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Molecular Cloning of cDNA for Proteasomes (Multicatalytic Proteinase 
Complexes) from Rat Liver: Primary Structure of the Largest Component (C2)t 
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ABSTRACT: Proteasomes (multicatalytic proteinase complexes) from rat liver are composed of a t  least 13 
nonidentical components [Tanaka, K., Yoshimura, T., Ichihara, A., Ikai, A., Nishigai, M., Morimoto, M., 
Sato, M., Tanaka, N., Katsube, Y., Kameyama, K., & Takagi, T. (1988) J. Mol. Biol. 203,985-9961. The 
nucleotide sequence of one major component (C2) of the proteasomes has been determined from a recombinant 
cDNA clone isolated by screening a rat liver cDNA library with a mixture of synthetic deoxyribonucleotides 
as a probe. The sequence was composed of 1174 nucleotides including a coding region for the entire protein 
and noncoding regions of both the 5’- and 3’-sides. The polypeptide deduced from the open reading frame 
consisted of 263 amino acid residues, and its molecular weight was calculated to be 29 516. The partial 
amino acid sequences of several fragments (approximately 45% of the total residues), which were obtained 
by cleavage of C 2  with lysyl endopeptidase and cyanogen bromide, were determined by automated Edman 
degradation and found to be in complete accordance with those deduced from the cDNA sequence. The 
amino acid composition of C2, determined by chemical analysis, was also consistent with that deduced from 
the cDNA sequence, indicating that the cloned cDNA actually encoded component C2. Computer analysis 
revealed little structural similarity of C2 to other proteins reported so far. Northern blot hybridization analyses 
showed that the m R N A  encoding this novel protein C2 was expressesd in all the rat tissues examined and 
in a variety of eukaryotic organisms such as amphibia, birds, and mammals with slight species-specific 
differences in size. This finding suggests that the gene encoding proteasomes has been conserved in eukaryotes 
during evolution. 

D u r i n g  investigations on the intracellular proteolytic system, 
very large proteases have been found in mammalian cells [for 
recent review, see Rivett (1989)l. This enzyme was recently 
named “multicatalytic proteinase”, because of its unique 
catalytic properties, that is, cleavage of peptide bonds on the 
carboxyl side of basic, hydrophobic, or acidic amino acid 
residues (Wilk & Orlowski, 1983; Dahlmann et al., 1985; 
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Tanaka et al., 1986a). These multiple proteolytic activities 
seem to be manifested at independent catalytic sites within 
the single large enzyme complex. We demonstrated that these 
multicatalytic proteinases are widely distributed in a variety 
of eukaryotic cells ranging from human to yeast cells (Tanaka 
et al., 1988a). Recently, these proteinases have been reported 
to be responsible for ATP-stimulated breakdown of intra- 
cellular proteins in mammalian cells (McGuire et al., 1988; 
Tanaka & Ichihara, 1988; Driscoll & Goldberg, 1989; Mat- 
thews et al., 1989). In addition, we showed that these enzymes 
are present in the nucleus as well as in the cytoplasm of various 
cells (Arrigo et al., 1988; Tanaka et al., 1989). 

On the other hand, ring-shaped 19s-22s particles have been 
found in a wide variety of eukaryotic organisms and shown 
to have common structural characteristics, such as an un- 
usually large size, a unique symmetrical shape, and a multi- 
subunit structure (Martins de Sa et al., 1986, Arrigo et al., 
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1987). The functions of most of these particles are still un- 
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search Laboratories, and New England Biolabs. 
known, but some particles have been repoked to have functions 
such as in repression of mRNA translation (Martins de Sa 
et al., 1986; Kloetzel et al., 1987) and tRNA processing 
(Castano et al., 1986). In addition, some have been considered 
to be ribonucleoprotein particles associated with specific small 
RNA species (Martins de Sa et al., 1986; Arrigo et al., 1987) 
or with certain heat-shock proteins (Schuldt & Kloetzel, 1985; 
Arrigo et al., 1985). Thus, these 20s particles seem to have 
essential roles in a variety of cellular processes. 

Interestingly, the size, shape, and subunit multiplicity of 
these 20s ring-shaped particles are remarkably similar to those 
of the multicatalytic proteinases mentioned above. These two 
types of molecules are also similar in being ubiquitously dis- 
tributed in eukaryotes and in being colocalized in the nucleus 
and cytoplasm. Very recently, the identity of 19s-22s ring- 
shaped particles with mammalian or yeast multicatalytic 
proteinases was reported independently by us (Arrigo et al., 
1988), Falkenburg et al. (1988), and Kleinschmidt et al. 
(1988). We named these 20s particles with multiple protease 
activities proteasomes (Arrigo et al., 1988; Tanaka et al., 
1988a). We also showed that these enzymes are symmetrical 
ring-shaped particles with a sedimentation coefficient of ap- 
proximately 20s and a molecular mass of 700-900 kDa and 
are multisubunit complexes consisting of at least 13 noni- 
dentical polypeptides with molecular masses of 21-31 kDa and 
isoelectric points of 3-10 (Tanaka & Ichihara, 1988; Tanaka 
et al., 1988a,b). Judging from these protein structural analyses 
together with the gene analysis reported in this paper, pro- 
teasomes seem to be multicatalytic proteinase complexes. 
Interestingly, Haass and Kloetzel (1989) reported that the 
Drosophila proteasome undergoes change in its subunit pattern 
during development, indicating diversification of the subunit 
multiplicity in different states of the cells. 

As proteasomes are large multisubunit complexes with 
several possible functions, the individual subunits may each 
have different functions, including as yet unknown functions. 
For clarification of the various functions of these 20s particles, 
it is essential to obtain information about the structure- 
function relationship of the individual subunits. But it is 
difficult to isolate individual subunits in an active state. 
Therefore, our strategy is to determine the primary structures 
of these subunits by recombinant DNA techniques. Studies 
on homology of their primary structures may provide infor- 
mation about their structure-function relationships, and ge- 
netic studies should throw light on their functions. In this 
paper, we report cloning of cDNA for the largest subunit of 
rat liver proteasomal particles and Northern blot hybridization 
analysis of its distribution in various tissues and eukaryotic 
cells. To our knowledge, this is the first report of the cloning 
of a subunit of a multicatalytic proteinase complex or 20s 
ring-shaped particle. 

EXPERIMENTAL PROCEDURES 

Materials 
The following reagents were used: lysyl endopeptidase from 

Wako Pure Chemical Industries; [a-32P]dCTP (3000 Ci/ 
mmol) and [y-32P]ATP (5000 Ci/mmol) from Amersham 
Corp.; Escherichia coli DNA polymerase I and E.  coli DNA 
ligase from New England Biolabs; the Klenow fragment of 
E. coli DNA polymerase I from Boehringer Mannheim; avian 
myeloblatosis virus reverse transcriptase from Life Sciences 
Inc.; RNase H, T4 polynucleotide kinase, T4 DNA ligase, and 
bacterial alkaline phosphatase from Takara Shuzo; various 
restriction endonucleases from Takara Shuzo, Bethesda Re- 

Met hods 
Purification of Proteasomes and Subunit C2. Proteasomes 

were purified to homogeneity from rat liver by conventional 
chromatographic techniques as described (Tanaka et al., 
1986a, 1988a). Component C2 was isolated directly from the 
purified proteasomes by reversed-phase high-performance 
liquid chromatography (HPLC)’ on a Cosmosil 5C4-300 
column (10 X 250 mm, Nacalai Tesque) developed with a 
gradient of acetonitrile in aqueous 0.05% trifluoroacetic acid 
(v/v) as described previously (Tanaka et al., 1988b). The 
preparation of C2 was more than 95% pure as judged by 
SDS-PAGE (Laemmli, 1970). 

Lysyl Endopeptidase Digestion. The protein was reduced 
and S-pyridylethylated as described previously (Aketagawa 
et al., 1986). The S-pyridylethylated protein was digested with 
lysyl endopeptidase at 37 “C  for 12 h in 50 mM Tris-HC1 
buffer (pH 8) containing 2 M urea at a molecular ratio of 
enzyme to substrate 1:40. The digest was separated by re- 
versed-phase HPLC on a Chemcosorb 7-ODS-H column (2.1 
X 150 mm, Chemco) developed with a linear gradient of 
acetonitrile containing 0.1% trifluoroacetic acid. 

Cyanogen Bromide Cleavage. Cleavage at methionyl bonds 
was achieved by treatment with 10% cyanogen bromide (w/w) 
in 70% formic acid (v/v) at room temperature for 24 h. The 
reaction was terminated by lyophilization, and the peptides 
obtained were purified by reversed-phase HPLC on a Cosmosil 
5C4-300 column (4.6 X 150 mm). 

Amino Acid Analysis. The protein and the peptides ob- 
tained by enzymatic or chemical cleavage were hydrolyzed in 
vapor of 6 M HC1 at 110 “C for 20 h. The hydrolysates were 
analyzed by the phenylthiocarbamoyl method (Bidlingmeyer 
et al., 1984) with a PICO-TAG system (Waters, Millipore 
Corp.) according to the instruction manual. 

Protein Sequencing. Amino acid sequences were analyzed 
with a gas-phase sequencer (Applied Biosystems, Model 
477A), and phenylthiohydantoin derivatives were identified 
with an Applied Biosystems 120A phenylthiohydantoin ana- 
lyzer on-line system. 

Syntheses of Oligonucleotide Probes and Primers for DNA 
Sequencing. Oligonucleotide hybridization probes and primers 
for DNA sequencing were synthesized in an Applied Biosys- 
tems Model 380B DNA synthesizer. 5’-End labeling of a 
mixture of oligodeoxyribonucleotides with [y-32P]ATP and 
T4 polynucleotide kinase was carried out as described (Maxam 
& Gilbert, 1980). 

Preparation of Poly(A)+ RNA. Total RNA was extracted 
from rat liver by the guanidinium thiocyanate method 
(Chirgwin et al., 1979), and poly(A)+ RNA was isolated by 
oligo(dT)-cellulose chromatography (Aviv & Leder, 1972). 

Construction of a cDNA Library. A rat liver cDNA library 
was constructed in a phagemid expression vector, Bluescript 
KS M13’ (Stratagene). Double-stranded DNA comple- 
mentary to rat liver poly(A)+ RNA was synthesized by the 
method of Gubler and Hoffman (1983), except that 5’- 
AGGCCATGGCGGCCGCTTTTTTTTTTTTTTT-3’ was 
used as a primer for synthesis of the first strand of cDNA 
(Takumi et al., 1988). This primer includes unique restriction 
endonuclease sites for Not1 (5’-GCGGCCGC-3’) and SfI 
(5’-GGCCNNNNNGGCC-3’) at the 5’-side of oligo(dT),5. 

Abbreviations: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; HPLC, high-performance liquid chromatography; 
CNBr, cyanogen bromide; MOPS, 3-(N-morpholino)propanesulfonic 
acid; SSC, 150 mM NaCI, 15 mM sodium citrate; SSPE, 0.15 F , l  NaCI, 
10 mM NaH2P04 (pH 7.4), 1 mM EDTA. 
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The double-stranded DNA mixtures synthesized were treated 
with Klenow fragment to blunt their ends. The resulting DNA 
mixtures were digested with NotI. Excess linkers and NotI- 
digested linker fragments were removed by fractionation on 
a Sepharose CL-4B column (0.8 X 4 cm, Pharmacia LKB 
Biotechnology Inc.). The DNA mixtures were then ligated 
with vector Bluescript. The vector had been digested with NotI 
and EcoRV at the multicloning site and then dephosphorylated 
by treatment with bacterial alkaline phosphatase to block 
self-ligation. E.  coli DH5a competent cells (Bethesda Re- 
search Laboratories) were transformed with the ligated DNA. 

Screening of the cDNA Library by Oligonucleotide Hy- 
bridization. For isolation of cDNAs for component C2, about 
50 000 transformants were screened by hybridization with 
32P-labeled oligodeoxyribonucleotide probes synthesized as 
described above. Colony hybridization was carried out by the 
method of Hanahan and Meselson (1980). Briefly, trans- 
formants that had been replicated onto duplicate nylon filters 
were prehybridized at 37 "C for 6 h in a solution of 50 mM 
Tris-HC1 (pH 7.5), 1 M NaC1, 1% SDS, and 200 pg/mL yeast 
RNA and hybridized overnight in the same solution containing 
100 pg/mL sonicated salmon sperm DNA and labeled probes 
(approximately lo7 cpm/mL), which had a specific activity 
of about 5 X lo6 cpm/pmol. The filters were washed se- 
quentially with 6X SSC containing 0.1% SDS at room tem- 
perature for 5 min, at 37 "C for 10 min, and then at 42 "C 
for 2 min. The filters were then exposed to X-ray film at -70 
"C with an intensifying screen. 

DNA Sequencing. DNA sequencing was carried out by the 
dideoxy chain-termination method (Sanger et al., 1977) with 
a 7-DEAZA sequencing kit from Takara Shuzo. 

Northern Blot Analysis. Electrophoresis and RNA blotting 
were carried out as described by Lehrach et al. (1977) and 
Thomas (1983), respectively. Poly(A)+ RNA (10 pg) was 
denatured in a solution of 20 mM MOPS buffer (pH 7.0) 
containing 6% formaldehyde, 50% formamide, 5 mM sodium 
acetate, and 1 mM EDTA at 65 OC for 5 min and then 
electrophoresed on 1.2% agarose gel containing 6% form- 
aldehyde. The separated RNA was transferred onto a Hy- 
bond-N nylon membrane (Amersham) and hybridized with 
a 32P-labeled probe. The probe used was a HindIII-PvuII 
fragment (about 1-kb length) of cDNA for C2 protein labeled 
by the multiprime DNA labeling method (Feinberg & Vo- 
gelstein, 1984). Before hybridization, the nylon membrane 
was prehybridized in 50% formamide, 5X SSPE, 200 Fg/mL 
sonicated salmon sperm DNA, 0.1% SDS, and 5X Denhardt's 
solution at  42 "C for 6 h. Hybridization was performed at 
42 "C for 14 h in the same solution containing 10% dextran 
sulfate and labeled cDNA (lo6 cpm/mL) which had a specific 
activity of about lo9 cpm/pg. After hybridization, the nylon 
membrane was washed four times with 2X SSPE containing 
0.1% SDS for 15 min each time at 42 "C and then with 1 X  
SSPE containing 0.1% SDS for 30 min at 42 "C. The mem- 
brane was autoradiographed with Kodak XAR-5 film at -70 
"C with an intensifying screen. 

RESULTS 
Subunit Compositions of Proteasomes. Previously, we 

reported the separation of multiple components of proteasomes 
from rat liver by reversed-phase HPLC (Tanaka et al., 1988b). 
First, 10 major components were separated on a Cosmosil 
5c4-300 column and were named component 1 (Cl )  to com- 
ponent 10 (C10) in order of their elution. The fractions of 
C6, C7, and C10 each contained two components of different 
sizes (I  and 11) that could be separated by rechromatography 
on a TSK gel phenyl-SPW RP column. Table I shows the 

Table I: Multiple Components of Proteasomes from Rat Liver 
molecular 

component" molecular weightb component' weightb 
c1 24800 f 8OOc C7-I 27 100 f 500 
c 2  30800 f 1200 C7-I1 23 500 f 700 
c 3  25800 f 700 C8 28 800 f 500 
c 4  26400 f 700 c 9  28 700 f 700 
c 5  25 100 f 900 c10-I 27900 f 800 
C6-I 27800 f 700 '210-11 25 700 f 800 
C6-I1 21 500 f 500 

For nomenclature of components, see text. Molecular weights 
were determined by SDS-PAGE. cValues are means f S D  for four 
experiments. 

molecular weights of these components determined by SDS- 
PAGE analysis. When these purified materials were subjected 
to automated Edman degradation to determine their N-ter- 
minal amino acids, no appreciable signals were obtained except 
in the case of component C5, suggesting that the N-termini 
of most of these components were blocked. 

Component C2 is the largest of the subunits of proteasomes, 
and it was obtained as a homogeneous preparation in good 
yield by reversed-phase HPLC. Therefore, we first attempted 
to isolate cDNA for component C2 of proteasomes. 

Isolation and Protein Sequencing of Fragments of Com- 
ponent C2. As the N-terminus of C2 was blocked, as described 
above, we attempted to obtain information on the primary 
structure of its internal region. Samples of C2 were reduced 
and S-pyridylethylated to protect cysteine residues, and part 
(1.73 nmol) was then digested with lysyl endopeptidase, and 
the rest (39.7 nmol) was cleaved with cyanogen bromide. The 
resulting fragments were resolved by reversed-phase HPLC 
on a Chemcosorb 7-ODs-H column and a Cosmosil 5C4-300 
column, respectively. When the elution profile was monitored 
at 214 nm, one large component (C2-CN-A) was obtained 
from the CNBr-treated preparation (Figure 1 A), and nine 
major components (named C2-A to C2-I in order to their 
elution) were separated from the lysyl endopeptidase digest 
(Figure 1B). The amino acid compositions of these isolated 
peptides were determined (data not shown), and their partial 
primary structures were analyzed by automated Edman deg- 
radation (Table 1 1 ) .  Peptide C2-A was considered to be the 
C-terminal fragment of C2 because it did not contain a lysine 
residue (lysyl endopeptidase cleaves the carboxy side of lysine 
residues in a polypeptide chain). Indeed, its primary structure 
was consistent with that in the C-terminal region deduced from 
the nucleotide sequence of cDNA for C2 as described later. 
Peptide C2-G was concluded to be the N-terminal fragment, 
because its N-terminal amino acid was blocked. This con- 
clusion was supported by the finding that the amino acid 
composition of the C2-G fragment corresponded to that of the 
30 amino acids in the N-terminal region deduced from the 
sequence of the C2 cDNA (data not shown). Peptide C2- 
CN-A was also thought to be an N-terminal fragment of C2, 
because its primary structure was identical with that of the 
N-terminal region (24 amino acids) after the N-terminal 
methionine (cleaved by CNBr treatment) deduced from the 
nucleotide sequence of C2-cDNA. 

Isolation of cDNA Clones Encoding Component C2. A rat 
cDNA library was constructed with the phagemid Bluescript 
vector using poly(A)+ RNAs extracted from rat liver as de- 
scribed under Experimental Procedures. For isolation of 
cDNA for component C2, this library was screened by hy- 
bridization with synthetic deoxyribonucleotides as probes. 
These probes were synthesized as follows. Of the C2 fragments 
obtained by proteolytic digestion (Figure lB), parts of the 
sequences of two fragments (Ala-Asp-Glu-Pro-Met-Glu of 
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FIGURE 1: Separation of fragments of subunit C2 cleaved with 
cyanogen bromide (A) and lysyl endopeptidase (B) by reversed-phase 
HPLC. Fragments of C2 were resolved by HPLC on a Cosmosil 
5C4-300 column (A) or a Chemcosorb 7-ODs-H column (B) with 
a linear gradient of acetonitrile as described under Experimental 
Procedures. The fragment obtained by cyanogen bromide cleavage 
was named C2-CN-A. The major proteolytic fragments were named 
C2-A to C2-I in order of their elution. 
C2-A and AspGlu-Pro-Ala-Glu-Lys of C2-B in Table 11) with 
minimum codon ambiguity were selected, and the oligo- 
nucleotide probes 5'-TCCATNGGYTCRTCRGC-3' and 

= AG) were synthesized. These probes had a deletion of the 
third codon for the carboxyl-terminal amino acid of these 
peptides and were designed as antisense nucleotide sequences 
for these peptides according to the coding frequencies of eu- 
karyotic proteins (Lathe, 1985). We screened about 50 000 
colonies of a rat liver cDNA library with two sets of 32 
mixtures of these 17-mer oligonucleotides. Three cDNA clones 
that gave strongly positive signals for both probes were isolated 
from the library by colony hybridization techniques. As the 
cDNAs of all three clones (pC2-a, -PI and -7) gave similar 
cleavage maps with several restriction endonucleases, clone 
pC2-a [about 1.2-kb length plus a poly(A) tail], which carried 
the largest cDNA insert of the three, was subjected to cDNA 
sequence determination. 

Primary Structure Deduced from the cDNA Sequence. The 
nucleotide sequence of the C2 cDNA clone pC2-a was de- 
termined by the strategy illustrated in Figure 2. The resulting 
nucleotide sequence of the cDNA and the primary structure 
of the C2 deduced from the cDNA sequence are shown in 
Figure 3. The sequence of 1174 nucleotides included the 

5'-TTYTCRGCRGGYTCRTC-3' ( N  = AGTC, Y = TC, R 

FIGURE 2: Restriction endonuclease map of cloned cDNA for subunit 
C2 and the sequencing strategy. The solid and open boxes show the 
coding and 5'- and 3'-noncoding regions, respectively. The solid lines 
indicate the sequence of the vector Bluescript KS'. The numbers 
below the 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 (base pairs). The sequence of the 5'-end of 
cDNA (dashed arrow) was determined by direct sequencing of an 
isolated clone, pC2-a, with the primer of T3 promoter of Bluescript 
KS'. Various oligonucleotides (1 7-20 nucleotides in length) were 
synthesized as described under Experimental Procedures and used 
as primers for sequencing other regions (solid arrows). 

entire coding region and 5'- and 3'-noncoding regions. The 
3'-noncoding region consisted of 297 nucleotides, excluding 
the poly(A) tail. A polyadenylation signal (AATAAA) that 
is common in eukaryotic mRNAs (Proudfoot & Brownlee, 
1978; Kozak, 1984) was located 17 nucleotides upstream from 
the poly(A) addition site. Part of the poly(A) sequence (ap- 
proximately 70 nucleotides) is seen at the 3'-end of this cDNA 
clone. The protein coding region is 789 nucleotides long, is 
capable of encoding 263 amino acids, and extends from ATG 
at nucleotide position 1-3 to nucleotide position 789. This 
coding sequence is followed by the termination codon TAA. 
Although the N-terminal amino acid sequence of C2 is un- 
known, we concluded that ATG, located at nucleotides 1-3, 
is the initiation codon for the following four reasons. First, 
the open reading frame starting from this ATG at nucleotide 
position 1-3 is the longest. Second, 'ATG3 is the first ATG 
appearing in the sequence. Third, there is a termination codon 
TGA at nucleotides -54 to -52 in the 5'-noncoding region, and 
IATG3 followed by this termination codon in the same frame 
should be an initiation codon. Fourth, a CNBr fragment 
(C2-CN-A) of 24 amino acids with the sequence from Phe 
to Ala (Table 11) corresponds to nucleotide positions 4-75 
(indicated by a broken line in Figure 3), indicating that the 
N-terminal amino acid of the C2 protein is Met, corresponding 
to nucleotides 1-3, and that its amino group is blocked. 

Several lines of evidence indicated that the amino acid 
sequence shown in Figure 3 is actually that of C2 of protea- 
somes: (1) amino acid sequences determined by the Edman 
degradation method (Table 11) were found in the amino acid 
sequence deduced from the nucleotide sequence (solid lines 
and broken line in Figure 3), (2) the amino acid composition 
(Table 111) of the whole C2 molecule determined by chemical 
analysis coincided well with that deduced from the sequence 
shown in Figure 3, and (3) the molecular weight of C2 esti- 
mated from its amino acid composition was similar to that 
estimated by SDS-PAGE (Table I ) .  Thus, it is reasonable 
to conclude tht pC2-a is a clone of subunit C2 cDNA. 

Component C2 had one potential N-glycosylation site 
(209Asn-Val-Ser2*1 in Figure 3) although it does not seem to 
be a glycoprotein, because no appreciable glucosamine or 
galactosamine was detected during amino acid analysis (data 
not shown). Of the amino acids in component C2, 35 are 
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5'-CCGCAGCCT -80 

TCTTTGACGATCACCGAACCGTAG~GCCGTGTTCCTGTGTCCGCTGCTGTGTCTGGTTGTAACCTCGCCGGAGCT 
1 10 20 

Met Phe Arg Asn Gln Tyr Asp Asn Asp Val Thr Val Trp Ser Pro Gln Gly Arg Ile H i s  
ATG LT_TCGC AAC CAG TAZ-GLA-AAC GAT-GZC ACT GLT-LGG AGC CCT CAG GGC AgL&LT-LAL 

C2-CN-A 30 40 
Gln Ile Glu Tyr Ala Met Glu Ala Val Lye Gln Gly Ser Ala Thr Val Gly Leu Lys Ser 
CAA ATC GAA TAT GCA ATG GAA GCT GTA AAG CAA GGC TCA GCG ACA GTC GGC CTG AAG TCG 

50 60 
Lys Thr H i s  Ala Val Leu Val Ala Leu Lys Arg Ala Gln Ser Glu Leu Ala Ala H i s  Gln 
AAG ACA CAT GCA GTG CTG GTC GCG CTG AAG AGA GCA CAG TCA GAG CTT GCC GCT CAC CAG 

------------- 

C2-D 70 C2-C 80 
L y s  Lys Ile Leu H i s  Val Asp Asn H i s  Ile Gly Ile Ser Ile Ala Gly Leu Thr Ala Asp 
AAG AAA ATT CTC CAC GTT GAC AAC CAT ATT GGT ATC TCA ATT $?2FmGGT CTA ACT GCT SJ)?, 

c2-l 90 100 -~ 
Ala Arq Leu Leu Cys Asn Phe Met Arg Gln Glu Cys Leu Asp Ser Arg Phe Val Phe Asp 
GCC AGA CTG TTA TGT AAC TTT ATG CGC CAG GAG TGT TTG GAT TCC AGA TTT GTA TTT GAC 

110 120 
Arg Pro Leu Pro Val Ser Arg Leu Val Ser Leu Ile Gly Ser Lys Thr Gln Ile Pro Thr 

- 
AGA CCA CTT CCC GTA TCT CGC CTT GTG TCT CTA ATT GGA AGC AAG ACC CAG ATA CCA ACA 

130 C2-H 140 
Gln Arg Tyr Gly Arg Arg Pro Tyr Gly Val Gly Leu Leu Ile Ala Gly Tyr Asp Asp Met 
CAG CGA TAT GGC CGG AGA CCG TAT GGT GTT GGG CTG CTC ATT GCT GGT TAT GAT GAC ATG 

150 160 
Gly Pro H i s  Val Phe Gln Thr Cys Pro Ser Ala Asn Tyr Phe Asp Cys Arg Ala Met Ser 
GGC CCT CAC GTT TTC CAA ACC TGC CCA TCT GCT AAC TAT TTT GAC TGC AGA GCT ATG TCC 

17 0 180 
Ile Gly Ala Arg Ser Gln Ser Ala Arg Thr Tyr Leu Glu Arg H i s  Met Ser Glu Phe Met 
ATC GGA GCC CGT TCC CAG TCA GCT CGC ACT TAC CTG GAG AGA CAC ATG TCT GAA TTT ATG 

190 200 
Gln Cys Asn Leu Asp Glu Leu Val Lys H i s  Gly Leu Arg Ala Leu Arg Glu Thr Leu Pro 

-1 

60 

120 

180 

240 

300 

360 

4 2 0  

480 

540  

CAG TGC AAT TTG GAT GAA CTG GTT AAG CAT GGT CTT CGC GCC TTA AGA GAA ACA CTC CCT 600 
210 C2-E 220 

Ala Glu Gln Asp Leu Thr Thr Lys Asn Val Ser Ile Gly Ile Val Gly Lys Asp Leu Glu 
GCA GAA CAG GAC CTG ACC ACA AAG AAT GTT TCC ATT GGG ATT GTT GGT AAA GAC TTG GAA 660 

230 c2-F 240 
Phe Thr Ile Tyr Asp Asp Asp Asp Val Ser Pro Phe Leu Asp Gly Leu Glu Glu Arg Pro 
TTT ACT ATC TAT GAT GAT .2i;.4T..~$~~l'$~' TTC CTG GAT GGT CTT GAA GAA AGA CCA 

250 260 
Gln Arg Lys Ala Gln Pro Ser Gln Ala Ala Asp Glu Pro Ala Glu Lys Ala Asp Glu Pro 
CAG AGA AAA GCA CAG CCT TCA CAG GCT GCT GAT GAA CCT GCA GAA AAA GCT GAT GAA CCA 

Met Glu H i s  
ATG GAA CAT ~~GTGATAAAGGTTATGAGGACATGAGGATGCAGGGGCATACACTGGTGACAATAATCTGTATTTT 856 

AAACCAACAGCTGTAATGTATTGGGTGGTATGTTTTAGAAATCAGTCCAAATGTGAGTTTTCTCTAAGCAGCTTCACAG 935 

720 

780 ..... 
c2-B C2-A 

..... 

AAACCATATAATGGGGTGCATTTTCTTTGAAAGGGTCTACATAATCATTTTCTAGGACGTATAGGTATCTATATCAATG 1014 

1086 TTTTTATATGAAGAAAATAAGTGTCTTTGCAGTTTTAAAGACAACTGTG~T~TTGTTTCACCACCTG-3' - 
FIGURE 3: Nucleotide sequence of the cDNA insert encoding subunit C2 of rat liver proteasomes 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 initiation methionine codon 
ATG. The nucleotides on the 5'-side are indicated by negative numbers. The predicted amino acid sequence of C2 is shown above the nucleotide 
sequence. Amino acid residues are numbered from the N-terminus. Solid (C2-A to C2-I) and broken (C2-CN-A) lines show the amino acid 
sequences corresponding to those obtained by Edman degradation of fragments cleaved with lysyl endopeptidase and CNBr (Table 11), respectively. 
Amino acids shown by dotted lines in the sequences of C2-B, C2-F, and C2-I were not identified by chemical analysis. The termination codon 
TGA in the 5'-noncoding region is boxed. The termination codon TAA is doubly underlined with dotted lines. The possible polyadenylation 
signal AATAAA is doubly underlined. 

acidic and 40 are basic amino acid residues. Interestingly, an nucleotide and protein sequences using the data bases of 
odd number of five cysteine residues was found in component EMBL/GDB (European Molecular Biology Laboratory), 
C2 (Table II),  indicating the presence of a t  least one free NBRF/PDB (National Biomedical Research Foundation), and 
sulfhydryl residue. Studies are required on whether this is PRF/SEQDB (Protein Research Foundation). No proteins 
important for the function of C2. with overall similarity could be found by computer analyses, 

To obtain information about the structure-function rela- suggesting that component C2 is distinct from known proteins. 
tionship of C2, we searched for structural homologies of the However, some proteins with partially identical amino acid 
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FIGURE 4: Expression of c2-specific mRNA in various tissues of rats 
determined by Northern blot analysis. Poly(A)+ RNAs (10 pg) from 
rat liver (lane I ) ,  kidney (lane 2), skeletal muscle (lane 3), heart (lane 
4), lung (lane 5 ) ,  spleen (lane 6), and brain (lane 7) were analyzed 
as described under Experimental Procedures. The HindIII-PuuII 
fragment of cloned C2 cDNA was used as a probe (see Figure 2). 
The positions of RNA standards are shown (in kilobases) on the left. 
These RNA size markers were obtained from Bethesda Research 
Laboratories. 

sequences were found. One of these is a large subunit of 
chicken calcium-dependent protease (calpain). A sequence 
of 48 amino acid residues in component C2 (residues 27-74) 
is apparently similar to part of this calcium-dependent protease 
(residues 195-244) (Ohno et al., 1984), the identity and 
structural analogy of amino acids in the sequences being 33% 
and 4276, respectively. Moreover, the homology of these se- 
quences of the two proteins was shown to be highly significant 
by statistical analysis (Toh et al., 1983). In  contrast, no 
significant homology was found between proteasome C2 and 
human calcium-dependent protease (Aoki et al., 1986). It is 
thus obscure whether this region of C2 is functionally im- 
portant. Indeed, the corresponding sequence does not contain 
the active-site Cys- 108 and His-265 residues of the calcium- 
dependent protease, although it is located in the thiol protease 
domain. 

Expression of the Gene for  Component C2 in Various 
Eukaryotic Organisms. To determine the tissue specificity 
of C2 gene expression, we examined the levels of CZspecific 
mRNAs in various rat tissues. On Northern blot analysis, one 
hybridization band of about 1.3-1.4 kb was observed in 
mRNAs extracted from various rat tissues (Figure 4). The 
levels of mRNA for component C2 were very similar in all 
tissues tested except skeletal muscle. 

We next examined whether the C2 mRNA is expressed in 
other eukaryotic cells. As shown in Figure 5, a single band 
hybridizing to rat C2 cDNA was observed in various tissues 
of different species, such as human liver, chicken liver, and 
Xenopus laevis ovary, but was not found in bakers’ yeast under 
the present experimental conditions. The size of the rat RNA 
hybridizing with the rat C2 cDNA was similar to that of 
human RNA, but somewhat different from those of chicken 
and Xenopus RNAs. These findings indicate that the mRNA 
encoding component C2 is widely expressed in a variety of 
eukaryotes including mammals, birds, and amphibia, but with 

FIGURE 5: RNA blot hybridization with rat liver C2 cDNA of the 
poly(A)+ RNAs from various eukaryotic cells. Experimental con- 
ditions were as described for Figure 4, except that poly(A)+ RNAs 
from human liver (lane l ) ,  rat liver (lane 2), chicken liver (lane 3), 
Xenopus laeuis ovary (lane 4), and bakers’ yeast (Saccharomyces 
cereuisiae) (lane 5) were used. 

minor species-specific variations in mRNA structure. 

DISCUSSION 
In the present study, cDNA for component C2 of protea- 

somes (multicatalytic proteinase complexes) from rat liver was 
isolated and sequenced. This is the first report of the cloning 
of cDNA from eukaryotic proteasomes. The cloned cDNA 
was 1174 nucleotides long and included an open reading frame 
for the full-length coding region of C2 and 5’- and 3’-noncoding 
regions. The 3’-noncoding region contained a putative poly- 
adenylation signal. Approximately 45% of the total amino acid 
sequence of C2 was determined by Edman degradation of 
fragments and found to be in complete accordance with that 
deduced from the cDNA sequence. The amino acid compo- 
sition of component C2 determined by chemical analysis was 
also consistent with that deduced from the cDNA sequence. 
On computer analyses, no structural homology of component 
C2 with previously reported proteins could be found, and so 
no information could be obtained about the function of C2. 
These findings suggest that component C2 must be a novel 
protein, possibly with a new, unidentified function(s). 

Previously, we found that proteasomes are composed of a 
set of polypeptide subunits ranging in size from 21 to 31 kDa 
with plvalues from 3 to 10 (Tanaka et al., 1988a,b). Peptide 
mapping analysis showed that these multiple subunits were 
nonidentical (Tanaka et al., 1988b). However, the possibility 
that they were generated from larger polypeptides by post- 
transcriptional cleavage could not be ruled out. In the present 
study, however, we demonstrated that C2 is the unmodified 
product of a single gene, by the findings that its N- and C- 
terminal sequences, determined by Edman degradation, were 
coded in a single open reading frame of isolated C2 cDNA 
as an entire structure (Figure 3). This finding proves that 
component C2 is not produced from a precursor form. Thus, 
the multiple subunits of proteasomes are likely each to be 
coded by a different gene. To confirm this more directly, we 
are now determining the primary structures of other compo- 
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nents by their cDNA cloning. 
By quantitative enzyme immunoassay, we showed that 

proteasomes are widely distributed in various rat cells and 
tissues (Tanaka et al., 1986a). Consistent with this finding, 
we showed by Northern blot analysis that mRNA encoding 
C2 is expressed in various rat tissues (Figure 4). 

Recently, we demonstrated that proteasomes with similar 
proteolytic functions are present in a great variety of eukaryotic 
cells, such as human, rat, chicken, Xenopus, and yeast cells 
(Tanaka et al., 1988a). These proteasomes, which are similar 
to various eukaryotic 20s ring-shaped particles in size and 
shape (Martins de Sa et al., 1986; Arrigo et al., 1987), are 
complexes of 13-20 subunits. However, they showed spec- 
ies-specific differences in subunit multiplicity,and they differed 
immunologically, as shown by Ouchterlony immunodiffusion 
tests and immunoblotting analyses, although cross-immuno- 
reactivities of some subunits or domains were observed. These 
results indicate that the sizes and shapes of these proteasomes 
have been highly conserved during evolution but that they show 
species-specific differences in conformation and subunit 
structure (Tanaka et al., 1988a). More recently, we isolated 
four monoclonal antibodies against component C2 of human 
proteasomes (Tanaka et al., unpublished data). These mo- 
noclonal antibodies did not show any cross-reactivity with other 
subunits, and all had different epitopes, while on immuno- 
blotting analyses they strongly cross-reacted with proteasomes 
from human, rat, and chicken but not with those from Xenopus 
or yeast, suggesting that the primary structure of C2 has 
changed during evolution. Consistent with these observations, 
as shown by Northern blot analysis (Figure 5), most eukaryotic 
cells contained mRNAs that hybridized with rat liver C2 
cDNA, but the sizes of these mRNAs in various species and 
their hybridization reactivities differed. In addition, no RNA 
species that hybridized with rat C2 cDNA was found in bakers’ 
yeast (Figure 5, lane 5). It is unknown whether this finding 
indicates that the gene corresponding to component C2 of rats 
is not present in the yeast genome or that although a gene 
related to C2 is present in yeast, it has changed so greatly that 
its mRNA could not hybridize with rat C2 cDNA under the 
present experimental conditions. A species-specific difference 
in size of mRNA may also not actually reflect a difference 
in primary structure of the C2 protein, because the difference 
is likely to be due to a difference in the noncoding region of 
the mRNA. Judging from the present results, therefore, it 
seems that the gene encoding component C2 has probably been 
highly conserved during evolution, even though it shows minor 
species-specific variations in structure. For further elucidation 
of its conservation, the nucleotide sequences of C2 genes 
and/or the primary structures of C2 proteins in other species 
must be determined. Therefore, we are now attempting to 
isolate cDNA that hybridizes with rat liver C2 cDNA or an 
equivalent gene from other organisms such as humans and 
Xenopus. 

In conclusion, in this work we isolated and sequenced a 
cDNA encoding component C2 of proteasomes from rat liver. 
The isolated C2 cDNA will be useful in further studies on 
proteasomes such as for elucidation of the mechanisms of 
coordinated regulation of the syntheses of these multiple 
components, possibly for measurement of its mRNA level in 
cells or the transcriptional activity of genes encoding protea- 
somes, and for isolation of the C2 gene from other species, 
which is of particular interest in elucidating the significance 
of conservation of proteasomes (multicatalytic proteinase 
complexes) during evolution of a wide variety of eukaryotes 
ranging from yeast to man. 
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cDNA Cloning and Sequence and cDNA-Directed Expression of Human P450 
IIB1: Identification of a Normal and Two Variant cDNAs Derived from the 

CYPZB Locus on Chromosome 19 and Differential Expression of the IIB mRNAs 
in Human Liver? 
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ABSTRACT: A cDNA designated hIIB1, representing the entire coding sequence of a P450 in the IIB gene 
family, was isolated from a human liver Xgtl 1 library by using the rat IIBl cDNA as a probe. The hIIBl 
protein, deduced from the cDNA sequence, contained 491 amino acids, had a calculated molecular weight 
of 56 286, and displayed 76% amino acid similarity with the rat IIBl protein. Expression of this cDNA, 
using the vaccinia virus system, yielded a P450 that had a reduced CO-binding spectrum with an absorption 
maximum of 452 nm. The expressed human enzyme was able to catalyze the deethylation of 7-ethoxy- 
coumarin. Total R N A  from 13 livers was probed for levels of hIIB mRNA.  Two livers had high levels, 
four contained moderate levels, and eight contained very low, or no detectable, mRNA. These data suggest 
either that defective hIIBl genes exist in humans or that the hIIBl gene is regulated and variably induced 
in our liver specimens. To search for mutant m R N A  transcripts, libraries were constructed from livers 
expressing low levels of hIIBl mRNA. A cDNA, designated hIIB2, was isolated that was identical with 
the hIIBl cDNA except for the presence of an unusual alteration of the DNA near its 5' end corresponding 
to the putative exon 4. This alteration was caused by a deletion of 29 bp and an insertion of 44 bp of 
nonhomologous DNA. This sequence replacement occurs a t  the junction of the third and fourth exons as 
predicted from the structure of the rat I IBl  gene, suggesting that a faulty splice might have given rise to 
the variant hIIb2 transcript. Due to the presence of an in-frame termination codon in the inserted DNA, 
this variant transcript can only produce a prematurely terminated protein. A third cDNA, designated hIIB3, 
was identified in two separate libraries that displayed 95% nucleotide and 93% cDNA-deduced amino acid 
sequence similarities to hIIB1. This transcript was found to possess a C - T change that resulted in a 
termination codon. The IIB genes (CYP2B locus) were localized to human chromosome 19 using the somatic 
cell hybrid mapping strategy. High-frequency restriction fragment length polymorphisms were detected 
in both BamHI and BglII digests. 

H e p a t i c  P450s are the principal enzymes required for the 
metabolism and ultimate removal of foreign chemicals from 
the body. The great majority of foreign substances, including 
drugs and toxins, when ingested, pass through the liver and 
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are converted to other chemical forms by P450. Hydrophobic 
compounds are frequently hydroxylated, and the hydroxy 
group can then be further metabolized by conjugating en- 
zymes, the net result being that lipophilic material is converted 
to a more hydrophilic compound that can be easily eliminated 
through the bile or urine. P450 reactions on carcinogenic 
compounds sometimes yield highly reactive intermediates that 
can damage DNA and initiate tumorgenesis. Individual 
differences in P450 levels could determine susceptibility or 
resistance to the detrimental effects of drugs or carcinogens. 
In  fact, genetically inherited P450-mediated drug oxidation 
polymorphisms have been described, including the debriso- 
quine/sparteine polymorphism (Mahgoub et al., 1977; Ei- 
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