucleotide of the
initintion codon, ATG, and the nucleotide before the terminution
codon, TGA. Sequenced regions are shown by horizontal arrows, The
bar represents 100 bp. Lower punel: nucleotide sequence ol the cDNA
encoding component RC1 und the umino acid sequence deduced from
its open reading Irame. Nucleotides are numbered in the 5’ 10 ¥
direction, beginning with the first residue of the putalive initiation
methionine codon 'ATG?. Two other possible trunslation initiution
sites are boxed, The nucleotides on the 5 side are indicated by negalive
numbers. The predicled amino acid sequence of RC1 is shown below
the nucleotide sequence. Amino acid residues are numbered from the
N-terminus. Continuous thick lines show the amino acid sequences
corresponding 1o those oblained by Edman degradation of Mragments
cleaved with lysylendopeptiduse. The amino ucids shown by dolted
lines were not identical with those found by chemicul unalysis, The
termination codon TGA is marked with an asterisk. The possible
polyadenylation signul (AATAAA) is underlined with a conlinuous
thin line.

sized their antisense oligonucleotide sequences 5'-
TAYTGNAGCATCATRTT-3,5-TAYTGYAACAT-
CATRTT-3, 5-ACRCCRTGYTGRAAYTT-3 and
5-ACYCCRTGYTGRAAYTT-3 (N=ACGT, R=AG
Y=CT). We first screened about 120,000 coionies of the
HATG cell cDNA library with 24 mixtures of the former
two 17-mer oligonucleotides. For second screening, we
used 64 mixtures of the latter two 17-mer oligonucleo-
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RC1 1 MAHGTTTLAFKEQHGVIVAVDSRASAGSYIATIRVNKVIEINPYLLGTMSGCAADCQYWE

AARTAKRRRAAARARIAR KRR AKKARE

AR RA KA AR R RRRARRANRRRRKRNANR KK

RING10 1 MAHGTTTLAFKFQHGVIAAVDSRASAGSYISALRVNKVIEINPYLLGTMSGCAADCQYWE
RC1 61 RLLAKECRLYYLRNGERISVSAASKLLSNMMLOYRGMGLAMGSMICGWDKKGPGLYYVDD
AXRRXKAKRKARARARARNSKKAKRARARRKRARRAARR RRARKRARAR AR A KNRARRAAA A AR RAX R X

RING10 61 RLLAKECRLYYLRNGERISVSAASKLLSNMMCOYRGMGLEMGSMICGWDKKGPGLYYVDE
RC1 121 BGTRLSGOMFSTGSGNTYAYGVMESGYRQDLSPEEAYDLARRAIVYATHRDSY SGGVVNM

RkhkR®x KARARRA KA KRERRRXRAR A AKX

AXXRXRRKXEAK KAXAK AXKXXRAKXRARARRKK

RINGIO 121 HGTRLSCNMFSTCSENTYAYGVMESGYRPNLSPEEAYDLGRRAIAYATHRDSYSGGVVNM

RC1 181 YHMKKDGWVKVESTDVSDLLHKYREATL

KRAR RAAKRKAXK RN R RkR xR KAk k

RING10 181 YHMKEDGWVKVESTDVSDLLHQYREANQ

Fig, 3. Compurison of the protein sequences of RC1 of rat liver proteasomes und human RING 10. Identical amino acid residues are marked with

an asterisk. Numbers are residue numbers, The serine, histidine and aspartate residues, which form the consensus catalytic trind in the sublilisin

family of serine proteuases and are conserved in RING10[7], ure boxed in bluck. Note that the histidine residue in the consensus catalytic sile was
replaced by aspiragine in RCL. Sequence data for RING 10 are tuken from Glynne et al. [7].

tides. A single cDNA clone that gave a strongly positive
signal with both probes was isolated from the library by
colony hybridization techniques. The clone carried a
cDNA insert of about 1.1 kb length including & poly(A)
tail. and was subjected to cDNA sequencing.

3.3. Primary structure of RC!

The nucleotide sequence of the RC1 cDNA clone and
the primary structure of the RC1 protein deduced from
the cDNA sequence are shown in Fig. 2. The sequence
of 1047 nucleotides included the entire coding region
and 5- and 3’-non-coding regions. The 3’-non-coding
region consisted of 204 nucleotides, excluding the
poly(A) tail. A putative polyadenylation signal
(AATAAA), which is common to eukaryotic mRNAs,
was located 22 nucleotides upstream from the poly(A)
addition site. We concluded that ATG. located at nucle-
otides | to 3, is the initiation codon, because it is sur-
rounded by a sequence that is similar (o the consensus
sequence for translation initiation [10], and because the
molecular weight of RCI estimated from the deduced
amino acid sequence coded from this position (23,130)
was similar to that of RCI estimated by SDS-PAGE
(24,800). In this nucleotide sequence, two ATG-codons
were located in the 5’-upstream region of 'ATG* (boxed
in Fig. 2), but similarity of amino acid sequence de-
duced from the isolated RC1 ¢DNA with its human
homologue named RING10 was observed in the amino
acid sequence from 'ATG? whereas no homology of
RING 10 was found in the upstream regions of the two
other large open reading frames (see Fig. 3), strongly
suggesting that 'ATG? is the initiation codon of RCI.
Subunit RC1 corresponds to a protein of 208 amino
acids with a calculated molecular weight of 23,130. The
amino acid sequence shown in Fig. 2 was confirmed to
be that of RC1 of proteasomes by showing that the
pariial scquences of several fragmenis determined
chemically were in excellent accordance with those de-
duced from the nucleotide sequence of cDNA (solid
lines, Fig. 2).

3.4, Similarity to Human RING 0

Based on structural information on proteasomes
from various eukaryotes, the concept thal the subunits
of proteasomes consist of u fumily of conserved proteins
with the same evolutionil origin has been proposed [1].
However. the similurity of the primary structure of RC1
is less than those of other subunits, suggesting that it is
a different type of subunit in the proleasomal complex.
Moreover. the 5-noncoding region of RCl1 is consider-
ably longer than those of other subunits. Thus, the RCl
gene seens to have diverged from the ancestral gene for
proteasome subunits at an carly stage of evolution.

Computer-assisted homology analysis showed no ob-
vious overall structural similarity of component RC1
with most previously reported proteins, suggesting that
RCI is a novel protein. Surprisingly, however, the pri-
mary structure of RC1 showed remarkable similarity
with that of the product of the recently cloned RING190
gene [7], which is located in the class II region of the
human MHC. These two proteins have the same total
numbers of amino acid residues and 93% identities of
amino acid residues. In fuct, as shown in Fig, 3, RCI
differs from RINGIO in only 16 amino acid residues.
Glynne et al. [7] classified RINGIO in the subtilisin
family of serine proteases, because the serine, histidine
and aspariate residues, which are a consensus catalytic
triad in subtilisin-like proteases. are conserved in
RINGI10 (Fig. 3. residues boxed in black). However, we
found that in RCI, the histidine residue in this active
site was replaced by an asparagine residue. Therefore,
it scems likely that proteasomes do not belong to the
serine- protease fumily, and that they are a novel type
of protease, as we initially proposed [1].

Very recently, another proteasome-related human
protein, RING12 [11] and its mouse homologue, named
LMP-2 [12], were cloned and both found 1o be located
in the class [1 MHC region. Interestingly. the RING12
gene is linked 10 the RING10 gene {7.11]. Morcover.
RCI shows 34% and 31% similaritics 1o these subunits
RING12 and LMP-2, respectively. suggesting that these
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proteins compose a sub-family of proteasome subunits,
differing from other known subunits, such as RC2,
RC3, RC5, RC8 and RC9.

3.5, Possible functions of proteasonies

In considering the functions of proteasomes, it is of
interest that RINGI10, RING12 and LMP-2 are pro-
teasome-related genes. However, as their similarities to
most proteasome subunits are low, it is uncertain
whether these genes actually encode proteasomal sub-
units. In the present study. we demonstrated that the rat
proteasome subunit RC1 is a homologue of human
RING10. Thus, it is now clear that two genes encoding
proteasome subunits are actually located in the MHC
class II region. suggesting possible involvement of pro-
teasomes in the antigen processing pathway. This possi-
bility is supported by the findings that certain subunit
genes of proteasomes including LMP-2 show polymor-
phism [13,14] and are strongly induced by interferon-y
[7.12,14], because genes showing polymorphism and in-
ducibility by interferon-y are known to be important for
the functions of MHC-linked genes. Moreover, thuse
proteasome-related genes were found to be located be-
tween two putative peptide transporter loci in the class
II region of the human MHC [8]. Thus. proteasonies
have been proposed to be involved in processing in the
cytosolic pathway for antigen presentation. That is, in-
tracellular antigens are proposed to be processed by the
proteasome and the peptides generated to be trans-
ported into the endoplasmic reticulum through two pu-
tative transporters to be assembled with class 1 MHC
molecules for presentation on the cell surface [8]. How-
ever, there is no direct evidence that proteasomes ure
actually involved in the antigen processing pathway. As
proteasomes have multicatalytic proteolylic lunctions
[1.15], they are assumed to have the potential Lo gener-
ate antigenic peptides from various types of proteins.
But it is still unknown whether the proteasome can
produce peptides from known intracellular antigens in
vitro or if so, whether these peptides are identical with
those associated with the MHC class I molecule in the
cell surface. Genetic studies are required for the clarifi-
cation of the role of proteasomes in the pathway of
antigen presentation. The 20S proteasome is known to
associate with many other proteins to form a large
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multi-component proteolytic complex with an apparent
sedimentation coefficient of 268 that catalyzes ATP-
dependent selective breakdown of ubiquitin-ligated pro-
teins [1]. Therefore, it will also be interesting to examine
whether proteasome subunits encoded in the MHC re-
gion, such as RCI (=RINGI10) and RING12 (=LMP-2)
are assembled into the 208 proteasome or the 26S big
complex, and whether the ubiquitin-mediated pathway
is actually responsible for the processing of intracellular
antigens.
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