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ABSTRACT

The Notch intracellular region (RAMIC) interacts with a
DNA binding protein RBP-J to activate transcription of
genes that inhibit cell differentiation. The RAM domain
and ankyrin (ANK) repeats of mouse Notchl RAMIC
were shown to be responsible for RBP-J binding and
necessary for transactivation. The C-terminal portion
of Notchl RAMIC has also been suggested to be
important for transactivation. Using GAL4 fusion
constructs, we identified a novel transactivation
domain (TAD) between the ANK repeats and the PEST
sequence of mouse Notchl. The C-terminal half of
mouse Notch2 RAMIC also exhibited TAD activity.
Unexpectedly, the RBP-J chimeric protein with the
Notchl TAD failed to activate transcription but the
activity was recovered by addition of either the RAM
domain or ANK repeats. The results suggest that the
activity of Notchl TAD is repressed by fusion with
RBP-J because of the presence of a RBP-J-associated
co-repressor(s), which could be displaced by either the
RAM domain or ANK repeats. Taken together, mouse
Notchl RAMIC can experimentally be separated into
three functional domains: the RAM domain and ANK
repeats for RBP-J binding and co-repressor displace-
ment and the C-terminal TAD.

INTRODUCTION

of various cells by the intracellular regions of mouse Not&)l (
and of human Notch1 and NotchB) were also reported.

A nuclear DNA binding protein Suppressor of Hairless [Su(H)],
and its mammalian homolog RBP-J, function downstream of Notch
signaling ((9). Notch and Su(H) activate transcription of
Enhancer of splifE(spl)] complex genes idrosophila(20-22).

The intracellular region of mammalian Notch binds to RBP-J in
the nucleus (see below) and activates transcription through the
RBP-J recognition motifs (YGTGGGAARB) in the promoter
region of HES-1, a mammalian antineuronal basic helix—loop—
helix factor structurally related tBrosophila hairy and E(spl)
proteins 4), or in TP1 and C promoters, which are called
Epstein—Barr virus nuclear antigen 2 (EBNAZ2)-responsive
elements 5-28). The two observations, i.e. physical interaction
between the intracellular gon of the transmembrane receptor
(Notch) and the nuclear protein (RBP-J) and transactivation of
genes by the intracellular region of Notch suggest an attractive
model for Notch signaling, in which interaction of the Notch
extracellular region with the ligand induces a proteolytic cleavage
of the Notch intracellular region, resulting in its translocation to
the nucleus and interaction with RBP19,04,29-33).

The Notch intracellular region, designated RAMIC, contains
several functional motifs. The RAM domain was originally
isolated in yeast two-hybrid screening as a molecule that
associates with mouse RBP23)X. The RAM domain consists of
100 amino acids between the transmembrane region and the
ankyrin (ANK) repeats of mouse Notchl and includes a nuclear
localization signal (NLS) near the region critical for RBP-J
binding (34,35). It has been considered that the RAM domain is
important for transactivation activity of RAMIG®,37) because

The Notch receptor is a cell surface transmembrane protein tliis a primary binding domain to RBP-J. The RAM domain was
plays an important role in cell fate determinatibg), The Notch  also shown to displace a putative co-repressor from RBB)J (
family consists of one memberinosophila(3,4), two (GLP-1 Interactions between the RAM domain and Su(H)/RBP-J are
and LIN-12) in nematode$,6) and four in mammals/{£11).  evolutionarily conserved3¢,39-41) and all the RAM domains
Notch signal triggered by interaction with the ligand blocksof mouse Notch family members are capable of binding to RBP-J
differentiation of stem (or progenitor) cells and keeps them in ia vitro (36,42). However, it remains to be seen whether signals
proliferative state. Expression of the intracellular region of Notctransmitted by the four Notch receptors are identical or not.

can mimic the Notch signal because its overexpression causes afinother motif important for Notch function is the ANK
antineurogenic phenotype Drosophila(12,13) and suppresses repeats, which are highly conserved among Notch proteins of
neurogenesis and myogenesis of mammalian precusor cellrious species and are thought to mediate protein—protein
(14,15). The intracellular region of mammalian Notch wasinteractions. In fact, the ANK repeats Birosophila Notch
initially isolated as an oncogenic form. N-terminally truncatednteract with a cytoplasmic protein Deltex 3. Missense
human Notchl (TAN-1) was identified in T cell acute lymphoblastienutations (M1 and M2) in the ANK repeats of mouse Notchl
leukemia/lymphomal(g). Subsequently, neoplastic transformationshow loss-of-function phenotypek4(38). A missense mutation
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in human Notch3 causes a type of stroke and demeftja ( AN), Xhd-Hindlll (2194—2398),Xhd—Sad (2194-2293) Sad—
showing their crucial role in Notch function. Although how theHindlll (2294-2398) andHindlll-EcdRl (2399-2531) fragments
ANK repeats are involved in transactivation remains elusive, {£-terminal to the GAL4 DNA binding domain in-frame.
has recently been shown that the ANK repeats of mammaliddotch2-ICAN  (2154-2352), Notch3-IGN (2107-2304) and
Notchl interact weakly with RBP-J and therefore the NotchNotch4-ICAN (1817-1964) were obtained by PCR amplification.
RAMIC construct devoid of the RAM domain (i.e. IC) can To amplify the Notch C-terminal fragments, the following primers
activate transcription only weaklg%,38). Another role of the were used: SCCCGTGGAATTECTCGAGTCTCC-3and 5-GT-
ANK repeats in transactivation was indicated in a study oBTGATAGGGAATTATCTC-3 for Notch2; 5>CTCTGGACT-
Caenorhabditis eleganshe GLP-1 ANK repeats are not only CACCACGGCCTTTC-3 and 3CAAGAACTTAGGCCATC-
involved in interaction with LAG-1, a nematode homolog of ACCTGC-3 for Notch3; 5CTGCTGGAATTAGCTGGACCG-
RBP-J, but also act as an autonomous transactivation dom#g-3 and 5-AGTCCGGAGAATTCAGACTCG-3 for Notch4.
(TAD) (40). In Xenopusthe ANK repeats of Notchl fused to The amplified fragments of Notch2 and Notch4 were digested
Su(H) were shown to be constitutively active in inducing thevith EcdRl (EcdRl sites shown in italic) and cloned into
expression dESR-]a gene related #(spl)(41). However, there  KS(+)-GAL4. The fragment of Notch3 was inserted into
is no direct evidence demonstrating that the ANK repeats @iGEM-T vector-Easy (Promega). It was treated &itbRI and
mammalian Notch possess an autonomous TAD activity. the digested fragment was cloned into KS(+)-GAL4. Sequences

Downstream of the ANK repeats, there is the second NLS thaf the amplified fragments were confirmed using the Taq
is found in all mouse Notch proteins except Notch4. Th®yeDeoxy terminator cycle sequencing kit (Applied Biosystems)
glutamine-rich OPA sequence is conserved betieesophila  for the automated laser fluorescent sequencer (model 377A,;
Notch and mammalian Notch1, but its role in Notch signaling i&\pplied Biosystems). All the GAL4—Notch constructs were
obscure. The C-terminal PEST sequence found in all Notatloned into pEFBOSneo vector.
proteins seems to be associated with high rates of proteinFor generation of the chimeric constructs of RBP-J with Notch
turnover. Deletion analyses have suggested that the C-termim@l an adaptor (BAGCTTGGATATO GACTAACTAG-3)
portion containing the OPA and PEST sequences is important foontaining afccoRV site (italic) and stop codons for three frames
transactivation activity of RAMIC or IC38,45), but the precise (underlined) was inserted in théndlll site of pSG5-Flag-RBP-
role of the C-terminal portion has not been elucidated. J-VP16 {6). Stu-EcdrV (1810-2079), EcaRV-SnaBlI

In this study, we investigated the region of mouse Notch{2080-2531) an&tu-SnaBl (1810-2531) fragments from the
responsible for autonomous transactivation function and localizggasmid pCS2+6MT-mNotchICL#), respectively, were cloned
such activity in the 200 amino acid residues downstream of thieto the above adaptor-containing plasmid.
second NLS. Moreover, our results suggest that not only the RAM
domain but also the ANK repeats seem to be important fafransient transfections, luciferase assays and reporter
relieving the repression of RBP-J, probably by displacing glasmids
co-repressor(s).

Cells were plated in 3.5 cm dishes and co-transfected with
plasmid DNA using LipofectAMINE reagent (Gibco BRL).
MATERIALS AND METHODS Appropriate amounts of pPEFBOSheo carrier DNA were included
Cell culture to make equivalent amounts of total DNA (1xg) for each
transfection. Cells were harvested 40-48 h after transfection and
COS7, SV40-transformed monkey kidney cells and NIH 3T3yciferase activities in the cell extracts were measured according
murine fibroblasts were maintained in Dulbecco’s modifiedo the manufacturer’s instructions (Toyo Ink Corp.) in a Berthold
Eagle’s medium (DMEM) containing 10% fetal bovine serumuminometer, LumatLB9501. Normalized luciferase activities
(FBS) and 100 U/ml penicillin. C2C12 murine myoblasts werg]uciferaseB-galactosidase ratio) from all the samples were then
maintained in DMEM containing 15% FBS, 100 U/ml penicillin compared. Transactivation (fold) means the values when the control

and 2 mML-glutamine. is calculated as 1. All the experiments were carried out in triplicate.
Reporter plasmid pGa50-7 contains the minir@ajlobin
Construction of Notch and RBP-J expression plasmids promoter driving the luciferase gene. pGa981-6 was generated by

. , inserting the hexamerized 50 bp EBNA2 response element of the
Mouse Notchl intracellular region constructs of pEFBOSNe®p_1 promoter in front of the minimgd-globin promoter of

were described previouslyd) and its related constructs prepared,a50-7 g8). TK-MH 100 x 4-luciferase is a TK-luciferase
newly for this study are derived from them. GAL4-mous&eporter plasmid driven by tandem GAL4 binding sites. A
Notchl IC fusions were constructed in pBluescript Il KS(+)yiasmid for normalization, pCMX-LacZ, was generated by
(Stratagene). Thedindlll-Pst fragment of the GAL4 DNA ygpjacing theHindlll-BanHI fragment of pCMX-VP16 (new)
binding domain (amino acids 1-147) exised from pGBTS;actor with theHindll-BarrHI fragment of the thB-galactosidase
(Clontech) was cloned into KS(+) and subsequently the sequengsying region from plasmid pgal (Clontech).

between theKpnl and Clal sites was replaced by an adaptor

(5-CTCTAGAACTAGTAT-3) containing Xbd and Speé sites - o .

[KS(+)-GAL4] for rapid clonig into theXbd site of pEFBOSneo E\IEUI&E?; extracts and electrophoretic mobility shift assay
vector. A fragment of Notchl IC (fullHlength, 1848-2531) was

exised from the yeast expression plasraif) (vith EcaRl and then  Nuclear extracts from COS7 cells were prepared according to the
fused, in-frame, downstream of the GAL4 DNA binding domainmethods of Schreibet al (47) for GAL4 fusion proteins and of
GAL4—Notchl deletion constructs were prepared by ligating.assaret al (48) for RBP-J-IC fusion proteins. The probe
EcdRl-Xhd (1848-2193)Xhd—EcdRI (2194-2531, Notchl-IC- containing a single GAL4 binding site is MH1009)( and the
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Figure 1. Schematic representation of the mouse Notchl intracellular region
(RAMIC) and its derivatives used in this study. Vertical hatched, diagonal
hatched, dotted and horizontal hatched boxes indicate the transmembrane,
RAM, ANK (CDC10/ankyrin repeats) and PEST regions, respectively. The
diagonal hatched circle and black ellipses show the OPA and nuclear
localization signals, respectively. The constructs used in this study are drawn
as horizontal lines with amino acid numbers below both the ends. The mutation

Relative luciferase units

site in the ANK repeats (M1) is indicated by a cross. Tz 3 4 5 6
RAMIC -+ - - = -

RAMICM1) — — + + + —

IC ANK-B - = = el +

probe containing the RBP-J binding sites is O38).(The
binding reaction for GAL4 fusion proteins contained 20 mM Figure 2. Transactivation activities of RAMIC, IC and their derivatives through
HEPES (pH 7_9), 50 mM NaCl, 5 mM MggllO UM ZNnSQy, endorg];enous RBP-A)0.4ug of each (:erivaéive cr?nstruct of pEFBOS(?eo—mouse

: : Notchl RAMIC or IC was co-transfected with 8 pGa981-6 and 0.ig
10% glycerg 0.1 mg/ml bovine Semm. albummg]'pdy(dl_dc) pCMX-LacZ into COS7 cells. Comparable protein expressions of the
and 0.5ng P'Iabeled_ probe. The binding reaction for RBP-J—IC ¢onstructs were confirmed by western blot analysis using anti-myc monoclonal
fusion proteins contained 20 mM HEPES (pH 7.9), 50 mM NaClantibody (data not shown). It should be noted that the ANK repeats not only in
1.5 mM MgCh, 5% glycerol, 1ug poly(dl-dC) and 1 ng IC but also in RAMIC are critical for transactiv_at!on mediated by_ endogenous
32p_|abeled probe. The mixture in a final volume OfLIB@VaS RBP-J. B) The ANK repeats activate transcription when expreBsééns

. . . o With RAMIC (M1). 0.15ug pEFBOSNneo-RAMIC or -RAMIC (M1), 0.ag
incubated for 30 min at 2€ and loaded onto a native 4% pGa981-6 and 0.0ag pCMX-LacZ were co-transfected into COS7 cells with

polyacrylamide gel in a buffer (pH 7.5) containing 6.7 mM Tris, increasing amounts (0, 0.3 and fij of pPEFBOSneo-IC ANK-B (1848-2170).
3.3 mM NaOAc and 1 mM EDTA. After electrophoresis at 130 V The abolished activity of RAMIC (M1) was restored to the wild-type level by

for 2.5 h at 4C, the gels were dried and analyzed using arfo-expression of the construct containing the wild-type ANK repeats
Imaging Analyzér BAS1500 (Fuiji Film) (IC ANK-B), which themselves do not show transactivation activity.

Immunoblotting RESULTS

T fected cell dinto PBS ded i ffects of C-terminal deletions on transactivation activities
ransfected cells were scraped into (-), resuspended in mouse Notchl RAMIC and IC

sample buffer, boiled for 5 min, subjected to 7-14% SDS-PAG

and electrophoretically transferred onto nitrocellulose membrar@-terminally deleted RAMIC and IC constructs of mouse Notchl
with Semi-Dry (Bio-Rad). Western blotting was performed withwere generated (Fid) and their transactivation activities were
anti-myc monoclonal antibody (mAb, 9E10) for Notch-relatedexamined using the luciferase reporter gene construct containing
proteins and with anti-GAL4 polyclonal antibodies (Santa Cruthe hexamerized RBP-J binding motifs of the TPelvater and
Biotechnology) for GAL4 fusion proteins. For detection ofthe (-globin minimal promoter. RAMIC markedly activated
RBP-J-related proteins, nuclear extracts (described above) amahscription (Fig2A, lane 2) while IC showed one-tenth of the
anti-FLAG mAb (M2; Eastman Kodak) were used. The membrandsansactivation activity of RAMIC (lane 6), because IC lacks the
were incubated with the antibodies diluted iR BPBS () RAM domain, as reported previousl3g). Endogenously ex-
containing 2% skimmed milk, washed with PBS (=) containingoressed RBP-J appears to be involved in transactivation by
0.05% Tween 20 and incubated with horseradish peroxidaseAMIC and IC because their activities were inhibited by
conjugated secondary antibodies against mouse IgG or rabbiterexpression of a DNA binding-defective mutant of RBP-J
IgG. Immunoreactive bands were developed using ECL detecti¢88; data not shown). The mutant (R218H) would compete with
reagent (Amersham) and visualized by exposure to X-ray filmgndogenous RBP-J for binding to RAMIC or IC. The activities of
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RAMICAC and I@C, the C-terminally truncated forms of A Transactivation (Fold)
RAMIC and IC, were reduced to one-tenth and one-fifth of their COS7 NH3T3 C2C12
parental forms, respectively (lane 3 versus lane 2, and lane (TYAL + B o
versus lane 6), confirming the previous reports that the C-termina

portions of RAMIC and IC play important roles in transactivation
mediated by endogenously expressed RBB&4%). The

RAM-ANK construct containing only the two RBP-J binding ®

— TAD— 1 pgsT 1.0 1.0 1.0
1848 ANK NLS OPA 2531

62.1 ND ND

0.8 4.4 2.2

. . . . 2194 2531

domains (RAM and ANK) did not activate transcription at all . g % E] 1230 1906 59.8
i 1 - i I 2398
(Iane 4). When the reporter plasmid lacking the RBP-J blpdlng ¢ EE 539 697 369
sites was used, no constructs showed transactivation a&Riity ( 2293

data not shown). ¢ L, a0 37580
. | 86 130 52

2399 2531
A novel transactivation domain in the C-terminus of mouse ¢ BB = 10 N
Notchl h 33.9 ND ND

To examine whether mouse Notchl contains an autonomous

TAD, IC and its derivatives were C-terminally fused to the B

heterologous yeast GAL4 DNA binding domain and their Conserved Not conserved
transcriptional activities were determined using the GAL4-TK "ot il

Transactivation (Fold)

promoter (Fig.3A). Comparable expression levels of all the NI & @ Ec

fusion proteins in COS7 cells were confirmed by western blot ANK s | opA  PEST  COS7 NH3T3 C2C12

analysis with polyclonal antibodies against the GAL4 DNA

binding domain (data not shown). SAL+Norcht AN R | @ E| 762 1222 318
Expression of GAL4—-IC (full-length) activated transcription -

>60-fold as compared with GAL4 DNA binding domain alone  **“&ieasser I 609 882 263

(Fig. 3A, a). A GALA4 fusion protein with the N-terminal half of IC GALA-Notch3-ICAN :E] 1.5  10. 08

containing the ANK repeats did not exhibit any activity (8#9.b), (2107-2304)

but a fusion construct with the C-terminal half of IC transactivated AL Hotcha o B 5 04 08 06

twice as strongly as that with the full-length construct (84g.

c). The C-terminal half of IC was divided into the two regions
containing either the OPA or PEST S,equence a”?' ,the TAD Weﬁgure 3. Transactivation domain (TAD) in the mouse Notch intracellular
mapped to the 200 amino acid residues containing the OPAgion. The heterologous yeast GAL4 DNA binding domain and the luciferase
sequence (amino acids 2194-2398, K4, d). A further  reporter plasmid containing four GAL4 binding sites were used to investigate the
dissection of this region into two halves grossly reduced théllgg;‘]?gﬁoauSggg;ﬁggwgsfgg‘iﬂg:s?écnt‘e%uﬁoNeoggu 'C-lé@ﬁgﬁ‘gopgsm ar3
aCtIVIty (FIg.3A, e.and f)’ |nd|cat|ng th"’.‘t the OPA Seque_nce aloneond CZClg cells) together with 0.3§ TK-MH 100 x 4%Fzziferase and 0.[’lg

is unable to mediate the transactivation function. While the IVI]ZCMX-LacZ. In each case, the activity of the GAL4 alone is calculated as a
mutation in the ANK repeats of RAMIC or IC abolished its value of 1. The normalized luciferase activity of each sample was compared
transactivation activity mediated by RBP-J (Bg, lane 5 or 8), with th_at of GAL4 aloneA) Fusion constructs of the_ vgrious mouse Notchl
GAL4-IC (M1) retained a strong transactivation activity (8, IC regions with an N-terminally fused GAL4 DNA binding domain (a—h) are

. . . . hown on the left. Numbers refer to amino acids of Notchl IC fused to the
h). Basically, similar results were obtained using two other celfx 4 pya binding domain. Their transactivation activities are represented on

lines, N”‘_| 3T3 and_C_2C12 cells. ) ) _ the right. ND, not done. Mouse Notch1 IC contains a novel autonomous TAD.
DNA binding activity of these fusion proteins expressed in(B) GAL4 fusion constructs with the individual Notch (mouse Notch1-4)

COS7 cells was examined by electrophoretic mobility shift assa ;e,f\lmi“ibdowns%tfe?m of the A_(’;‘K ;e,\ll)iathsl(iﬁé%’% ?f‘thhg‘AVfL‘408,\tl*1Ae

H : ert. Numbers reter to amino aclds of Notchl— usead 1o the
(E.MSA) usmg the respectlve_ n.UC|ear extractg ar.‘azmabe"?d binding domain. GAL4—Notchl1-I8N is identical to the deletion construct ¢
oligonucleotide probe containing a GAL4 binding site (Blg.  shown in (A). Relative transcriptional activities are represented on the right.
lanes 1-9). All GAL4 fusion proteins, except for h (lane 9), boundrhe C-termini of mouse Notch family members exhibit differential profiles of
to the GAL4 binding site with comparable efficiencies. A subtleautonomous transactivation.
variation of the binding efficiencies cannot account for the
difference in their transactivation activities observed (84).
Despite its low DNA binding activity (Figh, lane 9), the Notch1 IC  other mouse Notch family members. The TAD sequence of
h fusion construct has significant transactivation activity #g.  Notch1 and the corresponding region of Notch2 or Notch3 are
h). Itis of note that all ANK-containing constructs showed smeafsss conserved (20%) than the RAM domain (4098) ¢r the
and aggregates in the wells (lanes 2, 3 and 9), probably becau$@ repeats (70%)&). No significant similarity was found
of homophilic interaction between the ANK repe@t§40; data  between the TAD sequence of Notch1 and the C-terminal portion

not shown). downstream to the ANK repeats of Notch4.
Although the region homologous to the TAD of mouse Notchl
TAD in other mouse Notch family members was not found in the intracellular regions of other mouse Notch

family members, GAL4 fusion constructs were generated to
The amino acid sequence of the TAD defined in mouse Notcldietermine whether their C-terminal portion contains an autonomous
(2194-2398) was compared with those of the correspondinigAD (Fig. 3B). In COS7 cells, GAL4A—Notch2-lN exhibited a
regions (between the ANK repeats and PEST sequence) of significant transactivation activity, which was slightly less than
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Figure 4. EMSA of products of GAL4—mouse Notch IC fusion constructs.
Nuclear extracts were prepared from COS7 cells transiently transfected with the
plasmid constructs indicated in Figure 3. Each extrapg(4f protein) was
incubated with #2P-labeled DNA probe containing a GAL4 binding site and

the mixture was analyzed by native PAGE, as described in Materials andB {_R'é{— C F-"_glr
Methods. N1, N2, N3 and N4 represent Notch1, Notch2, Notch3 and Notch4, V? g’ = T
respectively. S 5,\(J & 5,\Q _&_,?&_,v@
’ 7’ ’ ’ # i \‘5’
MW <§0§‘ Q§§ le}élﬁél}g
that of GAL4—Notch1-I@N. The profiles of transactivation by 200 T REES
the two constructs in two different cell lines (NIH 3T3 and C2C12 - -

cells) were similar to those in COS7 cells, indicating that their -
activities are not cell type-dependent. On the other hand, no o,
transactivation activity was displayed either by GAL4—Notch3-1C-

AN or by GAL4-Notch4-I@N in all three cell lines. The absence 66 endo- _
of transactivation activities in the C-termini of mouse Notch3 and - genous
Notch4 is not due to inefficient expression of the fusion proteins

because similar expression levels of all NotcANCfusion 46 Free
proteins were confirmed by western blot analysis (data not 1 2 3 4 probe

shown) and formation of comparable amounts of gel-shifted
fusion complexes (Figt, lanes 4 and 10-12).

12345

Mouse Notchl TAD is repressed by fusion with RBP-J

We next examined whether the fusion protein between RBP-J and

t_he mouse Notchl TAD S_howed tr_ansactlvatlo_n activity 57\@ Figure 5. Mouse Notchl TAD is repressed by fusion with RBFRAJ Rarts of

like the RBP-J-VP16 fusion proteiid). The fusion construct of  the mouse Notch1 IC region were C-terminally fused to human RBP3 (46).
RBP-J with the ANK repeats (RBP-J-IC ANK-A; Fig.did not ~ RBP-J-IC ANK-A (1810-2079) contains the ANK repeats. RBP-AANK
activate transcription through the RBP-J binding sites, in agreemef080-2531) contains the TAD. RBP-J-IC (1810-2531) contains the whole IC

- . region. 0.3ug each fusion construct of pSG5 was transfected together with
with the result in the GAL4 system (F§). b). Unexpectedly, the 0.2pg pGa981-6 and 0.0y pCMX-LacZ into COS7 cells. Potential activity

chimeric protein with the TAD (RBP-J-ANK; Fig. 1) also  of the mouse Notch1 TAD fused to RBP-J is silenced when the ANK repeat is
failed to activate transcription whereas the fusion construct ofissing. B) Nuclear extracts from COS7 cells transiently transfected with the
RBP-J with the whole IC containing both the ANK repeats andlasmid constructs of RBP-J-mouse Notch IC fusion were resolved by 7%

; Fat - ; SDS-PAGE and visualized by western blot analysis using the monoclonal
the TAD activated r:ranscrlptIOElO fOI?, su_ggestlng r:hat the I:?ntibody (M2) against the N-terminally tagged FLAG epitope. Numbers to the
AN,K_ repgats may ave an UIj .nown unction to enhance TA eft of the panel show molecular mass in kilodalto8$ EMSA of products of
activity. Little transactivation activity of any construct was detectedRBpP-J-mouse Notch1 IC fusion constructs. Each extraug ¢ protein) was
using the reporter plasmid lacking the RBP-J binding sites. incubated with #2P-labeled DNA probe containing the RBP-J binding sites

Comparable expression levels of these fusion proteins b d the mixture was analyzed by native PAGE, as described in Materials and
transient transfection of COS7 cells were confirmed by westerf{!€ods:
blot analysis with the monoclonal antibody (M2) against the
N-terminally tagged FLAG epitope (FigB). To ensure that the
absence of transactivation activity of the RBP-J chimeric proteiRBP-J binding sites (FighC). It was reported that several
with the ANK repeats or with the Notchl TAD is not due to theRBP-J-DNA complexes were observed when O54 was used as
inability to bind to DNA, we also performed EMSA using nucleamprobe £7,28) and only the major complex of them seems to be
extracts prepared from transiently transfected COS7 cells and tisualized using COS7 nuclear extracts containing endogenous
32p_labeled 54 bp oligonucleotide probe, 054, containing thRBP-J (Fig5C, lane 1). The overexpressed RBP-J and RBP-J-IC
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fusion proteins gave rise to more than two complexes %&g. A
lanes 2-5); one complex with the same mobility as that of TP1x6- globin-luciferase
endogenous RBP-J (FigC, lane 1) and more slowly migrating
complexes with different mobilities. The RBP-J fusion with the
ANK repeats showed smears and aggregates in the web(Fig.
lane 3), as observed for all the GAL4-IC fusion proteins that
contain the ANK repeats (Fig, lanes 2, 3 and 9). Since all the
fusion proteins showed comparable DNA binding efficiencies,
their different transactivation activities are not due to their relative
DNA binding efficiencies.

+H
o
T

10

Relative luciferase units

[%,]

ANK repeats enhance TAD activityin trans
1 2 3 4 5 6 7 8 9 1011 1213 14
The ANK repeats of mous&&) and human35) Notchl were

shown to be a weak binding domain to RBP-J. Therefore, they are ¢ RAﬁz_B — o — — — — _ e — —
necessary for transactivation activity of IC (devoid of the RAM  pamank — — — — — e — — — — — -
domain) through RBP-J and the M1 mutation in the ANK repeats
of IC, which disrupts their interaction with RBP-J, results in RBP-J RBP-J-ICAANK
abolition of its transactivation activity (Fi@A, lane 8). To
investigate the function of the ANK repeats in transactivation B TP1x6- Bglobin-luciferase
other than RBP-J binding, the same M1 mutation was introduced r
in RAMIC. RAMIC (M1) failed to activate transcription
mediated by endogenous RBP-J (R, lane 5, and B, lane 3),
indicating that the ANK repeats have an indispensable function
in transactivation mediated by RBP-J, even though the RAM
domain is present. To our surprise, co-expression of the construct
which primarily consists of the ANK repeats restored the
abolished transactivation activity of RAMIC (M1) to the level of
wild-type RAMIC (Fig. 2B, lanes 4 and 5), although the ANK
construct alone did not activate transcription (28, lane 6).
These results suggest that another important function, in addition
to RBP-J binding, of the ANK repeats in transactivation was
impaired by the M1 mutation of RAMIC and that expression of RAM
the ANK repeat# transcan complement the impaired function. ICANKB — — — — el — —
We have shown previously that the RAM domain of mouse RAM-AANK #— — — — — — g
Notchl, which itself does not have transactivation activity, -
synergizes with IC in transactivation mediated by RBBSJ. ( - RBP-J-VP16
The RAM domain also enhances the transactivation activity of
the RBP-J-VP16 fusion proteir8§ Fig. 6B, lanes 2—4),  Figure 6.Roles of RAM and ANK in transactivatior) 0.3pg pSG5-RBP-J
probably by displacing a putative co-repressor from RBP-Jor -RBP-J-I@ANK, 0.2 ug pGa981-6 and 0.05ig pCMX-LacZ were
Assuming that such a co-repressor binds to the RBP-J chimerge-transfected into COS7 cells with increasing amounts (0, 0.25 angd).25

i ; -JAEN of pEFBOSneo-RAM (1751-1850) or -RAM-ANK (1747-2079) or -IC
protein with the mouse Notchl TAD (RBP J K) and ANK-B (1848-2170). The ANK repeats as well as the RAM domain relieve the

S"e'?‘?es its potential aCt'V_lty' '_t IS reasonable to _eXpeCt that th%pression of the RBP-J-TAD (RBP-JAIGNK) fusion protein. The repression
addition of the RAM domain mlgm relieve repression. In fag:t, th_Gs more efficiently relieved by addition of the RAM—ANK construg). @.15ug
RAM domain activated transcription mediated by the chimericoSG5-RBP-J-VP16, 0.31,g pGa981-6 and 0.0f:ig pCMX-LacZ were

protein with the Notchl TAD in a dose-dependent manne@,;jg_ co-transfected into COS7 cells with increasing amounts (0, 0.25 anag}.@6
lanes 9 and 10) pEFBOSNeo-RAM (1751-1850) or -RAM-ANK (1747-2079) or -IC ANK-B

; . 1848-2170). Transactivation activity of the RBP-J-VP16 fusion protein is
Since the ANK repeats can rescue RAMIC (M1), we examin€@nhanced by addition of either RAM, ANK or RAM—ANK construct.

the effect of addition of the ANK repeats to the RBP-J chimeric

protein with the mouse Notchl TAD (RBP-JAGNK) on

transactivation activity. Addition of the ANK repeats to theRAM (Fig. 6A, lanes 2 and 3), ANK (lanes 4 and 5) nor
RBP-J-TAD fusion protein activated transcription in a doseRAM-ANK (lanes 6 and 7) construct transactivated the control
dependent manner (Fig#, lanes 11 and 12) and their effect wasRBP-J protein, indicating that their effects on the augmentation
comparable with that of the RAM domain alone (compare lanes¢& transcription are dependent on the C-terminally fused TAD of
and 10 with lanes 11 and 12). Increasing amounts of th@otchl or VP16.

RAM-ANK construct augmented transcription more efficiently

(lanes 13 and 14). The addition of either RAM, ANK or

RAM-ANK construct to the RBP-J-VP16 fusion protein alsoDISCUSSION

enhanced transcription (FigB, lanes 2-8), although the effect We have identified a novel autonomous TAD between the ANK
of RAM-ANK on the RBP-J-VP16 fusion protein was not sorepeats and the PEST sequence in mouse Notchl, in contrast to
strong as that on the RBP-J-TAD fusion protein. Neither thprevious reports that a strong TAD was absent from mouse

Relative luciferase units
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Notch1 or rat Notch2 RAMIC36,37). This apparent contradiction In addition, the ANK repeats as well as the RAM domain given
could result from the different constructs used in the assays. Timetransrecovered the repressed TAD activity in the RBP-J-TAD
mouse Notchl RAMIC construct used by Hsethal (36) is  (RBP-J-IQANK) fusion protein (Fig.6A). These results
truncated at residue 2293 and therefore lacks the C-terminal haifggest that the ANK repeats could displace a co-repressor from
(amino acids 2294-2398) of the TAD defined in this study. W&BP-J to activate transcription, which is consistent with previous
showed that the N-terminal half (amino acids 2194-2293) of threports that the masking of an RBP-J repression domain is
TAD has very weak activity (FiggA). RAMIC of rat Notch2 is  responsible for transactivation by Notch RAMEBE7) as well
highly homologous (>95% identity) to that of the mouseas by EBNA2 %2). It remains to be investigated whether the
counterpart0,11,50), whose C-terminal half exhibits a significant RAM domain and the ANK repeats compete with the same
autonomous TAD activity (FiB). We suspect that their failure co-repressor or different ones for RBP-J binding.
to identify the TAD was merely due to the use of C-terminally The involvement of the ANK repeats of mouse Notchl in
truncated forms of RAMIC of mouse Notchl and rat Notch2. autonomous transactivation function was investigated by a

The RAMIC construct without the autonomous TAD (RAMIC- reporter assay using GAL4 fusion constructs (849, but their
AC) possesses transactivation activity weaker than RAMIC bulirect involvement was not revealed. We also showed that the
stronger than IC (Fig2A), in agreement with reports that the ANK repeats themselves failed to activate transcription either when
C-terminally truncated RAMIC constructs of mouse Notch1 anddded to endogenous (FEB) or exogenous RBP-J (Fi§A) or
rat Notch2 could activate transcription mediated by RBP-When directly fused to RBP-J (FigA). Thus the ANK repeats
(36,37). As the residual activity was abrogated by a furthepf mouse Notchl RAMIC do not seem to function as an
C-terminal deletion (FigRA, lane 5), it is likely that the deleted autonomous TADper se However, we cannot completely
region (amino acids 2080-2193 in mouse Notchl) between tieclude the possibility that the ANK repeats are indirectly
ANK repeats and the TAD may act as another weak TAD onlivolved in transactivation. The ANK repeats may recruit a
when it is tethered to RBP-J. Therefore, significant transactivatigputative co-activator. Alternatively, their association with RBP-J
activities of mouse Notch3 and Notch4 RAMICs mediated bynay lead to a conformational alteration to facilitate an interaction
endogenous RBP-3%; H.Kato and T.Honjo, unpublished data) With the basal transcription machinery.
are not surprising, although their C-terminal halves did not act aslt was shown that the ANK repeats@elegansNotch GLP-1
an autonomous TAD when fused to GAL4 (F8). act as an autonomous TAD when fused to GALQ.(GLP-1

A nuclear protein encoded by Epstein—Barr virus, EBNA2, alsiteracts with EMB-5, a nematode homolog of yeast acidic
binds to RBP-J directly and activates transcriptiaf—28). nuclear protein which controls chromatin structé.(Since the
EBNA2 contains an acidic TAD in the C-terminal end and it caffomology of the ANK repeats between GLP-1 and mouse Notchl
be substituted by a similar acidic TAD of VP1BI), It was Of Notch2 is only20% 6,6), these functional differences of the
demonstrated that VP16 is able to render RBP-J a transactivaf¥K repeats would have arisen during evolutibmosophila
when it is fused to RBP-B§46). Since the TAD of mouse Notch RAMIC or IC is shown to activate transcription when
Notchl contains few acidic amino acids and fails to activatiised to GAL4 81,32). To determine which portions of
transcription when fused to RBP-J (Fig, lane 3), the Notch1 Drosophilaand ofXenopusNotch possess an autonomous TAD
TAD is clearly distinguished from the TAD of EBNA2 or VP16. Will be helpful for understanding how the Notch proteins have
The autonomous TAD of mouse Notch1 is rich in glutamine@Vvolved from invertebrates to vertebrates.
proline and serine/threonine (9, 14 and 19%, respectively) Taken together, we conclude that mouse Notchl RAMIC can
residues, which is reminiscent of other classical transcriptiongXperimentally be separated into at least three functional
activators. The C-terminus of Notch2, devoid of the glutamine-ricdomains: the RAM and ANK repeats for RBP-J binding and
OPA sequence, exhibited an autonomous transactivation activg-repressor displacement and a C-terminal TAD. Our results
and contains many proline and serine/threonine (16 and 17¢4dicate that all three domains contribute to the full trans-
respectively) residues in the region corresponding to the Notcitivation activity of mouse Notchl RAMIC mediated by RBP-J.
TAD. However, the C-terminus of Notch3 did not display anydentification and characterization of the co-repressor(s) of
activity despite the high contents of proline and serine/threonirf@BP-J are important to elucidate the complex mechanism of
(23 and 18%, respectively) residues in the corresponding regidfanscriptional regulation by Notch RAMIC. We have previously
No polypeptides showing sequence similarity to the TAD ofhown that a novel LIM protein, KyoT2, competes with mouse
mouse Notch1 or the corresponding region of Notch2 were fourd¥Ptchl RAMIC for RBP-J binding and represses RBP-J-mediated
in protein databases, suggesting that they may be classified dascription by Notchl RAMIC ). Recently it has been
novel type of TAD. The mechanism by which the novel type ofePorted that RBP-J targets TFIID and TFIIA to prevent activated
TAD activates transcription remains to be investigated. transcription $5). We are currently investigating the possibilities

We have already shown that the ANK repeats can associd@t KyoT2 functions as a co-repressor of RBf+ivo and that
with RBP-J because the M1 mutation in the ANK repeats of FIID and TFIIA are involved in transactivation by Notch RAMIC.

mouse Notchl IC disrupts a weak interaction between IC and
RBP-J 89). In this study, an intriguing possibility was suggestedACKNOWLEDGEMENTS

that the ANK repeats of mouse Notchl may have another )
important function in addition to RBP-J binding. RAMIC (M1) We thank M. Yamamoto, N. Tomikawa and R. Matsukura for

has no ability to activate transcription mediated by endogeno,yg.;chnical assistance and Y. Takahashi fqr man_uscript prepar_ation.
RBP-J (Fig2B), although it still interacts with RBP-J through the We also thank K. Umesono for helpful discussions and he kindly
RAM domain in the mammalian two-hybrid assay (data naprovided us with the plasmid pCMX-VP16 (new). This work was
shown). We showed that the ANK repeats molecule givieans supported by grants from the Ministry of Education, Science, Sports
restored the transactivation activity abolished by the M1 mutatioRnd Culture and the Agency for Science and Technology of Japan.



REFERENCES 29

1 Artavanis-Tsakonas,S., Matsuno,K. and Fortini,M.E. (1$2i#nce268 30
225-232.

2 Kopan,R. and Turner,D.L. (1996yrr. Biol., 6, 594—601. 31

3 Kidd,S., Baylies,M.K., Gasic,G.P. and Young,M.W. (198@nes Dey3, 32

1113-1129. 33

4 Wharton,K.A., Johansen,K.M., Xu,T. and Artavanis-Tsakonas,S. (1985) 34

24

25

26

27

28

Cell, 43 567-581.

Austin,J. and Kimble,J. (1982gll, 58 565-571.

Yochem,J. and Greenwald,|. (19&33Il, 58 553-563.

Franco del Amo,F., Smith,D.E., Swiatek,P.J., Gendron-Maguire,M., 36
Greenspan,R.J., McMahon,A.P. and Gridley, T. (1E3)elopment

115 737-645. 37
Lardelli,M., Dahlstrand,J. and Lendahl,U. (198%ch. Dey 46, 123-136.
Uyttendaele,H., Marazzi,G., Wu,G., Yan,Q., Sassoon,D. and Kitajewski,J.ag
(1996)Developmentl22 2251-2259.

Weinmaster,G., Raoberts,V.J. and Lemke,G. (1B@VElopmentl13

199-205.

Weinmaster,G., Roberts,V.J. and Lemke,G. (1B@%Elopmentl1q

931-941.

Lieber,T., Kidd,S., Alcamo,E., Corbin,V. and Young,M.W. (1998hes Dey

7, 1949-1965.

Rebay,l., Fehon,R.G. and Artavanis-Tsakonas,S. (138B)74, 319-329.
Kopan,R., Nye,J.S. and Weintraub,H. (199dyelopmentl2Q 2385-2396.
Nye,J.S., Kopan,R. and Axel,R. (1998velopmentl2Q 2421-2430.
Ellisen,L.W., Bird,J., West,D.C., Soreng,A.L., Reynolds,T.C., Smith,S.D.
and Sklar,J. (199X)ell, 66, 649-661.

Girard,L., Hanna,Z., Beaulieu,N., Hoemann,C.D., Simard,C., Kozak,C.A.
and Jolicoeur,P. (199&enes Dey10, 1930-1944.

Capovianco,A.J., Zagouras,P., Blaumueller,C.M., Artavanis-Tsakonas,S.
and Bishop,M. (1997Mol. Cell. Biol, 17, 6265-6273.

Honjo,T. (1996)Genes Cellsl, 1-9.

Bailey,A.M. and Posakony,J.W. (1995¢nes Dey9, 2609-2622.
Furukawa, T., Kobayakawa, Y., Tamura,K., Kimura,K., Kawaichi,M.,
Tanimura,T. and Honjo,T. (1999pn. J. Genet70, 505-524.

Lecourtois,M. and Schweisguth,F. (19€&nes Dey9, 2598—-2608.

Tun,T., Hamaguchi,Y., Matsunami,N., Furukawa,T., Honjo,T. and
Kawaichi,M. (1994)Nucleic Acids Res22, 965-971.

Jarriault,S., Brou,C., Logeat,F., Schroeter,E.H., Kopan,R. and Israel,A.
(1995)Nature 377, 355-358.

Grossman,S.R., Johannsen,E., Tong,X., Yalamanchili,R. and Kieff,E. 49
(1994)Proc. Natl Acad. Sci. USA1, 7568-7572. 50
Henkel,T., Ling,P.D., Hayward,S.D. and Peterson,M.G. (196iénce 51
265 92-95. 52
Waltzer,L., Logeat,F., Brou,C., Israel,A., Sergeant,A. and Manet,E. (199463
EMBO J, 13 5633-5638. 54
Zimber-Strobl,U., Strobl,L.J., Meitinger,C., Hinrichs,R., Sakai,T., Furukawa,T.,
Honjo, T. and Bornkamm,G.W. (199BMBO J, 13 4973-4982. 55

35

39

Nucleic Acids Research, 1998, Vol. 26, No. 23455

Kopan,R., Schroeter,E.H., Weintraub,H. and Nye,J.S. (F366) Natl
Acad. Sci. USA93, 1683-1688.

Luo,B., Aster,J.C., Hasserjian,R.P., Kuo,F. and Sklar,J. (M&7Cell. Biol,
17, 6057-6067.

Struhl,G. and Adachi,A. (1998kll, 93 649-660.

Lecourtois,M. and Schweisguth,F. (199Rjr. Biol., 8, 771-774.
Schroeter,E.H., Kisslinger,J.A. and Kopan,R. (1988)re 393 382—386.
Tamura,K., Taniguchi,Y., Shigeru,M., Sakai,T., Tun,T., Furukawa,T. and
Honjo, T. (1995)Curr. Biol., 5, 1416-1423.

Aster,J.C., Robertson,E.S., Hasserjian,R.P., Turner,J.R., Kieff,E. and
Sklar,J. (1997). Biol. Chem 272 11336-11343.

Hsieh,J.J.-D., Henkel,T., Salmon,P., Robey,E., Peterson,M.G. and
Hayward,S.D. (1996Mol. Cell. Biol, 16, 952—-959.

Hsieh,J.J.-D., Nofziger,D.E., Weinmaster,G. and Hayward,S.D. (1997)
J. Virol., 71, 1938-1945.

Kato,H., Taniguchi,Y., Kurooka,H., Minoguchi,S., Sakai,T.,
Okazaki-Nomura,S., Tamura,K. and Honjo, T. (199&yelopment

124, 4133-4141.

Matsuno,K., Go,M.J., Sun,X., Eastman,D.S. and Artavanis-Tsakonas,S.
(1997)Developmentl24 4265-4273.

Roehl,H., Bosenberg,M., Blelloch,R. and Kimble,J. (1$MBO J, 15,
7002-7012.

Wettstein,D.A., Turner,D.L. and Kintner,C. (198®velopmentl24
693-702.

Kato,H., Sakai,T., Tamura,K., Minoguchi,S., Shirayoshi,Y., Hamada,Y.,
Tsujimoto,Y. and Honjo, T. (1996)EBS Lett 395 221-224.

Matsuno,K., Diederich,R.J., Go,M.J., Blaumueller,C.M. and Artavanis-
Tsakonas,S. (199%)evelopmentl2l 2633-2644.

Joutel,A., Corpechot,C., Ducros,A., Vahedi,K., Chabriat,H., Mouton,P.,
Alamowitch,S., Domenga,V., Cécillion,M., Maréchal,E., Maciazek,J.,
Vayssiére,C., Cruaud,C., Cabanis,E.-A., Ruchoux,M.M., Weissenbach,J.,
Bach,J.F., Bousser,M.G. and Tournier-Lasserve,E. (198fjre 383
707-710.

Lu,F.M. and Lux,S.E. (199®roc. Natl Acad. Sci. USAR3 5663-5667.
Waltzer,L., Bourillot,P.Y., Sergeant,A. and Manet,E. (1995)

Nucleic Acids Res23, 4939-4945.

Schreiber,E., Matthias,P., Muller,M.M. and Scaffner,W. (1989)

Nucleic Acids Resl7, 6419.

Lassar,A.B., Davis,R.L., Wright,W.E., Kadesch,T., Murre,C., Voronova,A.,
Baltimore,D. and Weintraub,H. (199Ckll, 66, 305-315.

Kang,T., Martins, T. and Sadowski,l. (1993Biol. Chem 268 9629-9635.
Lardelli,M. and Lendahl,U. (1998xp. Cell Res204 364-372.
Cohen,J.I. (1998roc. Natl Acad. Sci. USAR9, 8030-8034.
Hsieh,J.J.-D. and Hayward,S.D. (1986)ence268 560-563.
Hubbard,E.J., Dong,Q. and Greenwald,|. (188¢nce273 112-115.
Taniguchi,Y., Furukawa,T., Tun,T., Han,H. and Honjo, T. (1998)

Mol. Cell. Biol, 18, 644-654.

Olave,l., Reinberg,D. and Vales,L.D. (199&nes Dey12, 1621-1637.



