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The nucleotide sequence of a cDNA that encodes a new subunit, named RC7-I, of the 20 S proteasome of rat hepatoma cells has been determined. 
The polypeptide predicted from the open reading frame consists of 201 amino acid residues with a calculated molecular weight of 22,912 and 
isoelectric point of 7.25. Approximately 80% of the partial amino acid sequences of several fragments of RC7-I, determined by protein chemical 
analyses, were found to be in excellent accordance with those deduced from the cDNA sequence. Computer analysis showed that RCII-I belongs 
to the p-type subgroup of proteasomes with similarity to the &subunit of the archaebacterial proteasome, differing clearly from a-type subunits 
of the proteasome gene family. The overall structure of RC7-I was found to be homologous to that of yeast PREl, which is necessary for 

chymotryptic activity. 
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1. INTRODUCTION 2. MATERIALS AND METHODS 

The proteasome is a 20 S multi-molecular protease 
complex with a molecular weight of 750 kDa, consisting 
of 14-16 non-identical subunits of 21-32 kDa El]. It is 
an essential component of the ATP-dependent 26 S pro- 
teolytic complex responsible for selective removal by 
extra-lysosom~ proteolysis of abnormal and nattily 
occurring short-lived proteins [2]. All the genes of the 
20 S proteasome examined so far were found to encode 
previously unidentified proteins that have been highly 
conserved during evolution. The proteasomal subunits, 
which have considerably high inter-subunit homology, 
can be classified into two subgroups, a and /I, judging 
from their high similarities to the oz- and /?-subunit, 
respectively, of the archaebacterial proteasome [3]. For 
determining the functions of this proteasomal multi- 
subunit complex, we are attempting to clarify the entire 
structure of the rat proteasome by recombinant DNA 
techniques, and so far we have isolated and sequenced 
cDNAs for 10 subunits [4-lo]. During structural analy- 
ses of the rat proteasome, we recently isolated a cDNA 
encoding a new subunit named RC7-I which belongs to 
be the p-type subgroup of the proteasome gene family. 
By computer analysis, the primary structure of the 
RC7-I was shown to have marked similarity to that of 
yeast PREl, which is necessary for chymotrypsin-like 
activity of the yeast proteasome [I 11. 

*Corresponding author. 

Subunit RC7-I was isolated from purified rat liver proteasomes, and 
its fragments were obtained by digestion with lysyl-endopeptidase by 
a similar method to that used for RC2 [4]. The amino acid sequences 
of the fragments were determined with a gas-phase sequencer (Applied 
Biosystems, model 477A), and 120A phenylthio-hydantoin analyzer 
on-line system [4]. A cDNA library of Reuber H4TG hepatoma cells 
was constructed in a phagemid expression vector, Bluescript II KS’ 
(Stra~gene) [SJ. For isolation of cDNA for RCZI, about g0,~ 
tr~sfo~~ts were screened by hyb~~tion with a cDNA fragment 
that had been synthesized by the polymerase chain reaction (PCR; for 
details, see text) and labeled with [a-‘zPJdCTP as a probe. Colony 
hybridization was carried out by a reported method [4]. DNA sequenc- 
ing was carried out by the dideoxy chain-termination method with an 
A.L.F. automatic DNA sequencer (Pharmacia LKB Biotechnology 
Inc.). 

3. RESULTS AND DISCUSSION 

3.1. Protein sequencing of RC7-1 
Previously, we reported the separation of multiple 

components of proteasomes from rat liver by reversed- 
phase. hip-~rfo~an~ liquid c~omato~aphy [ 121. 
First 10 major components were separated on a Cos- 
mosil SC,-300 column and named component 1 (Cl) to 
component 10 (ClO) in order of their elution. These 
components from rats were recently renamed RCl to 
RClO to distinguish them from those of other species. 
RC7 was eluted from the column with 55% acetonitrile. 
This RC7 fraction gave bands of two components of 
different sixes (I and II) on SDS-PAGE and these were 
separated by rechromatography on a TX-GEL 
phenyl-SPW column. For determination of the primary 
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structure of its internal region, samples of RC7-I were 
reduced, S-pyridylethylated and digested with lysyl-en- 
dopeptidase. The resulting fragments were resolved by 
reversed-phase HPLC on a Chemcosorb 7-ODS-H col- 

umn and their partial primary structures were analyzed 
by automated Edman degradation (Table I). 

3.2. Isolation of a cDNA clone encoding RC7-I 
To isolate cDNA encoding RC7-I, we screened a 

cDNA library with the phagemid Bluescript II KS vec- 
tor using poly(A)+ RNAs extracted from H4TG cells by 
hybridization with a cDNA fragment synthesized by 
PCR as a probe [4,5]. For use as PCR primers, we 
selected parts of the sequences of two of the proteolytic 
fragments RC7-I-42 and RC7-I-50 of RC7-I with 
DTVQFAEYIQK and AGYDEHEGPA, respectively 
(Table I). The following oligonucleotides corresponding 
to the protein sequences were synthesized: 
Forward primer: S-GATACTGTTCAGT’ITGCT- 
GAGTATATICAGAA-3’. 
Reverse primer: S-GCAGGACCCTCATGCTCAT- 
CATAACCAGC-3’. 

Using these primers, a fragment of approximately 
190 bp was synthesized by PCR against first strand 
cDNA complementary to mRNA from fetal rats as a 
template. We then screened about 80,000 colonies of the 
H4TG cell cDNA library with the cDNA fragment. A 
single cDNA clone that gave a strongly positive signal 
with the probe was isolated from the library by colony 
hybridization techniques. The clone carried a cDNA 
insert of about 0.8 kb length including a poly(A) tail, 
and was subjected to cDNA sequencing. 

3.3. Primary structure of RC7-I 
The nucleotide sequence of the RC7-I cDNA clone 

and the primary structure of the RC7-I protein deduced 
from the cDNA sequence are shown in Fig. 1. The 
sequence of 792 nucleotides included the entire coding 
region and 5’- and 3’-non-coding regions. The 3’-non- 
coding region consisted of 131 nucleotides, excluding 
the poly(A) tail. A putative polyadenylation signal 
(AATAAA), which is common to eukaryotic mRNAs, 
was located 25 nucleotides upstream from the poly(A) 

addition site. We concluded that ATG, located at nucle- 
otides 1 to 3, is the initiation codon, because it is sur- 
rounded by a sequence that is similar to the consensus 
sequence for translation initiation [ 131, and because the 
size of this open reading frame is very similar to that of 
the yeast homologue named PREl [ll] (see Fig. 2). 
Subunit RC7-I corresponds to a protein of 201 amino 
acids with a calculated molecular weight of 22,912 Da. 
The amino acid sequence shown in Fig. 1 was confirmed 
to be that of RC7-I of proteasomes by showing that the 
partial sequences of 5 fragments determined chemically 
were in excellent accordance with those deduced from 
the nucleotide sequence of the cDNA (solid underlines, 
in Fig. 1). The isoelectric point (PI) of RC7-I was calcu- 
lated to be 7.25 by the method of Skoog and Wichman 

t141* 

3.4. Inter-subunit homology of RC7-I in rat proteasomes 
Proteasomal subunits, which have considerably high 

inter-subunit homology, can be classified into two sub- 
families with high similarities to the 01- and ~-subunit, 
respectively, of the archaebacterial proteasome [3]. 
Table II shows computer-assisted homology analysis of 
the rat proteasomal subunits sequenced so far. Interest- 
ingly, members of the a-subunit family are highly ho- 
mologous, whereas, except for RCl, rLMP2 and 
rDELTA, those of the B-subunit family show less simi- 
larity, suggesting that the latter subunit family may 
have diverged at an earlier stage during evolution. The 
a- and /?-subgroups probably have distinct functions. 
Most a-type subunits contain a consensus signal se- 
quence for nuclear translocation (NLS) and an NLS 
complementary sequence (cNLS), which consist of basic 
and acidic amino acid residues, respectively [ 1,151. Thus 
one role of the c+subunit family may be in control of the 
intracellular distribution of the proteasome. In contrast, 
several subunits related with proteolytic functions be- 
long to the B-subunit family, suggesting that most /?- 
type subunits in the proteasome complex have catalytic 
functions [3]. For example, RN3 is a homologue of 
yeast PRE4, which is necessary for peptidylglutamyl- 
peptide hydrolyzing activity [ 161. Moreover, RC 1 
(rLMP7) and rLMP12 are suggested to be involved in 

Table I 

Automated amino acid sequence analysis of fragments in subunit RC7-I cleaved with lysyl-endopeptidase 

No. Fragment 

1 RC7-I-26 DGIHNLENITFTK 
2 RC7-I-42 ILLLCVGEAGDTVQFAEYIQK 
3 RC7-I-47 FILNLPTFSVRVIDK 
4 RC7-I-49 APFAAHGYGAFLTLSILDRYYTPTISRERAVELLRK 
5 RC7-I-50 M&NGYELSPTAAVNFTRRNLADPLRSRTPYGVNLLLAGYDEHEGPALYYMDXLAXL 

Wyridylethylated RC’I-I was digested with lysyl-endopeptidase and the fragments were resolved by HPLC on a Chemcosorb ‘I-ODS-H c&mm 
with a linear gradient of acetonitrile (0 to 80%) in the presence of 0.1% trifluoroacetic acid at a flow rate of 0.5 mUmin. Partial amino acid sequences 
were determined with a protein sequencer. X denotes an unidentified residue. The amino acids underlined were not identical with those deduced 

from the nucleotide sequence of the cDNA encoding RC’I-I. 

53 



VoIume 332, number 1,2 FEBSLE~ERS October 1993 

NotI 

5’ I 3’ 

AA 
1 603 P&W) 

5'-CGCGTACCCGGGAAGTCCCCGTGTGTGTGTACCTTGCAGCCTCCC~TTCCC~~CC -58 
ATGGAGTACCTCATTC;GCATCCAGGGTCCTGACTATGTCCTGGTCGCTTCTGATCGGGTG 60 
MEYLIGIQGPDYVLVASDRV 20 

120 

40 

AAAATCTTACTCCTATGTGTTGGAGAGA~T~AGA~CTGTACAGTTT~G~TATATC 180 
KILLLCVGEAGDTVQFAEYI 60 

CAGAAAAACGTGCA~TTTATATGCGGAATGGATATGGATATG~TTGTCCCCCACAGCAGCA 

QKNVQLYKMRNGYELSPTAA -..*..... 

GCTAATTTCACACGCCG~CCTGGCCGACTGTCTTCGGAGTCGGACCCCTTATCATGTG 

ANFTRRNLADCLRSRTPYHV _.,.... . ..*.... 

AACCTCCTCCTGC;CTGGCTATGACGAGCRTGAGGGGCCA~ACTTTACTACATGGACTAC 

NLLLAGYDEHEGPALYYMDY 

240 

80 

300 

100 

360 

120 

CTAGCAGCCTTG~C~G~TCCTTTTGCAGCTCAT~CTAT~T~CTTCCTGACCCTC 420 

LAALAKAPFAAHGYGAFLTL 140 

AGCATCCTTGACCGATACTACACACCARCTATCTATCTCACGTGAGAGGGCAGTGGA~TTCTT 480 
SILDRYYTPTISRERAVELL 160 

AGGAAGTGTCT~AGGAGCTCCAGAAGCGCTTCATCTGTT 

RKCLEELQKRF ILNLPTFSV 

CGGGTCATTGAC~GATGCCATCCACAATCTGOAGAG~CATTACCTTCACT~GCGGAGT 

RVIDKDGIHNLENITFTKRS 

540 

180 

600 

200 

TCCTAACATCATGTTCTTCCCTCCCACTTACCAGGGACCTTTCCTTTT 

s * 

ATTTTTTTCTACTCTTTTGACGTTCACTCTC~TAGAT~TT~TTC~GCTGA 

ACACAGCTAAATTG-3' 

660 

201 

720 

734 

Fig. I. Structure of cDNA for subunit RC'I-I of rat proteasomes. Upper panel: restriction endonuclease map of cloned cDNA for RC7-I and 
sequencing strategy. The solid and open boxes show the coding region and 5’- and 3’-non-coding regions, respectively. Continuous lines indicate 
the sequence of the vector, Bluescript II KS’. The numbers below boxes indicate the nucleotide numbers of the first nucleotide of the initiation 
codon, ATG, and the nucleotide before the termination codon, TAA. Sequenced regions are shown by horizontal arrows. The bar represents 100 
bp. Lower panel: nucleotide sequence of the cDNA encoding component RC7-I and the amino acid sequence deduced from its open reading frame. 
Nucleotides are numbered in the 5’ to 3’ direction, beginning with the first residue of the putative initiation methionine codon ‘ATG3. The nucleotides 
on the 5’ side are indicated by negative numbers. The predicted amino acid sequence of RC7-I is shown below the nucleotide sequence. Amino 
acid residues are numbered from the N-terminus. Continuous underlines show the amino acid sequences corresponding to those obtained by Edman 
degradation of fragments cleaved with lysyl-endopeptidase (see Table I). The amino acids shown by dotted lines were not identical with those found 
by chemical analysis. The termination codon TAA is marked with an asterisk. The possible polyadenylation signal (AATAAA) is underlined with 

a continuous thin line. 
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THERMO-B 1: MNQTLET 

PRFJ 1: 

RC'I-I 1: 

THEPMO-B 196: IRRLGLIL 

PFtEl 193: 

X7-1 192: SS 

Fig. 2. Comparison of the protein sequences of RC%I of rat liver proteasomes, yeast PREl and the @-subunit of the archaebacterial proteasome. 
Identical and conserved amino acid residues are shown by black and shaded boxes, respectively. Numbers are residue numbers. Conserved amino 

acids are de6ned as reported by Needleman and Wusch [20]: A, S, T, P and G, N, D, E and Q; R, K and H; I, V, L and M; F, Y and W. 

antigen processing [2,17]. As shown in Table II, the 
primary structure of RC7-1 does not show high homol- 
ogy to those of other subunits, suggesting that it is a 
somewhat unique subunit in the proteasomal complex. 
However, this subunit is a homologue of yeast PREl, 
which is necessary for chymotryptic activity (see next 
section). Thus, the divergence of B-type subunits includ- 
ing RC7-I may have been associated with the ac- 
quirment of specific functions of proteasomes. 

3.5. Similarity of the RC7-I subunit to yeast PREl and 
the p-subunit of T. acidophilum and its possible 
functions 

Computer analysis showed no obvious overall struc- 
tural similarity of component RC7-I with most previ- 
ously reported proteins. Interestingly, however, the pri- 
mary structure of RC7-I showed remarkable similarity 
with that of the product of the yeast PREl gene [l 11. In 
addition, the protein sequence of RC7-I has considera- 

ble similarity to that of the jLsubunit of the 
archaebacterial proteasome [3]. Fig. 2 shows its align- 
ments with the yeast PREl and the j&subunit of r 
acidophilum. Similarities are observed throughout al- 
most their entire sequences, suggesting functional simi- 
larity. The /?-subunit of the archaebacterial proteasome 
is responsible for the expression of chymotrypsin-like 
activity, because the archaebacterial proteasome has 
only chymotryptic activity unlike eukaryotic pro- 
teasomes, which have multiple proteolytic activities [3]. 
On the other hand, the PREl gene was separated by 
functional complementation of mutant yeast cells lack- 
ing the chymotrypsin-like activity of the yeast pro- 
teasome [ll]. In the mutant cells, protein degradation 
was decreased, resulting in accumulation of ubiquiti- 
nated proteins [l l] and loss of activity for protein degra- 
dation mediated by the N-end rule pathway [18,19], 
indicating the importance of this activity in protein 
breakdown in yeast cells. As shown in Fig. 2, the entire 

Table II 

Similarities of primary structures of various rat proteasome subunits 

RC2 RC3 RC8 RC9 rIOTA rZETA RC5 RCl rLPM2 rDELTA RN3 RCII-I 

a-Type subunits 
RC2 
RC3 
RC8 
RC9 
rIOTA 
rZETA 

1279 
336 1148 
262 299 1238 
263 405 298 1271 
292 355 336 355 1221 
333 362 280 338 317 1115 

/I-Type subunits 
RC5 
RCl 
rLMP2 
rDELTA 
RN3 
RC7-I 

56 61 33 90 85 50 1169 
40 139 38 98 

:: 
102 103 1056 

44 36 42 93 95 101 249 1047 
ns 

:: 
54 115 50 85 83 256 977 

36 39 38 35 40 76 91 
% 

59 1150 
72 62 100 76 68 64 157 106 93 102 120 1004 

The sources of sequence data are as follows: RCl [lo]; RC2 [4]; RC3 [5]; RC5 [6]; RC8 [7]; RC9 [8]; rIOTA, rDELTA, rZETA and rLMP12 [9]; 
RN3 [15]. The sequences of the subunits were aligned to achieve maximal homology, and scores of the resulting pairs were determined by computer 
analysis according to Dayhoff et al. [21]. The extent of similarity between pairs of subunits was deduced by comparing the scores of the pairs with 
those of the two subunits. ns indicates no significant homology (Dayhoff score ~28). High scores (>200) for similarities of j&type subunits are 

underlined. 
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amino acid sequences of RC7-I and these two proteins 
show considerable similarity. Therefore, the subunit 
RC7-I may be involved in expression of the chymotryp- 
sin-like activity in the rat proteasome complex. 
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