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Abstract: Single  copies of an a-helical-rich motif are demon- 
strated to be present within subunits of the large multiprotein 26s 
proteasome and eukaryotic initiation factor-3 (eIF3) complexes, 
and within proteins involved in transcriptional regulation. In ad- 
dition, p40 and p47 subunits of eIF3 are shown to be homologues 
of the proteasome subunit Mov34, and transcriptional regulators 
JABl/padl. Finally, the proteasome subunit S5a and the p44 sub- 
unit of the basal transcription factor IIH (TFIIH) are identified as 
homologues. The presence of homologous, and sometimes identi- 
cal, proteins in contrasting functional contexts suggests that the 
large multisubunit complexes of the 26s proteasome, eIF3 and 
TFIIH perform overlapping cellular roles. 
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Proteasomes are responsible for the selective degradation of intra- 
cellular proteins in eukaryotic cells (Coux et al., 1996; Hilt & 
Wolf, 1996). Proteasome substrates include metabolic enzymes, 
cell-cycle control factors, transcriptional regulators and mature 
forms of antigenic peptides. Many of these are targeted for prote- 
olysis by ubiquitination. Two components contribute to the eukary- 
otic 26s proteasome (2,000 kDa) (Coux et al., 1996): (a) the 20s 
(700 kDa) proteasome, thought to resemble in structure and in 
function the 20s proteasome of Z acidophilum (Lowe  et al., 1995), 
and (b) a 19/22S regulator containing at least 18 proteins with 
molecular weights between 25 and 110 kDa. The regulator com- 
plex appears to present ubiquitinated proteins to the 20s complex 
for digestion following their association with subunit 5a (Deve- 
raux et  al., 1994; van Nocker et al., 1996). 
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Understanding the structure, function, and evolution of the multi- 
subunit and multifunctional proteasome represents a considerable 
challenge. One of many approaches that may be used to investigate 
the proteasome's form and function is the detailed analysis of 
subunits' amino acid sequences. We have subjected the known 
sequences of 26s proteasome subunits to local alignment and Hid- 
den Markov model (HMM) analyses and present evidence that 
homologues of 26s proteasome subunits participate in the regula- 
tion of transcription and translation initiation. Three families of 
domains were found to be represented among regulators of pro- 
teasome, transcription, and translation functions. These are: an 
a-helix-rich domain present in p48 and p l l 0  subunits of eIF3, a 
Mov34-related domain present in p47 and p40 subunits of eIF3, 
and the S5a-like domain found in the p44 subunit of TFIIH (sum- 
marized in Table I). 

Sequence analyses: 26s proteasome subunit sequences were used 
as queries in Ssearch (Pearson, 1991) and gapped BLAST (Alt- 
schul et al., 1997) searches of nonredundant amino acid databases. 
Putative homologues with significant pairwise similarities (E  < 

were aligned using ClustalW (Thompson  et al., 1994). Hid- 
den Markov models were calculated from these alignments and 
compared, in an iterative manner, with databases (Eddy et al., 
1995). Sequences scoring >28 bits (or >35 bits for the a-helical- 
rich PINT motif) were considered to be homologues and were 
added to the query alignment for subsequent iterations. In addition, 
proteasome sequences were subjected to position-specific iterative 
BLAST  (PSI-BLAST) (Altschul et al., 1997) searches using an 
E-value threshold of 0.005. 

PINT A motif in froteasome subunits, Int-6, Nip-I, and _TRIP-15: 
Database searches with the human 26s proteasome p44.5 (sub- 
unit 9) sequence  revealed  significant  similarities  (BLASTP2, 
E < I O p 9 ;  Ssearch, E < IO-') with Caenorhabditis elegans and 
Saccharomyces cerevisiae hypothetical proteins, and with a puta- 
tive thyroid receptor interacting protein from Drosophila, termed 
alien (Goubeaud et al., 1996). Additional significant similarity 
was detected for Arabidopsis thaliana Fus6 (also called COP1 1) 
(BLASTP2, E = 7 X Ssearch E = 3 X IO-'). Reciprocal 
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nble 1. Mammalian homologues of 26s proteasome subunits a 

26s Proteasome  subunits  Regulation of transcription  Regulation  of  translation 

PINT  family 
Mov34 family 
S5a  family 

p44.5 (subunit 9), p55, P91A/S3 TRIP15 (thyroid-hormone  receptor  interacting  protein 15) 
Mov34  (subunit  S12, p40) JAB 1 
S5a Basal  transcription factor IIH p44, S5a 

eIF3p48 (Int-6), eIF3pllO 
eIF3p40,  eIF3p47 

- 

These are  distinguished  between  those found by experiment  to be regulators  of  transcription  and  others  found  to  be  regulators of translation.  Although 
no mammalian S5a homologue is known  to  regulate  translation, Ssll, a  yeast  member of the  family, is known  to  be  essential for translation  initiation (Yoon 
et al.,  1992).  Alternative  names for proteins are given in parentheses.  References  and  additional  abbreviations  are  given  in  the  text. 

searches  with  Fus6-like  sequences  (human Gpsl and  KIAA0107, 
yeast YE'R108w, C. elegans F49C12.8,  and Schizosaccharomyces 
pombe C19G10.05)  provided  further  evidence  that  Fus6-like  and 
p44.5-like  molecules are homologues  (not  shown).  These  proteins 
exhibit  only  a  single  region of significant  similarity, of length 
80-95 amino  acids,  as  assessed  using MACAW- (Schuler et al., 
1991) and  ClustalW-derived  (Thompson et al., 1994)  alignments. 
Four  iterations  of  database  searching  using  HMMer  (Eddy et al., 
1995)  and  an H" derived  from  this  region of similarity was 
sufficient to detect  the  majority of the  putative  homologues  shown 
in  Figure  1. Four remaining  sequences (C. elegans T06D8.8  and 
K08F11.3,  and S. cerevisiae YIL07lw and  YOR427w)  were iden- 
tified  using  PSI-BLAST  searches  with  Fus6-  and  p44.5-like  query 
sequences. 

The  predominantly a-helical PINT  motif (Fig. 1) is seen in three 
mammalian 26s proteasome  subunits,  namely p44.5 (Hoffman & 
Rechsteiner,  1997).  p55 (T. Watanabe et al.,  EMBL  accession 
Al3003103),  and P91A/S3,  a  tumor  transplantation  antigen  (Lurquin 
et  al.,  1989),  which is associated  with  the  mammalian 20s protea- 
some (Debhino  et al.,  1994). s. cerevisiae Sun2,  a  P91A ortho- 
logue, is known  to  be  a  suppressor of NINl, a  component of the 
26s proteasome  (Kawamura et al., 1996).  This  suggests proteaso- 
mal functions of Sun2 orthologues  (Kawamura et al.,  1996)  rather 
than  previously  proposed  diphenol  oxidase  activities  (Pentz & 
Wright,  1991). In addition,  a  plant  Sun2  homologue  is  localized  to 
the  nucleus  and  shows  a  cell-cycle  dependent  variation  in  levels 
(Smith et al., 1997).  This  suggests  that  these  homologues are in- 
volved  in  cell cycle  stage  specific  regulation of  proteasome  function. 
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Fig. 1. Multiple  alignment of PINT  motifs.  Amino acids are  colored  according  to  a  90%  consensus  (shown  beneath the alignment): a, 
aromatic  (green; FHWY); c, charged (red; DEHKR);  h,  hydrophobic  (green;  ACFGHIKLMRTVWY); 1 (green; ILV); o (magenta; ST); 
p,  polar (red; CDEHKNQRST); s, small  (cyan;  ACDGNPSTV); t, turn-like  (blue;  ACDEGHKNQRST); u, tiny  (cyan;  AGS); f, 
positively  charged  (red;  HKR);  and, - negatively  charged (red; DE). Predicted  secondary structure (Rost & Sander,  1993) is shown 
beneath  the  alignment [H/h denotes an  cr-helix  and E/e a p-strand with  an expected  accuracy  higher  than 82% (upper case)/72% 

AA233250  (human),  W75295  and W54432  (mouse), TO2119 (C. elegans), W43761 (A. thaliana), C27458 and C26812 (rice), and 
(lower case)].  Expressed  sequence tags  partially  encoding PINT motifs  have been omitted from the  alignment. These are: H24402  and 

AA520167 (Toxoplasma gondii). The  sequence of Drosophila alien has been  extended  using  overlapping  ESTs,  including  AA391270. 
Consensus  sequences  were  calculated  using all homologous  sequences,  including  ESTs.  PIR,  EMBL or SwissProt  database  accession 
codes and  residue  numbers  are  shown  following  the  alignment.  A  previous  proposal  of E. coli BirA-like  helix-turn-helix  motifs in 
Fus6-like  proteins  (Mushegian & Koonin,  1996)  could  not  be  corroborated  using  methods  described  in  the  text.  Species: ARATH, 
Arabidopsis thaliana; CAEEL, Caenorhabditis elegans; CIOIN, Ciona intestinalis; DAUCA: Daucus  carota (carrot); DROME, 
Drosophila mlanogaster; SCHPO, Schizosaccharomycespombe; SOLCH, Lycopersicon chilense; andYEAST, Saccharomyces cerevisiae. 
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Unexpectedly,  PINT  motifs  were  found in two human  eukary- 
otic  initiation  factor  3 (eF3) subunits, eF3p48 and eF3pl10. 
eIF3p48,  also  called  Int-6  (Hershey et al.,  1996),  appears  to  me- 
diate other functions  that are distinct  from  translation  initiation 
since  it  has been found as a  component of chromatin-associated 
PML complexes  (Everett et al., 1997), unless  bound to the HTLV-I 
Tax oncoprotein  when it is redistributed to the  cytoplasm (Desbois 
et al., 1996). The second  largest  subunits in yeast  and  human  eJF3 
(NIP1 and eIF3pll0, respectively)  (Naranda et al.,  1996;  Asano 
et al., 1997) also  contain  the  PINT  motif. 

PINT  motif-containing  proteins also function as transcriptional 
mediators. Drosophila alien  protein  (Goubeaud  et  al.,  1996) is a 
close  homologue of  both 26s proteasome  subunit p44.5 and  human 
TRIP15,  a  rat  thyroid-hormone  receptor-interacting  protein  that  is 
likely to act as a  negative  regulator of transcription  (Lee et al., 
1995).  This  suggests  that  alien p44.5 and  TRIP15  regulate two 
distinct  cellular  functions: (a) transcriptional  regulation  and (b) 
26s proteasome-mediated  protein  degradation. This would  not  be 
unprecedented  since Sugl/TRIPl, a  thyroid-hormone  receptor- 
interacting  protein  and 26s proteasome  subunit,  possesses  both 
such  functions (Lee et al.,  1995;  Swaffield et al., 1995;  Rubin  et  al. 
1996). 

The  remaining  PINT  motif-containing  proteins  include  Fus6, 
known to be a  component of a  multiprotein  complex  in  the  nucleus 
that  participates  in  a  plant  photomorphogenesis  pathway  (Castle & 
Meinke,  1994;  Staub et al.,  1996),  and  a  human  homologue,  GPS1, 
which  is  seen  to  suppress  lethal  G-protein  subunit  activating  mu- 
tations in the yeast  pheromone  response  pathway  (Spain  et  al., 
1996). 

L. Aravind  and C.P. Ponting 

Mov34  is a homologue of both  eIF3p40  and  eIF3p47: A  second 
homologous  domain  family  was  found  to  be  represented  among 
both  proteasomal  and eIF3 subunits.  Ssearch  and  PSI-BLAST  data- 
base  searches  with  murine 26s proteasome  subunit  Mov34  (sub- 
unit  S12, p40) (Tsununi et al.,  1995)  homologues  showed  significant 
similarities  with two eJF3  subunits,  eJF3p40  and  eIF3p47  (gapped 
BLASTP: E = 4 X 10"O [query:  human p40, hit:  eIF3p471,  and 
E = 2 X lop8 [query: S. pombe padl, hit:  eIF3p40]),  whose 
functions  are  unknown. This analysis  corroborates  similar  findings 
by  Hershey et al.  (1996)  and  is  included  here for completeness 
(Fig. 2). A  third  function,  adding  to  those of proteasomal  and 
translational  initiation,  appears  to be mediated  by  members  of this 
domain family. Mov34  homologues  human  JAB1  and S. pombe 
padl have  been  shown to selectively  potentiate  transcription via 
binding to particular  gene  regulatory  proteins  AP-1  (Shimanuki 
et al.,  1995;  Claret et al.,  1996).  A  further  Mov34  homologue, 
C6.1A. is fused  to  the  T-cell  receptor  in  pro-lymphocytic  T-cell 
leukemia  (PLL)  (Fisch et al.,  1993). suggesting  that  disruption of 
one or more  of the  three  functions of Mov34  homologues  could  be 
important  in  the  etiology of  PLL. 

Proteasomal  subunit  S5a  is a homologue of TFIIH subunit p44: 
The  use of 26s proteasomal  subunit  homologues  in  regulating 
transcription  and  translation is emphasized  further by the  finding 
that  the 26s proteasomal  subunit S5a and its yeast  orthologue  Sun1 
are  homologues of the p44 subunit of the RNA polymerase 11 basal 
transcription  factor W (TFIIH) (e.g.,  PSI-BLAST E = 4 X loF4 
on pass  2  [query:  human S a ] )  (Fig.  3). Human TFIIH possesses 
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Fig. 2. Multiple  alignment of Mov34  (subunit S12, p40, SwissProt  nomenclature:  PRSC)  homologues.  The  Drosophila 26s protea- 
some  subunit  sequence  (PRSC-DROME) has been  modified  to  account for a  double  frameshift.  Abbreviations,  coloring,  and  calcu- 
lation of consensus and  predicted  secondary  structures are as  given  in  the  legend to Figure 1. 
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Fig. 3. Multiple a l i m e n t  of 26s proteasome subunit S5a  sequences (SwissProt nomenclature: PRS5) and TFIM p44 homologues. 
Abbreviations, coloring, and calculation of consensus  and predicted secondary shuctures are as given  in  the legend to Figure 1. 

multiple  roles in  transcription  and  DNA repair  mechanisms  (re- Acknowledgments. LA was supported by  a Regent’s Fellowship. CPP 
viewed  in  Svejstrup et ale, 1996) and its p44 subunit is thought  to is a Wellcome Trust Career Development Fellow, and  is a member of the 

associate  with  several TFIIII components (Iyer et al.,  1996). Ssll, Oxford Centre for Sciences. 
the S. cerevisiae p44-orthologue  (Humbert et al.,  1994), is a com- 
ponent  of  the  yeast TFIIH complex  and is essential for translation Reference 
initiation  in  yeast  possibly by promoting the  interaction of ribo- 
somes  with  mRNA  (Yoon et al.,  1992). 

The  proteasome  subunit  S5a  also  appears to possess  a  transcrip- 
tional  function  since it interacts  strongly  with  Id1 (-@hibitor  of 
- DNA-binding l), and less strongly  with  MyoD  and  E12;  in  addi- 
tion, it restores  DNA-binding  by Idl-E21 and Idl-MyoD hetero- 
dimers  and  enhances  DNA-binding  by  homodimers  of El 2 or MyoD 
(Anand et al.,  1997). 

Functional similarities among proteasome, eIF3, and transcription 
associated complexes: There  is  considerable  evidence  implicating 
homologous  proteins  in  the  regulation of  eukaryotic  transcription, 
protein  synthesis,  and  protein  degradation. As  described  above, 
proteasome  subunit  homologues S5a, TRIp15, and JABl, as well 
as Sugl/TRIPl (Swaffield et al.,  1995)  have all been  implicated  in 
transcriptional  regulation,  and  other  subunit  homologues  are  im- 
plicated  in  translation  regulation. The converse  also  appears to 
hold  true: a  modulator  of HIV TAT-dependent transcriptional  ac- 
tivation is known to be identical to the  proteasome S7 subunit 
(Dubiel  et  al.,  1995)  and  protein  synthesis  elongation  factor EF-la 
has  been  shown  to  be essential  for  ubiquitin-mediated  degradation 
of  certain  proteins  by  the 26s proteasome  (Gonen  et  al.,  1994). 
Each  of  the three  cellular  functions  in  question is mediated  by  large 
multimolecular  assemblages,  and it is possible  that  homologues  in 
different  complexes  provide  similar  core  structures  upon  which  the 
assemblies are built. On the  other  hand,  the  known  transcription 
and translation  regulatory  properties  of  proteasome  subunits (Lee 
et al.,  1995;  Shimanuki et al.,  1995;  Swaffield et al.,  1995; Claret 
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