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Summary

Delta proteins activate Notch through a binding reaction co-localization can be abolished by injection of a
that depends on their extracellular domains; but the morpholino that blocks the mRNA splicing reaction that
intracellular (C-terminal) domains of the Deltas also have gives DeltaD its terminal valine, on which the interaction
significant functions. All classes of vertebrates possess a depends. Embryos treated in this way appear normal with
subset of Delta proteins with a conserved ATEV* motif at respect to some known functions of DeltaD as a Notch
their C termini. These ATEV Deltas include Deltal and ligand, including the control of somite segmentation,
Delta4 in mammals and DeltaD and DeltaC in the neurogenesis, and hypochord formation. They do, however,
zebrafish. We show that these Deltas associate with the show an anomalous distribution of Rohon-Beard neurons
membrane-associated scaffolding proteins MAGI1, MAGI2 in the dorsal neural tube, suggesting that the Delta-MAGI
and MAGI3, through a direct interaction between the C interaction may play some part in the control of neuron
termini of the Deltas and a specific PDZ domain (PDZ4) of migration.

the MAGISs. In cultured cells and in subsets of cells in the

intact zebrafish embryo, DeltaD and MAGI1 are co- Key words: DeltaD, DeltaC, MAGI proteins, Notch, PDZ domains,
localized at the plasma membrane. The interaction and the Zebrafish, Morpholino, Rohon-Beard neurons

Introduction effect, blocking Notch signalling in cis (Chitnis et al., 1995;

The Notch cell-to-cell signalling pathway has a central role iri'r‘adson et alléglg%_;”ljenriq”ue etal, 1997;h8”” and Ar;[javgnils-
animal development, controlling cell diversification and many. S3KoNnas, ). The cell expressing the truncated Delta
other processes in a great variety of tissues (Artavani rotein is thereby made insensitive to Notch-activating signals
Tsakonas et al., 1999; Lewis, 1998). At its core lie the Notc om its n_e|ghbours (Henrique et al., 1997, Saka_moto etal,

. LT ' 002). 1t is not clear how the intracellular domain of Delta
family of receptors and their ligands, the proteins of the

Delta/Serrate family. Both the receptors and the ligands a#gﬂuences this effect.

smgle-pass_ type | trangmembrane glycoprotems_, Wh'f:h "?‘rl?oiqunination, and this is crucial for Delta function (Itoh et al.,
thought to interact at sites of cell-cell contact. Signalling 15003 Lai et al.. 2001 Pavlopoulos et al., 2001; Yeh et al
initiated when the extracellular domain of the ligand interactszooosl The ubiauitination promotes internalization of Delta.
with that ofthe_ receptor, resulting maproteolytlg cIeavqge tha&argets Delta for degradation in proteasomes, and, most
releases an intracellular fragment of Notch™N which mportantly, is required in order to enable Delta to activate
translocates to the cell nucleus and regulates transcription Qiyich. The effect operates in trans, affecting the ability of the
various target genes (Selkoe and Kopan, 2003). cell to deliver a signal to its neighbours, and it is distinct from
~ From this perspective, it might seem that the only part of thghe dominant-negative cis effect described above, which is
ligand that really matters is the part that binds to Notch. Theﬁ‘hdependent of ubiquitination (ltoh et al., 2003).
are, however, strong grounds for believing that the intracellular Third, recent work has shown that the Notch ligands, like
domains of Notch ligands are functionally important. TheNotch itself, are cleaved, releasing an intracellular fragment.
Delta subfamily has attracted most attention in this respect anthis may have a function in the nucleus as a transcriptional
is our concern in this paper. There are four main lines aofegulator (Ikeuchi and Sisodia, 2003; LaVoie and Selkoe, 2003;
evidence, to which the present study adds a fifth. Six et al., 2003).

First, when the intracellular (C-terminal) domain of Deltais The fourth line of evidence for importance of the
truncated, the protein acquires a powerful dominant-negativiatracellular domain of Delta comes from sequence
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comparisons among the vertebrates: within this group, it iand embryos collected from spontaneous spawnings. Staging was
highly conserved (although it shows no detectable conservati@ecording to Kimmel at al. (Kimmel et al., 1995).

between vertebrates and insects). For example, the DeltglI ion of bindi ¢ Del .

(DLL1) protein of humans has an intracellular domain that is>0'2ton of binding partners of Delta proteins _
67% identical to that of chick Deltal, 61% identical to that of'Vé used a modification of the protocol of Hutchings et al. (Hutchings
XenopusX-Deltal and 56% identical to that of zebrafish et al., 2003). A peptide corresponding to the C-terminal 27 residues

DeltaD. | I tebrat di £ ¢ hinod of human Deltal was chemically synthesized containing an N-
eltab. In all veriebrales, and In at least one echinoderiyl, yina| piotin and aliphatic spacer. Peptide-saturated streptavidin-

(Sweet et al., 2002), we find a subset of_DeIta pr_oteins th%ated paramagnetic beads (DynabBakis280, DYNAL®) were
share a conserved motif — ATEV* — at their C terminus. Thisdded to an adult mouse brain lysate [0.1g wet weight per ml of WOP-
motif fits the consensus for a PDZ-domain-binding proteimo buffer (Wright et al., 2000)]. The brains were crudely chopped in
(Nourry et al., 2003; Songyang et al., 1997). The ATEV subseduffer and solubilized using a dounce homogenizef@t ¥hsoluble

of Delta proteins includes Deltal and Delta4 in mammals anchaterial was removed by centrifugation at 4Gnd the supernatant
birds, Deltal and Delta2 iMenopusand DeltaC and DeltaD filtered. The beads were recovered with a magnet after an overnight
in zebrafish. From their expression patterns, it seems that tffating incubation at °€C, and washed; associated proteins were
ATEV Deltas have some functions in common that set therfiluted by boiling in SDS loading buffer.

apart from other vertebrate Deltas that lack this motif. They ar@ass spectrometry

expressed in endothelial cells of blood vessels (Beckers et aéamples were resolved on 4-12% Bis-Tris NuPAGRrecast gels
1999; Mailhos et al., 2001; Shutter et al., 2000; Smithers et abq stained using SYPRO Orange dye (BIO-RAD) and scanned on a

2000), in the gut epithelium (Schroder and Gossler, 2002) (MsTORM 860 phosphoimager (Molecular Dynamics). Gels were then

Skipper, G.J.W,, L.A.-M. and C. Crosnier, unpublished), andCoomassie stained and bands excised with a scalpel. Gel slices were

in the presomitic mesoderm, where they play an essential patstained and digested with 100-200 ng of trypsin for 4 hours@t 37

in the oscillator mechanism that controls somite segmentatidPeptides were extracted and analysed by MALDI on a Tof Spec 2E

(Davis et al., 2001; Holley et al., 2002; Hrabé de Angelis efMicromass).

al., 1997; Jen et al., 1997; Jiang et al., 2000). . -
On the other hand, the ATEV moatif is not required for th%ggzzlmi}:g:nr:fsgr'gje;ﬂz:esd in Danieau buffer (Nasevicius

core function O.f Delta prOtems. '”.”.‘? Ce””?" NEervous Syste_ and Ekker, 2000) containing 0.2% phenol red and 2-4 nl were

(CNS) as mediators of lateral inhibition during neurogenesi

. ﬁ'njected into the yolk of 1- to 4-cell stage embryos. Morpholino
all members of the vertebrate Delta family seem to share thigquences (GeneTools) are: for Delta splicing (MO[dID-V]):

activity (e.g. Haddon et al., 1998), regardless of whether or N@GTTTTGGACTTACCTCGGTTGCAA, with mismatch control
they possess a terminal ATEV. Moreover, removal of the ATEMGcTTTTcGACTTAgCTCGCTTCCAA; and for MAGI1 translation
is not sufficient to confer dominant-negative activity: in theblocking (MO[MAGI1]): CACAGAAACAGGTGGCTCCGCTGAC
chick retina, a version of Deltal with a mild C-terminal (FITC-labelled). The MAGI-GFP fusion was made in pEGFP-N1
truncation, removing the ATEV motif along with 96 adjacent(Clontech) with the introduction of a linker (the protein product
amino acids, still showed normal function, activating Notchcontains the sequences VFTP-GGVPRARDPPVAT-MVSK, where

Nar SRRt A ; the first four and last four amino acids correspond to the C terminus
,z[irﬂ(rj] cgﬁg\r/]enr;%rr:ﬁgtﬁlgmg;lb |t|bour][, ]c-)gly avr\rlllitr:] o a agg;e gfe Vtef{gof MAGI1 and N-terminus of EGFP respectively). The coding regions

h ; - . were then subcloned into the pCS2+ vector and mRNA was
intracellular domain, was a dominant-negative effect seep o using the mMessage mMachine kit (Ambion). For

(Henrique et al., 1997). ) ) immunohistochemistry, embryos were dechorionated, fixed and
What then is the function of the ATEV motif? In this paperstained with zdd2 anti-DeltaD monoclonal antibody and Alexa594-
we show that it mediates binding to MAGI proteins (BIAK  conjugated secondary antibody (Molecular Probes) as previously
proteins with_nverted domain arrangement) — a subset of théescribed (Itoh et al., 2003). MAGI1-EGFP was detected with
MAGUK (membrane-associated guanylate kinase homolog)lexa488-conjugated rabbit anti-GFP antibody (Molecular Probes).
protein family — through a specific one of the six PDZ domain§tair)ed em.blryos were flat-mpunted on inde; in Citifluor mounting

that these contain. A similar conclusion has recently beefedium (Citifluor) and examined with a Zeiss LSM510 confocal
reached independently by another group (Pfister et al,, 2003?!2:)(;5(;?1%?3./35 of phenotypes in the living state, embryos were
yvho have_shown that .the mouse Deltal protein binds throu(~:lahnaesthetized, mounted in 3% methyl cellulose, and photographed on
its C terminus to Acvrinp-1, also known as MAGI2. Our data, | ¢it> Diapl .

. ; plan microscope.
demonstrate that in fact all three members of the MAGI protein
family can bind ATEV Delta proteins in this way. We show PDZ domain binding biochemistry
that MAGI1 is widely expressed in the developing zebrafisisequences (available on request) corresponding to the six individual
embryo, and that it co-localizes with DeltaD at a subcellulaPDZ domains of zebrafish MAGI1 were amplified and cloned in-
level if and only if the ATEV motif is intact. We find, frame with a C-terminal 6 histidine tag in pET-23b and expressed in
furthermore, that disruption of the DeltaD-MAGI interaction the E. coli strain BL21(DE3)pLysS. Proteins were purified using
leaves Delta-Notch signalling practically unaffected; but itNickel-NTA Agarose (Qiagen) using minor modifications to the

r lter the miarator haviour of some neuron manuf_acturer’s protpcols and stored_ at>go0 _
'?hpepgﬁwz&%rﬁéenetugl tu%eato y behaviour of some neurons Biotinylated peptides corresponding to the C-terminal 27 or 26

amino acids of zebrafish DeltaC and D were synthesized as above,
both with, and without, the C-terminal valine residue. 2000f

i streptavidin-coated Sepharose (Amersham Biosciences) was saturated
M_atenals and methods with peptides corresponding to zebrafish DeltaC or D and divided
Animals equally into six aliquots; 1Rg of purified zfMAGI1 PDZ domains

Zebrafish were maintained at 27C50n a 14/10 hour light/dark cycle were added per tube and incubated with rotatiorf@tfdr 2 hours,
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washed and eluted by adding SDS-PAGE loading buffer and heatir ~ p
to 50°C for 10 minutes. Eluates were resolved by SDS-PAGE on 4 adult mouse brain human neuroblastoma
12% NuPAGE gels using MES running buffer. Gels were stained witl |
SYPRO orange as above. KDa “ W kDa
In situ hybridization i — MUPP1 . e
Wholemount in situ hybridization followed the protocol of Thisse - MAGH1 — |
(Westerfield, 2000) or of Ariza-McNaughton and Krumlauf (Ariza- — MAGI-3
McNaughton and Krumlauf, 2002). DIG-labelled antisense probes fc LI il
zebrafish MAGI corresponded to nucleotides 3018 to 3530 of th 3 — MAGI-1 (e
magilcDNA sequence. Probes ftetl (Inoue et al., 1994)0l2al Il — MeprinA
(Yan et al., 1995) andnyoD (Weinberg et al., 1996) were as — Zn finger protein S
previously described. — HSBREQ
97—

PCR and cloning procedures
Total RNA was extracted from embryos using Trizol (GIBCO-BRL) — MeprinA i
according to the manufacturer's instructions and cDNA made i
according to Wright et al. (Wright et al., 2000). The primers used t B
detect the splicing forms of zebrafisteltaD were AGCTGAAG-
CAGGAGGACTTG (sense) and CTTCAGTTGAGAACCAGCT- MAGI domain structure
CATT (antisense), usually for 30 PCR cycles. The altered splice forrr
were characterized by cloning and sequencing. o I 8 0 Tl Tl I Tl T

The full-length zebrafisimagil cDNA was cloned by both’' mnd PDZ0 GuK WWWwW PDZi PDZ2 PDZ3 PDZ4  PDZ5

3 RACE using SMART RACE kit (Clontech) following the

manufacturer’s protocols using 24 hour zebrafish cDNA ancFig. 1.Biochemical purification and identification of proteins that
oligonucleotides based on the zebrafish EST sequence numtinteract with a peptide corresponding to the C terminus of an —ATEV
AWO078333. The full-length zebrafisimagil cDNA has been Delta. (A) Proteins purified using a C-terminal peptide of human

submitted to GenBank (Accession number AY465352). Deltal from lysates prepared from either an adult mouse whole brain
. ) ) (left panel) or the human neuroblastoma NB100 cell line (right
Cell culture, transfection, and immunocytochemistry panel) were resolved by SDS-PAGE under reducing conditions and

HEK293T cells grown on coverslips were transiently transfected witlidentified by tryptic peptide mass spectrometry. Proteins that could

1 pg of plasmid DNA per well in a 24-well plate using Superfectbe confidently identified have been labelled. (B) Domain structure of

Transfection Reagent (Qiagen). Twenty-four hours after transfectionhe MAGI family of proteins.

cells were rinsed in PBS and fixed in 4% formaldehyde in PBS for 15

minutes at room temperature. Fixed cells were permeabilized in 0.2%

Triton X-100 in PBS for 15 minutes at room temperature, rinsed ihree distinct genes, is widely expressed; MAGI2 is especially

PBS, and incubated in blocking solution (1% BSA in PBS) for 30y entiful in the adult central nervous system. This may account

?r:ggf)edsy a(;srsc:aonrtri]altl‘;rgzeir ﬁtﬁ?h' gegls (\?tlgLeetthzln Ztg‘g;d Cv(\gl\tlgrgl(ijp r its prominence in our purification assay using mouse brain.

were mounted on slides in Citifluor (Citifluor) and examined with a%h? .do.mam structure of the MAGI proteins IS shown in Fig.

Zeiss LSM510 confocal microscope. 1B: it includes a non—.catalytlc guanylate .klnase ho'mology
region, two WW (protein interaction) domains, and six PDZ
domains, numbered from 0 to 5, typical of scaffold proteins

Results that hold the multiple components of signalling complexes by
. . . their C-terminal tails and keep them together at the plasma
The C terminus of Deltal binds MAGI proteins membrane. Because of their many interactions, the MAGI

To identify proteins that might interact with the intracellularproteins have been given many different names (see Data S1
domain of Delta in vertebrates, we used a biochemicéah supplementary material). In particular, the human MAGI1
purification strategy. A synthetic 27-amino-acid peptideprotein is also known as BAIAP1 (BAll-associated protein),
corresponding to the C terminus of human Deltal was used because it binds BAI1 (brain angiogenesis inhibitor 1). BAI1,
purify Delta-binding proteins from lysates of either adultlike Deltal, is a transmembrane protein with an intracellular C
mouse brain or the human neuroblastoma cell line NB100, @srminus ending in TEV. This strongly suggests that MAGI1,
described in Materials and methods. Bound proteins werand perhaps the other MAGI proteins, contain a PDZ domain
resolved by SDS-PAGE and identified by tryptic peptide masthat specifically recognizes proteins with a terminal TEV and
spectrometry. The mouse brain lysate gave the largest numhisrthus responsible for the binding of Deltal.
of clearly identifiable bands (Fig. 1A). The most prominent and Regarding the other Delta-binding proteins we identified,
most reproducible of these corresponded to MAGI2 (MAGIMUPPL1, like the MAGI proteins, is a membrane-associated
paralog 2); bands corresponding to the closely related proteissaffold protein, containing no less than 13 PDZ domains; it
MAGI1 and MAGI3 were also present. Other bands in théoo may recognize the C-terminal ATEV of Deltal. Meprin A
mouse brain preparation were identified as MPDZ/MUPP1s more puzzling: meprins are transmembrane or secreted
(multi PDZ protein), meprin A, and a putative zinc-fingerproteins that normally act extracellularly as metallopeptidases.
protein. MAGI1 was also identified in the NB100 lysate, wherdn our assay, they may have been detected because they bound
it gave the most prominent band. to the Deltal C-terminal peptide as a (non-physiological)
We have chosen to focus on the interaction with the MAGbubstrate, or because they were attached to it indirectly via
proteins. This protein family, corresponding (in mammals) tasome scaffold protein such as MAGI1/2/3 or MUPPL1. The zinc
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Table 1. Homology relationships between zebrafish and human MAGI proteins, as reflected in the percentage amino-acid
sequence identity for PDZ domain 4

zf MAGI1 PDZ4 zf MAGI2A PDZ4 zf MAGI2B PDZ4 zf MAGI3 PDZ4
(ENSDARG00000003169)  (ENSDARG00000010164)  (ENSDARG00000018908)  (ENSDARG00000004394)

Hs MAGI1 PDZ4 (BAIAP1) 99 66 67 61

Hs MAGI2 PDZ4 (AIP1) 61 84 86 63

Hs MAGI3 PDZ4 56 67 63 78

These data are from BLAST alignment of human MAGI sequences with transcribed sequences from the Ensembl zebrafish d&slsizeRTthrumbers
are Ensembl gene ID numbers.

finger protein we detected is one for which no function is yet Judged by in situ hybridization (Fig. 2Bjagil seems to

known. be expressed ubiquitously up to 24 hpf. By 48 hpf, expression
. o is seen more in the CNS than elsewhere, and by 72 hpf this

The MAGI protein family is highly conserved heightened expression in the CNS is striking (Fig. 2D,E).

between fish and mammals Expression in the CNS is, however, evident even at early

For further analysis of the interactions of Delta proteins witrembryonic stages, while the neural tube is forming and the first

MAGI proteins, we have used the zebrafish. A BLAST searcheurons are being born — in other words, at the time wéka

for counterparts of humaMAGI1, -2 and-3 in the Ensembl genes are being expressed and playing their part in regulating

zebrafish cDNA database reveals dMAGI1 ortholog, two  neurogenesis. Expression is seen also in other sites where Delta

MAGI2 orthologs, and on®AGI3 ortholog. We shall call the genes are expressed, such as the hair cells of the inner ear (Fig.

corresponding four zebrafish genasgil, magi2a magi2h  2E). Our further experiments imply that interaction between

andmagi3 The orthology relationships can be inferred fromDelta and MAGI proteins indeed occurs and is functionally

the percent amino-acid identity when corresponding domainsnportant.

are compared; Table 1 shows values based on PDZ domain 4 o ] .

(PDZ4). From the sequence comparisons, it seems that tA&e C termini of DeltaC and DeltaD bind directly and

ancestraMAGI1, -2 and-3 genes must have diverged from onespecifically to PDZ4 of MAGI1

another before the divergence of the fish and tetrapod lineagédevious studies (see Data S1 in supplementary material) have

while divergence of the zebrafishagi2aand magi2bgenes shown that the different PDZ (and other) domains in MAGI

may have occurred after this. proteins selectively bind different partners. To understand the
Having identified a part of thmagilcoding sequence in the place that DeltaC and DeltaD might have in protein complexes

zebrafish EST database, we were able to clone the entire cDI' ~

sequence. The length of the corresponding MAGIL proteil

(1247 amino acids) is similar to that of human MAGI1 (1256 Hotrs rost fertilisation

amino acids), and the two proteins are 71% identical ii

sequence overall, with the same domain structure. The degr

of conservation of individual domains is remarkably high: for

example, the PDZ4 domains of human and zebrafish MAGI

are identical in 101 out of 102 amino acids. We have use

magil as representative of the MAGI family for further D

analysis of Delta-MAGI interactions.

24 hpf

magil is widely expressed in the developing
zebrafish, becoming most plentiful in the CNS

As a first step towards analysis of the Delta-MAGI interactior
in vivo, we examined the expressionnoégil, to see whether

it overlaps with that ofleltaCanddeltaD. We used RT-PCR
to assess the time course of early expressiomagfil (Fig.
2A). The message is present already in the egg at 0 hours pc
fertilization (hpf), has largely disappeared by 3 hpf, but isFig. 2 Expression pattern ofiagilin the zebrafish embryo.

plentiful again by 6 hpf. This presumably reflects degradatiol(A) Early stages analysed by RT-PCR (data replicated in three

of maternal message followed by a delay of a few hours befoseparate experiments). Maternal mRNA present in the 0 hpf egg has
zygotic transcripts accumulate. Since the primary transcript flargely disappeared by 3 hpf, with fresh (zygotically synthesized)
very long (>160 kb), there will presumably be an interval of Ziranscripts appearing by 6 hpf. EFivas used as a positive control.
hours or more (assuming transcription at 1.2 kb/minute) fror(B-E) In situ hybridization patterns. (B) Lateral view at bud stage
the initiation of zygotic transcription at 2.5-3 hpf until mature(10 hpf), showing diffuse expression. (C) Dorsal view at 24 hpf,

T showing expression still diffuse but strongest in the neural tube.
mRNA reaches the cytoplasm. TranscriptiondeftaC and )y porsal view of the head of a whole mount at 72 hpf, showing

deltaD begins to be seen by in situ hybridization at 5-6 hplxpression in the retinae and, most strongly, in the diencephalon and
(Haddon et al., 1998; Smithers et al., 2000). Thus MAGIZ%elencephalon. (E) Transverse section of embryo stained as a whole
becomes available to interact with the Delta proteins at aboutount at 72 hpf, showing expression in the hindbrain and in sensory
the time of their first appearance. hair cells in the ear (red arrow).
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Fig. 3.Zebrafish MAGI1 binds directly and specifically to zebrafish
DeltaC and DeltaD. (A) Beads were coated with peptides
corresponding to the C-terminal 27 or 26 amino acids of DeltaC (top
panel) or DeltaD (bottom panel) either with the terminal valine (V)

or without (E). The beads were then incubated with purified proteins
corresponding to each of the six individual PDZ domains of zebrafish
MAGI1 (0 to 5). Beads were then washed and bound proteins eluted
and resolved by SDS-PAGE under reducing conditions. Both DeltaC
and DeltaD peptides that terminated in the ATEV motif interacted
directly and selectively with the PDZ4 domain alone, while control
peptides that lacked the terminal valine (ending —ATE) showed no
binding to any PDZ domain. (B,C) HEK293T cells cotransfected
with plasmids coding for MAGI1-EGFP (green) and either full-
length DeltaD (red in B) or DeltaD lacking its terminal valine
(DeltaD-TE*; red in C). Both forms of DeltaD were detected with
zdd2 anti-DeltaD monoclonal antibody. DeltaD, but not DeltaD-TE*,
recruits MAGI1 to the plasma membrane [compare regions indicated
by arrows in (B) and (C)]. 56 out of 59 cells transfected with DeltaD
showed MAGI1 membrane recruitment, but only 1 out of 37
transfected with DeltaD-TE* did so. (D,E) Confocal sections of
somite cells in 10-14 somite stage zebrafish embryos injected with
20 pg mRNA encoding for MAGI1-EGFP at the two- to four-cell
stage, either (D) alone or (E) with coinjection of 5 ng MO[dID-V].
MAGI1-EGFP was detected with an anti-GFP antibody and
endogenous DeltaD was detected with zdd2. Note co-localization of
DeltaD and MAGI1 in (D) but not (E). Scale bars:i.

biotin to allow coupling to streptavidin-coated beads, and the
individual PDZ domains were then assayed for their ability to
bind to these. As shown in Fig. 3A, the C termini of DeltaC
and DeltaD both bind selectively to PDZ4, with only a faint
trace of binding to other PDZ domains. No binding is seen
when the Delta peptides lack their terminal valine. We
conclude that PDZ4 selectively and directly binds the Delta
proteins through a typical PDZ-domain interaction that
depends on the terminal valines of these proteins. Since PDZ4
is conserved and distinctive in all members of the MAGI
protein family, it is likely that in all of them it is responsible
for binding the ATEV Deltas in the same valine-dependent
way.

DeltaD and MAGI1 interact in living cells

For a further test of the Delta-MAGI interaction, we performed
cotransfection experiments in HEK293T cells. We constructed
expression plasmids containing cDNA coding (1) for MAGI1,
tagged at its C terminus with EGFP, (2) for full-length DeltaD,
and (3) for DeltaD lacking the C-terminal valine residue
(DeltaD-TE*). Both forms of DeltaD are recognized by our
zdd2 monoclonal antibody against DeltaD (Itoh et al., 2003).
Both full-length DeltaD and DeltaD-TE* when expressed
alone were localized to the plasma membrane. In contrast,
MAGI1-EGFP when expressed alone appeared cytosolic with
scarcely perceptible membrane localization. However, in cells

held together by MAGI1, and to test whether the Delta proteinsansfected with the full-length DeltaD and MAGI1-EGFP
indeed bind to MAGI1 directly, we examined the binding ofplasmids together, we observed a dramatic increase in the
artificially synthesized fragments of the proteins in vitro.concentration of MAGI1-EFGP at the plasma membrane,
Peptides corresponding to the C-terminal 26 or 27 amino acidshere it was co-localized with the full-length DeltaD (Fig. 3B).
of DeltaC and DeltaD were synthesized chemically. WeThis localization pattern was not observed when DeltaD-TE*
prepared two variants of each — one with and the other, aswas substituted for full-length DeltaD (Fig. 3C). These data
control, without the terminal valine. We also preparedsupport our in vitro findings as to the specificity of the
individual His-tagged proteins corresponding to each of the sixteraction and imply that Delta proteins can recruit MAGI
PDZ domains (~100 amino acids) of zebrafish MAGI1. Theproteins to the cell surface.

Delta peptides, as before, were prepared with an N-terminal To see whether DeltaD and MAGI1 proteins interact in the
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living embryo, we injected mMRNA coding for MAGI1-EGFP A splice-blocking morpholino can be used to

into 2- to 4-cell-stage zebrafish embryos and compared ttdeprive DeltaD of its terminal valine in vivo

subcellular localization of the tagged MAGI1 to that of We have shown that the terminal valine of DeltaC and DeltaD
endogenous DeltaD at the 10-14 somite stage. DeltaD proteisirequired for binding to MAGI1. Removal of this valine should
in uninjected embryos has a different intracellular distributiortherefore provide a way to test the functional importance of the
in different cell types: in nascent neurons, cell surfac®elta-MAGI interaction while causing minimal disruption of
concentrations are below the threshold of detection with owther processes. By good fortune, the terminal valine of the
zdd2 antibody, and the protein is seen only in intracellulaATEV Delta proteins is encoded on a separate exon. We were
granules (Itoh et al., 2003); in cells in the anterior parts ofhus able to remove it in vivo by blocking the splicing reaction
somites, DeltaD is detected in a spotty distribution at othat links this exon to the rest. For this, we used a morpholino,
near the cell surface (L.A.-M. and Francois Giudicelli,which we shall call MO[dID-V], complementary to the
unpublished). This DeltaD pattern was maintained irexon/intron junction on the' Side of the intron preceding the
embryos injected with the MAGI1-EGFP construct. exon that encodes the terminal valine (Fig. 4A). A BLAST
Although, in these injected embryos, there was no detectabsearch of the zebrafish genome database indicated that this was
co-localization of MAGI1-EGFP with the intracellular the only target site for the morpholino. We injected varying
DeltaD granules of the nascent neurons, the MAGI1-EGFHEoses of MOJ[dID-V] into fertilized eggs at the one-cell stage,
was frequently co-localized with the cell-surface DeltaD ofleft them to develop as far as 6, 24, 48 or 72 hpf, and used RT-
the somite cells (Fig. 3D), suggesting that MAGI1 andPCR to discover what splice variantsdaltaD mMRNA were
DeltaD interact at the cell surface in the intact zebrafisipresent. As shown in Fig. 4B, 0.5 ng of MO[dID-V] was
embryo just as they do in cultured HEK293T cells (Fig. 3B)sufficient to give a marked reduction in the amount of the
It should be noted that spots of DeltaD without MAGI1 andnormally spliced mRNA, and with 5 ng or more, this form was
of MAGI1 without DeltaD were also seen, presumablyundetectable, implying that no DeltaD was being produced with
reflecting the fact that DeltaD is only one of many MAGI1-a terminal valine. The block was still fully effective as late as
binding partners (Fig. 1, see Data S1 in supplementary2 hpf (Fig. 4C). The predominant mRNA instead was a mis-
material) and that the levels of MAGI1 protein generatedpliced variant with the subterminal intron retained, so as to
upon mRNA injection may be much higher than endogenousode for a protein whose terminal valine was replaced by a

levels. sequence of 34 amino acids ending in LVLN*.
A PCRoprimer 18 - o e Fig. 4. A morpholino, MO[dID-V], targeted to
— - - - the intron-exon boundary responsible for the
exon 10 | intron 10-11 | exon 11 | intron 11-12 | exon 12 | addition of the DeltaD terminal valine residue
<dmmtiim <—  disrupts splicing and selectively removes the
morpholino PCR primer ~ PDZ domain binding site for up to 72 hours of

development. (A) The genomic structure of the
zebrafish DeltaD gene surrounding the PDZ

B amount of marpholino injected  deftal mRNA 3" coding region RI-PCR Last4  45main binding site, indicating the amino acids
(ng per embryo) ) product amino -
0 01 05 1.0 50 10.0 | | | | | (p) acids atthe boundaries of each exon, the MO[dID-
b V] morpholino annealing site, and primer
55130_ 546 HLKR*  hinding sites used to monitor the effects on
469 LVLN*  splicing by RT-PCR in (B). (B) Effects on
deltaDmRNA splicing, monitored by RT-
396=— a70 atevx  PCR, in embryos injected with MO[dID-V] at
344 = ) the one-cell stage and left to develop until the
— — — uncharacterised — — shield stage (6 hpf). Total RNA was extracted

) SH0 “TTEER from ZQ embryos for (_egch dose, reverse
S transcribed and amplified by PCR. PCR
products were cloned and fully sequenced.
m dettaD mANA ' coding region Uninjected embryos produced a 370 bp band that corresponds to the
510 = correctly spliced transcript, coding for a protein that ends —ATEV. The
amount of correctly spliced product decreases as the amount of
injected morpholino increases; at a dose of 5 ng or more per embryo,

c uninjected 1 ng MO 5ng MO no correctly spliced product is observable. Products at 469 and 269 bp
were mis-spliced as shown and correspond to proteins lacking the

8253828 g8es terminal ATEV. The band at ~330 bp was not characterized but
bp B & I R GAIREFEIIH probably represents the use of a cryptic splice donor site. The 546 bp
2095— pand may result from small amounts of contaminating genomic DNA
o in the extracted RNA. The separate small panel below shows RT-PCR

analysis of the same cDNA using oligonucleotides targeted to an
upstream region of thdeltaDtranscript (nucleotides 389-923) that is
unaffected by MO[dID-V]. The total quantity deltaD mRNA is not
significantly altered by the MO injections. (C) Time course of the
effect. Embryos were injected and allowed to develop until the
indicated stages, and RT-PCR was performed as in B.

S06/51 7 e—
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Fig. 5. Effects of morpholino -~ il el " W ael
injections that block the L g nnjectec VIBIEID- Sing MO[dID-V]
interaction of DeltaD with '
MAGI1. (A-E) Dorsal views of
the midbrain-hindbrain region ii
live embryos at 24 hpf.

(A) Uninjected wild-type contro
(B) Wild-type embryo injected
with 5 ng of MO[dID-V]; note
narrowed third (I11) and fourth
(IV) ventricles and irregular
texture due to dying cells in the
walls of the hindbrain.

(C) Similar phenotype produce:
by injection of 10 ng of
MO[MAGI1]. (D) after eight
(aei) uninjected embryo; note
normal morphology. (Ejei
embryo injected with 5 ng of
MOI[dID-V]; note phenotype
similar to that seen in (B) and
(C). (F-H) Lateral views of live
embryos at 24 hpf showing
somite segmentation. Somite
boundaries are disorganized
below the eighth somite mei
(H), but are unaffected by
MO[dID-V] treatment (G). (I-K) Lateral views, anterior towards the left, of embryos at 26 hpf analyseditwhybridization forcol2al
expression to mark floor-plate (fp) and hypochord (ae)embryos exhibit a reduction in hypochord cell number. This effect is not observed
upon MO[dID-V] treatment (J). Scale bar: fth for 1,J,K.

We examined the effect of MO[dID-V] on the DeltaD- Specific and non-specific effects of the DeltaD
MAGI1 interaction by artificially expressing MAGI1-EGFP splice-blocking morpholino can be distinguished by
alone or together with the morpholino in sibling embryos. Iranalysis of aei/deltaD mutants
the absence of MOJ[dID-V], we observed co-localization ofTo test the functional significance of the DeltaD-MAGI1
DeltaD and MAGI1-EGFP in somite cells, as described abovimteraction, we examined the phenotype of the embryos that
(Fig. 3D). Upon addition of MOJ[dID-V] to the mRNA injection developed from eggs injected with 5 ng of MO[dID-V], so that
mixture, however, this co-localization was abolished while theéhe only forms of DeltaD produced would be lacking their
distribution of DeltaD appeared to be unaffected (compare Figerminal valine.
3D,E). Although it is difficult to put these observations on a At a gross anatomical level, the injected embryos showed
firm quantitative footing, the effect seemed clear. We concludelear and reproducible abnormalities in the hindbrain and
(1) that treatment with MO[dID-V] is effective in generating amidbrain, such that at 24 hpf, the width of the roofplate and
mis-spliced variant of DeltaD which, although expressed athe lumen of the third and fourth ventricles of the neural tube
normal levels, is incapable of binding MAGI proteins; and (2were markedly reduced (Fig. 5A,B, Table 2). A similar
that the co-localization of MAGI1 with DeltaD seen in vivo is narrowed-ventricle effect was seen when we injected a
indeed dependent on direct interaction between the twmorpholino (MO[MAGI1]) targeted against the translational
proteins. start of MAGI1 (Fig. 5C), whereas injection of other

Table 2. Effect of morpholino injections on midbrain and hindbrain structure, scored at 24 hpf
Phenotype (%):

Embryos
Embryo genotype Injected reagent: Severe Mild WT scared
Wild type uninjected 1 3 96 99
Wild type 5 ng MO[dID-V] 52 30 18 98
wild type 5 ng MO[MAGI1] 17 38 45 53
Wild type 10 ng MO[MAGI1] 53 39 8 49
Wild type 5 ng mis-match MO 3 6 91 35
aef\R33 uninjected 6 14 81 101
aefR3 5 ng MO[dID-V] 33 51 16 67

WT, brain ventricles very similar to uninjected.
Mild, brain ventricles have formed but are misshapen and reduced in size.
Severe, ventricles absent or severely reduced in size and severely misshapen.




5666 Development 131 (22) Research article

morpholinos, including a five base-pair mismatch control for
MO[dID-V], did not produce this phenotype (data not shown,
Table 2). These findings strongly suggested that the anatomic FS =
abnormality was a specific effect of disrupting the DeltaD- jglisss
MAGI1 interaction. Similar structural abnormalities have,
however, been seen as an effect of morpholino mistargetir
(Ekker and Larson, 2001), and they are not easily explainab €
in terms of known functions of DeltaD or MAGI1. Spurred on
by the doubts of a referee, we therefore performed a furthe _
and more decisive, control experiment.
For this, we took advantage of thef*R®*mutant, which has

a stop codon in the fifth EGF repeat of the extracellular domai
of deltaD, leading to a DeltaD loss-of-function phenotype E F

. . . : Pr rii f Rohon-Beard cell:
(Holley et al., 2000). Since the C terminus of DeltaD is alread ~ Number of Rohon-Beard cells per field P iaddiing midiine

missing inae*?33homozygotes, we might perhaps expect tha g
they would show the narrowed-ventricle phenotype evel
without any morpholino injection; and in any case their
phenotype should certainly show no further change whe
MO[dID-V] is injected, if the only effect of this morpholino is
to block the DeltaD-MAGI1 interaction. As it turned out, our _ "
exgg%ations were confounded on both scores. The uninject uninj. inj.  uninj. inj. uninj. inj.  uninj.  inj.

aef homozygotes did not _show a .narrowed—ventricIeFi 6. Disruption of the DeltaD-MAGI interaction causes
phenotypg, bu_t when they were injected with MO[dID-V] theymi%localizatirc))n of Rohon-Beard neurons. (A-D) Dorsal views of
did show it (Fig. 5D'E’ Table 2). We can only conclude thaembryos at 16 hpf stained bysitu hybridization forislet1 (black)
the narrowed-ventricle phenotype resulting from MO[dID-V] to mark Rohon-Beard neurons (as well as other primary neurons

wild-type ael

is due to a non-specific toxic effect of the morpholino. below the plane of focusiyoD(brown) expression serves as a

. ) . reference for somite number and positiaei.embryos (C,D) show a
Disruption of the DeltaD-MAGI interaction does not 1.6-fold increase in the number of Rohon-Beard cells compared to
significanly affect the known functions of DeltaD as wild-type embryos (A), whereas the number of these cells is only
a Notch ligand slightly increased in wild-type embryos injected with MO[dID-V]

Theae?33mutant is useful not only as a negative but also a): The MO[dID-V] embryos are abnormal, however, in that many
a positive control, displaying defects that result from loss of! the Rohon-Beard celis stray into the midline region. The

) . L2 yroportion of such mislocalized cells is not affected by the
DeltaD: somite segmentation is disrupted (Holley et al., 200 orpholino inaei embryos, where DeltaD is missing (C.D).

Jiang et al., 2000; van Eeden et al., 1996); primary neurons §g€r) cell counts. The distribution of the neurons was quantified for
produced in excessive numbers in the embryonic CNS (Holley region corresponding approximately to somites 5 to 10; 10-13
et al., 2000); and the numbers of hypochord (ventral midlinegmbryos were analysed for each condition. Error bars represent
cells are reduced (Latimer et al., 2002). These abnormalitiese.m. Scale bar: 50 mm for A-D.
have been well documented and reflect the functions of DeltaD
as a Notch ligand. To see whether the DeltaD-MAGInegatively — by Delta-Notch signalling during normal
interaction is imgortant for these functions, we compared wildhypochord development (Latimer et al., 2002). These findings
type andaei*R* mutant embryos with genetically normal indicate that the DeltaD-MAGI1 interaction is not important
embryos that were injected with MO[dID-V]. for the function of DeltaD as a Notch ligand in specification of
First of all, somite patterning appeared normal in thehe hypochord.
MOI[dID-V] injected embryos, with no sign of the disruption Lastly, Delta-Notch signalling, mediating lateral inhibition,
of somite segmentation that is seera@ and in other Notch is well known to regulate the proportion of cells committed to
pathway loss-of-function mutants (Fig. 5F-H) (Holley et al.,differentiate as neurons (Appel and Eisen, 1998; Chitnis et al.,
2002; Jiang et al., 2000; van Eeden et al., 1996). 1995; Haddon et al.,, 1998), and this is reflected in the
Our findings with regard to hypochord formation werephenotype ofaei/deltaD mutants, which produce neurons in
similar. Defects in hypochord formation are readily observe@xcess (Holley et al., 2000). If interaction with MAGI1 is
in aei/deltaD mutants as well asleltaA loss-of-function  important for DeltaD’s function in lateral inhibition, we would
mutants and morpholino-induced DeltaC knock-down embryoexpect to see alterations in neurogenesis when the interaction
(Appel et al., 1999; Latimer et al., 2002); the phenotype cais blocked. We therefore counted neurons, at the 12-16 somite
be seen by in situ hybridization with a probe #pha-1  stage, in genetically wild-type embryos injected with MO[dID-
collagen type ll(col2al) which labels the floor plate and V] and in uninjected controls, using situ hybridization for
hypocord (Yan et al., 1995). Using this method, we saw #&letlas a neuronal marker (Haddon et al., 1998; Korzh et al.,
reduction in hypochord cell number ae*?3® embryos, as 1993). We found that the MO[dID-V] injection produced little
expected. However, we detected only a slight increase ior no change in the numberisfetl-positive cells. In contrast,
hypochord defects in wild-type embryos treated with MO[dID-aei*?*® mutants showed a 1.6-fold increase (Fig. 6A-E).
V] (Fig. 5I-K). Moreover, we observed no effect of MO[dID- Specifically, in the dorsal neural tube, in the region
V] treatment on expression der4 or ntl (data not shown); corresponding to the middle five somites, we counted 28.3+0.6
these genes are both regulatedher4 positively andntl ~ (meanzs.e.m.n=10) isletl-positive neurons per wild-type
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embryo, 32.8+1.3nE13) per MO[dID-V]-injected wild-type  Morpholino experiments require stringent controls
embryo, 45.3+1.7n=10) peraef™*® embryo, and 46.2+1.1 To discover what the function of the interaction might be, we
(n=13) per aef"*** embryo injected with MO[dID-V]. We exploited a morpholino, MO[dID-V], which, when injected
.COI']C|Ude that the DeItaD—MAGI intera_ction has very |itt|einto the ear|y zebrafish embryO, Specifica”y blocks the
influence on the function of DeltaD in the regulatlon Ofinteraction by interfering with the sp”cing of th#eltaD
neuronal commitment. message so as to alter the C terminus of the DeltaD protein. In
. L any morpholino experiment, however, there is a possibility that
When the DeltaD-MAGI interaction is disrupted, non-specific side-effects may also be produced. In our system,
Rohon-Beard neurons are mislocalized we were indeed initially misled. We saw a marked narrowing
In the course of the above experiment, we noticed that Rohogf the third and fourth ventricles of the neural tube in embryos
Beard neurons (primary sensory neurons in the dorsal part pfiected with MO[dID-V], performed several controls of the
the fish neural tube), although normal in numbers, wergort that are conventionally done to check specificity of
consistently mislocalized in the MO[dID-V]-injected embryos. morpholino action, and concluded that the ventricle
In wild-type andaef*"**mutant embryos at the 12-16 somite apnormality was a specific effect of disruption of the DeltaD-
stage, the cell bodies of thessletl-positive neurons are MAGI interaction. Fortunately, adeltaD loss-of-function
located in two paraxial strips lying 3-4 cell diameters apart. Itutant,aei, was available and allowed us to perform a more
MO[dID-V]-treated wild-type embryos, by contrast, the stringent control experiment. This showed convincingly that
corresponding cells were often located more medially, betweeaRe ventricle abnormality was after all a non-specific side-effect
these strips (Fig. 6A-C,F). This effect was not observegf the morpholino. We offer this cautionary tale as a footnote
when aef**** mutants were injected with the morpholino, to our other findings: it may serve as a warning of the risks of
demonstrating that it is indeed a DeltaD-dependent effect anglisinterpreting morpholino experiments, where often there is

not a nonspecific artefact (Fig. 6D,F). For a quantitativeyo mutant available to provide a stringent test for non-specific
estimate of the abnormality, we counted the proportion of thgjde-effects.

dorsal isletl-positive cells that spanned the midline. These

amounted to 1.8+0.9% (meanzs.e.m=10) of the population Delta-Notch signalling appears to be independent of

in wild-type embryos, 20.0£1.8%n£13) in MO[dID-V]- the Delta-MAGI interaction

injected wild-type embryos, 9.0+0.9%n=10) in aef*"**  peltaD has several well-characterized roles in Notch signaling,
mutants, and 10.0£0.9%n<X13) in MOI[dID-V]-injected  clearly revealed in theleltaD loss-of-function mutangei,
aef"***mutants (Fig. 6A-D,F). This suggests that the DeltaDwhere disorders are seen in somitogenesis, hypochord
MAGI interaction could play some part in regulating migrationformation, and neurogenesis (Holley et al., 2000; Jiang et al.,
or dispersal of the Rohon-Beard cells — and conceivably of000; Latimer et al., 2002; van Eeden et al., 1996). Upon
other neurons — within the neural tube. Since relatively |itt|jSsrupti0n of the DeltaD-MAGI interaction, however, these
mislocalization is seen inaef*?** mutants, which lack processes are largely unaffected. The fact that this treatment
functional DeltaD, an implication would be that the suggestedoes not phenocomeiindicates that the interaction of DeltaD
aberrant migratory behaviour depends on DeltaD and iith MAGI proteins is not important for the function of DeltaD
normally restrained by the interaction of DeltaD with MAGI as an activating ligand for Notch, at least in these processes.
proteins (see Discussion). The slight degree of mislocalizationhis finding is perhaps not surprising given that, as explained
seen inaef*"® mutants may reflect production of slightly in the Introduction, several forms of Delta protein lacking the

ectopic neurons as a result of loss of lateral inhibition. MAGI-binding motif are already known to be effective Notch
ligands.
Discussion The Delta-MAGI interaction may be important in the

All vertebrates, apparently, and some invertebrates such &gntrol of neuron migration

echinoderms, possess at least one Delta family member withra assaying neurogenesis in embryos injected with MO[dID-
conserved ATEV motif at its intracellular terminus. We haveV] to block DeltaD-MAGI interaction, we observed a mis-
found by in vitro studies that this terminus of the ATEV Deltadocalization of Rohon-Beard sensory neurons, which
binds selectively to members of the MAGI family of PDZ- frequently strayed into the dorsal midline of the neural tube —
containing scaffold proteins. We have shown, moreover, tha phenomenon rarely seen in wild-typea@i embryos. This

the binding is direct, is to all three MAGIs, and is specificallyeffect needs further investigation, but it suggests that the
to their PDZ4 domain. The interaction is demonstrable irDeltaD-MAGI interaction is important in some way either in
cultured cells, where it enables Delta protein to recruit MAGdetermining the site of production of the neurons, or in
protein to the plasma membrane. Using the zebrafish asgaverning their migratory behaviour as they move away from
model system, we have observed thmaagil is widely their birthplace.

expressed and is present in particular in many, if not all, of the We are attracted by the latter possibility, since other studies
cells that express the ATEV Deltas. Additionally, in at leashave reported effects of Delta protein on cell motility: in
some cell types in the intact embryo, we have seen cgarticular, De Joussineau et al. (De Joussineau et al., 2003)
localization of DeltaD and MAGI1 at the plasma membrandound that Delta inDrosophila sense-organ precursor cells
and given evidence that the co-localization depends on thromoted extension of filopodia, while Lowell and Watt
ATEV motif. All this amounts to a strong argument that the(Lowell and Watt, 2001) found that mammalian keratinocytes
Delta-MAGI interaction is a real physiological phenomenonshowed enhanced motility when they expressed a truncated
and is in some way functionally important. form of Deltal lacking most of the intracellular domain
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(including the ATEV motif), but showed reduced motility whenlocation of Delta, or Delta may do so by influencing the
they expressed full-length Deltal. This latter pair oflocation of MAGI. In this paper we have excluded some
observations is consistent with what we saw in the zebrafighossible roles of the Delta-MAGI interaction and found
embryo: the mis-localization of the Rohon-Beard neurongreliminary evidence for an effect on cell positioning; further
suggests that they became abnormally motile when theaxperiments will be needed to explore its functional
DeltaD protein was deprived of the C-terminal motif thatsignificance fully.

mediates binding to MAGI proteins. If this interpretation is

correct, the implication would be that free Delta protein favours We are indebted to Nicola O'Reilly, Tobias Simmonds, Hans

motility, and that this action of Delta is inhibited by the bindingansen, the late Maureen Harrison, Susan Kirkland, Phil Taylor, and
of Delta to MAGI. Jenny Corrigan for peptide synthesis, protein purification, mass

The above account supposes that Delta and MA pectrometry, cultured cells, fish care, and cryosectioning. We thank

infl tility directl l-aut V) in th f onathan Tobin for help with cell counts, Steve Wilson and David Ish-
influence motility directly (cell-autonomously) in the cells Horowicz for discussions, and Derek Stemple, Katrin Layer and

that express them. An alternative possibility is that thesgempers of the Vertebrate Development Laboratory for comments on

proteins influence the abl“ty of cells to serve as a SUbStratUme manuscript. The work was supported by Cancer Research UK.

for the movement of other cells: it could be that cells

expressing DeltaD that is not bound to MAGI encourage th&upplementary material

Rohon-Beard neurons to move over them, while cellSupplementary material for this article is available at

expressing DeltaD that binds to MAGI protein do not. Thishttp://dev.biologists.org/cgi/content/full/131/22/5659/DC1

suggestion has an echo in thagie oko(nok zebrafish,
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