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Neuronal communication depends on the precisely orchestrated release of neurotransmitter at specialized sites called active zones (AZs).
A small number of scaffolding and cytoskeletal proteins comprising the cytomatrix of the active zone (CAZ) are thought to organize the
architecture and functional properties of AZs. The majority of CAZ proteins are evolutionarily conserved, underscoring the fundamental
similarities in neurotransmission at all synapses. However, core CAZ proteins Piccolo and Bassoon have long been believed exclusive to
vertebrates, raising intriguing questions about the conservation of the molecular mechanisms that regulate presynaptic properties. Here,
we present the identification of a piccolo-rim-related gene in invertebrates, together with molecular phylogenetic analyses that indicate
the encoded proteins may represent Piccolo orthologs. In accordance, we find that the Drosophila homolog, Fife, is neuronal and localizes
to presynaptic AZs. To investigate the in vivo function of Fife, we generated a deletion of the fife locus. We find that evoked neurotrans-
mitter release is substantially decreased in fife mutants and loss of fife results in motor deficits. Through morphological analysis of fife
synapses, we identify underlying AZ abnormalities including pervasive presynaptic membrane detachments and reduced synaptic vesicle
clustering. Our data demonstrate the conservation of a Piccolo-related protein in invertebrates and identify critical roles for Fife in
regulating AZ structure and function. These findings suggest the CAZ is more conserved than previously thought, and open the door to a
more complete understanding of how CAZ proteins regulate presynaptic structure and function through genetic studies in simpler model
systems.

Introduction
Communication within neural circuits occurs primarily at chemical
synapses comprising an active zone (AZ) in the signal-sending cell
and postsynaptic density (PSD) in the signal-receiving cell. AZs are
specialized sites for the regulated release of neurotransmitter via
Ca2�-dependent synaptic vesicle fusion. The cytomatrix of the ac-
tive zone (CAZ) comprises cytoskeletal and scaffolding proteins.
This highly interconnected molecular machine is thought to co-
ordinate the organization of AZs and the docking and priming of
fusion-competent synaptic vesicles to establish release dynamics.
In vertebrates, core CAZ proteins include Piccolo, Bassoon,
Rab3-interacting molecules RIM1 and RIM2, UNC-13, and
CAST (Jin and Garner, 2008). The Drosophila genome encodes a

CAST ortholog (Bruchpilot), UNC-13 (DUNC-13), and a single
RIM (DRIM) (Aravamudan et al., 1999; Wang and Südhof, 2003;
Wagh et al., 2006). In contrast, homologs of the related Piccolo
and Bassoon proteins have not previously been identified in
invertebrates.

Piccolo is a large scaffolding protein containing two N-
terminal zinc finger (ZF) domains, a large central region with
three coiled-coil (CC) domains, and a C-terminal PDZ do-
main—all of which mediate protein–protein interactions—as
well as two C-terminal C2 domains (C2A and C2B) that confer
lipid binding and Ca 2� sensitivity to Piccolo function (see Fig.
2B) (Wang et al., 1999; Fenster et al., 2000). Piccolo is related to
Bassoon, which shares its large size, ZF, and CC domains, and to
RIM family proteins (Wang et al., 1997; tom Dieck et al., 1998).
Vertebrate genomes encode two full-length RIM proteins con-
taining ZF, PDZ, C2A, and C2B domains with significant simi-
larity to the corresponding Piccolo domains.

Studies of Piccolo function in mice have been inconclusive,
with RNAi experiments suggesting a unique role in synaptic ves-
icle recruitment and knock-out studies indicating a redundant
role with Bassoon in organizing synaptic vesicle pools (Leal-Ortiz
et al., 2008; Mukherjee et al., 2010; Waites et al., 2011). Bassoon
regulates AZ structure, synaptic vesicle clustering/docking, and
the localization of Ca 2� channels at ribbon synapses (Dick et al.,
2003; Frank et al., 2010; Hallermann et al., 2010). Recent studies,
including the double knockdown of Piccolo and Bassoon in cor-
tical neurons, suggest a role in regulating vesicle dynamics at
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central synapses as well (Hallermann et al., 2010; Mukherjee et
al., 2010). RIM proteins play key roles in regulating vesicle dock-
ing and priming and Ca 2� channel clustering at both inverte-
brate and vertebrate synapses (Koushika et al., 2001; Weimer et
al., 2006; Gracheva et al., 2008; Deng et al., 2011; Han et al., 2011;
Kaeser et al., 2011; Stigloher et al., 2011).

Here we describe the identification of a Piccolo-RIM-related
protein in invertebrates. Through genetic studies in Drosophila,
we demonstrate a critical role for the Drosophila homolog, Fife, in
determining the architecture and function of presynaptic termi-
nals. Expressed in neurons, Fife colocalizes with the CAZ protein
Bruchpilot at AZs. Flies lacking fife exhibit ultrastructural abnor-
malities at AZs and deficits in synaptic vesicle clustering. Evoked
neurotransmission is reduced to a third of wild-type levels at fife
neuromuscular junctions (NMJs) and motor function is signifi-
cantly impaired in the absence of fife.

Materials and Methods
Molecular characterization of fife. Genome annotations of the fife locus
predicted three candidate genes: CG12187, CG16976, and CG14950
(Tweedie et al., 2009). Reverse transcription (RT)-PCR of products span-
ning the junctions of the three candidate genes revealed that they are a
single transcriptional unit. Specifically, we purified wild-type RNA using
the RNeasy Mini Kit (Qiagen). Following DNase digestion, isolated RNA
was used to make cDNA with an Oligo(dT)20 primer (Invitrogen) and
SuperScript III Reverse Transcriptase (Invitrogen) according to the man-
ufacturer’s protocol. The resulting cDNA was used as a template for PCR
with primer pairs spanning CG12187 to CG16976, CG12187 to
CG14950, and CG16976 to CG14950. To determine the full-length se-
quence of fife, we used 5� and 3� RACE using RNA purified from flies at
multiple developmental stages. To generate first-strand cDNA tagged
with specific sequences at the 5� and 3� ends, we conducted RNA ligase-
mediated rapid amplification of 5� and 3� cDNA ends with the GeneR-
acer Kit (Invitrogen). Sequence analysis identified two previously
unknown 5� UTR exons and confirmed that CG12187, CG16976, and
CG14950 comprise a single gene. We also identified alternative isoforms
of fife that encode proteins lacking the C2B domain (Isoform 2) and both
C2 domains (Isoform 3). Note that since we conducted our analysis of the
fife locus, the Drosophila genome annotation has been independently
updated to reflect the link between the three candidate genes and the
locus has been renamed CG43395 (FB2012 04, released July 6, 2012)
(McQuilton et al., 2012).

Molecular phylogeny. Invertebrate Piccolo/Fife-related proteins were
identified through BLAST searches combined with genomic analysis to
identify synteny in the arrangement of CG12187-, CG16976-, and
CG14950-related genes. Functional domains were identified and delin-
eated using SMART and Pfam 25.0 (Schultz et al., 1998; Letunic et al.,
2012; Punta et al., 2012). We have so far not identified sequences related
to C2B-encoding CG14950 in Anopheles gambiae. The Tribolium casta-
neum CG16976-related sequence lacks a 23 aa conserved region of the
C2A domain raising the possibility that an additional exon may await
identification. We used T-Coffee to align sequences (Notredame, 2010).
Phylogeny was determined from aligned sequences with gaps removed
via maximum likelihood (PhyML), neighbor joining (BioNJ), and bayes-
ian inference (MRBayes) (Ronquist and Huelsenbeck, 2003; Zelwer and
Daubin, 2004; Guindon et al., 2005; Dereeper et al., 2008). Confidence
levels are based on 500 bootstrap replicates.

Fly stocks. The following lines were used: w1118 (wild-type), C155-Gal4
(Lin et al., 1994), and Df (3L) BSC412 (Bloomington Drosophila Stock
Center). All crosses were conducted at 25°C with 10 males and 10
females.

Generation of fife alleles. A line carrying a Minos element inserted 3� of
fife isoform 3 in a w1118 background, Mi{ET1}CG43375 MB10889, was gen-
erated by the Drosophila Gene Disruption Project and obtained from the
Bloomington Drosophila Stock Center (Bellen et al., 2011). We excised
the element as described except that the excision was performed with the
Minos element in trans to a fife deficiency chromosome (Metaxakis et al.,

2005). Imprecise excisions were identified and mapped by PCR and sub-
sequent sequence analysis. To assess transcripts in fifeex1027, we purified
RNA from adult heads of w1118 and fifeex1027 and generated cDNA as
described above. The resulting cDNA was used as a template for PCR
with primers corresponding to fife exons 3 and 14, which flank the
genomic excision event, and products sequenced. A primer pair for
�-tubulin was included in these reactions to serve as a loading control.

Transgenic flies. UAS-venus-fife flies were generated through Gateway
cloning (Invitrogen) of the fife isoform 1 coding sequence into the pBI-
UASC-VG vector (Wang et al., 2012) and PhiC31 integration into the
attP2 site.

In situ hybridization and immunohistochemistry. RNA in situ hybrid-
ization was performed as described in Lehmann and Tautz (1994). NMJ
dissections and antibody stains were performed as previously described
(O’Connor-Giles et al., 2008). We used the following antibodies: chicken
anti-GFP at 1:500 (Abcam #13790), mouse anti-Bruchpilot at 1:100
(NC82; generated by Erich Buchner and available through the Develop-
mental Hybridoma Studies Bank), and rabbit anti-GluRIIC at 1:2500
(Marrus et al., 2004). Species-specific Alexa 488 and Alexa 568 secondary
antibodies (Invitrogen) were used at 1:500. Anti-horseradish peroxidase
(HRP)-conjugated to Cy3 or Alexa Fluor 647 was used at 1:500 and 1:100,
respectively (Jackson ImmunoResearch).

Confocal imaging and analysis. Confocal images were obtained on a
Zeiss LSM510 and processed in the Fiji distribution of ImageJ (Schin-
delin et al., 2012). Overall brightness and/or contrast were adjusted in
Photoshop. For morphological analysis, dissections were triple la-
beled for Brp, GluRIIC, and HRP and all genotypes were stained in the
same dish. All genotypes for an individual experiment were imaged
with identical settings. A total of 8 –9 NMJs from at least six animals
were compared for each genotype. Data are presented as the mean �
SEM of three independent experiments. For consistency, analysis was
limited to NMJ 4 in segment A3. To determine AZ/PSD area and
intensity, nonsynaptic structures including axons were removed from
the images using freehand selection and fill. Channels were separated
and a threshold was applied to remove irrelevant lower intensity pix-
els. Separation of individual AZs and PSDs was facilitated by the Find
Maxima tool in Fiji. Intensity and area data were collected using the
Analyze Particles tool. Results were exported to Excel for analysis.
HRP intensity and area were analyzed similarly except that no seg-
mentation was performed.

Electron microscopy and analysis. Third-instar larvae were dissected
and fixed overnight in 2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer at 4°C. Samples were then washed in
sodium cacodylate and postfixed in 2% osmium tetroxide for 1 h at room
temperature. Following ethanol dehydration, samples were infiltrated
and flat embedded in Epon resin. Trimmed blocks were sectioned on a
Leica EM UC6 ultramicrotome. Ultrathin (gray-silver) sections were col-
lected on pioloform-coated copper slot grids and stained with uranyl
acetate and Reynold’s lead citrate. Images were collected on either a
Phillips CM120 or JEOL 100 CX transmission electron microscope. To
quantify mean vesicle density, total synaptic vesicles were counted in a
central cross section and bouton area was measured in Fiji. The AZ was
defined as the length of presynaptic membrane in close opposition to a
PSD. Total AZ length was measured summing the lengths of five line
segments tracing the curved presynaptic membrane. The distance of each
synaptic vesicle to the closest point on any of the five line segments was
measured, and vesicles within 200 nm were counted. Floating T-bars and
ruffling of the presynaptic membrane were scored only when observable
in at least two consecutive sections.

Electrophysiology. Third-instar larvae were dissected in Ca 2�-free
HL-3 saline (70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 115
mM sucrose, 5 mM trehalose, 5 mM HEPES, pH 7.2). For recordings,
dissections were bathed in HL-3 containing 0.5 mM Ca 2�. Using glass
microelectrodes filled with 3 M KCl, recordings of spontaneous miniature
excitatory junction potentials (mEJPs) and evoked potentials were ob-
tained from muscle six of the third abdominal segment. For each cell, 60
consecutive mEJPs were collected with pClamp (Molecular Devices) and
analyzed using MiniAnalysis (Synaptosoft). mEJPs with slow rise times
were excluded from the analysis as background from neighboring mus-
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cles. mEJPs were then averaged to obtain mean amplitude and frequency.
EJPs were evoked by suctioning the cut end of the appropriate segmental
nerve into a stimulating electrode filled with bath solution and applying
stimulus at half-second intervals. For each cell, stimulus amplitude was
adjusted so that both the 1s and 1b nerve inputs were recorded, and EJPs
were analyzed in pClamp to determine mean EJP amplitude. All cells
measured had a mean resting potential between �60 and �80 mV and
input resistance �5 M�. At least six animals were analyzed for each
genotype.

Behavioral assays. Locomotion was assessed 24 – 48 h after eclosion.
Single flies with clipped wings were placed in a Petri dish marked with a
2 cm 2 grid and allowed to acclimate for 30 s. The fly was then tapped to
the center of the dish and allowed to walk freely for 30 s while the number
of line crosses was recorded. This analysis was repeated three times for
each fly and averaged (Wagh et al., 2006). Ten flies per genotype were
assessed.

Statistical analyses. Single comparisons were conducted by Stu-
dent’s t test with Welch’s correction where appropriate. For multiple
comparisons, we performed ANOVA followed by post hoc tests with
Bonferroni correction to maintain an experimentwise significance
level of 0.05. We report the significance levels at the corresponding
experimentwise levels of �0.05, �0.01, �0.001, or less than 0.0001 by
one, two, three and four stars, respectively. Significance levels refer to
the comparison of the indicated genotype to wild-type, except in the
case of rescue, which reflects the comparison to fifeex1027/Df. Error
bars indicate SEM.

Results
Identification of invertebrate Piccolo-related proteins
As part of an effort to analyze the role of Drosophila PDZ domain
proteins at synapses, we noted a previously uncharacterized Dro-
sophila candidate gene that encodes a protein with sequence sim-
ilarity to the ZF and PDZ domains of Piccolo, previously thought
to be present only in vertebrates (CG12187; Fig. 1A,B). The Dro-
sophila CG12187 PDZ domain shares 43% identity and 64% sim-
ilarity with the human Piccolo PDZ domain (Table 1). Given the
significant similarity, we explored the possibility that piccolo was
not absent from the Drosophila genome, but rather overlooked
due to misannotation. Consistent with this possibility, we iden-
tified two downstream candidate genes predicted to encode pro-
teins with sequence similarity to the C-terminal C2A and C2B
domains of Piccolo-RIM proteins (CG16976 and CG14950; Fig.
1B). Through RT-PCR and 5�- and 3�-RACE, we determined that
the three annotated genes are in fact a single transcript that en-
codes a full-length protein with significant similarity to both Pic-
colo and RIM proteins (Fig. 1C,D; Table 1). We identified two
additional isoforms including isoform 2, which lacks only the
C2B domain and corresponds to the most prevalent isoform of
vertebrate Piccolo (Wang et al., 1999) (Fig. 1 C,D). However, our
comprehensive computational and molecular investigations of
the locus have not identified any coding sequence corresponding

Figure 1. Molecular identification of a piccolo-rim-related gene in Drosophila. A, PDZ domain of Fife/Piccolo (top) and RIM (bottom) family proteins are aligned to illustrate conservation among
the families. Highlighted regions indicate identity between the Drosophila protein and vertebrate Piccolo (green) or RIM (blue). (Am), A. mellifera; (Dm), Drosophila melanogaster; (Hs), Homo sapiens;
(Mm), Mus musculus. B, Full-length fife comprises 17 exons corresponding to a predicted open reading frame previously annotated as three separate candidate genes CG12187, CG16976, and
CG14950. Two 5� UTR exons, located 10 and 20 kb upstream, are not depicted. fifeex1027 was generated by excision of the Minos element Mi{ET1}CG43375 MB10889. The location of the 16.5 deletion
is indicated (black bar). C, fife encodes three transcripts. Exons are numbered above isoform 1. D, Full-length Fife (Isoform 1) has four conserved functional domains: ZF (orange), PDZ (blue), C2A
(green), and C2B (green). Alternative isoforms lack either the C2B domain (Isoform 2) or both C2 domains (Isoform 3). E, Real-time PCR products from amplification of exons 3–14 in wild type (WT)
and fifeex1027. Primer locations are indicated by small arrows in C. A full-length fife product of 2130 bp is amplified from wild-type, but not fifeex1027, cDNA. Conversely, a 240 bp band representing
an aberrant splicing event between exons 3 and 13 is present in fifeex1027 but not in wild type. �-tubulin was also amplified in these reactions as a loading control. B is modified from FlyBase
(McQuilton et al., 2012).
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to the large CC-containing region of Piccolo. These findings are
supported by genome-wide RNA-Seq data, so we believe we have
identified the full coding sequence and conclude that the Dro-
sophila genome encodes a Piccolo-RIM-related protein lacking
Piccolo’s CC domains, but sharing the ZF, PDZ, C2A, and C2B
functional domains that uniquely define Piccolo-RIM proteins
(Drysdale, 2008; Celniker et al., 2009).

We next sought to identify the novel piccolo-RIM-related gene
in other invertebrates. In addition to a single previously identified
RIM ortholog, UNC-10, the Caenorhabditis elegans and C. brigg-
sae genomes each encode uncharacterized Piccolo-related pro-
teins that contain a PDZ domain and a single C2 domain
(F45E4.3 and CBG05923, respectively). Homologs with a similar
size and genomic organization are also found in members of
other nematode genera, including Pristionchus pacificus and He-
monchus contortus (J. Rand, personal communication). Turning
to insects, we looked for related sequences in the mosquito A.
gambiae, which diverged from Drosophila 250 million years ago,
the honeybee Apis mellifera and the beetle Tribolium castaneum,
both of which are �300 million years diverged from Drosophila.
With the exception of Anopheles, in which we did not identify the
C2B-encoding CG14950-related gene, the full-length CG12187/
CG16976/CG14950-related gene is conserved (Fig. 2A,B). Thus
piccolo-RIM-related genes are broadly conserved in invertebrate
genomes.

Piccolo, RIM1, and RIM2 exhibit significant sequence simi-
larity in their common functional domains, but their overall
structure differs due to the presence of a second ZF and large
CC-containing region in Piccolo (Fig. 2B). This results in a sub-

stantial size difference between Piccolo and RIM proteins: the
largest human Piccolo isoform contains �5000 aa, while full-
length human RIM proteins comprise 1350 —1700 aa. Lacking
the second ZF and CC regions of vertebrate Piccolo, CG12187/
CG16976/CG14950 encodes a 1300 aa protein more similar in
size to vertebrate RIM proteins (Fig. 2B). However, outside of the
conserved domains RIM proteins themselves vary significantly in
size. For example, at nearly 3000 aa, Drosophila RIM is approxi-
mately twice the size of human RIM proteins. Thus, interdomain
sequences have diverged significantly. Nonetheless, the structural
considerations together with the significant homology CG12187/
CG16976/CG14950 exhibits with both Piccolo and RIM proteins
raise the question of whether the newly identified protein more
likely represents a second invertebrate RIM or a Piccolo ortholog.

To investigate these evolutionary alternatives, we conducted a
molecular phylogenetic analysis. Using sequences from represen-
tative vertebrates and invertebrates, we aligned synthetic proteins
constructed via concatemerization of the conserved ZF/PDZ/
C2A/C2B domains (T-Coffee) (Notredame, 2010). We then em-
ployed maximum likelihood (PhyML), neighbor joining (BioNJ)
and Bayesian inference (MRBayes) approaches to construct phy-
logenetic trees using the PDZ-domain-containing Dishevelled
family of proteins as the outgroup, with the three approaches
yielding the same results (Ronquist and Huelsenbeck, 2003; Zel-
wer and Daubin, 2004; Guindon et al., 2005; Dereeper et al.,
2008). This analysis places the novel proteins in the same clade as
Piccolo with bootstrap support of 78%. Bootstrap values are a
conservative estimate of accuracy, and empirical tests indicate
that bootstrap values above 70% are usually accurate with �95%

Table 1. Identity and similarity of Fife to human Piccolo and RIM proteins

Hs Piccolo Hs RIM1 Hs RIM2 Dm Fife

PDZ C2A C2B PDZ C2A C2B PDZ C2A C2B PDZ C2A C2B

Dm Fife
Identity 43 25 31 39 34 30 41 34 35 100 100 100
Similarity 64 51 52 57 50 55 55 50 54 100 100 100

Dm RIM
Identity 35 39 33 57 53 65 53 53 66 40 33 32
Similarity 58 56 54 77 69 79 70 70 79 54 51 49

Numbers indicate the percentage of identical (top) and similar (bottom) amino acid residues from alignments of the PDZ, C2A, and C2B domains of Fife, Piccolo, and RIM proteins. (Dm), Drosophila melanogaster; (Hs), Homo sapiens.

Figure 2. Fife may encode an invertebrate Piccolo ortholog. A, Gene order of the three annotated genes that comprise fife is conserved in A. mellifera and conceptual translation of the three genes
produces a protein comprising ZF, PDZ, C2A, and C2B domains. B, Domain structures of related Fife, Piccolo, Bassoon (Bsn), and RIM proteins in insects and humans drawn to scale. ZF (orange), PDZ
(blue), CC (purple), C2 (green), �-helix (AH; brown), and glutamine-rich (QD, yellow) domains are represented. Interdomain homology regions, which are conserved in RIM family proteins but not
found in Fife or Piccolo, are indicated in dark gray. C, Circle tree indicating the most likely evolutionary relationships of insect and vertebrate Piccolo, RIM, and Fife proteins. Phylogeny was determined
by maximum likelihood from alignments of the well conserved PDZ domains of each protein. The PDZ domains of the Dishevelled protein family were used as an outgroup. Confidence was assessed
by the bootstrapping method with 500 replications. Branches with � 50% support are shown. (Am), A. mellifera; (Dm), D. melanogaster; (Hs), H. sapiens; (Gg), Gallus gallus; (Mm), M. musculus; (Xt),
Xenopus tropicalis. A is from BeeBase (Munoz-Torres et al., 2011).

Bruckner, Gratz et al. • Synaptic Function of Piccolo-RIM-Related Fife J. Neurosci., November 28, 2012 • 32(48):17048 –17058 • 17051



confidence (Hillis et al., 1993). For estimating phylogeny, the
most conserved sequences yield the best alignments and most
accurate trees. Because the individual conserved domains have
different levels of similarity to vertebrate Piccolo-RIM proteins,
we also constructed phylogenetic trees from separate alignments
of the PDZ, C2A, and C2B domains with the Dishevelled PDZ
domain, Synaptotagmin I C2A, or Synaptotagmin I C2B do-
mains, respectively, as outgroups. Trees generated from align-
ment of the well-conserved PDZ domains place the newly
identified proteins in the same clade as Piccolo with robust boot-
strap support of 89% (Fig. 2C). Trees based on alignments of the
less conserved C2 domains place the novel proteins closer to RIM
proteins (C2A), or in the Piccolo clade with lower bootstrap sup-
port of 59% (C2B). Taken together, these results are most con-
sistent with the model that the divergence of the Piccolo and RIM
gene families is ancestral to the divergence of vertebrates and
invertebrates, and that CG12187/CG16976/CG14950 is the Dro-
sophila ortholog of vertebrate Piccolo. While these analyses leave
open the possibility of more complex models, this model is con-
sistent with the previous identification of DRIM as the sole Dro-
sophila RIM ortholog and the conclusion that RIM1 and RIM2
arose from a later duplication in vertebrates (Wang and Südhof,
2003). Finally, an investigation of conserved sequences outside of
the ZF/PDZ/C2A/C2B domains leads to a similar conclusion: (1)
Piccolo and CG12187/CG16976/CG14950 contain glutamine-
rich N-terminal sequences not found in RIM proteins; (2)
CG12187/CG16976/CG14950 does not contain the N-terminal
�-helix, which mediates Rab3-binding and is conserved in inver-
tebrate and vertebrate RIM proteins; and (3) CG12187/
CG16976/CG14950 lacks the conserved SH3-binding domain
that mediates binding between RIMs and RIM-Binding Proteins
(Fig. 2B). While a final determination of evolutionary and func-
tional orthology awaits further study, we have named CG12187/

CG16976/CG14950 fife to reflect its homology to Piccolo-RIM
proteins and its smaller size relative to Piccolo.

Fife is an AZ protein
Only a small number of proteins localize to the CAZ. To deter-
mine if Fife is among these, we monitored cellular expression and
subcellular localization during development. Through in situ hy-
bridization we determined that fife is broadly expressed in the
CNS, with expression initiating in embryonic postmitotic neu-
rons at approximately stage 15 and continuing through embryo-
genesis (Fig. 3A). Attempts to raise antibodies against Fife for
assessing protein localization have been unsuccessful, so to deter-
mine the subcellular localization of Fife, we generated UAS-
venus-fife transgenic flies. Neuronal expression of Venus-Fife
rescues behavioral deficits in fife mutants indicating that the
tagged protein localizes to the site of endogenous Fife function in
neurons (see Fig. 8F, p � 0.001). At the larval NMJ, Venus-Fife
overlaps significantly with Bruchpilot, an integral component of
electron-dense cytoplasmic projections, called T-bars, that clus-
ter synaptic vesicles at NMJ AZs (Fig. 3B). We observe similar
results using the smaller Flag tag (data not shown). Thus, Fife, like
its vertebrate counterparts, is a CAZ protein. This places Fife in
the company of a small number of AZ-localized scaffolding pro-
teins that mediate the organization and function of synapses and
suggests Fife may play an important role in these processes.

Synapse assembly is not significantly impaired in fife mutants
To study the in vivo function of Fife, we generated loss-of-
function alleles by screening for imprecise excisions of a Minos
element inserted in the fife locus (Fig. 1B). We identified a 16.5 kb
deletion, fifeex1027, which removes all but the first 11 aa of Fife
isoform 3 and the splice donor site for isoforms 1 and 2 (Fig. 1B,
black bar, E). Based on the extent of the deletion, fifeex1027 is likely

Figure 3. Fife is an active zone protein. A, In situ hybridization detects fife RNA in postmitotic neurons of stage 17 embryos. B, Single optical section (0.1 �m) of C155-Gal4/Y; UAS-Venus-fife/�
NMJ boutons colabeled with antibodies to GFP and Bruchpilot. Scale bar, 5 �m.

Figure 4. Synaptic growth is not altered in the absence of Fife. A–D, Confocal z-projections of NMJ 6/7 (A, C) and NMJ 4 (B, D) colabeled with antibodies to Bruchpilot and HRP in wild-type (WT)
(A, B) and fifeex/Df (fifeex1027/Df (3L) BSC412) (C, D) larvae. E, Quantification of the area of HRP signal at NMJ 4 of segment A3 shows no significant difference between wild type (n 	 14 NMJs) and
fifeex/ex (n 	 19 NMJs) or fifeex/Df (n 	 17 NMJs). Scale bars, 10 �m.
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a strong hypomorph or null allele. To test this, we compared the
fifeex1027 homozygous phenotype to its phenotype over a chromo-
somal deficiency (Df (3L) BSC412, which removes fife and four other
genes) in morphological, functional, and behavioral assays. These phe-
notypesarenotenhancedover thedeficiency(Figs.4,5,8;p�0.05 inall
cases); thus, fifeex1027 behaves as a genetic null.

While our genetic analysis demonstrates that Fife function is
lost in fifeex1027, the nature of the deletion leaves open the possi-
bility that the C2A- and C2B-encoding exons may be expressed.
We performed RT-PCR to assess this possibility and found that
exons encoding both C2 domains are in fact transcribed. Two
models could explain this result: (1) our analysis missed a C2A/
C2B-only isoform of fife with a start site outside of the deleted
region or (2) by bringing exons 3 and 13 in close proximity, the
genomic deletion results in the generation of an ectopic isoform.
While we did not find evidence to support the first model, either
in our experimental analysis of the locus or in RNA-Seq data
(Drysdale, 2008; Celniker et al., 2009), our RT-PCR results con-

firm the second model (Fig. 1E). In wild-
type, RT-PCR with primers designed to
amplify exons 3–14, which flank the
genomic deletion in fifeex1027, yields a 2130
bp product corresponding to full-length
fife isoforms. The same reaction in
fifeex1027 fails to amplify the wild-type
product, confirming the absence of en-
dogenous fife isoforms, but instead yields
a 240 bp product. Sequence analysis dem-
onstrates that this product is the result of
an ectopic splice event between exons 3
and 13. This ectopic splice event is frame
conserving and appears to generate stable
RNA. Because the 5� UTR and start site of
endogenous fife are preserved, the ectopic
splice isoform could be translated into a
truncated protein containing only the
C2A and C2B domains. Interestingly, the
fact that fifeex1027 is a genetic null indicates
that any truncated protein produced is
nonfunctional, possibly for failing to lo-
calize or fold properly.

As a first step toward understanding
the in vivo role of Fife, we assessed synap-
tic growth in fife mutants. NMJs of third-
instar larvae were labeled with HRP,
which stains all neuronal membranes, and
total synaptic area determined (Fig. 4).
We observed no difference in synaptic
area between wild-type and fife mutant
larvae (wild type: 243.8 �m 2 vs fifeex1027/
Df: 232.3 �m 2; p � 0.05). Thus, overall
synaptic growth proceeds normally in the
absence of Fife, indicating that Fife ei-
ther acts redundantly with other CAZ
proteins to coordinate synaptic growth
or has distinct functions downstream of
the initial formation of synaptic con-
nections.

As a scaffolding protein present at AZs,
Fife is well situated to participate in the
assembly of presynaptic terminals during
synapse development. To assess the as-
sembly of AZs in the absence of Fife, we

labeled wild-type and fife mutant NMJs with antibodies to the
CAZ protein Bruchpilot. Bruchpilot is a late-arriving molecular
component of AZs whose localization depends on other CAZ
proteins and thus a good readout of AZ assembly (Fouquet et al.,
2009; Graf et al., 2009; Owald et al., 2010). We measured AZ
number by counting Bruchpilot puncta and found no significant
difference between wild-type and fife mutants (Fig. 5A–C; wild
type: 278 � 8 AZs/NMJ vs fifeex1027/Df: 338 � 16; p � 0.05). To
assess the molecular composition of fife AZs, we measured
Bruchpilot intensity relative to HRP levels at wild-type and fife
AZs. While we noted a tendency toward lower Bruchpilot levels,
no significant difference was observed (Fig. 5A,B,D; wild type:
0.62 � 0.05 a.u. vs fifeex1027/Df: 0.46 � 0.09 a.u.; p � 0.05). Thus,
as assessed by the accumulation of Bruchpilot at the level of light
microscopy, we find that the assembly of presynaptic terminals is
not significantly impaired in fife mutants.

A critical aspect of synapse formation is the accumulation of
PSD proteins in direct apposition to AZs to facilitate the rapid

Figure 5. Synapse assembly is grossly normal in fife mutants. A, B, Confocal z-projections of boutons colabeled with antibodies
to GluRIIC and Bruchpilot at wild-type (WT) (A) and fifeex/Df (fifeex1027/Df (3L) BSC412) (B) NMJs. Mild disruptions of AZ architecture
observed at fifeex/Df NMJs include unapposed GluRIIC fields (arrows), unapposed Bruchpilot puncta (filled arrowhead), and failure
of 1:1 apposition of GluRIIC and Bruchpilot clusters (open arrowhead). C, The number of Bruchpilot puncta does not differ between
wild-type (n 	 8) and fifeex/ex (n 	 9) or fifeex/Df (n 	 9) NMJs. D, The intensity of Bruchpilot puncta normalized to HRP is not
significantly different at wild-type (n 	 2224) and fifeex/ex (n 	 2609) or fifeex/Df (n 	 3041) AZs. E, The number of GluRIIC puncta
is not altered between wild-type (n	8) and fifeex/ex (n	9) or fifeex/Df (n	9) NMJs. F, The intensity of GluRIIC puncta normalized
to HRP is not significantly different at wild-type (n 	 2132) and fifeex/ex (n 	 2315) or fifeex/Df (n 	 2634) AZs. Scale bars, 5 �m.
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transfer of information. At the Drosophila
NMJ, glutamate receptors (GluRs) com-
prising four heteromeric subunits cluster
at PSDs. By colabeling NMJs for Bruchpi-
lot and GluRIIC, an obligate GluR subunit
also known as GluRIII, we found that this
process is grossly normal in fife mutants
(Fig. 5A,B). However, we do observe
some disorganization, including unap-
posed PSDs (Fig. 5B, arrow), unapposed
AZs (filled arrowhead), and a failure of 1:1
apposition between AZs and PSDs (open
arrowhead). It is notable that these mild
abnormalities are diverse, which may ex-
plain the failure to identify significant dif-
ferences by any single measure.

To assess PSD development, we exam-
ined the number and relative intensity of
GluRIIC puncta and, as with AZ number,
observed no significant difference be-
tween wild-type and fife mutant synapses.
Wild-type NMJs contain 267 � 9 PSDs,
while fifeex1027/Df NMJs have 293 � 10
(Fig. 5E; p � 0.05). We again observe an
insignificant tendency toward reduced re-
ceptor levels; however, the intensity of
GluRIIC at fife PSDs is not significantly
different than at wild-type PSDs (wild
type: 0.62 � 0.06 a.u. vs fifeex1027/Df:
0.43 � 0.08 a.u.; p � 0.05), indicating that
receptor clusters are able to accumulate in
the absence of Fife (Fig. 5A,B,F) Together
our morphological data indicate that, at
the level of resolution afforded by light
microscopy, synapse assembly is not sig-
nificantly impaired in the absence of Fife
and hint at more subtle deficits below the
resolution of these assays.

Fife regulates AZ architecture
Because the size of critical AZ compo-
nents falls well below the 200 nm resolu-
tion limit of light microscopy, we turned
to electron microscopy to investigate
synaptic architecture in greater detail.
Consistent with our light-level analysis,
average AZ length is normal in fife mu-
tants (483 nm � 29.1 nm in wild-type vs
490 nm � 35.1 nm in fife mutants; p �
0.05). However, we immediately noticed multiple abnormalities
at fife AZs. First, we occasionally observe nonmembrane-
associated electron-dense structures of variable morphology that
are capable of clustering synaptic vesicles away from AZs (Fig.
6A–C,E–G; wild type: 0%, n 	 20 vs fifeex1027/Df: 12.1%, n 	 33).
Second, at nearly all fife AZs we observe detachments of the pre-
synaptic membrane, or membrane ruffling (Fig. 6D,H; wild-
type: 0%, n 	 13 vs fifeex1027/Df: 91.7%, n 	 12). On average fife
AZs with membrane defects are ruffled along 44% of their length
(44.1 � 5.3%, n 	 11), indicating severely compromised AZs in which
large portions of the synaptic membrane are disrupted. Together, these
findings reveal a critical role for Fife in determining the precise architec-
ture of AZs.

Fife promotes synaptic vesicle clustering
A fundamental property of presynaptic organization and synap-
tic function is the clustering of synaptic vesicles in close proximity
to the presynaptic membrane and, in many cases, at electron
densities that extend from the membrane into the cytoplasm.
CAZ proteins are critical regulators of this process, so we exam-
ined a possible role for Fife in the organization of synaptic vesicle
pools by quantifying vesicles within 200 nm of the plasma mem-
brane at wild-type and fife mutant AZs. We found a decrease of
�20% in vesicle number at fife AZs (Fig. 7; wild type: 40.4 � 2.9
synaptic vesicles vs fifeex1027/Df: 31.8 � 1.9; p � 0.02). In contrast,
total vesicle density is not significantly altered in fife boutons
(wild type: 152.9 � 10.34 vesicles/�m 2 vs fifeex1027/Df: 187.7 �

Figure 6. Fife is required for normal active zone architecture. A–D�, Representative transmission electron micrographs of serial
sections of wild-type (A, A�) and fifeex/Df (fifeex1027/Df (3L) BSC412) (B–D�) synapses. A, A�, Two serial sections of a wild-type
synapse reveal a platform-shaped electron-dense projection (T-bar) that clusters synaptic vesicles at the presynaptic membrane.
Tight apposition of the presynaptic and postsynaptic membranes is maintained across the length of synapse. B, B�, Two serial
sections of a fifeex/Df synapse reveal an ectopic, electron-dense structure distant from the presynaptic membrane. This T-bar-like
malformation still maintains local clustering of synaptic vesicles. C, C�, A second example of an ectopic electron density in two serial
sections of a fifeex/Df synapse. D, D�, Two serial sections of a typical fifeex/Df synapse demonstrate loss of the close apposition of
presynaptic and postsynaptic membranes in fife mutants (arrowhead). E–H, Schematic representations of the AZs and ectopic
densities depicted in A–D� including synaptic vesicles (light gray circles), T-bars (dark gray structures), calcium channels (gray),
and postsynaptic receptors (black). Scale bars, 200 nm.

17054 • J. Neurosci., November 28, 2012 • 32(48):17048 –17058 Bruckner, Gratz et al. • Synaptic Function of Piccolo-RIM-Related Fife



15.92; p � 0.05). Thus, in addition to its role in regulating synapse
architecture, Fife promotes synaptic vesicle clustering at AZs.

Neurotransmitter release is severely reduced in fife mutants
The abnormalities in synaptic architecture and vesicle clustering
observed at fife NMJs suggest neurotransmission may be im-
paired in the absence of fife. To assess the role of Fife in synaptic
transmission, we measured spontaneous and evoked synaptic po-
tentials through intracellular recordings at fife NMJs, and ob-
served significant deficits in exocytosis (Fig. 8A–E). mEJP
frequency and amplitude are not significantly affected by loss of
fife (wild type: 3.7 � 0.4 Hz vs fifeex1027/Df: 3.4 � 0.5 Hz; p � 0.05
and wild type: 1.07 � 0.06 mV vs fifeex1027/Df: 0.89 � 0.09 mV;
p � 0.05, respectively). However, evoked EJPs are decreased by
�65% (Fig. 8A,B,D; wild type: 27.4 � 1.6 mV vs fifeex1027/Df:
9.2 � 1.5 mV; p � 0.0001). Decreased evoked potentials were
rescued by neuronal expression of full-length fife (Fig. 8C,D)
indicating a presynaptic role for Fife consistent with its cellular
and subcellular expression (Rescue: 20.6 � 1.7 mV vs fifeex1027/
Df: 9.2 � 1.5 mV; p � 0.001). We calculated quantal content (EJP
amplitude divided by mEJP amplitude) to estimate the number
of vesicles released per action potential and found a 60% decrease
at fife NMJs (Fig. 8E; wild-type: 27.0 � 2.0 vesicles vs fifeex1027/Df:
10.6 � 1.7 vesicles; p � 0.0001). Together, these results reveal a
critical requirement for Fife in evoked neurotransmitter release
consistent with the defects we observe in the organization of pre-
synaptic terminals of fife mutants.

Loss of Fife disrupts motor behavior
A 60% decrease in neurotransmitter release and severe ultra-
structural abnormalities would be expected to have behavioral
consequences for the fly. Indeed, fife mutant flies have multi-
ple behavioral deficits. Homozygous fife ex1027 and fifeex1027/Df
females produce, but fail to lay, eggs. This may reflect deficits
in neurotransmission at motoneurons or a disruption of the
complex circuitry that links mating to egg laying upstream of
motor function. fife mutants also exhibit locomotor defects,
moving only half as much as wild-type flies (Fig. 8F). In line-
crossing assays, we find that wild-type flies cross an average of
17.6 � 2.5 lines per 30 s trial, while fifeex1027/Df flies only cross
9.1 � 0.6 lines (p � 0.05). Neuronal expression of fife fully res-
cues the locomotion deficit (C155-Gal4�UAS-fife: 19.5 � 2.3
line crosses/trial; p � 0.01). Thus, Fife functions at presynaptic
terminals to organize AZs, support evoked neurotransmitter
release, and generate normal motor behavior.

Discussion
The CAZ is a conserved molecular ma-
chine responsible for coordinating the
structure and function of presynaptic
terminals. With the notable exceptions
of Piccolo and Bassoon, representatives
of all major vertebrate CAZ protein
families have been found in inverte-
brates. Here we present the identifi-
cation of a previously overlooked
invertebrate Piccolo-RIM homolog. We
uncover a requirement for the Drosoph-
ila homolog, Fife, in locomotor behav-
ior and neurotransmitter release, and
define a role for Fife in AZ organization
and synaptic vesicle clustering at the
NMJ.

Conservation of the CAZ
Is Fife a Piccolo ortholog or a second RIM ortholog? Our
phylogenetic analyses support the former model. However,
Fife, which exhibits significant sequence homology to both
Piccolo and RIM proteins, is structurally more similar to
RIMs. Because molecular phylogenetic approaches rely on
conserved sequences, the nonconserved CC regions are not
considered in these analyses. Determining orthology based on
function is likely to prove similarly complicated in this case
because CAZ proteins share many physical interactions and
often function redundantly in carrying out core CAZ func-
tions. Future studies of protein–protein interactions may
prove informative. Previous work in yeast has demonstrated
that combining sequence-level analysis with protein–protein
interaction data improves the ability to identify functional
orthologs (Bandyopadhyay et al., 2006). While RIMs and Pic-
colo have many binding partners in common, they also have
unique associations (Schoch and Gundelfinger, 2006). Deter-
mining which Piccolo/RIM associations are conserved in Fife
will be an important step toward understanding the conserva-
tion of CAZ function in general and Fife function specifically.

As noted, our molecular and computational searches in Dro-
sophila have not identified sequences that encode the large CC
domain-containing region of Piccolo, either at the fife locus or
elsewhere in the genome, suggesting that this sequence is specific
to vertebrates or was lost in the insect lineage. Interestingly, while
insect Fife proteins may have lost their CC domains, the opposite
is true of the Drosophila CAST homolog Bruchpilot, which colo-
calizes with Fife at AZs and has a much larger CC-containing
region than its vertebrate counterparts (Wagh et al., 2006). These
observations raise the intriguing possibility that the expansion of
Bruchpilot’s CC regions may have reduced selective pressure to
maintain these regions in Fife, and that evolutionary conserva-
tion may be found at the level of the intertwined complex of CAZ
proteins as well as at the level of individual proteins.

The CC domains of Piccolo mediate physical interactions with
CAZ proteins CAST and UNC-13. However, it is interesting to
note that both of these physical interactions are maintained in
RIM proteins despite the lack of CC domains as RIM binds CAST
through its PDZ domain and UNC-13 through its ZF domain
(Wang et al., 2009). Future studies will be important for deter-
mining if physical interactions mediated by the CC domains of
vertebrate Piccolo are performed by other domains in Fife or by
other CAZ proteins such as Bruchpilot.

Figure 7. Fife promotes synaptic vesicle clustering. A, B, Representative transmission electron micrographs of wild-type (WT)
(A) and fifeex/Df (fifeex1027/Df (3L) BSC412) (B) synapses. C, Quantification of the number of synaptic vesicles clustered at AZs reveals
a significant reduction in the number of vesicles within 200 nm of the AZ in fifeex/Df (n 	 25 AZs) compared with wild type (n 	 23
AZs). *p � 0.02. Scale bar, 200 nm.
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The CC domain-containing region of Piccolo gives the pro-
tein its large size. If Piccolo’s 5100 aa were arranged in an ex-
tended �-helical conformation it could in principle span 750 nm
(Limbach et al., 2011). It has long been speculated that this po-
tential, also present in Bassoon, has important implications for
Piccolo-Bassoon function. However, in a recent immunoelectron
microscopy study, Limbach et al. (2011) determined the localiza-
tion of 11 Piccolo epitopes spanning the length of the protein to
understand its spatial organization at AZs. They determined that
Piccolo adopts a compact conformation with its N terminus lo-
calizing near-dense projections �75 nm from the plasma mem-
brane and its C terminus localizing within 30 – 40 nm of the
plasma membrane in close proximity to binding partners RIM
and UNC-13. This finding is supported by a study employing
stochastic optical reconstruction microscopy, and argues that the
functions of Piccolo are not dependent upon its large size but
rather, like RIMs, on its many interactions with other AZ pro-
teins—a role that is likely maintained in Fife (Dani et al., 2010).

CAZ regulation of synaptic architecture and function
To investigate Fife function at Drosophila synapses, we generated
deletion alleles. Here we have focused on fifeex1027, a deletion
mutant that behaves as a genetic null in that its phenotype over a
chromosomal deficiency mirrors its homozygous phenotype in
morphological, functional, and behavioral assays. We found that
loss of Fife results in a 50% reduction in locomotion and 60%

decrease in evoked neurotransmitter release. To uncover the un-
derlying cause of these deficits, we conducted a morphological
analysis of fife synapses that revealed crucial roles for Fife in the
regulation of AZ structure. Absolute number and gross morphol-
ogy of synapses is largely normal in fife mutants. This is consistent
with functional studies of Piccolo and RIM proteins demonstrat-
ing normal formation of synapses and the accumulation of wild-
type levels of synaptic proteins in their absence (Koushika et al.,
2001; Schoch et al., 2006; Leal-Ortiz et al., 2008; Mukherjee et al.,
2010). However, fife AZs often exhibit separations of presynaptic
and postsynaptic membranes as revealed by ruffling of the pre-
synaptic membrane in electron micrographs. As we observe this
defect along much of the length of affected AZs, it likely disrupts
presynaptic release sites and thus contributes to the deficit in
exocytosis observed at fife NMJs. This phenotype has previously
been linked to decreased cell adhesion, raising the possibility that
Fife might regulate the levels or localization of trans-synaptic cell
adhesion molecules at synapses (Banovic et al., 2010; Mosca et al.,
2012). Less frequently we observed floating electron densities, a
phenotype highly reminiscent of the floating ribbons observed at
bassoon mutant ribbon synapses in the vertebrate retina (Dick et
al., 2003). At ribbon synapses, electron dense ribbon-shaped
structures extend from the AZ membrane into the presynaptic
cytoplasm and, like T-bars, cluster synaptic vesicles (Zhai and
Bellen, 2004). In Drosophila, floating electron densities have also
been observed at low frequency in the absence of Rim-Binding

Figure 8. Neurotransmitter release is severely reduced in fife mutants. A–C, Representative traces of EJPs and mEJPs from wild-type (WT) (A) fifeex/Df ( fifeex1027/Df (3L) BSC412) (B), and Rescue
(C155-Gal4/Y; UAS-fife, Df (3L) BSC412/fifeex1027) (C) NMJs. Recordings were obtained from muscle 6 of abdominal segment 3 at 0.5 mM extracellular Ca 2�. D, Mean EJP amplitude is decreased
significantly in fifeex/ex, n 	 11 muscles and fifeex/Df (n 	 9 muscles) compared with wild type (n 	 19 muscles). EJP amplitude is rescued by neuronal fife expression (Rescue, n 	 9 muscles). E,
Mean quantal content is significantly reduced in fifeex/ex and fifeex/Df compared with wild type and rescued by neuronal fife expression (Rescue). F, Locomotion is severely impaired in both fifeex/ex

and fifeex/Df flies compared with wild-type flies. This motor deficit is rescued in both Rescue and Venus Rescue (C155-Gal4/Y; UAS-venus-fife, Df (3L) BSC412/fifeex1027) flies. *p � 0.05, **p � 0.01,
***p � 0.001, ****p � 0.0001.
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Protein, a CAZ-associated protein with an essential role in
neurotransmitter release (Liu et al., 2011). It will be important
to determine whether Fife functions with Rim-Binding Pro-
tein and/or other CAZ proteins to control the structural integ-
rity of AZs.

We also identified a role for Fife in clustering synaptic vesicles.
At fife synapses, 20% fewer synaptic vesicles reside within 200 nm
of the AZ membrane than at control synapses. In their study of
piccolo knock-out mice, Mukherjee et al. (2010) identified a sim-
ilar deficit in synaptic vesicle clustering at cortical synapses lack-
ing both Piccolo and Bassoon, as did a recent study of Bassoon
function at mouse hair cell ribbon synapses (Frank et al., 2010). It
will be of interest to determine if this deficit at fife AZs includes a
decrease in the number of docked (membrane-bound) vesicles as
has been observed in rim and bassoon mutants and in piccolo,
bassoon double knockdown neurons (Weimer et al., 2006; Frank
et al., 2010; Mukherjee et al., 2010). We quantified docked vesi-
cles in our electron microscopic samples, which were prepared by
conventional aldehyde fixation methods, and observed no signif-
icant difference between wild-type and fife mutants (our unpub-
lished data). However, recent studies in mice and C. elegans have
made it clear that aldehyde fixation masks vesicle-docking defects
(Siksou et al., 2007; Gundelfinger and Fejtová, 2009; Gracheva et
al., 2010). Thus, future studies employing high-pressure freeze
fixation methods will be required to determine whether Fife
functions in the docking of vesicles for rapid release.

The number and nature of vertebrate Piccolo/RIM-binding
partners hint at additional roles for Fife at AZs. However, it is
currently unknown if many of these vertebrate interactions are
biologically relevant. With the identification of a Piccolo-related
protein in invertebrates and the generation of fife alleles in Dro-
sophila, this question can now be readily addressed through dou-
ble mutant analysis. Studies of CAZ components in Drosophila
and C. elegans have been critical to our understanding of AZ
organization and function (Owald and Sigrist, 2009). This study
reveals greater conservation of CAZ proteins than previously be-
lieved and opens the door to a more complete understanding of
CAZ function through in vivo studies of this fundamental molec-
ular machine and its core components in an amenable genetic
model system.
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