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ABSTRACT

Many of the vertebrate zinc finger factors of the
Kruppel type (C2H2 zinc fingers) contain in their
N-terminus a conserved sequence referred to as the
KRAB (Krippel-associated box) domain that, when
tethered to DNA, efficiently represses transcription.
Using the yeast two-hybrid system, we have isolated
an 835 amino acid RING finger (C3HC4 zinc finger)
protein, TIF1 B (also named KAP-1), that specifically
interacts with the KRAB domain of the human zinc
finger factor KOX1/ZNF10. TIF1 B, TIFla, PML and efp
belong to a characteristic subgroup of RING finger
proteins that contain one or two other Cys/His-rich
clusters (B boxes) and a putative coiled-coil in addition

to the classical C3HC4 RING finger motif (RBCC
configuration). Like TIF1 a, TIF1p also contains an
additional Cys/His cluster (PHD finger) and a bromo-
related domain. When tethered to DNA, TIF1 3 can
repress transcription in transiently transfected
mammalian c ells both from promoter-proximal and
remote (enhancer) positions, similarly to the KRAB
domain itself. We propose that TIF1 (3 is a mediator of
the transcriptional repression exerted by the KRAB
domain.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. X97548

In one of the best understood examples of negative gene
regulation in eukaryotes, the repression of mating type a-specific
genes in yeast cells, MCM1 binds together with tl protein
specifically to DNA and represses target geig3. (At least two
additional proteins, SSN6 and TUP1, are required as general
co-repressors}(9). The main function of the2/MCM1 complex
is to recruit mediator molecules to the DNA that in turn interact
with the transcription machinery or activators and thereby repress
transcription {0). Other suggested repressor—corepressor systems
include the nuclear receptor superfamily (with SMRT/N-CoR)
(11,22) or MAD/MAX (with homologs of yeast SIN3)LB,14).
Another mechanism is responsibleBoosophilahomeotic gene
expression control. While the trithorax-group (trx-G) gene products
generally activate expression, the Polycomb-group (Pc-G) proteins
are required for maintenance of the repressed state, perhaps by
packaging the target genes into condensed heterochromatin
(15-19). Interestingly, also in the case of mating-type specific
repression in yeast, remodelling of chromatin may contribute to
gene repressior2().

A conserved sequence is found at the N-terminus of many human
zinc finger proteins of the Krippel type (C2H2 zinc fingers),
referred to as Kriippel-associated box (KRAB) domalrZ5).

The KRAB domain consists @f5 amino acids, that can be
further subdivided into an A box and a B box. The A box, but not
the B box, is present in every KRAB domain and essential for
transcriptional repressio%,24,26,27). Many KRAB domains
have been identified in vertebratég,?7-29), but do not occur

in the yeasBaccharomyces cerevisiard apparently also not in

In eukaryotes, a great number of studies have analysed transciypesophila melanogastersuggesting its late appearance in

tional activation, while much less is known about gene repressiemolution. Since a sequence-specific DNA-binding function has
and silencing. Repressors seem to act, in principle, in threet been shown for any of the KRAB domain-containing putative
different ways: (i) by steric hindrance, such as in the simplest casanscription factors so far, the respective target promoters remain
of bacterial-type repression; (ii) by inducing the reorganisation ainknown. However, the differential expression of several KRAB
chromatin into an inactive form, e.g. by recruiting enzymes thaomain-containing zinc finger factors, as it is found in T cell and
change the acetylation state of histoie8)and/or proteins that myeloid differentiation42,30), could suggest an important role
are otherwise involved in the establishment and maintenanceinfdevelopmental processes.

inaccessible, genetically inert chromatin (reviewet;iror (jii) In order to investigate the mechanism of KRAB-mediated
by interfering, through specific protein—protein contacts, with thesanscriptional repression, we used the yeast two-hybrid system
assembly of a functional transcription initiation complex (so-callednd screened for proteins that interact with the KRAB domain of
active repression; for review, sge the zinc finger factor KOX1/ZNF10. This factor contains 11
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C-terminal C2H2 zinc fingers and its KRAB domain consists obf reporter plasmid, #g of transactivator plasmid (o in the
both an A and a B bo2(). Here we report the characterizationcase of GAL-TIFB constructs that have drl.5-fold higher

of an interacting factor, TIR that contains several sequencemolecular weight compared with GAL-KRAB or GAL-VP
features found in other nuclear regulatory or chromatin-associateahstructs) and 1.Ag reference plasmid. The total amount of
proteins. TIFP by itself, fused to a heterologous DNA binding DNA transfected was adjusted with empty vector plasmid gy 20
domain, efficiently represses transcription and may contribute pgr 10 cm dish. In all transfections OVEC-REF was used for
the KRAB domain effect. After the isolation and characterisatioreference35). After 36 h incubation, RNA was isolated according
of TIF1P we learned that the group of F. Rauscher has cloned ttee (41) and hybridised to a radiolabelled oligonucleoti@g).(
same factor as KRAB-associated protein (KAP-1) by biochemicklybridisation was performed overnight at°@0 Hybridisation

means §1). products were digested with 150 U S1 nuclease for 1 h and
separated on a 10% denaturing polyacrylamide gel. For quantifica-
MATERIALS AND METHODS tion, dried gels were exposed to a phosphor storage screen or

autoradiographs were analysed densitometrically (Molecular
Recombinant DNA work was done according to standard protocolSynamics, Inc.). The signals derived from the reference tran-
Details concerning construction of plasmids, which were verified bscripts were used to normalise for variability in the transfection
sequencing, are available upon request. efficiency.

Plasmid construction FISH mapping

Appropriate fragments of the mammalian expression vectorgmphocytes isolated from human blood were cultured in minimal
PG-KRAB (23), pG-ZNF43, pG-KOX1-MLE and pG-KOX1-PP essential medium (MEM) supplemented with 10% fetal calf
(kind gift of H. J. Thiesen) were cloned into pRS332) @nd  serum and phytohemagglutinin (PHA) at @7or 68-72 h. The
tested in bandshift assays for protein expression in yeast strimphocyte cultures were treated with BrdU (0.18 mg/ml,
Y153 @33). Sigma) to synchronise the cell population. Synchronised cells
TIF1R full length clone TIFB(1-835) was isolated by PCR were washed three times with serum-free medium and recultured
amplification of the start region and combined with tr&guence  at 37 C for 6 h in MEM with thymidine (2.fig/ml, Sigma). Cells
of a two-hybrid isolate by standard cloning procedures.tibele were harvested and slides were prepared by standard procedures
mutants shown originate from this parental clone and were magluding hypotonic treatment, fixation and air-drying.
using appropriate restriction sites. The cDNA probe was biotinylated with dATP using the BRL
For expression in mammalian cells, the PFdones were BjoNick labelling kit (153C, 1 h) ¢2). FISH detection was done
transferred to pCATCH vector as describ@d).(GAL fusions  according to43,44); slides were baked at 55 for 1 h, RNase

were expressed from the vectors described3h ( ~treated and denatured in 70% formamideSBC for 2 min at
TIF1a constructs were obtained by PCR and cloned into thE)°C, and dehydrated with ethanol. Denatured chromosomes
yeast expression vectors pASV3 or pASVE8 7). were incubated with the probe overnight. FISH signals and DAPI

Lex DBD and GAL DBD fusions of VP16 are as descrii&l (  banding pattern was recorded separately and assignment was don
by superimposing both signal and DAPI banded chromosd#es (
cDNA library screen and transactivation assays

A peripheral blood leukocyte cDNA library was expressed fronl]?ESULTS
PACT vector 83) (gift of S. Elledge) and introduced by lithium |solation of a cDNA clone whose product interacts with the
acetate treatmen89) into yeast strain Y153 containing the baitkRAB domain of KOX1
construct, pPRSKRAB. Transformani2(x 10F) were plated on
adenine-supplemented minimal medium plates in the presence/hereas the KRAB domain of KOX1 showed transcriptional
25 mM 3-aminotriazole. After 5 days, 26 clones that showetgpression in all mammalian cell lines tested, no effect was
growth and blue staining in an X-gal filter assay were isolate@etectable in either yeast @rosophila Schneider cells (P.
DNA was isolated and re-transformed in Y153+pRSKRAB oMoosmanret al, manuscript in preparation). This suggests that
empty vector to control for specific interaction with the bait. the proteins that mediate repression by the KRAB domain in
To isolate the Send of TIFP, aAgtl0 cDNA library from mammals are either absent or have diverged so much that they do
BJA-B cells (kind gift of M. Busslinger) was screened. Themfi  Nnot recognise the mammalian KRAB domain. Therefore, the
region of the longest clone was used to re-screen the library otg#ist two-hybrid system§) was an appropriate tool to search for
again. potential KRAB-interacting proteins. As a bait, we fused the
Yeast transformants were grown to a density>ol@®—1x 10/’ KRAB domain of KOX1 and some flanking amino acids,
cells/ml in minimal medium supplemented with adenine angesidues 24—-145 to the DNA binding domain (DBD) of GAL4
containing 25 mM 3-aminotriazolB-galactosidase activity was (@mino acids 1-147p¢) and expressed it in yeast strain Y153
assessed in at least three independent experiments by a permégg)- Fusion protein expression was verified by bandshift assays

lised cell assayl(). Units are expressed as$¥0DD42d/[ODggg (N0t shown). The human peripheral blood lymphocyte-derived
x volume assayed culture (rdXime (min)]. cDNA library (a gift of S. Elledge) was fused to the GAL4

activation domain4b). Twenty-six clones were selected for His
prototrophy and LacZ staining. Back-crosses and tests with
GAL4 DBD as a control bait verified the specificity of this
Hela cells were grown under standard conditions and transfeciateraction. Restriction analysis and sequencing revealed that 23
by the calcium phosphate co-precipitation metBajiWith 5ug  independent clones belonged to the same type of unknown cDNA

Transfection and RNA analysis
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MAASAARASAAAASAASGEPGPGEGSAGGERRSTAPSAAASASASARASSPAGGGAEALE 60
RING finger

LLEESGVRERLRPERE PRLLESLESASSABLGPAAPAAANS SCDGGAAGDGTVVDHPVIERQQCFSKDIVENY FMRDSGSKAATDAQODAN 150
B1 box B2 box

QCETSHEDNAPATSY[EVERSEPLEE TEBVEARQRVKY T RDEITVR S TGPARKSRDGERTVY[MN VL
coiled coil
QYQFLEDAVRNQRKLLASLVKRLGDKHATLQKSTKEVRSS IRQVSDVQRREQVDvmzLQIMKELNKRGRVLVNN\QKVTBGQQERLER 330

[SE SEDTL THROERLEARIED] 240

CHWIMTEIQKHQEHILRFASWALESDNNTALLLSKELIYFQLERALEMIVDPVEPHGEMEKF QWD LNAWTKSAEAFGEIVAERPGTRSTGP 420
APMAPPRAPGPLSKQGSGSSQPMEVQEGYGFGSGDDPYSSAEPHVSGVRRSREGEGEVSGLMRKVPRVSLERLDLDLTADSQPPVFEVEP 510

GSTTEDYINLIVIERGAAARRATGOFGTAPAGTPGAPPLAGMAIVEEEETEAAIGAPPTATEGPETEPVLMALAEGPGAEGPRLASPSGSTS 600
PHD finger
NCEEFCFILOMELPALODVPGEEWSMSLEHVLPDLKEEDGSLSLDGADST 690

Bromo-like domain
GVVARELSPANQRECERVLLALFCHEPCRPLHQLATDSTFSLDOPGGTLDLTLIRARLQEKLSFPYSSPQEFAQDVGRMFEQFNEKLTEDEA 780

SGLEVVAPEGTSAPGGGPGTLDD SAT IERVEQKFGDLVY

DVQSIIGLORFFETRMNEAFGDTEFSAVLVEPPPMELPGAGLSSQELSGGPGDGP* 835

Figure 1.Predicted protein sequence of TB-The Cys/His-rich protein motifs are boxed and the conserved cysteine and histidine residues that may be involved i
zinc complexing are underlaid in black. Amino acids of the putative coiled-coil that are recognised by the Lupas algorithm to be at position A in the heptad rep
are marked by arrowheads. As threshold a minimal probability of 10% was set in a medium restrictive window of 21 amino acids. The core region of the bromo
domain is underlined. Note the preponderance of alanine residues within the first 50 amino acids and of alanines and prolines in the region between amino ac
and the first cysteine of the PHD finger at amino acid 628. The complete nucleotide sequence has been deposited with the EMBL Data Library under the acce
number X97548.

isolate. The longest inseffR.9 kb in length, was sequenced.Sequence motifs in TIFB

Screening of agt10 cDNA library originating from the BJA-B _ ) _ )
cell line allowed sequence extension further upstream. TH&F1PB contains several features also seen in other proteins with
cDNA contains an open reading frame for an 835 amino acfl established or putative regulatory function (Eig.Most
protein. Three in-frame stop codons precede the start AUG, tREOMinent are the four Cys/His-rich clusters that form a so-called
ORF is followed by a 166 bp @ntranslated region that contains RING finger (Fig.2B), the two B boxes and the PHD finger

a putative polyadenylation signal at 23 nucleotides upstream &fig- 2C). RING fingers (or C3HC4 zinc fingers) are characteristic
the poly(A) tail (see database entry). motifs found in >50 proteins otherwise lacking homology and of

The predicted polypeptide shares its overall organisation wigPparently diverse functiond%-53). Recent studies report a
the mouse nuclear factor TIF1 (transcriptional intermediarfpnction of RING fingers in RAG1 mediated recombinati®f),(
factor 1) to which it is 31% identical. TIF1 was recently cloneds Well as selective RNA binding for MDM2 oncoprotéif)(
as a putative coactivator of several nuclear recef@@sgy a  The classical C3HC4 zinc finger of TIF®6) is followed by two
different approach, the same group has also isolated a mogéecalled B boxes (1 and 2) of unknown function and a putative
factor 95% identical to ours, TIB147). We therefore decided to coiled-coil. The arrowheads in Figurésand 2D indicate the
adopt the pre-existing nomenclature and named our KRAB-intemino acids predicted to be at positiorb&)(of the coiled-coil.
acting clone TIFB as the human homolog. TIF1 will be With a reduced fit to the consensus, this domain could be
henceforth referred to as TkE1lwhile TIF1 stands for both extended towards the C-terminus. A similar coiled-coil may exist
members of this novel family of proteins. in the KRAB domain, but the respective residues are not

Northern blot analysis showed a predominant sigrid8 kb recognised by the algorithm and the originally described leucine
in all tissues tested (i.e., spleen, thymus, prostate, testis, ovaipper-like structure differs from the spacing as it is represented
small intestine, colon and peripheral blood leukocytasjitro  in Figure2D (21). The combination of a RING finger with one
translation and expression in cell culture yielded a polypeptid¥ two B boxes (1 and 2) and a coiled-coil (RBCC) is
that runs at an apparent molecular weight of close to 100 kDeharacteristic for a family of related proteins. Besides ind7[k1
whereas the predicted molecular weight is 88.5 kDa. TH&se RBCC configuration is also found in the nuclear factors PML
epitope-tagged protein was exclusively located in the nucleus @8,58), efp 69), RPT-1 60), RFP 61,62), SS-A/RO 63,64),
transiently transfected mammalian cells. Notably, the fine granulBwA33 ©5) and XNF7 66). The factors that contain two B
pattern observed with TIRIs different from the association with boxes, PML, efp, TIFd andf, are schematically depicted in
characteristic speckles observed with PML, another member leigure2A. The C-terminal Cys/His-rich cluster found in Tz1
the RING finger family with the RBCC conformatiof8| (data  the so-called PHD finger, has first been described in plant
not shown). homeobox domain protein€7,68) and is shown in FigurgC.

In the original screen TIRLrepresented 23 of 26 clones. OneTIF1B also exhibits a rather weak similarity to previously
of the three remaining clones is so far unknown and hastablished bromodomair&f present in several nuclear factors,
similarities to a TAF (TBP-associated factor) of RNA polymerassuch as brahma and SWI2/SNFQ)( However, since the domain
I, while the other two do not seem to interact specifically with then TIF1B differs clearly from the consensus sequence PEY.
KRAB domain (our unpublished results). we refer to it as a bromo-like domain.
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A AING B boxes PHD  Bromo-ike ident.  sim.
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B sl ] 107aa 32% 55%
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EFP 1 (I I SN ] 630 aa 20% 42%,
TIF1B 84 EH| RLRFEREPRLLPMLESAMS GPAAPA{19aa) 122
TIF1e 50 DT| QNIQS.RVPKLLPSLE PAPQRY (4 3aa) (&P 13
BRCA1 22 LEMPIMLELIKEPVSTK. . .80 LKLLNQKEGPSQuP 65
RAD18 26 L IMEDFLEVEVLTE . IRTHLNNQ. . . P! 86
RAG-1 291 ISOIMEHILADPVETHN. ILRCL. . KVMGSY[HPS] 332
RING1 17 IMLDMLENTMTTE . . EMLERFMSDIVTAL . . RSGNKESPT) 59
ICPOD 13 D DE mpn:.p.cn'rrp I KTHWMQLR. . . NT| 157
TIF1p 627 IfeRvid.QKP...GDLVMENQEEFCFRLDEHLPALODV. . ... ..
TIFle 795 WeAVIS.QNG. . . GELLCMEKSPEVEHLTHVPTLTHF. .. .. ..
HRX(1) .DQLENWCC
YKAS .GLMSEDSKY
TRX(2) ....RLLGADRPLI[«
HRX(2) .. .. .KPTEKKEVWI[STH]
TRX{3) Ciz GLSDEQ!HLLSTLPESIEFI
PCL(1) 514 Mevalsl. KRSDIEDVVE IMERMGRGYLIRGIMTVEIVTG . . . . ... ..
PCL(2) .NFEKKLLRGDMFFVFCETVENNG 472
D
KRAB 5 s:.nﬁsarLVTﬁxDva-rREwaﬂanqgﬁvm NYKNIESLG!QLTKPDVI LrfiexceEEsffn 7
TIF1p 245 LED. RNQRKL SLVK Dmum' KS TKE RSSIR sDVQK 315
TIF1o 259 TEEMJONQEVIMNDTLI TKIMMEKTKYMKY TGNOMONRIT QNQK QDI‘I(V FTLMVEMNERG azg
EFP 191 LSQASADLEATHRHELT SQINGEISRALDDRNRQQD TANRKVEQLQQEYTEMKA ASETTST 261
PML 228 ISAEMOOROEEMDAMTO EQDSARGAVHAS ARV RARAETEELIRE 259
PWA33 274 IQDAGGVYRDOMIALVSE#E T TMRENQKLKCDQSQKISLHRENIVDCEKHIEC 347
RFP 132 LEE GFKEQMONQLD RVKDLEKRRRAQGEQARAEMLSLTQMEREKIVWE 202
RPT-1 132 IEEVDQEYKEKSQGAL KAKICDEWODDHOLORVDENQIQINVENVOR 202
XMF7 260 ILDAQGVYREEMSAIVAPHMEASLKVTIEQLSSEQSDKIEQHNKNMSQYKEHITSE 330
SS-A/RO 1286 LEEAQQEYQEKSOVALGEPRRKOELJEKLE IKRAD[JKKTVETOKSRIHAE 198
E
TIF1p 717 CRPLHQLATDSTFSLDQ. . . . PGGTLATLIRARLQEKLS PPRSSPQEFAI GRHE‘KQFNKI.TED 778
TIF1a ses sTafJonfgl. . . PLTVE KNS TIKKRLQEDYC . Mi{TEPEDFV. IF
SNF2 1448 SDILSKPSKALY. . P YISVAFDNINTHIET SLEKETL 1FsS
BRM 1573 SEP|gMELPSRQRL. . B HVSIIKKILORIED. . C LNELEKS[FMOLC
CCG1 (1) 1402 TYP 3 KINTRIIIOT LRENVRER PSREEFREHLE[Iv
CCG1 (2) 1525 SWP| I2SE T IRKNI SKH SRESFLD T
FSH 322 AWE| HiZZIsbs TYERKMENR . . .D AQEF.
p300 1072 SLP, FDIVESEIMIS TIKRKLDTG EPWQY I
CONsensus F b4 D L

helix

Figure 2. Structural motifs of TIFfin comparison to other proteind.)(Schematic represent

ation of the relationship among the different members of the RING finger

subfamily that contain a so-called RBCC configuration with two B boxes (i.e., RING finger, two B boxes and a coiled-coil). On the right-hand side, the overall identi
and similarities of amino acids compared with PRte indicated. Within the conserved sequence motifs these values areBiighes.RING finger of TIFf and
related proteins of the superfamily. Outside the conserved Cys and His residues there is low sequence co@3&laeatiparigon of different PHD fingers. If in

a single protein more than one domain is present, the number of the respective motifs

is indicated in brackets [e.g. HRX(1) is the first motif from the N-terminal

of this type in the HRX protein]D) Alignment of the coiled-coils of all members of the RBCC subfamily (see text) known so far. Regularly spaced hydrophobic aminc
acids are highlighted with black. The arrowheads correspond to those in Figure 1. A putative spacing of hydrophobic amino acids in the KRAB domain is depi
as well, even though no such coiled-coil is recognised by the computer algorithm applied and does not correspond to the spacing originally Epptigathét). (

of the bromo-like domain of TIRlwith previously established bromodomains. Conserved residues corresponding to the consensus are underlaid with black. Datab

accession numbers are: BRCAL, U36475; BRM, M85049; efp, D21205; FSH, M23221,

M23222; HRX, Q03164; ICP0, D10471; p300, U01877; PCL, L35153; PN

X63131; PWA33, L04190; RAD18, X12588; RAG-1, M29474; RING1, Z14000; RFP, J03407; RPT-1, J03776; SNF2, M55906; SS-A/Ro, U01882; TAFII250/CCG:

D90359; TIFh, S78221; TRX, P20659; XNF7, M63705; YKAS5, P36106.

In addition, the firsEb0 amino acids of TIflare remarkably Delineation of the TIF13 region interacting with the KRAB

rich in alanine, and a preponderance of alanine and prolige®main
residues is found in the region between amino acid 526 and the

first cysteine of the PHD finger at amino acid 628. Such amm order to narrow down the domain of TERbat interacts with
alanine/proline-rich domain has been described as an effectbe KRAB domain, a number of N- and C-terminal deletions were

domain in theDrosophilarepressor factaven-skippedr1). constru

cted (Fig3) and tested for interaction in yeast by
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B-galactosidase
activity
Gal AD (with Gal-KRAB)
TIF1B ( 1-835) 66116
TIF1p ( 71- 483) 743147
TIF1B ( 1-403) 431165

TIF1B ( 1-371) 512
TIF1p (381- 835)
TIF1p (174- 835)
TIF1B (145- 660)

TIF1B A(304- 380)

437 41

<1

TIFta ( 1-1017}
VP16 AD

TIF1e. (247- 433) 3 4343
TIF1a (434- 791) [ 1 241

Figure 3.Interaction of TIFB with the KRAB repression domain in yeast. The activation domain of GAL4 was fused fipdrBhat of VP16 to TIEL Numbers
in brackets correspond to present or, in the case opZ&(B24—-380), to deleted amino acids. The schematic representation of the constructs is the same as in Figure 2/
On the right-hand sid@;galactosidase activity as measured in a quantitative liquid assay is 2siWr(for details see Materials and Methods).

qualitative and quantitativB-galactosidase assays. Expressior293T) cotransfected with an activator plasmid. Expression was
levels as controlled by Western blot were found to be similar faontrolled by Western blot and bandshift assays (not shown). The
all constructs (not shown). Deletion mutants Pi@E@+403) and reporters that were used contain GAL4 upstream activating
TIF1B(145-660) led to higif-galactosidase activity, whereas sequences at different positions and showed transcription from
deletions beyond these boundaries, amino acids 145-4@3e B-globin promoter, in this case only upon activation by a
resulted in arapid loss of interaction. Thus, the interaction doméumsion of VP16 activation domain to Lex DBD (amino acids
seems to be located within a segment of 258 amino acids ti2a202). TIFB does indeed repress transcription when bound to
contains both B boxes and the coiled-coil region, but it clearlPNA. From a promoter-proximal position, repression by GAL—
does not include thkona fideRING finger. Furthermore, the TIF13 was about half as strong as the one achieved with
mutant TIFBA(304-380) that deleted the major part of theGAL-KRAB. Nevertheless, a >10-fold reduction in transcript
coiled-coil was no longer able to interact. In mouse @JRfhe level was detected when equimolar amounts of activator and
residues 247-433 that comprise the coiled-coil (Bjgalso repressor plasmids were transfected djigeven under influence
interact with the KRAB domain. Therefore, we think that for thef the (remote) SV40 enhancer, a clear repression was seen
KRAB-TIF1 interaction the coiled-coil is essential, though nofFig. 4C). From a remote position, 1.5 kb downstream of the
sufficient. However, the levels @fgalactosidase activity induced by -globin promoter, repression wias-fold (Fig.4B).
the TIFI3 and TIFD conctructs are difficult to compare, since To find out whether the repression by TBRtas dependent on
TIF1B was fused to the activation domain of GAL4 and @lF1 DNA binding, GAL-TIFPB(1-835) was tested either with a
to the VP16 activation domain. reporter without GAL4 UAS, or with an epitope-tagged PIF1
The interaction of the full length clone of T[Fith the  without DBD on reporters containing GAL4 UAS. No transcription
KRAB domain induced a 10-fold lowgrgalactosidase activity repression was observed under these conditionsi{F-mnd not
compared with the activity induced by the strongest FIF1shown). Therefore, we conclude that TBHias to be tethered to
deletion mutant (Fid3). This may mean that there is a C-terminalDNA in order to exert its repressing effect.
domain that negatively regulates TKRAB interaction. In From comparison of the different GAL fusions shown in
agreement with this, preliminary testing of the full length ®IF1 Figure5, we conclude that the repression domain lies between the
showed approximately five times lower activity as compared withoiled-coil and the PHD finger. TIB{381-660) represses less
the truncated TIFA(247-433). efficiently than the full length clone; nevertheless, the 5-8-fold
A mutant KRAB domain (KRAB, MLE mutated to KKK) that repression observed is significant. Further deletions abolished
does not repress transcription in mammalian cells was no longepression completely. In particular, we note that [F(E3403)
able to interact with TIHL(23). No homophilic TIF&—TIFla  that strongly interacts in yeast, did not repress in mammalian
or TIFIB-TIF1B interactions were found. Furthermore, thecells. Conversely, the mutant that deleted the coiled-coil and does
KRAB domain did not interact with mHBlor mMOD1, two not interact with the KRAB domain can still repress transcription.
heterochromatin-associated proteins that were shown to interactherefore, the domain of TIBlresponsible for KRAB

with TIF1a (47). interaction and the domain required for the silencing effect are
different, and may at most overlap by 22 amino acids. Whereas
Repression by TIFP tethered to DNA the B boxes and the putative coiled-coil seem to contact the

KRAB domain, the adjacent region towards the C-terminus
To test whether TIFA could repress transcription by itself, direction mediates repression, independent of KRAB. Interestingly,
different deletion mutants were fused to the GAL4 DBD(1-93Mhe equivalent region in mouse TtFihteracts with the nuclear
(Fig.5) and transiently expressed in mammalian cells (HeLa amdceptor RXR (and other members of the superfamily), and with
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Figure 4. Transcriptional repression in transiently transfected HeLa cells. Graphics above the pictures show the organisation of the reporter genes. The TATA b
represented by an open oval; Sp1 binding sites by open squares; GAL4 UAS moitifs by filled circles, Lex binding sites by filled Seglat®#s,gbae by a hatched

bar, the SV40 enhancer by a bar in bold hatching and the transcription initiation site by aA pRepression from promoter-proximal position asidf{om remote

binding sites.€) Repression of a promoter that is driven by an SV40 enhancer 1.5 kb downstregbrgiflthegene.D) No repression is seen at a constitutively
active promoter which is comparable with the promoter used under (C) but lacks GAL4 binding sites.

the mouse homologuesfosophilaheterochromatin protein 1, DAPI staining and detailed position analysis allowed for
mHPIa and mMOD1, via two overlapping domaids), Aswe  assignment of the signal to 19q13.4 (BlgNo additional locus
had previously observed with the KRAB domain alone, navas detected under the conditions applied.

repression was seen in yeast, whether Jl&lone or in

combination with the KRAB domain was expressed. DISCUSSION

Chromosomal position of TIF1]3 Sequence motifs in TIFP

Since three out of nine members of the RBCC subgroup of RINIG the yeast two-hybrid screen of cDNAs coding for proteins
finger proteins (RFP, PML and TI&)L are associated with interacting with the KRAB repressor domain of the human zinc
neoplastic disease, we were interested in the chromosonfialger factor KOX1, one interaction partner strongly prevailed,
position of the TIFf gene. FISH mapping was performed. TheTIF1B. Independently, it was isolated from mammalian cells by
hybridization efficiency wasB1% (i.e. among 100 checked biochemical techniques as KRAB-associated protein KAP-1
mitotic figures, 81 showed signals on one pair of the chromosome®)1), emphasizing the significance of our yeast selection. This
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repression
Gal DBD {residual gane activity}
Gal-TIF1g  ( 1-835) >10x  <10%
Gal-TIF1p  (145-660) >10x  <10%
Gal-TIF1p  (381-835) >10x  <1o%
Gal-TIF1p A (304-380) >10x  <10%
Gal-TIF1g  (381-660) 5-8x 1520%
Gal-TIF1p  (484-660) 1x  100%
Gal-TIF1p  ( 1-408) 1x  100%

Figure 5. GAL fusion constructs used for S1 nuclease protection assay and repression ability from promoter position. For details of the signature see legend to Figl
Repression was quantified in at least three independent experiments. The transcription signals are compared with that of GAL(1-93) on the reporter 5G2L (Fi

fusion genes, linked to a tyrosine kinasef){( retinoic acid
A receptont and B-raf (T18), respectivel$(,48,58,61,62). In this
light, it was of special interest to determine the chromosomal
position of the TIFf gene. Besides the breakpoint at 19q13.3-13.4
region in a thyroid tumor cell lin€§) with a t(1;19), we are not
aware of any association of 19q13.4 with tumoral disease.
Another translocation involving this region is reported in a
mesenchymal liver hamartomas). The putative glioma tumor
suppressor rather seems to map to 199q13.2-13).3It(seems
worth mentioning that on the long arm of chromosome 19
(19913.2-13.3 and 13.4, respectively) a cluster of zinc finger
proteins is located’,80).

The PHD domain is conserved in evolution and also found in
a number of chromatin-associated proteins, such as Trithorax-like
(Tcl), also referred to as tfzrosophilaGAGA factor 81) and
Polycomb-like (Pcl)&2), which can have positive and negative
effects on gene activity, respectivedy). This could indicate that
the PHD domain is involved in contacts to the chromosomal
structure, irrespective of whether it ultimately leads to an active
or an inactive state of gene expression. Even thoug|fs,Thfien
tethered to DNA, can by itself repress transcription, it contains a
bromo-like domain which is found in many transcription
activators. Whether the bromodomain of TdF#hich is more
closely related to other bromodomains, and the bromo-like
domain of TIFPB can also be involved in gene activation in
02000000000 different protein complexes, e.g., in conjunction with nuclear

receptors, remains to be seen. Alternatively, one might consider
Figure 6. Chromosomal position of TIBL (A) Example of FISH mapping. .the pos§|b|I|ty_ that a deviant bromOdO.mam makes a non—prod_ucuye
(B) The same mitotic figure stained with DAPI for the chromosome INteraction with regular bromodomain partners, thus resulting in
identification. C) Diagram of FISH results. Each dot represents the doublegene inactivation. However, since a deletion mutant lacking this
signals detected on human chromosome 19. particular domain is still able to repress in our assays (e.g#AFig.
lane 6), a role for the bromodomain in repression seems unlikely

. . ) at present.
protein has several conspicuous features that make it a goo

candidate for a nuclear regulator, since it contains four Cys/His-rig}
clusters, a putative coiled-coil and a bromo-like domain. Among
the Cys/His-rich clusters, the RING finger defines a superfamiWe have narrowed the interaction domain of Bliaith KRAB

of >50 proteins in organisms as diverse as plants, vertebrates &mda segment of 258 amino acids that includes the putative
viruses which are involved in a variety of functions such asoiled-coil and the B boxes but not the RING finger. In a deletion
Drosophila development, DNA repair, immunoglobulin geneexperiment the coiled-coil was shown to be essential §ig.
rearrangement and herpes simplex virus gene regulatiomF1BA(304—380)]. These findings are in agreement with the
(51-53,72-75). Recent reports suggest a possible role in botimteraction between KRAB and mouse TdF{Fig. 3). It is
protein—protein interaction and specific RNA binding for thigherefore conceivable that the KRAB domain heterodimerizes via
particular domaing4,55). The configuration of a RING finger, the coiled-coil with TIF{, whereas no homodimer TIEATIF13

B box(es) and coiled-coil constitutes a distinct subfamily ois formed. Such a specificity of interactions betwested-coils
RING finger proteins. Remarkably, three of the nine RBC@vould not be unexpected, e.g., in the light of the Jun—Fos
proteins, namely RFP, PML and ThEWwere found as oncogenic interaction specificity where Jun can dimerize with Fos and with

otein—protein interaction
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itself, but no Fos homodimers are formed. However, one shoudgbparatus rather than blocking of an upstream activatoinThe
bear in mind that the assay we have used constitutes a genetii® repression by KRAB reported b§S) would also support
selection and therefore does not demonstrate a direct interactidinect repression. So far, no clues exist as to the possible
It may well be that a functional TIF1-KRAB interaction is onlytranscriptional partners of KRAB and T[E:Unlike KRAB that
possible in a multiprotein complex. Large complexes found ihas a unique sequence with a charged domainpTifils the
bandshift assays with mammalian nuclear extra®8 #re criteria of other ‘portable’ repression domains with a preponderance
compatible with this idea, and could also explain why so far wef alanines in combination with prolines).( Nevertheless,
have not observed any influence of TBFAverexpression on fusions to the GAL4 DBD of either the KRAB domain or the
KRAB-mediated repression in transiently transfected mammalid@iF13 protein have resulted in a qualitatively similar repression
cells, which others have seedil), Most importantly, in this of transcription.
context we note that the region responsible for repression byFinally, we would like to point out that the two mechanisms of
TIF1p is different from the KRAB-interacting domain. Instead,direct repression and chromatin reorganisation do not have to be
the repression domain of TIBis a domain which, in the related mutually exclusive. As mentioned, an involvement of chromatin
factor TIFX, interacts with nuclear receptors and also with thé suggested by the specific interaction of both @l&id £ with
chromatin-associated proteins midPand mMODL1 47) (see the homologues oDrosophila HP1 protein, mHR1L and
also below). mMOD1 @7). Furthermore, repression by the two corepressors
The full length TIFB seems to interact to a lesser extent wittSSN6/TUP1 was found in a chromatin fieeitro system and,
the KRAB domain than several TIB1mutants which are by a different experimental approach, a redistribution of nucleo-
truncated, notably at the C-terminus. This could mean thatsames in the promoter region was sé&?(,86). From this, one
C-terminal domain is involved in negative intramolecular regulatiomight expect that KRAB (and TIR) similarly act via both
of TIF1B—KRAB interaction. A similar situation holds for many mechanisms. In such a case, there would be a short-term direct
positively acting transcription factors, where activity is increasetpression exerted via contacts to the transcription apparatus,
upon introducing terminal deletions (e3d). followed by a long-term repression involving chromatin reorganisa-
tion and possibly DNA methylation at CpG sites.
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