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Abstract

The evolutionary conserved Notch signal transduction pathway regulates cell
fate and cellular differentiation in various tissues and has essential functionsin
embryonic patterning and tumorigenesis. Cell-cell signaling by the Notch path-
way is mediated by the interaction of the transmembrane receptor Notch with
its ligands Delta and Jagged presented on adjacent cells. Whereas signal trans-
duction to Notch expressing cells has been described, it is yet unclear whether
Delta-dependent signaling may also exist within the Delta expressing cell. To
address this question an embryonic cDNA library was screened for proteins
binding to the intracellular C-terminal part of mouse Deltal (Dll1). Two pro-
teins from the MAGUK family, Acvrinpl and Magi-3, could be identified as
novel DII1 binding proteins. Interactions were verified by pull-down experi-
ments in vitro and in a mammalian two-hybrid system in vivo. Interacting do-
mains could be delimited to the fourth PDZ domain of Acvrinpl, thefifth PDZ
domain of Magi-3 and the PDZ-binding domain of DII1. A model of the PDZ4
domain of Acvrinpl complexed with the PDZ-ligand of DII1 could be gener-
ated by homology modeling techniques. Additionally, interactions of Acvrinpl
and Magi-3 with Jaggedl (Jagl), dependent on the PDZ-binding domain of
Jagl, were shown in vitro. In situ expression analyses in mouse embryos re-
vealed that DIl1 and Acvrinpl show partly overlapping but distinct expression
patterns, for example, in the central nervous system and the vibrissae buds. Fur-
ther, expression of Acvrinpl was found to be altered in DII1 loss-of-function
mouse embryos. DIl 1 and Magi-3 were coexpressed in the neural tube and the
eye. These results suggest that, in addition to activating Notch receptors, DII1
may also mediate intrinsic signals into DII1 expressing cells. This mechanism
may involve interaction with the PDZ proteins Acvrinpl and Magi-3 and might
play acrucial rolein cell adhesion and polarity. The novel signal transduction
role of Delta has important implications for the understanding of Delta-Notch
signaling and the interpretation of Delta mutant phenotypes.



Zusammenfassung

Der evolutiondr konservierte Notch-Signaltransduktionsweg reguliert
Zellschicksalsentscheidungen und die Differenzierung von Zellen in einer
Vielzahl von Geweben und nimmt wichtige Funktionen bel der Musterbildung
im Embryo und der Entstehung von Tumoren ein. Die Signallbertragung
von Zelle zu Zelle durch den Notch-Signalweg wird durch die Interaktion
des transmembranen Rezeptors Notch mit seinen auf angrenzenden Zellen
exprimierten Liganden Delta und Jagged ermdglicht. Wahrend die Signal Uber-
tragung in die Notch exprimierenden Zellen gezeigt werden konnte, ist es
bisher unklar, ob auch eine von Delta abhangige Signaltbertragung in die
Delta exprimierende Zelle stattfindet. Um sich dieser Frage anzunahern,
wurde eine embryonale cDNA Bibliothek nach Proteinen durchsucht, die
an den intrazelluléren C-terminalen Teil von murinem Deltal (DIl1) binden.
Zwel Proteine, die aus der MAGUK Familie stammen, Acvrinpl und Magi-3,
wurden als neue DII1 bindende Proteine identifiziert. Die Interaktionen wurden
mittels pull-down Experimenten in vitro und in einem Saugetier Two-Hybrid
System in vivo Uberprift. Die interagierenden Doméanen konnten auf die
vierte PDZ Doméane von Acvrinpl, die finfte PDZ Doméne von Magi-3 und
die PDZ-bindende Domane von DII1 eingegrenzt werden. Ein Model der 4.
PDZ Domane von Acvrinpl komplexiert mit dem PDZ-Liganden von DII1
konnte mittels Homol ogy-M odellierungstechniken erzeugt werden. Zusétzlich
konnten Interaktionen von Acvrinpl und Magi-3 mit Jaggedl (Jagl), abhangig
von der PDZ bindenden Doméne von Jagl, in vitro gezeigt werden. In situ
Expressionsanalysen in Mausembryonen offenbarten, dass DII1 und Acvrinpl
tellweise Uberlappende, aber dennoch unterschiedliche Expressionsmuster
zeigen. Dartiber hinaus wurde herausgefunden, dass die Expression von
Acvrinpl in den DII1 Verlustmutanten verandert ist. DII1 und Magi-3 waren
im Neuralrohr und im Auge coexprimiert. Diese Ergebnisse deuten an, dass
DII1 neben der Aktivierung des Notch Rezeptors auch en intrinsisches
Signal in die DII1 exprimierenden Zellen Gbermittelt. Dieser Mechanismus
schliefit moglicherweise die Interaktion mit den PDZ-Proteinen Acvrinpl
und Magi-3 ein und koénnte eine Rolle bei der Zelladhdsion und -polaritét
spielen. Diese neue Funktion von Delta kdnnte zu einem besseren Versténdnis
der Delta-Notch-Signaltransduktion beitragen und bei der Interpretation des
Phanotyps von Delta-Verlustmutanten helfen.
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1 Introduction

How can a single cell build up a multicellular organism? This question fasci-
nates devel opmental biologists for decades. One crucial factor for the devel op-
ment of multicellular life is the ability to form biological patterns. Pattern for-
mation is mediated by molecular mechanisms of cell-cell signaling that permit
cells to influence each other’s fate. One key mechanism in controlling cell-cell
communication is the Delta-Notch signal transduction pathway.

1.1 Core components of Notch signaling

The Notch signal transduction pathway controls cell fate and embryonic
patterning in vertebrates and invertebrates through local cell interactions.
Cell-cell signaling in this pathway is mediated by the interaction of the ligands
Delta or Serrate (Jagged in vertebrates) to the Notch receptor expressed on
neighboring cells.

Delta and Serrate proteins belong to the DSL (Delta/Serrate/Lag-2) family.
DSL proteins are one-pass transmembrane receptors with a variable number
of epidermal growth factor (EGF)-like repeats and a DSL domain in the
N-terminal extracellular part and a short intracellular domain. In addition,
Serrate contains a unique cysteine-rich motif between the EGF repeats and
the transmembrane domain. Whereas the function of the EGF motifs remains
unclear, it turned out that receptor association is mediated by the DSL domain
(FITZGERALD & GREENWALD, 1995; HENDERSON ¢t al., 1997).

Notch receptors are transmembrane proteins from the LNG family. The first
members isolated were Lin-12 from C. elegans, Drosophila Notch and Glp-1
from C. elegans (GREENWALD, 1985; WHARTON €t a., 1985; AUSTIN &
KIMBLE, 1987). The extracellular domain of Notch contains several EGF-like
and three LNG repeats. The EGF-like motifs mediate interaction with the
DSL domain of the ligands (REBAY et al., 1991). A RAM (RBPJx associated
molecule) domain, ankyrin repeats, a transcriptiona activator domain (TAD)
and a PEST (proline-, glutamate-, serine-, threonine-rich) sequence are found
in the intracellular region. Notch is proteolytically cleaved in the secretory
pathway by a furin-like convertase (S1 cleavage) and is presented on the cell
surface as a heterodimer (BLAUMUELLER €t al., 1997; LOGEAT et a., 1998;
BARON, 2003).

After binding of the ligand the Notch protein is cleaved in its extracellular
domain by an ADAM (A disintegrin and metalloprotease) metalloprotease

Ligands

Receptors



1 Introduction

such as TACE (TNFa converting enzyme) or Kuzbanian (S2 cleavage) (PAN
& RUBIN, 1997; LIEBER €t a., 2002; BRoOU et al., 2000; BARON, 2003).
The remaining membrane tethered part of Notch is subsequently cleaved in
its transmembrane domain by a presenilin-dependent y-secretase activity (S3
cleavage) (MumM et a., 2000; DE STROOPER €t a., 1999; BARON, 2003).
This regulated processing leads to translocation of the Notch intracellular
(NIc) part into the nucleus (KopPaN et al., 1996) (Fig. 1.1).

In the nucleus, Notch is binding to the CSL (Cbfl/Su(H)/Lag-1) protein
Suppressor of hairless (Su(H)) via its RAM domain and ankyrin repeats.
This interaction turns Su(H) from a transcriptional repressor into an activator
(JARRIAULT et a., 1995).

This results in the upregulation of genes from the Enhancer of split (E(spl))
locus encoding basic helix-loop-helix (bHLH) factors. These bHLH proteins,
in turn, affect the regulation of downstream target genes from the achate-scute
(ac-sc) complex. (JARRIAULT et a., 1995) (Fig. 1.1).

To switch off the Notch signal, the E3 ubiquitin ligase Suppressor of deltex
(Su(dx)) associates with the PEST domain of Nlc. Thereby, Nic is ubiquitiny-
lated and marked for proteasomal degradation (CORNELL et al., 1999).

Effector

Targets



1 Introduction

"xa]dwod 9s-2e ay) wolj sauab [einauoid Jo uoissaidxa ayl ssaiddns eyl sio1oe} uonduosues) H1H apoaua sauab (jds)3 snaoj (jds)3
3y} woJj sauab jo Joreanae reuonduosues) ue ojul (H)NS suiny 9N Jo Buipuig 'snajonu ay) 0lul 81ed0|suel] 0] 3|ge SI eyl YdloN JO WIo} Jejn|j@de.ul
a|qn|os e ases|al safieAes)d 8say ] “Urewop surIquBWSUeI] S)I pue uolfal Jejn||@9e.iixa Sl Ul panea|d AjjeanAjoaloid si YydloN UoireAnde Jaly "YoloN
0} e)j2Q Jo Buipuig Aq paremul si uononpsues) reubis yoloN ‘eliydosolg ul uoniqiyul [esdre|] Bunp uonanpsues) eubis yaloN :T'T 24nbi4

sjeadas uuuy —
ulewop |S3d e
uewop avL §

eleq ulewop 9N
urewop ANvy @
|
i

ulewop 11sd
- =T = sjeadai o¥I-493
YOJON

[180 BulAleoal [|190 Buljeubis

10



1 Introduction

1.2 Determination of cell fate

Delta-Notch signaling mediates cell fate decisions by three processes, called
lateral inhibition, lateral specification and lateral induction.

Lateral inhibition describes a process where cells within an equivalence group
inhibit neighboring cells from gaining the same developmental fate. This phe-
nomenon is best understood during Drosophila neurogenesis. Before initiation
of neurogenesis all cells within the neurogenic ectoderm of the fly have the
potential to become either a neuronal precursor (neuroblast) or a progenitor
of the epidermis (epidermoblast). Cells that express slightly more Delta ac-
tivate the Notch receptors of neighboring cells. In these Notch bearing cells
proneural genes from the ac-sc complex are inhibited by bHLH transcription
factors from the E(spl) locus (Fig. 1.1). The expression of Delta is downreg-
ulated in activated Notch-expressing cells. The ability of these cells to inhibit
their neighborsis decreased and an initially small difference between two cells
isamplified in this regulatory feedback-loop (HEITZLER et a., 1996). Finally,
the Delta expressing cells become nascent neurons, whereas Notch bearing
cells are caused to adopt the epidermal fate (ARTAVANIS-TSAKONAS €t al.,
1999). Theinitially equivalent group of cellsisdriven to form a salt-and-pepper
mosaic (Fig. 1.2a).

Figure 1.2: Cell fate determination. (a) Lateral inhibition. At the beginning all cells
have the same potential (grey). By chance one of the cells (red) expresses slightly
more Delta than surrounding cells and activates Notch signaling in its neighbors. The
neighboring cells become receiving cells (white) as their expression of Delta is inhib-
ited. The rest of the pattern is now committed. The initially equivalent cells have now
different potentials and finally differentiate into cells of different fate. (b) Lateral induc-
tion. Inductive signaling typically occurs between nonequivalent cells (red and grey).
Serrate expressing cells (red) induce Notch signaling in neighboring cells. These cells
signal back as their expression of Delta is upregulated (white). This positive feedback
loop finally leads to the formation of a boundary.

In contrast to lateral inhibition, lateral specification occurs between equivalent
and nonequivalent cells. One example of lateral specification involves the dif-
ferentiation of the sensory organ precursors (SOPs) in Drosophila. SOP cells
divide to produce two cells, whereas only one of the daughter cells receives
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1 Introduction

Numb, an antagonist of Notch. Both daughter cells divide again to form one
pair of hair and socket cells and one pair of neuron and sheath. Numb is again
asymmetrically distributed during the division and segregates into only one of
the two daughter cells. The cells that receive Numb antagonize Notch activity,
whereas the other cells adopt the fate associated with Notch activation (SPANA
et a., 1995; FRISE et a., 1996).

Studies on the wing margin of Drosophila has shown that Notch signal-
ing is aso required for the formation of borders. Fringe, a modulator of
Notch signaling, encodes an O-fucose-f31, 3-N-acetylglucosaminyltransferase
(B3GIcNACT) that adds O-fucose glycans to the Notch EGF repeats. Thereby,
Fringe causes Notch to respond to Deltarather than Serrate. Serrate and Fringe
are expressed exclusively in the dorsal part of the developing wing. Serrate
expressing cells of the dorsal compartment can only signal to the ventral part
of the wing. In response to Serrate activation Delta expression is upregulated
in ventral cells. These cells signal back to the dorsal part and induce Serrate
expression in the dorsal cells. This positive feedback mechanism results in a
localized activation of Notch signaling in adjacent stripes of cells at the wing
margin (PANIN et al., 1997; KLEIN & ARIAS, 1998; BRAY, 1998) (Fig. 1.2b).
Inductive interactions involve also signaling between nonequivalent cells that
express either the LNG receptor or the DSL ligand. One famous example is
the induction of mitotic divisions in the germ line of C. elegans. The ligand
Lag-2, produced by a somatic gonadal cell, the distal tip cell, activates the re-
ceptor Glp-1 in the germ line to promote mitosis (CRITTENDEN et a., 1994;
HENDERSON et a., 1994).

1.3 Notch signaling in vertebrates

Vertebrate homologues have been identified for each of the core components
of Notch signal transduction. These include Notchl1-4; Delta-likel (DII1), DII3,
Dll4, X-Delta-1 and C-Delta-1; Serrate homologues Jaggedl (Jagl), Jag2 and
C-Sarrate-1; the Su(H) homologue CBF1 (aso caled RBPJk) and Hairy and
Enhancer of Split homologues Hesl, Hes5, Hes7, Heyl and Hey2 (DE LA
PoMPA et al., 1997).

In addition, several modulators of Notch signaling were found in vertebrates.
The Fringe homologues Radical, Lunatic and Manic fringe are among them
(IToOH et al., 2003; CHEN & CASEY CORLISS, 2004; WU et al., 1996; JOHN-
STON et a., 1997).

Notch signaling mediates cell fate decisions during many aspects of vertebrate
embryonic development. During early neurogenesis, for example, Delta-Notch
signaling regulatesthe differentiation of proliferating cellsin the neural tube by
lateral inhibition. Thereby, activated Notch represses the neuronal fate (DE LA
PomPA et al., 1997; DE BELLARD et a., 2002; GRANDBARBE et al., 2003),
Notch pathway mutants exhibit a neurogenic phenotype that is characterised by
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1 Introduction

an excessive neuronal differentiation (HRABE DE ANGELIS et a., 1997; CON-
LON et a., 1995; OKA et a., 1995). Interestingly, DII1 loss-of-function mouse
mutants (HRABE DE ANGELIS et a., 1997) have more cells in the floorplate
and show an increased motor-neuron differentiation, whereas the differenti-
ation of ventral interneurons is decreased. Also, the differentiation of neural
progenitors is premature in DII1 mutants. These findings indicated that DIl1
acts as a critical regulator of neuronal differentiation in mice (G. Przemeck,
unpublished results). Expression of mouse DII1 in nascent neurons but not in
cells surrounding them indicates that Delta-Notch signaling also regulates the
formation of sensory hair cellsin the embryonic inner ear by lateral inhibition
(MORRISON et a., 1999).

Moreover, Notch signaling isinvolved in somitogenesis. Somites are repeating
metameric blocks of cells that arise early during development from two sheets
of unsegmented mesoderm, called presomitic mesoderm (PSM), lying laterally
to both sites of the neural tube. Somites bud from the rostral end of the PSM
in an anterior to posterior progression, undergo an mesenchymal to epithelial
transition and differentiate. Somite condensation progresses while at the same
time new presomitic mesoderm cells are formed from the primitive streak and
later from the tail bud. Somite formation is a periodic process, repeated every
90 minutes in chick and every 90-120 minutes in mouse embryos dependent on
the axial position (TAM, 1981; AULEHLA & HERRMANN, 2004). Tissues of
somatic origin are the axial skeleton and ribs, the skeletal muscles and the der-
mis of the back. A variety of genes have been identified that show a cyclic ex-
pression pattern within the PSM, recurring everytime a new somite is formed.
This observation lead to the postulation of a molecular oscillator referred to as
the "segmentation clock™, which is established and regulated by multiple sig-
naling pathways including those of Notch, Wnt and FGF. The molecular inter-
play between the various components of these pathwaysis not fully understood
to date. In DII1, DII3, Notchl and RBPJx loss-of-function mouse mutants the
anterior-posterior polarity of somites and the formation of somite boundaries
are disturbed, but somite formation is unaffected (HRABE DE ANGELIS et d.,
1997; KusuMI et a., 1998; DUNWOODIE et a., 2002; CONLON et al., 1995;
OKA et al., 1995). Therefore, although it is well established that the Delta-
Notch pathway plays an important role in the clock mechanism, also other
factors must be involved.

Recently, Notch signaling has a so been implicated in the determination of |eft-
right asymmetry. Establishment of the left-right body axis involves four steps.
Breaking of the initial symmetry in or near the node, transfer of asymmetric
signalsto the lateral plate mesoderm (LPM), induction of asymmetric gene ex-
pression, such as Nodal and Leftb in the left LPM and left-right asymmetric
morphogenesis of visceral organs. Mice homozygous for a knock-in mutation
that places lacZ under the control of the DII1 promoter (HRABE DE ANGE-
Lisetal., 1997) show left-right defects, namely randomisation of the direction
of heart looping and embryonic turning. How DII1 influences left-right de-
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velopment remains controversial. Two independent groups reported that DIl 1
mediated Notch signaling is essential for the initiation of Nodal expression
around the node and that Nodal activates asymmetric gene expression in the
LPM (KREBS €t a., 2003; RAYA et a., 2003). In contrast to this model, Prze-
meck et al. suggested that the cause for the observed left-right defectsis afail-
ure in the development of proper midline structures. These originate from the
node, which is disrupted and deformed in DII1 mutant embryos (PRZEMECK
et a., 2003).

Furthermore, Notch activity is a crucia factor for the development of several
organs. Regulation of the decision between endocrine and exocrine fates in
the developing pancreas by lateral inhibition is only one example (APELQVIST
et a., 1999).

In addition, Notch signaling has been shown to affect hematopoiesis. A re-
combinant soluble form of human DLL1 containing the DSL domain and N-
terminal sequences was found to inhibit the differentiation and promote the
expansion of hematopoietic progenitor cells in a murine hematopoietic pro-
genitor cell line (HAN et al., 2000). These observations were consistent with
the action of human JAG1 and JAG2 in hematopoiesis. Also the purified extra-
cellular domains of human JAG1 and JAG2 increased the number of primitive
precursor cell populations in murine and human hematopoietic precursor cells
(VARNUM-FINNEY et al., 1998; CARLESSO et al., 1999).

1.4 Notch signaling and human disease

So far four human disorders have been associated with mutations in Notch
pathway genes. These include a devel opmental disorder (Alagille syndrome), a
neurological disease (CADASIL), skeletal defects (Spondylocostal dysostosis)
and cancer (T-ALL).

Alagille syndrome (AGS) is a developmental disorder that is characterised
by neonatal jaundice, a reduced number of bile ducts, congenital heart
defects, skeletal defects and eye abnormalities. Other less frequent features
of this syndrome include growth retardation, mental retardation and kidney
abnormalities. AGS is an autosomal dominant disease with an occurrence of
1 in 70.000 live births. Expressivity of AGS is very variable but penetrance
ishigh (KRANTZ et al., 1997). Two independent groups reported that AGS is
caused by mutations in the human Jaggedl (JAG1) gene (L1 et al., 1997; ODA
et al., 1997). Most mutations identified so far are frame shift, non-sense or
splice site mutations and result in truncated JAG1 proteins. Hapl oinsufficiency
was suggested as primary cause for AGS (SPINNER et al., 2001). Recently, a
mouse model for AGS could be established. Mice doubly heterozygous for the
JAG1 null allele and a Notch2 hypomorphic allele exhibit developmenta ab-
normalities characteristic of AGS and might help to understand the molecular
mechanisms underlying the disease (MCCRIGHT et al., 2002).
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CADASIL (cerebral autonom dominant arteriopathy with subcortical infarcts
and leukoencephalopathy) is an autosomal dominant vascular disorder that
manifests in recurrent subcortical ischemic strokes leading to a progressive
dementia and death by 65 years of age. Other commonly observed symptomes
are migraine with aura and mood disorders (CHABRIAT €t al., 1995). The
vascular lesions underlying CADASIL affect primarily small cerebral arteries,
although the vascular defects are systemic. The frequency of CADASIL is
very low. CADASIL usually occurs at a mean age of 45 years and is caused by
mutations in the NOTCH3 gene (JOUTEL et a., 1996). All mutationsidentified
so far result in the gain or loss of a cysteine residue in one of the EGF repeats
and might alter the structure of the protein (JOUTEL et al., 1997). Joutel et al.
found the ectodomain of NOTCH3 accumulated in cerebral microvasculature
of CADASIL patients (JOUTEL et a., 2000). Therefore they suggest that
CADASIL mutations impair the clearance of the NOTCH3 ectodomain from
the cell surface.

Patients suffering from spondylocostal dysostosis (SD) have a reduced stature
resulting from axial skeletal defects like multiple hemivertebrae, rib fusions
and deletions. SD is inherited in an autosomal dominant and autosomal
recessive manner. Autosomal recessive SD is a rare condition and is caused
by mutations in the human DLL3 gene. Three mutations could be identified
so far. Two of them cause truncated DLL3 proteins. The third mutation is
a missense mutation in a highly conserved amino acid residue and might
affect the stucture of DLL3 (BULMAN et a., 2000). Two mouse models
for SD have been established. Mice homozygous for the pudgy mutation, a
spontanious mutation in the DII3 gene, and mice homozygous for a targeted
DII3 mutation exhibit skeletal defects similar to SD patients (Kusumi et al.,
1998; DUNWOODIE et al., 2002). Phenotypic analyses revealed that delayed
and irregular somite formation is the reason for the observed skeletal defects.
Human NOTCH1 has been implicated in T-cell acute lymphoblastic
leukemias/lymphomas (T-ALL). Three T-ALL patients examined exhibited
chromosomal translocation that lead to the expression of truncated NOTCH1
proteins containing most or al of the cytoplasmic domain (ELLISEN et al.,
1991). Studies in Drosophila and C. elegans suggest that truncated forms of
LNG family members are constitutively active (STRUHL et a., 1993). This
constitutive activation of the Notch pathway might affect cellular differen-
tiation without blocking the potential of cells to divide and may promote
tumorigenesis.

The diversity of the described disoders shows the broad spectrum of Notch
activity in man.
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1 Introduction

1.5 Crosstalk with other signaling pathways

During embryonic development an impressive amount of different cell types
have to be created by few signaling pathways that mediate interaction between
the cells. To create such a diversity common signaling pathways have to be
connected to each other. Also the Notch signal transduction pathway is inte-
grated into such a network.

Recently, a crosstalk between the Notch and the JAK-STAT pathway has been
reported (KAMAKURA et al., 2004). JAK-STAT signaling is activated as extra-
cellular signaling molecules, like cytokines and growth factors, bind to specific
receptors on the cell surface. A subsequent cascade of phosphorylation events
involving JAK (janus kinase) finally leads to the phosphorylation of the tran-
scription factor STAT (signal transducer and activator of transcription). Phos-
phorylated STATs dimerize and migrate into the nucleus where they activate
specific target genes. Like Notch, STATs have been implicatied in tumorigen-
esis and the regulation of cell fates (LEVY & DARNELL, 2002). A direkt in-
teraction between JAK 2, STAT3 and the Notch primary targets Hesl and Hesb
was shown (KAMAKURA et al., 2004). It has been suggested that the observed
association facilitates the complex formation between JAK2 and STAT3, thus
promoting STAT3 phosphorylation and activation. Furthermore STAT3 seems
to be crucia for the maintenance of radial glial cells and differentiation of as-
trocytes by Notch signaling in the CNS (KAMAKURA et al., 2004).

Notch and Epidermal Growth Factor Receptor (EGFR) pathways cooperate,
among others, in the regulation of cell fate specifications in the Drosophila
eye. Thereby, activation of EGFR induces the differentiation of photorecep-
tor cells and promotes their expression of Delta. Overexpression of Delta is
mediated by Sno and Ebi, two proteins that antagonize a repressor function
of Su(H). Delta, in turn, induces neighboring cells to become nonneural cone
cells (TsuDA et al., 2002). Antagonistic effects of Notch and EGFR signaling
have al so been described. During the formation of the adult chordotonal organ
of Drosophila SOPs are continuously accumulated from a proneural cluster.
Notch signaling is required to limit the number of SOPs, but does not prevent
multiple SOP formation because EGFR signaling overcomes Notch-mediated
lateral inhibition by opposing the repression of proneural genes from the ac-sc
complex (ZUR LAGE & JARMAN, 1999).

Several connections to the Wnt signaling cascade have also been suggested.
Wnt signaling is initiated by binding of a Wnt family member to its receptor
Frizzled. The Frizzled protein then activates Disheveled, alowing it to become
an inhibitor of a glycogen synthetase kinase-3 (GSK-3). GSK-3, when active,
prevents the dissociation of B-catenin from the APC (adenomatous polyposis
coli) complex, which targets B-catenin for proteasomal degradation. B-catenin
is then translocated to the nucleus and activates Wnt responsive genesin com-
plex with LEF/TCF (lymphocyte enhancer factor/T-cell factor). At the wing
margin of Drosophila Wnt signaling induces the formation of sensory bristles,
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1 Introduction

whereas activated Notch provides an inhibitory signal. Thereby, Wnt signal-
ing overcomes Notch suppression through a direct interaction of Disheveled
and Nlc that inhibits Notch activity (AXELROD et al., 1996). In addition, stud-
ies in Drosophila revealed an alternative Notch signal transduction pathway
independent of Su(H) and mediated by Deltex (RAMAIN et a., 2001). This
novel signaling mode seems to be regulated by elements of the Wingless sig-
naling pathway, like Disheveled and the Drosophila GSK-3 homolog Shaggy.
The results of several new studies indicate that an interplay between the Wnt
and Delta-Notch pathway is also required for proper vertebrate somitogenesis
(AULEHLA et al., 2003; AULEHLA & HERRMANN, 2004; GALCERAN et al.,
2004; HOFMANN et a., 2004). Disruption of Wnt signaling affects the cyclic
expression of Notch pathway genes, whereas cyclic expression of Axin2, aWnt
pathway gene, is maintained when Notch signaling is impaired (AULEHLA
et al., 2003). Therefore, Wnt signaling was placed upstream of the Delta
Notch pathway in somitogenesis. Two independent groups now proposed that
Whnt exertsits effect on Delta-Notch signaling viaits downstream transcription
factors LEF/TCF (GALCERAN et al., 2004; HOFMANN et al., 2004). It could
be demonstrated that LEF/TCF cooperate with the T-box transcription factor
TBX6 to directly activate the transcription of DII1 in the PSM and tail bud.
The variety of connections to other signaling pathways shows again the central
role of the Delta-Notch pathway during embryonic development.

1.6 Endocytosis of Delta

Several groups reported that the shed ectodomain of Notch is endocytized in
complex with Delta by the ligand expressing cell. In Drosophila this endocyto-
sisisdependent on Dynamin and the RING-type E3 ubiquitin ligase Neuralized
(PARKS et al., 2000; LAI et al., 2001; PavLOPOULOS et al., 2001). In verte-
brates the zebrafish Ring-type E3 ubiquitin ligase Mind bomb is involved in
the same process (ITOH et al., 2003; CHEN & CASEY CORLISS, 2004). It has
been suggested that ubiquitin ligases interact with the intracellular domains of
Deltaligands to promote their ubiquitinylation and internalization. This might
lead to physical changes required for the proteolytic cleavage that releases the
Notch extracellular domain (S2 cleavage), which undergoes transendocytosis.
As a result, the remaining Notch fragment becomes susceptible to cleavage
by y-secretase activity (S3 cleavage) (PARKS et al., 2000; LAl et a., 2001;
PavLOPOULOS et a., 2001; ITOH et al., 2003; CHEN & CASEY CORLISS,
2004). Recently, a Mind bomb loss-of-function mouse mutant line could be
established. The fact that Mind bomb null mutants display neurogenesis and
somitogenesis defects is consistent with the observation that ubiquitinylation
and endocytosis of Delta ligands is required for effective Notch signaling (K.
Artzt, personal communication).
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1.7 Aim of the study

In the last decades signal transduction to Notch expressing cells has been stud-
iedindetail butitisstill unclear if Delta-dependent signaling occurs also within
Delta expressing cells. To address this question, proteins interacting with the
intracellular domain of mouse DII1 should be identified with help of a yeast
two-hybrid approach. Interactions obtained in yeast should be confirmed by
GST pull-down experimentsin vitro and in amammalian two-hybrid system in
vivo. The major interacting domains should be delimited and a structural model
of the interactions should be created by homology modeling techniques. Also,
interesting candidate proteins should be tested for interaction with Jagl in vitro.
In addition, tissue coexpression should be checked by in situ expression anal-
yses in wildtype and DII1 loss-of-function mouse embryos. The elucidation of
processes within the Delta bearing cells are important for the understanding
of Delta-Notch signaling and so far unresolved questions concerning Delta-
mutant phenotypes.
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2 Methods and Materials

2.1 Methods

2.1.1 Working with DNA
Plasmid isolation from bacteria

Plamid containing bacteria were incubated in LB-Amp or LB-Kan medium
overnight at 37 °C and 200 rpm. Depending on the desired amount of DNA the
culture volumewas set to 5 or 50 ml. For isolation of plasmid DNA NucleoSpin
Plasmid (#740588; Macherey-Nagel) or NucleoBond PC 100 kits (#740573;
Macherey-Nagel) were used according to the manufacturer’s protocol.

Plasmid isolation from yeast

To isolate plasmid DNA from yeast 1 ml of an overnight culture was cen-
trifuged for 3 min at 14000 rpm at room temperature. The supernatant was
discarded and the pellet was resuspended in 500 ul S-buffer. The solution was
incubated at 37 °C for 30 min. After addition of 100 ul Lysis buffer the sus-
pension was vortexed and left at 65 °C for 30 min. 166 ul 3 M potassium
acetate was added and the solution was chilled on ice, followed by centifuga-
tion at 14000 rpm for 10 min at 4 °C. The supernatant was transferred to a new
Eppendorf tube and DNA was precipitated with 800 ul 100 % ethanol for 10
min on ice. The sample was centrifuged afterwards at 14000 rpm at 4 °C for
15 min. The DNA pellet was washed with 500 ul 70 % ethanol, air dried and
resuspended in 50 ul sterile water.

Determination of DNA concentration

DNA concentration was estimated by measuring the optical density at 260
nm with an UV-spectrophotometer (DU530; Beckmann). Multiplication of the
measured value by 50 (double stranded DNA concentration at ODogp=1) and
the dilution factor gives DNA concentration in pg/ml.

Purification of DNA

For isolation of DNA fragments from restriction digestions, bands of the de-
sired size were cut out from an agarose gel and were extracted with the QIA-
quick gel extraction kit (#28704; QIAGEN). PCR products can be purified with
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the QIAquick PCR purification kit (#28104; QIAGEN). Both kits were used
according to the manufacturer’s protocol.

Agarose gel electrophoresis

Due to their negative charge DNA molecules can migrate in an electric
field. Agarose gel electrophoresis takes advantage of this property and allows
the separation of DNA fragments according to their molecular weights. For
agarose gel electrophoresis DNA samples were mixed with 6 x loading dye
(#R0611; MBI Fermentas) at aration of 5:1 and were applied to 0,8 % - 2 %
agarose gels containing 1 ug/ml ethidium bromide. The gelswererun at 120 V
in 1 x TBE buffer inagel chamber (Sub-Cell GT; Biorad). DNA was visualised
afterwards by UV excitation (254 nm) of intercalated ethidium bromide.

Restriction digestion of DNA

1 ug plasmid DNA wastypically digested with 1 U of the respective restriction
enzyme. Buffer conditions were adopted from the manufacturer’s protocol. The
reactions were incubated for 90 min at 37 °C. Success of the restriction was
checked by agarose gel electrophoresis.

Ligation

Ligation of a linearised vector with the desired insert is catalysed by the en-
zyme T4-DNA-Ligase. Usually 100 ng vector DNA was mixed with the 3
x molar amount of insert DNA and 2.5 U T4-DNA-Ligase in a total vol-
ume of 10 ul. Alternatively 1-4 ul of PCR product was used for ligation
into pCRII, pcDNA3.1 (#K4600-01 and #K4800-01; Invitrogen) or pGEM
(#A1380; Promega) from the TA-Cloning kits. The reactions were incubated
overnight at 16 °C.

Polymerase Chain Reaction (PCR)

For specific amplification of DNA fragments from cDNA or plasmid DNA
PCR reactions were performed. The following standard mixture was used:

50 ng DNA template

1 x PCR buffer

0.2 mM of each dNTP
1.5 mM MgCl,

0.25 uM of each primer
2.5 U DNA-Polymerase
ad 20 ul H,O
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At first, double-stranded DNA was separated into single strands at 95
°C for 30 sec (denaturation). The temperature for subsequent primer an-
nealing is dependent on the melting temperature of the oligonucleotides used
and was determined empirically. Usually 30 sec were sufficient for annealing.
Elongation was performed with an appropriate DNA-Polymerase at 72 °C
for 1 min/kb fragment length. These three steps were repeated 25-35 times
dependent on the desired amount of DNA. Pfu DNA-Polymerase was used for
cloning, Tag DNA-Polymerase for the detection of plasmid containing E. coli
clones. PCR was performed in Stratagene’s RoboCycler 96.

Cloning

For generation of the expression constructs pGBKT7DIl1cyto, pGEXDII1cyto,
pGEXJaglcyto, pcDNA3Acvrinpl GUKWW, pcDNA3Acvrinpl PDZ1-5,
pcDNA3Acvrinpl APDZ4-5, pcDNA3Acvrinpl PDZ4-5, pcDNA3Acvrinpl
APDZ5, pcDNA3Acvrinpl PDZ5, pcDNA3Magi-3 PDZ1-5, pACTDII1cyto,
pBINDAcvrinpl and pBINDMagi-3 PDZ1-5 the respective cDNA sequences
were amplified by PCR from template plasmids. Due to its high accuracy
Pfu DNA-Polymerase was used for all PCR reactions. For addition of 3' A-
overhangs PCR reactions were incubated with 1 U Tag DNA-Polymerase for
10 min at 72 °C and subsequently subcloned into pCR2.1 (#K4500-40; In-
vitrogen), pGEM (#A1380; Promega) or pcDNA3.1 (#K4800-01; Invitrogen)
by TA-Cloning according to the manufacturer’s instructions. The cDNA in-
serts were released by restriction digestion and cloned into the desired vec-
tors according to standard protocols (SAMBROOK et al., 1989). For the cre-
ation of RNA probes the cDNA sequences of Acvrinpl PDZ1-5 and Magi3
PDZ1-5 were amplified by PCR and directly introduced into pCRII by TA-
Cloning (#K4600-40; Invitrogen). Primers and restriction sites are listed in the
appendix. All constructs were sequenced by Dr. W. Metzger (Sequiserve).

In vitro mutagenesis

Site-directed mutagenesis is used to make point mutations, switch amino
acids, and delete or insert single or multiple amino acids. In this study site-
directed mutagenesis was performed to delete the PDZ-binding domains of
DII1 and Jagl. Two primers each were designed that contained the desired
mutation and annealed to the same seguence on opposite strands of the
pGEXDII1cyto or pGEXJaglcyto construct (see Appendix). Extension of these
primers during PCR with Pfu DNA-Polymerase generated the mutated plas-
mids pGEXDII1cytoAPDZ-BD and pGEXJaglcytoAPDZ-BD. Afterwards, the
PCR reactions were treated with Dpnl to digest the parental DNA templates
and were transformed into E. coli DH5¢. Finally the constructs were checked

by sequencing.
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2.1.2 Working with proteins
Expression and purification of GST fusion proteins

For expression and purification of the recombinant proteins 50 ml LB-
Amp medium was inoculated with an overnight culture of pGEXDII1cyto,
pGEXDIl1cytoAPDZ-BD, pGEXJaglcyto or pGEXJaglcytoAPDZ-BD in E.
coli BL21 at aratio of 1:100. Cultures were grown at 37 °C and 200 rpm to an
ODgqo of 0.7. Protein expression was induced by addition of 0.5 mM IPTG and
cultivation was continued for 3 h. Afterwards, cells were harvested by centrifu-
gation (10 min, 4000 rpm, 4 °C). Supernatants were discarded and pellets were
resuspended in 2.5 ml Lysis buffer containing 2.5 ul 1000 x Protease inhibitors
(#1697498; Roche Diagnostics) and 5 ul Lysozyme solution. Afterwards, the
cells were cracked by repeated freezing in liquid nitrogen and thawing in a
30 °C waterbath. After addition of 5 ul Benzonase (10 U/ul) and 150 ul 100
mM MgCl, suspensions were incubated for 45 min at room temperature and
centrifuged (45 min, 4500 rpm, 4 °C) afterwards. GST fusion proteins could
be purified by incubation with 100 ul PBS washed Glutathione Sepharose 4B
beads (#17-0756-01; Amersham Biosciences) overnight at 4 °C with shaking.
The next day, mixtures were centrifuged (2 min, 3200 rpm, 4 °C), supernatants
were discarded and beads were washed three times with 1 ml cooled PBS.
To elute the GST fusion proteins, beads were incubated with 500 ul Elution
buffer for 1 h at room temperature with shaking. For removal of glutathione
the protein solutions were dialysed in 6 mm dialysis tubings (#44104; Serva
Electrophoresis) against PBS at 4 °C (3 x 1h).

SDS-Polyacrylamide gel electrophoresis (PAGE)

Expression and purity of the isolated proteins were checked by SDS-
polyacrylamide gel electrophoresis (PAGE) according to Schagger and von
Jagow (SCHAGGER & VON JaGow, 1987). Following mixtures were suffi-
cient to pour 2 mini-gels (Mini-PROTEAN 3 system; Bio-Rad):

10% Resolving Gel:

30 % Acrylamide, 0.8 % Bisacrylamide | 3.3 ml
Gel buffer 3ml
50 % Glycerol 25ml
H.0 1ml
TEMED 20 ul
10 % APS 50 ul
Total volume 10 ml
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4% Stacking Gel:

30 % Acrylamide, 0.8 % Bisacrylamide | 670 ul
Gel buffer 670 ul
H.0 3.67 ml
TEMED 7 ul
10% APS 40 ul
Total volume 5ml

Protein samples were mixed with an equal volume of 1 x SDS-sample buffer
and boiled for 8 min. Probes and a molecular marker (#345-0125; Bio-Rad)
for estimation of protein sizes were applied to the gels. Gelswere run at 80 V
until protein samples passed the stacking gel. Electrophoresis was continued at
120 V. After gel run was completed gels were stained with Coomassie staining
solution for 30 min, destained with 7 % acetic acid and dried for 1 h at 80 °C
with vacuum (Model 583 Gel Dryer, Bio-Rad). For separation of proteins with
different molecular weights for the pull-down experiments 4-12 % precasted
gradient gels (#345-0125; Bio-Rad) were run with MES buffer (#161-0789;
Bio-Rad).

Western blotting

To analyse protein samples with specific antibodies proteins were separated
by SDS-PAGE and transferred to a PVDF membrane (#EH-2222; Pall). The
PV DF membrane was cut to the size of the gel and moistened with methanol.
Afterwards, the membrane and the gel were incubated in blotting buffer for
10 min. Two pieces of gel-size filter paper were soaked in blotting buffer and
put onto the anode plate of a semi-dry blotting device (#107-3848; Bio-Rad)
followed by the membrane, the gel and another two soaked pieces of filter pa
per. Blotting was performed for 30 min at 20 V. After transfer of the proteins
the membrane was blocked with 5 % skimmed milk powder in PBS for 30
min at room temperature. Subsequently, the membrane was incubated with the
primary antibody diluted in 0.5 % skimmed milk powder in PBS overnight
at 4 °C. The next day, the membrane was washed with PBS and incubated
with an appropriate peroxidase labeled secondary antibody diluted in 0.5 %
skimmed milk powder in PBS for 2 h at room temperature. After washing de-
tection was performed in detection buffer until protein bands became visible.
Staining could be stopped with tap water. The membrane was dried for storage.

Protein concentration measurement

For protein concentration measurement a modified protocol of Markwell
(MARKWELL et al., 1981) according to the Lowry method (LOWRY et d.,
1951) was used. Protein sampleswere diluted in deionised water to amaximum
final concentration of 100 pug/ml. A dilution series of BSA standard solution
in deionised water was prepared to give final concentrations of 0-100 pg/ml.
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250 ul protein samples or standard dilutions were mixed with 750 ul Solution
C and incubated for 10 min at room temperature. Afterwards, 75 ul Solution
D was added. The samples were mixed and left for 45 min in the dark. Within
the next 45 min the absorption at 660 nm was measured. Concentration of the
protein samples was determined by interpolation from the standard curve.

In vitro translation and 3°S-Methionine labeling

The TNT T7 Quick Coupled Transcription/Tranglation System (#L1170;
Promega) was used for a one step transcription/tranglation of Acvrinpl, the
Acvrinpl-deletion constructs and Magi-3 PDZ1-5 in pcDNA3 or pcDNA3.1
vector (Invitrogen). Protein products were labeled at the same time with 3°S-
Methionine (#AG1594; Amersham Biosciences) according to the manufac-
turer’s protocol.

GST pull-down assay

For the verification of protein-protein interactions in vitro GST pull-down as-
says were performed (Fig. 2.1). 1.5 ug of the respective GST fusion protein
was bound to 5 ul glutathione-sepharose 4B beads (#17-0756-01; Amersham
Biosciences) in PBS for 2 h at 4 °C. After sedimentation (2 min, 4000 rpm,
4 °C) the supernatant was removed and the beads were washed three timesin
200 ul cooled PBS and incubated with 10 ul of the in vitro translated probe
in 200 ul binding buffer for 2 h at 4 °C. Beads were washed three times in
200 ul washing buffer for 20 min at 4 °C before they were overlayed with
10 ul SDS-sample buffer and boiled for 8 min. After 5 min centrifugation at
14000 rpm the supernatant was analysed by SDS-PAGE and autoradiography
(Phosphoimager Fuji FLA-3000, 16h exposure).

Sepharose —GSH GST X <— 3Q.Y

Figure 2.1: GST pull-down assay. Protein X is expressed in fusion with GST. The
GST fusion protein is immobilized on a glutathione-sepharose matrix and incubated
with in vitro translated and 3°S-Methionine labeled protein Y. Several washing steps
are performed to remove unbound protein Y. If protein X and protein Y interact with
each other, radioactivity is kept in the sample and can be detected by SDS-PAGE and
autoradiography
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2.1.3 Working with bacteria
Storage and growing

Bacteriaaregrownin LB medium at 37 °C with shaking (200 rpm) or incubated
on LB agar platesat 37 °C overnight. For long term storage 1 ml of an overnight
culture is mixed with 500 ul 80 % glycerol in a cryotube vial and put into a
-80 °C freezer until usage.

Preparation of chemically competent E. coli

250 ml LB medium with 20 mM MgSO, were inoculated with 2.5 ml of an
overnight culture of E. coli DH5a, IM107 or BL21 (1:100) and incubated at
37 °C to ODgpp=0.4-0.6. The bacterial suspension was cooled downto4 °C and
centrifuged (15 min, 4500 rpm, 4 °C) afterwards. The pellet was resuspended
in 100 ml cold TFB1, left on ice for 5 min and centrifuged again. Supernatant
was discarded and bacteria were resuspended in 10 ml cold TFB2. After 15-
60 min incubation on ice, the suspension was divided into 100 ul portions,
quick-freezed in liquid nitrogen and stored at -80 °C.

Preparation of electrocompetent E. coli

10 ml of an overnight culture of E. coli XL1-blue was diluted with 1 | LB
medium (1:100) and incubated at 37 °C until it reached an ODgy of 0.5-0.8.
The culture was cooled down on ice and centrifuged at 4500 rpm and 4 °C
for 15 min. The pellet was washed with 1 |, 500 ml and 20 ml ice cold 10
% glycerol before it was resuspended in 10 ml ice cold 10 % glycerol. 50 ul
aliquots were prepared, frozen in liquid nitrogen and stored at -80 °C until

usage.

Heat-shock transformation

Usually, 2 ul of plasmid DNA or aligation reaction was mixed with 100 ul of
thawed chemically competent E. coli (BL21, DH5¢, IM107 or TOP10). The
reaction was kept on ice for about 30 min. After heat-shock at 42 °C for 45
sec, bacteria were grown in 250 pl LB medium at 37 °C for 1 h with shaking
(200 rpm). Finally, the reaction mixture was plated onto appropriate selection
media.

Electroporation

For transformation into electrocompetent E. coli XL 1-blue, one aliquot of the
bacteria was thawed, mixed with 2 ul of plasmid DNA or aligation reaction
and incubated on ice for 10 min. Afterwards, the suspension was transferred to
a sterile electroporation cuvette (#165-2086; Biorad) and pulsed at 200 Q, 2.5
kV and 25 mF (Gene Pulser I1; Biorad). After subsequent addition of 1 ml LB
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medium bacteriawere transferred to an Eppendorf tube, incubated for 1 h at 37
°C with shaking and finally plated on LB agar.

2.1.4 Working with yeast

Storage and growing

Yeast can be cultivated in liquid medium with shaking (250 rpm) or on solid
agar plates. The optimal cultivation temperature is 30 °C. To store yeasts for a
longer period of time 1 ml of an overnight culture is mixed with 500 ul 80 %
glycerol in acryotube. The vial can be stored at -80 °C for several years.

Transformation into yeast

300 ml YPDA or SD medium (for pretransformed yeasts) were inoculated with
30 ml of an overnight culture and incubated at 30 °C with shaking (250 rpm)
until the culture has reached the stationary phase (ODgyo between 0.4 and 0.6).
After incubation the culture was centrifuged at 1000 rpm for 5 min at 4 °C.
Supernatant was discarded and the pellet was resuspended in .5 ml 1 x TE/1 x
LiAc (1:1) to make the yeast cells competent. For transformation 100 il com-
petent yeast cells were mixed with 0.1 ug plasmid DNA, 0.1 mg salmon testes
carrier DNA (#D-9156; Sigma) and 600 ul PEG/LiAc. The mixture was vor-
texed and incubated for 30 min at 30 °C and 200 rpm. After incubation 70 ul
DM SO was added and the solution was mixed by gentle inversion. Heat-shock
was done at 42 °C for 15 min. After cooling down the cells on ice, they were
collected by centifugation (14000 rpm; 5 sec). The pellet was resuspended in
0.5ml 1 x TE. 100 ul of the suspension was plated on each SD agar plate.
Plates were incubated up-side-down at 30 °C until colonies appeared. Trans-
formation efficiency was calculated as follows:

cfux total suspensionvol. (ul)

Vol plated (i1l) x dilutionfactor x DNAused (ug) ~ C -/ HIDNA

2.1.5 Yeast two-hybrid system

The yeast two-hybrid system is a valuable tool for the identification of novel
protein-protein interactions. In a Gal4-based system the bait gene is expressed
asafusion to the Gal4 DNA-binding domain, while another genefrom acDNA
library is expressed as fusion to the Gal4 activation domain. When bait and
library fusion proteinsinteract, the two domains of Gal4 are brought into prox-
imity, thus activating transcription of several reporter genes (Fig. 2.2). In this
study the MATCHMAKER Two-Hybrid System 3 (#630303; Clontech) was
used to screen amouse day 11 embryo cDNA library (#638868; Clontech) for
proteins binding to the intracellular domain of DIl 1.
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Testing the bait for autonomous reporter gene activation

The bait construct pGBKT7DIl1cyto was transformed into the yeast strain
AH109 that is His, Ade, Trp and Leu deficient. The Trp gene on pGBKT7
allowed the positive selection of plasmid containing yeasts. One of the positive
clones was streaked out onto SD/-Trp, SD/-Hig/-Trp and SD/-Ade/-Trp to test
the bait for autonomous activation of the reporter genes His and Ade. Plates
were incubated for four days at 30 °C.

Screening a pretransformed library by yeast maiting

A 50 ml culture of pGBKT7DIl1cyto in S cerevisiae AH109 was incubated
overnight (30 °C and 250 rpm) until the culture exceeded an ODggg of 0.8. The
culture was centrifuged (10 min, 1000 rpm, 4 °C) and the pellet was resus-
pended in 5 ml of the remaining supernatant. Meanwhile, 1 ml of the pretrans-
formed cDNA library in the His, Ade, Trp and Leu deficient yeast strain Y 187
was thawed in a waterbath at room temperature. The vector pACT2 with the
Leu selection marker has been used for library construction. 10 ul of thelibrary
was taken to determineitstiter afterwards. Both transformed yeast strainswere
then cocultivated in a2 | Erlenmeyer flask with 44 ml Y PDA-Kan medium for
the formation of diploid cells. Incubation was continued for 24 h at 30 °C and
50 rpm. The next day, the mating mixture was centrifuged at 1000 rpm at 4
°C for 10 min. The pellet was washed twice with 50 ml YPDA-Kan that has
been used to rince the Erlenmeyer flask. Finally the pellet was resuspended in
10 ml YPDA-Kan and the total volume was noted down to be able to estimate
the number of clones screened afterwards. The entire suspension was plated
in the following way: 100 ul of a 1:10, 1:100, 1:1000 and 1:10000 dilution
were spread on SD/-Trp, SD/-Leu and SD/-Leu/-Trp plates (@ 10 cm) to de-
termine the mating efficiency. These plates were incubated for four days at 30
°C. The remaining suspension was spread on large QDO plates (d 15 cm) with
X-o-Gal at 250 ul per plate. Plates were left at 30 °C for 14 days.

Calculating mating efficiency and number of clones screened

Colonies grown on the SD/-Trp, SD/-Leu and SD/-Leu/-Trp plates that had
30-300 cfu were counted. The viable cfu/ml on each type of SD medium was
calculated:

cfux 1000 ul
vol. plated (ul) x dilutionfactor

= #viablecfu/ml

# cfu/ml on SD/-Leu = viability of Y 187 partner
# cfu/ml on SD/-Trp = viability of AH109 partner
# cfu/ml on SD/-Leu/-Trp = viability of diploids
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The obtained values were used for the determination of the mating effi-
ciency:

#cfu/ml of diploids

. ) 100: ()/ D- I .d
#cfu/ml of limiting partner (= Y187) X 6Diploi

The number of clones screened was estimated in the following way:

#cfu/ml diploids x resuspensionvol. = #of clonesscreened

Plasmid library titering

For the calculation of the library titer the 10 ul library aliquot was diluted
with 1 ml YPDA-Kan medium (dilution A) at first. 10 ul of dilution A was
then added to 1 ml YPDA-Kan (dilution B). 10 ul from dilution A mixed with
50 ul YPDA-Kan aswell as 50 ul and 100 ul aliquots from dilution B were
spread onto SD/-Leu plates. After four days incubation at 30 °C colonies on
plates with 30-300 colonies were counted. The titer (cfu/ml) was calculated as

follows: _
#colonies

platingvol ume (ml) x dilution factor cfu/ml

Selection and characterisation of interacting proteins

Plasmids were isolated from blue yeast colonies grown on QDO plates with X-
o-Gal and transformed into E. coli XL1-blue. The bacterial suspensions were
plated on LB-Amp medium to rescue the library plasmids only. The library
vector pACT2 but not the bait vector pGBKT7 contains the Amp resistence
gene. Plasmids were isolated from E. coli and sequenced. Finally the obtained
sequences were compared to those in the NCBI database by BLAST search
(www.nchi.nlm.nih.gov/BLASTY/).

2.1.6 Working with RNA
Embyo dissection and fixation

For embryo collection C3HeB/FeJ mice or mice carrying a DII1'®Z knock-
in-allele (HRABE DE ANGELIS et a., 1997) were used. DII1'®Z mice were
maintained on a mixed 126Sv;C56BL/6J background. For whole mount in
situ hybridization experiments embryos were fixed in 4 % PFA in DEPC-PBS
overnight at 4 °C. The next day, the embryos were dehydrated through 25, 50
and 75 % methanol in DEPC-PBS for 10 min minimum each at 4 °C. After-
wards, the embryoswere bleached in 6 % H,O, in methanol for 1 hat 4 °C and
again dehydrated in 100 % methanol for 10 min minimum at 4 °C. Embryos
were subsequently stored at -20 °C.
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Generation of RNA probes

For generation of DIG labeled DII1 (BETTENHAUSEN et al., 1995), Acvrinpl
and Magi3 sense and antisense RNA probes from linearised cDNA clones the
DIG RNA labeling mix (#1277073; Roche) was used according to the manu-
facturer’sinstructions.

Whole mount in situ hybridization

For whole mount in situ hybridizations the previously described protocol by
Sporle and Schughart (SPORLE & SCHUGHART, 1998) was modified:

First of al, the embryos were rehydrated through 75, 50 and 25 % methanol in
DEPC-PBS for 10 min minimum each on ice. After several washing stepsin
PBT onice (2 x 10 minand 1 x 5 min) embryos older than 9 days were treated
with proteinase K (10 ug/ml in proteinase K buffer) at room temperature. In-
cubation time was dependent on the developmental stages: E10 - 1 min, E11 -
5 min, E12 - 8 min. To stop proteinase K digestion embryos were washed with
2 mg/ml glycine in PBT (2 x 5 min) and in PBT (2 x 5 min) on ice. After-
wards, the embryos were incubated in RIPA buffer for 10 min, washed in PBT
(2 x 5 min) and fixed for exactly 20 min with 4 % PFA/0.2 % glutaraldehyde
in PBT on ice. The embryos were washed again in PBT on ice followed by a
10-minutesincubation in hybe buffer/PBT (1:1) at room temperature. Embryos
were washed in hybe buffer for 10 min and prehybridised for 3 h in hybe buffer
with 100 ug/ml tRNA at 68 °C. Meanwhile, the DIG labeled RNA probe was
denatured at 90 °C for 3 min and stored on ice until usage. Finally, hybridiza-
tion was performed with a 1:100 dilution of DIG labeled RNA probe in 100
ug/ml tRNA in hybe buffer overnight at 68 °C.

The next day, the embryos were washed with hybe buffer at 65 °C (2 x 30
min). After cooling down the embryos were washed for 5 min each with hybe
buffer/RNase solution (1:1) and RNase solution at room temperature. After-
wards, a 60-minutes incubation in 100 pg/ml RNase A in RNase solution at 37
°C was performed to remove the unbound RNA probe. The embryos were then
washed in RNase solution/SSC-Fa- T at room temperature (5 min) and in SSC-
FaT at 65 °C (2x 5min, 3x 10 min and 5 x 30 min). The embryos were again
cooled down to room temperature and were washed in SSC-Fa-T/1 x TBST
(2:2) (5min), 1 x TBST (2 x 10 min) and MABT (2 x 10 min) at room temper-
ature. While the embryos were incubated in 10 % blocking reagent (#1096176;
Roche) in MABT for 1 h, the anti-DIG-AP antibodies were preadsorbed in a
dilution of 1:5000in 1 % blocking reagent in MABT. The embryoswerefinally
incubated in this antibody solution at 4 °C overnight.

The next day, the unbound antibodies were removed by several washing steps
inMABT (3x5min) and TBST (3 x 5 min, 8x 1 h) at room temperature. Em-
bryos were left in TBST overnight at 4 °C. TBST was changed the next morn-
ing. Alkaline phosphatase staining was started in the afternoon. Therefore, the
embryos were washed with alkaline phosphatase buffer at room temperature (2

29



2 Methods and Materials

x 5 min) before they were stained with alkaline phosphatase staining solution
at 4 °Cinthe dark. To stop the staining procedure the embryos were washed in
alkaline phosphatase buffer (3 x 10 min) and fixed in 4 % PFA/PBS overnight
at 4 °C. In this solution embryos can be stored for years without loosing their
staining.

2.1.7 Histological techniques and microscopy
Cryosections

For cryopreservation stained embryos from whole mount in situ hybridization
experiments were incubated in 30 % sucrose/PBS in a falcon tube until they
sank to the bottom. Afterwards, the embryos were left in 7.5 % gelatine/30 %
sucrose in PBS for 2 h at 42 °C. For hardening embryos were transferred to
petri dishes. The embedded embryos were cut out from gelatine, were over-
layed with Cryoblock (#41-3020-00; medite Medizintechnik) and sectioned at
35 um at -35 °C (Kryostat kompakt CM1850; Leica). Cryosections were fi-
nally mounted using Kaiser’s Glyceringelatine (#1.09242.0100; Merck).

Microscopy

Pictures from stained embryos were taken with the stereo microscope MZ 95
from Leica equipped with adigital camera. For documentation of the Cryosec-
tionsthe Axioplan 2 microscope from Zeiss in combination with adigital cam-
erawas used. Contrast and color levels were adjusted with Adobe Photoshop
7, when necessary.

2.1.8 Working with mammalian cells
Storage and growing of HelLa cells

HelL a cells were grown in RPMI 1640 medium (#61870-010; Gibco) contain-
ing 10 % FBS (#26140-079; Gibco) and 1 x Penicillin-Streptomycin solution
(#15140-122; Gibco) at 37 °C and 5 % CO». The confluent culture was split-
ted 1:4 to 1:6 every 3-5 days using Trypsin-EDTA (#25300-054; Gibco). For
long-term storage Hel a cells in the exponential growth phase were collected
by centifugation (3000 rpm, 5 min), resuspended in 1 ml freezing medium
(RPMI 1640 medium with 20 % FBS and 10 % DM SO) and transferred to a
cryopreservation via. Cells were slowly cooled down to -80 °C and were fi-
nally put into aliquid nitrogen container. To grow stored cells the culture was
quickly thawed from -160 °C to 37 °C, cells were collected by centifugation
(3000 rpm, 5 min) and were transferred to a new culture flask containing the
appropriate medium.
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Transfection

HelL acellswere grown to 50 % confluency and were transfected with FUGENE
6 Transfection Reagent (#1815091; Roche) accoding to the manufacturer’s pro-
tocol.

Mammalian two-hybrid assay

For the verification of the DII1-Acvrinpl and DIl1-Magi-3 interactionsin mam-
malian cells a mammalian two-hybrid assay was performed three times using
the CheckMate Mammalian Two-Hybrid System (#E2440; Promega) accord-
ing to the manufacturer’s protocol (Fig. 2.3). pBINDAcvrinpl (0.78 ug) or
pBINDMagi-3 PDZ1-5 (0.52 ug) coding for a Acvrinpl or Magi-3 fusion pro-
tein with the DNA binding domain of Gal4, and pACTDII1cyto (0.48 ug) cod-
ing for a Dll1cyto fusion protein with the transcription activation domain of
VP16, were cotransfected with the reporter plasmid pG5-luc (0.4 ng) into hu-
man Hel a cells at equal molar amounts. After 48 hours the cells were lysed.
Quantification of luciferase reporter gene expression was done using the Dual-
Luciferase Reporter Assay System (#E1910; Promega) accoding to the manu-
facturer’sinstructions. Luciferase activities were measured as triplicate values
and normalized to the Renilla luciferase activity of the pBIND vector.

2.1.9 Bioinformatics
Alignments

Amino-acid sequences were aligned using ClustaWw
(www.ebi.ac.uk/clustalw). Alignments were visualised using BioEdit
(www.mbio.ncsu.edu/BioEdit/bioedit.html).

Homology modeling

The ribbon model of the fourth PDZ domain of Acvrinpl complexed
with the DII1 PDZ-ligand was generated by the use of SWISS-MODEL
(http://swissmodel .expasy.org). SWISS-MODEL is a server for automated
comparative modeling of 3D protein strucures. First, the amino-acid sequence
of Acvrinpl PDZ4 was compared to experimental protein structures stored in
the Protein Data Bank (PDB) (http://www.rcsb.org/pdb/index.html). Suitable
templates with sequence identities above 25 % were automatically selected.
Afterwards, the target sequence and templates were superimposed. The cre-
ated model was visualised using PyMOL (http://pymol.sourceforge.net/).
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Figure 2.2: The Gal4 yeast two-hybrid system. (a) The bait gene is cloned into pG-
BKT7 containing a kanamycin resistence gene (Kan) and the Trpl nutritional marker.
The cDNA library is cloned into pACT2 containing an ampicillin resistence gene (Amp)
and the Leu2 nutritional marker (b) The bait gene is expressed as a fusion to the Gal4
DNA-binding domain (BD-Gal4) binding to upstream activating sequences (UASs) on
the yeast chromosome, while the genes from the cDNA library are expressed as a
fusion to the Gal4 activation domain (AD-Gal4). If bait and prey are not able to interact
with each other, reporter genes are not transcribed. (c) When bait and library fusion
proteins interact, BD-Gal4 and AD-Gal4 are brought into proximity, thus activating
transcription of the reporter genes His, Ade, LacZ and Mell
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Figure 2.3: The mammalian two-hybrid system. (a) The bait gene is cloned into
pBIND containing an ampicillin resistence gene (Amp) and Renilla Luciferase cod-
ing sequence that allows the normalization of transfection efficiency. The prey gene
is cloned into pACT containing another ampicillin resistence gene. (b) The bait gene
is expressed as a fusion to the Gal4 DNA-binding domain (BD-Gal4) binding to up-
stream activating sequences (UASs) on the pG5-luc plasmid, while the prey gene is
expressed as a fusion to the VP16 activation domain (AD-VP16). If bait and prey are
not able to interact with each other, reporter genes are not transcribed. (c) When
bait and library fusion proteins interact, the BD-Gal4 and AD-VP16 are brought into
proximity, thus activating transcription of the Firefly Luciferase reporter
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2.2 Materials

Buffers and media
General buffers
e 1 X PBS:
8.4 mM NapHPO,, 1.8 mM NaH»PO4, 150 mM NaCl (pH 7.4)
Plasmid isolation from yeast

» S-buffer:
10 mM potassium phosphate pH 7.2, 50 mM S-mercaptoethanol, 10 mM
EDTA pH 8.0, adjust to pH 7.5, add 50 ug/ul Zymolase before use

 Lysisbuffer:
25 mM Tris-HCI pH 7.5, 25 mM EDTA pH 8.0, 2.5 % SDS, adjust to pH
75

* 3 M potassium acetate pH 5.5

Agarose gel electrophoresis
* 10x TBE:
108 g Tris base, 55 g boric acid, 9.3 g EDTA (pH 8)
Purification of GST fusion proteins

 Lysisbuffer:
50 mM Tris-HCI pH 7.8, 500 mM NaCl, 1 mM EDTA

* Lysozyme solution:
50 mg/ml Lysozymein PBS

* Elution buffer:
10 mM reduced glutathione (#G-4251; Sigma) in 50 mM Tris-HCI pH 8
SDS-PAGE

o Gd buffer:
3 M Tris-HCI pH 8.45, 0.3 % SDS

e Cathode buffer:
100 mM Tris, 100 mM tricine, 0.1 % SDS

» Anode buffer:
200 mM Tris-HCI pH 8.9
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» SDS-sample buffer:
50 % glycerol, 160 mM Tris-HCI pH 6.8, 5 % B-mercaptoethanol, 2 %
SDS, 0.02 % bromphenol blue

» Coomassie staining solution:
500 mg Coomassie Brilliant Blue G-280, 200 ml methanol, 5 ml acetic
acid, ad 300 ml H,O

Western blotting

* Blotting buffer:
48 mM Tris, 39 mM glycine, 1.3 mM SDS, 20 % methanol

» 5x staining buffer:
6.5 MM NaH>POy4, 35.7 mM NapHPO4, 0.75 M NaCl, 0.5 M imidazol,
0.25 % Tween-20 (pH 7.5)

» CoCl,-solution:
10 mg/ml CoCl,

» Detection buffer:
25 ml 1 x staining buffer, 100 ul CoCl,-solution, 10 ul H,O2, 3 mg DAB
Protein concentration measurement

e Solution A:
2 % NapCOg3, 0.7 % NaOH, 0.16 % sodium tartrate, 1 % SDS

» Solution B:
4 % CuSO4 X 5 H,O

» Solution C:
100A+1B

» Solution D:
Folin-Ciocalteau’s phenol reagent/H,0 (1:1)

» BSA standard solution:
0.1 mg/ml BSA (#A-8531; Sigma) in H,0
GST pull-down assay

 Binding buffer:
100 mM NaCl, 50 mM KH2PO4 pH 7.4, 1 mM MgCls,, 10 % glyceral,
0.1 % Tween-20, 1.5 % BSA (#01400; Biomoal)

» Washing buffer:
100 mM NaCl, 50 mM KH>PO4 pH 7.4, 1 mM MgCl,, 10 % glyceral,
0.1 % Tween-20
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Preparation of chemically competent E. coli

TFB1:
30 mM KAc, 100 mM RbCl, 10 mM CaCl,, 50 mM MnCl»,, 10 % glyc-
erol, adjust pH to 5.8 with KAc, sterilefiltrate

TFB2:
10 mM MOPS, 75 mM CaCl,, 10 mM RbCl, 15 % glycerol, adjust pH
to 6.5 with KOH, sterilefiltrate

Transformation into yeast

10 x TE buffer:
100 mM Tris-HCI, 10 mM EDTA (pH 7.5)

10 x LiAc:
1 M lithium acetate pH 7.5

PEG/LIAC:
dissolve 3 g PEG in 3.5 ml H,O at 60 °C, add 750 ul 10 x TE and 750
ul 10 x LiAc

Whole mount in situ hybridization

DEPC-H,O0:
0.01 % DEPC in H»0, incubate overnight, autoclave

DEPC-PBS.
0.01 % DEPC in PBS, incubate overnight, autoclave

PBT:
0.1 % Tween-20 in DEPC-PBS

Proteinase K buffer:
20 mM Tris-HCI pH 7.5, 1 mM EDTA, autoclave twice

RIPA buffer:
0.05 % SDS, 150 mM NaCl, 1 % NP40, 0.5 % sodium deoxycholate, 1
mM EDTA, 50 mM Tris-HCI (pH 8.0) in DEPC-H,0

Heparin solution:
100 mg/ml heparin (#H3149; Sigma) in DEPC-H,0

Hybe buffer:
50 % deionized formamide, 5 x SSC, 0,05 % heparin solution, 0.1 %
Tween-20 in DEPC-H,0, adjust to pH 6 with 1 M citric acid

tRNA:
10 pg/ul in DEPC-H20, phenolise 2 x, store at -20 °C
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* RNase solution:
500 mM NaCl, 10 mM Tris-HCI pH 7.5, 0.1 % Tween-20

* RNase A:
10 ug/ul RNase A in 10 mM sodium acide pH 7.4, heat to 100 °C for 15
min, cool down to RT, store at -20 °C

» 20 x SSC:
3M NaCl, 300 mM sodium citrate pH 7

* SSC-Fa-T:
2 X SSC, 50 % formamide, 0.1 % Tween-20

e 10x TBST:
1.36 M NaCl, 26.8 mM KCI, 250 mM Tris-HCI pH 7.5, 1 % Tween-20

* MAB:
100 mM maleic acid, 150 mM NaCl, adjust to pH 7.5 with solid sodium
hydroxide

« MABT:
0.1 % Tween-20in MAB

* Alkaline Phosphatase buffer:
100 mM NaCl, 50 mM MgCl,, 100 mM Tris-HCI pH 9.5, 2 mM lev-
amisol, 0.1 % Tween-20

* Staining solution:
Alkaline phosphatase substrate (#1442074; Roche), 2 mM levamisol, 0.1
% Tween-20, centrifuge, use supernatant for staining

Media for bacterial culture

o LB-medium:
10 g NaCl, 10 g bacto-tryptone, 5 g yeast extract, (15 g bacto-agar for
plates), ad 11 H,O
For antibiotica selection add 50 mg/ml ampicillin or kanamycin
For blue-white screening add 2 ml X-B-Gal solution (20 mg/ml in DMF)
and40 ul 1M IPTG

Media for yeast culture

* YPDA medium:
20 g bacto-peptone, 10 g yeast extract, (25 g bacto-agar for plates), ad
960 ml H»O, autoclave, add 40 ml 50 % glucose (autoclaved), 3ml 1 %
adenine (sterilefiltrated)
For matings add 12 mg/l kanamycin
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» SD medium:
6.7 g yeast nitrogen base without amino acids, 0.6 g DO-supplement
without adenine, histidine, leucine, tryptophane, (25 g bacto-agar for
plates), ad 960 ml H,O, autoclave, add 40 ml 50 % glucose (autoclaved)
add for specific selection:
2 ml 1 % adenine (sterile filtrated)
2ml 1 % histidine (sterile filtrated)
6 ml 1 % leucine (sterile filtrated)
4 ml 1 % tryptophane (sterile filtrated)
add for a-galactosidase assay: 1 ml X-a-Gal solution (20 mg/ml in

DMF)
Vectors
pCRII-TOPO Dual Promoter (#K4600-40; Invitrogen)
pCR2.1-TOPO (#K4500-40; Invitrogen)
pPGEM T-easy (#A1380; Promega)
pPcDNA3 (Invitrogen)
pcDNA3.1 (Invitrogen)
pGEXABamHI modified pGEX-2T (LEENDERS &t al., 1996)
pGBKT7 (#630303; Clontech)
pGADT7 (#630303; Clontech)
pPACT2 (#630303; Clontech)
pBIND (#E2440; Promega)
pACT (#E2440; Promega)
pG5-luc (#E2440; Promega)
Enymes
Restriction enzymes (MBI Fermentas)
PfuTurbo DNA-Polymerase (#600250; Stratagene)
T4-DNA-Ligase (#M0202S; New England Biolabs)
Taqg DNA-Polymerase (#EPO404; MBI Fermentas)
Lysozyme (#105281; Merck)
Zymolase (#L2524; Sigma)
Benzonase (#E8263; Sigma)
RNase A (#R4875; Sigma)
Proteinase K (#1000144; Roche)
T7 RNA-Polymerase (#EPO111; MBI Fermentas)
RNase Inhibitor (#EO0311; MBI Fermentas)
DNasel (#776785; Roche)
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Bacterial and yeast host strains, cell lines
E. coli BL21-CodonPlus(DE3)-RP (Stratagene)

E. coli TOP10 (Invitrogen)
E. coli IM107 (Stratagene)
E. coli DH5«¢ (Invitrogen)
E. coli XL-1 blue (Stratagene)
S cerevisae AH109 (Clontech)
S cerevisiae Y187 (Clontech)

HelL a-Human cervix carcinoma (DSMZ)

Chemicals

General chemicals were obtained in p.a. quality from the companies Merck,
Roth, Sigma or Biomol. Ingredients for bacterial and yeast media were pur-
chased from Difco or Clontech

Radiochemicals

35S Methionine  (#AG1594: Amersham Biosciences)

Primers

Oligonucleotides were kindly provided by Utz Linzner or purchased from
MWG.

Antibodies
mouse anti-GST (#13-6700; Zymed)
goat anti-mouse IgG+IgM (H+L) HRP  (#115-035-044; Dianova)
anti-DIG-AP antibodies (#1093274; Roche)
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3 Results

3.1 Sequence analysis

3.1.1 Conserved NLS and PDZ-binding motif in the
cytoplasmic part of DII1

Findings related to the function of the intracellular part of Delta and its
homologues are controversial. For example, the expression of intracellular
truncated forms of Drosophila Delta and Serrate or of Xenopus X-Delta-1
have dominant-negative effects (CHITNIS et al., 1995; SUN & ARTAVANIS-
TSAKONAS, 1996). In contrast, the deletion of the cytoplasmic part of Lag-2
in C. elegans generates a hyperactive protein (HENDERSON et al., 1994).

To find out more about the function of the intracellular part of Delta-likel
(DII1), the mouse protein sequence was screened for targeting signals and bind-
ing motifs. A signal for nuclear localization (NLS) could be identified at amino
acids 688-691 (RKRP) of theintracellular C-terminal part (Fig. 3.1). It belongs
to the class of monopartite, SV-40 like nuclear localization sites that are char-
acterized by a single cluster of hydrophobic amino acids.

Furthermore, the 4 C-terminal amino acids of DII1 (ATEV) form a PDZ-
binding motif (PSD-95/DIg/Z0-1). So far four classes of PDZ-binding sites
could be identified (FANNING & ANDERSON, 1999; JELEN et a., 2003;
NOURRY et al., 2003). The motif found can be assigned to class | that is
determined by the consensus sequence X-T/S-X-V/L/1 (one letter amino acid
code). Both motifs are conserved among Delta homol ogues from different ver-
tebrate species, suggesting that these domains may be functionally important
(Fig. 3.1).

3.1.2 NLS and PDZ-binding motifs in intracellular
domains of mouse Delta and Jagged proteins

An alignment of theintracellular domains of the three mouse Delta (Dl11, DII3,
Dll4) and two Jagged (Jagl, Jag2) proteinsreveaed that NLS and PDZ-binding
motifs are present in some but not all murine Notch ligands. Sites for nuclear
localization could beidentified in the DIl 1 sequence and directly after thetrans-
membrane domain of both Jagged homologues. PDZ-binding domains were
found in DII1, DIl4 and Jagl (Fig. 3.2). In contrast to the identical class | mo-
tifsfound in the Delta sequences, the Jagl PDZ-binding ligand (EY 1V) belongs
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Figure 3.1: Amino-acid sequence comparison of intracellular domains of DII1
homologues from various vertebrate species. Identical amino acids are boxed.
Similar residues are shaded in grey. Gaps that were introduced for the alignment are
shown as hyphens. Amino-acid positions are indicated on the left. The predicted nu-
clear localization signal is shaded in blue, the PDZ-binding motif is shaded in green.
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Figure 3.2: Amino-acid sequence comparison of intracellular domains of mouse
Delta and Jagged proteins. Identical amino acids are boxed. Similar residues are
shaded in grey. Gaps that were introduced for the alignment are shown as hyphens.
Amino-acid positions are indicated on the left. Predicted nuclear localization signals
are shaded in blue, PDZ-binding motifs are shaded in green.
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to class II. X-¥-X-¥ (¥ means hydrophobic amino acid) is the consensus se-
quence for this group (FANNING & ANDERSON, 1999; JELEN et al., 2003;
NOURRY et a., 2003).

3.2 Protein-protein interaction studies

3.2.1 Acvrinpl and Magi-3 are novel DII1 binding
proteins

In order to isolate proteins binding to the cytoplasmic domain of DII1
(Dll1cyto), a GAL4-based yeast two-hybrid system was used. Approximately
2.3 x 108 independent clones of acDNA library of 11 days old mouse embryos
were screened with the intracellular part of DII1 (amino acids 569-722) as bait.
After positive selection pray plasmids of the obtained clones were isolated and
sequenced. Altogether 15 proteins could be identified (Table 3.1). Two of them
are members of the membrane associated guanylate kinase (MAGUK) family.
MAGUK proteins consist of a catalytically inactive guanylate kinase (GUK)
domain, Tryptophane-rich (WW) or Src-homology 3 (SH3) domains and sev-
eral PDZ domains. Each of these modules mediates interactions with differ-
ent proteins. Therefore, MAGUK proteins are able to coordinate the assembly
of multiprotein-signaling complexes at specific subcellular sites (FANNING &
ANDERSON, 1999; JELEN €t a., 2003; NOURRY et al., 2003).

Activin receptor interacting protein 1 (Acvrinpl), aso known as Magi-2
(Membrane associated guanylate kinase inverted 2), is one of the PDZ proteins
isolated. The obtained clones contained nucleotides 2195-3076 of the Acvrinpl
coding sequence corresponding to PDZ4 and the N-terminal part of PDZ5 of
the protein, followed by 18 additional nucleotides that did not belong to the
Acvrinpl sequence (Fig. 3.53). The other PDZ protein is called Membrane
associated guanylate kinase inverted 3 (Magi-3). The isolated Magi-3 clones
contained nucleotides 923-1126 coding for the fifth PDZ domain. Both, the
Acvrinpl and Magi-3 clones showed strong induction of reporter genes in
yeast, which indicates that the proteins are true interactors of DII1.

Synaptic scaffolding molecule (S-SCAM) from rat was the first Acvrinpl ho-
mologue that had been previoudly identified (HIRAO et al., 1998). It has been
reported that SSSCAM assembles various components at Synaptic junctions
(HIRAO et al., 1998; OHTSUKA et al., 1999; IDE et a., 1999; YAO et d., 1999;
HIRAO et a., 2000; XU et al., 2001; NISHIMURA et a., 2002; HIRABAYASHI
et a., 2004; MEYER et a., 2004). Anayses of DII1 mutant embryos in our
institute demonstrated that DIl1 plays a crucia role during neurogenesis (G.
Przemeck, unpublished results). Therefore, Acvrinpl was selected for further
investigations. Magi-3 was also chosen due to its high structural and amino-
acid sequence similarity (46 % identity) to Acvrinpl (Fig. 3.3).
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3.2.2 Acvrinpl and Magi-3 interact with DII1 in vitro

To gather independent evidence for the interaction between DIl 1 and Acvrinpl,
a direct in vitro assay was performed using an 3°S-Methionine labeled
Acvrinpl probe and an affinity purified GSTDII1cyto fusion protein. The
progress of recombinant protein expression and purification is shown in Fig.
3.4. As expected, Acvrinpl bound to GSTDII1cyto but not to GST aone (Fig.
3.5b). This result confirms the interaction between Acvrinpl and Dll1cyto
found in the yeast two-hybrid screen.

To delimit the region of Acvrinpl that isinteracting with DIl1cyto, a series of
deletion mutants of Acvrinpl wastested in thein vitro system (Fig. 3.5). It was
evident that all mutants containing PDZ4 of Acvrinpl were able to bind to the
intracellular part of DII1, whereas all proteins lacking this domain displayed no
interaction. In agreement with the protein part obtained in the yeast two-hybrid
screen (Fig. 3.5a) it islikely that PDZ4 of Acvrinpl is a key domain for bind-
ing to DII1.

To confirm that the PDZ-binding motif of DII1 is essential for binding to
Acvrinpl, the last four C-terminal amino acids of Dll1cyto were deleted (Fig.
3.4) and this mutant was tested for interaction with Acvrinpl (Fig. 3.7a). As
expected, no positive signal could be detected. These results indicate that the
association of DII1 and Acvrinpl is most likely mediated by binding of the C-
terminus of DII1 to the fourth PDZ domain of Acvrinpl.

The interaction between Magi-3 and DIl 1 was tested by in vitro pull-down as-
says, too. Therefore, Magi-3 cDNA coding for PDZ domains 1-5 was amplified
from mouse d10 cDNA (Fig. 3.6). The obtained cDNA sequence was trans-
lated in vitro and labeled with 3°S-Methionine. As expected, PDZ domains 1-5
of Magi-3 bound to GSTDIl1cyto but not to the truncated form of DII1 with
deleted PDZ-binding domain (Fig. 3.7b). Interaction with the negative control
GST was aso not observed. The previous two-hybrid screen has shown that
PDZ5 of Magi-3 is sufficient for the interaction with DII1. These results indi-
cate that DII1 binds to the fifth PDZ domain of Magi-3 viaits C-terminus.

3.2.3 Acvrinpl and Magi-3 bind to Jagl in vitro

To find out if also Jagl is able to interact with Acvinpl and Magi-3, GST
pull-down assays were performed. Therefore, the cytoplasmic part of Jagl was
expressed as a GST fusion protein (GSTJaglcyto) in E. coli and purified by
affinity chromatography (Fig. 3.4). Jaglcyto bound specifically to Acvrinpl
and Magi-3 in the in vitro system (Fig.3.7). To examine whether the PDZ-
binding domain of Jagl isinvolved in the interactions, atruncated Jagl protein
with deletion of the four C-termina amino acids (GSTJaglAPDZ-BD) was
prepared (Fig.3.4). As expected, no interactions with Acvrinpl and Magi-3
could be detected (Fig.3.7). These results demonstrate that Jagl specifically
interacts with Acvrinpl and Magi-3 in vitro viaits PDZ-binding domain.

46



3 Results

GSTDIl1cyto o GSTDII1APDZ-BD

So NS a3
i1 [ @l
| el
i
SIEER o
-
(.
-11

?
r

GSTJag1cyto L GSTJag1APDZ-BD

#I- B
100— - b o
75 — e | 3 &3
50— & a
37__ [ — L:
25 — e o
20 - |

15— '

10—

iy 11 i

GST

Figure 3.4: Induction and purification of GST fusion proteins. On the left 10 %
SDS-PAGE gels stained with Coomassie Brilliant Blue are shown. On the right pro-
teins are detected with an anti-GST antibody by western blotting. GST, GSTDII1cyto,
GSTAPDZ-BD, GSTJaglcyto, GSTJaglAPDZ-BD could be overexpressed in the in-
duced E. coli BL21 cultures. No basal protein expression could be detected in bacteria
that were not induced. All proteins are found in the soluble fraction after protein extrac-
tion and could be purified at a concentration of approximately 1 pug/ul. The molecular
weight of the obtained proteins is in accordance with the calculated values (GST: 29
kDa, GSTDII1cyto: 43.8 kDa, GSTDII1APDZ-BD: 43.4 kDa, GSTJaglcyto: 41.3 kDa,
GSTJaglAPDZ-BD: 40.8 kDa). Molecular mass markers (M) are shown in kDa on the
left.
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Figure 3.5: Interaction of Dlllcyto and Acvrinpl in vitro. (a) Schematic illustra-
tion of Acvrinpl and the Acvrinpl-deletion mutants. GUK domains are illustrated as
grey boxes, WW domains as white boxes and PDZ domains as black boxes. The
additional amino acids of the original two-hybrid positive clone are shown as doted
line. In the right panel interaction (+) or no interaction (-) with Dll1cyto is indicated.
(b) Interaction of Dlllcyto and Acvrinpl or Acvrinpl deletion mutants as tested by
GST pull-down assays. Acvrinpl and the deletion mutants containing PDZ1-5 (PDZ1-
5), PDZ4-5 (PDZ4-5) and the mutant with deletion of PDZ5 (APDZ5) were bound by
GSTDll1cyto but not by GST alone. The mutants containing the guanylate kinase and
WW domains (GUKWW), PDZ5 (PDZ5) and the mutant lacking PDZ 4-5 (APDZ4-5)
displayed no interaction with GSTDII1cyto and GST. Acvrinpl probes used for the GST
pull-down assays are shown in the left lanes (20% input). Multiple bands represent al-
ternative methionine translation products. Molecular mass markers are shown in kDa
on the left.
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Figure 3.7: Interaction of Dlllcyto and Jaglcyto with Acvrinpl and Magi-3 in
vitro. (a) No interaction could be detected between Acvrinpl and GST (Lane 2), be-
tween Acvrinpl and a GSTDIl1cyto fusion protein with deleted PDZ-binding domain
(GSTDIILAPDZ-BD) (Lane 4) and between Acvrinpl and a GSTJaglcyto fusion pro-
tein with deleted PDZ-binding domain (GSTJaglAPDZ-BD) (Lane 6). Acvrinpl was
specifically bound by GSTDIl1cyto (Lane 3) and GSTJaglcyto (Lane 5). (b) Magi-
3 displayed interaction with GSTDII1cyto (Lane 3) and GSTJaglcyto (Lane 5), but
not with GST (Lane 2), GSTDII1APDZ-BD (Lane 4) and GSTJaglAPDZ-BD (Lane 6).
Acvrinpl and Magi-3 probes used for the GST pull-down assays are shown in the left
lanes (20% input). Multiple bands represent alternative methionine translation prod-
ucts. Molecular mass markers are shown in kDa on the left.
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3.2.4 Modeling of the Acvrinpl PDZ4 domain
complexed with the PDZ-ligand of DII1

To get avisua impression on the interaction between the Acvrinpl PDZ4 do-
main and the PDZ-ligand of DIl1, astructural model was created viathe Swiss-
Model server (Fig. 3.8). As characteristic for PDZ domains (FANNING & AN-
DERSON, 1999; JELEN et a., 2003; NOURRY €t a., 2003), the PDZ4 domain
of Acvrinpl forms a partially opened barrel consisting of six B strands (BA to
BF). The open sides of the barrel are each capped with an o helix (oA and
aB). The N- and C-termini of PDZ domains are usually close to each other in-
dicating that PDZ domains are modular signaling domains (FANNING & AN-
DERSON, 1999; JELEN et al., 2003; NOURRY et a., 2003). Also the N- and
C-terminal residues of the Acvrinpl PDZ4 domain are in close vicinity. Bind-
ing of the PDZ-binding domain of DII1 occurs as an antiparallel B sheet in an
extended groove formed by the BB strand and the aB helix. The C-terminus
of ligands usually bindsto the so called "carboxylate-binding loop" within this
groove (FANNING & ANDERSON, 1999; JELEN et al., 2003; NOURRY ¢t al.,
2003). The carboxylate-binding loop contains the conserved sequence K/R-X-
X-X-G-¥-G-¥ (¥ means hydrophobic amino acid), called GLGF motif. The
carboxylate of the ligand forms hydrogen bonds with the main chain amides of
the last three residues of the GL GF motif and is further coordinated to the R or
K residue by awater molecule. The side chain of the ligand at the -2 positionis
in direct contact with the side chain of thefirst residue of the B helix. In class
| PDZ domains the oB1 residue is a His. The N-3 nitrogen of the His forms
hydrogen bonds to the hydroxy! group of the Ser/Thr residue at the -2 position
of type | PDZ ligands (FANNING & ANDERSON, 1999; JELEN et al., 2003;
NOURRY et a., 2003). The GLGF motif (R925, G930, F931, G932, FI933) as
well as the characteristic His residue (H988) could be identified in the amino
acid sequence and structure of Acvrinpl PDZ4 (Fig.3.3 and 3.8). Therefore,
the Acvrinpl PDZ4 domain could be identified as typical class| PDZ domain.

3.2.5 Acvrinpl and Magi-3 interact with DII1 in vivo

To verify the results obtained in yeast and in vitro, the protein interactions be-
tween DII1 and Acvrinpl and between DII1 and Magi-3 were tested using a
mammalian two-hybrid system. The cytoplasmic part of DII1 was expressed
as afusion protein with the transcription activation domain of VP16, whereas
Acvrinpl and Magi-3 were present as fusion proteins with the DNA-binding
domain of Gal4. DII1 and Acvrinpl as well as DII1 and Magi-3 were tran-
siently expressed in the Hel.a cell line and tested for interaction with the help
of aluciferase reporter gene. Coexpression of VP16 and Gal4 was used as neg-
ative control and should show no activation of the luciferase reporter gene. As
expected, a specific interaction of Acvrinpl and the intracellular domain of
DII1 was observed. Respectively, the relative luciferase activity was increased
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Figure 3.8: Structural model of the Acvrinpl PDZ4 domain complexed the C-
terminal peptide (IATEV) of DII1: o helixes and  strands of Acvrinpl PDZ4 are
shown in red and blue. The PDZ-binding domain of DII1 is shown in green as a f8
sheet antiparallel to the BB strand. Numbering of a helixes and § strands and the
position of N- and C-termini of Acvrinpl PDZ4 are indicated. Amino-acid residues
required for ligand binding are highlighted in yellow.

nearly 13 fold compared to the negative control, whereas cells transfected with
Acvrinpl or Dlllcyto alone exhibited no significant activation of luciferase
expression (Fig. 3.9). Only weak (5 fold) increase of luciferase activity was
observed after cotransfection of Magi-3 and Dll1cyto, while Magi-3 alone a-
ready showed a 2 fold increase in comparison to the negative control. Transfec-
tionswith the positive control proteins MyoD and Id showed 48 fold activation,
which confirms the functionality of the system. These data suggest that at least
Acvrinpl specificaly interacts with DII1 in mammalian cells.
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Figure 3.9: Interaction of Dll1cyto with Acvrinpl and Magi-3 in HelLa cells an-
alyzed using a mammalian two-hybrid system. pBINDAcvrinpl or pBINDMagi-3
PDZ1-5 coding for an Acvrinpl or Magi-3 fusion protein with the DNA-binding domain
of Gal4, and pACTDIl1cyto coding for a Dll1lcyto fusion protein with the transcription
activation domain of VP16, were cotransfected with the reporter plasmid pG5-luc into
human HelLa cells. After 48 hours the cells were lysed and luciferase activity was
quantified. Interaction levels are shown on the left and right as relative luciferase ac-
tivities of cell lysates. Values given are the mean of triplicate measurements and are
normalized to the Renilla luciferase activity of the pBIND vectors. The value obtained
with the negative control was set to 1. Relative luciferase activities after transfection
with Acvrinpl, Magi-3 and Dll1lcyto or cotransfections are analyzed as indicated. As
negative and positive controls cotransfections of VP16 and Gal4 or MyoD and Id are
shown.

3.3 Gene expression studies

3.3.1 Acvrinpl and DII1 are partly coexpressed during
embryogenesis

To examine whether DII1 and Acvrinpl also have overlapping domains of ex-
pression in the organism in which they could potentially interact during em-
bryogenesis, whole mount in situ hybridizations were performed on mouse
embryos from day 8.5 to day 12.5 of gestation (E8.5 to E12.5). During this pe-
riod, DII1 mRNA isexpressed in adynamic pattern, for example, inthe paraxial
mesoderm, somites, and subsets of cells in the nervous system (Fig. 3.10d-f)
(HRABE DE ANGELIS et a., 1997; BETTENHAUSEN et al., 1995; BECKERS
et a., 1999; MORRISON et al., 1999). At E8.5 Acvrinpl expression was not
detectable by in situ hybridization and only weak signals were found in pre-
sumptive neural tissue at E9.5 (Fig. 3.100 and data not shown). At later stages,
Acvrinpl was expressed in a distinct pattern in developing neural tissues, pha-
ryngeal arches, the genitalia, and in parts of the developing facia region (Fig.
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3.10a-c, m). The expression of Acvrinpl in the developing central nervous sys-
tem was in some areas similar to the expression of DII1 (Fig. 3.10d-f). Cross
sectionsthrough the neural tube at E11.5 and E12.5 reveal ed that both Acvrinpl
and DII1 are expressed in the mantle layer of the dorsal neural tube (Fig. 3.10g,
h, j, k). The overlapping expression domain includes the region where neural
crest cells emerge from the neural tube. Other regions of overlapping expres-
sion domains with D11 include the vibrissae primordia, where both genes are
expressed in the dermal condensations underlying the epidermis (Fig. 3.10i, I).

3.3.2 Acvrinpl expression is upregulated in DII1 null
mutant embryos

To gain further insight into the relationship of both genes Acvrinpl expression
was analysed in DII1 null-mutant embryos. Acvrinpl expression was found to
be upregulated in mutant embryos (Fig. 3.10m, n). At E10.5 high transcript
levels were detected in regions, which normally express Acvrinpl at E11.5in
wild-type embryos (compare Fig. 3.10n with 3.10a). Premature Acvrinpl ex-
pression was also found at E9.5 in aregion where ventral motorneurons emerge
(Fig. 3.100, p).

3.3.3 Magi-3 and DII1 have few common expression
domains during embryogenesis

To compare the expression patterns of Magi-3 and DII1 whole mount in situ
hybridizations were performed on mouse embryos from day 8.5 to day 14.5 of
embryonic development. No Magi-3 transcripts could be detected earlier than
E9.5 (data not shown). At E9.5 Magi-3 was expressed in the eyes, nasal pits
and hindgut endoderm lying lateral to the neural tube (Fig. 3.11a, b). Magi-
3 expression in trigeminal and crania nerves innervating the first and second
branchial arch occurs at E9.5 but becomes stronger at E10.5 (Fig. 3.11b, c). At
E10.5 and E11.5 additional expression domains include the pharyngeal arches,
the developing heart and the for- and hindlimb buds (Fig. 3.11c, d). At E12.5
and E13.5 Magi-3 expression becomes visible in the the neural tube and the
developing snout (Fig. 3.11¢, f). In the neural tube, Magi-3 and DII1 are coex-
pressed in the dorsal region (Fig. 3.11g, j). In addition, Magi-3 transcripts are
detectable in tissue surrounding the vibrissae buds, whereas at the same time
DII1 is expressed within the follicles (Fig. 3.11h, k). Coexpression of Magi-3
and DII1 could be detected in the eye lens at E14.5 (Fig. 3.11i, I). In contrast to
Acvrinpl, no differences in the intensity of Magi-3 expression were observed
in DII1 null-mutant embryos (compare Fig. 3.11aand b).
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Figure 3.10: Comparison of Acvrinpl and DIl1 gene expression. a-f, m, n show
whole mount in situ hybridizations. g, h, j, k, 0, p show cryo-sections at the level of the
forelimb bud and i, | cryo-sections of vibrissae buds of whole mount in situ hybridized
embryos. (a) At E11.5 Acvrinpl is expressed in a distinct pattern in the developing ner-
vous system, the pharyngeal arches and in the facial region. (b, ¢c) At E12.5 Acvrinpl
transcripts are detected in the nervous system, the developing limbs, the vibrissae
buds and in the genital bud. (d-f) DII1 is expressed in a distinct pattern in the nervous
system, the presomitic mesoderm, newly formed somites and in the vibrissae buds.
(g) At E11.5 Acvrinpl is expressed in the mantle layer of the entire neural tube with
stronger expression in the dorsal half. (h) At E12.5 Acvrinpl transcripts are present
in the dorsal half of the neural tube including the uppermost neural crest region. (i)
In the vibrissae buds Acvrinpl is expressed both in the epidermal layer and in the
dermal condensations. (j) At E11.5 DII1 is present throughout the entire neural tube
with a stronger expression in the dorsal part including the mantle layer. (k) At E12.5
high transcript levels of DII1 exist in the dorsal most part of the neural tube. (I) In the
vibrissae buds DII1 transcripts are present at high levels in the dermal condensations.
(m, n) In DII1 null-mutant embryos at E10.5 Acvrinpl expression is upregulated, for
example, in the neural tube. (0, p) In the neural tube of DII1 null-mutants at E9.5
premature Acvrinpl expression is present in the region of developing motorneurons.
Since DII1 null-mutants are haemorrhagic, blood cells are visible in the lumen of the
neural tube. Abbreviations: dc, dermal condensations; ep, epidermal layer; gb, genital
bud; Ib, limb; In, lumen of the neural tube; ml, mantle layer of the neural tube; mn; re-
gion of developing motorneurons; nc, region of neural crest cell emergence; ns, newly
formed somites; nt, neural tube; pa, pharyngeal arches; pm; presomitic mesoderm;
vb, vibrissae bud.

—

Figure 3.11: Analysis of Magi-3 gene expression. a-f, h, i, k, | show whole mount
in situ hybridizations. g and j show sections through the neural tube at the forelimb
bud. (a, b) At E9.5 Magi-3 is expressed in the hindgut endoderm, the nasal pits and
the eyes of wild type and DII1 null-mutant embryos. (c, d) At E10.5 and E11.5 Magi-
3 transcripts are detected in the eyes, the nasal pits, the limb buds, the developing
heart and the trigeminal and cranial nerves innervating the first and second branchial
arches. (e, f) At E12.5 and E13.5 Magi-3 expression is present in the developing
facial region, the limbs and the central nervous system. (g, j) In the neural tube the
highest transcript levels of Magi-3 and DII1 exist in the dorsal region. (h, k) In the snout
Magi-3 is expressed in tissue surrounding the vibrissae buds, whereas DII1 transcripts
are detectable in the follicles. (i, 1) At E14.5 Magi-3 and DII1 are coexpressed in the
eye lens. Abbreviations: ey, eye; he, heart; hg, hindgut; le, lens; Ib, limb; np, nasal
pits; nt, neural tube; pa, pharyngeal arches; V, trigeminal nerve; VII, cranial nerve; vb,
vibrissae bud
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4 Discussion

4.1 Delta-Notch, a bidirectional pathway?

The sequence analyses of DSL ligands described in this thesis indicated that
the intracellular domains of DII1, Jagl and Jag2 might be able to enter the
nucleus. Indeed, it could be shown by other groups that exactly these DSL pro-
teins undergo the same proteolytic cleavages that affect the Notch receptors
after ligand binding. Proteolysis occurs first in the extracellular region by an
ADAM metalloprotease such as TACE or Kuzbanian, followed by intermem-
branous cleavage mediated by a presenilin-dependent y-secretase activity. The
sequential cleavages result in the production of soluble intracellular domains
whichthenlocalize at least in part to the nucleus (BLAND et al., 2003; I KEUCHI
& SISODIA, 2003; LAVOIE & SELKOE, 2003; Six et a., 2003). These find-
ings raise the possibility that intracellular domains of DSL proteins may play a
rolein nuclear signaling eventsin the ligand expressing cell and thusimplicate
anovel intrinsic signaling pathway dependent on the DSL ligand.

In thiswork, PDZ-binding motifs could be identified at the C-termini of DII1,
Dll4 and Jagl. Taking into consideration the described function of PDZ pro-
teinsin the assembly of intracellular multi-protein signaling complexes (FAN-
NING & ANDERSON, 1999), it seems reasonable to implicate that interac-
tions of theintracellular domains of DSL ligands with PDZ domain containing
proteins may be another trigger for an intrinsic signal. Recent investigations
support this idea. It has been reported that neoplastic transformation of RKE
cells expressing human Jagl involves a PDZ protein dependent signaling into
the Jagl expressing cell (ASCANO et al., 2003). Moreover, it has been sug-
gested that the inhibitory influence of DII1 on cell motility is mediated by a
PDZ dependent mechanism (LOWELL & WATT, 2001; Six et al., 2004). Both,
nuclear localization of the cytoplasmic domain and the ability to interact with
PDZ proteins, indicate that DSL proteins may have two distinct functions: (1)
as ligands to initiate Notch signaling in neighboring cells and (2) as receptors
to initiate an intrinsic PDZ-dependent signaling mechanism. Such a mode of
signaling has recently been discovered in the ephrin/Eph pathway, indicating
that at least in some developmental context signaling is bidirectional (KuL-
LANDER & KLEIN, 2002).

In addition, the existence of different combinations of NLS and PDZ-binding
motifs may be a reason for the observed functional differences between the
DSL ligands and may account for the functional diversity of Notch signaling.
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Table 4.1: Existence of NLS, PDZ-binding domains (PDZ-BD) and Fringe-dependent
inhibition of vertebrate DSL ligands

NLS PDZ-BD Fringe
Dll1 + + -
DII3 - - -
Dll4 - + -
Jagl + + +
Jag2 | + - +

Different temporal and spatial expression and theinhibitory influence of Fringe
proteins on Jagged rather than Delta proteins may contribute to this diversity
(Tab. 4.1). In the present study Acvrinpl and Magi-3 have been identified as
novel DII1 and Jagl binding proteins. Recently, it has been shown that DIg-
1(discs large 1) is able to interact with DII1 in vitro and in vivo, whereas no
interaction of DIg-1 with Jagl could be detected (Six et al., 2004). Moreover,
in vitro interaction of DII1, but not Jagl, with Scribble was observed in our
ingtitute (C. Hofer, unpublished results). On the other hand, the ras-binding
protein AF6 was found to be specifically associated with Jagl in a direct yeast
two-hybrid assay (HoOcCK et al., 1998; ASCANO et a., 2003). The observation
that DII1 and Jagl partly interact with distinct PDZ proteins might provide
another explanation for the functional differences of Notch ligands.

4.2 Acvrinpl and Magi-3 are novel
components of Delta-Notch signal
transduction

In the present study, Acvrinpl and Magi-3 were identified as novel DII1 bind-
ing proteinsin ayeast two-hybrid approach. The fact that the interactions could
be confirmed in vitro by GST pull-down assays strongly supports their speci-
ficity. The interaction between Acvrinpl and DIl1 could even be shown in vivo
inamammalian two-hybrid system whereas the association of Magi-3 and DIl 1
was found to be too weak for strong activation of the luciferase reporter. In
addition, the interaction of DII1 with Acvrinpl and Magi-3 has later been con-
firmed by an independent group (WRIGHT et al., 2004). Wright et al. isolated
al three known MAGI proteins, Magi-1, Acvrinpl (also known as Magi-2) and
Magi-3 from an adult mouse whole brain lysate using a C-terminal peptide of
human DII1.

Processes mediated by Acvrinpl and Magi-3 are typical for MAGUK proteins:
Synaptic scaffolding molecule (S-SCAM) from rat was the first Acvrinpl ho-
mologue previously identified (HIRAO et al., 1998). It has been reported that
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S-SCAM acts as scaffolding molecule at synapic junctions (HIRAO et al., 1998;
OHTSUKA et d., 1999; IDE et a., 1999; YAO et al., 1999; HIRAO et al., 2000;
XU et al., 2001; NISHIMURA et a., 2002; HIRABAYASHI et ., 2004; MEYER
et a., 2004). Moreover, Acvrinpl was implicated in the regulation of activin-
mediated signaling by assembly of activin signaling molecules at specific sub-
cellular sites (SHoJI et al., 2000; TSUCHIDA et a., 2001). The positioning
of tumor suppressor PTEN near components of the AKT/PTB pathway is sup-
ported by Acvrinpl and Magi-3 aswell (Wu et al., 2000a; TOLKACHEVA et al.,
2001; VAZQUEZ ¢t al., 2001; Wu et a., 2000b). The results of recent inves-
tigations indicate that Magi-3 positions substrates for RPTPS at the plasma
membrane (ADAMSKY et a., 2003) and plays arole in the regulation of INK
signaling as scaffold protein for Frizzled and Ltap (YAO et a., 2004). Recently,
Magi-3 has al so been detected at synaptic junctions (MEYER et al., 2004). The
identification of two such scaffolding molecules as intracellular DII1 binding
proteins leads to the assumption that DII1 might mediate an intrinsic signal
transduction pathway dependent on Acvrinpl and Magi-3.

The performed GST pull-down assays revealed that the PDZ-binding domain
of DII1 mediates the interaction with Acvrinpl and Magi-3. The fourth PDZ
domain of Acvrinpl could be identified as major interacting domain. The pre-
sented structural model revealed that the association of Acvrinpl PDZ4 and
DIl1 is an interaction between aclass | PDZ domain and aclass| PDZ-ligand.
The fifth PDZ domain of Magi-3 was found to be sufficient for the interaction
with DII1 in yeast. Interactions of DII1 with other PDZ domains of Magi-3
have not been tested and can therefore be not excluded. Wright et al., for ex-
ample, suggested that an interaction of DII1 with PDZ4 of Magi-3 will also
be likely possible since the fourth PDZ domains of all members of the MAGI
protein family are conserved (WRIGHT et al., 2004). The interactions of Jagl
with Acvrinpl and Magi-3 in vitro were found to be dependent on the PDZ-
binding domain of Jagl. Nevertheless, thisis surprising as interactions of type
1 PDZ binding motifs with type | PDZ domains have not been described to
date. Therefore, the classification of PDZ-binding motifs and PDZ domains
might have to be reconsidered.

4.3 Common function of Acvrinpl and DII1 in
neurogenesis and follicle formation?

The described expression analysis revealed that Acvrinpl is partly co-
expressed with DII1 in the vibrissae primordia during mouse embryonic devel -
opment. It has been reported that DIl 1 plays a predominant role in the segrega-
tion of mesenchymal cells forming the dermal condensations of vibrissae fol-
licles (FAVIER et al., 2000). The overlapping expression domains of Acvrinpl
and DII1 in the developing nervous system include the region of neural crest
cell emergence in the dorsal neural tube. It has been aready described that
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DII1 has essential functions in the migration and differentiation of neural crest
cells (DE BELLARD et al., 2002). Also, Acvrinpl has been implicated in neu-
ronal processes. Several groups reported that Acvrinpl functions as scaffolding
molecule to assemble various components at synaptic junctions (HIRAO et al.,
1998; OHTSUKA et al., 1999; IDE et al., 1999; YAO et al., 1999; HIRAO et dl.,
2000; XU et al., 2001; NISHIMURA et al., 2002; HIRABAYASHI et al., 2004;
MEYER €t al., 2004). Therefore, Acvrinpl may be essential for the ability of
the nervous system to remodel its connections in order to adjust the organism
in response to changing conditions, referred to as "synaptic plasticity”. The
observed regional and temporal coexpression indicate that Acvrinpl and DII1
cooperate during neurogenesis and follicle formation.

It isremarkable that the expression patterns of Acvrinpl and DII1 are not com-
pletely overlapping. DII1 is, for example, highly expressed in the presomitic
mesoderm and in somites, whereas Acvrinpl mRNA was absent in these tis-
sues. On the other hand, strong expression of Acvrinpl could be detected in the
genital buds where DII1 is not expressed. In addition, interactions of Acvrinpl
with several proteins, other than DII1, have been observed. These include, for
example, Atrophin-1, the tumor suppressor PTEN and Activin receptor type
1A (WooD et d., 1998; SHOJI et al., 2000; TSUCHIDA et al., 2001; Wu et al.,
2000a; TOLKACHEVA et al., 2001; VAZQUEZ et al., 2001). A connection be-
tween the Delta-Notch pathway and these molecules has not been reported so
far. These findings implicate that Acvrinpl and DII1 have common functions
aswell as functions that are independent from each other.

Comparing expression patterns of Acvrinpl in wild type and DIl1 loss-of-
function mouse embryos, an upregulation of Acvrinpl transcription was found.
Onereason of thismight be adirect influence of DII1 on Acvrinpl transcription.
On the other hand, Acvrinpl might be expressed in tissues that differentiate
prematurely in DIl 1 knock-out mice. A premature neuronal differentiation has
been already observed in these mutants (G. Przemeck, unpublished results).

4.4 Common function of Magi-3 and DII1 in
neurogenesis and eye development?

Comparison of Magi-3 and DII1 expression patterns revealed that both genes
are expressed in the dorsal part of the neural tube at E12.5 and in the eye lenses
at E14.5. These dataindicate that Magi-3 and DIl 1 have a common function in
neuronal development and formation of the eye. Expression of Magi-3 in the
lenses of neonatal mice has aready been shown (NGUYEN et al., 2003).

In contrast to Acvrinpl, the intensity of Magi-3 expression was not increased
in DII1 loss-of -function mutants, which suggests that the expression of Magi-3
isindependent from DII1.
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4.5 Influence of DIlI1 on cell adhesion and
motility

DII1 is highly expressed in human keratinocytes. These stem cells signdl, via
the conventional Notch signaling pathway, to neighboring cells to make them
differentiate into transit amplifying cells (LOWELL & WATT, 2001). In addi-
tion, DII1 promotes the cohesiveness of these stem cells either by an inhibiton
of cell motility and/or by promoting cell adhesion. Interestingly, the effect of
DII1 on cell cohesiveness is dependent on its intracellular domain including
the PDZ-binding motif but is independent from Notch activity (LOWELL &
WATT, 2001). Motility was aso found to be reduced in mouse embryo fi-
broblast cells (3T3) stably transfected with DIl 1. Deletion of the PDZ-binding
motif completely abolished thisinhibitory effect but had no influence on Notch
activation (SIx et a., 2004). Recently, it has been reported that zebrafish em-
bryos injected with a splice-blocking morpholino that deprives DeltaD of its
C-terminal valine show mislocalization of primary sensory neuronsin the dor-
sal part of the neural tube, the Rohon-Beard neurons (WRIGHT et al., 2004).
This observation suggests that the interaction of DeltaD with PDZ proteinsreg-
ulates the migration of Rohon-Beard neurons and possibly other neuronsin the
neural tube. Again, Notch signaling was unaffected by disruption of the PDZ-
binding domain. These different lines of evidence strongly indicate that the
interaction of DII1 with PDZ proteins influences cell adhesion and cell motil-
ity independent from Notch activation. There are severa possibilities for the
underlying molecular mechanism: (1) The DII1-PDZ complex associates with
cortical actin and might regulate the reorganisation of the actin cytoskeleton
to form lamellipodia and filopodia during cell migration (LOWELL & WATT,
2001). (2) DII1 might promote cellular adhesion by recruitment of PDZ pro-
teinsto sites of cell-cell contacts. Thereby protein complexes could be formed
that are involved in the establishment of cell-cell junctions (Six et a., 2004).
(3) The DII/PDZ complex might exert its effect on cell adhesion and motil-
ity by regulating gene expression cell-autonomously (IKEUCHI & SISODIA,
2003; LAVOIE & SELKOE, 2003; Six et al., 2003). The fact that the PDZ-
binding domain of DII1 is not needed for Notch activation is not too surprising
because several DSL proteins lacking the PDZ-binding motif have been shown
to be effective Notch ligands (DUNWOODIE et al., 1997; Luo et al., 1997).

4.6 Delta-Notch and Planar Cell Polarity

The establishment of cellular polarity isacrucial step in the development of ep-
ithelial tissues. In addition to apical/basal polarity, the epithelial cells of many
tissues are also polarized along an axis that is orthogonal to the apical/basal
axis. This form of epithelial polarity is known as planar cell polarity (PCP)
or tissue polarity (FANTO & MCNEILL, 2004). A key for the development of
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planar polarity isthe evolutionary conserved PCP pathway. In Drosophila PCP
signaling is required for the regular arrangement of ommatidia in the eye, the
formation and directionality of hairs in the wing and the arrangement of sen-
sory bristlesin the thorax (ADLER, 2002). The molecular mechanism of PCP
signaling has not been completely elucidated. However, several PCP pathway
components have been identified, among them the Wnt receptor Frizzled and
Dishevelled, a cytoplasmic protein required for Frizzled signa transduction
(FANTO & MCNEILL, 2004). The involvement of Frizzled and Dishevelled
indicates an overlap with the canonical Wnt signaling pathway. However, PCP
does not involve the downstream components of the canonical Wnt pathway,
such as 3-catenin and L EF/TCF but seemsto be rather mediated by small GTP-
ases and a cascade of mitogen-activated protein (MAP) kinases from the INK
(Jun N-terminal kinase) family. Therefore, the PCP pathway is also called non-
canonical Wnt pathway (FANTO & MCNEILL, 2004).

A cross-talk between the Delta-Notch and PCP pathway has aready been de-
scribed during patterning of the compound eye in Drosophila (TOMLINSON
& STRUHL, 1999). The Drosophila eye is composed of several hundred om-
matidiathat exist in two chiral forms, depending on the position at the ventral
or the dorsal half of the eye. Each ommatidium contains 8 photoreceptor cells.
Chirality is specified by an extracellular gradient of aFrizzled activating ligand
from the dorsoventral midline (the equator) to the poles of the eye. Therefore,
the cell of the R3/R4 pair of presumptive photoreceptor cells, which is closest
to the equator, has the highest Frizzled activity and takes the R3 fate, whereas
the other cell adopts the R4 fate. The initially small difference in Frizzled ac-
tivity leadsto high Delta activity in the presumptive R3 and high Notch activity
in the presumptive R4 cell, stabilising the cell fate decision. As consequence,
the R4 cells move asymmetrically relative to the R3 cells initiating the appro-
priate chiral pattern of the remaining cells of the ommatidium (TOMLINSON &
STRUHL, 1999). How Delta and Notch activity is directed by PCP signaling
components remains to be further elucidated.

The vertebrate equivalent of the PCP pathway has been implicated in neural
tube closure and convergent extension cell movements during gastrulation and
has been found to be responsible for the polarised orientation of stereociliary
bundlesintheinner ear (WALLINGFORD €t a., 2000; WALLINGFORD & HAR-
LAND, 2002; CURTIN et al., 2003; MONTCOUQUIOL et al., 2003).

So far, a connection between the PCP and Delta-Notch pathway has not been
described in vertebrates. Recently, it has been reported that Magi-3 functions
as a scaffold for Frizzled-4 (Frz-4) and Ltap (loop tail associated protein) to
activate the PCP pathway via INK (YAO et al., 2004). Ltap has been genet-
ically linked to the LAP (leucine-rich repeat and PDZ domain) family mem-
ber Scribble (MURDOCH et a., 2001; MURDOCH et al., 2003). It has been
speculated that the molecular basis of this genetic interaction might be a di-
rect protein-protein interaction between the PDZ-binding domain of Ltap and
one or several of the 4 PDZ domains of Scribble. Interestingly, DII1, Ltap and
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Scribble are partly coexpressed in mouse embryos, for example, in the neu-
ral tube excluding the floor-plate region, in the cochlea of the inner ear and in
vibrissae buds. Also, the phenotypes of Ltap (loop-tail), Scribble (circletail)
and DII1 loss-of-function mouse embryos are similar in some respect. An ir-
regular segmentation of somites, an enlarged floor-plate and an abnormal inner
ear development could be identified in al the three mutants (GREENE et d.,
1998; MURDOCH et al., 2001; KIBAR €t a., 2001; MURDOCH et a., 2003;
HRABE DE ANGELIS et a., 1997; PRZEMECK et a., 2003; MORRISON ¢t al.,
1999). The identification of Magi-3 as component of Delta-Notch and PCP sig-
naling and the similarity of expression patterns and mutant phenotypesisafirst
indication of a cross-talk between the two pathways during embryogenesis of
vertebrates. In addition, the expression of Notchl was found to be downregu-
lated in the presomitic mesoderm of Ltap mutants, suggesting that the proper
expression of Notchl is dependent on Ltap (GREENE et a., 1998). Further-
more, immunohistochemical analyses revealed that the expression of Scribble
is modified in DII1 null mutant embryos, which indicates that DII1 influences
the expression of Scribble (G. Przemeck, preliminary results).

Recently, it could be shown in our institute by in vitro pull-down assays and
coimmunoprecipitation experiments that DII1 is able to interact with Scribble
(C. Hofer, unpublished results). Scribble has been genetically linked to an-
other PDZ protein, DIg, during the establishment of cell polarity in developing
epitheliain Drosophila (BILDER et a., 2000). Moreover, DIg has been phys-
icaly linked to Scribble. Coimmunoprecipitation analyses revealed that Dig
and Scribble are held together by the adapter protein GUK-holder a the neuro-
muscular junction of Drosophila forming atripartite complex (MATHEW et dl.,
2002). The observed colocalization of human Scribble and mammalian Dlg
in MDCK cells strongly suggests the conservation of the physical linkage in
mammals (Dow et al., 2003). Interestingly, DIg-1 has been identified as novel
protein interacting with the C-terminal PDZ-binding motif of DIl 1 but not Jagl
(Six et al., 2004). Also, the expression patterns of DIl1 and DIg-1 are partly
overlapping during embryonic development, for example, in neural tissue, the
presomitic mesoderm and somites (CARUANA & BERNSTEIN, 2001). It'san
interesting idea that DII1, Magi-3, Ltap, Scribble and DIg-1 might be compo-
nents of a multiprotein signalling complex regulating cell polarity (Fig. 4.1).
Due to the high structural and sequence similarity of Magi-3 and Acvrinpl,
Acvrinpl might be able to replace Magi-3 to regulate PCP signaling.

4.7 Novel DII1 binding proteins

Besides Acvrinpl and Magi-3, other novel DIlI1 binding proteins could
be identified in the presented yeast two-hybrid assay. Among them
were several proteins that have been aready described as typica
false-positives, namely Glutaminyl-tRNA-Synthetase (GInRS), Riboso-
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Figure 4.1: Model of JNK activation by Magi-3. DII1 might be recruited to a multi-
protein signaling complex regulating PCP signaling by interactions with the PDZ do-
main containing proteins Magi-3, Scrib and DIg-1. Solid arrows indicate direct protein-
protein interactions. Indirect interaction between Scrib and DIg-1 via a so far unknown
adapter protein is shown as dotted line. Activation of the JNK signaling cascade is
indicated as fat dashed arrow.

mal protein S23 (Rps23), Proliferating cell nuclear antigen (PCNA),
Splicing factor arginine/serine-rich 2 (Sfrs2) and Ubiquitin C (Ubc)
(http://www.fcce.edu/research/labs/golemis/InteractionTrapl nWork.html).
False-positives activate reporter gene activity where no protein-protein inter-
action isinvolved.

The performed yeast two-hybrid assay revealed aso an interaction of DII1
with the extracellular matrix glycoprotein Elastin microfibril interface located
protein 1 (Emilin-1) and the synaptic adhesion molecules Calsyntenin-1
(Clstnl) and Sidekick 2 (Sdk-2). Nevertheless, a physical association is very
unlikely as the determined binding domains of these proteins lie outside the
cell.

Two of the isolated positive yeast clones contained RIKEN cDNA sequences
(1110019N10 and 2010310H23) with unknown function. Further analyses of
the corresponding protein sequences with respect to conserved domains and
binding motifs might provide valuable informations about the function of the
unknown proteins in context with Delta-Notch signaling.

The association of DIlI1 with nuclear proteins, like High mobility group
nucleosomal binding domain 2 (Hmgn2), PEST-containing nuclear protein
(Pcnp) and a so far unknown DNA-binding protein, supports the theory that
Dll1isinvolved in nuclear signaling eventsin the ligand expressing cell.
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4.8 Outlook

This thesis at hand gives a first insight into the function of the intracellular
domains of DSL proteins. Acvrinpl and Magi-3 were identified as novel com-
ponents of the Delta-Notch pathway. Now the challenge is to elucidate the
function of these proteinsin context with Delta-Notch signaling.

The results of the presented expression analyses indicate that the interactions
of DII1 with Acvrinpl and Magi-3 are of significance for embryonic devel op-
ment, for example, during neurogenesis and follicle morphogenesis. To further
characterize the function of these interactions Acvrinpl, Magi-3 and the PDZ-
binding domain of DII1 could be disrupted by gene targeting (knock-out) or
gene silencing by RNAI (knock-down) in mice. Comparison of the loss-of-
function mutant phenotypes should give a deeper insight into the requirement
of the observed interactions for proper embryonic development. In addition,
whole mount in situ hybridizations with Notch pathway genes could show if
the absence of Acvrinpl, Magi-3 or the DII1 PDZ-binding motif has any influ-
ence on Notch activation and signal transduction.

Informations concerning the subcellular localization of the proposed DIl11/PDZ
complex could be useful to find out more about the influence of DII1 on cell
polarity. Therefore, transfected or stable cell lines expressing Dll1lcyto and
Acvrinpl or DIl1cyto and Magi-3 could be generated. Also the migratory be-
haviour and the disruption of cell adhesion markers could be monitored in these
cellsto elucidate the function of DII1 on cell motility and adhesion.

Moreover, the identification of proteins interacting with Acvrinpl and Magi-3
could help to clearify their role in embryonic development. Therefore, an em-
bryonic cDNA library could be screened with Acvrinpl and Magi-3 as bait in
a yeast two-hybrid approach. Interesting interactions could be confirmed by
GST pull-down assays in vitro and in amammalian two-hybrid system in vivo.
The obtained binding partners might also be associated with the intracellular
domains of DII1 and Jagl via the PDZ proteins and might therefore provide
valuable informations about the intrinsic function of DSL ligands.

Acvrinpl was found to be upregulated in DII1 null-mutant mice. How the ab-
sence of DII1 influences the expression of Acvrinpl is still unknown. Iden-
tification and functional characterisation of the Acvrinpl promoter(s) could
prove to be helpful. For promotor identification avariety of bioinformatic tools
are available in the institute. The obtained results should be verified by ac-
tivity measurements of promotor constructs in appropriate cell lines express-
ing Acvrinpl. Furthermore, one hybrid and/or gel-shift assays could shed light
on the question which transcription factors might regulate the expression of
Acvrinpl.

Together with the presented data these further studies on the proposed intrin-
sic signaling activity of Deltawill help to understand the complexity of Delta-
Notch signal transduction, Delta function and the phenotypes of Delta mutants.
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