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Structural plasticity of synaptic junctions is a prerequisite to achieve and modulate connectivity within nervous systems, e.g., during
learning and memory formation. It demands adequate backup systems that allow remodeling while retaining sufficient stability to
prevent unwanted synaptic disintegration. The strength of submembranous scaffold complexes, which are fundamental to the architec-
ture of synaptic junctions, likely constitutes a crucial determinant of synaptic stability. Postsynaptic density protein-95 (PSD-95)/
Discs-large (DIg)-like membrane-associated guanylate kinases (DLG-MAGUKSs) are principal scaffold proteins at both vertebrate and
invertebrate synapses. At Drosophila larval glutamatergic neuromuscular junctions (NM]s) DIgA and DIgS97 exert pleiotropic functions,
probably reflecting a few known and a number of yet-unknown binding partners. In this study we have identified Metro, a novel
p55/MPP-like Drosophila MAGUK as a major binding partner of perisynaptic DIgS97 at larval NMJs. Based on homotypic LIN-2,-7 (L27)
domain interactions, Metro stabilizes junctional DIgS97 in a complex with the highly conserved adaptor protein DLin-7. In a remarkably
interdependent manner, Metro and DLin-7 act downstream of DIgS97 to control NM]J expansion and proper establishment of synaptic
boutons. Using quantitative 3D-imaging we further demonstrate that the complex controls the size of postsynaptic glutamate receptor

fields. Our findings accentuate the importance of perisynaptic scaffold complexes for synaptic stabilization and organization.

Introduction

The establishment of neural networks involves mechanisms that
coordinate the assembly and selective stabilization of synapses
(Goda and Davis, 2003). Multivalent scaffold molecules that link
transmembrane proteins to the cytoskeleton are candidate deter-
minants of synapse stability. Recent studies imply a stabilizing
role for Postsynaptic density protein-95 (PSD-95), a principal
vertebrate synaptic scaffold protein, during activity-dependent
maturation of glutamatergic synapses (Ehrlich et al., 2007;
Steiner et al., 2008; Kim et al., 2009). The linkage of PSD-95 to
ionotropic glutamate receptors (GluRs), however, makes it diffi-
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cult to assess a direct involvement in synaptic structural integrity
independent from activity-related effects. Moreover, the exis-
tence of additional PSD-95/Discs-large (Dlg)-like membrane-
associated guanylate kinases (DLG-MAGUKSs) accounts for
partial redundancy (Elias et al., 2006) and functional diversifica-
tion including perisynaptic and extrasynaptic activities (Kim et
al., 1996; Sans et al., 2001; Chetkovich et al., 2002; Nakagawa et
al., 2004; Schliiter et al., 2006; Waites et al., 2009).

In Drosophila a single gene, discs-large (dlg), encodes DIgA and
DIgS97. The latter is specified by an N-terminal L27 domain
(Mendoza et al., 2003) and thus corresponds to the predomi-
nant isoform of vertebrate SAP97 (Schliiter et al., 2006). Both
isoforms, collectively referred to as Dlg, are present at gluta-
matergic larval neuromuscular junctions (NMJs) (Ataman et
al., 2006). Strikingly, Dlg omits GluR-containing PSDs but is
enriched within the subsynaptic reticulum (SSR), a postsyn-
aptic membrane specialization commonly categorized as peri-
synaptic (Prokop, 2006). Strong dlg mutants display aberrant
motornerve terminal morphology and severely reduced SSR
complexity (Ataman et al., 2006; Gorczyca et al., 2007). Dlg
further controls the size of synaptic contacts (i.e., active zones
and PSDs) (Karunanithi et al., 2002; Chen and Featherstone,
2005), possibly involving the perisynaptic cell adhesion mol-
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ecule Fasciclin IT (FaslIl) as binding partner (Ataman et al,,
2006). Similar to various dlg alleles, strong fasII alleles display
enlarged active zones (Stewart et al., 1996). Mutations that
specifically abolish DI1gS97, however, result in a similar phe-
notype while leaving junctional FasII largely unaffected
(Mendoza-Topaz et al., 2008), suggesting that DIgS97 actsin a
FaslI-independent pathway to restrict synaptic contacts.

To specify the role of DIgS97 we have previously begun to
analyze isoform-specific interactions and shown that DIgS97 is
crucial for proper NM]J localization of the PDZ domain protein
DLin-7. We further predicted this interaction to rely on a linker
protein expressed in muscles but not in epithelia (Bachmann et
al., 2004). Proteins bearing a tandem of L27 domains such as the
MAGUK CASK/mLin-2 or members of the p55 subfamily of
MAGUKSs have emerged as primary candidates to serve the link-
age between vertebrate Lin-7 (Veli) and SAP97 in epithelial cells
(Karnak et al., 2002; Lee et al., 2002; Bohl et al., 2007). Here, we
introduce Metro, a novel Drosophila MAGUXK, as the missing link
between DIgS97 and DLin-7 at NMJs. Genetic analyses reveal that
the three scaffold proteins control each other. NMJs lacking
Metro display reduced growth and are predestined to structural
abnormalities. Notably, Metro and DLin-7 are involved in the
dimensioning of glutamate receptor fields. Our findings show
that Metro and DLin-7 augment the complexity of the perisyn-
aptic scaffold system and thereby control the synaptic organiza-
tion of the NMJ.

Materials and Methods

Flies. Stocks and crosses were grown at 25°C and at similar population
densities. Canton S was used as the wild-type strain. Balancer chromo-
somes CyO*‘“** and TM6 were used to distinguish homozygous or
hemizygous mutant larvae from heterozygous siblings. The following
strains have been described previously: Gal4-OK6 (Landgraf et al., 2003),
Gal4-C57 (Thomas et al., 2000), dlg>”~'*® (Mendoza-Topaz et al., 2008),
dLin-7%¢ (Bachmann et al., 2008b), UAS-Flag-DLin-7 (Bachmann et al.,
2004), cmgx307 (Lu et al., 2003), and B-spectrin-specific RNAi effector
lines (Pielage et al., 2006). The tubP-Gal4-line (Lee and Luo, 1999), de-
ficiency line Df(2R)E3363, and the CG30021%%?'*5 gene trap line
(Lukacsovich et al., 2001; Bellen et al., 2004) were obtained from the
Bloomington stock center. The isoform-specific allele dlg"~>""" and the
metro *” mutant resulted from imprecise excision of P-elements by using
a genomic transposase source (Robertson et al., 1988). The dlg>” 7"V
allele was generated by FRT (Flp recognition target)-specific recombina-
tion in transheterozygous dlg*" %5723/ 41?0322 females upon repeated
heat shock-induced expression of FLP recombinase (Parks et al., 2004).
The deletion Df(3R)DLin-7*" was generated by mobilization of the
P-element in the CG117915500327,

Transgenic constructs and germline transformation. The EST-clone
GH12103 (BDGP) represents a full-length metro cDNA that was used
for all subsequent cloning procedures. A UAS-metro construct was
generated by introducing a PCR-amplified metro cDNA (primers:
GH12103-5, CTTGTAAAGAATTCGCAAGGACAG; GH12103-3; CT-
TCTCCGTTTCTCGAGCAGATTG) into pUAST (Brand and Perrimon,
1993). The construct for metro-specific DNA-mediated RNA interfer-
ence was generated as follows: a fragment covering the L27 and PDZ
domains was PCR amplified (primers: GH12103-5, see above;
GHI12103-RNAi-3, TTTGGACTCGAGCTGGGCG), subcloned into
pBsc KS ¥, excised with BamHI and Asp718, and introduced into pHIBS
followed by cloning into pUAST as described previously (Nagel et al.,
2002). Only sequence-controlled PCR fragments were used for cloning.
Transgenic flies were generated by P-element-mediated germ line trans-
formation (Bachmann and Knust, 2008).

Transcript analyses. In situ hybridizations and Northern blot analyses
were performed following standard procedures using a digoxigenin-
labeled RNA antisense probe that recognizes the full-length metro
c¢DNA. For RT-PCR total RNA from 20 body walls of third-instar larvae
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was extracted using the NucleoSpin RNA II kit from Macherey-Nagel.
Five hundred nanograms of total RNA were used as template (OneStep
RT-PCR Kit, Qiagen). The following primer pair was used for detection
of metro transcripts: Act2-Metro-5, CTGTCGGAATTCACGAGGACG;
GH12103-3, see above. As an internal control transcripts from the rp49
gene were detected using primers rp49-5, AGATCGTGAAGAAGCG-
CACG; and rp49-3, CGATCCGTAACCGATGTTGG.

Antibodies and immunocytochemistry. Antisera against Metro were
generated by repetitive immunization of a rat with an affinity-purified
GST-Metro fusion protein covering the PDZ and SH3 domains (Glu '**
to Leu?'?). Larval body wall preparations were performed according to
the protocol of Bellen and Budnik (2000). Samples were fixed for 10 min
in Bouin’s fixative for stainings involving rat anti-Metro (1:150). Other-
wise, samples were fixed in 4% paraformaldehyde for 20 min. Upon
fixation samples designated for direct comparison were coincubated
during all subsequent steps with small incision marks allowing for an
unambiguous tracing of genotypes. All wash steps and antibody incuba-
tions were performed in phosphate buffer, pH 7.2, containing 0.2% Tri-
ton X-100. Previously described antibodies were used as follows: rabbit
antisera anti-DLin-7 1:1000 (Bachmann et al., 2004), anti-DIgg,., 1:1000
(Mendoza et al., 2003), anti-GluRIID 1:500 (Qin et al., 2005), and mono-
clonal antibodies anti-Dlgpp,, 4F3 1:500 (Developmental Studies Hy-
bridoma Bank), anti-FasII 1D4 1:10 (Developmental Studies Hybridoma
Bank), and anti-Brp NC82 1:100 (Wagh et al., 2006). Cy3- or Cy5-
conjugated goat anti-HRP antibodies and secondary antibodies coupled
with Cy3 (Jackson ImmunoResearch Laboratories), Alexa-488, or Alexa-
568 (Invitrogen) were used at 1:200.

All figures were processed using Image] or Adobe Photoshop 7.0.

Image acquisition, 3D reconstructions, and quantitative image analysis.
Confocal images were acquired on a Leica TCS SP2-AOBS scanning
system. All quantitative analyses were performed on muscle 6/7 NM]Js of
abdominal segment A2.

Fluorescence intensities were measured on maximum projections
of confocal stacks (step size 0.75 wm) taken with a 63X 1.4 NA oil
objective with the same settings for all samples and with genotypes
alternating within a given session. Bleaching was minimized by scan-
ning at 400 Hz with a format of 512 X 512 pixels combined with a
zoom factor of 3 to obtain reasonable resolution. A mask outlining
type Ib boutons was created in Image] (Rasband, 1997-2009) based on
the Otsu threshold function. Integrated intensities of at least two
branches per NM]J were determined and divided by the summed area of
their regions of interest (ROIs).

For counting of Brp-positive active zones we acquired stacks of com-
plete NMJs with a 40X 1.25 NA oil objective and settings that yielded a
voxel size of 130 X 130 X 285 nm. Stacks were subjected to a 3D-blind
deconvolution algorithm implemented in AutoDeblur X2 (Media Cy-
bernetics) software. Ten iterations were applied. Resulting image stacks
were normalized by a linear histogram stretch and 3D-rendered in Imaris
6 (Bitplane AG, Zurich, Switzerland). The Imaris spot detection wizard
was used to identify and count all Brp-stained sites based on the same
threshold for all images.

For the analysis of receptor fields samples were scanned using a 63X
1.32 NA oil objective and a format of 512 X 512 pixels at 400 Hz. Com-
bined with zoom factor 6 a voxel size of 78 X 78 X 163 nm was obtained.
Blind 3D deconvolution was performed with 20 iteration steps and image
stacks were normalized and 3D rendered. Analysis was restricted to GluR
clusters within the NM]J as defined by a slightly oversized mask based on
the HRP costaining, which allowed exclusion of extrajunctional clusters.
For segmentation of receptor fields we applied the surface wizard of
Imaris 6, which generates surfaces according to an intensity-based
threshold. Local maxima (seeds) within each surface provided starting
points for a region-growing algorithm, which led to the separation of
individual receptor fields. A seed minimum diameter of 0.4 wm was used
throughout as it was found to yield most reliable representations of GluR
fields in the wild type. Segmented areas of <0.3 pm? were excluded as
they almost exclusively represented extrasynaptic clusters within the
NM]J mask. The mean surface areas determined in this way correspond
reasonably well to previously published diameters of active zones if we
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consider them as either spherical or as flat cylinders with a height of
100-150 nm.

The size of boutons was measured using Image]J, based on high-resolution
confocal stacks of anti-HRP and anti-Brp-stained NM]J branches. In brief,
maximum projections were subjected to a median filter (radius 2) and then
converted to a mask, yielding a binary image. This was used to create an ROI,
which was subdivided into individual boutons by using the brush tool. Next
to the morphology the absence of Brp staining in between boutons served as
areliable criterion for segmentation.

All statistical analyses were performed using GraphPad Prism (version
4) software.

Quantification of bouton numbers. Low-resolution confocal images of
anti-Dlg-stained NMJs were cataloged in scrambled order and the pro-
jection area for each pair of muscles 6/7 was determined using Image].
Counting of boutons was then performed based on both HRP- and DIg-
specific immunofluorescence using a 63X oil objective on an epifluores-
cence microscope and with the tester blinded for the genotypes of
samples. Each value was assorted to the respective, easily identifiable
NM]J within the catalog. Genotypes were revealed and entered in the
catalog by the end of each session.

Pull-down assay, immunoprecipitations, and Western blot analysis.
Biotinylated DIg-S97, DLin-7, and Metro proteins were generated by
in vitro transcription/translation with the TNT coupled reticulocyte
lysate system/nonradioactive translation detection system (Promega)
and incubated with equal amounts of glutathione Sepharose 4B (GE
Healthcare)-coupled, bacterially induced GST fusion proteins and GST
in pull-down buffer (20 mm Tris, pH 8, 0.2 M EDTA, 0.1 m NaCl, 1 mm
DTT, 0.2% IGEPAL, 1 u™m Pefabloc, 5 uM leupeptin, 1 M pepstatin, 0.3
M aprotinin) overnight at 4°C. Beads were pelleted, washed four times
in pull-down buffer, and eluted by boiling in SDS-PAGE sample buffer.
Eluted proteins were analyzed by SDS-PAGE and detected with
streptavidin-HRP (Roche, 1:1000). The following GST fusion proteins
were used: GST-Metro “?"N (primers GH12103-L27N5, GTTGTGT-
GAATTCCTAGAAGCAG; GH12103-L27N3, CCAGGACCTCGAG-
CAACACC), GST-Metro "N (primers GH12103-L27N5, see above;
GH12103-127C3, GCACAATCTCGAGGGTCTCC), GST-DLin-7"*"
(primers: DLin-7-L27-5, GGCCGAATTCGCAGAACCACTG; DLin-
7-127-3, GGGCAGGTCGACGACTCTGGG), and GST-DLin-7"P*
(primers DLin-7-PDZ-5, CACTGTGGCAGAATTCGCAGC; DLin-7-
PDZ-3, GAACTAGTCGACCTGTATGGTC). GST-Dlg-S97N comprises
Met' to Ile'** of DIgS97 encoded by a 0.45 kb BglII fragment inserted
into pGEX-2T. Immunoprecipitation experiments from larvae were
performed at 4°C: wild-type body walls from 35 dissected larvae were
homogenized in 500 ul of lysis buffer containing 20 mm Tris-HCI, pH 8,
150 mm NaCl, 10% glycerol, 2 mm EDTA, 10 mm CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate), and pro-
tease inhibitors (1 uMm Pefabloc, 5 um leupeptin, 1 uM pepstatin, 0.3 um
aprotinin). Following a 2 h extraction on a shaker, homogenates were
cleared from cuticle debris by centrifugation for 5 min at 3000 X g. One
hundred forty microliters of the supernatant were loaded with 260 ul of
lysis buffer onto 30 ul of Protein G Sepharose (Pharmacia Biotech)
and preincubated overnight at 4°C on a shaker. After an incubation
for 2 h with 2 ul each of anti-DLin-7 antibody and control antibody,
30 ul of Protein G Sepharose was added, followed by an overnight
incubation at 4°C on a shaker. The Protein G Sepharose precipitate
was washed four times in lysis buffer, supplied with 20 ul of 2X SDS
sample buffer, and boiled for 5 min. Equivalents of ~1 body wall
(input controls) or 3 body walls (precipitates) were separated by
SDS-PAGE and blotted onto nitrocellulose transfer membrane. Upon
blockage in TBST/5% dry milk, the membrane was incubated over-
night with rat anti-Metro antibody at 1:1000. For comparative West-
ern blot analyses, 10-12 dissected body walls of each genotype were
frozen at —70°C and homogenized in 60 ul of radioimmunoprecipi-
tation assay buffer containing 0.1 M DTT and a protease inhibitor
mixture (Complete, Roche Applied Science). Homogenates were
cleared by centrifugation for 5 min at 3000 rpm at 4°C and superna-
tants were supplemented with 20 ul of 4X SDS sample buffer. Upon 5
min of boiling equivalents of ~1 body wall were separated by SDS-
PAGE and blotted. Primary antibodies were applied overnight at 4°C
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Figure 1.  Metro is a neural MPP-like MAGUK. A, Domain organization of Metro. The degree
of conservation in human MPP3, MPP4, and MPP7 is listed beneath. Splice variations may affect
the PDZ and HOOK domains as indicated. The PEST sequence is conserved in MPP3 and MPP7. A
bar indicates the region used for generating antibodies. B, Northern blot analysis on mRNA of
0-14hand 14-24 h embryos, third-instar larvae, and adults. C, In situ hybridization on stage
11and stage 13 embryos (lateral view, anterior left) reveals metro mRNA in the developing CNS.

at the following concentrations: rabbit anti-DLin-7 1:2000, rabbit
anti-Dlgggy,, 1:4000, rabbit anti-Metro 1:1000, rat anti-Metro 1:1000,
monoclonal anti-Dlgp,, 1:2000, and monoclonal anti-B-tubulin E7
1:500 (Developmental Studies Hybridoma Bank). Peroxidase-conjugated
secondary antibodies in combination with the ECL system (GE Healthcare
Pharmacia Biotech) were used to detect immunoreactive bands.

Electron microscopy. Transmission micrographs were obtained from
muscles 6/7 from dissected third-instar larvae as described by Wagh et al.
(2006).

Electrophysiology. Two-electrode voltage-clamp recordings were per-
formed essentially as previously described (Kittel et al., 2006). In brief,
two intracellular electrodes (8 —17 MOhm) were used to clamp muscle 6
(segment A2 or 3; input resistance >5 MOhm, initial V,| —52 to —70
mV) of late-third-instar male larvae (raised at 25°C) and to record both
minis (Vg —80 mV) and eEJCs (V) ;4 —60 mV) at room temperature
in HL-3 solution (Stewart et al., 1994) containing 1 mm Ca’™.

Results

Identification of Metro, a p55/MPP-like MAGUK that binds
DIgS97 and DLin-7

To identify Drosophila proteins, which carry two L27 domains
and hence might interact with DIgS97 and DLin-7 simulta-
neously, we used sequences of L27 domain proteins for BLAST
search screening at www.flybase.org. Four MAGUKSs were found
to meet this criterion. Stardust (Sdt), a homolog of PALS-1/
MPP5, interacts with DLin-7 at epithelial membranes but not at
NMJs (Bachmann et al., 2004). Similarly, Varicose (Vari), an
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MPP2-like protein (Wu et al., 2007; Bach-
mann et al., 2008a; Moyer and Jacobs,
2008), binds to both DIgS97 and DLin-7
in vitro but does not colocalize with them
at NMJs (A. Bachmann and U. Thomas,
unpublished data). Thus, the CASK ho-
molog Camguk (Cmg) and predicted
translational products of a gene annotated
as CG30021 (CG30021-P) remained as
candidate linker proteins. Regarding its
involvement in a ménage a trois with
DIgS97 and DLin-7 (see below) we pro-
pose to refer to CG30021-P as “Metro”
(see supplemental Note, available at www.
jneurosci.org as supplemental material).

All predicted Metro isoforms comprise
two L27 domains followed by one PDZ,
one SH3, and one carboxy terminal GUK
domain (Fig. 1A). This domain organiza-
tion is typical for p55/MPP-like MAGUKSs
(Caruana, 2002), among which the verte-
brate members MPP3, MPP4, and MPP7
share highest similarity with Metro (Fig.
1A). Northern blot analyses on mRNA
from embryos, third-instar larvae, and
adult flies revealed a single metro-specific
band of 3 kb (Fig. 1B). As this assay may
fail to resolve subtle splice variations,
we conducted RT-PCR on mRNA from
third-instar larval body walls. Using primers
designed to amplify the complete cod-
ing region, we repeatedly detected just
one cDNA encoding a 556 aa protein
(Fig. 1A). We hence consider this variant
as the prevailing muscle isoform and re-
fer to it as Metro-B in accordance to its
annotation as variant B in Flybase. In situ
hybridizations revealed that during em-
bryogenesis metro is mainly expressed in
the developing CNS, in which it is detect-
able from around stage 11 onwards (Fig.
1C). Both the temporal and spatial expres-
sion patterns of metro mRNA are consis-
tent with a role for Metro as a neural
scaffold protein.

We next evaluated Metro for physical interaction with DIgS97
and DLin-7 by monitoring the binding of in vitro-translated bio-
tinylated protein samples to immobilized GST fusion proteins.
Biotinylated DLin-7 was efficiently pulled down by an immobi-
lized GST fusion protein comprising both L27 domains of Metro
but not by either GST alone or a fusion protein lacking the
C-terminal L27 domain (Fig. 2A). The reverse experiment con-
firmed that Metro binds to the L27 domain of DLin-7 but not to
its PDZ domain (Fig. 2 B). Fusion proteins comprising both L27
domains or the N-terminal L27 domain of Metro alone were
found to pull down the N-terminal domain of DIgS97 (Fig. 2C).
Consistently, biotinylated full-length Metro was bound by im-
mobilized GST-DIgS97N but not by GST (Fig. 2D).

Figure 2.

Metro forms a postsynaptic protein complex with D1gS97

and DLin-7

For the detection of Metro, we generated an antiserum against its
PDZ and SH3 domains (Fig. 1 A). Using this antiserum for West-
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DIgS97, Metro, and DLin-7 interact in vitro and at NMJs. A-D, Pull-down experiments. Input controls (left lanes) and
fractions bound to immobilized GST fusion proteins were analyzed by Western blot analysis using streptavidin-peroxidase conju-
gates for detection. £, Coimmunoprecipitation of Metro together with DLin-7 from body wall muscle extracts. Preimmune serum
was used as a control. F—G, Maximum projections of confocal stacks displaying the localization of Metro relative to DLin-7, HRP
epitope (F—F") and glutamate receptors (G) at NMJs of muscle 12 (F~F") or 4 (G). Scale bars: 10 em.

ern blot analysis we detected a Metro-specific 70 kDa band in
body wall extracts (Figs. 2E, 3B). Notably, the same band was
detected in anti-DLin-7 immunoprecipitates from body wall ex-
tracts but not in control samples (Fig. 2 E), implying that the two
proteins are linked in vivo. Immunofluorescence analyses on
body wall muscles revealed prominent Metro-specific labeling at
type Ib boutons of NMJs and a weak staining of type Is boutons
(Fig. 2 F). Just like Dlg (Bachmann et al., 2004), Metro perfectly
colocalizes with DLin-7 at NM]Js and triple stainings including
anti-HRP as a neuronal surface marker showed that both pro-
teins are enriched postsynaptically (Fig. 2 F-F"). The postsynaptic
compartment around type I boutons typically harbors synaptic
glutamate receptor fields and the perisynaptic SSR. Metro, like
Dlg and DLin-7, is confined to the SSR (Fig. 2G). Together, these
findings strongly suggest that Metro links DI1gS§97 and DLin-7 via
L27 domain interactions (Fig. S2, available at www.jneurosci.org
as supplemental material) within the perisynaptic compartment
of glutamatergic NM]Js.
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Figure3. Lossof metroabolishes DLin-7 at NMJs. A, Exon—intron structure of metro and mapping of mutant alleles. Open and filled boxes represent untranslated and coding regions, respectively.
Imprecise excision of the P-element BG02748 yielded hypomorphicalleles (*35, *56) and the null allele *47, a deletion lacking exons 2—5 and part of exon 6. Df(2R)E336 3 uncovers metro completely.
B, Western blot analysis of body wall extracts from the wild type, metro mutants (*47/Df), muscle-specific RNAi (UAS-metro®™4; Gal4 ~(57), and overexpression (UAS-metro-B;; Gal4—(57). The
same blot was probed for DIgS97 (120 kDa) and Metro (70 kDa). C—E”, NMJs at muscles 6/7 of the wild type, metro mutants, and metro mutants expressing a metro-B transgene in muscles, stained
for HRP (C~E), Metro (C'—E"), and DLin-7 (C"—E"). F, DLin-7 appears unaffected at cmg mutant NMJs. G, H, Flag-tagged DLin-7 localized to type | boutons at muscle 12 in the presence (G) but not
in the absence (H) of Metro. I-K, Presynaptic DLin-7 visualized at muscles 12/13 upon neuron-specific expression of UAS-metro-B in metro mutants (J); controls lacking the Gal4 activator (I, I');
DLin-7 localizes next to Brp-labeled active zones (K). Scale bars: (in E”, F, I’ and J) (~F, I-J,40 um; (in H) G, H, 20 m; K, 10 pm.

Metro is essential for the recruitment of DLin-7 to NM]Js sion of a P-element inserted into the first intron of metro (Fig.
For further studies on the role of Metro we generated transgenic ~ 3A). One excision line, metro ™, emerged as a null allele (Fig.
flies and mutants for targeted expression and suppression of the ~ 3A), which is homozygous viable and fertile. Western blot
protein, respectively. Mutants were obtained by imprecise exci-  analyses confirmed the absence of Metro in both hemizygous
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and homozygous metro *’ body wall ex- A anti-Dig, B aninig,,,
tracts (Fig. 3B) (data not shown). Muscle-
specific expression of a metro-directed RO QoA L27 PDZ1 2 3 SH3  GUK

. . K
dsRNA by means of the activator strain § ¥ 6 SR DigS97
Gal4-C57 reduced Metro to virtually the Z

. . . . - - -— — 5
same extent (Fig. 3B), indicating that 16K h (=] ] DigA-XL
Metro is largely derived from muscles 75K+ ' \
DigA

rather than from associated epithelial tis-
sues. Moreover, Gal4-C57-induced ex-
pression of a UAS-metro-B construct (Fig.
3B) fully restored Metro-specific labeling
at NMJs in the absence of endogenous
Metro (Fig. 3C-E’).

Both Metro (this work) and Cmg (Lee
etal., 2002; Bachmann et al., 2004) bind to
DIgS97 and DLin-7 in vitro. We thus
tested whether either Metro or Cmg alone
or a combination of both accounts for the
NM]J localization of DLin-7 (Fig. 3C"-F).
Strikingly, DLin-7-specific labeling was
reduced to background levels at metro
mutant NM]Js (Fig. 3D"), whereas mu-
tants lacking intact Cmg displayed no
discernible effect on DLin-7 (Fig. 3F).
Moreover, muscle expression of Metro-B
was sufficient to restore wild-type levels of
junctional DLin-7 in the metro mutant
background (Fig. 3E"). Consistent with
the virtual absence of Metro in epithelia,
the apical localization of DLin-7 in wing

wild type

o

in metro mutants (Fig. S1A, B, available at

S0K- DO eme oo

S ess *9 & - 3-Tubulin

S97-flpV

S97-flpV

s DLin-7
* Dlg

fioV

) DLin-7
imaginal disc epithelia remains unaffected S97-flpV/ + ;; C57 / UAS-B-spec-RNAi

S97-flpV/Y ;; C57 / UAS-B-spec-RNAi

www.jneurosci.org as supplemental ma-
terial). Less expectedly, enrichment of
DLin-7 in the neuropil of the larval CNS
also appeared unaffected (Fig. S1C-E,
available at www.jneurosci.org as supple-
mental material). Western blot analysis
showed that loss of Metro causes an ap-
preciable reduction of DLin-7 within
body wall extracts (see Fig. 8 H). To rule
out that reduced expression levels account
for the lack of DLin-7 at metro mutant
NMJs, we used Gal4-C57 to drive expres-

Figure4.  DIgS97 and spectrin contribute to NMJ localization of Metro and DLin-7. A, B, Western blot analysis of isoform-specific
dlg-alleles A-57.1and S97-flpV next to the conventional allele X/-2. Detection of 3-tubulin served as a loading control. Absence of
DIgS97 in dlg*””™" mutant body wall extracts was validated by an isoform-specific antiserum (). Anti-Digpp,-antibodies reveal
the absence of the 97 kDa DigA isoform in dlg’™*"-" mutant body walls (B). A scheme illustrates that DIgS97 and an alternative DigA
isoform (DIgA-XL) contribute to the 120 kDa band. C~E, Metro at wild-type, dlg"*", and dlg®”"" mutant NMJs. F~G’, Dispro-
portionate reduction of DLin-7 relative to total Dlg at dlg®>” " mutant NMJs. H, Normalized fluorescence intensities for DLin-7 and
Dlg at wild-type versus mutant NMJs. Each of the plotted values is derived from at least four segmented muscle 6/7 NMJ branches
from asingle larva. DLin-7 fluorescence levels were as follows: wild type, 100 == 8.8%; dig*” ", 23.7 = 4.0% (ttest: p << 0.001).
Dlg fluorescence levels were as follows: wild type, 100 = 7.4%; dig® ™", 73.7 = 9.7% (ttest: p < 0.001); I-J", Costaining of
NMJs lacking DIgS97 and/or postsynaptic spectrin for HRP and DLin-7. Compared with the wild type (F), DLin-7 is hardly affected
at spectrin-depleted NMJs heterozygous for dlg®”" (I"). Combinatorial loss of DIgS97 and spectrin (J, J') reduces junctional
DLin-7 clearly beyond its already diminished level at dlg®” ™" mutant NMJs (compare J to G). Note that images in F to J' are
derived from samples treated in parallel. All depicted NMJ branches are from muscles 6 or 7 of segment A2. Scale bars: 10 em.

sion of Flag-tagged DLin-7 in the presence
or absence of Metro. Despite high expression levels, Flag-DLin-7
localized at NMJs only in the presence of Metro (Fig. 3G,H ). We
therefore conclude that the physical interaction between Metro
and DLin-7 is essential for postsynaptic localization of DLin-7.
Strong labeling of DLin-7 within the postsynaptic SSR may
preclude its unequivocal detection at the presynaptic membrane.
Targeted expression of Metro-B in motorneurons of metro mu-
tants, however, allowed us to detect endogenous DLin-7 in jux-
taposition to the active zone marker protein Bruchpilot (Brp)
(Wagh et al,, 2006) (Fig. 3I-K). Metro is thus able to recruit
DLin-7 to perisynaptic membrane compartments on both the
presynaptic and postsynaptic side of NMJs.

New dlg alleles reveal a dual mode of

Metro-DLin-7 recruitment

We have previously shown that DIgS97 rather than DIgA pro-
motes the NMJ localization of DLin-7 (Bachmann et al., 2004).
Thus, if Metro is the proposed linker protein, then its junctional

anchorage should also depend on DIgS97. To evaluate this pre-
diction, we generated dlg-alleles A-51.1 and S97-fIpV lacking ex-
pression of either DIgA or DIgS97 (Fig. 4 A, B; Fig. S3A, available
at www.jneurosci.org as supplemental material). Compared with
wild-type NMJs, lack of DIgA in dlg"~>"! mutants caused a mod-
erately increased level of junctional Metro (Fig. 4C,D). This is
consistent with DIgS97 compensating for loss of DIgA, thus leav-
ing the overall amount of Dlg at NMJs unchanged (Fig. S3B,C,
available at www.jneurosci.org as supplemental material). Unex-
pectedly, dig**”?V mutant NMJs, which lack DIgS97 but retain
DIgA (Fig. 4 A, B; Fig. S3D, E, available at www.jneurosci.org as
supplemental material), displayed readily detectable albeit clearly
reduced levels of junctional Metro (Fig. 4E) and DLin-7 (Fig.
4F,G"). Immunofluorescence measurements revealed a 76.3%
reduction of DLin-7 at dlg*”” "V versus wild-type NMJs, whereas
anti-DIgp,, signal intensity was reduced by only 26.3% (Fig.
4H). The disproportionate reduction of DLin-7 confirms that
DIgS97 has a strong, isoform-specific impact on the recruitment
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Figure 5.

Metro is required for proper growth and morphology of NMJs. 4, Quantification of Ib boutons on muscles 6/7 of segment A2, normalized to 100,000 1.m * of muscle surface area. Wild

type, 114.63 = 18.29 (mean = SD): metro™, 75.30 == 20.12; metro™ plus ubiquitous Metro-B, 105.05 == 19.01. Numbers of scored NMJs are indicated at the bottom of each column. Error bars
correspond to SEMs. n.s., No significant difference, p > 0.05; ***, highly significant, p << 0.001 (t test). B, Quantification of Ib bouton projection areas. Each plotted value is a mean value derived
from the analysis of boutons at a single NMJ (supplemental Table 1, available at www.jneurosci.org as supplemental material). Mean bouton areas = SD were as follows: wild type, 4.14 = 0.38
um? metro™,6.43 = 1.1 um? metro™ plus ubiquitous Metro-B, 4.77 = 0.67 um 2. The statistical test was the nonparametric Kruskal-Wallis test plus Dunn’s multiple comparison. n.s., Not
significant, p > 0.05; *p << 0.05; ***p << 0.001. n corresponds to the number of NMJs analyzed. B, Percentage of boutons with projection areas of >10 m 2. €, D, anti-HRP-stained NMJ branches
of wild-type (€) and metro™ mutant (D) larvae. Asterisks mark striking corpuscles typically associated with mutant NMJs. E-F’, Boutons with impaired differentiation as indicated by the absence

of Dlg (E, arrow) and/or by the low abundance of Brp- and GIuRIID-immunoreactive spots (F, F’, arrowheads) were found on virtually each metro mutant NMJ. Scale bars: 5 wm.

of Metro-DLin-7. These results, however, also imply that an ap-
preciable portion of Metro-DLin-7 can associate with the NM]J
independent of Dlg.

Early studies on erythrocytes have established a link between
p55/MPP1 and the spectrin cytoskeleton via the protein band
4.1R. Coracle, a Drosophila band 4.1 protein, was detected at late
embryonic NM]Js, but no postsynaptic NM]J localization was ev-
ident at later stages (Chen et al., 2005). We therefore assessed a
potential link between Metro-DLin-7 and junctional spectrin di-
rectly, through postsynaptic depletion of the latter. This was
achieved by B-spectrin-specific RNAi in muscles (Pielage et al.,
2006). Despite profound effects on the SSR, depletion of 3-spectrin
had little effect on the level of junctional DLin-7 (Fig. 4LI"). Gal4-
C57-mediated expression of B-spectrin-specific RNAi in the ab-
sence of DIgS97, however, caused a reduction of junctional
DLin-7 to near background levels (Fig. 4],]"). The spectrin-based
cytoskeleton thus contributes to DIgS97-independent NM]J local-
ization of DLin-7.

Metro stabilizes the growth of NMJs

Having established Metro as a component of the DIgS97-based
scaffold complex we next aimed to specify its role at NMJs. We
first assessed NMJ growth by determining the number of type Ib
boutons normalized to the surface area of the respective muscles.
Compared with the wild type, the metro™ mutants displayed a
35% reduction in bouton number (Fig. 5A). Ubiquitous, i.e.,
tubP-Gal4-driven expression of Metro-B in a metro mutant back-
ground, restored normalized bouton numbers to wild-type lev-
els, indicating that the observed growth defect is due to loss of
Metro (Fig. 5A). We also noted an elevated frequency of ex-
tralarge and irregularly shaped boutons at metro mutant NMJs.
To estimate this observation we measured 2D-projected areas of
anti-HRP-stained Ib boutons (supplemental Table 1, available at
www.jneurosci.org as supplemental material). Mean areas of 4.14
wm? for the wild type were increased by ~55% in metro *” mu-
tants (Fig. 5B). Median values were shifted to virtually the same
extent, reflecting that boutons are enlarged across the entire size
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GluR fields are enlarged in metro mutants. A, B, Maximum projections of confocal stacks of wild-type (4) and homozygous metro™ (B) NMJ branches stained for GluRIID. A’~B", Blend

mode 3D representations of GIuR fields obtained by surface segmentation are shown with volume-rendered HRP labeling (A’, B") or with spot-detected Brp staining (4”, B”). Images correspond to
framed areasin Aand B. Note that the HRP staining hides several GluR fields due to the 3D reconstruction. Arrowheads in B” point to boundaries of closely juxtaposed GluR fields. Occasionally, image
processing may lead to inappropriate segmentation of large, irregularly shaped receptor fields, yielding fields that lack adjunct Brp spots (asterisks in B”). Note that each Brp spot is associated with
a receptor field. ¢, Quantification of GIuR field sizes. Each of the plotted values is the mean value derived from the analysis of at least 200 receptor fields at a single NMJ and n corresponds to the
number of NMJs analyzed. Mean sizes == SD were as follows: wild type, 1301 = 0.114 um % dlg®” ", 1.792 = 0.133 um % metro™, 1.888 = 0.160 m % metro™ plus ubiquitous Metro-B,
1.545 = 0.154 um % metro ™/ Df, 1.973 = 0.462 um % dig™”™"; metro™,1.704 = 0.201 wm 2. n.s., Not significant, p > 0.05; **p << 0.01;***p < 0.001 (nonparametric Kruskal—Wallis test
plus Dunn’s multiple comparison). €', Ratios between the number of Brp spots and the number of receptor fields, determined for the same samples as in €. Mean values are indicated. No significant
differences were detected (Kruskal-Wallis test). D—F, Electron micrographs of wild-type (D) and mutant (E, F) type Ib boutons. Arrowheads in D delineate an electron-dense active zone carrying

a T-bar. An example of closely juxtaposed electron-dense zones is shown in F with arrows pointing to minimal spacings. Scale bars: (in B) 4, B, 5 um; D—F, 1 um.

spectrum. Accordingly, the percentage of boutons with projec-
tion areas of >10 wm > was clearly increased in the metro mutants
(Fig. 5B"). Rescue experiments based on ubiquitous expression of
Metro-B led to a significant restoration of the mean bouton size
and to a reduced scattering of values (Fig. 5B). Metro thus con-
trols the size of synaptic boutons and confers a certain level of
homogeneity on top of the structural plasticity of NMJs.

A closer inspection of NMJs revealed further abnormalities
associated with loss of Metro. HRP-labeling of wild-type NM]Js
outlines the surface of presynaptic terminals surrounded by a
fine-grained staining reaching into the muscle area (Fig. 5C).
Recent observations suggest that such grains represent so-called
synaptopods of nerve terminal origin or remains thereof (Ata-
man et al., 2008). In both homozygous metro*” and hemizygous
metro *’/Df(2R)E3363 mutants, this corpuscular aspect of the
HRP staining was dramatically pronounced (Fig. 5D). Moreover,
in contrast to the wild type, metro mutant NM]Js always harbored
some boutons with very little DIg immunoreactivity (Fig. 5E) or
with only a few spots of immunoreactivity for Brp and the gluta-
mate receptor subunit GluRIID (Fig. 5F,F"). This suggests that

loss of Metro increases the rate of failed attempts to establish new
synaptic boutons.

We next asked whether along with the aberrant NMJ mor-
phology, the total number of synaptic contact sites might be al-
tered at metro mutant NMJs. To this end we counted Brp-positive
synaptic contacts by subjecting 3D reconstructions to a spot de-
tection algorithm (Fig. S4, available at www.jneurosci.org as sup-
plemental material). Remarkably, the number of synaptic contact
sites, a crucial determinant of synaptic strength, was almost iden-
tical in the wild type and metro™® mutants (1548 * 96 versus
1472 =+ 132 spots per 100,000 wm* of muscle surface area).

Metro controls the size of glutamate receptor fields

It has recently been shown that DIgS97 is required to restrict the
size of synaptic contacts at NMJs (Mendoza-Topaz et al., 2008).
We reasoned that Metro might be involved in this aspect of syn-
aptic organization as a downstream effector of DIgS97. To ad-
dress this issue, we established a quantitative imaging strategy,
which enabled us to assess large numbers of synaptic contact sites
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at NMJs from various genotypes. This was based on 3D recon-
structions from confocal stacks of NMJ branches stained for
HRP, Brp, and GIuRIID (Fig. 6 A—C; supplemental Table 2, avail-
able at www.jneurosci.org as supplemental material). The latter is
a constituent of both subtypes of ionotropic GluRs at NM]Js (Qin
et al., 2005) and therefore GluRIID-specific immunoreactivity
basically represents entire receptor fields. Normally, synaptic
contacts are quite evenly distributed over the surface of boutons,
obeying a certain spacing zone (Meinertzhagen et al., 1998). Ac-
cordingly, receptor fields at wild-type NMJs occurred as well sep-
arated entities (Fig. 6 A"), for which the algorithmic measurement
yielded a mean surface area of 1.301 = 0.114 um® SD (NMJs
analyzed: n = 14) (Fig. 6C). It should be stressed that this value
corresponds to the surface of 3D reconstructions of receptor
fields and hence exceeds the range expected for receptor fields in
terms of their planar expansion within the postsynaptic mem-
brane (see Materials and Methods). We next determined the size
of receptor fields at NM]Js lacking DIgS97. Compared with the
wild type, the receptor fields of the here-described dig*®” /"
allele were enlarged by ~40% (1.792 % 0.133 wm?* n = 15)
(Fig. 6C). This result is in remarkable agreement with data ob-
tained by quantitative electron microscopy for the dlg®””~'?% allele
(Mendoza-Topaz et al., 2008) and thus validates our approach.
Compared with controls, the metro mutants often displayed large
patches of GIuRIID immunoreactivity (Fig. 6 B). Image analysis,
however, indicated that many of the patches were composed of
two or more barely separated receptor fields, of which by far the
most were associated with the active zone marker Brp (Fig.
6B',B"; Fig. S4, available at www.jneurosci.org as supplemental
material). This result was substantiated by an electron micro-
scopical inspection of Ib boutons (Fig. 6 D—F). Synaptic contacts
at mutant boutons appeared largely normal with regard to elec-
tron density and the presence of presynaptic T-bars (Fig. 6 E, F).
The length of individual electron dense zones observed on single
sections of mutant boutons was mostly in the range of 400—800
nm, i.e., similar to that of controls. However, we frequently ob-
served tightly juxtaposed electron dense zones on sections of mu-
tant boutons (Fig. 6 F), consistent with the partitioning obtained
by our algorithmic image analysis. Despite such partitioning, the
mean surface area of receptor fields was still considerably in-
creased in both the homozygous and hemizygous mutants
(1.888 + 0.160 um?, n = 13 and 1.973 *+ 0.462 um?, n = 12).
Haploinsufficiency for genes other than metro but covered by the
deficiency may account for the more variable phenotype at hemi-
zygous NMJs. Ubiquitous expression of Metro-B in the homozy-
gous mutant background resulted in a moderate yet significant
downsizing of the receptor fields (1.545 = 0.154 um?* n = 12)
(Fig. 6C). The mean size of receptor fields at dig**”/"; metro™”
double mutant NMJs (1.704 = 0.201; n = 12) did not signifi-
cantly deviate from the single mutants (Fig. 6C). This latter find-
ing supports the idea that DIgS97 and Metro act in the same
pathway to control the size of receptor fields.

Loss of Metro does not affect basal synaptic transmission

To clarify whether loss of Metro affects synaptic transmission, we
performed electrophysiological recordings from muscle 6 of
hemizygous metro mutants. Both the frequency of spontaneous
release of single vesicles (minifrequency) (Fig. 7A,A’) and the
amplitudes of the resulting miniature excitatory junctional cur-
rents (mEJCs) (Fig. 7A”) were indistinguishable from hemizy-
gous controls (+/Df) and are in the range of other controls
recorded previously under the same conditions (Kittel et al.,
2006). The amplitude of mEJCs is commonly interpreted as the
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Figure 7.  Basal transmission is normal at metro mutant NMJs. 4, Electrophysiological re-

cordings of spontaneous release events. No significant differences were evident between con-
trols (4/Df) and mutants (*47/Df) regarding the frequency (1.25 = 0.31vs 1.19 = 0.10 Hz)
and amplitude (—0.91 = 0.05 vs —0.83 == 0.03 nA) of mEJCs. B, The amplitudes of evoked
responses upon 0.2 Hz stimulation were comparable between controls and mutants (—75.7 =
6.1vs —86.3 = 4.3nA), as were the number of vesicles released per action potential (quantal
content; 84 = 7vs 107 = 8).

responsiveness of the postsynaptic receptor fields, which hence
appears unaffected. Likewise, a slight increment in the amplitude
of EJCs evoked by low-frequency stimulation of motoneurons
did not reach statistical significance (Fig. 7B,B’). Consequently,
an apparent increase in quantal content (Fig. 7B”) may not be
considered as statistically significant. Moreover, a tendency to-
ward faster desensitization for mutant EJCs was not evident at the
level of individual mEJCs (data not shown). We therefore con-
clude that despite considerable structural abnormalities, the
metro mutants maintain essentially normal basal synaptic
transmission.

DI1gS97, Metro, and DLin-7 control each other to

various extents

Our analyses so far implied that Metro acts downstream of
DIgS97 at NMJs. Studies on related vertebrate scaffold com-
plexes, however, suggested a reverse dependency in cultured ep-
ithelial cells, as proper membrane localization of SAP973 (hDlg)
was found to rely on CASK or MPP7 (Lee et al., 2002; Bohl et al.,
2007). We therefore wondered whether Metro would promote
the junctional localization of DIg. The level of total Dlg at NMJs as
revealed by anti-Dlgpp,, immunoreactivity appeared modestly
reduced in metro mutants (data not shown). In contrast, junc-
tional D1gS97 was clearly diminished (Fig. 8 A, B) and quantifica-
tion revealed a reduction by ~43% (Fig. 8 D) relative to wild-type
levels. Muscle expression of Metro-B restored the abundance of
DIgS97 at NMJs to near-wild-type levels (90.3% relative to wild
type) (Fig. 8C,D). These findings imply that Metro selectively
enhances the anchoring of DIgS97 at NMJs.

Surprisingly, when we inspected NMJs of DLin-7-null mu-
tants (Bachmann et al., 2008b) we noticed a reduction of DIgS97
to approximately the same extent as observed for metro mutants
(Fig. 8E,F). This finding argues against DLin-7 acting purely
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downstream of DIgS97 and Metro. We A
therefore assessed the impact of DLin-7
on the NM]J localization of Metro. Strik-
ingly, Metro labeling was completely ab-
sent from DLin-7 mutant NM]Js (Fig.
8E',F"), but was completely restored by
targeted expression of Flag-DLin-7 in
muscles (data not shown). RT-PCR anal-
ysis confirmed that in the absence of
DLin-7 metro is still expressed at the tran- e

scriptional level (Fig. 8G). Western blot P ~
analyses, however, revealed the complete =
absence of Metro from larval body wall
muscles (Fig. 8 H). As depicted in Figure
1A, Metro carries a high-score PEST se-
quence that partially overlaps with the
DLin-7-binding L27C domain. We there-
fore speculated that DLin-7 might prevent
the degradation of Metro by covering its
PEST sequence. Gal4-C57-driven expres-
sion of Metro-B in the absence of DLin-7,
however, resulted in expression of the
protein clearly above wild-type levels
(Fig. 8H). Despite this overexpression,
Metro-B still failed to localize at NMJs
(Fig. 8LI'). Thus, while degradation
might account for the absence of Metro in
DLin-7 mutants, DLin-7 is required in a
more direct manner to ensure the local-
ization of Metro at NMJs. We thus pro-
pose that binding of DLin-7 to Metro
promotes binding of the latter to DIgS97
through an allosteric mechanism as sche-
matized in Figure 8 J. We further conclude

_‘

DIgS97
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DLin-7 controls NMJs levels of Metro and DIgS97. A-C, Reduction of junctional DIgS97 due to loss of Metro (B) is

that DLin-7 and Metro act in a strictly in-
terdependent manner to stabilize DIgS97
at NMJs (Fig. 8K).

DLin-7 mutant NM]Js exhibit a
metro-like phenotype

Given the strict dependency of Metro on
DLin-7 one should expect null mutations
in DLin-7 to phenocopy loss of Metro at
NMJs. In fact, we observed that both ho-

restored by muscle expression of Metro-B (€). NMJ branches are shown with contours toillustrate type Ib bouton-specific definition
of ROIs as a basis for reliable measurement of fluorescence intensities. D, Fluorescence intensities. Each symbol corresponds to the
normalized mean value derived from measuring at least two branches of an individual NMJ. Wild type, 100% (*8.6% SD);
metro™”" 56.7 + 10.6% (ANOVA, p << 0.001); rescue (UAS-metro-B; metro™*”"*"; Gal4—(57),90.3 == 10.3% (ANOVA, p > 0.05
vs wild type). E-F’, DLin-7 mutant NMJs exhibit reduced levels of DIgS97 (E, F) and virtually no Metro (E", F’). G, RT-PCR analysis
on RNA from larval body walls confirms the presence and absence of metro transcripts in DLin-7"®® and metro™” mutants, respec-
tively. RT-PCR for rp49 served as a control. H, Western blot analysis on body wall extracts from various genotypes as indicated. The
same samples were probed with Metro- and DLin-7-specific antisera. Coomassie staining served as a loading control. Note the
absence of Metro in DLin-7 mutants, which can be overcome by Gal4 —C57-driven expression of UAS-metro-B. 1, I, Overexpressed
Metro fails to localize at NMJs in the absence of DLin-7. J, Schematic model depicting the promotional effect of DLin-7 on the
binding of Metro to DIgS97. Only the L27 domains are shown. K, Diagrammatic representation of the degree of interdependency
between DIgS97, Metro, and DLin-7 in regard to NMJ localization. Scale bars: (in C, F'), A-C, E=F', 10 wm; (in ') I, 1", 40 m.

mozygous and hemizygous DLin-7 mu-

tant NM]Js constantly display signs of

impaired bouton differentiation just like those observed for
metro mutants (Fig. 9A, B). Compared with what is seen for the
wild type, NMJ growth in terms of normalized bouton numbers
was reduced by ~30% in both homozygous and hemizygous
DLin-7 mutants (77.68 = 9.88 SD, n = 12and 81.91 = 16.23,n =
30 vs 114.63 = 18.29, n = 33, p < 0.001 versus the wild type for
both genotypes), i.e., to almost the same extent as in the metro
mutants. Moreover, we found that the mean projection area of
type Ib boutons was increased by 63% in hemizygous DLin-7
mutants (Fig. 9C). This phenotype was largely reverted when we
expressed a UAS-DLin-7 transgene presynaptically and
postsynaptically by using a combination of activator strains
Gal4-OK6 and Gal4-C57 (Fig. 9C). To conclude the comparative
phenotyping we eventually assessed the size of synaptic contacts
at hemizygous DLin-7 mutant NMJs, again by quantitative imag-
ing of 3D reconstructions of GluRIID-stained receptor fields.
Though less pronounced than in the metro mutants the mean size

of receptor fields was significantly increased compared with the
wild type (Fig. 9D). Importantly, presynaptic and postsynaptic ex-
pression of DLin-7 in the mutant background reduced the size of
receptor fields to the wild-type level (Fig. 9D).

Discussion

In this study we have focused on a complex formed by Drosophila
SAP978 alias DIgS97, the MPP-like MAGUK Metro, and the
Veli/MALS homolog DLin-7. Related scaffold complexes exist at
vertebrate epithelial junctions (Karnak et al., 2002; Lee et al.,,
2002) and at presynaptic photoreceptor terminals (Aartsen et
al., 2006; Kantardzhieva et al., 2006). The existence of the
respective complexes in vertebrate CNS neurons and their
synaptic or extrasynaptic roles therein remain elusive. Using
larval NMJs as an in vivo model, we have now shown that
DIgS97-Metro-DLin-7-type complexes indeed control the
proper organization of a synaptic junction.
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Figure9.  DLin-7 mutants show aberrant NMJ organization. 4, B, Blend mode 3D representations

of NMJ branches from the wild type and DLin-7"*® mutants stained for GIURIID and HRP. Note the
presence of boutons with little or no GIURIID (arrowheads) and the striking HRP-stained corpuscles
(asterisks). €, Quantification of bouton projection areas. Each plotted value is a mean value derived
from the analysis of type Ib boutons at a single NMJ. Mean bouton areas == SD were as follows: wild
type, 4.14 = 0.38 um?; DLin-7"%/Df, Gald —(57,6.73 + 0.69 jum % DLin-7*%""plus presynaptic
and postsynaptic DLin-7,4.70 == 0.83 m 2. D, Quantification of GluR field sizes. Fach plotted value s
amean value derived from the analysis of at least 200 GluR fields at a single NMJ. Mean sizes == SD
were as follows: wild type, 1.301 = 0.114 um? DLin-7"%/Df, Gal4—(57,1.624 + 0.157 um?
DLin-7*%"" plus presynaptic and postsynaptic DLin-7, 1.236 = 0.217 um . The statistical test in €
and D was the nonparametric Kruskal-Wallis test plus Dunn’s multiple comparison. n.s., Not signifi-
a@nt,p > 0.05; **p << 0.01;***p < 0.001. n always corresponds to the number of NMJs analyzed.

J. Neurosci., April 28,2010 - 30(17):5811-5824 - 5821

Our genetic analyses implied that Metro constitutes the ex-
clusive link between DIgS97 and DLin-7 at NMJs. In vitro binding
assays, however, revealed that the interaction between DIgS97
and Metro is fairly weak. This issue was eventually clarified by
two observations: (1) DLin-7 is absolutely required for DIgS97-
dependent localization of Metro-B at NMJs, and (2) biochemical
studies by Bohl et al. (2007) revealed that binding of the Metro
homolog MPP7 to Veli promotes its binding to hDlg. This allo-
steric mechanism is thus evolutionary conserved and distin-
guishes Metro and its closest mammalian homologs from other
MPP-like MAGUKs and Cmg/ Cask. In this way a one-to-one
ratio of Metro and DLin-7 can be maintained, possibly translat-
inginto a balance of yet-to-be-identified junctional binding part-
ners of the PDZ domains of either protein. Moreover, we found
that the spectrin-based cytoskeleton to some extent assures the
junctional anchorage of Metro and DLin-7 in the absence of
DIgS97. This link might contribute to a regular positioning of
DIgS97-based scaffold complexes dictated by a spectrin-
defined network (Pielage et al., 2006).

The knock-out of metro leads to a considerable reduction of
DIgS97. Such chronic downregulation of DIgS97 may be partially
compensated by recruitment of DIgA. Stabilization of DIgS97 by
Metro and DLin-7, however, involves the formation of higher-
order complexes driven by (1) the ability of L27 domains to form
dimers of dimers (Feng et al., 2004; Li et al., 2004; Petrosky et al.,
2005) and (2) the tandem arrangement of L27 domains in Metro.
Formally, such complexes are unlimited (Fig. S2B, available at
www.jneurosci.org as supplemental material). In addition to the
reduced abundance of junctional DIgS97, we therefore consider
the breakdown of its multimeric context as a crucial consequence
of lacking Metro and DLin-7.

The formation of new boutons strongly correlates with a tem-
porally restricted downregulation of the Dlg-based scaffold at the
respective site (Mathew et al., 2002; Ataman et al., 2008). Nor-
mally, Dlg reassociates with the nascent bouton shortly thereafter
and recent studies suggest that GluRs and the actin regulators
dPix and Pak act upstream of DIg in this process (Parnas et al.,
2001; Albin and Davis, 2004; Schmid et al., 2006). The occurrence
of relatively large boutons with only a few GluR clusters and very
little Dlg in both metro and DLin-7 mutants suggests that the
formation of the postsynaptic scaffold is disturbed. Interestingly,
a knockdown of MPP7 was found to cause a significant delay in
the establishment of epithelial tight junctions (Stucke et al.,
2007). Considering the temporal aspect, we propose that Metro
and DLin-7 are required to synchronize junctional expansion
and scaffold assembly. Indeed we observed various other abnor-
malities that are consistent with a role for Metro and DLin-7 in
balancing NMJ growth and stability. Reduced proliferation of
boutons was accompanied by an overall enlargement of boutons,
a reciprocal correlation, observed in several instances, possibly
indicative of a disturbed linkage between submembranous scaf-
fold and cytoskeletal elements (Stewart et al., 1996; Roos et al.,
2000; Wan et al., 2000; Viquez et al., 2006; Besse et al., 2007).
Notably, enlarged boutons may harbor more active zones, ex-
plaining the virtual invariance in the overall number of synaptic
contacts at mutant versus wild-type NMJs.

Our data indicate a stabilizing role for Metro and DLin-7,
possibly as part of a back-up system to cope with operational
demands such as junctional plasticity. It remains elusive, how-
ever, whether both proteins are regulated to weaken or strengthen
the Dlg-based scaffold. Weakening, as discussed above, may be
involved in defining sites for bouton formation, but might also be
a prerequisite for the de novo formation of synaptic contact sites
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on preexisting boutons (Rasse et al., 2005; Schmid et al., 2006).
The striking protein instability of Metro in the absence of DLin-7
is suggestive in this regard, as it implies that upon breakdown, the
complex can only be reassembled based on newly synthesized
Metro. This would result in latency, which in turn could contrib-
ute to the temporal fidelity of the processes.

Given the strong dependency of Metro on DIgS97 it seemed
plausible thatloss of Metro would affect the size of receptor fields.
We have used a novel method that, once established, allowed us
to measure the size of a high number of receptor fields. In this way
we found that the receptor fields were indeed enlarged at metro
mutant NM]Js. The specificity of this phenotype was further
confirmed by transgenic rescue, which, however, remained in-
complete. Although Metro-B clearly occurred as the principal
isoform at NMJs, it is possible that the A- and/or C-variants are
required at a low level or just temporarily to cover metro function
at NMJs entirely. Compared with the enormous expansion of
synaptic contacts associated with simultaneous depletion of DIgA
and DIgS97 (Karunanithi et al., 2002; Mendoza-Topaz et al.,
2008), the here-described effects on receptor field size appear
moderate. It is conceivable, however, that the reduced spacing
between synaptic contacts that we frequently observed in the
mutants represents a prestage toward the fusion of neighbor-
ing contacts.

While the size of receptor fields differed markedly between
metro mutants and controls, we did not notice striking differ-
ences in local GluRIID-specific fluorescence intensities (Fig. 6,
compare A to B). Moreover, despite the structural abnormalities,
metro mutants displayed a rather normal profile of electro-
physiological parameters. In particular, quantal currents were
not significantly altered, consistent with the assumption that the
composition and local density of GluRs remained normal and
that transmitter release from a single vesicle does not saturate a
normal-sized receptor field (Edwards, 2007). Notably, normal
mEJC amplitudes have been measured in case of a pronounced
enlargement of synaptic contacts (Kaufmann et al., 2002) and
increased mEJC amplitudes in strong dlg alleles have been as-
sorted to enlarged synaptic vesicles rather than the size increment
of synaptic contacts (Karunanithi et al., 2002). The fact that the
frequency of spontaneous release events and the evoked trans-
mission remained unaffected is consistent with the virtual invari-
ance in the number of active zones facing GluR fields at mutant
NMJs and further implies that the presynaptic release machinery
is largely intact in the metro mutants.

To date there is little evidence for the enrichment of Metro-
like MAGUKSs at synapses in the mammalian CNS, whereas
mammalian homologs of Dlg and DLin-7 are prominent presyn-
aptic and postsynaptic components of excitatory synapses. Rem-
iniscent of our observations, depletion of Veli in mice was found
to cause a moderate increase in synaptic size, and yet this effect
was assigned to its presynaptic interaction with liprin-a via Cask
(Olsen et al., 2005). Notably, there is to our knowledge hitherto
no report on a close link between DLG-MAGUKs and Veli at
synapses of CNS neurons, despite the presence of Cask as a po-
tential linker protein. Nevertheless an association of MPP3 with
SAP97 and Veli is implied by coimmunoprecipitations from rat
brain (Karnak et al., 2002). Moreover, MPP3 was found to bind
to a serotonin receptor and to the CAM Necl-1/SynCAM3 at
extrasynaptic sites (Kakunaga et al., 2005; Gavarini et al., 2006).
Our results thus let us propose that the perisynaptic interplay of
Metro, DIgS97, and DLin-7 represents a conserved mechanism

Bachmann et al. @ Metro-Controlled NMJ Organization

that confers structural fidelity and stability on synaptic systems
during development and plasticity.
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Supplementary material:

Note:

A previous annotation of metro/ CG30021 as skiff (www.flybase.org) is misleading as it refers
to an embryonic dorsal closure phenotype, which subsequently turned out to result from a
mutation in another gene (D.Bilder, personal communication; A.B. unpublished observation).
We also neglected a naming according to p55-like MAGUKS because (i) no unequivocal
assignment to any single of the three closely-related vertebrate family members as the true
homolog is possible and (ii) because the abbrevation MPP stands for ,,membrane protein
palmitoylated”. To our knowledge, however, palmitoylation has been documented only for

the founding member of this MAGUK-subfamily, p55.
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Figure S1:
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Fig. S1: Tissue-specific dependency of DLin-7 on Metro. (A, B) The apical localization of
DLin-7 and the septate junction localization of DIlg in wing imaginal disc epithelia remain
unaffected in metro mutants. (C-E) DLin-7 is enriched in the CNS neuropil and at NMJs
(arrows pointing to NMJ at muscles 6/7, segment A2) of wild type 2nd instar larvae (C), but
only the NMJ staining is affected in the metro mutants (D), while in DLin-7 mutants the
staining is reduced to background levels throughout (E). Scale bars: 20 um in (A, B), 80 um

in (C-E).
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Figure S2:
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Fig. S2: The DIgS97-Metro-DLin-7 complex and its putative multimerization. (A)
Homotoypic interactions between L27 domains mediate the formation of the evolutionary
conserved trimeric complex (Karnak et al., 2002). (B) The conceptual homodimerization of
L27 domain heterodimers, which has been described for other L27 domain proteins (Feng et
al., 2004; Li et al., 2004; Petrosky et al., 2005), may result in the mutlimerization of the

complex.
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Figure S3:
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Fig. S3: Characterization of novel dlg alleles. (A) Mapping of dlg alleles S97-138
(Mendoza-Topaz et al., 2008), S97-flpV and A-51.1 (this work) as determined by PCR
analysis. All alleles represent deletions (horizontal lines) due to imprecise excision or FRT
recombination of/ between the parental transposon insertions marked by vertical arrows.
Shading of boxes distinguishes UTRs (white), alternatively spliced exons (grey) and
constitutive exons (dark grey). The L27 domain is encoded by exons 2, 4 and 5. Notably,

deletion of exon 5 in dlg>" "V

renders exon 4 out-of-frame with exons 6 to 14. The dIgA-
specific coding sequence (exon 10) is removed completely in dlig**"!. The presence or
absence of the exon 13b-encoded low complexity sequence in between PDZ domains 2 and 3
distinguishes the ~120 kD and ~97 kD splice isoforms of DIgA. (B, C) Total DIg levels as
revealed by anti-DIgppz-immunoreactivity remain largely unaffected at dlgA-mutant NMJs.

(D, E) DIgS97-specific immunoreavtivity is not detectable at dlg®" """ -mutant NMJs. Scale

bars: 40 um in (B, C), 25 um in (D,E).
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Figure S4:

/ Spot detection

Fig. S4: llustration of spot detection of Brp-positive active zones. (A) Wild type NMJ
stained for HRP and Brp. Boxed area is shown enlarged in (B) as a 3D volume-rendered

image including automatically detected spots. Scale bar: 10 um.
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supplementary Table 1: sample numbers underlying the quantification of bouton sizes

wild type metro ¥/ metro ¥/ dLin-7"%/  dLin-7"°/Df
rescue Df rescue
# animals 7 7 6 6 6
#NMJs Y 10 13 12 11 12
(A2, m6/7)
# confocal 17 29 20 19 24
stacks
# boutons 337 298 346 317 458

Y corresponds to the n-numbers underlying the statistics in Fig. 5 and 9.
2 each stack comprises 1 to 3 nerve terminal branches with several type Ib boutons

supplementary Table 2: sample numbers underlying the quantification of GIuR field sizes

wild type dig>""v metro”™’ metro™®  metro*/Df  dIg®™":  dLin-7"%  dLin-7"*°/Df
rescue metro ™’ Df rescue

# animals 10 8 7 6 6 7 9 6

# NMJs V 14 15 13 12 12 12 16 12
(A2, m6/7)

# confocal 23 29 29 20 16 15 26 24
stacks ?

# GIuR ) 4437 8255 3888 3733 4598 3383 5247 3637
fields

Y corresponds to the n-numbers underlying the statistics in Fig. 6 and 9.
2 each stack comprises 1 to 3 nerve terminal branches with several type Ib boutons
% more than 200 fields at Ib boutons were analyzed for each NMJ.
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