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Abstract The nucleotide sequence of a ¢cDNA that encodes a
new regulatory subunit, named p4S, of the 26S proteasome of
human hepatoblastoma HepG2 cells has been determined. The
polypeptide predicted from the open reading frame consists of 406
amino acid residues with a calculated molecular weight of 45770
and isoelectric point of 8.35. The sequences of several fragments
of bovine p45, determined by protein chemical analyses, spanning
27% of the complete structure, were found to be in excellent
accord with those deduced from the human ¢cDNA sequence.
Computer analysis showed that p4S belongs to a family of puta-
tive ATPases which includes regulatory components of 26S pro-
teasomes. The overall structure of p45 was found to be homolo-
gous to that of yeast Suglp, which has been identified as a tran-
scripional factor. It is closely similar, but not identical to the
sequence reported for Tripl, a functional homolog of Suglp in
human tissues. These results are consistent with the possibility
that Sugl-like proteins with distinct sequence function in tran-
scription and protein degradation in human cells. However, the
alternative hypothesis, that the same gene locus encodes both p45
and Tripl, cannot be excluded on the basis of such closely similar
sequences. In either case, both proteins are likely to function
equivalently well in either transcription or protein degradation.
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1. Introduction

The 26S proteasome is a eukaryotic ATP-dependent pro-
tease, consisting of the 20S proteasome (multifunctional pro-
teinase) and a set of regulatory proteins [1]. It is responsible for
selective degradation of abnormal proteins and naturally short-
lived proteins related to cell cycle control and metabolic regula-
tion [2]. cDNA cloning of a subunit of human 268 proteasomes
named S4 [3] showed that it is a novel member of the putative
ATPase family, that includes MSS1 (a suppressor of a temper-
ature sensitive (ts) defect in a kinase that regulates G1 cyclins
in S. cerevisiae) [4], TBP-1 (a protein that binds HIV TAT in
an in vitro assay) [5] and TBP-7 (a protein identified by its close
sequence similarity to TBP-1) [6]. In fact, another subunit of
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human 268 proteasomes, S7, was found to be identical to MSSI
[7]. In addition, 5 genes belonging to the same family and
assuming to encode the 26S proteasome components have been
cloned in yeast, including the cell cycle genes MTS2 from
S. pombe [8] (and its homolog from S. cerevisiae YTAS) and
CIMS from S. cerevisiae [9], as well as a transcriptional factor
SUGI [10] and YTAL1 [11] and YTA2 [11] from S. cerevisiae.
Computer analyses showed that S4, MSS1, TBP-1 and TBP-7
are homologs of MTS2/YTAS, CIMS5, YTAIL and YTA2, re-
spectively. Recently, a human homolog of yeast SUGI called
Tripl has been cloned, and shown to be functionally equivalent
to Suglp [12]. Antibodies against Suglp cross-react with a high
molecular weight transcriptional mediator complex from
S. cerevisiae, suggesting that Suglp is a component of this
mediator complex [13]. A distinct complex, called PA700, that
activates the latent 20S proteasome has been described as a
component of the 26S proteasome [14], and DeMartino et al.
[15] have reported that sequences of fragments of one compo-
nent of PA700, named p45, have high similarity to yeast Suglp.
In the present study, we report cDNA cloning of the human p45
subunit, and show that it is almost identical with the sequence
reported for Tripl.

2. Materials and methods

Subunit p45 was isolated from the purified PA700 complex of bovine
erythrocytes which is an activator complex of the latent 20S proteasome
and regulator components of 268 proteasomes [14]. The fragments of
p45 were obtained by digestion with trypsin and sequenced by auto-
mated Edman degradation as reported previously [15]. A cDNA library
of human hepatoblastoma cells HepG2 was constructed in a ZAPII
phage expression vector (Stratagene). For isolation of cDNA for p45,
about 5x10° plaques were screened by hybridization with a cDNA
fragment that had been synthesized by the polymerase chain reaction
(PCR,; for details, see text) and labeled with {-**P}JdCTP as a probe.
Plaque hybridization was carried out and pBluescript plasmid was
excised and directly sequenced by a double- strand strategy using a
A.L.F. automatic DNA sequencer (Pharmacia LKB Biotechnology
Inc.).

3. Results and discussion

3.1. Isolation of a cDNA clone encoding p45

Previously, we reported the separation of multiple compo-
nents of the 26S proteasomal activator PA700 from bovine red
blood cells by reverse-phase high-performance liquid chroma-
tography and the primary structure of p45 internal region has
been determined by automated Edman degradation [15]. For
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use as PCR primers, we selected parts of the sequences of two
of the proteolytic fragments with EELQLLQEQG™ and
PSITFMDEID??, respectively (see Fig. 1). The following ol-
igonucleotides corresponding to the protein sequences were
synthesized:

Forward primer: 5-GAGGAG(T/C)TTCAG(T/C)TT(T/C)T-
(T/IG)CAGGAGCAGGG-3

Reverse primer: 5-TCGATTTCGTCCATGAAGATGATT-
(CIGYAIMTGG-3"

Using these primers, a fragment of approximately 600 bp was
synthesized by PCR against first strand DNA complementary
to mRNA from bovine liver as a template.

To isolate cDNA encoding p45, we screened a cDNA library
with the ZAPII vector using poly(A)" RNAs extracted from
human hepatoblastoma HepG2 cells by hybridization with a
cDNA fragment for bovine p45 with approximately 600 bp
synthesized by PCR as a probe. We then screened about 5x10°
plaques of the human hepatoblastoma HepG2 cells cDNA li-
brary with the cDNA fragment. The 4 cDNA clones that gave
a strongly positive signal with the probe were isolated from the
library by plaque hybridization techniques. The clone carrying
the largest cDNA insert of about 1.4 kb length was subjected
to cDNA sequencing.

3.2. Primary structure of p45

The nucleotide sequence of the p45 cDNA clone and the
primary structure of the p45 protein deduced from the cDNA
sequence are shown in Fig. 1. The sequence of 1287 nucleotides
included the entire coding region and 5- and 3’-non-coding
regions. The 3’-non-coding region consisted of 58 nucleotides.
A putative polyadenylation signal (AATAAA), which is com-
mon to eukaryotic mRNAs, was located 18 nucleotides up-
stream from the poly(A) addition site. We concluded that ATG,
located at nucleotides 1-3, is the initiation codon, because it is
surrounded by a sequence that is similar to the consensus se-
quence for translation initiation [16], and because it is the larg-
est open reading frame. Subunit p45 corresponds to a protein
of 406 amino acids with a calculated molecular weight of 45770.
The amino acid sequence shown in Fig. 1 was confirmed to be
that of p45 of bovine 26S proteasomal PA700 by showing that
the partial sequence of 7 fragments determined chemically (Fig.
1, continuous lines) was excellently in accord with that deduced
from the nucleotide sequence of the cDNA. Only one difference
was observed, at amino acid position 61. A further substitution
associated with the earlier identification of peptide 139 as Glu
[15] was found to represent an error in protein sequencing. The
isoelectric point (pI) of p45 was calculated to be 8.35 by the
method of Skoog and Wichman [17].

3.3. Similarity of the p45 subunit to yeast Suglp and its possible
Sfunctions

In a previous study partial amino acid sequencing of bovine
p45 by Edman degradation showed a remarkable similarity of
this proteasomal component to the sequence of Suglp, the
product of the yeast SUGI gene [15]. SUG!I was originally
identified in a genetic search for transcription factors that inter-
act with the GAL4 regulatory protein of yeast [10], and was
identified through a mutation in Sugl that suppresses defects
in the C-terminal activation domain of the gal4 protein. A
protein or proteins cross-reacting with antibodies against
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Suglp have recently been shown to be present in a high molec-
ular weight complex from yeast that mediates the transcrip-
tional response to the activator proteins GAL4-VP16 and
GAL4 in a reconstituted transcription system [13]. The complex
consists of some 20 polypeptides that are associated with the
core 12- subunit RNA polymerase II [13]. This observation
suggests a physical interaction between Suglp and the tran-
scriptional mediator complex. Fig. 2 shows an alignment be-
tween the complete sequence of human p45 reported here and
Suglp sequence. The two proteins display an overall level of
identity of 73.6%, confirming that Suglp and p45 are close
homologs.

The close relationship between p45 and Suglp raises the
question of whether eukaryotes have two closely related genes
encoding proteins with different sequence, one of which be-
comes incorporated into the 268 proteasome and the other into
the transcription mediator complex, or whether there is only
one gene encoding a protein that functions in both complexes.
This question is of considerable importance because of its im-
pact upon our understanding of the mode of action of Suglp
in transcription. Under the two-gene model, Suglp presumably
exercises its transcriptional effects via its role in the mediator
complex. Under the one-gene model, some or all of these effects
may be caused by the effect of p45 on the degradation of a
transcription factor(s) catalyzed by the 26S protease as sug-
gested by Dubiel et al. [3]. Consistent with the one-gene model,
Ghislain et al. [9] have isolated in yeast a mutant, cim3—1, that
is allelic to SUGI, in which cell division is arrested at the
G2/metaphase transition and the degradation of a ubiquitin—
protein conjugate normally degraded rapidly by the 26S pro-
tease is retarded, indicating that Suglp has a role in protein
degradation. The cell cycle block may be due to a deficiency in
the degradation of cyclins CLB2 and CLB3 which occurs in this
mutant. Nevertheless, Swaffield et al. [18], using a yeast strain
in which Suglp molecules are tagged with the bacteriopage
T7-S10 epitope, failed to detect the epitope-tagged Suglp in the
26S protease by Western blotting following gel filtration
chromatography of cell extracts or by immunoprecipitation of
the 268 proteasome, but were able to identify it associated with
a high molecular weight species, presumably a transcriptional
mediator complex [18]. Although this result is consistent with
the two-gene model, it is possible that the product of a single
gene is located both in the 26S protease and in the transcrip-
tional mediator complex, but a much larger amount is associ-
ated with the latter.

Recently, a human homolog of SUG! has been identified by
Moore and colleagues [12]. Tt was isolated in a two-hybrid
selection in yeast using a human thyroid hormone receptor as
the target protein, and has been designated Tripl (thyroid
hormone receptor interacting protein). Tripl has been shown
to be functionally equivalent to the SUGI protein in its tran-
scriptional effects in yeast and its ability to bind to the activa-
tion domains of the GAL4 protein and VP16 [12]. As shown
in Fig. 2, the translated sequences of human p45 and human
Tripl are very closely related, and differ at only four positions;
61,266, 272, and 300. At two of these four, the results of Edman
degradation are also available for bovine p45. The cDNA as-
signment of Ile-300 in p45 is confirmed by the sequence analysis
of the protein, thus supporting the existence of a difference
between p4S and the reported sequence of Tripl which encodes
Met at this position. However, at position 61, where the p45
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p45 cDNA

1 Styl
Notl ATG

S
4—————4_4_4:——4:—
-
5' -GARGAGAGAAG -1
ATGGCGCTTGACGGACCAGAGCAGATGGAGCTGGAGGAGGGGAAGGCAGGCAGCGGACTC 60
M A LDGTPEGQMETLTETETGZ KA AGS S G L 20
CGCCAATATTATCTGTCCAAGATTGAAGAACTCCAGCTGATTGTGAATGATAAGAGCCAA 120
R Q ¥ Y L S K I EEL QL I V NDTEKSQ 40
AACCTCCGGAGGCTGCAGGCACAGAGGARCGAACTAAATGCTARAGT TCGCCTATTGCGG 180
N L RRLQAG QRNTETLUNA ATEKTYRILTILR 60
AGGGAGCTACAGCTGCTGCAGGAGCAGGGCTCCTATGTGGGGGAAGTAGTCCGGGCCATG 240
R E L Q L L QE Q G S Y V GEV VRAM 80
GATAAGAAGAAAGTGTTGGTCAAGGTACATCCTGAAGGTAAAT TTGTTGTAGACGTGGAC 300
D K K K VLV KVUEHPETGTEKTFVVDVD 100
ARARACATTGACATCAATGATGTGACACCCAATTGCCGGGTGGCTCTAAGGAATGACAGC 360
K N I D I N DV TP NCURVATLTRIUNTD S 120
TACACTCTGCACAAGATCCTGCCCAACAAGGTAGACCCATTAGTGTCACTGATGATGGTG 420
Y T L HEK I L P NZXUVD®PTILVSTLMMYV 140
GAGAAAGTACCAGATTCAACTTATGAGATGATTGGTGGACTGGACRAACAGATCAAGGAG 480
E K VP D ST Y EMTIGGTILODTE KQTIKE 160
ATCAAAGAAGTGATCGAGCTGCCTGTTAAGCATCCTGAGCTCTTCGAAGCACTGGGCATT 540
I K EV I ELP YV KHPETLTFTEHBALGTI 180
GCTCAGCCCAAGGGAGTGCTGCTGTATGGACCT CCAGGCACTGGGARGACACTGTTGGCC 600
A QP K GV LLYGEPZPGTGZ KTTULTULA 200
CGGGCTGTGGCTCATCATACGGACTGTACCT TTAT TCGTGTCTCT GGCTCTGAACTGGTA 660
R AV AHHTDT CTTPFTIURVYVSGSETLV 220
CAGAAATTCATAGGGGAAGGGGCAAGAATGGTGAGGGAGCTGT TTGTCATGGCACGGGAR 720
Q KF I GE GAQRMVYV® RETLTFVMATRE 240
CATGCTCCATCTATCATCT TCATGGACGARATCGACTCCATCGGCTCCTCGCGGCTGGAG 780
H AP S I I F MDETIDSTIGS S SURTULE 260
GGGGGTTCTGGAGGGGACAGTGAAGTGCAGCGCACGATGCTGGAGTTGCTCAACCAGCTC 840
G G S G GDSEVQQRTMLETLTLHNZOQTL 280
GACGGCTTTGAGGCCACCAAGAACATCAAGGTTATCATGGCTACTAATAGGAT TGATATC 900
D GF EATI KT ENTIZ KV VTIMATNTI RTIDI 300
CTGGACTCGGCACTGCTTCGCCCAGGGCGCATTGACAGAARARTTGAATTCCCACCCCCC 960
L D S A LLRPG®RTIDTERTEKTITETFTU®PTPT?P 320
AATGAGGAGGCCCGGCTGGACATTTTGAAGATTCATTCTCGGAAGATGAACCTGACCCGG 1020
N EEARLDTITULTEKTITHST RIEKMPNLTR 340
GGGATCAACCTGAGAARAATTGCTGAGCTCATGCCAGGAGCATCAGGGGCTGAAGTGAAG 1080
G I NLREKTIAETLMPGA aATSTGA ATE VK 360
GGCGTGCTGCACAGAAGCTGGCATGTATGCCCTGCGAGAACGGCGAGTCCATGTCACTCAG 1140
G VCTEHB AGMTYA ATLZRETRTRVYVIHEVTQ 380
GAGGACTTTGAGATGGCAGTAGCCAAGGTCATGCAGAAGGACAGTGAGAARAACATGTCC 1200
EDFEMABAVYVAZEKV VMOQEEKTDSETZ KNMS 400
ATCAAGAAATTATGGAAGTGAGTGGACAGCCTTTGTGTGTATCTCTCCRATARARCTCTG 1260
I K K L W K * 406
TGGGCCAAAAAAAAAA-3' 1276

Fig. 1. Structure of cDNA for p45 of human 268 proteasomes. Upper panel: restriction endonuclease map of cloned cDNA for p45 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, pBluescript SK™. The numbers below boxes indicate the nucleotide numbers of the first nucleotide of the initiation codon, ATG, and
the nucleotide before the termination codon, TGA. Sequenced regions are shown by horizontal arrows. The bar represents 100 bp. Lower panel:
nucleotide sequence of the cDNA encoding component p45 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 'ATG?. The nucleotides on the 5’ side
are indicated by negative numbers. The predicted amino acid sequence of p45 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 of bovine p45 cleaved with trypsin [15]. Note that the single amino acid shown by a dotted line was not determined by chemical analysis
of bovine p45. The amino acid underlined doubly was not identical with that found by the protein-chemical analysis. The termination codon TGA
is marked with an asterisk. The possible polyadenylation signal (AATAAA) is boxed.
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MALDGPEQMELEEGKAGSGLRQYYLSKIEELQLIVNDKSQNLRRLQAQRNELNAKVRLLR

A—D——FIK

RELQLLQEQGSYVGEVVRAMDKKKVLVKVHPEGKFVVDVDKNIDINDVTPNCRVALRNDS

YI—A-D-NVK-LKASQ—C—S8—

YTLHKILPNKVDPLVSLMMVEKVPDSTYEMIGGLDKQIKEIKEVIELPVKHPELFEALGI

p45 1:

Tripl 1:

Suglp 1: MTAAVTSSNIVLETHE~—IKP-FEQ—Q-TE-KIRS-TE-G—E
P45 61:

Tripl 61: E

Suglp 60: D—R P IKIVSD Q

P45 i21:

Tripl 121:

Suglp 120: -M V-E—a2a

D-V T S ——

p45 181: AQPKGVLLYGPPGTGKTLLARAVAHHTDCTFIRVSGSELVQKFIGEGARMVRELFVMARE
Tripl 181:

Suglp 180: I K A Y s

p45 241: HAPSIIFMDEIDSIGSSRLEGGSGGDSEVQRTMLELLNQLDGFEATKNIKVIMATNRIDI
Tripl 241: Q M
Suglp 240: T-V—SG TS I L—
p45 301: LDSALLRPGRIDRKIEFPPPNEEARLDILKIHSRKMNLTRGINLRKIAELMPGASGAEVK
Tripl 301:

Suglp 300: —P SVA—AE—R V—K-N-C——D—
p45 36l: GVCTEAGMYALRERRVHVTQEDFEMAVAKVMQKDSEKNMSIKKLWK

Tripl 361:

Suglp 360: 1 LI—G——N-NQ-TAI-VA—F-

Fig. 2. Comparison of the protein sequences of p45 of human proteasomes, human Triplp and yeast Suglp. Continuous lines indicate identical amino
acid residues compared with those in the p45. Numbers are residue numbers. Sequence data of human Triplp and yeast Suglp are taken from Lee

et al. [12] and Swaffield et al. [10], respectively. For details, see text.

c¢DNA encodes Arg, the amino acid observed by protein se-
quence analysis was Glu. This is the same as the amino acid
encoded in Tripl, suggesting a possible cloning error in the p45
c¢DNA. In the remaining two positions only cDNA sequences
are available, but these suggest that Asp-266 and Thr-272 in
p45 are replaced by Ser and Gln in Tripl. The nucleotide
sequence of the Tripl ¢cDNA (D. Moore, personal communica-
tion), when compared to that of p45 cDNA, also shows a high
level of similarity between the two genes. The coding region
sequences differ at only nine nucleotide positions, of which
seven are involved in coding for the amino acid sequence differ-
ences just described, and two are silent substitutions. The 5'-
untranslated regions are identical over the 11-residue region of
overlap available, and the 3’-untranslated regions differ at only
three positions out of 59. Unfortunately, the interpretation of
these data is still problematic, because although such differ-
ences may be ascribed to the presence of two genes with differ-
ent functions, one encoding a polypeptide component of the
268 proteasome and the other a component of the transcription
mediator complex, some or all of the differences may also
represent allelic substitutions at a single gene locus and/or se-
quencing/cloning errors arising in the analysis of a single gene
encoding a protein that forms part of both complexes. Even if
two genes are present, the small number of the amino acid
differences between the proteins that they encode suggests the
possibility that both may be able to function equivalently in
either complex. This possiblity is amenable to direct test.

3.4. Some properties of the putative proteasomal AT Pase family

The protein sequence of p45 has considerable similarity to
those of the family of the proteasomal putative ATPases [1]. As
shown in Fig. 3, the middle parts of these S ATPases, including
the sequences conserved as putative ATP binding amino acid

residues (see asterisks) have high similarities, but their NH,-
and COOH-terminal regions differ markedly. The divergence
of their terminal regions may have been associated with the
acquirement of specific functions of the respective ATPases.
Some properties of this ATPase family are listed in Table 1. All
of them are conserved structurally and functionally during
evolution, because human S4 and MSSI could complement
growth-arrest due to temperature-sensitive mutation of
S. pombe MTS2 and §. cerevisine CIMS, respectively (see
below) [8,9]. These 5 ATPases are similar in their sizes in both
human and yeast. It is of particular interest, however, that the
pl of p45 as well as its homolog, yeast Suglp, is considerably
basic, differing from the other 4 ATPases which have weakly
acidic pls. Swalffield et al., [18] have noted that the subgroup
of ATPases believed to interact with the transcriptional media-
tor complex, Suglp and Tripl, as well as TBPb and Letlp, are
distinguished from other subgroups of the ATPase family, in-
cluding those involved in protein degradation, by peculiarly
basic pls. However, the pl of 8.35 calculated here for p45 is
close to the mean of the transcriptional ATPases surveyed by
Swaffield, indicating that pIs may not provide a clear prediction
of function.

Presumably one role of the ATPase is to supply energy con-
tinuously for the selective degradation of ubiquitinated proteins
by the active 26S proteasome complex. Although the muitiple
ATPases in proteasomes of eukaryotes ranging from yeast to
mammals have common features, it is unclear why so many
ATPases are associated with the 26S proteasome complex. Be-
cause a single ATPase subunit may be sufficient to supply
energy for proteolysis, these ATPases may have other functions
besides supplying energy for proteolysis. Alternatively, each
ATPase may be associated with a distinct 26S complex, each
with different functional properties. Thus, 26S proteasomes
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p45  1:8--A----LDGPE-Q-MELE-EGK----A---GS-G-LRQY----YLSKIEELQLIVND= 37
TBP=1  1:iff-————————=mmmmmmmmmmmmemmm—mmm e —em STEEIIQRTRLLDSEIKIMKSEVH 25
TBP-7  1:M-E-EI-GI-L-VEKAQDE---—- I-PALSVSRPQTGLSFLGPE-PEDLEDL--YSRYK= 45

s4  1: QSQSGGHGPGGGKKDDEDKKKKYEPPVPTRVGKKKKKRKGPDAASKLPLVTPHTQC% 60
MSS1  1:8--PDY--LGADQRKTKEDEKDDKP-IRALDEGDIALLKTYGQSTYSRQIKQVEDDIQOM 55

pe5  38:---ks-oN-rRrRBoAQRNEL -N-aKVRIfJ-RRELQ QEQGSY—VG—-—EVVRA—MDK$ 84
TBP-1 26 :RVTHELQAMKDKIKENS VNKTLPYJ#VSNVIELEDVDPNDJEEDGANIDLDSQ 85
TBP-7  46:K--LOQE-I-EFEvVOESYNK-DEQ-K KKEFLHAQEEVKRISIPLVIGQFLEA oN 99

S4  61:KL-LKLERIKDYLMEEBFNRNQEQMKPHEEKQEEER SKVDDLRGTPMSVGTLEET T 119
MSS1 56:-L-KKINE@-TGIKESDTGL-APPALWDM-AADKOTHOSEQPIVARCTKIINADSE] PE 110

p45  85:vLVKVHPEGKEV-IpvorN I INDyTliNc RNDETLHKI K ;ﬁs%xv 143
TBP-1 86:ClYTKTSTROTYFLPVIGLYNAE KORRILILETIRYTE YIS RYKAMEMDER 145
TBP-7 100:T| GSTQ;ESNY:EILS Ei AsAllExHENA LVD VISP ERARS S TSDOX 159

s4 120 : HERIVSTSVESEHYVYS TLSFYaKDLIBEIRECS, HKVEAVIGVIEMDD mﬁm 179
MSS1 111:YIJNVKQFAKFV-MDLSDOWAPTDIE VDRNKHQTH I PRSP K IIBgTYT EK 169
| 203

205

k219

239

229

263

‘ 265

SNAPRIIFIDEIDAT 279

SAP S I IDR TDATGTKRAD VAL

RTKKAC LIGr RN NG AYEDGA 289

p45 264: 323
TBP-1 266 8 325
TBP-7 280 339

54 300: 359
MSS1 290: 349

p4s 324: KﬁE JrN s . nodb 383
TBP-1 326: EMRcTipF Mve 385
TBP-7 340: VAREK I ‘ 399

s4 360: T Eﬁm A 419

MSS1 350: TRFBLAMNRLCENS TIERE IR S\ BRKIATE 409

p45 384 :-EMAVAKVMQKDSEKNMS IKKL-WK 406
TBP-1 386:MEGILEVQAKKKANLQYYA 404
TBP-7 400 :EKDTRLSSRRTSRSMSFTSDPSLPSTTPLRGWGFSRTPSTSVPKPHSLFSLPRIGFFNK 458

$4 420:-K--K--S-KEN-VL-YKKQEGTPEGLYL 440
MSS1 410:-LEAVNKVIKSYAKFSATPRYMTYN 433

Fig. 3. Comparison of the protein sequences of p45, TBP-1, TBP-7, S4 and
shown by black box. Numbers are residue numbers. Sequence data for TBP-1
ATP binding sequences.

may be present in cells as a mixture of heterogeneous 26S
proteasomes each with a different ATPase, but may be co-
purified from the cells because of their very high structural
similarities. Consistent with this idea, expression of the differ-
ent ATPase subunits changes developmentally in abdominal
intersegmental mucle of Manduca sexta during programmed
cell death, suggesting multiple populations of 26S proteasomes
each containing a different ATPase subunit(s) [19].

Table 1

Properties of the putative ATPase family of 26S proteasomes
Human AAs M, pl Yeast* AAs M, pl
p45 406 45770 8.35 SUGLl 405 45229 9.37
TBP-1 404 45164 5.18 YTA1 434 48255 4.78
TBP-7 458 51550 542 YTA2 428 47969 5.25
sS4 440 49239 571 YTAS5 438 48829 5.70
MSS1 433 48633 S5.62 CIMS5 469 51725 534

*Saccharomyces cerevisiae. For details of these ATPases, see text. Note
that YTAS is a homolog of Saccharomyces pombe MTS2.

MSSI of human putative ATPases. Identical amino acid residues are
[5], TBP-7 [6], S4 [3] and MSS1 [4] are cited. Asterisks indicate putative

The possible functional significance of such multiple 26S
proteasomes is unclear. Obviously, the connection between the
roles of ATPase family members in proteasome regulation and
other cellular processes such as transcription remains to be
determined.
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