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filaments (Fig. S4A-Bb), virtually identical to that observed with
anti-Futsch (22C10).

Previous studies have demonstrated that disruption of the MT
cytoskeleton sometimes results in synaptic terminal disassembly or,
ultimately, retraction of the presynaptic terminal (Koch et al., 2008;
Pielage et al., 2008). To test this possibility, we visualized
DAAME*®S mutant NMJs by immunostaining for the presynaptic
AZ marker Brp and the postsynaptic protein GIuRIII, which are
juxtaposed in WT NMJs (Fig. S4C). We did not observe any
alterations in the adjacent positioning of these markers in the mutant
(Fig. S4D), indicating that loss of DAAM does not lead to
presynaptic retraction. These data suggest that DAAM facilitates
presynaptic MT stability and bouton/terminal outgrowth but it is
dispensable for structural synapse terminal maintenance.

Although formins are best known for their ability to nucleate
nascent actin filaments and promote their elongation, a growing
body of evidence supports the fact that they are also involved in MT
regulation (Bartolini and Gundersen, 2010; Chesarone et al., 2010);
in particular, they have been implicated in MT stabilization in
various cellular model systems (Bartolini et al., 2008; Cheng et al.,
2011; Lewkowicz et al., 2008; Szikora et al., 2017; Wen et al.,
2004). Therefore, we sought to identity which DAAM activities are
important for NMJ development. We performed a series of rescue
experiments with mutant versions of the full-length protein
(FLDAAM), in which we impaired actin interaction alone or actin
and MT interactions together. We used FLDAAM-1732A for the
former (Gombos et al., 2015; Vig et al., 2017), mutating a conserved
isoleucine residue within the FH2 domain crucial for actin
interaction, while for the latter we created an FLDAAM-R876A-
K881A double mutant, which is equivalent to the K989/994A
mutation of mouse Dial that was shown to compromise both actin
and MT regulation (Daou et al., 2014). Comparably to WT UAS-
FLDAAM, when driven with D42-Gal4 the UAS-FLDAAM!73%4
mutant transgene could almost completely rescue the bouton
number phenotype of DAAME*® (Fig. 4A-D,F). By contrast, the
UAS-FLDAAMX876/8514 transgene failed to rescue the bouton
number (Fig. 4E,F) and NMJ morphology (Fig. 4E) phenotypes
of DAAME~%S_ Given that DAAMES NMlIs do not appear to exhibit
overt alterations in actin organization (Fig. S5), we presume that the
primary function of DAAM during NMJ development is related to
its MT organizing role, whereas its F-actin assembly activity
appears dispensable for synaptic bouton formation. Consistent with
this scenario, we have recently revealed that DAAM has MT
stabilization activity and binds to the plus end of MTs in primary
neurons (Szikora et al., 2017).

The activated form of DAAM provokes excessive synaptic
bouton formation

Based on LOF analysis, DAAM plays a role in NMJ development
by promoting bouton formation. To strengthen this finding further,
we tested whether an increased activity of DAAM would affect
synapse formation. Formins are large, multidomain proteins, many
of which are regulated by an intramolecular interaction between N-
and C-terminal autoinhibitory domains, sterically blocking the
activities of the FH2 domain (Wallar and Alberts, 2003). Removal
of either of the autoinhibitory domains results in a constitutively
active protein. In agreement with this, we demonstrated previously
that C-DAAM, which lacks the N-terminal autoinhibitory domain,
behaves as an activated DAAM form in the CNS (Gombos et al.,
2015; Matusek et al., 2008). We show here that whereas pan-neural
overexpression of FL-DAAM has no effect on NMJ morphology
and MT organization in the terminal boutons (Fig. SA-BD),

Fig. 4. The actin assembly activity of DAAM is dispensable for
presynaptic bouton formation. (A-F) Presynaptic rescue analysis of
DAAMPE*68 null mutant NMJs at muscle 4 in second instar larvae using D42-
Gal4 combined with WT and mutant FLDAAM transgenes. Anti-HRP was used
as a presynaptic membrane marker. w78 was used as WT control (A). The
NMJ phenotype of DAAMEX68 (B) can be rescued by WT UAS-FLDAAM (C), as
well as with UAS-FLDAAM?32, a point mutant version that impairs actin binding
(D). However, the UAS-FLDAAM®76-88" mutant version (impairing both actin
and MT interactions) could not restore WT bouton numbers and NMJ
morphology (E). (F) Quantification of the results of the rescue experiments
shown in A-E in terms of synaptic bouton numbers (n>25). Error bars indicate
s.e.m. ***P<0.001. Scale bar: 5 ym in A-E.

expression of C-DAAM increases synaptic bouton number in
NMIJs of third instar larvae (Fig. 5C,D). In addition, C-DAAM
induces a greater variation in bouton size than is seen in WT, i.e.
some boutons are large whereas others remain small and are partly
decorated by so-called satellite boutons (Fig. 5C,Cb). It is also
noteworthy that the interbouton area is often much wider than in
WT (Fig. 5Aa,Ca). This phenotypic component, however, is similar
to the LOF effect; in line with this, the core MT cytoskeleton is
disrupted in the presence of activated DAAM (Fig. SAa,Ca). Thus,
the effect of C-DAAM resembles a mixture of LOF and gain-of-
function (GOF) phenotypes. Because formins function as obligate
dimers, it is possible that C-DAAM interferes with the WT protein
through dimerization, resulting in a dominant-negative LOF effect.
Remarkably, however, C-DAAM clearly possesses a GOF effect
with regard to bouton number, suggesting that this protein plays an
instructive role in bouton formation.

DAAM interacts genetically with wg and Ank2

Prior studies have established that proper regulation of MT
organization is crucial for synaptic bouton formation. Consistent
with this, and similar to the effects of DAAM loss, mutations that
disrupt MT organization also affect bouton number (Goellner and
Aberle, 2012). Although none of the other known mutations altering
synapse morphology exhibits an identical phenotype to that of
DAAM mutation, strong parallels are evident, prompting an attempt
to identify the signaling systems that regulate DAAM. We tested
double mutant combinations of the major genes linked to synaptic
MT regulation. First, the candidate genes were analyzed in a
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Fig. 5. Presynaptic overexpression of constitutively active CDAAM promotes new bouton formation. (A-C) Analysis of NMJ morphology in control (elav-
Gald) (A), elav-Gal4/+; UAS-FLDAAM/+ (B) and elav-Gal4/+; UAS-CDAAMI/+ (C) larvae stained with anti-HRP and anti-Futsch. Asterisks indicate central (a) and
terminal (b) regions of control and DAAM mutant NMJs, as shown at high magnification beneath. (D) Quantification of bouton numbers in control, elav-Gal4;

UAS-FLDAAM and elav-Gal4; UAS-CDAAM animals in NMJs at muscle 4 in L3 larvae (n>25). Error bars indicate s.e.m. ***P<0.001. Scale bars: 5 ym in A-C;

2 pmin Aa-Cb.

dominant genetic interaction assay in which DAAME*S: TR was
combined with heterozygous null mutations of tkv, wg, Lar, dia and
Ank2. For initial assessment of the interactions, we quantified
bouton number. The presence of a tkv, Lar or dia mutation did not
change the reduced bouton number typical for loss of DAAM
(Fig. 6A-D,I); however, the wg and Ank2 mutations significantly
reduced the bouton number (by ~30% for wg and by ~35% for
Ank2) (Fig. 6F,H,I). Consistent with published data (McCabe et al.,
2004; Pawson et al., 2008; Stephan et al., 2015), mutations of wg
and Ank2 alone in heterozygous conditions do not influence bouton
number (Fig. 6E,G,J)). Interestingly, DAAM has previously been
linked to Wnt/Frizzled signaling in other cellular contexts (Gombos
etal., 2015; Habas et al., 2001; Lee and Deneen, 2012). Moreover,
previous studies have revealed that presynaptic Wg/Fz2 signaling
(Miech et al., 2008) regulates the synaptic MT cytoskeleton in
conjunction with Ank2 (Luchtenborg et al., 2014). Thus, these data
support the notion that DAAM acts in concert with Wg and Ank2
during synapse development. Accordingly, among our candidate
genes, it is the presynaptic impairment of the Wg pathway and of
Ank?2 function that most closely phenocopies DAAM mutants as
manifest, in addition to the similar effect on bouton number, in
bouton fusions/interbouton region dilations and MT unbundling
(Luchtenborg et al., 2014; Packard et al., 2002; Stephan et al.,
2015). Furthermore, our results suggest that Dia and DAAM might
function independently during NMJ development. In agreement
with this notion, unlike dia, DAAM does not exhibit an interaction
with frio in a transheterozygous mutant combination (Fig. S6).
Taking these studies together with the lack of interaction between
dia and DAAM in double heterozygotes (Fig. S6), it appears likely
that DAAM is controlled independently of the Lar/Trio/Dia module.

Previous work has placed Ank2 downstream of Wg signaling in
synapses (Luchtenborg et al., 2014). We attempted to define the place

of DAAM in this hierarchy by epistasis analysis in double hemizygous
or homozygous mutants. As a preliminary experiment, we examined
the phenotype of two Ank2 alleles as control lines: Ank2"™", which
affects both MT and synapse stability; and Ank2-XL4, an isoform-
specific allele that selectively influences MT organization (Stephan
et al., 2015). In accordance with previous results, these mutants
exhibited reduced bouton numbers in parallel with bouton fusions
and pronounced MT accumulations in the whole nerve terminal
(Fig. 7A,A’, Fig. STA,A"). By contrast, the strong MT aggregations
were completely absent from DAAM; Ank2 double mutants; instead,
MTs organized into a central MT bundle that was nonetheless much
thinner than in WT (Fig. 7B,B’, Fig. S7B,B’). Additionally, there was
a drastic reduction in bouton numbers in DAAME*5S; Ank2"! NMIJs,
whereas the bouton number in DAAME®S; Ank2-XIA was
only reduced to an extent comparable to that of DAAME*%® (Fig. 7B,
B’, Fig. S7B,B’). Interestingly, although both Ank2 and DAAM single
mutants displayed an enlarged interbouton region/bouton fusion
phenotype (the diameter of the interbouton area is quantified in
Fig. 7E), the typical ‘beads on a string’ bouton arrangement in DAAM;
Ank2 double mutants was restored, and small boutons, separated by
thin interbouton areas, were clearly present (Fig. 7B,B’, Fig. S7TB,B’).
These results suggest a number of conclusions. Foremost, regarding
the formation of aberrant MT aggregations and bouton number,
DAAM is epistatic to Ank2-XL, which implies a downstream
regulatory position. However, careful comparison of the MT
phenotypes indicates that although DAAM can suppress the MT
accumulations caused by the loss of Ank2-XL, the effect of DAAM on
MT organization is dependent on Ank2-XL. If Ank2-XL is present,
then the absence of DAAM induces MT fragmentation. By contrast,
with concomitant loss of Ank2-XL and DAAM, the MT bundles are
thinner but nonetheless nearly entirely continuous as compared with
WT. Thus, MT organization in the double mutant is not identical to
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Fig. 6. wg and Ank2 exhibit a dominant genetic interaction with DAAM. NMJs of control (w’""8) (A) and mutant L3 larvae of the genotypes indicated
(B-H) stained with anti-HRP. (1,J) Quantification of bouton numbers in larvae in A-H. Note that when combined with DAAME*%8; TR (B) the heterozygous tkv7,
Lar’32 or dia® null mutations do not alter the reduced bouton number of DAAMEX68; TR (B-D, ). Conversely, one copy of wg"® and Ank2™ could enhance
(F,H,]) the bouton number defects of DAAME*8; TR (B,l), indicating a dominant genetic interaction between these genes. As a control, loss of one copy of
Ank2 (E) or wg (G) alone does not change the bouton number compared with WT (A,J). n>25. Error bars indicate s.e.m. ***P<0.001; n.s., not significant.

Scale bar: 5 um in A-H.

that of any of the single mutants, which is presumably key to the
observed differences in  bouton-interbouton  organization.
Collectively, these data are consistent with models involving a more
complex interaction between Ank2 and DAAM than as part of a
simple linear pathway.

Besides Ank2, the MT-stabilizing Futsch protein has also been
shown to be a downstream effector of Wg signaling, and it is
thought to function together with Ank2 to organize a membrane-
associated MT-coordinating center (Luchtenborg et al., 2014;
Stephan et al., 2015). To probe the regulatory connection between
Futsch and DAAM, we analyzed futsch single and DAAM, futsch
double mutants. As DAAM and futsch are both located at the tip of
the X chromosome, we employed the CRISPR/Cas9 system to
induce a fitsch null mutation in both WT and DAAM*%8 mutant
backgrounds, instead of taking a cumbersome recombination
approach. Consistent with published data (Roos et al., 2000),
NMUJs of the novel null allele (fitsch“R’3) were negative for anti-
Futsch (22C10) immunostaining (Fig. S7C-E), and exhibited
slightly reduced bouton numbers in parallel with a slight increase
in bouton size (Fig. 7C, Fig. S7D) and in diameter of the interbouton
region (Fig. 7C',E), although with normal MT organization
(Fig. 7C"). By contrast, the DAAM®, futschR!3 double mutant
NMIs strongly resembled those of DAAME*® single mutants, with
significantly reduced bouton numbers, the presence of bouton
fusions, and fragmented MT organization (Fig. 7D,D’). Hence,
DAAM is clearly epistatic to fitsch, and these results argue for
DAAM acting either downstream of Futsch or in a parallel pathway.

Synaptic transmission and AZ morphology are affected in
DAAM mutant synapses

While analyzing the synaptic distribution pattern of the DAAM
protein, two polyclonal DAAM antisera (Rl and R4) were

compared that we had raised against the C-terminal half of the
protein and which specifically recognize the DAAM protein in
neurons (Fig. S8) (Gombos et al., 2015; Matusek et al., 2008) and in
other tissues, such as the trachea (Fig. S9). Interestingly, unlike the
R4 serum used above (Fig. 1A), DAAM formed discrete dots at the
presynaptic plasma membrane (which were missing from null
mutants and upon RNAi knockdown) with the R1 serum
(Fig. S10A-B’, Fig. S3F,G), which resembled presynaptic AZs.
Surprisingly, co-staining with an antibody against Brp, a core
component of the presynaptic AZ scaffold (Fouquet et al., 2009),
showed nearly perfect overlap with DAAM (Fig. S10A,A"). To
achieve ultrastructural resolution, two-color, super-resolution
stimulated emission depletion (STED) microscopy with ~50 nm
lateral resolution was used, which easily retrieved the typical ring-
like distribution of the C-terminal Brp epitope residing at the distal
aspect of the AZ scaffold. The DAAM signal also formed similar
rings, which followed the Brp C-terminal signal very closely
(Fig. 8A). Distance calculation of both signals in planar view
showed that they are only ~20 nm apart, with the DAAM signal
shifted slightly into the interior of the Brp ring. Thus, we can
conclude that discrete DAAM clusters form at the distal part of the
AZ scaffold. Although DAAM protein stability was unaffected in
brp mutants that eliminate scaffold assembly (Fig. S11), the DAAM
signal at the AZs vanished (Fig. S10C,C’), indicating that DAAM
clustering depends on an intact AZ scaffold. The question then
arises as to whether DAAM clusters, with their connections to the
actin and MT network, would be important to maintain AZ scaffold
structure or function.

We first analyzed whether the AZ scaffold would be structurally or
functionally affected after elimination of presynaptic DAAM.
Previous work exploiting the high resolving power of STED
microscopy showed that Brp adopts an extended conformation,
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Fig. 7. Genetic epistasis analysis of DAAM with Ank2 and futsch. (A-D) MT organization in NMJs of Ank2-XL* (A), DAAME*68; Ank2-XL (B), futsch®R"3
(C) and DAAMEXS8, futsch®R73 (D) mutant larvae visualized by anti-Tubulin and anti-HRP staining. (A’-D’) High magnification of central NMJ regions at muscle 4
as marked by asterisks in A-D. The bouton fusion and MT accumulation phenotypes of Ank2-XL* (A,A’) were suppressed by DAAMZ*58 in the DAAME*68; Ank2-
XL double-mutant larvae (B,B’). NMJs of the futsch®R"? allele exhibit slightly reduced bouton numbers (C,C’), whereas the NMJ phenotype of the DAAME*S,
futsch®R73 double mutants (D,D’) is very similar to that of DAAME*%8 single mutants with regards to both bouton number reduction and bouton fusion.

(E) Quantification of diameter of the interbouton region in the central NMJ area as judged by anti-HRP staining (n>45). Error bars indicate s.e.m. *P<0.05,

***P<0.001. Scale bars: 5 ym in A-D; 2 pmin A’-D’".

with its N-terminus facing towards the AZ plasma membrane and the
C-terminus into the bouton interior. We used two-channel STED to
visualize AZ scaffold organization and size by co-staining for Brp C-
terminal and N-terminal epitopes. In the DAAM®*%¢ mutant, the Brp
scaffolds appeared essentially similar to control scaffolds (Fig. 8B,C).
Using electron microscopy, we characterized electron-dense T-bars
representing the AZ scaffold. Quantification of Brp ring diameter
(Fig. 8K) and T-bar roof size revealed only a slight, non-significant
upward trend in the DAAM mutant (Fig. 8D,E.L). However, SV
densities close to the AZ membrane (within 200 nm ofthe AZ center)
were slightly but significantly reduced in DAAM mutants (Fig. 8M).

Finally, we examined whether DAAM LOF could influence the
efficiency of synaptic transmission due to its prominent localization
close to the sites of neurotransmitter release. Two-electrode voltage
clamp experiments (TEVC) were performed in DAAMEX%S; TR mutants.
Although spontaneous release was not altered (Fig. 8G,1,J), we observed
amoderate but significant reduction (by 19%) in evoked excitatory NMJ
currents (Fig. 8F,H). In summary, DAAM is robustly associated with the
AZ scaffold, and its absence impairs SV release. Its exact role in SV
release should be an interesting subject for further studies.

DISCUSSION

Here, we identified DAAM, a formin type of cytoskeleton regulatory
protein, as a novel factor required for NMJ development in
Drosophila. Unexpectedly, the F-actin assembly activity of DAAM
is not essential for synaptic terminal growth; instead, DAAM is
necessary for MT organization, and deficits in proper MT
organization are likely to be responsible for the deficits in bouton
growth that we observed. In accordance with this, genetic interaction

analyses suggest that DAAM acts together with the Wg/Ank2/Futsch
module, which is known to control presynaptic MT regulation
and bouton formation. In addition, we provide novel evidence
that, besides a role in terminal arbor development, DAAM is tightly
associated with the synaptic AZ scaffold. It is recruited to synaptic
AZs in a Brp-dependent manner, and our electrophysiological
data are consistent with a modulatory function in synaptic activity.
Thus, this formin appears to be an interesting player in synaptic
terminal development that not only promotes presynaptic bouton
growth but also contributes to synapse function at the vesicle release
site.

DAAM and Dia: two formins with different presynaptic roles?

An important prior study established that Dia, another member of
the formin family, is pivotal for synaptic growth (Pawson et al.,
2008). Although Dia is present both presynaptically and
postsynaptically, published data support that it has a presynaptic
function in bouton formation. The zygotic absence of Dia leads to a
decrease in bouton number in parallel with an increase in bouton
area. Defects were reported in both the actin and MT cytoskeleton,
and genetic studies placed dia downstream of Lar and trio in the
control of NMJ growth. By comparison, DAAM also functions
presynaptically and its loss reduces bouton number. However, a
bouton fusion phenotype is also evident in DAAM mutant NMJs that
is not observed in dia mutants. Moreover, unlike dia, defects in actin
organization are not obvious in DAAM mutants and, consistently,
the actin polymerization-incompetent form of DAAM is still able to
rescue the synaptic terminal growth defects. By contrast, a role in
MT organization is apparent from both formin mutants, albeit with
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Fig. 8. Lack of DAAM influences SV release and AZ morphology. (A) STED microscopy revealed that DAAM is tightly associated with the distal part of the AZ
scaffold in NMJs, as stained with anti-DAAM-R1 and Brp C-terminal (nc82) antibodies. (B,C,K) Comparison of AZ morphology (visualized by anti-Brp
N-terminal and C-terminal antibodies) in control (w’778) (B) and DAAME*%¢ mutant (C) synapses does not show significant differences, as quantified in terms of
Brp ring diameter (K). (D,E) Ultrastructural analysis of the AZ (T-bar) in control (D) and DAAMEX%8 mutant (E) animals. (F-J) TEVC analysis of control and
DAAMFEX%8; TR mutant synapses at muscle 6/7. Evoked excitatory potential was significantly reduced in DAAM mutant NMJs compared with WT (F,H); however,
the lack of DAAM did not alter spontaneous release (G,1,J). (L) Quantification of T-bar roof size in control and DAAM=*58 mutants. (M) Quantification of SV
number close to the AZ (within 200 nm of the AZ center) in control and DAAME*%8 larvae. Error bars indicate s.e.m. *P<0.05, ***P<0.001. (H-J) n>10, (K-M) n>70.
Scale bars: 750 nm in A (top),B,C; 250 nm in A, oblique and top views; 100 nm in D,E.

clearly different effects, as DAAM mutation causes an MT
fragmentation phenotype (this study), whereas dia mutation
impairs the behavior of a dynamic pioneer MT population
(Pawson et al., 2008) without gross effects on MT organization.
Lastly, it is notable that the phenotypic similarities and genetic
interaction studies both connect DAAM to the Wg/Ank2 cortical
cytoskeletal system. Therefore, it appears that, despite their very
similar domain structure and partially related phenotypic effects,
these two formins are likely to play distinct roles during NMJ
development. Consistently, they seem to be controlled by different
signals, and whereas Dia is involved in the modulation of MT
dynamics (and, possibly, actin regulation), DAAM is required for
central MT bundle stabilization.

The interplay of Wg, Ank2, Futsch and DAAM in presynaptic
MT regulation

Proper coordination of presynaptic MT dynamics is thought to be
key to synaptic differentiation, including bouton formation. MTs are
regulated by a number of signaling pathways, including the Wg/Wnt
pathway (Budnik and Salinas, 2011), as well as by MT-associated
proteins such as Futsch/MAP1B. Current evidence suggest that a

divergent branch of the canonical Wg pathway (comprising Wg,
Fz2, Arr, Goo, Dsh and Sgg) is at work to locally regulate MT
stability on the presynaptic side of Drosophila NMIJs. This is
achieved, at least in part, by inhibition of the Ser/Thr kinase Sgg,
which has been proposed to regulate MT stability by
phosphorylation of Futsch (Gogel et al., 2006). Interestingly, the
founding member of the DAAM formin subfamily, Daaml, has
been characterized as a Dsh-associated Wnt signaling component
(Habas et al., 2001). Although initial work placed Daam1 in the
non-canonical Wnt/PCP (planar cell polarity) pathway, subsequent
studies found a link to the canonical branch as well (Lee and
Deneen, 2012), suggesting that DAAM proteins might be more
versatile components of the pathway. In support of the possibility
that DAAM is part of the MT-regulating branch of the Wg pathway,
we revealed that DAAM and wg exhibit a dominant genetic
interaction. Moreover, the NMJ phenotype of DAAM is most similar
to that of mutations affecting the Wg pathway, both with regard to
bouton fusions and the fragmented/punctate MT organization.
Along with Wg, Ank2 has also been shown to play an essential role
in the regulation of MT dynamics and organization. A recent study
demonstrated a differential requirement for two giant Ank2
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isoforms in the process: Ank2-L controls MT and synapse stability
upstream of Ank2-XL, which appears to control MT organization
synergistically with Futsch (Stephan et al., 2015). However, in
contrast to Wg pathway mutants, even if bouton fusions are evident,
the loss of Ank2-XL results in the formation of prominent MT
aggregates rather than MT fragmentation. Based on genetic,
biochemical and protein localization data, Ank2 and Futsch were
placed downstream of Wg/Fz2/Sgg, whereas the double LOF
mutant analysis of Ank2 and futsch suggested that Ank2-XL
controls MT organization upstream and synergistically with Futsch.
Where is DAAM in this hierarchy? Based on genetic epistasis
analysis, LOF mutation of DAAM clearly suppresses the MT
aggregation phenotype of Ank2-XL, but only a weak central MT
bundle forms and boutons no longer exhibit a fused appearance.
Thus, similar to Futsch, DAAM is required for MT aggregation in
the absence of Ank2-XL, which would place it downstream of
Ankyrin as an MT-stabilizing factor. However, the two other major
phenotypic effects (not detected in either of the single mutants)
presumably indicate a more complex regulatory connection. By
contrast, the NMJ phenotype of the DAAM, futsch double mutant is
nearly identical to that of the DAAM single mutant. Collectively, we
interpret these data as indications that Wg/Fz2 signaling is likely to
govern MT organization through several parallel effectors,
including Ank2, Futsch and DAAM, and that these proteins
might operate in a complex, regulating different aspects of MT
dynamics in a concerted manner, rather than through a simple linear
regulatory cascade.

Cytoskeleton organization at AZs: the potential role of DAAM
In addition to detecting an effect on MT stabilization and synaptic
terminal morphology, we observed a reduction in evoked
amplitudes that is associated with a reduced abundance of SVs in
the vicinity of AZs, suggesting that DAAM mutation reduces the
number of SVs accessible for evoked release. Although this is a
relatively modest effect, a pool of DAAM protein was found to be
specifically positioned at AZs. The application of STED
microscopy allowed us to determine that this formin protein is
enriched in a ring-like pattern in the immediate vicinity of the C-
terminus of Brp, a major AZ scaffold protein. Furthermore, we have
demonstrated a requirement of Brp for DAAM localization, but not
vice versa. Together, these observations highlight a potential novel
DAAM function in connecting MT organization with AZs.
Intriguingly, Futsch was recently shown to localize close to the
AZ scaffold, and to link AZs to the MT cytoskeleton (Lepicard
et al., 2014). Similar to DAAM LOF, futsch LOF also resulted in
deficits in SV release. It is tempting to speculate that Futsch and
DAAM cooperate as a module connecting the AZ scaffold with
MTs projecting towards AZs, and thus provide efficient trafficking
of SVs. Another interesting line of recent research revealed a role for
the divergent canonical Wg pathway in remodeling the presynaptic
AZs in Drosophila photoreceptor cells (Sugie et al., 2015). Most
notably, this module was shown to form a major effector pathway
downstream of light stimulation in regulating the molecular
composition of synapses in vivo. Remarkably, Futsch-dependent
MT reorganization is also required for AZ remodeling in this
system. Thus, it remains an interesting question for future research
whether the local DAAM spots of the AZ scaffold cooperate with
Futsch or contribute to AZ function by other means.

In addition to the potential role of MTs, dynamic assembly of
F-actin has a well-established role in SV release, and actin is a
known component of the AZ cytomatrix (Hirokawa et al., 1989; Li
etal., 2010; Morales et al., 2000; Phillips et al., 2001). Although the

regulation of actin assembly at AZs is largely uncharacterized, the
AZ cytomatrix protein Piccolo has recently been implicated as an
important regulator of presynaptic actin assembly in vertebrate
neurons by providing a platform for various actin-binding proteins
(Kimetal., 2003; Wagh etal., 2015; Waites etal.,2011; Wang et al.,
1999), including Daaml1, the rat ortholog of Drosophila DAAM.
Based on neuronal culture experiments, it was proposed that
activated Daaml is recruited by Piccolo and that they direct activity-
dependent F-actin assembly at the AZs (Wagh et al., 2015). Despite
the fact that we observed no alterations in F-actin organization in
DAAM mutant NMJs and that the actin assembly activity of DAAM
is dispensable for NMJ growth, our present data do not exclude the
possibility that DAAM plays an actin-modulating role at the AZs. In
light of our recent findings in axonal growth cones (Szikora et al.,
2017), an appealing alternative model is that DAAM plays a role in
mediating actin-MT crosstalk at the neurotransmitter release sites.
Although further experiments are clearly required to distinguish
between these alternatives, we conclude that DAAM family formins
are likely to be evolutionarily highly conserved factors that link the
synaptic AZ scaffold to cytoskeletal remodeling.

MATERIALS AND METHODS

Drosophila stocks, genetics and molecular biology

Flies were raised at 25°C under standard conditions. The following mutant
strains were used: #3605 w!//8  #39058 P(TRiP.HMS01978)attP2
(designated as DAAM-RNAI 2), #27390 Mef2-Gal4, #8816 D42-Gal4,
#458 elav“2’-Gald, #3242 thv/, #8774 Lar'3?, #5351 wg"®, #8805
futschN? and #9138 dia’, all provided by the Bloomington Drosophila
Stock Center; DAAMEX58 (Matusek et al., 2006), btl-Gal4 (kind gift from
C. Samakovlis, Stockholm University, Sweden), fitsch®®S (kind gift from
M.-L. Parmentier, Institute for Functional Genomics, Montpellier, France),
brp%! (Matkovic etal., 2013), brp®’ (Kittel et al., 2006), Ank2°’¢ (used as a
null allele) and Ank2-XL? (kind gift from J. Pielage, Technical University of
Kaiserslautern, Germany).

The UAS-CDAAM?*F'42 (random insertion) was created using pENTR3c-
CDAAM (Matusek et al., 2008) to generate a pTWF-UAS-CDAAM
destination construct, which was randomly integrated into the genome (a
second chromosomal insertion was employed). The P{UAS-
FLDAAM}attPVIE-260B, P{UAS-FLDAAM"3?}attPVIE-260B and P{UAS-
FLDAAM®7* 88D qttPVIE-260B  lines were created using pENTR3c-
FLDAAM (Matusek et al., 2008), pENTR3c-FLDAAM732 (primers listed
in Table S1) and pENTR3c-FLDAAM®76-881 (primers listed in Table S1)
entry clones, respectively, to generate the corresponding final clones in
pTWattB (kind gift from L. Kovacs, University of Cambridge, UK), which
were subsequently integrated into the same genomic position (attP-VIE-
260B) with phiC31. The P{UAS-shRNA-DAAMFH2}attP2 (designated
DAAM-RNAI 1) transgenic strain was generated through standard cloning
methods and in vitro mutagenesis (primers listed in Table S1) in pValium20
vectors (DRSC/TRiP Functional Genomics Resources).

The DAAM?!@8 knock-in allele was produced by a gene conversation
method described previously (Molnar et al., 2014). The fitsch“®!3 single and
DAAM®S, futsch“®'3 double mutants were generated by the CRISPR/Cas9
technique (Gratzetal.,2013). Two 20 nt gRNAs were designed ( primers listed
in Table S1) with homology to the 5" and 3" ends of the first coding exon of
futsch located 300 bp apart. After germ cell-specific simultaneous expression
of Cas9 and the gRNAs in a WT and a DA4M mutant background, we
collected futsch mutant candidates from the second generation, which were
validated by PCR and sequencing. Based on the sequencing data, the expected
~300 bp deletion was detected in the first coding exon of the mutant strains.
Analysis of futsch“®!3 by anti-Futsch (22C10) immunostaining and western
blot revealed that this allele behaves as a protein null allele (Fig. S7C-E).

Immunohistochemistry
For larval NMJ analysis, second and third instar larvae were dissected in PBS
and fixed in 4% paraformaldehyde (PFA) for 20 min. For DAAM-RI,
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acetylated-Tubulin, Futsch and GIuRIII stainings, the dissected larval fillets
were fixed in methanol for 5 min. The samples were then washed in PBS
containing 0.1% Triton X-100 (PBST) three times for 20 min each and
blocked in PBST with 0.2% BSA (PBS-BT) for 2 h. Primary and secondary
antibodies were diluted in PBS-BT and incubated overnight at 4°C. The
following primary antibodies were used: rabbit anti-HRP (Jackson) 1:200 and
goat anti-HRP Alexa 647 (Jackson) 1:600 used as presynaptic membrane
markers, mouse anti-Dlg (DSHB, 4F3) 1:100, mouse anti-Futsch (DSHB,
22C10) 1:200, rabbit anti-GluRIII (Marrus et al., 2004) 1:1000, rabbit anti-
Futsch C terminus (kind gift from Christian Klambt, University of Miinster,
Germany) 1:1000, mouse anti-Brp C-terminus (DSHB, nc82) 1:100, mouse
anti-acetylated Tubulin (Sigma, 6-11B-1) 1:1000, rabbit anti-DAAM-R1
(Matusek et al., 2006) 1:1000, and rabbit anti-DAAM-R4 (Gombos et al.,
2015) 1:500. Secondary antibodies coupled to Alexa 488, Alexa 546 and
Alexa 647 were used (Thermo Fisher Scientific).

For embryonic NMJ analysis, embryos were fixed as previously
described (Matusek et al., 2006). The following primary antibodies were
used in immunostaining: rabbit anti-DAAM-R4 (Gombos et al., 2015)
1:200, mouse anti-BP102 (DSHB) 1:500, rat anti-DCAD2 (DSHB) 1:100,
and mouse anti-FasIl (DSHB, 1D4) 1:50. For HRP staining, we used the
Vectastain ABC Kit (Vector Laboratories).

Mass spectrometry analysis

Protein mixtures isolated by immunopurification were separated using SDS-
PAGE. WT and DAAM-Flag lanes were cut into 12 pieces each and
subjected to in-gel digestion with trypsin (for the detailed protocol, see the
supplementary Materials and Methods). The resulting peptide mixtures
were analyzed by LC-MS/MS using a Waters nanoAcquity UPLC on-line
coupled to an Orbitrap-Elite mass spectrometer (Thermo Fisher Scientific)
operating in the positive ion mode. After trapping at 3% B (Waters
Symmetry C18 180 pmx20 mm column, 5 pm particle size, 100 A pore
size, flow rate of 10 pl/min), peptides were separated with a linear gradient
of 10-40% B in 90 min (using a 75 pmx104 mm column self-packed with
MagicC18AQ, 3 um particle size, 200 A pore size, solvent A comprising
0.1% formic acid/water, solvent B comprising 0.1% formic acid/ACN, flow
rate of 400 nl/min). Data acquisition was carried out in a data-dependent
fashion; the ten most abundant multiply charged ions were selected from
each MS survey scan (m/z, 380-1600) for MS/MS analyses with CID
activation (normalized collision energy, 35). MS spectra were acquired in
the Orbitrap, and CID spectra in the linear ion trap. Dynamic exclusion was
enabled (exclusion time, 30 s).

Raw data were converted into peak lists using PAVA software (Guan
et al., 2011) and searched with the ProteinProspector search engine
(v.5.19.4, http:/prospector.ucsf.edu), applying the following parameters:
mass accuracy, 5 ppm for precursor ions and 0.6 Da for fragment ions (both
specified as monoisotopic values); enzyme, trypsin with maximum of one
missed cleavage site; fixed modifications: carbamidomethyl (Cys); variable
modifications: Met oxidation, pyroGlu formation from N-terminal Gln
residues and acetylation of protein N-terminus (maximum two variable
modifications/peptide); instrument, ion trap. First, the Swiss-Prot database
was searched, then the contaminants identified were appended to the
Drosophila melanogaster entries of the UniProt database concatenated with
a randomized sequence for each entry (downloaded 6 Sept 2016, 42,488
protein sequences). Acceptance criteria: score, 22 and 15; E-value, 0.01 and
0.05 for protein and peptide identifications, respectively.

Relative abundance of proteins was estimated by spectral counting;
peptide counts of the proteins were normalized to the total number of
peptides identified in each sample, then the normalized peptide counts were
compared between the two samples. Normalized peptide count ratios were
corrected using the median value of normalized peptide count ratios. A
protein was considered overrepresented in any of the samples if the median
corrected normalized peptide count ratio was at least twice that in the other
sample.

Western blot

Adult heads were homogenized in RIPA buffer (0.1% SDS, 0.2% Na
deoxycholate, 0.05% NP40, 150 mM NaCl, 50 mM Tris-HCI, pH 7.4). After
centrifugation, SDS sample buffer was added to the lysates and the samples

were separated on standard SDS-PAGE gels (6%). Proteins were then
transferred onto PVDF membranes, which were stained with the following
primary antibodies: rabbit anti-DAAM-R4 (Gombos et al., 2015; 1:500),
mouse anti-Flag (Sigma, M2, 1:500), mouse anti-Futsch (DSHB, 22C10,
1:100) and rabbit o-glycogen phosphorylase (1:20,000; kindly provided by
A. Udvardy, Biological Research Centre, Szeged, Hungary). After three
washing steps, the membranes were incubated with HRP-conjugated anti-
rabbit (Jackson, 1:10,000) and anti-mouse (DAKO, 1:5000) secondary
antibodies. After secondary antibody staining, the PVDF membranes were
visualized with chemiluminescent reagents (Immobilon Kit, Millipore).

Image analysis and quantification

Confocal images were acquired either on an Olympus FV-1000 laser
scanning microscope or on a Zeiss LSM 880. Images were restored by
Huygens deconvolution software (Scientific Volume Imaging). Imagel
(http:/rsbweb.nih.gov/ij)/FIJI software was used to quantify the various
parameters of NMJs.

Quantification of NMJ bouton number, length and muscle area

NMJs of muscles 4 and 6/7 from abdominal segments 2-5 (A2-5) were
analyzed in all cases in at least ten individual larvae from each genotype.
Either two or three NMJs were used per animal for quantification of bouton
number, NMJ length and muscle area, and in this way we analyzed at least
25 individual NMJs for each genotype and parameter measured. One bouton
was identified as a circular or oval structure of an axon terminal visualized
by anti-HRP/Dlg staining. NMJ length was measured as the distance
between the two farthest points of the NMJ determined with the help of anti-
HRP staining. Overview images were taken from each NMJ, which were
subsequently used for quantification of bouton number and NMJ length.
Based on the overview images, muscle area of each NMJ was measured
based on the Dlg signal with the polygon selection tool of the F1JI software.

Quantification of interbouton diameter

The interbouton region was identified as a bridge-like structure of the NMJ
that connects two boutons, and which is completely filled with MTs ina WT
NMJ but contains less compactly organized MT bundles in DA4AM mutants.
For quantification of the diameter of the interbouton areas, the middle third
stretch of the NMJ at muscle 4 in segments A2-3 was used. Measurements
were carried out on three neighboring interbouton regions in each sample;
the maximum diameter of these defined interbouton areas was measured
based on staining with anti-HRP. At least 15 samples (45 interbouton
regions) were analyzed for each genotype examined.

Quantification of MT organization in terminal boutons

In most WT terminal boutons, MTs can clearly be detected, although MT
organization usually lacks prominent bundles and appears rather dispersed
as determined by anti-Futsch staining. Images of terminal boutons (e.g.
Fig. 3) were acquired with identical confocal settings for each sample, using
the complete dynamic range of the detectors to avoid clipping. Brightness
and contrast of the images in Fig. 3Ab,Bb,Cb were linearly adjusted in FIJI to
enhance the information that is already present in the original images
(Fig. 3A-C) in the lower end of the 16-bit intensity range. By analyzing 25
terminal bouton images for each relevant genotype, we detected the presence
of MTs in ~86% of WT boutons and in ~40% of DAAM mutant boutons.

STED microscopy
Preparation and staining were performed as previously described (Owald
et al., 2010). All larvae were fixed for 5 min with ice-cold methanol.
Primary antibodies were mouse monoclonal anti-Brp C-terminal (1:250,
Nc82, DSHB), rabbit anti-Brp N-terminal (1:100) (Fouquet et al., 2009),
and rabbit anti-DAAM-R1 (1:2000) (Matusek et al., 2006). Secondary
antibodies were goat anti-mouse Atto647N (1:500, ATTO-TEC) and goat
anti-rabbit Alexa 594 (1:500, Thermo Fisher Scientific). Larvae were
mounted in ProLong Gold antifade mountant (Thermo Fisher Scientific).
Two-color STED images were taken with a TCS SP8 gSTED (Leica
Microsystems) equipped with a tunable white light laser (470-670 nm), a
depletion laser at 775 nm, and HC PL APO CS2 100x objective (oil
immersion, NA 1.4). STED images were acquired with LAS X software
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(Leica Microsystems) and batch deconvolved using Huygens Professional
deconvolution software. The point spread function for deconvolution was
generated with a 2D Lorentz function with its half-width and half-length
fitted to the half-width and half-length of a sample image. Measurements of
Brp ring diameters were performed on deconvolved images using Imagel.
The images were set to a threshold value in order to obtain a realistically
shaped binary mask of the planar oriented Brp rings. Magic Wand tool was
used to select the outline of each ring as a region of interest (ROI). A custom
script was used to extrapolate the diameter of each ROI from its area using
the formula of a perfect circle: d=2x /(A/m).

Electrophysiology

TEVC recordings were carried out essentially as previously reported (Qin
et al., 2005). All experiments were performed on male third instar larvae
raised at 25°C. Dissection and recording medium was extracellular
hemolymph-like solution 3 (HL3) (70 mM NaCl, 5 mM KCIl, 20 mM
MgCl,, 10 mM NaHCOs, 5 mM trehalose, 115 mM sucrose, 5 mM HEPES,
pH 7.2). Dissection was performed in ice-cold Ca®*-free HL3 medium,
whereas recordings were performed in 1.5mM Ca** HL3 at room
temperature. Evoked (eEJCs) and miniature (mEJCs) excitatory junction
currents were recorded at muscle 6 of abdominal segment A2/A3 using
intracellular electrodes with resistances of 15-20 MQ (filled with 3 M KCl).
Recordings were low-pass filtered at 1 kHz and sampled at 10 kHz. mEJCs
were recorded at a voltage clamp of —80 mV; for eEJC measurements cells
were voltage clamped at —60 mV and stimulated at 0.2 Hz. Only cells with
an initial membrane potential (/},,) between —50 and —70 mV and input
resistances of >4 MQ were used for further analysis. eEJC traces were
analyzed for standard parameters (amplitude, rise time, decay, charge flow)
with a semi-automatic custom MATLAB script (MathWorks, version
R2009a). Stimulation artifacts in eEJC recordings were removed for clarity.
mEJC recordings were analyzed with pClamp 10 software (Molecular
Devices).

Electron microscopy

Conventional embedding was performed as described previously (Matkovic
et al., 2013). In brief, dissected third instar larvae were fixed with PFA (for
10 min in 4% PFA and 0.5% glutaraldehyde in 0.1 M PBS pH 7.4) and
glutaraldehyde (for 1 h in 2% glutaraldehyde in 0.1 M sodium cacodylate
pH 7.2), washed in 0.1 M sodium cacodylate buffer and postfixed with 1%
osmium tetroxide and 0.8% K4Fe(CN)g in 0.1 M sodium cacodylate buffer
(1h on ice). After washing with 0.1 M sodium cacodylate buffer and
distilled water, the samples were stained with 1% uranyl acetate in distilled
water. Samples were dehydrated, infiltrated with Epon resin and then muscle
6/7 of abdominal segment A2/3 was cut out. Collected in an embedding
mold, blocks were polymerized and cut in 65-70 nm serial sections. These
sections were postfixed and poststained with uranyl acetate/lead citrate.
Micrographs were taken with a JEM-1011 electron microscope (JEOL)
equipped with an Orius 1200A camera (Gatan) using the DigitalMicrograph
software package (Gatan). For quantification, the plasma membrane and the
electron-dense T-bar were detected by eye and labeled manually. T-bar roof
size was measured by a straight line connecting the furthest distance of the
upmost T-bar dense material (in relation to the plasma membrane). Numbers
imaged: T-bars, w//’8 84, DAAME*58 72; boutons, w’’!8 74, DAAME*®S 67,
animals, w'/!% 6, DAAME*% 6.

Statistics

Data were analyzed with Prism software (GraphPad, version 5). To compare
two groups, two-tailed #-test or Mann—Whitney U-test was used for all data
sets. ANOVA was used for multiple comparisons. P<0.05 was considered
statistically significant. Data are presented as mean+s.e.m. Data distribution
was assumed to be normal, but this was not formally tested. No statistical
methods were used to predetermine sample sizes, but our sample sizes are
similar to those generally employed in the field. Data collection and analyses
were not performed blind to the conditions of the experiments, nor was data
collection randomized. For STED immunostaining, all genotypes were
prepared in one session, stained in one cup and analyzed in an unbiased
manner. For electrophysiological recordings, genotypes were measured in

an alternating fashion on the same day and strictly analyzed in an unbiased
manner.
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