The breast cancer gene product TSG101:
a regulator of ubiguitination?
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Sequence analysis is a powerful tool
to obtain structural and functional
information about genes and their
products. Here we show that
TSGI0!, a gene subjected to somatic
mutations in breast cancer, contains
an amino terminal domain that is a
homologue of ubiquitin conjugating
enzymes (UBCs) and not, as
previously proposed, DNA-binding
domains. As the UBC active site
residue is replaced in the TSG101
sequence in a similar manner to
several other members of the UBC

Jamily, we propose a role for TSGI10/

in regulating the ubiquitination of
short-lived gene products.
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Recently the tumour susceptibility
gene TSG101 has been found to be
mutated at high frequency in human
breast cancer [1]. The mouse [2] and
human TSG101 gene products have
been interpreted as containing both a
coiled coil that binds stathmin and a
coincident leucine zipper that binds
DNA, thereby implying both cyto-
plasmic and nuclear roles for TSG101
[ 1]. All identified TSG101 deletion
mutants result in truncations of this
coiled coil region [1]. Li and Cohen
[2] suggest the presence of both a Gald-
like binuelear zinc cluster domain
and a bacterial type helix-turn-helix
motif within the N-terminal region.

However, our analysis indicates
that TSG101 contains neither the
Gald-tike zinc cluster domain, which
to date has found only in fungi, nor
the helix-turn-helix motif. Rather, we
find the TSG 101 N-terminal region
to be similar in sequence to the cata-
lytic (UBC) domain of ubiquitin-
conjugating enzymes E2 and UBC-
related DNA-binding proteins. We
propose that TSG101 and UBC
molecules are homologues (genes
that possess a common evolutionary
ancestor) although they are unlikely
1o possess the same functions (see
below). A close homologue (proba-
ble orthologue) of human TSGI10|
oceurs in yeasts. These observations
provide insight into the modular ar-
chitecture of TSG101 and suggest a
nuclear role for TSG101, potentially
as a regulator of ubiquitination. We
have become aware that similar con-
clusions have been reached indepen-
dently by others [3].

A database search with the se-
quence preceding the proling-rich re-
gion of human TSG101 (residues
1-128) using Tblastn [4] revealed
significant similarity (P=4.0x10-5) to
a region of Saccharomyces cerevisiae

chromosome III (gene Ycl8c).
TSGI101 shows significant similarity
in the upstream region of the origi-
nally annotated Ycl8c gene (see
SwissProt YCA8_YEAST), and in-
deed a novel gene prediction algo-
rithm, GIN, that makes use of a wide
variety of sequence information
(Y.-D.C. and P.B, unpublished) re-
veals a larger gene with two introns
that includes the homologous up-
stream region. This alternative Ycl8c
iy similar to TSG101 over its entire
sequence (Blastp P=5.1x10-19), with
the exception of the central proline-
rich and coiled coil regions which
appear to be lacking in Ycl8c. Further
confirmation of the Ycl8c sequence
was later provided following com-
parison with a recently deposited
Saccharomyces pastorianus ortho-
logue (LgYCLUNSc; T. Andersen
and T. Nilsson-Tillgren, unpublished,
EMBL accession code Z86109),
Since each of the ten next-highest
scoring sequences in a Blastp search
[4] encompassed the catalytic domain
(UBC) of ubiquitin-conjugating en-
zymes (E2) we were prompted to per-
form a more detailed analysis of the
entire family of UBC domains using
profile and motif searches [51. Suc-
cessive iterations of database searches
using SWise 6] established cight se-
quences, including TSG101, as newly
identified UBC homologues. For ex-
ample, using a “positive” profile de-
rived from an alignment of 13 yeast
UBC domains, a first iteration yielded
scores of between 6947 and 8121 for
the eight putative homologues, where-
as previously known UBCs scored be-
tween 7252 and 9591, and the first
probable false positive scored 6989.
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UBC1_YEAST KRIMKELQAVKDDPAAHITLEFVSES -~~~ DIHHLKGT - FLGPPGTPYEG~ - GKFVVDIEVPMEYPF KP - PRMQFDTK~ - --VYHPNIS
UBC2_YEAST RRLMRDFKRMKEDAPPGVSASPLPD ™ = w =~ = NVMUWNAM- ITGPADTPYED~ ~GTFRLLLEFDEEYPNRP - PHVKFLSE- - - -MFHPNVY
UBC3,_YEAST LLRQYRELTDPKRAIPSFHIELEDD-~-~~- SNIFTWNIGVMVLNEDSIYHG- - GF FKAQMRFPEDF PF SP-PQFRFTPA- - -~ IYHPNVY
UBC4_YEAST KRIAKELSDLERDPPTSCSAGPVGED-~---- DLYHWQAS - IMGPADSPYAG- ~- GVFFLSIHFPTDYPFRP-~PKISFTTK- - -~ IYEPNIN
UBCS_YEAST KRIAKELSDLGRDPPASCSAGPVED--~--- DLYHWQAS - IMGPSDSPYAG- - GVFFLSTHFPTDYPF KP~ PKVNFT'TK - - - - TYHPNIN
UBC6&_YEAST KRLTKEYKLMVENPPPYILARPNE----~- DNILEWHYI - ITGPADTPYRG~~GQYHGTLTFPSDYPYKP~PAIRMITP—— -~~~ NGRFK
UBC7_YEAST KRLLKELQQLIKDSPPGIVAGPKSE~~~-~ NNIFIWDCL-IQGPPDTPYAD--GVFNARLEFPKDYPLSP-PRLTFTPS- - --ILHPNIY
UBC8_YEAST SKRRIETDVMKLLMSDHQVDLIND-—~~~-~-- SMQEFHVK-~FLGPKDTPYEN- - GVWRLHVELPDNYPYRS ~PSIGFVNK- - -~ IFHPNID
UBC9_YEAST QRLQEERKKWRKDHPFGFYAKPVKKAD~GSMDLOKWEAG - LPGKECTNWAG- - GVYPITVEYPNEYPSKP - PRVKFPAG- - - ~FYHPNVY
UBCB_YEAST ARIRLKRDLDSLDLPPTVTLNVITSPDSADRSQSPRLEV- IVRPDEGY YNY - - GSINFNLDFNEVYPIEP - PRVVCLKK~ ~ -~ IFHENID
UBCC_YEAST KRIIKETEKLVSDPVPGITAEPHDD-—--~-- NLRYFQVT-IEGPEQSPYED- -GI FELELYLPDDYPMEA -PRVRFLTK - - -~ IYHPNID
UBCO_YEAST KRLONELLQLLSSTTESISAFPVDD- -~~~ NDLTYWVGY - ITGPKDTPYSG- - LKFKVSLKFPONYPF HP - PMIKFLSP - - - ~-MAHPNVD
UBCX_YEAST YRVILKTLASDDPIANPYRGIIESLNPIDETDLSKWEAL - ISGPSDTPYEN- -HOFRILIEVPSSYPMNP - PKISFMON- - ~-NILHCNVK
F56D2.4/CAEEL NTVKEERAKWDERTPQGYTAKPISBFEG~~ADIWCSWICT - VPGPRGSPWEG—- -GEYEVSVNP-HRWPI IP-PICEFKTP - - - -LHHPNVD
C06E2.7/CAEEL NENQKRFLDD-METAQQLYIIEMVN--~-- EEDKKITFH-IAGPADTPYET--GVFEVDLTFPDNYPNAL~PQVCQITN~- -~ --MYTPFIF
FIF/MOUSE YSLLABFTLVVKQKLPGVYVOPSY - - ——~-— RSALVWFG-VIF IRBGLYQD~-GVFKFTVYIPDNYPDGDCPRLLFDIP- - --VFHPLVD
CROCL/HUMAN FRLLEELEEGQKGVGDGTVSWGLEDDE ~ ~ DMTL TRWIGM- ITGPPRT I YEN- ~RI YSLKIECGPRKYPEAP - PFVRFVTK - - - - INMNGVN
EDPF1/HUMAN FRLLEELEEGQKGVGDGTVSWGLEDDE~ - DMTLTRWIGM - ITGPPRTN YEN- ~RI ¥YSLKVECGPKYPEAP-PSVRFVTEK~ - ~ - INMNGIN
CROCL1/CHICK FRLLEELEEGQKGVGDGTVSWGLEDDE - -DMTLTRWI'GHM- IIGPPRTIYEN- -RIYSLKIECGPKYPEAP - PFVRFVTE - - - - INMNGVN
YGI7_YEAST FRULLEELEKGEKGFGPESCSYGLADSD-~DIMTKWNGT - ILGPPHSNHEN- -RI YSLSIDCGPNYPDSP-PKVTFISK~ - - - INLPCVN
Ycl8c/YEAST SNAADNFHSLRPRTRVFTHSDGTPQ= === LLLSIYGT-ISTGEDGSSP-~~-HSIPVIMWVPSMYPVKP-PFISINLE(11) PIQEYID
Ycl8e/SACPA LALLDKFHRLRPRTRVF'THSDGSPQ---- -~ LLLSTYGT-VG- =~ e m DSLPLIMWIPSLYPVRKP~PFISIDLE(11) PVQAYID
EST/MOUSE VEELKNVSVSFPHFRYSVDTYVFRD~- ~~— -~ TSQKDLIN-FTETIPVMYQGKTYNIPIRFWILDSHPFAP-PICFLRPT (4 ) ISVGKHVD
TSGL01/HUMAN VRETVNVITLYKDLK PVIDSYVFND- -~~~ GSSRELMN-LTGTIPVPYRGNTYNIPICLWLLDTYPYNP~PICFVKPT (4 ) IKTGKHVD
Consensus: chh ¢h t th s t s h hh 1 Gs ts Yts t a hpl hs pYP tP Phhthhst h tstl
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OXOLONOLOOLOOUOY,

RBABAA BRBBA BRP BBBRBAAP ppBB

SVIGAICLDILK-~--NAWSPV- ITLKSALJI SLOALLQS- PEPNDPQDAEVAQHYLR-~ - -DRESFNKTAALWTRL P21734 ( 5-147)
-ANGEICLDILQ---~NRWIPT-YDVASILT SIQSLFND- PNPASPANVEAATLFKD-~-~HKSQYVKRVKETVEK P06104 ( 7-147)
-RDGRLCISILH (12 ) ETWSPV-QTVESVLISIVSLLED- PNINSPANVDAAVDYRK----NPEQYKQRVKMEVER P14682 (12-166)
-ANGNICLDILK-- - ~-DQWSPA - LTLSKVLLSICSLLTD-ANPDDPLVPEIAHI YKT--~~DRPKYEATAREWTKK P15731 ( 5-145)
~S8GNICLDILK-~ - -DOQWSPA-LTLSKVLLSICSLLTD- ANPDRPLVPEIAQ IYKT----DKAKYEATAKEWTKK P15732 ( 5-145)
~-PNTRLCLSMSDYHP - DIWNPG-WSVSTILNGLLSFNT 8~ DEATTGS ITTSDHQRKT (11 ) ONVRFKLIFPEVVQE P33296 ( 8-160)
-PNGEVCISILH (13 ) ERWSPV-QSVEKILLSVMSMLSE- PNIESGANTIDACILWRD----NRPEFERQVKLSILK Q02159 ( 7-161)
IASGSICLDVIN- ---STWSPL-YDLINIVEWMI PGLLKE PNGSDPLNNEAATLQLR--~~DKKLYEEKIKEYIDK P28263 ( 4-145)
-PSGTICLSILNE - - DQDWRPA - LTLKQIVLGVQDLLD S- PNPNSPAQEPAWRSFSR- -~ ~-NKAEYDKKVLLOAKQ P50623 ( 7-154)
-LKGNVCLNTLR- - - -EDWSPA-LDLOSIITGLLFLFLE~ PNPNDPLNKDAAKLICE- -~ ~GEKEFAEAVRLTMSG P52491 (28-174)
-RLGRICLDVLK- - - -TNWSPA-LQIRTVLLSIQALLA S- PNPNDPLANDVAEDWI K-~ - -NEQGAKAKAREWTKL P52490 ( 6-146)
-KSGNICLDILK- ~- ~-EKWSAV-YNVETILLSLOSLLGE- PNNRSPLNAVAAELWDA----DMEEYRKKVLACYEE P52492 (11-152)
SATGEICLNILK- - - PEEWTPV-WDLLHCVHAVWRLLRE- PVCDSPLDVDIGNI IRC---GDMSAYQGIVKYFLAE P29340 (26-176)
-LRGSIYLKMLE- - - QEHWSSE -~ TSLKKLLREISNLLAT- PDLTQAANT EAWMEYEN- - - -QRENYEAKARAYAWT U13644 (38-185)
- IPDQVENSHLE (4) ARHWASS-HRRKLLTVRCHF INCNFCSLFLLRLNVSEALSYIED (8) EEVMFYKTARFWTTE U39674 ( 2-157)

FIF/MOQUSE PTSGELDVERAF - - - ~-AKWRRNHNHIWQVLMYARRVFYRK- IDTTSPLNPEAAVLYEK--~~-DIQLFKSKVVDSVKV X71978 (77-219)
CROCL/HUMAN SSNGVVDPRAIS- -VLAKWONS - YSIKVVLQELRRIMM 8- KENMKLPQPPEGQCYSN U39361 (89-221)
EDPF1/HUMAN NSSGMVDARSIP - -VLAKWQNS ~ YSIKVVLOELRRIMM 8- KENMKT,PQPPEGQTYNN U62136 (12-144)
CROCL/CHICK SSNGVVDPRAILS - - VLAKWQNS - FSIKVVLQELRRIMMS- KENMKLPQPPEGQCYSN L77699 (38-170)
YGIT7_YEAST PTTGEVQTDFHT - - - LRDWKRA - YTMETLLLDLRKEMA T- PANKRKLRQPKEGETF P53152 ( 8-137)
Ycl8c/YEAST -SNGWIALPILE~-~-- CWDPA- AMNLIMVVQELMSLLE- EPPQDQAPSLPPKPNTQL---—---—-=--——=—-—— P25604
Yel8c/SACPA -SDGRVALPILD-m =~ = HWNPA-TMGLIVVVQELMSLL S-EPSRDRVPSLPPKPDAMH-~-~---—~-= o m e Z86109 (36-163)
EST/MOUSE ~AKGRIYLPYLQ----- NWSHP-RSAIVOLIKEMIARP Q- ERLPLY S - =~ e o e e e e e e e

TSGL01/HUMAN ~-ANGKILYLPYLH~ -~~~ EWKHP-QSDLLGLIQVMIVVFG~DEPPVFSRPISASYPPYQA~ - ~~ == m e o U82130 (12-144)
Consensus sGtlshphlp tpWpss hsh hl th hhp p p s hp
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Fig. 1 Alignment of TSG101, Yel8e and other
UBC homologues that lack the active site ¢ys-
teine, with the 13 yeast E2-type UBC domains
contained in the completely sequenced yeast
genome; the 13 represent all sub-branches of a

phylogenetic trec constructed from the set of

UBC sequences (hat are currently detectable in
databases (data not shown). Exclamation mark
(1), active site cysteine of E2-type UBCs: ninn-
bers in parentheses, residues omitted from the
alignment;  SwissProt or EMBL  aceession
codes and residue limits are shown [ollowing
the alignment: dors, insertions/deletions; /ry-
phens, incomplete sequences or deleted sec-
ondary structures; the known secondary strue-
ture of yeast UBC4 [16] is shown beneath the
alignment. TSGLOI, Yel8e, and CROC-1 ap-
pear 1o have dispensed with the C-terminal he-
lix of UBC domains; however comparisons
with the known structures of UBCs [11, 16]
indicate that its deletion would be unlikely 1o
disrupt the UBC fold. A paralogue of mouse
TSG101 was found using Thlastin [4] o be
partially encoded by an expressed sequence
tag (EST; accession code AAT99318)

These eight candidate UBC homo-
logues were: TSGI01; CROC-1, a
DNA-binding protein that mediates
transcriptional activation of the human
c-fos promotor from the direct repeat
enhancer (S.L. Li. EMBL accession
codes U39361 and U39360); a putative
human enterocyte differentiation pro-
moting factor (J. Faria, GE Wild, EMBL
code U62136); a murine mutant fused
toes protein (FIF; F. van der Hoeven
et al., unpublished, EMBL accession
code X71978), which is a morphogen-
ic protein; yeast Ycl8c; an additional
yeast protein (YGI7_YEAST); and two
hypothetical proteins from Cueno-
rhabditis elegans, F56d2.4 and C06e2.7.

CROC-1 homologues, including
FIF and yeast YGI7, were shown to
be significantly similar to known

UBC homologues, using Blastp
(P<3x10-3), Importantly, human and
mouse TSGHOL, and S. cerevisiae and
S. pastorianis Y cl8e scored higher
than any other sequences when data-
bases were scanned using cither posi-
tive or negative profiles generated
from an alignment of known UBC ho-
mologues, including FIF, CROC- |
and yeast YGI7. The motif searching
algorithm MoST | 7] identified
YGI7_YEAST and CROC-1 as UBC
homologues with E<6.0x 10+ using a
block encompassing strands B34 of
known UBC homologues (1=80%).
E2 enzymes catalyse conjugation
of ubiquitin to protein substrates dur-
ing selective degradation of shorl-
lived regulatory proteins (reviewed in
[8, 9]). Proteins with a wide variety
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Fig. 2 Schematic representation of the do-
main organisation of human TSG101 and
S. cerevisice Ycl8c¢ (domains approximate-
Iy to scale). Each contains the N-terminal
UBC homologous domain and a C-termi-
nal region of unknown function. The S
pastorignus Ycl8e orthologue appears not
to possess the C-terminal domain. TSG10!
contains proline- (P-) rich and coiled coil
regions

of cellular functions are subject to
ubiquitin-mediated proteolysis, and
include tumour suppressors such as
p53, cell cycle regulators, and the
transcription factors, c-jun and c-fos
(reviewed in [8, 10]). The diversity of
UBC isoforms (15 UBC homologues
in yeast and over 20 in Arabidopsis
thaliana [ 11]) indicates that E2 pro-
teins have a range of substrate speci-
ficities. Indeed, E2s are known to be
involved in DNA repair {12] and in
the regulation of G' to S phase transi-
tion in the cell cycle [13]. However,
studies on the in vivo degradation of
the yeast Mata2 repressor demon-
strate an overlap in E2 substrate speci-
ficities mediated in part by homotypic
heterodimerisation of E2s [14].

Our studies Icad us to conclude
that human and mouse TSG101 are
homologues of the catalytic UBC do-
main ol E2 enzymes. Furthermore,
close homologues of TSG 10T occur
in two yeasts, S. cerevisiae and S. pas-
torianies, However, surprisingly, each
of these four molecules is unlikely to
conjugate ubiquitin since a cysteine
residue that in E2 enzymes mediates
reversible attachment of ubiquitin is
substituted (Figs. 1, 2). Although not
suggested previously, it would appear
that inactive UBC homologues are not
uncommon. In our sequence database
scarches we have identified seven ad-
ditional UBC homologues that con-
tain similar active site substitutions
(Fig. 1). Of these, several are closely
related o CROC-1, a DNA-binding
protein reported to mediate transerip-
tional activation of the human c-fos
promotor from the direct repeat en-
hancer (S.L. Li, EMBL accession
codes U39361 and U39360).

By analogy to CROC-1 and con-
sidering the known propensity of
UBC homologues to form heterotypic
dimers [14], TSG101 may possess

human TSG101

yeast Ycl8c

UBC- and DNA-binding functions in
a similar manner to Rad18, a DNA-
binding protein that also binds the
UBC homologue, Rad6 [15]. Other
potential binding partners are ubiquit-
in, ubiquitin homologues, ubiguitin-
activating enzymes, and ubiquitin-li-
gases. Alternatively the cellular trans-
formation that results from TSG101
knockout [2] may suggest a dominant
role in regulating the degradation of
tumour suppressors such as pd3 or
transcriptional regulators such as c-
jun and c-fos as multiple binding sites
may have been retained despite the
loss of catalytic UBC activity.
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Note added in proof A sequence identical
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