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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 268
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
JAB1/padl. Finally, the proteasome subunit S5a and the p44 sub-
unit of the basal transcription factor ITH (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, elF3 and
TFITH perform overlapping cellular roles.

Keywords: eukaryotic initiation factor-3 subunits; Fus6; Mov34;
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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 T. 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 p110 subunits of eIF3, a
Mov34-related domain present in p47 and p40 subunits of elF3,
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 (£ <
107*) 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 Proteasome subunits, Int-6, Nip-1, and TRIP-15:
Database searches with the human 26S proteasome p44.5 (sub-
unit 9) sequence revealed significant similarities (BLASTP2,
E < 1072; Ssearch, E < 1078) 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 COP11)
(BLASTP2, E = 7 X 107%; Ssearch E = 3 X 107%). Reciprocal
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268 Proteasome subunit homologues

Table 1. Mammalian homologues of 26S proteasome subunits®
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26S Proteasome subunits

Regulation of transcription

Regulation of translation

PINT family p44.5 (subunit 9), pSS, P91A/S3
Mov34 family Mov34 (subunit S12, p40) JAB1
S5a family S5a

TRIP15 (thyroid-hormone receptor interacting protein 15)

elF3p48 (Int-6), eIF3p110
elF3p40, elF3p47

Basal transcription factor IIH p44, S5a —

#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, Ssl1, 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 YPR108w, 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 HMM 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 TO6D8.8 and
KO8F11.3, and S. cerevisiae YILO71w 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
AB003103), and P91A/S3, a tumor transplantation antigen (Lurquin
et al., 1989), which is associated with the mammalian 20S protea-
some (DeMartino et al., 1994). S. cerevisiae Sun2, a P91A ortho-
logue, is known to be a suppressor of NIN1, 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.

21D7/Dauca NLIVRLRENVIRTGLRNISISY----SRISLVDVARKLRLDSPNPVADAESIVSKAIRDGAI-DATID-~---— HANGWMVSKETGDIYSTNEPQAAFNSRIAFC JQ2257 (346-439)
DXA2_DROME TLIIRLRENVIKTAIRSIGLSY----SRISPQDIAKRLMLDSAE---DAEF IVSKAIRDGVI-EATLD~ ~--PAQNFMRSKESTDIYSTREPQLAFHERISFC P25161 (354-444)
DXA2_MOUSE TLIIRLRENVIKTGVRMISLSY----SRISLADIAQKIQLDSPE---DAEF IVAKAIRDGVI-EASIN- --HEKGYVQSKEMIDIYSTREPQLAFHQRISFC P14685 (388-478)
SUN2_YEAST QLCVRLRSNVIKTGIRIISLTY----KKISLRDICLKLNLDSEQ---TVEYMVSRAIRDGVI-EAKIN~-—--~ HEDGFIETTELLNIYDSEDPQQVFDERIKFA P40016 (378-468)
DXA2_CAEEL TLIVRLRQNVIKTAIKQISLAY----SRIYIKDIAKKLY ITNET-~-ETEY IVAKATIADGAI-DAVITSD--VRDGPRYMQSSETADIYRTSEPQAHFDTRIRYC Q04908 (361-455)
LC15/Solch GLVMQVVSSMYKRNIQRLTQTY- - - - LTLSLQDIANTVQLRGPK- - ~QAEMHVLOMIEDGEL - YATIN- =~~~ QKDGMVRFLEDPEQYKTCGMIEHIDSSIKRL U19099 (105-195)
pSS/Human KRWKDLKNRVVEHNIRIMAKY Y- - -~TRITMKRMAQLLDLSVDE----SEAFLSNLVVNKTI-FAKVD- - -RLAGIINFQRPKDPN---NLLNDWSQKINSI, AB003103 (349-435)
F10g7.8/Caccl KRWSDLHLRVGEHNMRMIAKYY----TQITFERLAELLDFPVDE----MESFVCNLIVTGQITGAKLH- --RPSRTIVNLRLKKANV---EQLDVWASNVHKL U40029 (375-462)
YDL147w/Ycast HEWEDLOKRVIEHNLRVISEYY----SRITLLRLNELLDLTESQ----TETYISDLVNQGII-YAKVN- --RPAKIVNFEKPKNSS---QLLNEWSHNVDEL Z74195 (336-422)
COS41.8/Cioin DGESNILHRAVTEHNLLSASKLY----NNIRFTELGALLEIPHQM----AEKVASQMICESRM-KGHID- --QIDGIVFFERR------— ETLPTWDVQIQSL Z83760 (296-378)
¢IF3p110/Human MLVRKIQEESLRTYLFTYSSVY----DSISMETLSDMFELDLPT----VESIISKMIINEEL-MASLD~ --QPTQTVVMHRTEPTAQQ-NLALQLAEKLGSL U46025 (778-866)
T23d8.4/Caccl MVVRRIQEESLRTYLLTYSTVY----ATVSLKKLADLFELSKKD----VASIISKMIIQEEL-SATLD- EPTDCLIMHRVEPSRLQ-MLALNLSDKIQTL Z81128 (1405-1493)
pdd.5/Human THLAKLYDNLLEQNLIRVIEPF----SRVQIEHISSLIKLSKAD----VERKLSQMILDKKF-HGILD- --QGEGVLIIFDEPP------ VDKTYEAALETI AB003102 (321-404)
YDL097¢/Ycast SHFNALYDTLLESNLCKIIEPF----ECVEISHISKIIGLDTQQ--~--VEGKLSQMILDKIF-YGVLD~ - -QGNGWLYVYETPN- -QDATYDSALELV Z74145 (333-416)
F57b9.10/Caccl KHFHSILSERMLEKDLCRIIEPY----SFVQIEHVAQQIGIDRSK----VEKKLSQMILDQKL-SGSLD- - ~-QGEGMLIVFEIAV- -PDEAYQTALDTI Ul3876 (366-449)
Alicn/Drome EHIEDLLRNIRTQVLIKLIRPY----KNIAIPFIANALNIEPAE----VESLLVSCILDDTI-KGRID- --QVNQVLQLDKI--~- NSSASRYNALEKwW US7758+ESTs
GpsI/Human PHVRTLYTQIRNRALIQYFSPY----VSADMHRMAAAFNTTVAA--~--LEDELTQLILEGLI-SARVD- - ~SHSKILYARDVDQ- -RSTTFEKSLLMG G01646 (369-452)
FUS6_ARATH DHVDTLYDQIRKKALIQYTLPF--~-~-VSVDLSRMADAFKTSVSG~-~~~-LEKELEALITDNQI-QARID- --SHNKILYARHADQ- -RNATFQKVLOMG P45432 (329-412)
YDY95_SCHPO AHYRYYVREMRRRAYAQLLESY----RALSIDSMAASFGVSVDY -~ --IDRDLASFIPDNKL-NCVID- --RVNGVVFTNRPDE- -KNRQYQEVVKQG Q10335 (305-388)
YPR108w/Ycast RHADFFVREMRRKVYAQLLESY----KTLSLKSMASAFGVSVAF - ---LDNDLGKFIPNKQL-NCVID- --RVNGIVETNRPDN- -KNAQYHLLVKQG S59773 (324-407)
Kiaa0107/Human PHYRYYVREMRIHAYSQLLESY----RSLTLGYMAEAFGVGVEF - -~ -IDQELSRFIAAGRL-HCKID- --KVNEIVETNRPDS- -KNWQYQETIKKG DI14663 (290-373)
F49¢12.8/Cacel PHFNYYSRGMRHRAYEQFLTPY- - - ~KTVRIDMMAKDFGVSRAF - - - - IDRELHRLIATGQL-QCRID- -AVNGVIEVNHRDS- -KNHLYKAVIKDG Z68227 (311-394)
Int6/Human ACLEDFIENARLFIFETFCRIH--~--QCISINMLADKLNMTPEE----AERWIVNLIRNARL-DAKID- --SKLGHVVMGNNAVS--~--- PYQQVIEKTKSL U62962 (327-411)
KO8['11.3/Caccl VDETILLKRIRLLTILMSLAEEK- - -~-NEISLDELAKQLDILADE---TLEEFVIDAIQVNAT-SGKIN--~--- EMARTLIVSSYQHRRFGTEQWVLLEKRIKVL U70855 (279-369)
T06d8.8/Cacel KQKDFLTAKIRLMAVMELAVSRPTKARSVSFKEIATKCQIPFDE-~-~~VEFLVMKALSKDLI-RGDIN=~~~~- QVEQVVYVTWVQPRVL~-DNPQIMOMATRIS Z49130 (272-363)
D89140/Schpo MLSEKIREEGLRTYLLAYAAFY----DSVSLEFLATTFDLPVQR-~---VIVIVSRLLSKREI-HAALD- --QVHGAIIFERVEI---~~ NKLESLTVSLSEK D89140 (215-299)
Ydrd27w/Yeast QHESFLRQKICLMTLIETVFVEN--IRMLSFEDISKATHLPKDN~---VEHLVMRAISLGLL-KGSID- - -QVNELVTISWVQPRIISGDQITKMKDRLVEW S69708 (282-373)
CELB0025_2 EHTEELMNNIRTQVLLRLIRPY--~--TNVRISYLSQKLKVSQKE----VIHLLVDAILDDGL-EAKIN- --EESGMIEMPKN-------- KKKMMVTSLVVP U97190 (102-183)
YMI5_CAEEL VHSQNLERNMLEKEISRVIEPY----SEIELSYIARVIGMTVPP----VERATARMILDKKL-MGSID~ -QHGDTVVVYPKADAAN----QFTRSLKTIREL P34481 (367-453)
NIPI_YEAST SLTERVQVESLKTYFFSFKRFY----SSFSVAKLAELFDLPENK-~~~-VVEVLQSVIAELET- PAKLN-~----~ DEKTIFVVEKGDEI----TKLEEAMVKINKE P32497 (712-797)
YIHI_YEAST SWSSSAAVIMRCKIYFFYLRIS----KKLQFSYLSSTLGIDLED-~---IKEELTKLIISGQL-NFEIDGDVIHFEDSSILQSIVNEIS-~-~-RNGTMINEVIDKL P40512 (296-387)
Conscnsus/90% +h...h.tt h.. . h..h...h. ... plth. .hut.hths....... he. - lsphl te h ig dse o, Dh EERN S R h...h..h
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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); ¢, 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); +,
positively charged (red; HKR); and, — negatively charged (red; DE). Predicted secondary structure (Rost & Sander, 1993) is shown
beneath the alignment [H/h denotes an a-helix and E/e a B-strand with an expected accuracy higher than 82% (upper case)/72%
(lower case)]. Expressed sequence tags partially encoding PINT motifs have been omitted from the alignment. These are: H24402 and
AA233250 (human), W75295 and W54432 (mouse), T02119 (C. elegans), W43761 (A. thaliana), C27458 and C26812 (rice), 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 melanogaster; SCHPO, Schizosaccharomyces pombe; SOLCH, Lycopersicon chilense; and YEAST, Saccharomyces cerevisiae.
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Unexpectedly, PINT motifs were found in two human eukary-
otic initiation factor 3 (eIF3) subunits, eIF3p48 and elF3p110.
elF3p48, 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 eIF3
(NIP1 and elF3p110, 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
TRIP1S, 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/TRIP1, 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 elF3p40 and elF3p47: 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) (Tsurumi et al., 1995) homologues showed significant
similarities with two eIF3 subunits, e[F3p40 and eIF3p47 (gapped
BLASTP: E = 4 X 107'° [query: human p40, hit: e[F3p47], and
E = 2 X 1078 [query: S. pombe padl, hit: elF3p40]), 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 Sunl
are homologues of the p44 subunit of the RNA polymerase II basal
transcription factor ITH (TFITH) (e.g., PSI-BLAST E = 4 X 10~*
on pass 2 [query: human S5a]) (Fig. 3). Human TFIIH possesses

eIF3p40/Human QVQIDGLVVLKIIKHYQEE-GQGTEVVQGVLLGLVVE----DRLEITNCFPF--~--— PQHTEDDADFDEVQYOMEMMRSL - - -~
C41D11.2/Caeel HILLDSLVVMKIVKHVDSE (8) SGDACAGVLTGLVFLED--SRLEITNCFPTV - -RNEPVMDDDA-NAAQQYEEQRQHEM ( 7)
JAB1/Human YCKISALALLKMVMHARSG- - -GNLEVMGLMLGKVDG----ETML IMDSFAL----PVEGTETRVNAQAAAYEYMAAYIENA -~
Ydl21l6c/Yeast HVLISKLSCEKITHYAVRG---GNIEIMGILMGFTLK-~--DNIVVMDCFNL----PVVGTETRVNAQLESYEYMVQYID(12)
POH1/Human QVYISSLALLKMLKHGRAG- - -VPMEVMGLMLGEFVDD-~-~YTVRVIDVFAM- - --PQSGTGVSVEAVDPVFQAKMLDML - - -~
PAD1_SCHPO CVYISSLALLKMLRHGRHG- - -TPMEVMGLMLGEFVDD--~-FTVRVVDVFAM- - --PQSGTGV SVEAVDPVFQKNMMDML - - - -
MPR1_YEAST TVYISSIALLRKMLKHGRAG---VPMEVMGLMLGEFVDD---YTVNVVDVFAM----PQSGTGVSVEAVDDVFQAKMMDML - - -~
skslh/Dicdi TIHISSLALLKMLQHARAG---VPLEVMGLMLGELIDE--~-YTIRVIDVFAM----PQSGTSVSVEAIDPVFQTKMLDML---—
YPTS5_CAEEL TVNISSLALLKMLRHARSG---IPLEVMGLMLGDFVDD-~-~-YTINVTDVFAM----PQSGTSVTVESVDPVYQTKEMDLL--~-—
PRSC_HUMAN KVVVHPLVLLSVVDHFNRI (4) NQKRVVGVLLGSWQK - - - ~KVLDVSNSFAVPF - -DEDDKDD SVWFLDHDYLENMYGMF - - - -
PRSC_DROME KVIVHPLVLLSVVDHFNRM (4) NQKRVVGVLLGCWRSK - - ~-GVLDVSNTFAVPF - -DVDDKDK SVWF LDHDYLENMYGMF - - - -
Yor26lc/Yeast KVTIAPLVLLSALDHYERTQTKENKRCVGVILGDANS ---~-STIRVINSFALPF --EEDEKNS DVWF LDHNYI ENMNEMC - - -~
Prsc/Arath TARIHPLVIFNVCDCFVRRPD-SAERVIGTLLGS ILPD---GTVDIRNSYAV----PHNESSDQV-AVDIDYHHNMLASH----
eIF3p47/Human VVRLHPVILASIVDSYERRNE-GAARVIGTLLGTVDK----HSVEVTNCFSV--~-PHNESEDEV-AVDMEFAKNMYELH----
C61A_HUMAN AVHLESDAFLVCLNHALST---EKEEVMGLCIGELND (22) DAVRIVHIHSVIILRRSDKRKDRVEI SPEQLSAASTEAERLA-
D2013.7/Caeel YMNVVDTHMRRTKS SAKNT - - -GQERCMGTLMGY YEK----GSIQVTNCFAI----PFNESNDDL-EIDDQFNQQMISAL----
B0547.1/Caeel QIKISAIALLKMTMHAKRG---GNLEIMGLLQGRIDA----NSFIILDVFAL----PVEGTETRVNAQAQAYEYMTVYSEMC--
EST/T17026/Human SVALHPLVILNISDHEWIRM (5)RPVQUVIGALIGKQEG----RNIEVMNSFEL----LSHTVEEKI-IIDKEYYYTKEEQF---~
Consensus/90% <h.1tshhhhphh . ph.t. oo thhGhhhG.h........ h il ssash iy eileaieltln aag oo Baesh ooy
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eIF3p40/Human RHVNIDHLHEVGWYQS (3 ) GSFVTR---ALLDSQFSYQHAIEESVVLI----YDPIKTAQ--GSLSLKAYRLTPK U54559 (38-172)
C41D11.2/Caeel RTMNIDYEIVGFYQS (3) GAGFSH- - -DLVESMFDYQAMGPENVVLI - - --YDPIKTRQ--GQLSLRAWRLSTA AF003740 (51-202)
JAB1/Human KQVGHLENAIGWYHS (4 ) GCWLSG---IDVSTQMLNQQFQEPFVAVV----IDPTRTISA-GKVNLGAFRTYPK U65928 (54-191)
Ydl2l6c/Yeast DYKGAKLNVVGWFHS (4) DCWLSN---IDIQTQDLNQRFQDPYVAIV--~--VDPLKSLED-KILRMGAFRTIES S67775 (85-232)
POH1/Human KQTGRPEMVVGWYHS (4) GCWLSG---VDINTQQSFEALSERAVAVV----VDPIQSVK--GKVVIDAFRLINA U86782 (30-165)
PAD1_SCHPO KQTGRPEMVVGWYNS (4) GCWLSS---VDINTQQSFEQLTPRAVAVV----VDPIQSVK--GKVVIDAFRLINP P41878 (29-164)
MPR1_YEAST KQTGRDQMVVGWYHS (4) GCWLSS---VDVNTQKSFEQLNSRAVAVV----VDPIQSVK--GKVVIDAFRLIDT P43588 (26-161)
skslh/Dicdi KQTGRDEIVIGWYHS (4) GCWLSS---VDVUNTQQSFEQLQSRAVAVV--~--VDPLQSVR--GKVVIDAFRTIKT U96916 (30-165)
YPT5_CAEEL KLVGRTENVVGWYHS (4) GCWLSS---VDVNTQQSFEALHPRAVAVV----VDPIQSVK--GKVMLDAFRSVNP P41883 (28-163)
PRSC_HUMAN KKVNARERIVGWYHT - - ~GPKLHK---NDIAINELMKRYCPNSVLVI---~-IDVKPKD---LGLPTEAYISVEE P51665 ( 8-143)
PRSC_DROME KKVNARERVVGWYHT - - ~GPKLHEQ---NDIAINELVRRYCPXSVLVI----IDAKPKD---LGLPTEAYISVEE P26270 ( 5-147)
Yor26lc/Yeast KKINAKEKLIGWYHS---GPKLRA-~--SDLKINELFKKYTQNNPLLL---IVDVKQQG---VGLPTDAYVAIEQ S67158 ( 7-142)
Prsc/Arath LKVNSKETIVGWYST-~--GAGVNG---GSSLIHDFYAREVPNPIHLT- - - -VDTGFTN---GEGTIKAFVSSNL AF002109 (27-158)
eIF3p47/Human KKVSPNELILGWYAT---GHDITE---HSVLIHEYYSREAPNPIHLT----VDTSLQON---GRMSIKAYVSTLM U94855 (91-221)
C61A_HUMAN ELTGRPMRVVGWYHS (4 ) TVWPSH- - -VDVRTQAMY QMMDQGFVGLIF SCFIEDKNTKT - -GRVLYTCFQSIQA P46736 (11-178)
D2013.7/Caeel KKTSPNEQPVGWFLT(6) SCLIYHDYYVRVITEASARRESPPIVVLT~-~--IDTTFSGDMSKRMPVRAYLRSKA Z47808 (14-154)
B0547.1/Caeel DTEGRKEKVVGWYHS (4) GCWLSG--~-IDVSTQTLNQKFQEPWVAIV--~--IDPLRTMSA-GKVDIGAFRTYPE U80814 (55-192)
EST/T17026/Human KQVFKELEFLGWYTT---GGPPDP---SDIHVHKQVCEIIESPLFLK---~-LNPMTKH--~-TDLPVSVFESVID T17026
Consensus/90% IS hlGWato...ss..pt..... h..p...pt..... hhlh....hss..p....hth.htsa
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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 alignment of 26S proteasome subunit S5a sequences (SwissProt nomenclature: PRS5) and TFIIH p44 homologues.
Abbreviations, coloring, and calculation of consensus and predicted secondary structures are as given in the legend to Figure 1.

multiple roles in transcription and DNA repair mechanisms (re-
viewed in Svejstrup et al., 1996) and its p44 subunit is thought to
associate with several TFIIH components (Iyer et al., 1996). Ssl1,
the S. cerevisiae p44-orthologue (Humbert et al., 1994), is a com-
ponent of the yeast TFIIH complex and is essential for translation
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 (Inhibitor of
DNA-binding 1), and less strongly with MyoD and E12; in addi-
tion, it restores DNA-binding by Id1-E21 and Id1-MyoD hetero-
dimers and enhances DNA-binding by homodimers of E12 or MyoD
(Anand et al., 1997).

Functional similarities among proteasome, elF3, 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 JABI, as well
as Sugl/TRIP1 (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-1a
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
et al., 1996; Anand et al., 1997) point to cellular functions of the
268 proteasome that are distinct from ubiquitin-mediated proteol-
ysis. It is concluded that processes regulating transcription, trans-
lation, and protein degradation are interdependent and are regulated
in part by proteins that share common ancestors.

Note added in proof: It has come to our attention that the PINT
motif is identical to the PCI domain discovered independently by
K. Hofmann et al. which will be published elsewhere.
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