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ABSTRACT

The stac genes encode a family of proteins with conserved CRD (cysteine-rich domain)
and SH3 (Src Holomogy 3) domains found throughout the animal kingdom. stacl and stac2 are
expressed by subsets of neurons, and stac3 by skeletal muscles in vertebrates. One process
regulated by a Stac protein is excitation-contraction (EC) in vertebrate skeletal muscles. EC
coupling is the process that transduces changes in muscle membrane potential to increases in
cytosolic Ca?* that initiate muscle contraction. EC coupling is mediated by the physical
interaction between the L-type voltage gated calcium channel (Cay channel), DHPR, in the
transverse tubules (T tubules) that serves as a voltage sensor and the ryanodine receptors (RyR)
in the sarcoplasmic reticulum (SR) that is the Ca?* release channel in vertebrate skeletal
muscles. Studies from the Kuwada lab demonstrated that Stac3 regulates EC coupling by
regulating the stability, organization and voltage dependency of L-type Cay channel in

vertebrate skeletal muscles.

The goal of this dissertation is to understand the function of stac genes expressed by
neurons, which was completely unknown. Towards this goal, we identified the stac gene in
Drosophila melanogaster (Dstac) in order to take advantage of its unparalleled
genetic/molecular toolbox and found that Dstac is expressed both by muscles and by specific
classes of neurons. We first investigated the muscle function of Dstac. During EC coupling of
invertebrate muscles, Ca%* influx via L-type Ca, channels activates RyR to release Ca?* from the

SR, a process called Ca?* induced Ca?* release (CICR). DmcalD is the sole Drosophila L-type Cay

XViii



channel and we found that DmcalD and Dstac were expressed in stripes within muscles.
Knocking down DmcalD or Dstac selectively in larval Drosophila body-wall muscles reduced
Ca?* transients that resulted from the influx of Ca?* through DmcalD channels and CICR during
locomotion. Furthermore, immunolabeling showed decreased DmcalD levels in Dstac mutant
muscles, showing that Dstac regulates L-type Cay channels as does Stac3 in vertebrate skeletal
muscles. These results suggest that muscle Dstac regulates DmcalD, which induces CICR for

proper EC coupling in Drosophila body-wall muscles.

In the Drosophila adult brain, we found that a set of clock neurons that releases the
neuropeptide, pigment dispersing factor (PDF), to regulate circadian rhythm expresses Dstac as
well as DmcalD. Interestingly, selective knockdown of Dstac in PDF neurons disrupted circadian
activity. This was the first neural function identified for a Stac protein. The results suggested the
hypothesis that Dstac might regulate the DmcalD L-type Cay channel and this in turn regulates
the release of PDF for normal circadian rhythm.

We found that Dstac is also expressed by a subset of neurons including motor neurons
in the larval CNS. We examined whether Dstac might regulate DmcalD and neuropeptide
release at the larval neuromuscular junction to take advantage of the accessibility of motor
boutons for cellular and physiological analysis. We found that Dstac, DmcalD and the proctolin
neuropeptide are expressed by motor boutons. Previously it was shown that proctolin
enhances muscle contractions in various insects including Drosophila. By a combination of
immunolabeling, Ca?* imaging, electrophysiology, live imaging of neuropeptide release and
behavioral analysis in genetically manipulated larvae we found that Dstac regulates the voltage

response of DmcalD channels and the release of neuropeptides from motor boutons to

XiX



regulate locomotion by larvae. Since Dstac is expressed by other neuropeptide containing
neurons, including the PDF+ clock neurons, in the CNS our results may be applicable to other
neurons in the Drosophila CNS. Furthermore the expression of Stacl and Stac2 in neurons in
the vertebrate nervous system opens the intriguing possibility that these Stac proteins may also

regulate the release of neuropeptides in at least some vertebrate neurons.
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CHAPTER 1. Introduction

1.1 Overview of voltage-gated calcium channels

Voltage-gated calcium channels (Cay channels) are gated by membrane depolarization
that leads to intracellular Ca?* increase. The elevation of cytosolic Ca?* initiates multiple
physiological events including gene transcription, peptide/hormone secretion, synaptic
transmission and muscle contraction (Nanou and Catterall, 2018). There are 3 families of Cay
channels: Ca1 (L-type), Cav2 (P/Q-, N- and R-type) and Ca,3 (T-type) (Nowycky et al., 1985). The
different types of Cay channels vary according to their activation curves: the T-type is low
voltage activated (LVA) channels and the other two family are high voltage activated (HVA)
channels. Many electrically excitable cells contain both LVA and HVA Ca, channels and in
Drosophila these include muscles and motor neurons (Gielow et al., 1995; Kostyuk et al., 1988;
Ryglewski et al., 2012; Tsien et al., 1988).

The 3 families of Cay channels can be distinguished by electrophysiological properties
that vary in voltage dependent activation, inactivation, and kinetics of currents (Fox et al.,
1987). They can also be distinguished by pharmacology. For example, Bay K8644 is an agonist
for the dihydropyridine receptor, a skeletal muscle L-type calcium channel (DHPR), that shifts
the voltage-dependency of the channel to more negative potentials, whereas nifedipine, can

block these channels (Cauvin et al., 1983; Schramm et al., 1983). In mouse neuroblastoma,



chick DRG and Drosophila larval muscles, the T-type currents were blocked by amiloride, a
potassium sparing diuretic (Gielow et al., 1995; Tang et al., 1988). The L- and P/Q-, N- and R-
type Cay channels are blocked by cadmium, whereas the T-type currents are sensitive to nickel.
The P/Q-type Cay channel are sensitive to w-agatoxin IVA (a spider venom peptide). The N-type
Cay channel can be blocked by w-conotoxin GVIA and MVIIA (toxins from fish). The R-type
channel can be blocked by SNX-482 (G P Miljanich and Ramachandran, 1995). Although the
specificity and effects of the channel blockers might vary across a variety of species and cell
types, these compounds greatly facilitate understanding the roles of Cay channels in the cells.
In vertebrates, the L-type Cay channel is encoded by the Cay1 gene family consisting of 4
members, Ca,1.1, Ca,1.2, Ca,1.3 and Ca,1.4. Ca,1.1 (DHPR) is specifically expressed in skeletal
muscles, is sensitive to dihydropyridines and is a key component of excitation-contraction
coupling (see section 1.2). Ca,1.2 is expressed in the cardiac cells, smooth muscles and subsets
of neurons (Fabiato, 1992) (see section 1.2). Ca,1.3 plays a role in cardiac pacemaker activity
and neurotransmission in auditory hair cells (Brandt et al., 2003; Mangoni et al., 2003). Ca,1.4
has a predominate role in neurotransmission in the retina (Strom et al., 1998) . In Drosophila
melanogaster, the L-type Ca, channel is encoded by a single gene, DmcalD (Eberl et al., 1998;
Zheng et al., 1995). Genetic cloning of DmcalD showed high sequence homology with
vertebrate Ca,1. Consistent with vertebrate Ca,1 channels, DmcalD is expressed by muscles
and CNS, and Dmca1D null mutations are lethal (Eberl et al., 1998). Voltage-clamp recording of
DmcalD currents in DmcalD mutant larval muscles demonstrated that the DmcalD currents

were sensitive to dihydropyridines (Ren et al., 1998). Voltage-clamp analysis showed that



DmcalD is the predominant calcium channels in a subset of larval motor neurons (Worrell and
Levine, 2008). However, unlike DmcalD currents in larval muscles, motor neuron DmcalD
currents were not sensitive to dihydropyridines. This difference might be due to the fact that
DmcalD is alternatively spliced and that muscles and the CNS might express different isoforms
of DmcalD.

In vertebrates Ca,2.1 encodes the P/Q-type channel, Ca,2.2 the N-type channel and
Ca,2.3 the R-type channel. The Ca,2 family is found primarily in neurons. In Drosophila
melanogaster, the Ca,2 family is encoded by one single gene, DmcalA/cacophony. Inhibiting
Drosophila DmcalA genetically or pharmacologically inhibited evoked synaptic potentials at the
larval neuromuscular junction (NMJ) (Kawasaki et al., 2000; Kawasaki et al., 2004; Ryglewski et
al., 2012). Similarly, blocking Ca,2.1 and Ca,2.2 with toxins in the vertebrate nervous system
demonstrated that Ca?* influx through these subtypes of Ca,2 channels was responsible for fast
release of classical neurotransmitters (see section 1.3) (Dooley et al., 1987; Dunlap et al., 1995;
Dutar et al., 1989; Horne and Kemp, 1991; Kamiya et al., 1988; Olivera et al., 1994; Wheeler et
al., 1994).

In vertebrates Ca,3.1, Ca,3.2 and Ca,3.3 all encode T-type Cay channels. The T-type
channels are prominent in pace maker cells such as sinoatrial node and Purkinje cells of cardiac
myocytes (Argibay et al., 1988), intestine/vascular/stomach smooth muscles (Smirnov et al.,
1992), thalamic neurons (Lee et al., 2004) and secretory cells including pituitary cells, adrenal
cells and pancreatic cells (Armstrong and Matteson, 1985; Cohen et al., 1988). In Drosophila

melanogaster, the T-type Cay channel is encoded by one single gene, DmcalG, and is present in



larval muscles and in embryonic and adult motor neurons (Baines and Bate, 1998; Ryglewski et
al., 2012). Both in mammals and flies, the T-type currents were found to promote wakefulness
while not having a noticeable impact on circadian rhythm (Jeong et al., 2015; Lee et al., 2004).
Co-existence of DmcalA and DmcalG was found in Drosophila adult motor neurons;
electrophysiology experiments and genetic manipulations demonstrated that DmcalA currents
are positively modulated by DmcalG, suggesting a high level of complexity of Cay channel
regulation (Ryglewski et al., 2012).

Consistent with their wide expression and diversity, dysregulation of Cay channels
results in a variety of neurological, cardiovascular, muscular and psychiatric disorders. To name
just a few, mutations in Cay1.1 were found to be causative for malignant hyperthermia
(Monnier et al., 1997); mutations in Ca,1.2 result in the Timothy Syndrome that features cardiac
arrythmias (Splawski et al., 2005); mutations in Ca,2 and Ca,3 have been found to be associated
with epilepsy (Heron et al., 2007; Jouvenceau et al., 2001). Clear understanding of Ca, channels
and their regulators should be useful for developing treatments for diseases caused by
abnormalities of Cay channels.

The structure of skeletal muscle Cay1.1 has been resolved (Wu et al., 2016; Wu et al.,
2015). Ca, channels consist of multiple subunits, the pore forming al subunit, and the auxiliary
subunits, B, y and a26 (see section 1.5.1). The al subunit forms the central pore that has four
homologous repeats I-1V that each repeat consists of six transmembrane segments, S1-S6. The
S5 and S6 segments and the intervening pore loop from the 4 repeats form the central pore

that conducts calcium ions. Segment S6 of repeat IV is kinked and thus results in an asymmetric



activation gate. The pore loop contains conserved negatively charged amino acids, glutamate or
aspartate, that are highly selective for passing Ca?* and Ba?* and therefore constitute the
“selectivity filter gate” (Wu et al., 2015; Yang et al., 1993). Recent studies using amino acid
substitution approach showed that the asymmetric selectivity filter gate is essential for calcium
dependent inactivation (Abderemane-Ali et al., 2019). The S1-54 segments in each repeat form
the peripheral voltage sensing domains with the S4 segment containing many positively
charged residues. The positively charged amino acid residues of the S4 segment in response to
depolarization of membrane potential result in an intramembranous charge movement that
produces a current preceding Ca?* influx (Tao et al., 2010). The cytoplasmic parts of the al
subunit, including the N-/C-terminus region and the intracellular loops between
transmembrane segments, are targets for intracellular signaling process and integrations with
other proteins for modulating channel properties. The crystal structure of Cay1.1 that was at a
potentially inactivated state revealed a globular domain formed by the intracellular loop IlI-1V
and the C-terminal region. Interestingly, the loop llI-IV of Cay1.1 shared a similarity in structure
with the isolated inactivation gate, in complex with calmodulin, of a rat voltage-gated sodium
channel (Wu et al., 2016). This suggests possible conformational mechanisms regulated by

calmodulin during calcium-dependent inactivation of Cay channels.

1.2 Ca?* regulation of excitation-contraction coupling of muscles
Excitation-contraction coupling (EC coupling) is the process between electrical

stimulation and contraction of muscles. During EC coupling, muscle membrane depolarization



causes Ca®* release from the sarcoplasmic reticulum (SR), an intracellular Ca?* store, to increase
cytosolic Ca%* concentrations. In vertebrate skeletal muscles, EC coupling occurs at the junction
between transverse tubules (T tubules), which are tubular indentations of the plasma
membrane into the interior of skeletal muscle, and SR called triads (Franzini-Armstrong, 1970).
Two Ca?* channels, Cay1.1 (also called the dihydropyridine receptor, DHPR) located in the T
tubule membrane and the ryanodine receptor (RyR) in the SR membrane interact at triads to
mediate EC coupling. Cav1.1 serves as the voltage detector for EC coupling (Rios and Brum,
1987). Depolarization of dysgenic myotubes, which are Ca,1.1 null muscles, does not result in
the release of Ca?* from the SR. Expressing Cay1.1 cDNA in dysgenic myotubes restored the
normal charge movement and EC coupling of dysgenic myotubes (Tanabe et al., 1988; Tanabe
et al., 1987), confirming the essential role of Ca,1.1 as the voltage sensor of skeletal muscle.
The RyRs are the Ca?* release channel at triads (Lai et al., 1988). Dyspedic myotubes, which are
RyR null muscles, lacked EC coupling (Takeshima et al., 1994) and expressing RyR cDNA in
dyspedic muscles restored the normal EC coupling of dyspedic muscles (Nakai et al., 1996). This
confirms that RyR is the Ca?* release channel during EC coupling.

Vertebrate skeletal muscles do not require extracellular Ca?* for EC coupling and
contractions. Vertebrate skeletal muscles continued to twitch when bathed in Ca?* deficient
media (Armstrong et al., 1972). Zebrafish DHPRs don’t conduct Ca?* and serve only as voltage
sensors with gating currents resulted from depolarization-induced displacements of charges in
the Cay channel’s voltage sensing residues (Schredelseker et al., 2010). Non-Ca?*-conducting

DHPR knock-in mice displayed comparable EC coupling and muscle contraction to wild type



mice (Dayal et al., 2017). Although DHPRs are voltage-dependent Ca?* channels, Ca?* influx
through DHPRs is not necessary for activation of RyRs and they act primarily as voltage
detectors for EC coupling in vertebrates. Freeze-fracture EM studies showed ordered arrays of
four Cay1.1 called tetrads located on the T tubules of skeletal muscles. Every other tetrad is
aligned with the cytosolic portions of a RyR called RyR feet which appeared to be in contact
with tetrads (Block et al., 1988; Franzini-Armstrong et al., 1998). Recent structural analysis of
RyRs revealed that there are 4 domains of the RyR that were arranged so that each domain
could bind one DHPR in a tetrad (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015). This
morphological data along with the independence of EC coupling in skeletal muscles of Ca?*
influx suggested that DHPRs directly activate RyRs at triads. Such mechanical coupling between
Cay1.1 and RyR leads to the opening of RyR and thus Ca?* release from SR in response to
depolarization of skeletal muscle membrane followed by activation of Ca,1.1 (Adams et al.,
1990; Bannister and Beam, 2009; Block et al., 1988; Dayal et al., 2017; Rios and Brum, 1987,
Takekura et al., 1994).

In contrast to skeletal muscles, cardiac muscle contraction depends on extracellular Ca?*
(Fabiato, 1983). Cardiac muscles express Cav1.2 but lack arrays of Ca,1.2 tetrads suggesting that
Cav 1.2 does not directly interact with RyR in cardiac myocytes (Franzini-Armstrong et al., 1998).
In cardiac cells, Ca?* influx through Ca,1.2 activates RyR to release Ca?* from SR via a process
called Ca?* induced Ca?* release (CICR). In CICR, the Ca?* influx through Cay1.2 channels binds to

and activates RyRs and/or IPsRs (Roderick et al., 2003). The specificity of Ca,1.1 function in



skeletal muscle and Cay1.2 function in cardiac muscle was demonstrated by failure in rescuing
EC coupling of Cav1.1 null skeletal myotubes by expressing Ca,1.2 (Tanabe et al., 1990).

In Drosophila larvae, voltage-dependent Ca?* currents rather than voltage-dependent
Na* currents are responsible for the rising phase of the action potential of body wall muscles
(Gielow et al., 1995; Singh and Wu, 1990). Similar dependence on Ca?* currents for muscle
excitability is also observed in many other invertebrates such as honeybees (Collet, 2009). In
fact, removing extracellular Ca?* from invertebrate muscles completely abolished contraction
(Gyorke and Palade, 1992). Invertebrate muscles appear not to contain tetrad arrays of Cay
channels suggesting that EC coupling may not involve direct interactions between Cayv channels
and RyRs (Takekura and Franzini-Armstrong, 2002). In fact CICR is the mode of Ca%* elevation
during crayfish skeletal muscle contractions. Simultaneous voltage-clamp recoding of inward
Ca?* currents and Ca?* imaging of crayfish skeletal muscles showed reduced cytosol Ca?*
elevation but unchanged inward Ca?* current amplitude when inhibiting SR Ca?* release (Gyorke
and Palade, 1992). Thus CICR may be important for muscle contractions in invertebrate muscles

including those of Drosophila.

1.3 Ca?* regulation of synaptic transmission

Classical neurotransmitters are stored in clear, small synaptic vesicles (SSVs) that are
exocytosed rapidly with exocytosis highly coupled with Ca?* influx. At some synapses, the time
between spike invasion of presynaptic terminals to postsynaptic response can be less than 1

millisecond (Sabatini and Regehr, 1999). The fast release of neurotransmitters is due to the fact



that Cay channels are located at the presynaptic release sites of SSVs, the active zones, where
readily releasable SSVs are docked. This arrangement insures fast and large increases of Ca?* at
the active zones and the Cay, channels are found to physically interact with the presynaptic
active zone proteins to promptly regulate SSV exocytosis (Rettig et al., 1997).

Neuropeptides are also released by neurons and are packaged in larger dense core
vesicles (DCVs) (Morris and Cannata, 1973). Numerous neuropeptides are thought to modulate
complex behaviors including social behaviors and circadian rhythms (Nassel and Zandawala,
2019). In some neurons every bouton contains DCVs along with SSVs suggesting that SSV and
DCV coexist in one synapse (Decavel and Van den Pol, 1990; Ohnuma et al., 2001). However, in
contrast to SSVs that dock at active zones and are ready for exocytosis in response to activity,
DCVs are widely spread at cell bodies, dendrites, axons as well as in boutons and stochastically
move along the nerve without docking in any designated regions (Seward et al., 1995; Wong et
al., 2012; Xia et al., 2009). Both SSVs and DCVs require Ca?* to trigger exocytosis, however, a
localized increase of Ca* at the presynaptic site is more effective at evoking exocytosis of SSVs,
whereas a spatially uniform and longer duration of Ca?* elevation effectively evokes exocytosis
of DCVs (Burgoyne, 1991; Seward et al., 1995; Verhage et al., 1991). Despite the distinct
requirement of Ca?* kinetics for exocytosis of SSVs and DCVs, classical neurotransmitters and
neuropeptides share some exocytotic proteins.

Fusion of SSVs is controlled by the SNARE proteins (soluble NSF attachment receptor
proteins) and SM proteins (Secl/Munc18-like proteins). The SNARE proteins, synaptobrevin,

syntaxin-1 and SNAP-25 as well the SM protein, Munc18, perform an assembly/disassembly



cycle to complete fusion of SSVs to presynaptic plasma membrane and thus release of
neurotransmitters (Hata et al., 1993; McMahon and Sidhof, 1995; Okamoto and Sidhof, 1997).
This fusion pore opening process is driven by Ca?* influx with the C2 domains of synaptogagmin-
1 binding Ca?* to induce interactions with SNAREs and phospholipids (Fernandez et al., 2001; Li
et al., 1995; Sutton et al., 1995). There are 16 synaptotagmins found in the mammalian brain
that exhibit different kinetics corresponding to the types of synapses they are expressed in. For
example, synaptotagmin-2 has fast kinetics and is expressed in the neurons mediating sound
localization to mediate fast SSV exocytosis (Sun et al., 2007), whereas synaptotagmin-9 has
slower kinetics and is expressed in neurons of the limbic system that coordinate slower
emotional responses (Xu et al., 2007).

Some synaptotagmins such as synaptotagmin 1 regulate both SSVs and DCVs. In
neurons, a point mutation, R233Q, in murine synaptotagmin-1 reduced Ca?* affinity while
keeping normal structure of synaptotagmin-1 and resulted in decreased SSV exocytosis,
confirming the crucial role of Ca?* and synaptotagmin-1 in triggering synaptic transmission
(Fernandez-Chacédn et al., 2001; Pang et al., 2006). In adrenal chromaffin cells that contain a
large number of DCVs that contain catecholamines, the same R233Q mutation of
synaptotagmin-1 led to delayed release of DCVs when stimulated by controlled amounts of
Ca?*, showing that Ca?* binding to synaptotagmin-1 regulates exocytosis of DCVs (Sgrensen et
al., 2003) as well as SSVs in neurons.

DCV exocytosis can be detected by patch-clamp measurements of cell membrane

capacitance in combination with amperometry and simultaneous Ca?* recording (Alvarez de
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Toledo et al., 1993). Using this method, adrenal chromaffin cells were found to have
heterogeneous DCV components that showed different release rates, the “readily releasable”
pool that is released immediately upon increase in cytosolic Ca?* and “slowly releasable” pool
that is released more slowly (Neher and Marty, 1982). Further analysis showed that
synaptotagmin-1 regulates the exocytosis of the readily releasable pool of DCVs (Voets et al.,
2001) and synaptotagmin-7 the exocytosis of the slowly releasable pool to control DCV
secretion in chromaffin cells (Schonn et al., 2008). Such evidence suggests that different
synaptotagmins can be co-expressed by the same cell and cooperate to regulate DCV
exocytosis.

The Drosophila genome contains seven synaptotagmin genes with synaptotagmin-1 and
synaptotagmin-7 showing highest homology with the corresponding vertebrate synaptotagmins
(Adolfsen et al., 2004). Immunolabeling of Drosophila NMJ showed that only synaptotagmin-1 is
present in the motor neuron boutons. Furthermore, Drosophila synaptotagmin-1 null larvae
exhibit reduced locomotion and diminished SSV exocytosis. This mutant phenotype was not
rescued by expression of synaptotagmin-4 or synaptotagmin-7 that are also present in
Drosophila CNS (Adolfsen et al., 2004), suggesting the specific role of synaptotagmin-1 in SSV
exocytosis at boutons.

The molecular machinery at presynaptic specializations that enable synaptic vesicles to
dock and fuse with the plasma membrane is critical for neurotransmission. Three of the major
components in the machinery are RIM (Rab3-interacting molecule), RIM-Binding Protein (RBP),

and Rab3. The elimination of RBP in motor neurons at the Drosophila NMJ decreased the
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probability of SSV exocytosis and dramatically diminished the evoked synaptic potential (Liu et
al., 2011). Furthermore, the expression level of Drosophila Ca,2 channel, DmcalA, was
decreased at the Drosophila NMJ lacking RBP, suggesting interaction and regulation of DmcalA
by RBP (Liu et al., 2011). In fact, RBP was found to bind Ca,1.3 in retinal neurons and Ca,2.2 in a
heterologous system (Hibino et al., 2002). RIM was found to tether the Ca,2 channel at the
active zone by directly binding to Ca,2 channels. RIM lacking the binding motif for RBP failed to
tether the Ca,2 channel properly and voltage-dependent influx of Ca?* was significantly
decreased in RIM knockout neurons (Han et al., 2011; Kaeser et al., 2011). Therefore, it appears
that RIM binds to RBP and RIM/RBP bind to presynaptic Ca,2 channels to ensure proper Ca?
influx through Ca,2 channels and thus exocytosis. Rab3 is critical for docking of SSVs at active
zones. Rab3 directly binds SSVs (Fischer von Mollard et al., 1990; Schliter et al., 2002) and RIM
(Gracheva et al., 2008). Thus the RIM/RBP/Rab3 complex regulates both Ca, channels at active
zones as well as docking and exocytosis of SSVs. Recently, deletion of RIM or Rab3 was found to
severely block fusion of DCVs and that binding between RIM and Rab3 is crucial for regulating
DCV fusion events (Persoon et al., 2019). Thus the RIM/RBP/Rab3 complex may regulate

exocytosis of both SSVs and DCVs.

1.4 Neuropeptide release
Compared with SSV release, very little is known about release of neuropeptides. Unlike
classic neurotransmitters that are released from designated presynaptic sites and diffuse within

the synaptic cleft to bind postsynaptic receptors, neuropeptides can be released from cell
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bodies, dendrites and axons and act on cells that are micrometers away (Cowley et al., 2001;
Jan and Jan, 1982; Xia et al., 2009). By studying cholinergic motor neurons of Aplysia that
contain both acetylcholine and the small cardioactive peptides, it was demonstrated that
peptide secretion requires higher stimulation frequencies than that required for small
neurotransmitter release (Whim and Lloyd, 1989). Neuropeptides are released in the mode of
“kiss-and-run” that is triggered and modulated by Ca?* (Alés et al., 1999; Alvarez de Toledo et
al., 1993; Elhamdani et al., 2006; Engisch and Nowycky, 1996; Xia et al., 2009).
Electrophysiology and pharmacology studies of cultured neurons and non-neural cells
demonstrated that L-type currents are necessary for peptide secretion. In adrenal chromaffin
cells, DCV exocytosis was found to selectively require the L-type Cay channels (Akiyama et al.,
2004). Research in cultured hippocampal neurons using eGFP tagged neuropeptide to visualize
DCV exocytosis showed that neuropeptide release was dramatically reduced by blocking L-type
Cay channels with Verapamil, a L-type channel blocker, but was unaffected by antagonists of
other subtypes of Cay channels, suggesting at least in some neurons, neuropeptide secretion is
selectively regulated by L-type Ca, channels (Xia et al., 2009). Studies in mouse pancreatic B
cells using single channel recording and pharmacology showed that L-type Cay channels are in
close proximity to subcellular areas showing high DCV density and suggested that local increase
of Ca?* initiated by L-type Cay channels regulates insulin secretion (Bokvist et al., 1995).

One caveat in the study of neuropeptide release is that much of the research was
performed in cultured cell systems rather than in vivo. One in vivo system that allows for the

analysis of neuropeptide release is the Drosophila NMJ. Shakiryanova et al., 2005 using a post-
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tetanus stimulation protocol that matched the native rhythmic bursting of Drosophila larval
NMJ (Klose et al., 2005) showed that DCV mobilization is a priming step for DCV exocytosis and
that the DCV movements are random and depend on Ca?* influx through Cay channels
(Shakiryanova et al., 2005). Furthermore, pharmacologically blocking the intracellular Ca?* store
(ER) by inhibiting RyR and SERCA, the Ca?*-ATPase, diminished DCV mobilization and release of
neuropeptide in Drosophila motor neuron boutons. This evidence showed that Ca?* influx
through Ca, channels cannot induce normal DCV mobilization and subsequent normal release
on its own but requires release of Ca?* from the ER perhaps involving calcium induced calcium
release (CICR) (Shakiryanova et al., 2007; Shakiryanova et al., 2005). Thus neuropeptide release

at the Drosophila NMJ may require Ca?* influx through Cay and subsequent CICR.

1.5 Regulation of Ca, channels

This Dissertation describes a novel regulator of Cay channels in neurons. Here we
summarize some known aspects of Cay channel regulation.
1.5.1 Regulation by auxiliary subunits

The Cay channels are structured by the channel-forming subunit, a1, and other auxiliary
subunits B, v, and az6. In mammals, four genes encode the B subunits, 10 genes for the y
subunits, and four genes for the a6 subunits. Drosophila melanogaster have one gene for the B
subunit, three genes for a2 subunits and possibly one gene for the y subunit (Littleton and
Ganetzky, 2000). The L-type Ca, channel was the first to be purified from T tubules of skeletal

muscles due to its high affinity binding with dihydropyridines. Protein electrophoresis of the
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purified Cay channels from T tubules showed five distinct bands: ai (~175 kDa), B (~54 kDa), y
(~32 kDa), a2 (~150 kDa), 6 (17-25 kDa). The a1 subunit was confirmed to be a pore-forming
subunit because of its specific affinity to dihydropyridines and the blockage of channel function
by dihydropyridines (Curtis and Catterall, 1984; Tanabe et al., 1987).

The mammalian B subunits, B1-4, are expressed differentially to regulate their
corresponding ai subunits. Bl is only present in skeletal muscles and essential for EC coupling
(Ruth et al., 1989). B2 is found in cardiac muscles (Hullin et al., 1992). 3 and B4 are expressed
in the CNS (Castellano et al., 1993). Voltage-clamp recording of Xenopus oocytes co-expressing
Cay1.2 and a B subunit showed larger Cay1.2 Ca?* currents compared with oocytes expressing
Ca,1.2 alone (Shistik et al., 1995) and that the B subunit shifted the voltage-dependency of
Ca,1.2 to more hyperpolarized potentials, and increased the activation rate of Ca,1.2 (Wei et
al., 1991). Crystal structures of the B subunits showed a SH3 (Src Homology 3) domain and a
guanylase kinase domain (Cheng et al., 2005; Opatowsky et al., 2004; Van Petegem et al., 2004).
A screen of Ca,1 epitope library and crystallography showed that the Alpha Interaction Domain
(AID) within the intracellular loop I-1l of Ca,1 binds with a conserved hydrophobic sequence in
the guanylase kinase domain of the B subunits (Chen et al., 2004; Opatowsky et al., 2004;
Pragnell et al., 1994; Van Petegem et al., 2004) and via this interaction B subunits accelerate
voltage-dependent activation and inactivation of the Ca, channels (He et al., 2007; Varadi et al.,
1991). AID is conserved in both Ca,1 and Ca,2 and binds to all four B subunits (De Waard et al.,
1995). Crystal structures suggest that the SH3 domain of B subunits likely interacts with

guanylase kinase domain for intramolecular binding (Chen et al., 2004). Furthermore, it was
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found that the SH3 domain of B1 might bind intramolecularly with a motif within its own C
terminus and this interaction is necessary for proper EC coupling of skeletal muscles (Dayal et
al., 2013).

In mammals, the a;6 subunits are encoded by 4 genes, a26-1, a26-2, a26-3, and a6-4.
The o subunit was found to bind the & subunit through disulfide bonds and it was
demonstrated later that the two subunits are expressed from the same gene (De Jongh et al.,
1990). The a26-1 was found to express at the T tubules of skeletal muscles where a,6-1
interacts with Cay1.1, and in cardiac muscles and smooth muscles where a;6-1 interacts Cay1.2
(Chang and Hosey, 1988; Ellis et al., 1988). The a26-1, 026-2, a,6-3 subunits are widely
expressed in the CNS and a,6-1 is expressed in DRG neurons and many other neuron types and
in the excitatory presynapses (Cole et al., 2005). a,6-2 expression correlates partially with
GABAergic neurons such as Purkinje cells (Brodbeck et al., 2002). a26-3 is expressed throughout
the brain including hippocampus, cerebral cortex, and caudate putamen (Cole et al., 2005).
Different from the other 3 members, 026-4 was expressed in endocrine cells and at low levels in
the brain (Qin et al., 2002).

The Drosophila a26-3 homolog, Straitjacket, was shown to interact with DmcalA, the
Drosophila homolog of Ca,2 channels that regulates transmitter release. The null mutation of
Straitjacket is embryonic lethal and the lethality can be rescued by expressing wild type
Straitjacket in the CNS, suggesting a neuronal function for a26-3. A Straitjacket hypomorph
mutation led to a large reduction in evoked synaptic potential at the NMJ, suggesting that a,6-3

is necessary for transmitter release (Dickman et al., 2008) . Moreover, the level of DmcalA at
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the active zone was reduced in Straitjacket hypomorph mutants, but neuronal overexpression
of DmcalA in Straitjacket null failed to rescue the evoked synaptic potential, suggesting that
the mutant phenotype is not due to a decrease in DmcalA.

Electron-microscopy and crystallography evidence showed that the a;6 subunits have
the von Willebrand actor A domain (VWA domain) that generally is involved in protein-protein
interaction and it’s very likely that the a6 subunits interact with proteins upon divalent cation-
dependent complex formation (Canti et al., 2005; Wu et al., 2016; Wu et al., 2015). Specifically,
the extracellular metal ion-dependent adhesion site (MIDAS) motif within this domain is found
to be important in protein interaction and SSV exocytosis. Overexpression of a,6-1, a26-2 and
a26-3 individually in hippocampal neurons all led to an increase in vesicle exocytosis probability
in response to a single action potential. Consistent with the Drosophila study, endogenous level
of Cay2 was increased in hippocampal neurons that were overexpressed with the a26 subunits
(Hoppa et al., 2012). These studies demonstrated the critical role of a2 subunits for normal

function of Ca,2 and thus SSV exocytosis.

1.5.2 Regulation by calmodulin and phosphoinositides

The Cay, channels are controlled by Ca?* dependent facilitation (CDF) and Ca?* dependent
inactivation (CDI). Such positive and negative feedback mechanism keeps ionic homeostasis and
controls cell excitability. CDF amplifies Ca?* influx following depolarization followed by CDI to
block Ca?* influx. Calmodulin is the key regulator for both CDF and CDI by interacting with the 1Q

domain of Cay, channels (Van Petegem et al., 2005; Ziihlke et al., 1999). The proposed model is
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that N- and C-termini of calmodulin allosterically binds with the C terminus of Cay channels to
biphasically control CDF and CDI (Lee et al., 2003). Ca®* binding to calmodulin induced clustering
of Cay1.2 and increased Ca?* influx in cardiac myocytes (Dixon et al., 2015). The Ca?*-calmodulin
induced clustering of Cay channels and CDF was also observed in the short isoform of neuronal
Ca1.3 in hippocampal neurons (Moreno et al., 2016).

PI(4,5)P; is the most abundant phosphoinositide in the membrane and regulates many
plasma membrane associated proteins and activities. Chromaffin cells that were treated with
phospholipase C and thus had reduced amounts of PI(4,5)P, showed inhibited Ca?* dependent
catecholamine secretion (Eberhard et al., 1990), the first evidence showing that PI(4,5)P;
regulates exocytosis of DCV. PI(4,5)P, localizes at the plasma membrane as patches that
partially colocalize with DCVs (James et al., 2008) and is involved in the priming steps for DCV
exocytosis (Grishanin et al., 2004). Depleting PI1(4,5)P2in cells that heterologously expressed
Cav1.3 or Ca,2.2 depressed voltage-gated Ca?* currents (Suh et al., 2010). Optogenetically
depleting PI(4,5)P2in pancreatic B cells also showed an inhibition of L-type Ca, currents and
subsequent release of insulin (Xie et al., 2016). These studies suggest that PI(4,5)P, regulates

Cav1 channels and Ca?* dependent exocytosis.

1.6 Regulation of Ca,1 by Stac proteins
The stac gene family consist of three members, stacl, stac2 and stac3. stacl was
discovered by systematic scanning the methylation status of the proteins from the mouse brain

in high resolutions two dimensional gels and found to contain a cysteine-rich domain (CRD) and
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a Src homology 3 (SH3) domain (Suzuki et al., 1996), which are the defining features of stac
proteins. In situ hybridization showed that stac1 mRNA was selectively expressed in a subset of
neurons such as the CA1 and dentate gyrus neurons in hippocampus, Purkinje cells in
cerebellum, and inferior olive neurons in the medulla oblongata. Subsequent research showed
that stacl and stac2 were expressed by subsets of DRG neurons in a mutually exclusive fashion.
stac1 was expressed in nociceptive peptidergic neurons while stac2 in a subset of non-
peptidergic Ret+ neurons, in all TrkB+ neurons and in a subset of TrkC+ neurons (Legha et al.,
2010). The entire expression patterns of stacl and stac2 in subsets of neurons can be seen in
the Allen Brain Library project (Lein et al., 2007). stac3 was identified from a mutagenesis
screen in zebrafish to be expressed specifically by skeletal muscles that is required for muscle
contractions (Horstick et al., 2013). stac3 is also selectively expressed by skeletal muscles and
required for contractions in the mouse (Nelson et al., 2013). The importance of stac3 in skeletal
muscle contraction is underscored by the discovery that a point mutation in the first SH3
domain of human STAC3 gene where a tryptophan is transferred to a serine is the basis of a
debilitating congenital muscle disease, Native American Myopathy (NAM) (Horstick et al., 2013;
Stamm et al., 2008a; Stamm et al., 2008b). Subsequent research reported that compound
heterogeneous mutations of STAC3 leading to truncated or missense Stac3 proteins were found
in individuals with non-Amerindian decent (Grzybowski et al., 2017; Telegrafi et al., 2017).
stac3 regulation of muscle contraction has been demonstrated in several systems
including the powerful zebrafish model using behavioral, biochemical, electrophysiological,

imaging and genetic approaches. The homozygous stac3 null zebrafish embryos display very
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little movement and can’t swim forward in response to touch and eventually died around 7
days post fertilization due to a defect in EC coupling (Horstick et al., 2013). Furthermore, stac3
null zebrafish expressing the NAM allele of stac3 also exhibited defects in swimming. This is not
surprising since NAM patients display muscle weakness and 36% mortality by age 18 (Stamm et
al., 2008a). Research using the stac3 null zebrafish and NAM zebrafish model demonstrated
that Stac3 is crucial in regulating EC coupling. Co-immunolabeling of Stac3, Ca,1.1 and RyR with
antibodies showed that Stac3 colocalized with Cay1.1 and RyR at triads, the sites within skeletal
muscles where the T tubules are in contact with the SR, which are the sites of EC coupling
(Horstick et al., 2013). In stac3 null and NAM mutants, depolarizing voltage steps initiated very
little increases in cytosolic Ca?* due to defective regulation of Cay1.1 (Linsley et al., 2017). First,
quantification of antibody labeled Cay1.1 at triads in skeletal muscles found a decrease in
Cavl.1 in mutants. Second, freeze-fracture EM showed that Stac3 was required for normal
levels of Cay1.1 particles in T tubules as well as formation of Cay1.1 into tetrads. Third,
guantitative fluorescence imaging of skeletal muscles in zebrafish expressing a fusion of the
photoconvertible mEOS protein with Stac3 in skeletal muscles found that Stac3 was required
for the stability of Cay1.1. However, FRAP analysis demonstrated that stac3 mutations did not
interfere with the trafficking of Cay1.1. within skeletal muscles. Finally, electrophysiological
recordings showed that Stac3 was required for the normal voltage response of Cavl.1. There
was a significant decrease in the gating current of Cay1.1 in both null and NAM stac3 muscles
compared with controls. Thus Stac3 regulates the stability, tetrad formation and voltage

response of Cayl.1 (Linsley et al., 2017).
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Co-crystallization showed that the first SH3 domain of Stac2 binds with the II-llI
intracellular loop of Cay1.2 (Wong King Yuen et al., 2017). Binding between the second SH3
domain and the II-lll intracellular loop was not observed, but it aids the binding affinity
between the first SH3 and Ca,1.2. The main chain of the Cayv1.1 ll-lll loop sits in a “pocket” lined
by the tryptophan residue of the first SH3 domain that was previously found to be disrupted in
NAM (Wong King Yuen et al., 2017). The structural analysis and stac3 NAM studies in the
zebrafish model conclude that the interaction of Stac3 SH3 and Cay,1.1 loop II-lll regulates EC
coupling (Linsley et al., 2017; Wong King Yuen et al., 2017).

From heterologous expression experiments, it was found that Stac proteins inhibit CDI
by interacting with an upstream region of IQ domain in the C terminus of Ca,1, while CDI of
Ca\2 was unaffected by Stac (Niu et al., 2018). Two-hybrid FRET assays showed that Stac
proteins don’t compete with calmodulin to bind with the Cay1 channels, suggesting that Stac
and calmodulin modify CDI via distinct sites on C terminus of Cay1 channels. A new unknown
motif (U motif) in the linker between the CRD and SH3 domain was proposed to be crucial in
suppressing CDI since pipette dialysis of U motif peptide to adult guinea pig ventricular
myocytes that endogenously express Stac2 reduced CDI of endogenous Ca,1.2 (Niu et al., 2018).
Since Cay1.2 in cardiac muscles conducts Ca?* that triggers intracellular Ca?* release from the
SR, this cardiac Cay1.2 regulation by Stac2 implies that Stac proteins can modulate Ca?*induced
Ca’**release.

Despite the relatively well understood role of Stac3 in vertebrate skeletal muscles, the

role of neuronal Stac proteins was completely unknown. By analogy with Stac3 in vertebrate
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skeletal muscles, it is reasonable to predict that neuronal Stac proteins regulate L-type Cay
channels in the CNS. Given the importance of neuronal L-type Cay channels in regulating many
cellular events including DCV exocytosis, the hypothesized neuronal Stac regulation of neuronal
L-type Cay channels predicts that Stac proteins might regulate DCV exocytosis via regulation of
L-type Cay channels. The goal of this dissertation research is to clarify the function of Stac
proteins in neurons by identifying and examining the function of a Stac protein in Drosophila,

which will allow for utilization of the powerful toolbox of methods of Drosophila melanogaster.
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CHAPTER 2. Dstac Regulates L-type Calcium Channels and Excitation-Contraction Coupling
in Drosophila Body Wall Muscles
I-Uen Hsu, Jeremy W. Linsley, Lilly E. Reid, Richard I. Hume, Ari Leflein and John Y. Kuwada

[Manuscript in preparation]

2.1 Abstract

Stac3 regulates excitation-contraction coupling (EC coupling) in vertebrate skeletal
muscles by regulating the L-type voltage-gated calcium channel (Cay channel). Recently a stac-
like gene, Dstac, was identified in Drosophila and found to be expressed by both a subset of
neurons and muscles. Here, we showed that Dstac is co-expressed with Drosophila L-type Cay
channel, DmcalD, by larval body-wall muscles and regulates EC coupling. Furthermore, Dstac is
required for normal expression level of DmcalD in body-wall muscles. These results suggest

that Dstac regulates DmcalD during EC coupling and thus muscle contraction.

2.2 Introduction

Muscle contractions are initiated by depolarizations of muscle membrane potential due
to the release of neurotransmitter at the neuromuscular junction. EC coupling is the process
that transduces changes in membrane voltage to increases in cytosolic Ca?* due to the release
of Ca%* from the sarcoplasmic reticulum (SR) and subsequently contraction. In vertebrate

skeletal muscles EC coupling is thought to be mediated by a direct interaction between the L-
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type Cay channel, dihydropyridine receptor (DHPR), which is in the transverse tubule (T tubule)
membrane and is the voltage sensor for EC coupling, and the ryanodine receptor (RyR), which is
the Ca?* release channel in the SR membrane (Adams et al., 1990; Block et al., 1988; Paolini et
al., 2004; Rios and Brum, 1987; Schneider and Chandler, 1973; Takeshima et al., 1989; Tanabe
et al.,, 1987).

Stac3 was identified as a novel adaptor protein that is required for EC coupling in
zebrafish skeletal muscle and a missense mutation in STAC3 is causal for the congenital Native
American myopathy (Horstick et al., 2013). Stac3 also regulates EC coupling in murine skeletal
muscles (Nelson et al., 2013) and murine muscle development (Cong et al., 2016; Ge et al.,
2014). In zebrafish Stac3 colocalizes with DHPR and RyR and regulates DHPR levels, stability and
functionality, including the voltage dependency of DHPRs but not trafficking of DHPRs (Linsley
et al., 2017a; Linsley et al., 2017b). Stac3 appears not to be required for normal levels or
functionality of RyRs, however.

Recently, a stac-like gene, Dstac, was identified in Drosophila (Hsu et al., 2018). There is
a single stac gene in Drosophila and it is expressed both by muscles and a subset of neurons
including in the lateral ventral neurons (LNy) that express the neuropeptide, pigment dispersing
factor (PDF), in the brain. Genetic manipulation of PDF demonstrated the necessity of PDF for
circadian rhythm in Drosophila (Shafer and Taghert, 2009). Interestingly, knocking down Dstac
specifically in PDF neurons disrupted circadian rhythm demonstrating the requirement of Dstac
in PDF neurons for normal circadian rhythm (Hsu et al., 2018).

Dstac expression by muscles in Drosophila (Hsu et al., 2018) suggests that Dstac might

regulate EC coupling in Drosophila muscles as does Stac3 in vertebrate skeletal muscles
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(Horstick et al., 2013; Nelson et al., 2013). As previously mentioned, EC coupling in vertebrate
skeletal muscles involves the direct interaction of the L-type Cay channel, DHPR, in the T tubules
with RyR in the SR. In mammalian skeletal muscles DHPR conducts Ca?* from the external
solution to the cytosol but this is not required for EC coupling (Dayal et al., 2017). Interestingly
in teleost skeletal muscles EC coupling is similarly independent of Ca?* influx from the exterior
and DHPR appears to have evolved so that it no longer conducts Ca?* (Schredelseker et al.,
2010).

EC coupling in vertebrate cardiac and smooth muscles, however, does require an influx
of Ca?* through Cay channels which initiates Ca?* induced Ca?* release (CICR) from internal Ca?*
stores (Bolton et al., 1999). Similarly, invertebrate muscle EC coupling appears to involve CICR
(Collet, 2009; Gyorke and Palade, 1992; Maryon et al., 1998; Takekura and Franzini-Armstrong,
2002). CICR may also be necessary for EC coupling in Drosophila muscles. In Drosophila larvae
RyR is expressed widely including the body wall muscles and systemic application of ryanodine
and a partial loss-of-function RyR mutation both decreased locomotion by larvae (Sullivan et al.,
2000), which is consistent with the involvement of CICR in body wall muscles for contractions.
Furthermore, SERCA, the Ca?*-ATPase in the ER/SR that pumps Ca?* from the cytosol into the
ER/SR, is expressed by muscles and a dominant heat inducible mutation of SERCA paralyzes
larvae (Sanyal et al., 2005). Finally, DmcalD, the Drosophila L-type Ca, channel is widely
expressed (Zheng et al., 1995). DmcalD null embryos exhibit little movement and are larval
lethal. Pupae of AR66 partial loss-of-function allele of DmcalD do not eclose (Eberl et al., 1998).
DmcalD in larval muscle conducts voltage-dependent Ca?* currents that are sensitive to

dihydropyridines (Ren et al., 1998). These findings suggest that in Drosophila larval muscle Ca?*
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influx via DmcalD channels might initiate CICR. Here, locomotion analysis, in vivo Ca?* imaging,
and immunolabeling showed that Dstac is required for normal levels of DmcalD in the T
tubules and that both Dstac and DmcalD regulate Ca?* transients during larval locomotion. Our
finding suggests that Dstac regulates DmcalD and possibly CICR mediated EC coupling during

muscle contraction.

2.3 Methods
2.3.1 Drosophila melanogaster strains

All crosses and larvae were kept at 25 °C and supplied with food that uses molasses as
sugar source (Food R purchased from LabExpress). The number of flies used in crosses were
controlled so the vials were not overcrowded with larvae. All experiments used age and size
matched larvae. DmcalD knockdown experiments and in vivo Ca®* imaging used 2" instar
larvae of both genders; all the other experiments used both female and male 3@ instar larvae.
All experiments were conducted at room temperature (21°C — 23.5°C). UAS:Dcr-2 was present
in all knockdown experiments using RNAI strains except for the TRiP RNAi lines that don’t
require Dcr-2. The fly stocks used in this study were: Mef2:GAL4 (RRID:BDSC_27390), UAS:Dcr2
(RRID:BDSC_24651), UAS:GCaMPé6f (RRID:BDSC_52869), UAS:mCD8tdtomato (From Bing Ye),
UAS:Dstac-RNAi (VDRC 105848), UAS:DmcalD-RNAi (RRID:BDSC_33413), UAS:Luciferase-RNAi

(RRID:BDSC_31603), w8 (RRID:BDSC_3605), Dstac**"3/Cy0 (Hsu et al., submitted).
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2.3.2 Immunostaining

3" instar larvae were filleted in HL3 solution and fixed in 4% paraformaldehyde in PBS.
Immunolabeling followed the procedure described in Hsu et al., 2018. The primary antibodies
used were: chicken anti-DmcalD (1:20 - 1:100) (Hsu et al., submitted), rabbit anti-Dstac (1:100 -
1:150) (Hsu et al., 2018), mouse anti-discs large (DSHB Cat# 4F3, RRID:AB_528203).
Secondary antibodies used were (1:1000): Donkey anti-chicken Alexa Fluor 488 (Jackson
ImmunoResearch Labs Cat# 703-545-155, RRID:AB_2340375), Goat Anti-Chicken Alexa Fluor
647 (Abcam Cat# ab150175, RRID:AB_2732800), Donkey anti-chicken Alexa Fluor 633 (Sigma-
Aldrich, SAB4600127), Goat anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, Cat # A-21245,
RRID AB_2535813), Goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, Cat # A-11034,
RRID: AB_2576217), Goat anti-Mouse Alexa Fluor 568 (Thermo Fisher Scientific, Cat# A-11004,
RRID AB_2534072), Goat anti-Mouse Alexa Fluor Plus 647 (Thermo Fisher Scientific, Cat#
A32728, RRID AB_2633277), Goat anti-Mouse Alexa Fluor 488 (Thermo Fisher Scientific, Cat# A-
11001, RRID AB_2534069). Images were acquired with a Leica SP5 and SP8 confocal

microscopes using a 100x or 63x oil objective.

2.3.3 Analysis of Eclosion
3" instar larvae were collected 5 days after the crosses were set. Between 7 and 10 days
after the collection of larvae, the number of pupae and adult flies that eclosed were counted.

All vials were kept at 25 °C.
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2.3.4 Motility assay

Freely moving 3" instar larvae were acclimated on a 10 cm 2% agar plate for 1 minute
and then recorded with a digital camera for 10 seconds at a frame rate of 7.5 Hz. Each larva was
recorded 3 times with each time constituting a single trial. Larvae that hit the petri dish wall
during the 10-second recording were excluded from the analysis. The assay was performed at
23.5 °C. Larval movements were tracked by the “multitracker” plugin of imagel that produced
the (x,y) location of each larva in each frame. The distance between frames were calculated
from the (x,y) locations and were summed to get the total distance traveled during the 10
seconds. The controls and experimental groups were coded to blind the genotypes. After

completing the assay and analysis, the genotypes were unveiled.

2.3.5 In vivo Ca?* imaging

Live intact 2" instar larvae of both genders selectively expressing GCaMP6f in body-wall
muscles (Mef2:GAL4>UAS:GCaMP6f) were placed into a microfluidics chip (Ghannad-Rezaie et
al., 2012; Mishra et al., 2014) and GCaMP fluorescence was observed on a spinning disc
confocal imaging system composed of an Olympus IX81 inverted microscope, a CSU-X1 scanner
(Yokogawa), an iXon electron multiplying charge-coupled device camera (Andor), and
MetaMorph Advanced Imaging acquisition software v.7.7.8.0 (Molecular Devices). Imaging was
acquired with a 10X Olympus objective. The Mef2:GAL4 line also expressed
UAS:mCD8tdTomato to allow visualization of body-wall muscles. The larvae were mounted on
its side in the chip in order to image muscle 4, 5, 8, 12, 21 that have some parts that don’t

overlap with other muscles. Images were captured every 0.5 sec for 5 min. The mCD8tdTomato
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expressed by Mef2:GAL4 was used to locate the muscles. The larvae that moved a lot were not
used. Region of interests (ROI) were drawn over parts of muscles that don’t layer with other
muscles and the position of the ROl was re-adjusted manually according to the movements of
the samples. Time series analyzer v3 plugin of imageJ was used to measure fluorescence
intensity of the ROI. Five frames of GCaMP6f fluorescence before and after the peaks were
averaged and used as basal GCaMP6f level (Fpasal) to calculate the fold change of GCaMP6f
fluorescence intensity [AF/F=(F-Fpasal)/Fbasal]. Prism GraphPad was used to find the peak values.
Basal GCaMP6f levels or Ca?* peaks per muscles were averaged as one experiment sample. Both

the experiments and analysis were done blind.

2.3.6 Quantification of DmcalD immunostaining at T tubule striations of body-wall muscles
Images of muscle 4 from segments A3 to A5 were acquired at 1024 x 1024 pixels as z
stacks (5 planes, 0.5 um/focal plane) with a Leica SP8 confocal microscope with a 100x
objective. Confocal settings were kept constant between controls and experimental groups.
Five focal plane images were stacked to a single image using imagelJ. ROls were drawn to
encompass the striations labeled with anti-DmcalD and the fluorescence intensities of the ROIs

were measured using image).

2.3.7 Statistical analysis
Statistical analyses were performed using Prism GraphPad software. The normality of
data distribution was tested by D'Agostino and Pearson test. If the data fit a normal

distribution, unpaired t test was used. If the data were not normally distributed, the Mann-
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Whitney test was used. For experiment in which the change in results can be predicted by our
hypothesis, one-tailed tests were performed; otherwise two-tailed tests were performed. In all
figures, ns, *, *¥* *** **** represent P>0.05, P<0.05, P<0.01, P<0.001, and P<0.0001. Error

bars are standard errors of the mean.

2.4 Results
2.4.1 Dstac and DmcalD appear to be expressed by the T tubule network of larval body-wall
muscles.

In zebrafish skeletal muscles, the L-type calcium channel, DHPR, and Stac3 colocalize at
the junctions of the T tubules and SR (Horstick et al., 2013; Linsley et al., 2017a). To examine
the expression pattern of Dstac and DmcalD within larval body wall muscles by application of
anti-Dstac (Hsu et al., 2018) and anti-DmcalD (Hsu et al., submitted). Anti-Dstac labeled bands
orthogonal to the longitudinal axis of the muscles with some longitudinal linear structures
within the bands that were co-labeled by anti-DLG (Razzaq et al., 2001), which recognizes the
Discs Large protein that localizes to the T tubules (Figure 2.1A). Notable were relatively large
puncta labeled with anti-DLG that were also labeled by anti-Dstac (arrowheads) within the
orthogonal stripes. Similarly, anti-DmcalD also labeled orthogonal bands with some
longitudinal linear structures that were co-labeled with anti-DLG (Figure 2.1B). Merged images
of Dstac/DLG and DmcalD/DLG co-labeling showed that within the orthogonal bands there was
some co-localization of between the Dstac and DLG and between DmcalD and DLG
(arrowheads). Furthermore, co-labeling with anti-Dstac and anti-DmcalD found that the

orthogonal bands were labeled for Dstac and DmcalD with some punctate co-labeling
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(arrowheads) (Figure 2.1C). In fact the orthogonal bands labeled by anti-Dstac and anti-DmcalD
are similar to those seen when T tubules were visualized by expression of mCD8:GFP that labels
the plasma membrane including the T tubules (Fujita et al., 2017), suggesting that the
orthogonal bands labeled by ant-Dstac and anti-DmcalD are regions of muscles containing T
tubules. Thus, it appears that Dstac and DmcalD localize to the region containing T tubules with
perhaps some co-localization of Dstac and DmcalD in Drosophila larval muscles, but the co-
localization was not nearly as robust as that seen between DHPR and Stac3 in zebrafish skeletal

muscles.

2.4.2 Larvae with Dstac knocked down in body wall muscles exhibited decreased locomotion
and failed to eclose.

Knocking down Dstac selectively in body wall muscles using a RNAi line that was
previously shown to knockdown Dstac (Hsu et al., 2018) led to decreased locomotion compared
with control larvae (Figure 2.2A). In Dstac®™* larvae, anti-DLG labeling of body-wall muscles
showed that the T tubules were comparable with that in control larvae (Figure 2.2B). This result
suggests that knockdown of Dstac does not have a deleterious effect on T tubules of body-wall
muscles and thus the decreased locomotion is likely not due to any morphological defect in the
T tubules. Larvae with Dstac knocked down selectively in body-wall muscles were able to
develop to pupae that appeared similarly to control pupae, but failed to eclose presumably due
to decreased muscle function. The pharate adults released manually from the cocoon by

dissection exhibited apparent normal morphology (Figure 2.2C). Thus Dstac in body wall
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muscles is required for normal locomotion and appears not to be necessary for normal
morphological development.

2.4.3 Larvae with DmcalD knocked down in body wall muscles exhibited decreased
locomotion and muscle Ca?* transients.

Previously we showed that the ubiquitous AR66 partial loss-of-function allele of
DmcalD exhibited decrease larval locomotion (Hsu et al., submitted). To see if a deficiency in
DmcalD specifically in muscle could lead to decreased locomotion, we selectively knocked
down DmcalD in body wall muscles (Mef2:GAL4>UAS:DmcalD®N4). Dmca1D®N4' larvae
developed to the size of 2" instar larvae and died around 10 days after hatching. Anti-DmcalD
labeling in body wall muscles was decreased in 2" instar DmcalD®"* larvae compared with 2"
instar control larvae (Figure 2.3A), confirming that DmcalD was indeed knocked down in
muscles. Furthermore, Dmcal1D** larvae showed reduced locomotion compared with size and
age matched 2" instar control larvae (Figure 2.3B). These results indicate that normal levels of
DmcalD in body-wall muscles is required for normal locomotion.

To see if the decreased locomotion of larvae with a muscle deficiency in DmcalD was
due to a defect in EC coupling, we examined transient increases in cytosolic Ca%* in body wall
muscles during locomotion in larvae expressing GCaMP6f selectively in muscles. Ca?* imaging of
body-wall muscles was performed in live, intact larvae placed in a microfluidics chamber
designed to physically restrain larvae (Mishra et al., 2014). Under these conditions, Ca?*
transient increases that presumably were associated with restrained contractions of the
muscles were observed within body-wall muscles of control larvae

(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato; UAS:Luciferase®™ ') as well as larvae that were
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DmcalD selectively knocked down by body-wall muscles
(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato;UAS:Dmcal1D®"4) (Figure 2.3C). The GCaMP6f
fluorescence levels when larvae were quiescent were similar in DmcalD®"4" larvae and control
larvae (Figure 2.3D). Thus, expression of GCaMP was unaffected by the knockdown of DmcalD
in body wall muscles. However, the peak of Ca?* transients recorded from Dmca1D®"4' larvae
was decreased compared with controls (Figure 2.3E), but the frequency of transients was
comparable (Figure 2.3F). These results showed that the output of the central pattern
generator was not dependent on normal DmcalD in muscles, but more importantly that the
normal, physiological activation of muscles requires Ca?* transients that are regulated by

DmcalD. Thus, EC coupling requires DmcalD.

2.4.4 Dstac deficiency reduced DmcalD expression at T tubules striations and Ca?* transients
during locomotion.

Since both DmcalD and Dstac regulate larval locomotion and DmcalD regulates Ca?*
transients during EC coupling, we asked if Dstac regulates DmcalD. Immunolabeling the body
wall muscles of wt and Dstac®"? mutant larvae (Hsu et al., submitted) with anti-DmcalD
showed that DmcalD expression was reduced in Dstac®*"3 compared with wt larvae (Figure
2.4A). The finding that the T tubule morphology/organization appears unperturbed when Dstac
is knocked down (Figure 2.2B) argues against the possibility that the decreased DmcalD in
Dstac mutants might be a by-product of a defect in the morphology/organization of T tubules.
This finding is consistent with the earlier finding that DHPR levels of skeletal muscles were

reduced in stac3 null zebrafish (Linsley et al., 2017a).
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The decreased DmcalD in body wall muscles predicts that Ca?* transients should also be
reduced when Dstac is knocked down in body-wall muscles (Mef2:GAL4>UAS:GCaMP6f,UAS-
Dstacf™4), As before Ca?* transients were assayed in larvae selectively expressing GCaMP6f in
body wall muscles (Figure 2.4B). The basal GCamP6f level when muscles were quiescent was
higher in Dstac®™ ' larvae compared with control larvae (Figure 2.4C), but peak Ca?* transients
were decreased (Figure 2.4D) but not their frequency (Figure 2.4E). Thus, Dstac appears to

regulate DmcalD to mediate normal Ca?* transients during EC coupling.
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Figure 2.1

A
Anti-Dstac Anti-DLG

B

Anti-Dmca1D Anti-DLG

C

50



Figure 2.1 Dstac and DmcalD are expressed in regions of 3" instar larval body-wall muscles
containing T tubules.

(A) Anti-Dstac labeling of 3™ instar body-wall muscles showed expression of Dstac in stripes
orthogonal to the longitudinal axis of the muscles (left). In these stripes anti-DLG labeled
longitudinally arrayed T tubules (middle and right). Puncta that are co-labeled by anti-Dstac and
anti-DLG are indicated by arrowheads. The images are a single focal plane. Scale bar, 3 um. (B)
Anti-DmcalD labeling of 3™ instar body-wall muscles showed expression of DmcalD in stripes
similar to that of anti-Dstac labeling (left). In these stripes anti-DLG labeled longitudinally
arrayed T tubules (middle and right). Puncta that are co-labeled by anti-DmcalD and anti-DLG
are indicated by arrowheads. The images are a single focal plane. Scale bar, 3 um. (C) Co-
immunostaining of 3™ instar larval body wall muscles with anti-Dstac and anti-DmcalD showed
co-expression of Dstac and DmcalD in the same stripes. Arrowheads indicate some puncta that
co-labeled with anti-Dstac and anti-DmcalD. The images are a single focal plane. Scale bar, 3
um.
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Figure 2.2
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Figure 2.2 Knockdown of Dstac in body wall muscles reduced larval locomotion.

(A) Dstac®™ A larvae in which Dstac was knocked down in body wall muscles (Mef2:GAL4>UAS-
DstacfN) showed decreased locomotion compared with control Luciferase®™ larvae
(Mef2:GAL4>UAS-Luciferase®™*). Control n=59, Dstac®™ n=56. One-tailed, unpaired t test.

(B) Labeling T tubules of body-wall muscles with anti-DLG showed that T tubules of DstacfV4'
larvae (Mef2:GAL4>UAS-Dstac®™#) are similar in morphology and structure to control
Luciferase®™A" |arvae (Mef2:GAL4>UAS-Luciferase®M"). The images are a single focal plane. Scale
bar, 3 um. (C) Dstac®™* larvae in which Dstac was knocked down in body wall muscles
(Mef2:GAL4>UAS-Dstac®™™*) could develop to mature pharate adults in the pupae but couldn’t
eclose. The left lower image shows a control Luciferase®™* pupa and a Dstac®™* pupa that are
similar in morphology. The right lower image shows a pharate adult of Dstac®™' that was

dissected out from its cocoon in which the wings were not inflated and did not survive. Scale
bar, 1 mm.
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Figure 2.3
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Figure 2.3 Knockdown of Dmca1D selectively in muscles reduced larval locomotion and
muscle Ca?* transients.

(A) Anti-DmcalD labeling of muscles of larvae with DmcalD knocked down selectively in body-
wall muscles (Mef2:GAL4>UAS:DmcalD?M) (n=55 dyads from 11 muscles) confirmed that
DmcalD was knocked down compared with control muscles (Mef2:GAL4>UAS:Luciferase®N4))
(n=50 dyads from 10 muscles). One-tailed, unpaired t test. Right images are a single focal plane
of muscle 4 of a control and a Dmca1D*N*' |arvae. Arrows denote the striations of DmcalD
clusters. Scale bar, 3 um. (B) Dmcal1D"4'larvae in which DmcalD was knocked down in body-
wall muscles (Mef2:GAL4>UAS:DmcalD?M) showed decreased locomotion compared with
control Luciferase®™* larvae (Mef2:GAL4>UAS:Luciferase® ). Control n=39, DmcalDNA' n=54,
One-tailed Mann-Whitney test. (C) Example of Ca?* transients from a muscle in a control larva
(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato;UAS:Luciferase®™A) and a Dmca1D®"*' larva
(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato;UAS:DmcalDN4). (D) Expression of GCaMP6f
by muscles of Dmca1DfM larvae was comparable to that of control. Mann-Whitney test. (E)
The peaks of Ca* transients in the muscles of Dmcal1D®N4 larvae were smaller compared with
controls. One-tailed, Mann-Whitney test. (F) The number of Ca%* transients over 5 min in
DmcalD®*Mand control muscles were comparable. Unpaired t test. Data in D-F were from 13
muscles of 7 control larvae (Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato; UAS:Luciferase®N4)
and from 11 muscles of 6 Dmcal1D*N*larvae

(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato; UAS:DmcalDRNAY),

54



Figure 2.4
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Figure 2.4 Knockdown of Dstac in body-wall muscles reduced DmcalD expression level and
muscle Ca?* transients.

(A) Anti-DmcalD labeling of Dstac®*"3 larval muscles (n=36 dyads from 12 muscles)

showed decreased level of DmcalD at T tubules compared with wt (n=42 dyads from 14
muscles). One-tailed Mann Whitney test. Right images are a single focal plane of muscle 4 of a
wt and a Dstac®>"? larvae. Arrows denote striations of DmcalD clusters. Scale bar, 3 um. (B)
Example of Ca?* transients from a muscle in a control larva
(Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato; UAS:Luciferase®™ ') and a Dstac®™' larva
(Mef2:GAL4>UAS:GCaMP6f:UAS:mCD8tdTomato;UAS:Dstact4'). (C) Expression of GCaMP6f by
muscles of Dstac®™4' larvae was higher than that of control. Unpaired t test. (D) The peaks of
Ca?* transients in the muscles of Dstac®"' larvae were smaller compared with controls. One-
tailed Mann-Whitney test. (E) The number of Ca?* transients over 5 min in Dstac®" and control
muscles were comparable. Mann-Whitney test. Data in B-D were from 15 muscles of 5 control
larvae (Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato;UAS:Luciferase®™ ') and from 15
muscles of 5 Dstact™* larvae (Mef2:GAL4>UAS:GCaMP6f;UAS:mCD8tdTomato; UAS:DstactN4),
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2.5 Discussion

In invertebrates, CICR appears to be important for muscle contraction (Collet, 2009;
Gyorke and Palade, 1992), much like vertebrate cardiac and smooth muscles (Fabiato, 1983),
and inhibiting CICR by blocking SERCA led to paralysis of larvae (Sanyal et al., 2005). Thus, our
results suggested that Ca* influx via DmcalD might initiate CICR that leads to Ca?* transients
during EC coupling and thus muscle contraction.

Vertebrate skeletal muscles EC coupling, however, is independent of an influx of Ca?*
from Cay channels but rather involves direct interaction of the voltage dependent L-type
calcium channel in the T tubules and the RyR Ca?* release channel in the SR (Dayal et al., 2017;
Paolini et al., 2004). Stac3 is a key regulator of EC coupling in vertebrate skeletal muscles that
regulates the stability and voltage-dependency of DHPR in T tubules (Linsley et al., 2017a). The
results in this study showed that Dstac plays a conserved role as vertebrate Stac3 in regulating
EC coupling. First, Dstac and DmcalD localize at T tubule striations of body-wall muscles.
Second, knockdown of Dstac or DmcalD in body-wall muscles reduced larval locomotion. Third,
knockdown of Dstac or DmcalD decreased Ca?* transients in body wall muscles during
locomotion. Finally, DmcalD expression was reduced in Dstac®"3 mutant body-wall muscles.
Thus, Dstac is required for normal levels of DmcalD at T tubules and normal EC coupling.

Stac3 regulates the stability and thus the level of DHPRs in zebrafish skeletal muscles
(Linsley et al., 2017a). The finding that the levels of DmcalD were decreased in Dstac mutants is
consistent with the regulation of the stability of DmcalD by Dstac. Live imaging of a fusion of
DmcalD with a photoconvertible protein will be needed to assay whether the stability of

DmcalD is regulated by Dstac. Stac3 also regulates the voltage response of DHPRs in zebrafish
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skeletal muscles (Linsley et al., 2017a). Whether Dstac also regulates the voltage response of
DmcalD await to be examined by voltage clamp experiments.

Besides the Src Homology 3 (SH3) and cysteine-rich domain (CRD) that define the Stac
proteins, Dstac has a putative BAR domain as do the other invertebrate Stac proteins but not
the vertebrate Stac proteins (Hsu et al., 2018). The function of the putative BAR domain of
Dstac is unknown. Amphiphysin, a protein containing a SH3 and a BAR domains, was found to
regulate the development and organization of T tubules and thereby EC coupling (Razzaq et al.,
2001). This result is consistent with a role for BAR domains for mediating membrane curvature
(Salzer et al., 2017). Our results suggested that Dstac is dispensable for the morphology and
organization of the T tubules, since muscle of Dstac®™4' larvae appear to contain normal T
tubules (Figure 2.2B). This finding appears to consistent with no role of the Dstac BAR domain
for the formation of T tubules. However, Dstac is alternatively spliced and Dstac®™*' targeted
the linker sequence between the CRD and SH3 domains that is downstream of the BAR domain
(Hsu et al., 2018). In fact there are 13 transcripts containing a BAR domain and only 3 of these
would have been targeted by the RNAI. Thus, it is premature to draw any conclusions regarding
the role of Dstac for the formation of T tubules.

Our results showed that Dstac®™4' larvae exhibited higher basal Ca?* levels during the
quiescent stage of locomotion. Control and Dstac®"' larvae carried same numbers of GAL4 and
UAS elements so this difference was not likely due to the expression level of GCaMP6f.
Cytosolic Ca%* in muscles at resting states is strictly regulated by extracellular Ca?* influx
through L-type Cay, channels, SR luminal Ca?* release through RyR, removal of cytosolic Ca* by

SERCA and store-operated channels on plasma membrane. Increased cytosolic Ca?* levels in
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Dstacf™ muscles could be explained by decreased ability to sequester Ca?* and store Ca®*
within the SR or through an increase in steady-state SR Ca?* leak. However, in Dmca1DfNA
larvae, the elevated GCaMP6f level during quiescent stage was not observed as it was in
Dstacf™* |arvae. These results imply that Dstac might regulate some DmcalD-independent
mechanisms to maintain cytosolic Ca?* levels.

Electrophysiology showed that Drosophila larval body-wall muscles express not only the
L-type channel, DmcalD, but also the T-type channel, DmcalG (Gielow et al., 1995). While
vertebrate skeletal muscles only express DHPR, the co-existence of L- and T-type Cay channels
in Drosophila body-wall muscles is perplexing. Interestingly, vertebrate neuronal Stacl was
found to form a complex with a mammalian T-type Cay channel, Ca,3.2, and is required for
Ca,3.2 expression at plasma membrane. It would be interesting to examine if Dstac also

regulates DmcalG, if DmcalD and DmcalG interact, and if Dstac is involved in such interaction.
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3.1 Abstract

The genetic, molecular and neuronal mechanism underlying circadian activity rhythms is
well characterized in the brain of Drosophila. The small ventrolateral neurons (s-LNys) and
pigment dispersing factor (PDF) expressed by them are especially important for regulating
circadian locomotion. Here we describe a novel gene, Dstac, which is similar to the stac genes
found in vertebrates that encode adaptor proteins, which bind and regulate L-type voltage-
gated Ca?* channels (CaChs). We show that Dstac is coexpressed with PDF by the s-LNys and
regulates circadian activity. Furthermore, the L-type CaCh, DmcalD, appears to be expressed by
the s-LNvys. Since vertebrate Stac3 regulates an L-type CaCh we hypothesize that Dstac regulates

DmcalD in s-LNys and circadian activity.

3.2 Introduction
The Drosophila brain contains a network of neurons that express clock genes and
regulate circadian locomotion (Nitabach and Taghert 2008). A subset of neurons that expresses

the pigment dispersing factor (PDF) neuropeptide is critical for rhythmicity of locomotor
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behavior. These are the large and small ventrolateral neurons (I-LNys and s-LNys) (Helfrich-
Forster 1997; Renn et al., 1999). Genetic ablation of PDF* neurons, genetic silencing of PDF*
neurons and null mutations in pdf all disrupt circadian rhythms in locomotion (Renn et al.,
1999; Nitabach et al., 2002; Sheeba et al., 2010). Specific knockdown of PDF in s-LNy neurons
disrupts circadian locomotion; demonstrating the critical role of PDF in the s-LNy neurons for
circadian rhythms (Shafer and Taghert 2009). Furthermore PDF, sNPF, which is another
neuropeptide expressed by s-LNv neurons, and light act to set the phases of circadian neurons
that are sequentially active via inhibition of Ca?* activity in these neurons (Liang et al., 2017).
This includes negative feedback onto the s-LNy neurons. Thus proper activity of PDF* neurons is
key to proper circadian rhythm.

Vertebrate genomes contain a small family of stac (SH3 and cysteine-rich domain (CRD)
containing protein) genes with stac3 expressed selectively by skeletal muscles (Suzuki et al.,
1996; Horstick et al., 2013; Nelson et al., 2013; Reinholt et al., 2013). Stac3 is a regulator of
electrical/contraction (EC) coupling in skeletal muscles and is required for release of Ca%* from
the sarcoplasmic reticulum of skeletal muscles and normal muscle contraction in both zebrafish
and mice (Horstick et al., 2013; Nelson et al., 2013). Stac3 regulates EC coupling by controlling
the stability, organization and voltage-dependency of the dihydropyridine receptor, a L-type
Ca?* channel (CaCh) (Linsley et al., 2017), which is the voltage sensor for EC coupling in skeletal
muscles. Stac3 binds to Cayl.1, the a subunit of the skeletal muscle dihydropyridine receptor
(Campligio and Flucher 2017; Wong King Yuen et al., 2017), and a missense mutation in STAC3
is causal for the congenital Native American myopathy (Horstick et al., 2013). The other stac

genes are expressed by a subset of neurons in the vertebrate nervous system (Suzuki et al.,
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1996; Lein et al., 2007; Legha et al., 2010) but their function is unknown. The finding that Stac3
regulates L-type CaChs, however, suggests that the other Stac proteins may also regulate CaChs
in neurons. In fact Stacl can form a molecular complex with Cav3.2 to regulate the surface
expression of this T-type CaChs in mammalian cell lines (Rzhepetskyy et al., 2016), and the
tandem SH3 domains of Stac2 each bind Ca,1.1 and Ca,1.2 (Wong King Yuen et al., 2017). Thus
it is possible that neuronal Stac proteins may regulate CaChs for normal nervous system
function.

To better understand how the s-LNys regulate circadian locomotion in the Drosophila
brain we identified a novel gene Dstac that is similar to the vertebrate stac genes. Dstac is
expressed by a subset of neurons in the Drosophila brain including the PDF* s- and |-LNys and
regulates circadian locomotion in Drosophila. Furthermore, the L-type CaCh, DmcalD, appears
to be expressed by these same neurons. These findings define a functional role for a stac gene
expressed by neurons and suggest the hypothesis that Dstac regulates the L-type CaCh,
DmcalD, in the s-LNv neurons and that this is important for the regulation of circadian rhythm

by PDF.

3.3 Methods
3.3.1 Fly strains

Fly strains used in this paper were: w28, yw, Pdf (M)-GAL4 (Renn et al. 1999), UAS-
DCR2 (BL#24651), UAS-Dstac-RNAi (VDRC 103824 used in the behavioral analysis and VDRC
105848 used in western blot), UAS-Luciferase-RNAi (BL#31603), Mef2-GAL4 (BL#27390),

DmcalD-GAL4 (VDRC 202490), Dstac-gfp trap (BL#40742) and UAS-mCD8-tdtomato (a gift from
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Dr Bing Ye, University of Michigan).

3.3.2 Anti-Dstac production

A Dstac cDNA that contained sequences for the CRD and SH3 domains were cloned and
expressed with a His-SUMO fusion protein in BL21 (DE3) cells, and purified using Ni-NTA
agarose (Invitrogen). The His-SUMO tag was cleaved by SUMO proteases to obtain the
untagged Dstac proteins. The purified untagged Dstac proteins were further purified by
NuPAGE 4-12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a Bis-Tris Gel
(Invitrogen) followed by excision of the appropriate Coomassie-stained band. Rabbits were
immunized by a commercial vendor (ProSci) with gel slices of purified Dstac proteins. Dstac
antibodies in the antiserum were purified by using a NHS-activated agarose column that was
conjugated with Dstac fusion proteins. The specificity of the anti-Dstac was confirmed by

Western blot analysis.

3.3.3 Western blot analysis

Muscles from larvae with Dstac knockdowned specifically in body wall muscles (UAS-
Dstac-RNAi/+; UAS-DCR2/Mef2-GAL4, n = 37) and control larvae (UAS-DCR2/+;UAS-Luciferase-
RNAi/Mef2-GAL4, n = 37) were dissected and frozen immediately on dry ice. Muscles were
homogenized in RIPA buffer (ThermoFisher) with protease inhibitors (ThermoFisher) and
centrifuged to exclude debris. The muscle lysates were loaded (seven wells/genotype) and
separated by SDS-PAGE. The antibodies used for immunoblotting were rabbit anti-Dstac

(1:500), mouse anti-actin (1:10000, MP Biomedicals), anti-rabbit IgG HRP (1:2000, Santa Cruz
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Biotechnology), and anti-mouse IgG HRP (1:10000, Santa Cruz Biotechnology). The protein
bands were detected with Chemidoc MP imaging system (Bio-Rad). The intensities of protein
bands were quantified by gel analyzer of imagel. The sizes of the protein bands were estimated

from the Western blots using a regression analysis.

3.3.4 Immunofluorescence labeling

Third instar larval brains of Dstac-gfp trap were dissected in ice-cold 1x phosphate
buffered saline (PBS) and fixed immediately in 4% paraformaldehyde in 1xPBS for 30 minutes
at room temperature (RT). We rinsed the tissues with 1xPBS with 0.1% Triton X-100 (1xPBSTX-
100) five times, 5 minutes/time, and permeabilized with 0.25% TX-100 in 1XPBS for 15 min at
RT. After five washes (5 minutes/wash) with 1xPBSTX-100, we blocked the brains with 1%
normal goat serum (NGS), 0.2% bovine serum albumin (BSA), and 0.1% TX-100 in 1xPBS for an
hour at RT. The brains were incubated with chicken anti-GFP (1:5000, Aves Laboratories, Tigard,
OR) in the blocking solution at 4°C for 2 days. The brains were washed with 1xPBSTX- 100 for 5
times, 5 minutes/time, and then incubated with anti-chicken Alexa Fluor 488 (1:2000 Jackson
ImmunoResearch). Following five washes (5 minutes/wash) with 1xPBSTX-100, we mounted the
brains with FluoroGel with DABCO (Electron Microscopy Sciences).

Adult Dstac-gfp trap brains were dissected in ice-cold 1xPBS and fixed immediately in
4% paraformaldehyde in 1xPBS for 30 minutes at RT. The brains were rinsed with 1xPBSTX-100
for 5 times, 15 minutes/time. The brains were blocked with 10% NGS in 1xPBS with 2% TX-100
for 2 h at RT. The brains were incubated with mouse anti-PDF (Blau 2005) (1:500, PDF C7

(deposited by Blau, Justin (DSHB Hybridoma Product PDF C7)) in 1xPBS with 1% NGS and 0.25%
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TX-100 (dilution buffer) overnight at RT. The brains were washed with 1xPBS with 3% NaCl and
1% TX-100 (wash buffer) for 3 times, 15 minutes/time. We incubated the brains with anti-
mouse Alexa Fluor 647 (1:1000, Invitrogen) in dilution buffer overnight at RT. The brains were
then washed with wash buffer and incubated with chicken anti-GFP (1:5000, Aves Laboratories)
and anti-chicken Alexa Fluor 488 (1:2000 Jackson ImmunoResearch) following the same
procedures described above. The brains were mounted with DABCO FluoroGel.

w!l18 adult brains were dissected and immunolabeled following the same procedures
described above except that the brains were fixed overnight with Bouin’s fixative and treated
with 0.05% collagenase (Worthington Biochemical) for 10 minutes. The antibodies used were
mouse anti-PDF (1:500, Developmental Studies Hybridoma Bank at the University of lowa), anti-
mouse Alexa Fluor 647 (1:500; Invitrogen), rabbit anti-Dstac (1:50, this paper) and anti-rabbit
488 (1:1000; Invitrogen).

The antibodies used in the labeling of UAS-mCD8-tdtomato/+;DmcalD-GAL4/+ adult
brains were mouse anti-PDF (1:500, Developmental Studies Hybridoma Bank at the University
of lowa), anti-mouse Alexa Fluor 488 (1:1000, Invitrogen), rabbit anti-RFP (1:1000, Rockland)
and anti-rabbit 647 (1:1000. Invitrogen).

The Dstac-gfp trap larval/adult brains and larval muscles were imaged using an upright
Leica SP5 confocal microscope with a 20x or 63x objective. The others were imaged using a

Leica SP8 confocal microscope with a 63x or 100x objective and digital zoom.

3.3.5 In situ hybridization

A 0.28-kilobase pair fragment of the Dstac cDNA was cloned into a TA vector. The
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sequence of the fragment was: cgcaatggagcctccagcacagectccgagecge
tgcgtcccaatctggatggeagecaccatctgeaggagtacacctacaagaagataacggectgegacgtetgeteccagattctgagagggea
cacacgccagggattacgcetgecgceatctgcaagetgaacgeccatggagattgegeccccaatetgecgegetgecagecaaageagaagetg
ctccggegacagaagagcacatcggagetggagaategtgttgatatcgaggaagaaa.

The Dstac RNA probe was synthesized using T7 and SP6 RNA polymerases (Promega)
and digoxigenin-labeled dNTPs (Roche Diagnostics). In situ hybridization was performed on the
third instar larval muscles of Dstac-gfp trap. The third instar larval muscles were dissected in
1xPBS and fixed with 4% PFA immediately after dissection. Samples were washed by 1xPBS with
0.1% tween20 (PBT) and dehydrated with 25%, 50%, 75% and 100% methanol and rehydrated
with methanol. Samples were washed with 1xPBT and incubated with 5ug/mL Proteinase K in
1xPBT for 30 minutes at RT. The samples were washed with 1xPBT and fixed again with 4% PFA
and 0.25% Glutaraldehyde in 1xPBT. The samples were washed by 1xPBT, one wash with the
hybridization buffer (HB) (5xSSC containing 50% formamide, 0.1% tween-20, 0.29 mg/mL tRNA
(Roche Diagnostics), 0.05 mg/ mL Heparin, and 9.2 mM citric acid), and incubated with HB for 2
h at 65°C. The samples were then incubated with 1.2 ng/uL Dstac RNA probes overnight at
65°C. Following hybridization, the samples were washed four times with mixture of HB and
2xSSC with 0.1% tween-20 (SSCT), twice with 2xSSCT, and twice with 0.2xSSCT at 65°C. Samples
were washed with mixture of 0.2xSSCT and 1xPBT for six times at RT. Samples were blocked
with 5% sheep serum and 0.2% BSA in 1xPBT for 2 h at RT. Samples were incubated with
alkaline phosphatase-conjugated anti-digoxigenin Fab fragment (1:5000, Roche Diagnostics,
Risch-Rotkreuz, Switzerland) at 4°C overnight. Samples were washed 15 times with 1xPBT and 3

times with NTMT (0.1M NacCl, 0.1 M Tris-HCl pH 9.5, 50 mM MgCl,, 1% tween-20 and 0.24
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mg/mL Levamisole). The Dstac RNA probe hybridization was visualized by incubating the
samples with Fast-Red (Roche Diagnostics). The development was stopped by 2 washes of
NTMT and 10 washes of 1xPBT. The samples were fixed again with 4% PFA and 0.25%
Glutaraldehyde in 1xPBT. Dstac-gfp trap was labeled following the immunofluorescence
labeling protocol with rabbit anti-GFP (1:1000, Torrey Pines Biolabs) and anti-rabbit Alexa Fluor
488 (1:1000, Invitrogen). Samples were washed with 50% and 70% of glycerol in 1xPBT and

mounted. Samples were imaged using a Leica SP5 confocal microscope with a 20x objective.

3.3.6 Analysis of activity rhythms

All flies for the activity rhythm analysis were reared at 25°C under a 12 h:12 h light dark
cycle (LD). Adult males aged between 1 and 5 days were placed individually in glass tubes and
loaded onto the Trikinetics DAM2 monitors (Waltham, MA) for locomotor activity recordings.
Flies were entrained for 6 days at 25°C under LD and then subjected to constant darkness (DD)
for 14 days. The locomotor activity data were processed by the Drosophila Activity Monitoring
system (Trikinetics, Waltham, MA) into 30 minutes bins for activity analysis under LD and 1
minute bin under DD. The activity rhythm analysis under LD was analyzed by a counting macro
(Pfeiffenberger et al., 2010). The normalized morning startle response was determined as the
ratio of the activity of the first bin in light/activity of the last bin in dark (Stoleru et al., 2004).
Thus a ratio of 1 would signify the loss of the morning startle response. The morning and
evening anticipation were calculated by the “anticipation phase score” method (ratio of the
activity 3 h prior to lights on/off to the activity 6 h prior to lights on/off; Harrisingh et al., 2007).

Clocklab (Actimetrics) was used for the circadian rhythm analysis. Dead flies were determined
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by loss of activity according to the actograms and were excluded from the analysis. The
rhythmicity and free-running periods of individual flies were determined by Chi-square analysis
with a confidence level of 0.01 (Sokolove and Bushell 1978). “Power” is the peak activity in the
Chi-square periodogram and “significance” is the minimum value in the periodogram where a
fly is considered rhythmic. The rhythmic power was calculated by subtracting the “significance”
values from the “power” values that are generated by the Chi-square periodogram analysis. A
fly with a rhythmic power equal to or less than zero was considered arrhythmic. The free
running periods were analyzed with the range between 14 and 36 h with 0.5 h interval. The
analysis of free-running periods only included flies displaying significant periodicities under

constant darkness and temperature.

3.3.7 Statistical analysis

The rhythmic ratio (number of rhythmic flies/number of total flies x 100%) of the experimental
group (Pdf-GAL4/y;UAS-Dstac-RNAi/+;UAS-DCR2/+) and the other control groups was compared
by Fischer’s Exact test. The free-running periods and morning and evening anticipation were
analyzed by one-way ANOVA (Kruskal-Wallis test) among all the groups and Dunn’s multiple
comparison tests were used to compare the control groups particularly with the experimental
group. The normalized morning startle response was compared with the hypothetical value of 1
(defined as loss of morning startle response) by Wilcoxon Signed Rank Test. The protein band
intensities between Dstac knock- down muscles and control muscles were compared by the
Mann—Whitney U test. D’Agostino-Pearson omnibus normality test was used to decide the

parametric tests or nonparametric tests to be used.
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3.4 Results
3.4.1 Dstac is similar to the vertebrate stac genes

We identified a single Drosophila gene (CG43729) that was potentially related to the
human STAC1 (SH3 and CRD) gene with an Ensembl search
(http://www.ensembl.org/Homo_sapiens/Gene/Compara_Tree?db=core;g=ENSG00000144681;
r=3:36380344-36548007; Aken et al., 2017). An EnsemblMetazoa search further found
potential stac genes in numerous invertebrate lineages
(http://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Compara_Tree/pan_compara?d
b=core; g=FBgn0263980;r=2R:15401096-15471884;t=FBtr0330009;collapse=none). CG43729
appears to be alternatively spliced (Figure 3.1F) and encodes for a protein containing a SH3
domain and CRD that are the defining features unique to vertebrate stac genes (Suzuki et al.,
1996). Furthermore as determined by EMBOSS (Rice et al., 2000), the amino acid sequences of
the SH3 and CRD of CG43729 are well conserved with those of zebrafish Stacl (67% and 59%
similarity, respectively), human Stacl (71% and 65%, respectively), zebrafish Stac3 (67% and
57% similarity, respectively) and human Stac3 (71% and 61%) (Figure 3.1A, 3.1B) suggesting
that CG43729 encodes for a Stac protein and thus named this gene Dstac. The putative Dstac
protein also appears to contain a BAR domain normally associated with membrane curvature
(reviewed in Salzer et al., 2017) in the N terminal region of Dstac that is not found in vertebrate

Stac proteins but is found in invertebrate Stac proteins.

3.4.2 Dstac appears to be expressed by PDF* neurons in the brain

Examination of a MiMIC transposon mediated transgenic line (Venken et al., 2011) in

73



which gfp is inserted into the Dstac locus (Dstac-gfp trap) showed that Dstac appears to be
expressed by both body wall muscles and a subset of neurons in the CNS of third instar larvae
and adult brain (Figure 3.1C). Interestingly in the adult brain the I-LNvs and s-LNVs that are key
regulators of circadian locomotor rhythms express Dstac. In Dstac-gfp flies anti-PDF labeled I-
LNvs and s-LNVs also expressed GFP (Figure 3.1D). Furthermore, these neurons were colabeled
with anti-PDF and anti-Dstac (Figure 3.1E). Western blots from larval muscles probed with anti-
Dstac labeled four bands (40, 69, 94 and 108 kD) suggesting that there are at least four isoforms
of Dstac in muscles (Figure 3.1F). The protein levels of all four isoforms were significantly
reduced when Dstac was knocked down in muscles (Figure 3.1F), indicating that anti-Dstac

specifically detected Dstac proteins and that Dstac RNAI is effective.

3.4.3 The L-type CaCh, Dmcald, appears to be expressed by PDF* neurons in the brain

Since Stac3 regulates a L-type CaCh in vertebrate skeletal muscles (Linsley et al., 2017),
we wondered whether Dstac might regulate a L-type CaCh in the PDF* s-LNys and I-LNys. To see
if this was possible we examined whether a L-type CaCh is coexpressed with PDF in the s-LNys
and I-LNys. The Drosophila genome appears to contain a single L-type CaCh, DmcalD (Zheng et
al., 1995; Eberl et al., 1998). Anti-PDF labeling of Dmcal1D:GAL4;UAS:mCD8tdTomato flies
showed that the s-LNys and I-LNys coexpress mCD8tdTomato and PDF (Figure 3.1G). Thus it is
possible that Dstac and DmcalD are coexpressed by PDF* s-LNys and I-LNys although the

specificity of the DmcalD:GAL4,UAS:mCD8tdTomato flies is as yet uncharacterized.
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3.4.4 Knockdown of Dstac in PDF* neurons disrupts circadian locomotion

Since Dstac is expressed by the PDF* s-LNys and I-LNys, we tested whether knocking
down Dstac specifically in PDF* neurons might affect circadian locomotion (Table 3.1).
Pdf:GAL4;UAS:DstacRNAI flies but not control flies displayed altered circadian locomotor
rhythms (Figure 3.2A); a significant increase in arrhythmic flies in constant dark (DD) conditions
and a small but significant increase in the free-running period of flies displaying significant
periodicities under DD. Furthermore, under LD conditions, the startle response to light onset
was eliminated, but there was no change in the morning nor evening anticipation (Figure 3.2B,
3.2D). There were no obvious morphological defects in Pdf:GAL4,UAS:DstacRNAi flies (Figure
3.2C) and other than the loss of the morning startle response their activity under LD was
comparable to wt con-trol flies suggesting that in these flies the altered circadian locomotor

rhythm was not due to any obvious deleterious effect on locomotion in general.
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Table 1. Knocking down Dstac in PDF neurons increases arrhythmicity and free-running

periods in DD and decreases morning startle response in LD.

DD 5-13 LD 3-6
Rhythmicity Free-running periods Morning startle response
p p (Dunn’s Normalize .
Genotype n rhythmic | (Fischer's I-I\lllzb;r: Multiple d :i (‘:Iellic:);?‘?(
(%) Exact (£SEM) Comparison Mean & test)
test) - test) (xSEM)
yw,PDF-GAL4/y;+;+ 32 (100) 0.0001 (ig(l)‘ll) <0.0001 (5.2123) <0.0001
yw/y;+;UAS-DCR2/+ 29 (93) 0.0106 (ig(l)g) 0.0001 (5'16(2)‘51) <0.0001
yw/y;UAS-Dstac- 24.24 14.590
RNAi/++ 29 (93) 0.0106 (+0.16) 0.0139 (+6.18) <0.0001
yw/y;UAS-Dstac- 24.42 7.601
RNAL/+UAS-DCR2 /4 31 (96) 0.0012 (£0.37) <0.0001 (£2.85) <0.0001
yw, PDF-
GAL4/y;+;UAS- 27 (90) 0.0311 (iggg) 0.0368 (16812) <0.0001
DCR2/+ - -
yw,PDF-GAL4/y;UAS- 24.80 2.115
Dstac-RNAI/++ 28 (93) 0.0106 (+0.05) >0.9999 (+0.34) 0.0002
yw,PDF-GAL4/y; UAS-
Dstac-RNAi/+;UAS- 20(64) | - (33'18](_))# ------ (i)lig) 0.1870
DCR2/+ - -

n = number of flies tested

# denotes significantly different from all other genotypes except for yw,PDF-GAL4/y; UAS-Dstac-RNAi/+;+

76




Figure 3.1
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Figure 3.1 (continued)

s-LNvs

F. <
3
&S
'
0 SF
~1
98— «2
62— -3
Anti-Dstac
49—
~4
38—
« « Anti-actin
38—
G.
Dmcai1D>
mCD8tdTomato

Merge

. Control
[ ]Dstac-RNAi

P=0

> 2.5-
®

[

3 2.0-
£

2 1.54
o

0

S 1.0
N

£ 0.5
o

Z 0.0-
I-LNvs

78

0.0006 P=0.0006 P=0.0012 P=0.0111

]

[




Figure 3.1 Dstac is similar to vertebrate Stacl and Stac3 and expressed by a subset of neurons
and by body wall muscles.

Alignment of the amino acid sequences of the SH3 domains (A) and CRD domains (B) between
zebrafish Stacl, human Stacl, zebrafish Stac3, human Stac3 and Dstac. Amino acids that are
identical among all three genes are highlighted in red; amino acids that are identical between
Dstac and Stacl or Stac3 are highlighted in blue. (C) The expression pattern of the Dstac-gfp
trap (above) in the third instar larval CNS (left) and in the adult brain (right). Expression of Dstac
by body wall muscles determined by labeling by a riboprobe for Dstac (below). The larval CNS
expression is from a stack of focal planes of the dorsal side of the third instar larval CNS and
adult brain expression from a stack of throughout the entire brain. The muscle images are a
single focal plane. Boxes in the adult brain panel denote the region where the s- and I-LNy
neurons are located. Scale bars, 75 um. (D) Dstac-gfp trap adult brains labeled with anti-PDF
showed colocalized expression of GFP and PDF in the s-LNy and |-LNy neurons. High
magnification views of s- and I-LNys (left panels). Lower magnification views of LNys showing
that only some Dstac-gfp neurons express PDF (right panels). Images are single focal planes.
Scale bars, 10 um. (E) Anti-PDF and anti-Dstac labeling of w18 adult brain showed coexpression
of PDF and Dstac in the s-LNys and |-LNys (top 3 sets of panels). Lower magnification images of I-
LNvs showing that anti-Dstac labels PDF* neurons but not other neurons in the vicinity (bottom
set of panels). Images are single focal planes. Scale bars, 10 um. (F) Western blots showed anti-
Dstac labeled bands (1—4) in control larval muscles (UAS-DCR2/+;UAS-Luciferase-RNAi/Mef2-
GAL4) and the intensities of all bands were significantly lower in Dstac-RNAi larval muscles
(UAS-Dstac-RNAi/+;UAS-DCR2/Mef2-GAL4). The protein bands of control and Dstac-RNAi larval
muscles were quantified and analyzed by Mann—Whitney U test. (G) UAS-mCD8-tdTomato/+;
DmcalD-GAL4/+ adult brain labeled with anti-PDF showed colocalized expression of tdTomato
and PDF in the s-LNys and I-LNys. Images are single focal planes. Scale bars, 5 um.
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Figure 3.2
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Figure 3.2 Knocking down Dstac in PDF neurons lead to arrhythmic circadian
rhythms in DD and elimination of the morning startle response in LD.

(A) Left, the percentage of rhythmic and arrhythmic flies from day 5 to 13 under DD.
* denotes that the Dstac knockdown flies (Pdf-GAL4/y;UAS-Dstac-RNAi/+;UAS-
DCR2/+) were significantly less rhythmic than all the other control groups (see Table
1). Numbers denote the number of flies that were rhythmic and arrhythmic. Center,
actograms from a rhythmic and arrhythmic Dstac RNAI fly under DD. Right, the free-
running periods of flies displaying significant periodicities under DD and constant
temperature from day 5 to 13 in constant darkness. * denotes that both Dstac
knockdown flies with or without UAS-DCR2 displayed a slight but significant increase
in the free-running periods when compared with the other control groups. Each dot
represents an individual fly. (B) The activity histogram of each genotype from day 3
to 6 under LD showed no apparent change in morning and evening anticipation but
a decrease morning startle response in Pdf-GAL4/y;UAS-Dstac-RNAi/+;UAS-DCR2/+
flies. (C) The morphology of Pdf:GAL4,UAS:DstacRNAi flies (2—3 days) appeared
normal. (i) yw,PDF-GAL4/y;+;+. (ii) yw,PDF-GAL4/y;+;UAS-DCR2/+. (iii) yw,PDF-
GAL4/y;UAS-Dstac-RNAI/+;+. (iv) yw,PDF-GAL4/y; UAS-Dstac-RNAi/+;UAS-DCR2/+.
(D) Left, the value of the normalized morning startle response (see Methods) of
Dstac knock down flies was not significantly (ns) different from the value of 1 by
Wilcoxon Signed Rank test. The values of the normalized morning startle responses
of all the other control groups were significantly larger than 1. The morning
anticipation (middle) and evening anticipation (right) from day 3 to 6 under LD was
not significantly different between the Dstac knock down flies and controls (Dunn’s
multiple comparison test).
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3.5 Discussion

The Stac proteins are defined by the unique combination of a SH3 and CRD (Suzuki et al.,
1996). The stac genes are found widely both in vertebrate and invertebrate lineages. In most
vertebrate genomes there is a small family of stac genes with stac3 selectively expressed by
skeletal muscles while the other stacs are expressed within the nervous system. In Drosophila,
there appears to be a single stac gene. The conclusion that Dstac is a stac gene is based upon
the presence of highly conserved SH3 and CRD of the predicted Dstac protein along with the
expression of Dstac by both muscles and neurons. The latter is concordant with the expression
of vertebrate stac3 by skeletal muscles and the other vertebrate stacs by neurons. One
difference between invertebrate stac genes and vertebrate stac genes is the presence of a BAR
domain. BAR domains are associated with membrane curvature (reviewed in Salzer et al., 2017)
but the significance of the BAR domain in invertebrate stacs including Dstac is unknown.
Interestingly, in vertebrates the Binl protein from which the BAR domain draws its name
contains both BAR and a SH3 domain and like Stac3, associates with Cay1.1 in skeletal muscle
where its BAR domain is associated with the formation of T-tubules in muscle (Lee et al., 2002).
Mutations in the BAR domain of binl destabilize T-tubules and are associated with
centronuclear myopathy in humans (Claeys et al., 2010). Thus the BAR domain may be critical
to the function of Dstac in invertebrate muscle.

The expression of Dstac by PDF* neurons and the disruption of circadian locomotion
when Dstac is knocked down in these neurons suggest that Dstac is necessary for normal
circadian locomotor rhythms in Drosophila. The disruption of such rhythms in Drosophila is the

first functional phenotype described for a stac gene in neurons in any organism.

82



How does Dstac regulate the function of PDF* neurons and circadian locomotion? The
fact that Stac3 regulates L-type CaCh in zebrafish skeletal muscles (Linsley et al., 2017) suggests
that Dstac might regulate DmcalD, the Drosophila L-type CaCh, in PDF* neurons. Indeed PDF*
neurons appear to express DmcalD. However, whether Dstac regulates DmcalD, which in turn
regulates circadian locomotion is at present unknown. Testing this hypothesis will require direct
examination of a circadian phenotype when DmcalD is knocked down in the s-LNys and analysis
of DmcalD L-type Ca?* currents in s-LNys in flies with Dstac knocked down selectively in these
neurons.

If the hypothesis is correct, then an influx of Ca?* into PDF* neurons via the DmcalD
channels is critical for proper output presumably involving PDF by these neurons to the
circadian network in the brain. I-LNy neurons fire Na* channel dependent action potentials
tonically or in bursts (Sheeba et al., 2008; Cao and Nitabach 2008). 2—3 Hz membrane potential
oscillations underlie the tonic pattern and slower oscillations of the bursting pattern. Both fast
and slower oscillations are dependent on Na* and Ca?* influx. Additionally the membrane
potential exhibits circadian changes with increasing hyperpolarization as the day progresses
and increasing depolarization as the night progresses (Sheeba et al., 2008; Cao and Nitabach
2008). One possibility is that Dstac and DmcalD might be important for one or both of these
changes in excitability in PDF* neurons. Alternatively Dstac and DmcalD might regulate the
synaptic and/or paracrine response of PDF* neurons to their inputs or the synaptic and/or
paracrine output of the PDF* neurons. For example, Dstac regulation of DmcalD might be
involved in the potential suppression of basal Ca?* and termination of the circadian Ca?*

increase by PDF signaling in s-LNy neurons (Liang et al., 2017). However there was no effect on
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morning anticipation when Dstac was knocked down in the s-LNy neurons as one might expect
from a disruption of signaling by these neurons so how Dstac might affect circadian rhythm may
be complex. Further analysis will hopefully flesh out how Dstac and DmcalD may regulate the

function of the PDF* neurons and thus circadian rhythms.
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4.1 Abstract

Neuropeptides are important for regulating numerous neural functions and behaviors.
Release of neuropeptides requires long-lasting, high levels of cytosolic Ca?* that may be due to
calcium induced calcium release (CICR) via the ER. However, the molecular regulation of
neuropeptide release remains to be clarified. Recently, Stac3 was identified as a key regulator
of L-type Ca?* channels (CaCh) and excitation-contraction coupling in vertebrate skeletal
muscles. There is a small family of stac genes in vertebrates with other members expressed by
subsets of neurons in the CNS. The function of neural Stac proteins, however, is poorly
understood. Drosophila contain a single stac gene, Dstac, which is expressed by muscles and a
subset of neurons including neuropeptide expressing motor neurons. Here genetic

manipulations coupled with immunolabeling, Ca?* imaging, electrophysiology and behavioral
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analysis revealed that Dstac regulates L-type CaChs (DmcalD) in Drosophila motor neurons and

this in turn controls the release of neuropeptides.

4.2 Introduction

Neuropeptides are required for a myriad of brain functions such as regulation of
complex social behaviors including emotional behavior (Donaldson and Young, 2008). The
activities of many neuropeptides within the brain are now well established but despite the
important role neuropeptides play, our understanding of the mechanisms by which
neuropeptides are released by neurons and how release is regulated is not as advanced as that
of classical neurotransmitters. A greater understanding of neuropeptide release could help
untangle the mechanisms of complex behaviors as well as reveal therapeutic targets that could
modulate aberrant behaviors.

Release of neuropeptides, which are packaged in dense core vesicles (DCVs) rather than
in small synaptic vesicles that contain neurotransmitters, often involves activation of L-type
Ca?* channels (CaCh) and Ca?* induced Ca?* release (CICR) (Garcia et al., 2006). Much of what is
known about DCV exocytosis is from the study of non-neural cells. For example, in adrenal
chromaffin cells the exocytosis of DCVs containing catecholamines and/or peptide hormones
involves CICR either via RyR or iP3R initiated by an influx of Ca?* through voltage-gated CaChs
such as L-type CaChs. In neurons the release of neuropeptides is more complex. Neuropeptides
can be released from dendrites, cell bodies, axons and presynaptic terminals (Morris and Pow,
1991; Ludwig and Leng, 2006; Sobota et al., 2010) and release can involve a kiss-and-run

mechanism (Xia et al., 2009). DCVs are not tightly clustered as are small synaptic vesicles, and
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DCVs are generally not associated with presynaptic specializations for release of
neurotransmitters such as active zones (van den Pol, 2012). Furthermore, the DCVs within the
CNS are not as numerous nor as large as they are in chromaffin cells and neurohypophyseal
terminals. In many neurons the release of neuropeptides requires bursts of action potentials
(Bondy et al., 1987; Muschol and Salzberg, 2000). Based primarily upon pharmacological
experiments it appears that an influx of Ca?* via L-type CaChs is necessary for release of
neuropeptides from some neurons (Perney e al., 1986; Cazalis et al., 1987; Rane et al., 1987;
Lemos and Nowycky, 1989; Wang et al., 1993; Simmons et al., 1995; Kolarow et al., 2007; Xia et
al., 2009) with some cases also involving Ca?* release from internal stores while others not. This
suggests the possibility that in neurons neuropeptide release may be initiated by an influx of
Ca?* via L-type CaCh.

Drosophila provide an ideal system to study neuropeptide release due to the vast array
of molecular and genetic tools available for manipulating them. Numerous neuropeptides are
expressed by the Drosophila nervous system including proctolin by motor neurons (Anderson et
al., 1988; Taylor et al., 2004). Furthermore, larval motor neurons fire bursts of high frequency
action potentials (Cattaert and Birman, 2001; Barclay et al., 2002) so motor boutons are likely
to have the long-lasting increases in Ca?* transients in motor boutons that are thought to be
required for the release of neuropeptides. Motor boutons contain a network of ER
(Summerville et al., 2016) and there is a RyR-dependent release of Ca* from the ER presumably
via CICR, which is required for sustained release of neuropeptides at the neuromuscular
junction (nmj) of 3" instar larvae (Shakiryanova et al., 2007). Elegant dynamic examination of

DCVs in boutons with fluorescence recovery after photobleaching showed that they are
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immobile in the resting state, but they move randomly and release neuropeptides for several
minutes following activity-dependent Ca?* increases (Shakiryanova et al., 2005). Furthermore,
simultaneous photobleaching and imaging of DCVs suggest that DCVs release neuropeptides via
multiple rounds of kiss-and-run events (Wong et al., 2015). Thus, in Drosophila neuropeptide
release at the neuromuscular junction appears to involve CICR from the ER.

One way to regulate the release of neuropeptides is to control changes in cytoplasmic
Ca?* levels. In this regard Stac3 was identified as a regulator of L-type CaChs and excitation-
contraction (EC) coupling in zebrafish skeletal muscles (Horstick et al., 2013; Linsley et al.,
2017a). Stac3 also regulates EC coupling in murine skeletal muscles (Nelson et al., 2013) and is
causal for the congenital Native American myopathy (Horstick et al., 2013). EC coupling is the
process that transduces changes in muscle membrane voltage to initiate release of Ca?* from
the sarcoplasmic reticulum (SR) and contraction. In vertebrate skeletal muscles EC coupling is
mediated by the L-type CaCh, DHPR, which is in the transverse tubule membrane (t-tubules)
and is the voltage sensor for EC coupling, and the RyR, which is the Ca?* release channel in the
SR (Schneider and Chandler, 1973; Rios and Brum, 1987; Block et al., 1988; Paolini et al., 2004).
In zebrafish Stac3 regulates EC coupling by colocalizing with DHPR and RyR, and by regulating
DHPR stability and functionality, including the response to voltage of DHPRs but not trafficking
of DHPRs (Linsley et al., 201743, Linsley et al., 2017b).

In mammals stac3 is a member of a small family of genes along with stacl and stac2,
which are expressed by subsets of neurons (Suzuki et al., 1996; Lein et al., 2007; Legha et al.,
2010). The in vivo function of the stacl and stac2 genes expressed by neurons is, however,

unknown. Recently, a stac-like gene, Dstac, was identified in Drosophila (Hsu et al., 2018).
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There is a single stac gene in Drosophila and it is expressed both by muscles and a subset of
neurons including in the lateral ventral neurons (LNy) that express the neuropeptide, pigment
dispersing factor (PDF) in the brain. Previously, genetic manipulation of PDF demonstrated the
necessity of PDF for circadian rhythm (Shafer and Taghert, 2009). Interestingly, knocking down
Dstac selectively in the PDF neurons disrupted circadian rhythm suggesting the hypothesis that
Dstac regulates the release of neuropeptides such as PDF. Since Stac3 regulates the L-type CaCh
in vertebrate skeletal muscle, Dstac might control neuropeptide release via regulation of the
single L-type CaCh in Drosophila neurons (DmcalD; Zheng et al., 1995). We tested this
hypothesis by examining the role of Dstac for neuropeptide release by the more accessible

presynaptic boutons of motor neurons at the neuromuscular junctions of 3™ instar larvae.

4.3 Methods
4.3.1 Drosophila melanogaster strains

All crosses and larvae for experiments were kept at 25 °C and supplied with food that
uses molasses as sugar source (Food R purchased from LabExpress). The number of flies used in
crosses were controlled so the vials were not overcrowded with larvae. All experiments used
age and size matched larvae. Both male and female 3" instar larvae were used. For in vivo Ca?*
imaging using the microfluidic chip, 2" instar larvae of both genders were used since 3™ star
larvae don’t fit in the microfluidic chamber. All experiments were conducted at room
temperature (21°C — 23.5°C). UAS:Dcr-2 was present in all knockdown experiments using RNAi
strains except for the TRiP RNAI lines that don’t require Dcr-2.

The following fly stocks were used in this study.
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GAL4 stocks: Proctolin:GAL4 (RRID:BDSC_51972), daughterless:GAL4 (da:GAL4) (From Andreas
Wodarz, Wodarz et. al, 1995), elav:Gal4“*>°;UAS:Dcr-2 (RRID:BDSC_25750), ShakB:GAL4
(RRID:BDSC_51633), Mef2:GAL4 (RRID:BDSC_27390).

UAS Stocks: UAS:Dcr2 (RRID:BDSC_24650 and RRID:BDSC_24651), UAS:GCaMP6f
(RRID:BDSC_52869), UAS:mCD8tdtomato (From Bing Ye), UAS:mCD8:RFP (RRID:BDSC_27391),
UAS:mCD8GFP (RRID:BDSC_32185), UAS:Dilp2-GFP (From Edwin Levitan, Wong et al., 2012),
UAS:Dstac-RNAi (VDRC 103824), UAS:DmcalD-RNAi (RRID:BDSC_33413 and VDRC 51491),
UAS:proctolin-RNAi (RRID:BDSC_29570), UAS:Luciferase-RNAi (RRID:BDSC_31603), UAS:Dstac*!-
GFP (this study). DmcalD-RNAi VDRC 51491 was used in supplementary Figure 4.4E and
BDSC_33413 was used in all other Dmca1D KD experiments.

Other stocks: w128 (RRID:BDSC_3605), yw (RRID:BDSC_1495), w;Sco/CyO (RRID:BDSC_2555),
yw;Sco/CyO (this study), yw;sp/CyO;p[A2-3transposase],sb/Tm6,UbX (Kenneth Cadigan),
w;Sco/CyO-cre (RRID:BDSC_1092), w;L/Cyo;,flz9,e7/Tm3,sb,e” (Kenneth Cadigan), Dstac-gfp trap
(RRID:BDSC_40742), Dmcal1D**¢/CyO (From Daniel Eberl, Eberl et al., 1998), w;Sco/CyO-Dfd-
EYFP (RRID:BDSC_8578), P{Mae-UAS.6.11}Dstac'#%?16 (DGRC 120216), nos-Cas9
(RRID:BDSC_54591), Dstac?3/CyO (this study), y[1] w[67c23]; P{y[+t7.7]=CaryP}attP2

(RRID:BDSC_8622).

4.3.2 Generation of Dstac®H3

Dstac%sH3

was generated by CRISPR-mediated homology-directed repair (Gratz et al.,
2014). Two gRNA neighboring the targeted genomic DNA sequence encoding for SH3 were

cloned into the pCFD3-dU63gRNA vectors (Addgene plasmid # 49410 ;
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http://n2t.net/addgene:49410 ; RRID:Addgene_49410). For making the donor plasmid, the
DsRed of phD-DsRed-attP vector (Addgene plasmid # 51019 ; http://n2t.net/addgene:51019 ;
RRID:Addgene_51019) was swapped with an eGFP by Gibson assembly (Cat# E2611, NEB) to
create the phD-eGFP-attp vector and 1-kb homology arms were inserted into the phD-eGFP-
attp vector. The two gRNA plasmids and the donor plasmid were injected to the nos-Cas9
embryos (RRID:BDSC_54591) by a commercial vendor (BestGene). The carriers of the mutation
were isolated by crossing the adult flies that grew from the injected embryos with a 2
chromosome balancer strain, w;Sco/CyO. Two founders were isolated by 3xP3-eGFP expression
in eyes and confirmed by PCR using primer 1 & 2, primer 3 & 4 and by sequencing using primer

5 and primer 6 (see Supplementary table). Founder 1 and founder 2 were outcrossed with w118

45H3 mutations were

for 5 and 10 generations, respectively; during the outcross, the Dstac
identified by the 3xP3-eGFP expression in the eyes and confirmed by PCR using primer 1 & 2,
primer 3 & 4 and by sequencing using primer 5 and primer 6 (see Supplementary table). The
3xP3-eGFP was removed by crossing with the flies that are transgenic for the Cre recombinase

(w;Sco/Cyo-cre) for two generations for complete removal of 3xP3-eGFP. Dstac**"3 Founder 1

was used in all Dstac mutant experiments.

4.3.3 P-element excision

The P{Mae-UAS.6.11} insertion of Dstac'4%9216 ([1] w[*]; P{y[+t7.7]=Mae
UAS.6.11}CG43729[LA00216]) contains a yellow* gene and was inserted in the 3'UTR of the
Dstac gene (Bellen et al., 2004). The original Dstact4%%?16 stock was w18 background and

therefore was crossed with yw strain to change the genetic background to yw. The
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yw;DstactA%9216 strain was crossed with yw;sp/CyO;p[A2-3transposase],sb/Tm6,UbX. The
progeny flies with yellow body (loss of the yellow* gene) were assayed by PCR using primer 29
& 31 and primer 31 & 33 for detecting excision of p-element. Precise excision of the p-element
was confirmed by sequencing using primer 30 and primer 32. See Supplementary table for

primer sequences.

4.3.4 Generation of UAS:Dstac"*

For making UAS:Dstac"t transgenic flies, a Dstac cDNA (CG43729-RE) that contains a SH3
domain and a CRD domain was amplified from the cDNA of the whole 3™ instar larvae of the
w118 strain using primer 34 and 35 (see Supplementary table) and the Platinum taq high fidelity
DNA polymerase (Cat#11304011, ThermoFischer). The amplified Dstac cDNA was cloned and
tagged with an eGFP into a modified pJFRC14 vector (Addgene plasmid# 26223 ;
http://n2t.net/addgene:26223 ; RRID:Addgene_26223). The plasmid was injected into the
strain carrying the attP2 sites (RRID:BDSC_8622) for integration of the transgene via the Phic31

integrase. The transgenic flies were isolated and balanced by a commercial vendor (Bestgene).

4.3.5 Molecular Biology

For extracting genomic DNA, 5-6 adult or 3" instar larval Drosophila were crushed
thoroughly with a pestle in buffer containing (in mM) 100 Tris-HCl pH 7.5, 100 EDTA, 100 Nacl,
0.3% SDS and 1% Proteinase K (NEB) and incubated at 50 °C for 30 minutes followed by addition

of potassium acetate and lithium chloride. The mixture was centrifuged and the supernatant
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was collected. DNA was precipitated by isopropanol, washed with EtOH and suspended with
dH,0.

For reverse-transcription PCR of CNS and body wall (Figure 4.3B), cDNA of whole 3™
instar larvae, dissected CNS or dissected body wall, was synthesized by SuperScript Il reverse
transcriptase (Cat#18080044, ThermoFischer) using equal amounts of RNA with oligo-dT primer
(Cat#18418012, ThermoFischer). The tissues were thoroughly frozen with dry ice and
homogenized with a pestle in TRIzol (Cat#15596018, ThermoFischer) followed by addition of
chloroform. RNA was precipitated by isopropanol, washed with EtOH and suspended with
DEPC-treated water. The primers used in Figuire 4.3B are RT-PCR primers for CG43729-RC, RE,
RH, RN, RO, RP, RQ, RU, RV and GAPDH (primer 8-27, see Supplementary table for primer
sequences). The PCR products of each isoform were loaded on an agarose gel. For reverse-
transcription PCR of Dstac®"3 (Figure 4.2A and Figure 4.3C), same procedures were followed
except that the whole 3@ instar larvae were used. For Figure 4.2A, primer 22 & 28 were used
for CG43729-RU and primer 24 & 28 for CG43729-RV. For Figure 4.3C, RT-PCR primers for
CG43729-RC, -RP, -RU and -RV were used (see Supplementary table). RT-PCR gels were analyzed
using ImagelJ. The controls and experimental groups were run on the same gel and analyzed at
the same time. Single ROIs were drawn over single bands, as well as blank regions directly
above or below the bands as background. Background was subtracted from individual PCR
bands; the net PCR band intensity was then normalized to GAPDH levels.

For DNA sequencing, gel extraction was performed using the Qiagen gel extraction and
purification kit. Sequencing was performed by the LSI sequencing core at the university of

Michigan. All DNA constructs and PCR bands of this study were confirmed by sequencing.
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4.3.6 Immunostaining

3" instar larvae were filleted in HL3 solution and fixed in 4% paraformaldehyde in PBS.
For immunostaining of DmcalDX10 embryos, stage 12-17 embryos were collected, and the
chorion and vitelline membrane removed manually by needles followed by fixation.
Immunolabeling followed the procedure described in Hsu et al., 2018. The primary antibodies
used were: chicken anti-DmcalD (1:20 - 1:100) (this study), rabbit anti-Dstac (1:100 - 1:150)
(Hsu et al., 2018), chicken anti-GFP (1:1000, Aves Labs Cat# GFP-1010, RRID:AB_2307313),
rabbit anti-GFP (1:1000, Torrey Pines Biolabs Cat# TP401 071519, RRID:AB_10013661), anti-
prcotolin (1:4000) (Taylor et al., 2004), and rabbit anti-RFP (1:1000, Rockland, Rockland Cat#
600-401-379, RRID:AB_2209751). Secondary antibodies used were (1:1000): Donkey anti-
chicken Alexa Fluor 488 (Jackson ImmunoResearch Labs Cat# 703-545-155, RRID:AB_2340375),
Goat anti-rabbit Alexa Fluor 647 (Thermo Fisher Scientific, Cat # A-21245, RRID AB_2535813),
Goat anti-HRP Cy3 (Jackson ImmunoResearch, Cat # 123-165-021, RRID:AB_2338959), Goat
anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific, Cat # A-11034, RRID: AB_2576217), anti-
chicken Alexa Fluor 633 (Sigma-Aldrich, SAB4600127), and Goat anti-HRP Alexa Fluor 594

(Jackson ImmunoResearch Labs Cat# 123-585-021, RRID:AB_2338966).

4.3.7 Antibody production

To generate anti-DmcalD, the DmcalD cDNA that encodes for the 94 amino acids at the N
terminus of the DmcalD protein
(DFERGASGEGGFSPNGNGGPGSGDVSRTARYDSGEGDLGGGNNIMGIDSMGIANIPETMNGTTIGPSGA

GGQKGGAAAGAAGQKRQQRRGKPQP) was cloned using primer 40 and 41 (see Supplementary
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table) and expressed with a His fusion protein and purified using Ni-NTA agarose (Thermo
Fisher Scientific). The purified His-tagged proteins were further purified by NUPAGE 4-12% SDS
polyacrylamide gel electrophoresis (SDS-PAGE) using a Bis-Tris Gel (Thermo Fisher Scientific)
followed by excision of the appropriate Coomassie-stained band. The gel slices of purified
DmcalD proteins were used to immunize chickens and the IgY was extracted from the yolk by a
commercial vendor (ProSci). The DmcalD antibody was further purified from the IgY with an
NHS-activated agarose column (Thermo Fisher Scientific) that was conjugated with the 94-
amino acid portion of the DmcalD protein. The specificity of anti-DmcalD was confirmed by
labeling of the CNS in wt but not in Dmcal1D null Drosophila embryos (Supplementary Figure

4.1D).

4.3.8 Motility assay

Freely moving 3" instar larvae of both genders were acclimated on a 10 cm 2% agar
plate for 1 minute and then recorded for 10 seconds at 7.5 Hz frame rate with a digital camera.
For each larva, three trials were run with each run representing one trial. All data were included
except for larvae that hit the petri dish wall during the 10-second recoding. The assay was
performed at 23.5 °C. The larval movement was tracked by the “multitracker” plugin of image)
that produced the (x,y) location of each larva at each frame. The distance between frames were
calculated from the (x,y) location and were summed to get the total distance traveled during
the 10 seconds.

For assaying the Dstac and Dmca1D deficiency and proctolin KD larvae, the controls and

experimental groups were coded to blind the genotypes. After completing the assay and
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analysis, the genotypes were unveiled. Motility assay of Dmca1D?*R% and control in
Supplementary Figure 4.4G was performed using larvae expressing one copy of nsyb:Dilp2-GFP
and the same genotypes of larvae were used in the Dilp2-GFP release assay. For assaying wt,

Dstac%sH3

and heterozygous siblings in Figure 4.2C, the genotypes of individual larvae were
identified by PCR using primer 5, 6, and 7 (See Supplementary table).

For the Dstac®"? rescue experiments in Figure 4.2D, “Dstac®"3/+;da:GAL4/+ “ flies were
crossed with “Dstac®"3/+, UAS:Dstac"/+ “ flies to get progeny that were: heterozygous
Dstac*"3 (Dstac™"3/+ carrying either da:GAL4 or UAS:Dstac™t), homozygous Dstac®"
(Dstac™"3/Dstac®M3 carrying either da:GAL4 or UAS:Dstac™t), heterozygous Dstac*"3 expressing
Dstac”t (Dstac®"3/+;da:GAL4>UAS:Dstac"), and homozygous Dstac®"? expressing Dstac"
(Dstac®H3/ Dstac®"3;da:GAL4>UAS:Dstac*?). For the Dstac®"? rescue experiments in
Supplementary Figure 4.4A, “Dstac®"3/+;Mef2:GAL4/+ “ flies were crossed with
“Dstac®"3/+;UAS:Dstac"'/UAS:Dstac*t “ flies to get the progeny that were: heterozygous
DstacH3 (Dstac®"3/+ carrying UAS-Dstac™®) , homozygous Dstac®*"3 (Dstac*"3/Dstac®H3

45H3 selectively expressing Dstac*tin body wall

carrying UAS-Dstac*'), and homozygous Dstac
muscles (Dstac®"3/ Dstac®"3; Mef2:GAL4>UAS:Dstac™). Individual larvae were genotyped by
PCR after the locomotion assay. Larvae carrying GAL4 were identified by primer 36 and 37,

carrying UAS:Dstac*" were identified by primer 38 and 39. The heterozygous and homozygous

Dstac*"3 |larvae were identified by primer 5, 6, and 7. See Supplementary table for primer

sequences.

4.3.9 Reproductivity test and larval size measurement
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Three males and 3 females of w?!!8 flies one day after eclosion were incrossed. At the

ASH3 1118

same time, Dstac crosses were set in the same manner as w'!*°® crosses. In order to let the
flies acclimate to the breeding environment, the crosses were flipped to a new vial a day after
the crosses were set. Two days after the flip of the crosses, the number of embryos from three
independent crosses of wt and Dstac®"? each were counted. For measuring larva size, freely
moving 3™ instar larvae were placed on a 2% agar plate. A series of images were taken at 7.5 Hz
for 10 seconds. The frames in which larvae were relaxed and not moving were measured for
their length and width using imagel. Lines were drawn longitudinally over a larva for acquiring

length or horizontally over a larva for acquiring width. The pixels of the lines were converted to

millimeters (mm).

4.3.10 In vivo Ca?* imaging

For Ca%* imaging of motor boutons, whole intact larvae selectively expressing GCaMP6f
in proctolin+ motor neurons (Proct:GAL4>UAS:GCaMP6f) (Chen et al., 2013) were placed into a
microfluidics chip (Mishra et al., 2014) and GCaMP fluorescence was observed on a Leica SP8
confocal microscope equipped with a 8,000 Hz resonance scanner and a 63x objective. The
Proct:GAL4 line also expressed UAS:mCD8tdTomato to allow visualization of boutons. Female
and male 2"¥ instar larvae were used since 3™ instar larvae were too big to fit into the chip. The
larvae were mounted on its side in the chip in order to image the type Is bouton nerve branch
on muscle 4. Images were captured every 0.712 sec for 5 min using an imaging volume of 148 x
148 x 10 um that contained the Is branch. The mCD8tdTomato expressed by the proctolin:GAL4

was used to track the boutons during recordings. The combination of an imageJ macro and the
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time series analyzer v3 plugin was used to create the region of interest (ROI) and re-center the
ROI to the same bouton frame by frame. The position of the ROl was checked and re-adjusted
manually. One type Is bouton per branch that stayed in focus throughout the 5-minute live
imaging was measured. The 10 frames of GCaMP6f fluorescence before and after the peaks
were averaged and used as basal GCaMP6f level (Fpasal) to calculate the fold change of GCaMP6f
fluorescence intensity (AF/F=F-Fpasal/Fbasal). Prism GraphPad was used to find the peak values
and the area under the peaks. Ca?* peaks or area under peaks per bouton were averaged as one

experiment sample. Both the experiments and analysis were done blind.

4.3.11 Electrophysiology

Voltage-clamp of RP2 motor neuron cell bodies followed the published protocols
(Worrell et al., 2008; Kadas et al., 2017). Briefly, the sheath over the ventral ganglion was
removed by focally applying 1% proteinase type XIV in zero Ca?* extracellular saline (Protease
type XIV from Streptomyces griseus; Sigma-Aldrich, Cat #P5147; CAS 9036-06-0) using a
micropipette with 1 um tip. Once the motor neurons were exposed, the enzyme was washed
out with extracellular saline (in mM): 118 NaCl, 2 NaOH, 2 KCI, 4 MgCl,, 1.8 CaCly, 25 sucrose, 5
trehalose, and 5 HEPES, pH 7.1-7.2 (Jan and Jan 1976). The RP2 motor neurons were identified
by anatomy and the expression of proctolin:GAL4>UAS:mCD8tdTomato,UAS:Dilp2-GFP using an
OLYMPUS BX51WI microscope with a 40x dipping lens. The RP2 motor neurons of segments T3
and Al were voltage-clamped. Thin-walled electrodes (Cat#1B150F-4, World Precision
Instruments) were pulled on a P-97 micropipette puller (Shutter Instrument) te and fire

polished using an MF-200 micro-forge (World Precision Instruments) to achieve a resistance of
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5 MQ. In order to isolate the DmcalD current, extracellular solution contained Na* and K*
channel blockers (1 uM tetrodotoxin (T5651, Sigma-Aldrich, discontinued), 50 mm
Tetraethylammonium (T2265, Sigma-Aldrich) and 1.5 mM 4-aminopyridine (A78403, Sigma-
Aldrich)). The internal electrode solution had the KCl replaced with CsCl (in mM: 144 CsCl, 1
MgCl,, 0.5 CaCly, 5 EGTA, and 10 HEPES, pH 7.1-7.2 (Peng and Wu 2007)). The recordings were
acquired using Axopatch 200 (Axon Instruments) and digitized with a Digidata 1320A (Axon
Instruments). Extracellular CaCl, was replaced with 1.8 mM BaCl, for recording Ba?* currents. To
block voltage-gated Ca* channels, 500 uM Cd?* was added to the extracellular saline. Ca?*
currents were induced by voltage steps from -90 mV to +50 mV in 10 mV increments from a
holding potential of -70 mV. The linear leakage current was subtracted from all records after
acquisition of data. The whole cell capacitance was determined and compensated using the
Axopatch 200 capacitance adjustment knob. Current amplitude was normalized to whole cell
capacitance and values were reported as current density in the full I-V curve. The analysis was
performed using pClamp 10.2 software (Axon Instruments, Molecular Device, California, USA).

For muscle recoding of evoked synaptic potential, 3™ instar larvae were dissected in
zero Ca?* HL3 solutions and the nerves severed. Larvae were mounted on an OLYMPUS BX51WI
scope with a 10X dipping lens. Muscle 4 of segments A3 and A4 was recorded with thick wall
glass electrodes (Cat#1B150F-4, World Precision Instruments) pulled by P-97 micropipette
puller (Shutter Instrument). The recording electrode was filled with 3M KCl and had resistances
of approximately 60 MQ. The HL3 solution contained (in mM) 70 NacCl, 5 KCI, 0.65 CaCl,, 20
MgCl,, 10 NaHCOs3, 5 trehalose, 115 sucrose, 5 HEPES, pH 7.2. (Stewart et al., 1994). The

membrane potential recordings were acquired using Amplifier GeneClamp 500B (Axon
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Instruments) and digitized with Digidata 1320A (Axon Instruments). Synaptic potentials from
muscles that had a resting membrane potential equal or more negative than -60 mV were
collected. A Grass S48 stimulator was used to stimulate the nerve with voltages using a suction
electrode. The voltage that triggered the largest and most stable evoked synaptic potential was
used to stimulate the nerve at 0.2 Hz for a duration of 1 ms for 10 trials. The 10 trials of evoked
synaptic potential of a muscle were averaged as one sample. The analysis was performed using
pClamp 10.2 software (Axon Instruments, Molecular Device, California, USA). The graphs in
Figure 4.7E were corrected for non-linear summation using the following equation when the
amplitude of the evoked synaptic potential was larger than 15% of resting membrane potential:
V' = V/[1-f(V/E)]. In the equation, V' is the corrected synaptic potential; V is the measured
synaptic potential; f is the membrane capacitance factor; E is the driving force. At the
Drosophila nmij, E (driving force) is estimated to be approximately 0 mV, and f = 0.55

(McLachlan EM, Martin AR, 1981).

4.3.12 Dilp2-GFP release assay

Previously published procedures for assaying the release of Dilp2-GFP from motor
boutons were followed (Shakiryanova et al., 2005). Proctolin:GAL4>UAS:Dilp2-GFP was
expressed in Dstac KD, Dstac*"3, and Dmca1D KD larvae. nsyb:Dilp2-GFP was expressed in
DmcalD"?¢ |arvae. Third instar larvae were dissected and analyzed in zero Ca?* HL3 containing
(in mM) 0.5 EGTA, 70 NaCl, 5 KCI, 20 MgCl,, 10 NaHCOs3, 5 trehalose, 115 sucrose, 5 HEPES, pH
7.2. (Stewart et al., 1994; Shakiryanova et al., 2005). A series of stack images (0.3 um/focal

plane) was taken of type Is boutons on muscle 4 between segments A3 to A5. To depolarize
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motor boutons, the zero Ca?* HL3 was switched to high KCI HL3 solution containing (in mM) 5
NaCl, 70 KCl, 20 MgCl,, 1.5 CaCl,, 10 NaHCOs, 5 trehalose, 115 sucrose, 5 HEPES, pH 7.2. The
sample was depolarized with the high KCI HL3 for 2 minutes. Subsequently, the high KCI HL3
was washed out with zero Ca?* HL3. The same motor branch was relocated and a series of
stacked images (0.3 um/focal plane) was obtained. For Dmca1D**¢ and DmcalD KD, the
experiments were performed using a Leica SP5 confocal microscope with a 40x dipping lens. For
Dstac?*"3 and Dstac KD, the experiment data were collected using a 40x water immersion on an
Olympus BX61W1 and analyzed with Simple PCl software. The controls and experimental
groups were coded to blind the genotypes. After completing the assay and analysis, the
genotypes were uncovered. The controls and experimental groups were assayed in the same

days.

4.3.13 Quantification of immunostaining at motor neuron boutons

Images of type Is boutons on muscle 4 from segments A3 to A5 were acquired at
1024x1024 pixels as z stacks (0.3 um/focal plane) that included total z-axis of motor boutons.
The images were acquired with a SP8 confocal microscope with the 100x or 63x oil lens.
Confocal settings were kept constant between controls and experimental groups. The volocity
software (Perkin ElImer) was used to quantify the immunofluorescence intensity at motor
neuron boutons. The anti-HRP labeling of motor bouton membrane was used to set a threshold
to draw ROlIs over every focal planes of a bouton z-stack. The threshold was carefully set so the
ROIs only covered the areas within the boutons. Therefore the average immunofluorescence

intensity per total bouton was measured.
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4.3.14 Quantification of Dilp2-GFP release

Previously published procedures for quantification of the release of Dilp2-GFP from
motor boutons were followed (Shakiryanova et al., 2005). The ROIs were drawn manually over
the boutons expressing Dilp2-GFP. For each bouton, Dilp2-GFP levels for all focal plans of a z-
stack images were measured. The single focal plane that showed highest Dilp2-GFP level was
used for the release analysis. The percentage of Dilp2-GFP release was calculated as: [(Fafter-
Foefore)/ Fbefore] ¥*100%. Fpefore is the Dilp-GFP fluorescence of a single focal plane before high KCI;
Fatter is the Dilp2-GFP fluorescence of a single focal plane after high KCI. For each motor branch,

Dilp2-GFP fluorescence from three boutons were averaged and counted as one sample.

4.3.15 Statistical analysis

Statistical analysis was performed using Prism GraphPad software. The normality of data
distribution was tested by D'Agostino and Pearson test. If the data fit a normal distribution,
parametric tests were used: unpaired t test was used for comparing two groups; ordinary One-
Way ANOVA and Tukey's multiple comparisons test were used for comparing multiple groups. If
the data were not normally distributed, then nonparametric tests were used: Mann-Whitney
test was used for comparing two groups; Kruskal-Wallis test and Dunn's multiple comparisons
test were used for comparing multiple groups. For experiment in which the change in results
can be predicted by our hypothesis, one-tailed tests were performed; otherwise two-tailed
tests were performed. In all figures, ns, *, **, *** *¥** rapresent P>0.05, P<0.05, P<0.01,

P<0.001, and P<0.0001. Error bars are standard errors of the mean.
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4.3.16 DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the Lead Contact

upon request.

4.4 Results
4.4.1 Motor Boutons Express Dstac, DmcalD and Proctolin

The hypothesis that Dstac regulates DmcalD and the release of neuropeptide by motor
boutons at the neuromuscular junction predicts that Dstac, DmcalD and a neuropeptide are all
expressed by motor boutons. We examined the expression of Dstac in the motor boutons by
labeling them with anti-Dstac, anti-proctolin and an antibody directed against DmcalD that we
generated (see Methods). Labeling larvae selectively expressing membranous GFP in proctolin+
motor neurons (Proct:GAL4>UAS:mCD8GFP) with anti-proctolin confirmed that motor boutons
expressed proctolin (Figure 4.1A). Co-labeling larvae with anti-Dstac and anti-DmcalD showed
that both type Ib and Is boutons expressed Dstac and DmcalD (Figure 4.1B, 4.1C) in addition to
proctolin. The specificity of the antibody was demonstrated by labeling Dmcal1D null embryos
(DmcalDX10; Eberl et al., 1998), which are larval lethals, with anti-DmcalD and finding that
there was no detectable labeling in mutant embryos while in control embryos the longitudinal
tracts in the CNS were labeled (Supplementary Figure 4.1D). The colocalization of Dstac,
DmcalD and proctolin was confirmed using an independent approach. Examination of 3" instar
larvae from a Dstac-GFP gene trap line (Venken et al., 2011; Hsu et al., 2018) that also were
transgenic for ShakB:Gal4 > UAS:mCD8RFP, which is expressed by a subset of motor neurons in

the ventral ganglia (Takizawa et al., 2007), revealed that GFP and RFP were colocalized in the
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ventral ganglia (Supplementary Figure 4.1A). This is consistent with Dstac expression by at least
some motor neurons in the ventral ganglia. Labeling ShakB:Gal4 > UAS:mCD8GFP larvae with
anti-proctolin (Taylor et al., 2004) and anti-GFP showed that the neuropeptide, proctolin, is
expressed by these motor neurons as well (Supplementary Figure 4.1B). Labeling Proct:Gal4 >
UAS:mCD8GFP larvae with anti-Dstac (Hsu et al., 2018) further suggested that Dstac is
expressed by proctolin+ motor neurons including the RP2 neuron (Supplementary Figure 4.1C).
Thus, motor boutons at the neuromuscular junction express Dstac, DmcalD and the

neuropeptide proctolin.

4.4.2 Dstac, DmcalD, and Proctolin Deficiency in Motor Neurons Decreases Locomotion

The hypothesis that Dstac regulates neuropeptide release by motor boutons predicts
that a defect in Dstac should lead to a decrease in the release of proctolin at the neuromuscular
junction. This may result in decreased locomotion since proctolin is known to increase
contractions when applied to Drosophila larval muscles (Omerod et al., 2016). To examine this
prediction we assayed a Dstac p-element insertion line and generated a CRISPR-Cas9 mediated
mutation targeting the SH3 domain of Dstac (see Methods for details). The rationale for
targeting the SH3 domain was based upon our earlier finding that the SH3 domain was critical
for Stac3 function in vertebrate skeletal muscles. A missense mutation in the SH3 domain of the
skeletal muscle gene, STAC3, caused Native American myopathy that is characterized by muscle
weakness (Horstick et al., 2013) and the corresponding mutation in zebrafish resulted in
dysregulation of L-type CaCh in skeletal muscle, disrupted excitation-contraction coupling and

decreased locomotion (Linsley et al., 2017a).
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We examined 2 founders for the CRISPR-Cas9 mutation (Dstac?"?) in which gDNA and
cDNA sequencing showed that the SH3 domain of Dstac was deleted resulting in a frame-shift
and predicted premature stop codon (Figure 4.2A, Supplementary Text). Offsprings from one
founder line were viable with normal morphology (Supplementary Figure 4.2A, 4.2B), and after
outcrossing through 5 generations larvae from the outcrossed lines exhibited decreased
locomotion (Figure 4.2B). In this line, 3™ instar larvae were normal in size (Supplementary
Figure 4.2A, 4.2C) and reproduction (number of embryos produced) by mutant adults was
comparable to that of wt (Supplementary Figure 4.2D) suggesting that the mutation does not
lead to a generalized lethargic state. The other founder produced a few small larvae, which did
not eclose and exhibited decreased locomotion. After outcrossing 10 times this line became
viable and eclosed, but larval locomotion was decreased (Figure 4.2C). Thus, it appears that
Dstac**"3 larvae exhibit decreased locomotion.

Ubiquitous expression of wt Dstac (da:Gal4 > UAS:Dstac* ; Wodarz et al., 1995) in
Dstac*"3 mutant larvae rescued normal locomotion compared with mutants confirming that
the locomotion defect was due to the Dstac®*"? mutation (Figure 4.2D). Furthermore,
ubiquitous expression of wt Dstac in Dstac*"3/Dstac*! larvae increased locomotion compared
with heterozygous controls. These findings in Dstac*"3 larvae were corroborated by analysis of
a line with a single p-element inserted into the 3’ UTR of the Dstac locus (Supplementary Figure
4.3A). These larvae also exhibited decreased locomotion and precise excision of the p-element
rescued normal locomotion (Supplementary Figure 4.3B). Thus, Dstac is required for normal

larval locomotion.
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Dstac is alternatively spliced and expressed both by muscles and neurons (Hsu et al.,
2018) with some splice variants containing different combinations of the BAR, CRD and SH3
domains (Figure 4.3A). RT-PCR from dissected CNS or body wall, which represents mostly
muscle, showed that splice variants were expressed at varying levels in the CNS and body wall
of wt larvae (Figure 4.3B). RT-PCR of Dstac®*"3 larvae of four of the splice variants; two

containing the SH3 domain and two that did not confirmed that the Dstac*"3

mutation actually
deleted the SH3 domain from the transcripts. Indeed, transcripts RU and RV that contain the
SH3 domain in wt larvae, which were expressed primarily in the CNS, were missing the SH3
domain while transcripts RC and RP without the SH3 domain appeared unaffected in Dstac"
mutants (Figure 4.2A, 4.3C). Thus, it appears there is a deficiency in transcripts containing the
SH3 domain that is correlated with decreased locomotion in Dstac®"3 larvae.

Since Dstac is expressed both by body wall muscles and a subset of neurons (Hsu et al.,
2018), the decreased locomotion of the mutants could be due to disruption of muscle and/or
neural function. In fact, muscle specific expression of wt Dstac in Dstac®"3 larvae did not rescue
the mutant phenotype consistent with the idea that a deficiency of Dstac in neurons could
result in decreased locomotion (Supplementary Figure 4.4A). Furthermore, pan-neural
knockdown of Dstac (elav:Gal4 > UAS: Dstac®"*) using a RNAI line that was previously shown to
knockdown Dstac (Hsu et al., 2018) decreased locomotion compared to controls
(Supplementary Figure 4.4B). Thus, Dstac is required by neurons for normal locomotion by
larvae.

Since larval motor neurons express Dstac, DmcalD and proctolin we tested whether

knocking them down specifically in motor neurons could lead to a locomotion phenotype.
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Indeed in larvae with Dstac knocked down selectively in motor neurons (ShakB:Gal4 >
UAS:Dstacf™A and Proct:Gal4 > UAS:Dstact™ '), locomotion was decreased compared to controls
(Figure 4.4A, Supplementary Figure 4.4C). In these larvae, anti-Dstac labeling showed that Dstac
expression was reduced in motor boutons (Supplementary Figure 4.4D) confirming that Dstac
was indeed knocked down. Furthermore, in larvae with DmcalD knocked down in motor
neurons (ShakB:Gal4 > UAS:DmcalD®"4" and Proct:Gal4 > UAS:DmcalD*"4) locomotion was also
decreased (Supplementary Figure 4.4E, Figure 4.4B). In these larvae, anti-DmcalD labeling
showed that DmcalD levels showed a small decrease in boutons (Supplementary Figure 4.4F).
The DmcalD knockdown phenotype was corroborated by a partial-loss-of function mutation of
DmcalD (DmcalDAR%, Eberl et al., 1998) that also exhibited decreased locomotion
(Supplementary Figure 4.4G). Finally, knocking down proctolin in motor neurons (Proct:Gal4 >
UAS:Proct® ) also decreased larval locomotion (Figure 4.4C). Thus, deficiency in Dstac,
DmcalD and proctolin in normally proctolin+ motor neurons decreased larval locomotion as
hypothesized by the proposed regulation of DmcalD by Dstac and subsequent release of

proctolin at the nmj.

4.4.3 Dstac and DmcalD Deficiency Decrease Ca?* Transients in Motor Boutons
In zebrafish Stac3 regulates DHPR, the skeletal muscle L-type CaCh (Linsley et al.,
2017a). If, by analogy to Stac3, Dstac regulates DmcalD in motor boutons, then there might be

4SH3 |arvae. First, we examined whether Ca?*

abnormal Ca?* transients in the boutons of Dstac
transients in boutons were dependent on DmcalD by assaying Ca?* transients in Proct:Gal4 >

UAS:GCaMPéf larvae. Ca?* imaging of motor boutons was performed in completely intact larvae
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placed in a microfluidics chamber designed to physically restrained larvae (Mishra et al., 2014).
Under these conditions large Ca?* transient increases in free Ca%* within Is boutons of RP2 were
observed (Figure 4.5A, 4.5B). These presumably represent endogenous locomotor activity. The
peak and area under the curve of Ca?* transients recorded from DmcalD knockdown larvae
(Proct:Gal4 > UAS: DmcalD®"4)) were decreased compared with controls (Figure 4.5C, 4.5D).
However, the frequency of transients was comparable between DmcalD knockdown and
control larvae (Figure 4.5E). Thus, it appears that during normal, physiological activation of
motor neurons there are Ca?* transients that are dependent on DmcalD CaChs in the motor
boutons.

ASH3

Ca?* transients were also assayed in the boutons of Dstac and the peak and area

under the curve of Ca?* transients were also decreased (Figure 4.5F, 4.5G) but not the
frequency (Figure 4.5H). The decrease in Ca?* transients in the boutons of larvae of Dstac*3

mutants is consistent with the hypothesized regulation of DmcalD by Dstac and subsequent

release of neuropeptide.

4.4.4 Dstac Regulates Currents Passed by DmcalD Channels

In zebrafish Stac3 regulates the voltage response of the L-type CaCh in skeletal muscle
(Linsley et al., 2017a). To see if Dstac may also regulate the DmcalD channels, we performed
voltage-clamp analysis of L-type currents in the RP2 motor neurons that express Dstac, DmcalD
and proctolin. DmcalD channels are the major voltage-dependent Ca?* currents recorded from
larval motor neuron cell bodies (Worrell et al., 2008) and are also found in their dendrites and

axons (Kadas et al., 2017). RP2 neurons were identified by position and expression of markers
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in Proct:Gal4 > UAS:Dilp2-GFP; UAS:mCD8tdTomato larvae. L-type currents were isolated by
pharmacologically blocking Na* and K* currents (see Methods). First, we recorded Ca%* and Ba?*
currents by stepping to -10 mV from a holding potential of -70 mV. The Ca?* currents peaked
shortly after the voltage step and then inactivated while the peak Ba?* currents were larger in
amplitude and showed little inactivation (Figure 4.6A). The addition of Cd?* blocked much of the
Ba?* current in control larvae confirming earlier results (Worrell et al., 2008). Furthermore,
both Ca?* and Ba?* currents were decreased in Dstac®"? |larvae (Figure 4.6A, 4.6B). A full I-V
curve for the Ca?* current showed that peak current occurred at +10 mV in both control (n=8)
and mutant (n=11) larvae, and that the currents were significantly decreased in mutants
compared to controls at -10 mV, 0 mV, +10 mV and +20 mV (Figure 4.6C, 4.6D, 4.6E). Thus,
Dstac regulates the voltage dependent currents of L-type CaChs in motor neurons. This result in
conjunction with the decrease in Ca?* transients in motor boutons of Dstac®*"? |larvae suggest

that Dstac regulates DmcalD CaChs in motor boutons.

4.4.5 Dstac and DmcalD Deficiency Decrease Release of Neuropeptide by Motor Boutons
The final prediction of the hypothesis is that Dstac and DmcalD regulate the release of
neuropeptides by motor boutons. This prediction was examined by assaying type Is boutons of
the RP2 motor neuron in larvae expressing the Drosophila neuropeptide, Dilp2-GFP, following
activation of motor boutons with high K* (Wong et al., 2012). In this assay release of Dilp2-GFP
causes a decrease in fluorescence within the boutons. Expression of Dilp2-GFP by type Is motor
boutons on muscle 4 of DmcalD KD and control was comparable (Figure 4.7A, left) and the

release of Dilp2-GFP was decreased in DmcalD KD compared with control (Figure 4.7A, middle
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and right). Expression of Dilp2-GFP by motor boutons of DmcalD*?% was higher than that by
control (Figure 4.7B, left) and the release of Dilp2-GFP was decreased in DmcalD*R% compared
with control (Figure 4.7B, middle and right). Thus, deficiencies in DmcalD resulted in decreased
neuropeptide release by motor boutons.

Expression of Dilp2-GFP by motor boutons of Dstac KD and control was comparable
(Figure 4.7C, left) and the release of Dilp2-GFP was decreased in Dstac KD compared with
control (Figure 4.7C, middle and right). Expression of Dilp2-GFP by motor boutons of Dstac"3
and control was comparable (Figure 4.7D, left) and the release of Dilp2-GFP was decreased in
Dstac*" compared with control (Figure 4.7D, middle and right). Therefore, deficiencies in both
DmcalD and Dstac resulted in decreased neuropeptide release by motor boutons. Thus,
DmcalD and Dstac regulate the release of neuropeptides by motor boutons.

Finally, whether Dstac also regulates release of the neurotransmitter glutamate found in
synaptic vesicles at the nmj was investigated by electrophysiologically recording the synaptic
potential following stimulation of the motor nerve. Evoked synaptic potentials in Dstac"3
larvae were comparable to that in wt control (Figure 4.7E). Since application of proctolin, the
endogenous neuropeptide released by motor boutons (Anderson et al, 1988), does not affect
the membrane potential of body wall muscles (Omerod et al., 2016), this finding suggests that
the release of glutamate at the nmj was not affected by Dstac®"3. Thus, it appears that Dstac

and DmcalD selectively regulate neuropeptide release, but not glutamate release at the nmj

(Figure 4.8).
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Figure 4.1

Proct:GAL4>
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Dmca1D Dstac DmcalD anti-HRP

Figure 4.1 Dstac and DmcalD are expressed by proctolin+ type motor boutons.

(A) Anti-proctolin and anti-HRP labeling of motor nerves in larvae selectively expressing
membranous GFP in proctolin+ motor neurons (Proct:GAL4>UAS:mCD8GFP) showed expression
of mCD8GFP and proctolin at type Ib and type Is branches. The anti-HRP labels an unknown
protein that is present on the plasma membrane of motor nerves and boutons. Shown are the
type Is branch of the RP2 (arrow) and the type 1b branch of the MN4-Ib motor neuron (asterisk)
on muscle 4 (Hoang and Chiba, 2001). Merge is Proct:GAL4>UAS:mCD8GFP and anti-Proctolin.
The images are a single focal plane. Scale bar, 3 um. (B), (C) Co-immunolabeling with anti-Dstac
and anti-DmcalD showed co-expression of Dstac and DmcalD in type Is boutons of RP2 on
muscle 4 (B) and type Ib motor boutons of MN4-1b on muscle 4 (C). Merge is anti-Dstac and
anti-DmcalD. Some of the labeling by both anti-Dstac and anti-DmcalD beyond the motor
nerves may represent muscle labeling since body wall muscles also express Dstac and DmcalD
(Hsu et al., 2018; Ren et al. 1998). The images show a single focal plane. Scale bar, 3 um. See
also Supplementary Figure 4.1.
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Supplementary Figure 4.1
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Supplementary Figure 4.1 Dstac is expressed by proctolin+ motor neurons in the ventral
ganglia including the RP2 motor neurons in 3™ instar larvae.

(A) Dorsal view of ventral ganglia from larvae transgenic for Dstac-gfp trap and
ShakB:Gal4>UAS:mCD8RFP revealed co-expression of GFP and RFP in the RP2 motor neurons.
Shown are a z-stack of confocal images from the dorsal portion of the ventral ganglia. Scale bar,
10 um. (B) Dorsal view of ventral ganglia from larvae that are ShakB:Gal4>UAS:mCD8GFP
immunolabeled with anti-proctolin showed that the RP2 motor neurons express proctolin. Scale
bar, 10 um. (C) Dorsal view of ventral ganglia from larvae that are proct:Gal4>UAS:mCD8GFP
immunolabeled with anti-Dstac showed that RP2 neurons express Dstac. Scale bar, 10 um. (D)
Anti-DmcalD labels the longitudinal axon tracts in embryos that are heterozygous for the null
DmcalD allele, Dmcal1DX10 (DmcalDX10/Cyo,Dfd-eYFP) but not in DmcalDX10 homozygous
null (DmcalDX10/DmcalDX10) embryos. The heterozygous DmcalDX10 embryos carried the
embryonic fluorescent balancer, Cyo,Dfd-eYFP, that was labeled by anti-GFP. Homozygous
DmcalDX10 embryos were identified by the lack of fluorescent balancer. The images shown are
a stack of confocal planes through the entire embryo. Embryos were examined since the
DmcalD nulls were larval lethal. Scale bar, 25 um.
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Figure 4.2
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Figure 4.2 Dstac®"? generated by CRISPR-Cas9 showed reduced locomotion.

(A) Schematic of two Dstac protein variants (CG43729-RU and CG43729-RV) are shown. Arrows
denote the location where early stop codons occurred due to the indels (triangles) created by
CRISPR-Cas9. Half arrows denote primer sites used to sequence the mutations. All primers used
are listed in the STAR Methods. The cDNA PCR fragments of Dstac®*"3 mutants are smaller than
wt for both RU and RV variants confirming the deletions of the SH3 domain in the Dstac cDNA.
The deletions of SH3 were confirmed by sequencing the wt and Dstac**"3 cDNA bands
(Supplementary Text). The translated mutant cDNA sequences showed that an early stop codon
was produced in Dstac?"® mutants (Supplementary Text). Schematic is not to scale. (B)
Offsprings of Founder 1 of Dstac®"? after 5 generations of outcrossing showed decreased
locomotion compared with wt (wt n=35, Dstac®*"3 n=36, one-tailed, unpaired t test). (C)
Offsprings of Founder 2 of Dstac®"? after 10 generations of outcrossing (n=21) showed
decreased locomotion compared with wt (n=120) and heterozygous siblings (n=78) (one-way
ANOVA, Tukey's multiple comparisons test). (D) Expression of Dstac*' by heterozygous
Dstac®"3 larvae (n=43) increased locomotion compared with heterozygous controls (n=104)
and expression of Dstac*! by homozygous Dstac®"? (n=33) rescued Dstac**"3 (n=29) locomotion
(Kruskal-Wallis test, Dunn’s multiple comparisons test). The larvae were genotyped by PCR after
the locomotion assay.
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Figure 4.3
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Figure 4.3 Dstac isoforms that contain the SH3 domain are affected in Dstac®"3.

(A) Schematic of domain composition of nine Dstac protein variants. Not all variants contain a
SH3 domain. (B) Quantification of Dstac transcript levels in wt 3™ instar larval CNS and body
wall assayed by RT-PCR. Error bars represent SEM. RT-PCR primers for CG43729 (Dstac)
transcripts and GAPDH used for normalization can be found in Supplementary table. (C) Two
isoforms without the SH3 domain (CG43729-RC and CG43729-RP) and two isoforms that
contain the SH3 domain (CG43729-RU and CG43729-RV), were PCR amplified from wt and
Dstac*"3 cDNA. Half arrows denote the primer sites. The levels of isoforms that don’t have SH3
domain (RC and RP) were comparable between wt and Dstac®*"? (Mann-Whitney test), but the
isoforms that normally contained the SH3 domain (RU and RV) were dramatically diminished in
Dstac?H3 (Mann-Whitney test) (RC: wt n=5, Dstac®"? n=5; RP: wt n=8, Dstac*"* n=8; RU: wt
n=5, Dstac®"3 n=5; RV: wt n=9, Dstac**"* n=9; each dot represents one cDNA gel band).
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Supplementary Figure 4.2
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Supplementary Figure 4.2 The general morphology and reproductivity of Dstac

be normal.

(A) Dstac®H3 3™ instar larvae are similar in morphology to wt. Scale bar, 1 mm. (B) Dstac
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eclose and the adults are similar in morphology to wt. Scale bar, 1 mm. (C) The body width and
length of 3" instar larvae of wt (n=24) and Dstac®*"3 (n=24) larvae are comparable (unpaired t

test, p=ns). (D) Dstac®"3 (n=3) and wt (n=3) adults produced comparable numbers of embryos
(Mann-Whitney test, p=ns).
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Supplementary Figure 4.3
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Supplementary Figure 4.3 Dstac p-element insertion mutant larvae exhibit decreased
locomotion.

(A) Schematic of the Dstac genomic locus showing the site of the p-element insertion. Boxes
denote exons. The arrow denotes the translation stop site. “P” red box denotes the p-element
insertion in the 3’"UTR of Dstac gene. (B) Larvae of the Dstac p-element insertion line,
Dstact%9216 (n=119) showed reduced locomotion compared with wt larvae (n=35) (Kruskal-
Wallis test, Dunn’s multiple comparisons test). Upon precise excision of the p-element by
transposase, Dstac?4%9?1¢ (n=88), the reduced locomotion of Dstac'A%?1¢ was rescued to the
level of wt (Kruskal-Wallis test, Dunn’s multiple comparisons test).

122



Figure 4.4
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Figure 4.4 Knockdown of Dstac, DmcalD, and proctolin selectively in proctolin+ motor
neurons reduced larval locomotion.

(A) Dstac®™ |arvae in which Dstac was knocked down in proctolin neurons
(proct:GAL4>UAS:Dstac®™) showed decreased locomotion compared with control
Luciferase®" larvae (proct:GAL4>UAS:Luciferase®™ ) (control n=156, Dstac®"4' n=156; one-
tailed Mann-Whitney test). (B) DmcalD®4"in which Dmca1D was knocked down in proctolin
neurons (proct:GAL4>UAS:Dmcal1D®"4) showed decreased locomotion compared with control
Luciferase®™A" |arvae (control n=150, Dmcal1DfN4 n=143; one-tailed, unpaired t test). (C)
proctolin®A" [arvae in which proctolin was knocked down in proctolin neurons
(proct:GAL4>UAS:proctolin®™4') showed decreased locomotion compared with control
Luciferase®A" |arvae (control n=144, proctolin® 4 n=75; one-tailed, unpaired t test). See also
Supplementary Figure 4.4.
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Supplementary Figure 4.4
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Supplementary Figure 4.4 Dstac and DmcalD expression by the CNS is required for normal
larval locomotion.

(A) Homozygous Dstac®"® expressing Dstac*tin body wall muscles (Mef2:GAL4>UAS:Dstac"?)
(n=46) showed comparable locomotion as homozygous Dstac®*"3 (n=35) (Kruskal-Wallis test,
Dunn’s multiple comparisons test), which was lower than Dstac?*"? heterozygotes (n=33)
(Kruskal-Wallis test, Dunn’s multiple comparisons test). (B) Pan-neuronal knockdown of Dstac
(elav:Gal4>UAS:Dstac®™ ) (n=44) reduced larval locomotion compared with wt control larvae
(elav:Gal4>UAS:Luciferase® ') (n=55) (one-tailed, unpaired t test). (C) Knocking down Dstac
selectively in ShakB motor neurons (ShakB:Gal4>UAS:Dstac®™ ') (n=60) reduced larval
locomotion compared with control (ShakB:Gal4>UAS:Luciferase®") (n=60) (one-tailed,
unpaired t test). (D) Anti-Dstac labeling of boutons of larvae with Dstac knocked down
selectively in proctolin+ motor neurons (proct:GAL4>UAS:Dstac®™*') (n=54 boutons from 6
larvae) confirmed that Dstac was knocked down compared with control boutons
(proct:GAL4>UAS:LuciferasefNA) (n=48 boutons from 4 larvae) (one-tailed Mann-Whitney test).
Top images are a single focal plane of type Is boutons on muscle 4 of a control and a Dstac KD
larva. The motor branches are outlined in magenta. Scale bar, 3 um. (E) Knocking down
DmcalD selectively in ShakB motor neurons (ShakB:Gal4>UAS:Dmca1D?*N*) (n=59) reduced
larval locomotion compared with control (ShakB:Gal>UAS:Luciferase®"*') (n=60) (one-tailed
Mann-Whitney test). (F) Anti-DmcalD labeling of boutons of larvae with DmcalD knocked
down selectively in proctolin+ motor neurons (proct:GAL4>UAS:Dmcal1D?N*) (n=35 boutons
from 3 larvae) confirmed that DmcalD was knocked down compared with control boutons
(proct:GAL4>UAS:Luciferase®N") (n=41 boutons from 4 larvae) (one-tailed, unpaired t test). Top
images are a single focal plane of type Is boutons on muscle 4 of a control and a DmcalD KD
larvae. Scale bar, 3 um. (G) Locomotion of DmcalD*R larvae (n=39) was reduced compared
with control (n=37) (one-tailed, unpaired t test).
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Figure 4.5
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Figure 4.5 Deficiencies in DmcalD and Dstac decrease Ca?* transients in motor boutons.

(A) GCaMP6f expressed selectively in proctolin+ motor boutons of a wt control larva
(Proct:GAL4>UAS:GCaMP6f; UAS:mCD8tdTomato,;UAS:Luciferase®M). Asterisk denotes Is motor
branch on muscle 4. Scale bar, 3 um. (B) Example of Ca®* transients from a type Is bouton on
muscle 4 in a wt control larva. (C), (D) The peaks and area under the peaks of Ca?* transients in
the boutons of DmcalD KD larvae (Proct:GAL4>UAS:GCaMP6f;UAS:DmcalD®V4) were smaller
compared with wt control. Peaks (C), one-tailed, unpaired t test. Area under peaks (D), one-
tailed Mann-Whitney test. (E) The number of Ca?* transients over 5 min in DmcalD KD and wt
control boutons were comparable (Mann-Whitney test). Data in C-E were from 24 boutons in
19 wt control larvae and 21 boutons in 16 DmcalD KD larvae. (F), (G) The peaks and area under
the peaks of Ca?* transients in the boutons of Dstac®"? larvae
(Proct:GAL4>UAS:GCaMP6f;Dstac®*"3) are smaller compared with wt control (one-tailed Mann-
Whitney test). (H) The number of Ca®* transients over 5 min in Dstac®*"3 and wt boutons are
comparable (Mann-Whitney test). Data in F-H were from 25 boutons in 25 wt control larvae and
18 boutons in 18 Dstac®"? |larvae. Each data point represents the averaged peaks or area under
peaks of Ca?* transients per bouton.
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Figure 4.6
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Figure 4.6 DmcalD currents in RP2 motor neuron cell bodies were largely decreased in
Dstac®t,

(A) Voltage-clamp recording in response to a single voltage step of a wt control RP2 (left) and a
Dstac?°H3 RP2 (right). The RP2 motor neuron cell bodies were held at -70 mV and stepped to -10
mV for 200 ms in four different solutions. The wt control RP2 cell bodies showed an inward Ca?*
current that inactivated and a larger Ba?* current that barely inactivated, whereas Dstac4*"3 RP2
cell bodies showed significantly smaller Ca?* and Ba?* currents. (B) The amplitudes of Ba?*
currents from Dstac®"3 RP2 cell bodies were smaller compared with control (control n=7 cells
from 7 larvae, Dstac®"® n=6 cells from 6 larvae, one-tailed Mann-Whitney test). The RP2 motor
neuron cell bodies were held at -70 mV and stepped to -10 mV for 200 ms. (C) Full I/V curves
from control and Dstac®"3 RP2 cell bodies were created by holding at -70 mV and stepping
from -90 mV to +50 mV with 10 mV increments. Ca?* current peaked at +10 mV in both control
(n=8) and Dstac®*"3 (n=11) larvae, and the currents were significantly decreased in Dstac®"?
compared to controls at -10 mV, 0 mV, +10 mV and +20 mV (one-tailed Mann-Whitney test, p
value: 0.0034, 0.0004, 0.0003 and 0.0018, respectively). (D) Voltage-clamp Ca?* currents at +10
mV of a control and Dstac?"3 RP2 cell body. (E) The peak Ca?* current density from the voltage
steps of Dstac®"3 RP2 cell bodies were reduced significantly compared with control. (Control
n=8 cells from 8 larvae, Dstac?*"> n=11 cells from 11 larvae, one-tailed Mann-Whitney test).
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Figure 4.7
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Figure 4.7 Release of neuropeptides is diminished in Dstac and Dmca1D deficient motor
boutons.

(A) Expression of Dilp2-GFP by type Is motor boutons on muscle 4 of DmcalD KD (n=15) and
control (n=15) was comparable (left; unpaired t test). Release of Dilp2-GFP was decreased in
DmcalD KD compared with control (middle; one-tailed Mann Whitney test). Examples of Dilp2-
GFP expression before and after exposure to high potassium of control (upper, right) and
DmcalD KD (lower, right). The boutons are shown in pseudocolor. Scale bar, 2 um. (B)
Expression of Dilp2-GFP by motor boutons of DmcalD*R% (n=14) was higher than that by
control (n=17) (left; unpaired t test). Release of Dilp2-GFP was decreased in DmcalD"R¢®
compared with control (middle; one-tailed Mann Whitney test). Examples of Dilp2-GFP
expression before and after exposure to high KCl of control (upper, right) and Dmca1DAR®
(lower, right). Scale bar, 2 um. (C) Expression of Dilp2-GFP by motor boutons of Dstac KD (n=6)
and control (n=6) was comparable (left; Mann-Whitney test). Release of Dilp2-GFP was
decreased in Dstac KD compared with control (middle; one-tailed Mann-Whitney test).
Examples of Dilp2-GFP expression before and after exposure to high KCl of control (upper,
right) and Dstac KD (lower, right). Scale bar, 2 um. (D) Expression of Dilp2-GFP by motor
boutons of Dstac®"? (n=7) and control (n=7) was comparable (left; Mann-Whitney test).
Release of Dilp2-GFP was decreased in Dstac®*"3 compared with control (middle; one-tailed
Mann-Whitney test). Examples of Dilp2-GFP expression before and after exposure to high KCl of
control (upper, right) and Dstac*"3 (lower, right). Scale bar, 2 um. (E) Nerve evoked synaptic
potentials of muscle 4 were comparable between wt (n=11) vs Dstac®*"? (n=9) (unpaired t test).
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Figure 4.8
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Figure 4.8 Model for the role of Dstac in neuropeptide release from RP2 motor neuron
boutons.

In wt (left) Dstac regulates Ca?* influx (circles) through DmcalD channels (thick dashed arrow)
to initiate CICR from the RyR Ca?* release channel in the ER into the cytosol (thick arrow) and
subsequent release of proctolin neuropeptide (hexagon) from motor boutons. In Dstac®*H3
(right) Ca?* influx through DmcalD channels is decreased (thin dashed arrow) resulting in less
CICR (thin arrow), and thus reduced release of proctolin neuropeptide.
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Supplementary table. Primers used in this study.

Oligonucleotides SOURCE IDENTIFIER
Primer 1 for CRISPR (5’-3’): This study N/A
TGTCGAATGTTGCTCTGTTCC (Forward)

Primer 2 for CRISPR (5’-3’): This study N/A
GGACAAACCACAACTAGAATGC (Reverse)

Primer 3 for CRISPR (5’-3’): This study N/A
CTCGACCGCCGGAGTATAAATAG (Forward)

Primer 4 for CRISPR (5’-3’): This study N/A
GTTGTCCTTGGTCGCATCCTC (Reverse)

Primer 5 for CRISPR (5’-3’): This study N/A
TTCAATCTCCTAAGTCCCATACACTCCCAT

(Forward)

Primer 6 for CRISPR (5’-3’): This study N/A
GTTCGCGACGATGACGTCT (Reverse)

Primer 7 for CRISPR (5’-3’): This study N/A
CGTGGCAGCCATTGTGCAAA (Reverse)

Primer 8 for RT-PCR of CG43729-RC (5’-3’): This study N/A
GAGTGCAGCGCAAGGATCTA (Forward)

Primer 9 for RT-PCR of CG43729-RC (5’-3’): This study N/A
AACCAGCAGGCTTTAGGCTC (Reverse)

Primer 10 for RT-PCR of CG43729-RE (5’-3’): This study N/A
CACACGTACACCCCCTCTCT (Forward)

Primer 11 for RT-PCR of CG43729-RE (5’-3’): This study N/A
GTCGGCTCAACTTTGCTCAC (Reverse)

Primer 12 for RT-PCR of CG43729-RH (5’-3’): This study N/A
CCAACCACCCCGACAAAATC (Forward)

Primer 13 for RT-PCR of CG43729-RH (5’-3’): This study N/A
TCGCAGGCCGTTATCTTCTT (Reverse)

Primer 14 for RT-PCR of CG43729-RN (5’-3’): This study N/A
CGACTAGCAGAAAGTTCTTCGG (Forward)

Primer 15 for RT-PCR of CG43729-RN (5’-3’): This study N/A
TGTAATCCTTGAGCACGCCG (Reverse)

Primer 16 for RT-PCR of CG43729-RO (5’-3’): This study N/A
CTCACCAGAATCGTCGGAGC (Forward)

Primer 17 for RT-PCR of CG43729-RO (5’-3’): This study N/A
TTGGATGCGTTAGTCCAGTG (Reverse)

Primer 18 for RT-PCR of CG43729-RP (5’-3'): This study N/A
GGAAGAAAAACCGCGATACGG (Forward)

Primer 19 for RT-PCR of CG43729-RP (5’-3'): This study N/A
AGATGGAGGAGGATGTGGCA (Reverse)

Primer 20 for RT-PCR of CG43729-RQ (5’-3’): This study N/A
TTGAATGTGCCAAATGCGAAGT (Forward)

Primer 21 for RT-PCR of CG43729-RQ (5’-3’): This study N/A
GAACCGGAAGAGCCGATCC (Reverse)
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Primer 22 for RT-PCR of CG43729-RU (5’-3'): This study N/A
TAGCTCAGGGACTAACGCATC (Forward)

Primer 23 for RT-PCR of CG43729-RU (5’-3'): This study N/A
CTTACGGGTGAGAGGCACG (Reverse)

Primer 24 for RT-PCR of CG43729-RV (5’-3’): This study N/A
TGCCAGAAACACCATCGAGC (Forward)

Primer 25 for RT-PCR of CG43729-RV (5'-3’): This study N/A
TGGGGATGTCTTACGGGTGA (Reverse)

Primer 26 for RT-PCR of GAPDH (5’-3'): This study N/A
CACATACTCGGCTCCAGCACT (Forward);

Primer 27 for RT-PCR of GAPDH (5’-3'): This study N/A
GCAGTCGTAATAGCGAACT (Reverse)

Primer 28 for RT-PCR (5’-3’): This study N/A
TCACACCTCCTGCAGATACTTG (Reverse)

Primer 29 for p-element (5’-3'): This study N/A
TGACACTCCAGCAACGGTAAAC (Forward)

Primer 30 for p-element (5’-3'): This study N/A
TTAGGTGCGGTACGGATAGG (Forward)

Primer 31 for p-element (5’-3'): This study N/A
CGACGGGACCACCTTATGTTA (Inverted Repeat of

p-element)

Primer 32 for p-element (5’-3'): This study N/A
CTCATAGGCCATAGGGTACACT (Reverse)

Primer 33 for p-element (5’-3'): This study N/A
ATGAGTGGAGTTCTGTTTGCCT (Reverse)

Primer 34 for cloning Dstac (5'-3’): This study N/A
ATGCGCGTTATCGTTCTCAAA (Forward)

Primer 35 for cloning Dstac (5'-3’): This study N/A
TCACACCTCCTGCAGATACTTG (Reverse)

Primer 36 for GAL4 (5’-3'): This study N/A
GCCGTCACAGATAGATTGGCTTC (Forward)

Primer 37 for GAL4 (5’-3'): This study N/A
GTCGGATGGCTTGCCCTTCCTG (Reverse)

Primer 38 for UAS:Dstac*'-eGFP (5’-3'): This study N/A
CGCAGCTGAACAAGCTAAAC (Forward)

Primer 39 for UAS:Dstac*'-eGFP (5’-3'): This study N/A
TCGCAGGCCGTTATCTTCTT (Reverse)

Primer 40 for DmcalD antibody (5’-3'): This study N/A
AAAGCTAGCGACTTCGAGCGTGGAGCCTCCGGCG

A (Forward)

Primer 41 for DmcalD antibody (5’-3'): This study N/A
GAAAAGCTTTCATGGTTGCGGTTTTCCACGACGCT

GTTGT (Reverse)
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Supplementary text

Sequencing results of Dstac Genomic DNA

wt (W1118)
Exons encode for SH3

gRNAL target sequence
gRNA2 target sequence
PAM

CTTGCATTCGATTAACCAAACCAAACCAAACCGTATCCATTGAGCCTGTCCTGGAGCAGGGACTAACGCATCCAAAACCATTAC
AGCACCATCGAGCCCCTCGCATCCGGGCCGyXclapynEcirclee N eeec T GGAATGCGTGGTGGCAGCGTCGATCTGCCGG
ACGAGATGGAGAAGTCGCAGTCCTCGGCCAGCACCTCGCCGTGCCTCTCACCCGTAAGACATCCCCAGGTAGACCCCACTCCA
CTCCTCCAACTACCACCCCTATTGTTCTTGAGTTAATTTCGTCTGATCCGCTCGTTTGAATGATTGCACATTAGCCTAGCAATGGT
ATTAACCCAAACCCAACACACGCTTCACCTATTTCAAGAAAACCCATCGTCTGTTGCCCACGAATCTGTATGTCATCATCTACAA
CTTCAAGGCGCGACATGCCGATGAACTGGATCTAAAGGCTGGCTACAAGGTGAGCTAATCATACGGGGACGGACTATCTACTC
CAAACACCCACTTTATAAATGAATGGGCGTATGAATAAATAAACAAGGCGCTTTGTTTAATCCGCTAAGCGGTGTACTTAGTTT
GCACAATGGCTGCCACG...TATTAATAGTATTCTAGTTGGCGAAAGGACACTTCTTCTTTCTGTATACAAGAATAATATCAAGTC
CTCTCCGAACCGGCATATTAATGAATATGTCTTAGTGAACAAGAGTAATAAAATTACCTAATTAATTAGCTTCTAGAAGCCGGA
TTAAACTTTTGAAAACTCTCGCTTCTGAAAACTAGGTGACTGTCATTGACAATTCAGATCCGGACTGGTGGAAGGGAAAAGTG
CTGGGACGAGTTGGATACTTCCCATCCAAGTACTGTGTGCGTCTGAATGCCAACGAGAAGCCACTGCAGGTGACCCACAATCT
CCAGGTGTCGGACAGTGAACGCGGCGAGAATCTTACCCTTCTAAGGGACCAGATTGTCATACAGGTGAGACCCACAAGCCCA
AACCATTCTCTCTTCCTCCCCTAACTTTGTTCACATGTCATCCATTTACCAAACAAGACE [clecrNecr el VYA ClCl TGGTAA
TGATCCGAGCCGCCGAG

Dstac®H3
attP

sRNA1 target sequence that was cut by Cas9

gRNA2 target sequence that was cut by Cas9
PAM

CTTGCATTCGATTAACCAAACCAAACCAAACCGTATCCATTGAGCCTGTCCTGGAGCAGGGACTAACGCATCCAAAACCATTAC

AGCACCATCGAGCCCCTCGCATCCGGGCCGAYNC[a A RICIVNKE[@FNeGTAGTGCCCCAACTGGGGTAACCTTTGAGTTCTCTC
AGTTGGGGGCGTAG (CWATGGTAATGATCCGAGCCGCCGAGCACGGGCA

GGGCTACTGCCCCATCAAGTATCTGCAGGAGGTGTGACA

Sequencing results of Dstac cDNA

wt CG43729-RU
cDNA encodes for SH3

gRNAL target sequence
gRNA2 target sequence

PAM
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avcla e icleeNeeec T GGAATGCGTGGTGGCAGCGTCGATCTGCCGGACGAGATGGAGAAGTCGCAGTCCTCGGCCA
GCACCTCGCCGTGCCTCTCACCCGTAAGACATCCCCAGAAAACCCATCGTCTGTTGCCCACGAATCTGTATGTCATCATCTACAA
CTTCAAGGCGCGACATGCCGATGAACTGGATCTAAAGGCTGGCTACAAGGTGACTGTCATTGACAATTCAGATCCGGACTGGT
GGAAGGGAAAAGTGCTGGGACGAGTTGGATACTTCCCATCCAAGTACTGTGTGCGTCTGAATGCCAACGAGAAGCCACTGCA
G GTGACCCACAATCTCCAGGTGTCGGACAGTGAACGCGGCGAGAATCTTACCCTTCTAAGGGACCAGATTGTCATACAGACC
clecrecrNecley PV NECE[C[@NTGGTAATGATCCGAGCCGCCGAGCACGGGCAGGGCTACTGCCCCATCAAGTATCTGCAGGA

Dstac®"3 CG43729-RU
attP

sRNA1 target sequence that was cut by Cas9

gRNA2 target sequence that was cut by Cas9
PAM
Stop codon

Y A OO eGTAGTGCCCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGCGTAGATAACTTCGTATAATGT

([N TGGTAATGATCCGAGCCGCCGAGCACGGGCAGGGCTACTGCCCCATCAAGTATCTGCAGGA

wt CG43729-RV

cDNA encodes for SH3
gRNA2 target sequence
PAM

Al eI icleeeeec  GGAATGCGTGGTGGCAGCGTCGATCTGCCGGACGAGATGGAGAAGTCGCAGTCCTCGGCCA
GCACCTCGCCGTGCCTCTCACCCGTAAGACATCCCCAGAAAACCCATCGTCTGTTGCCCACGAATCTGTATGTCATCATCTACAA
CTTCAAGGCGCGACATGCCGATGAACTGGATCTAAAGGCTGGCTACAAGGTGACTGTCATTGACAATTCAGATCCGGACTGGT
GGAAGGGAAAAGTGCTGGGACGAGTTGGATACTTCCCATCCAAGTACTGTGTGCGTCTGAATGCCAACGAGAAGCCACTGCA
G GTGACCCACAATCTCCAGGTGTCGGACAGTGAACGCGGCGAGAATCTTACCCTTCTAAGGGACCAGATTGTCATACAGAC
(cfelcraYecr el Y.V EClC[@ANTGGTAATGATCCGAGCCGCCGAG

Dstac®"3 CG43729-RV
attP

sRNA1 target sequence that was cut by Cas9

gRNA2 target sequence that was cut by Cas9
PAM
Stop codon

[N TGGTAATGATCCGAGCCGCCGAG

Y A OO eGTAGTGCCCCAACTGGGGTAACCTTTGAGTTCTCTCAGTTGGGGGCGTAGATAACTTCGTATAATGT

Dstac proteins according to Sequencing results of Dstac cDNA

wt CG43729-RU
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SH3

KLLYATRGMRGGSVDLPDEMEKSQSSASTSPCLSPVRHPQKTHRLLPTNLYVIIYNFKARHADELDLKAGYKVTVIDNSDPDWWKG
KVLGRVGYFPSKYCVRLNANEKPLQVTHNLQVSDSERGENLTLLRDQIVIQTGDEVNGMVMIRAAEHGQGYCPIKYLQ

Dstac?"3 CG43729-RU
*denotes STOP

KLLYAT*CPNWGNL*VLSVGGVDNFV*CMLYEVMHGNDPSRRARAGLLPHQVSAG

wt CG43729-RV
SH3

KLLYATRGMRGGSVDLPDEMEKSQSSASTSPCLSPVRHPQKTHRLLPTNLYVIIYNFKARHADELDLKAGYKVTVIDNSDPDWWKG
KVLGRVGYFPSKYCVRLNANEKPLQVTHNLQVSDSERGENLTLLRDQIVIQTGDEVNGMVMIRAAE

Dstac?"3 CG43729-RV
*denotes STOP

KLLYAT*CPNWGNL*VLSVGGVDNFV*CMLYEVMHGNDPSRR
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4.5 Discussion

Pharmacological experiments suggest that the release of neuropeptides by neurons
involves Ca?* influx via L-type CaChs (Perney e al., 1986; Cazalis et al., 1987; Rane et al., 1987;
Lemos and Nowycky, 1989; Wang et al., 1993; Sasaki et al., 2005; Kolarow et al., 2007; Xia et al.,
2009) and CICR from internal Ca?* stores (Ludwig et al., 2002). In Drosophila the release of
neuropeptides at the neuromuscular junction also appears to involve CICR (Shakiryanova et al.,
2007), but it was unknown whether Ca?* influx via the L-type CaCh DmcalD triggers CICR. The
results from this study established that DmcalD is required for the normal release of
neuropeptides at the neuromuscular junction and suggested a mechanism by which Dstac
regulates DmcalD and the release of neuropeptides at the Drosophila nmj. First, Dstac,
DmcalD and proctolin are all expressed by motor boutons. Second, Dstac mutations and
DmcalD knockdowns decrease Ca®* transients in motor boutons. Third, Dstac mutations
decrease currents through DmcalD channels in motor neurons. Fourth, mutations and
knockdowns of Dstac and DmcalD decrease the release of neuropeptides by motor boutons.
Fifth, mutations and knockdowns of Dstac, DmcalD and Proct decrease locomotion. Thus,
Dstac regulates voltage-dependent influx of Ca?* through DmcalD channels, which leads to an
increase in cytosolic Ca* perhaps involving CICR, and the release of neuropeptides at the
neuromuscular junction. This in turn controls the intensity of muscle contractions and thus
locomotion by Drosophila larvae.

Our experiments demonstrated that normal levels of Dilp2-GFP release by motor
boutons requires Dstac. The endogenous neuropeptide expressed by these boutons is proctolin

(Anderson et al., 1988; this study) so the presumption is that proctolin release by the boutons
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also requires Dstac. Previous studies showed that proctolin increases muscle contractions in a
variety of arthropods (Bishop and O’Shea, 1982; Adams and O’Shea, 1983; Bishop et al., 1987)
including Drosophila larvae without affecting the membrane voltage of muscles (Omerod et al.,
2016). Thus, a decrease in proctolin predicts a decrease in locomotion by larvae. In fact, we
found that larvae in which proctolin was knocked down selectively in motor neurons exhibited
decreased locomotion. Furthermore, Dstac mutant larvae and larvae with Dstac selectively
knocked down in motor neurons also showed decreased locomotion. These findings are
consistent with the requirement of Dstac for the release of proctolin by motor boutons.

A deficiency in Dstac reduces the release of neuropeptides but not the synaptic
potential due to the release of glutamate at the larval neuromuscular junction. Since Dstac
regulates DmcalD, normal synaptic function at the neuromuscular junction when Dstac is
deficient suggests that DmcalD is dispensable for synaptic release of glutamate. This is
consistent with previous evidence that cacophony (Cay2) is the most important CaCh for
producing fast EPSPs mediated by the release of glutamate (Lee et al., 2014).

Knockdown of DmcalD specifically in motor neurons decreased the influx of Ca?* into
motor boutons at the neuromuscular junction and both the Dmca1D KD and DmcalD”R%®
mutation decreased the release of neuropeptide. This is consistent with the requirement for
the influx of Ca?* through the DmcalD channels in the boutons for normal neuropeptide
release. However, the decrease in DmcalD in the dendrites, cell bodies and axons leading to
the boutons of motor neurons may also contribute to decreased release of neuropeptide.
Motor neuron specific knockdown of DmcalD also leads to a decrease in the synaptic response

of motor neurons to the central pattern generator and a decrease in duration and maximal
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firing rate of action potential bursts initiated by synaptic input to motor neurons (Kadas et al.,
2017). These appear to be due to the decrease in DmcalD currents in both the dendrites and
axons of motor neurons. Therefore, normal activation of DmcalD channels in boutons in intact
larvae is likely to require DmcalD channels in dendrites and axons of motor neurons. Thus,
DmcalD in dendrites, axons and boutons is likely required for normal Ca?* influx into boutons
and the release of neuropeptides.

We previously showed that Dstac and DmcalD were expressed and that Dstac was
required in the LNy neurons in the brain for normal circadian rhythm of locomotor behavior in
Drosophila (Hsu et al., 2018). These neurons express the neuropeptide, pigment dispersing
factor (PDF) (Helfrich-Forster, 1997; Renn et al., 1999), that is critical for circadian rhythm
(Shafer and Taghert, 2009). Thus, it is possible that Dstac may regulate DmcalD and the release
of PDF by these neurons and that the release of PDF by LNy neurons is essential for normal
circadian rhythm. There are approximately 50 neuropeptide and peptide hormone genes in the
Drosophila genome (Hewes and Taghert, 2001; Nassel and Zandawala, 2019). Whether Dstac
regulates the release of other neuropeptides remains to be investigated, but given the wide
range of time scales, cellular actions and sites of release of different neuropeptides and peptide
hormones one might imagine several different mechanisms for the regulation of their release
including those not involving Dstac. In fact, the finding that Dstac mutant larvae are normal in
size and morphology and eclose properly is consistent with the possibility that Dstac does not
regulate the release of peptide hormones such as Dilp2 or eclosion hormone.

Dstac is also expressed by body wall muscles in Drosophila (Hsu et al., 2018). Of note in

vertebrates, stac3 is expressed selectively by skeletal muscles and required for EC coupling

139



(Horstick et al., 2013; Nelson et al., 2013; Linsley et al., 2017a). In vertebrate skeletal muscles
EC coupling involves the direct interaction of the L-type CaCh, DHPR, which is the voltage
detector for EC coupling in the t-tubules, with the ryanodine receptor, which is the Ca?* release
channel in the SR (Nakai et al., 1996; Grabner et al., 1999; Paolini et al., 2004). Stac3 regulates
EC coupling in skeletal muscles by regulating the stability and properties of the L-type CaCh in
skeletal muscles (Linsley et al., 2017a). The muscle expression of Dstac suggests that Dstac
might regulate EC coupling in larval body wall muscles of Drosophila just as Stac3 in vertebrate
skeletal muscles. In some invertebrate muscles including those of Drosophila, EC coupling is
thought to involve CICR (Gyorke and Palade, 1992; Maryon et al., 1998; Sullivan et al., 2000;
Takekura and Franzini-Armstrong, 2002; Collet, 2009). Thus, Dstac might regulate EC coupling
by controlling the stability and voltage dependency of DmcalD in Drosophila muscles.

There are few known regulators of neuropeptide release and DCV exocytosis. Most
recently the RAB3/RIM pathway was found to be required for fusion of DCVs at the presynaptic
terminals of mammalian hippocampal neurons (Persoon et al., 2019). Earlier the cytosolic
calcium-activated protein for secretion (CAPS) was identified to be necessary for normal Ca?*
dependent release of norepinephrine (NE) by permeabilized PC12 cells (Walent et al., 1992).
Interestingly CAPS appears to be specific for release from DCVs since antibody block with anti-
CAPS decrease DCV exocytosis but not synaptic vesicle exocytosis in semi-intact, rat brain
synaptosomes (Tandon et al., 1998). In vivo mutations in CAPS result in defective locomotion,
feeding, egg laying and failure to recover from the dauer stage in nematodes (Brenner, 1974;

Avery et al., 1993) and an apparent failure to exocytose DCVs by motor boutons in larval
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Drosophila (Renden et al., 2001). In flies unlike in mammalian neurons CAPS appears also to
regulate release of glutamate from synaptic vesicles as well DCV exocytosis.

In our experiments, deficiencies of DmcalD and Dstac decreased neuropeptide release
by motor boutons but did not eliminate release. This could be due to incomplete inhibition of
DmcalD and Dstac by the knockdowns and mutations of these genes. Alternatively, it is
possible that other CaChs in boutons might contribute to the increase in cytosolic Ca?*
necessary for normal release of neuropeptides. DmcalA, the CaCh required for release of
neurotransmitter by boutons (Kawasaki et al., 2000), might participate in neuropeptide release
independently of Dstac. Other CaChs found in motor neurons such as the T-type CaCh,
DmoaG/CaalT (Ryglewski et al., 2012; Jeong et al., 2015), and TRPV1 (Wong et al., 2014) could
also participate in neuropeptide release. In this regard, Stacl, which is expressed by vertebrate
neurons, is sufficient for the surface localization of Cayv3.2, a mammalian T-type CaCh, in
cultured cells and coimmunoprecipitates with Cay3.2 (Rzhepetskyy et al., 2016). Finally, how
Dstac regulates DmcalD channels is unknown. It is possible that regulation of DmcalD by Dstac
may be a direct one since Stac3 directly binds the cytoplasmic loop between repeats Il and Ill of
Cavl.1 and Cay1.2 (Wong King Yuen et al., 2017). Future analysis of neuropeptide release may

elucidate answers to these issues.
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CHAPTER 5. Conclusions and Future Directions

This dissertation research uncovered the role of a novel gene, Dstac, in the Drosophila
CNS and muscles. The demonstration that Dstac regulates the release of neuropeptides by
neurons via regulation of DmcalD, the Drosophila L-type Caychannel advanced our
understanding of the mechanism by which neurons release neuropeptide. Since Stac proteins
are found in both invertebrates and vertebrates as are neuropeptides, the regulation of
neuropeptide release by Stac proteins may be one applicable to many different organisms.
Furthermore, since neuropeptides are involved in complex brain circuits underlying
psychological states and behaviors and are associated with brain diseases such as epilepsy (van
den Pol, 2012), the identification of Stac proteins as regulators of neuropeptide release might
lead to a better understanding of neuropeptide associated brain disorders. In this chapter, | will

summarize the results from my studies and describe possible future directions.

5.1 Summary

5.1.1 Dstac regulates EC coupling of Drosophila body-wall muscles.
In Chapter 2, | showed that Dstac regulates EC coupling of Drosophila larval body-wall

muscles as Stac3 does in vertebrate skeletal muscles. My Ca?* imaging experiments performed
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in live, intact Drosophila larvae showed that during normal locomotion, there are Ca?*
transients in body-wall muscles dependent on Dstac and DmcalD. In zebrafish Stac3 regulates
the expression levels of Cay1.1 in the T tubule portion of the triadic junctions of T tubules and
SR by regulating the stability of Cay1.1 (Linsley et al., 2017a; Linsley et al., 2017b). Similarly, my
experiments showed that Dstac regulates the expression levels of Drosophila L-type Cay
channel, DmcalD, at T tubules. By analogy to Stac3, Dstac might regulate the expression level
of DmcalD by regulating the stability of DmcalD. Live imaging of DmcalD fused with a
photoconvertible protein in wt and Dstac mutant muscles in future experiments will test
whether the decrease in DmcalD in Dstac mutants is due to a decrease in DmcalD stability.
Since invertebrate muscles may involve CICR during EC coupling (Collet, 2009; Gyorke and
Palade, 1992; Takekura and Franzini-Armstrong, 2002), the results in larval muscles suggest the
possibility that Dstac regulates Ca?* influx through DmcalD channels which induces CICR during

EC coupling of Drosophila body-wall muscles.

5.1.2 Dstac is required for normal circadian rhythm.

Studies described in Chapter 3 provided the first evidence for the function of Stac
proteins in neurons. Dstac was found to be expressed by subsets of neurons, including the s-LN,
and I-LNy neurons of the adult Drosophila brain. These neurons were thought to release the
neuropeptide, PDF, to regulate circadian rhythms in adult flies (Shafer and Taghert, 2009).
Interestingly, the s-LNy and I-LNy neurons expressed the L-type Cay channel, DmcalD, in

addition to Dstac and PDF. In fact knocking down Dstac specifically in these neurons resulted in
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defective circadian rhythm. These finding suggested the hypothesis that Dstac might regulate
DmcalD in the s-LNy and I-LNy neurons to regulate release of PDF and thereby circadian activity.
However, PDF neurons are small and deep in the Drosophila brain making them difficult to
access. Therefore, we decided to move to the more easily accessible system of Drosophila larval

NMJ to examine a potential role for Dstac and DmcalD for the release of neuropeptides.

5.1.3 Dstac regulates release of neuropeptides.

Experiments in Chapter 4 demonstrated that Dstac regulated Ca?* influx through the
DmcalD channels and the subsequent release of neuropeptides by the motor boutons at the
larval neuromuscular junction. Using antibodies against Dstac and DmcalD that | generated, |
showed that Dstac and DmcalD are present in motor boutons that release the proctolin
neuropeptide which was found to enhance muscle contractions (Ormerod et al., 2016). The
latter predicted that deficiencies in Dstac, DmcalD and proctolin in the motor boutons should
all decrease locomotion. Indeed, this was borne out showing that Dstac, DmcalD and proctolin
are all necessary for normal locomotion. Since a long lasting increase in Ca%* in boutons was
required for the release of neuropeptides, | then examined activity dependent Ca?* transients in
motor boutons by Ca?* imaging of live, intact larvae. This showed that both Dstac and DmcalD
were required for normal Ca?* transients in the motor boutons. To examine whether Dstac
might regulate DmcalD channels, voltage-clamp analysis of motor neurons was performed.
These experiments showed that Dstac regulates the voltage response of DmcalD channels in

motor neurons. Finally, the role of Dstac and DmcalD for the release of neuropeptides was
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assayed directly by live imaging of motor boutons expressing a GFP fusion and Drosophila Dilp2
neuropeptide. These experiments demonstrated that both Dstac and DmcalD regulated
neuropeptide release. Thus the experimental results shown in Chapter 4 established that Dstac
regulates the voltage dependent influx of Ca* through DmcalD channels, which in turn initiates

the release of neuropeptides.

5.2 Future directions and experiments

5.2.1 Does Dstac regulate Ca?* influx via DmcalD in Drosophila body-wall muscles?

Voltage-clamp of Drosophila motor neurons demonstrated that Dstac regulates Ca?*
influx via the L-type Cay channel, DmcalD. However, it’s unknown whether Dstac also regulates
Ca?* influx via DmcalD in Drosophila body-wall muscles. Both the L- and T-type Ca?* currents
are present in Drosophila larval body-wall muscles (Gielow et al., 1995). Blocking T-type Ca?*
currents with amiloride or genetically, or voltage-clamping the muscles above -30 mV can
isolate the L-type Ca?* currents since at these voltages T-type channels are inactivated. This
would allow one to test whether Dstac regulates DmcalD in larval muscles. Furthermore, it may
be possible to block DmcalD either pharmacologically or genetically to assay whether T-type
Ca?* channels are regulated by Dstac. Since DmcalD nulls are larval lethals (Eberl et al., 1998),
experiments using DmcalD nulls may be doable in embryos. In addition to these experiments, it
may be possible to assay T currents since they are activated at low voltages compared with

DmcalD currents which are activated at high voltages.
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5.2.2 Does Ca?* influx via DmcalD regulate CICR in Drosophila body-wall muscles?

Genetically or pharmacologically inhibiting RyR or SERCA diminished Drosophila body-
wall muscle contraction, demonstrating that Ca?* release from SR is crucial for muscle
contraction (Sanyal et al., 2005; Sullivan et al., 2000). My Ca%* imaging of body-wall muscles of
larvae in which Dmca1D was knocked down showed that normal Ca?* transients mediating
muscle contractions require DmcalD. This suggests that the Ca%* currents passed by DmcalD
are required for inducing Ca?* release from SR to activate muscle contraction.

Concurrent recording of cytosolic Ca%* transients and DmcalD Ca?* currents by imaging
and electrophysiology would allow direct measurements of intracellular Ca?* increase in
response to DmcalD Ca?* influx. Using this method, if the DmcalD dependent Ca?* transients
involve CICR in Drosophila body-wall muscles, inhibiting SR Ca?* store should lead to a decrease
in cytosolic Ca?* transients while not affecting DmcalD Ca?* current amplitude recorded by
electrophysiology. The results of these experiments might test whether Ca?* via DmcalD can by
itself lead to muscle contraction and parse out the relative importance of CICR for muscle

contraction.

5.2.3 Does CICR at motor neuron boutons locally initiate release of neuropeptides?
Previous experiments using pharmacological manipulations suggest that DCV
mobilization requires CICR to potentiate neuropeptide release by Drosophila motor boutons

(Shakiryanova et al., 2007). In this dissertation | found that the L-type DmcalD channels in

motor boutons were necessary for normal neuropeptide release. Thus | hypothesize that Ca?*
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influx via DmcalD channels initiates CICR. In order to directly test the requirement of CICR for
DCV exocytosis, we need to examine release of Ca?* from the ER during neuropeptide release.
In principle this could be done by concurrent measurements of ER luminal Ca?* using
fluorescence Ca?* indicators tethered in the ER lumen (de Juan-Sanz et al., 2017; Solovyova et
al., 2002; Suzuki et al., 2014) and DCV exocytosis using reporters for DCV exocytosis such as
pHluorin tagged neuropeptide Y (NPY- pHIluorin) (Zhu et al., 2007). One could do the
experiment in boutons of live, intact larvae to see whether under normal conditions DCV
exocytosis requires CICR. Furthermore, one could do the experiment with release of Ca ?* from
the ER inhibited by RyR blockers such as dantrolene or high concentrations of ryanodine in
order to see if CICR is required for neuropeptide release. Oppositely, one could activate ER Ca %*
release by RyR agonists such as caffeine or low concentrations of ryanodine and test if this
triggers neuropeptide release. Alternatively, the heat inducible SERCA mutant fly strain would

be useful in temporal control of ER Ca * store inhibition.

5.2.4 Does Dstac regulate neuropeptide release by other neurons?

There are 50 neuropeptides in the Drosophila genome (Nassel and Zandawala, 2019). |
found that Dstac regulates the release of proctolin by motor boutons and since Dstac is
expressed by other neurons in the CNS it is possible Dstac in these neurons may also be
responsible for the release of other neuropeptides. One neuropeptide that probably is not
regulated by Dstac is tachykinin which is required for aggression in male Drosophila (Asahina et

al., 2014) since Dstac appears not to be expressed by the tachykinin+ neurons in the brain
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(unpublished). Labeling the Drosophila brain of Dstac-gfp trap flies with anti-tachykinin found
no co-labeling. However, another neuropeptide, sNPF, is an intriguing possible target for Dstac
(unpublished). The DP cell is a prominent neuron in the ventral ganglia of Drosophila that
express sNPF (Hu et al., 2017). The release of sNPF by the DP neurons mediates responses of
larvae to painful mechanical stimuli. Interestingly the DP neurons appear to express Dstac
suggesting that Dstac may regulate the release of sSNPF by DP neurons as well as proctolin by
motor neurons. This can be tested using methods similar to ones employed to demonstrate

Dstac regulation of proctolin release.

5.2.5 Are the Stac proteins present in all peptidergic neurons?

As mentioned above, currently around 50 neuropeptides in Drosophila melanogaster
and over a hundred neuropeptides in mammals haven been identified (Nassel and Zandawala,
2019). Recent single-cell transcriptomic sequencing of mouse neocortical neurons showed that
every mouse neocortical neuron expresses at least one or multiple neuropeptides and
neuropeptide receptors and thus form highly complex modulatory circuits (Smith et al., 2019).
As mentioned above, it appears that not all peptidergic neurons are Dstac positive. This
suggests that Dstac might regulate neuropeptide release by a certain type of neuropeptide
neuron. Since my experiments showed that Dstac regulates Ca?* influx via DmcalD and
therefore Ca?* transients within motor boutons to regulate neuropeptide release, it’s likely that
Dstac is expressed in the DmcalD positive neuropeptide neurons that require certain levels and

durations of cytosolic Ca?* increase for DCV exocytosis. However, it’s again unclear whether all
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neuropeptide neurons express the L-type Ca, channel, DmcalD, and whether all DmcalD
positive neurons express Dstac. Single-cell transcriptomic data (Smith et al., 2019; Tasic et al.,
2016; Tasic et al., 2018) would help provide primary insights on associating the expression of

the stac genes and L-type Cay channels with certain types of neuropeptide neurons.
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APPENDIX 1
Appendix 1 describes my experiments contributing to the 1% collaboration work with Dr.
Jeremy Linsley in the Kuwada lab that was published in 2017 as “Linsley, J.W., Hsu, I.U., Groom,
L., Yarotskyy, V., Lavorato, M., Horstick, E.J., Linsley, D., Wang, W., Franzini-Armstrong, C.,
Dirksen, R.T., and Kuwada, J.Y. (2017). Congenital myopathy results from misregulation of a
muscle Ca%* channel by mutant Stac3. Proc Natl Acad Sci U S A 114, E228-E236.
https://doi.org/10.1073/pnas.1619238114”. The work of this paper characterized the

mechanisms by which Stac3 regulates Cay1.1 during EC coupling of vertebrate skeletal muscles.

APPENDIX 1.1 Quantitative immunofluorescence imaging showed that Stac3 is required for
normal Ca,1.1 expression at the T tubules of skeletal muscles.

In order to examine the levels of RyR and Ca,1.1 at the triadic junctions of wt and stac3-/-
zebrafish skeletal muscles, | performed quantitative immunolabeling of dissociated wt and
stac3-/- zebrafish skeletal muscles with antibodies against RyR and Ca,1.1. | found that the
levels of RyR at junctional SR of wt and stac3-/- zebrafish skeletal muscles are comparable
(Appendix Figure 1.1A-B). However, the level of Ca,1.1 at T tubules of stac3-/- zebrafish skeletal
muscles was decreased compared with that of wt (Appendix Figure 1.1C-D). The decrease in
Ca,1.1 expression at the plasma membrane of T tubules of stac3-/- skeletal muscles was
confirmed by immunolabeling with an antibody recognizing an extracellular epitope of Cay1.1

(Appendix Figure 1.1E-F). These results suggest that Stac3 is necessary for normal Ca,1.1
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expression level at the plasma membrane within the triads, but not required for normal RyR

expression level at the junctional SR.

APPENDIX 1.2 Embryos expressing stac3NAM exhibit decreased swimming.

Experiments performed by Jeremy and others of this work showed that stac3NAM-expressing
myofibers are able to release a low level of Ca?* in response to voltage-clamp depolarization
and electrical stimulation. This predicts that muscle actin:stac3NAM-EGFP; stac3-/- transgenic
embryos should exhibit more mobility than stac3-/- embryos. | performed motility assays of
wt, wt rescued (muscle actin:stac3WT-EGFP; stac3-/-), stac3NAM rescued (muscle
actin:stac3NAM-EGFP; stac3-/-) and stac3-/- zebrafish embryos at 56 hpf (hours post
fertilization), 72 hpf, and 96 hpf. At all stages tested, muscle actin:stac3NAM transgenic
embryos were significantly more motile than stac3-/- embryos but less motile than stac3-/-
embryos expressing muscle actin:stac3WT (Appendix Figure 1.2A-B). This suggests that the
stable and consistent expression of stac3NAM within transgenic fish used in this study is likely
sufficient for the low-level swimming observed in these fish despite low-level Ca?* transients
observed in stac3NAM muscle fibers. These results showed that transgenic expression of
stac3NAM in stac3-/- skeletal muscles partially rescued the motility of stac3-/- zebrafish

embryos.
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Appendix Figure 1.1
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Appendix Figure 1.1 DHPRal but not RyR1 is reduced in T-tubule striations of stac3 mutants.
(A) Immunofluorescence labeling of WT sibling and stac3-/- disassociated myotubes with anti-
pan RyR (34c). (B) Mean immunofluorescence intensity of anti-RyR in stac3-/- compared with
WT siblings showing no difference in triadic RyR (t test, P = 0.89, n = 85 WT sibling, n = 50
stac3-/-). a.u., arbitrary units. (C) Immunofluorescence labeling of WT sibling and stac3—/-
disassociated myotubes with mAb1 1A against a cytoplasmic region of DHPRa1S (15). (D) Mean
mAb1 1A labeling in WT siblings and stac3-/- showing a decrease in triadic DHPRa1S (t test,
***P < 0.0001, n = 216WT sibling, n = 264 stac3-/-). (E) Immunofluorescence (Left) and bright-
field images (Right) of WT sibling and stac3-/- disassociated myotubes labeled without
detergent with anti-DHPRa1S that recognizes an extracellular epitope. (F) Histogram showing
that there is a decrease in T-tubule triadic DHPRa1S in stac3—-/- dissociated myotubes (n = 160
WT sibling, n = 125 stac3-/-, t test, ****P < 0.0001).
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Appendix Figure 1.2
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Appendix Figure 1.2 Stac3NAM transgenic zebrafish have reduced motility.

(A) Overlaid traces of touch-evoked swimming by transgenic 72-hpf WT siblings expressing
stacANAM-EGFP (WT sibling + NAM), stac3—-/-, transgenic stac3-/-;stac3WT-EGFP (WT rescue),
transgenic stac3-/-;stac3NAM-EGFP (NAM rescue), and stac3-/- showing that whereas
stac3-/- embryos do not swim, NAM rescue embryos do. (B) Histograms of the speed of
swimming by WT sibling + NAM (n =55, 11, and 32 at 56, 72, and 96 hpf, respectively), stac3-/-
(n =15, 15, and 15), WT rescue (n = 8, 20, and 91), and NAM rescue (n = 18, 55, and 58) show
that NAM rescue zebrafish exhibit partial rescue of swimming compared with WT rescue
(ANOVA Tukey multiple comparisons, ****P < 0.0001, **P < 0.001).
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APPENDIX 2

Appendix 2 describes my experiments contributing to the 2" collaboration work with
Dr. Jeremy Linsley in the Kuwada lab that was published in 2017 as “Linsley JW, Hsu I-U, Wang
W, Kuwada JY. Transport of the alpha subunit of the voltage gated L-type calcium channel
through the sarcoplasmic reticulum occurs prior to localization to triads and requires the beta
subunit but not Stac3 in skeletal muscles. Traffic.2017;18:622—-632.
https://doi.org/10.1111/tra.12502”. The work of this paper complements the results from
Linsley et al., PNAS 2017 showing that Stac3 regulates the levels of Cay1.1 at T tubule plasma

membrane through regulating the stability rather than trafficking of Ca,1.1.

APPENDIX 2.1 SR/ER export machinery and Golgi outposts localize nearby triads.

Because the SR is not continuous with the T tubules, DHPRs must translocate from SR
membrane to the T tubule membranes. Previous studies described trafficking of membrane
proteins through the longitudinal SR/ER membrane in skeletal muscle to ER exit sites (ERES)
distributed throughout the mammalian myofiber (Kaisto and Metsikkd, 2003). Immunolabeling
with anti-Sec23b, a marker for ERES, and anti-DHPRa revealed that ERES localized to the triadic
regions in zebrafish skeletal muscles as well thus providing a potential site for translocation to
the T tubules at triads (Appendix Figure 2.1A). Furthermore, the Golgi marker, anti-GM130,
labeled what appears to be Golgi outposts in the triadic regions that flank triads in zebrafish

muscles (Appendix Figure 2.1B) as found in some mammalian muscles (Percival and Froehner,
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2007; Percival et al., 2007; Ralston et al., 1999). Thus, a pathway localized to the triadic regions
of SR and T tubules that includes SR to local Golgi to T tubule could potentially provide a

trafficking pathway for DHPRs.

APPENDIX 2.2 DHPR transport along the longitudinal SR is differentially affected by EC
coupling mutations.

Because both the B subunit of DHPRPB (DHPRB) and Stac3 are required for normal
expression of DHPRa at the triad, we investigated the roles of the two proteins for transport of
DHPRa through the SR. Both stac3-/- mutants and relaxed (DHPRB null) mutants have
decreased triadic expression of DHPR when assayed by anti-DHPRa immunolabeling (25% and
60% reductions, respectively) (Linsley et al., 2017; Schredelseker et al., 2005). Nevertheless, the
proportion of anti-DHPRa signal at longitudinal SR membrane is increased in relaxed mutants
compared to WT sibling, but not different in stac3-/- mutants compared to WT siblings
(Appendix Figure 2.2). This suggests the distribution of DHPR is differentially affected by each

mutation.

APPENDIX 2.3 Benchmark experiments of eGFP-DHPR alpha subunit fluorescence
recovery after photobleaching (FRAP).

In order to assay DHPRa dynamically in the longitudinal SR membrane, whole animal
live cell imaging flourescence recovery after photobleaching (FRAP) experiments were
performed on myofibers expressing EGFP-DHPRa. To benchmark our FRAP analysis, additional

FRAP was performed on skeletal muscle fibers expressing EGFP (heat shock induced from
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transgenic hsp70:EGFP zebrafish), and the diffusion rate of cytoplasmic EGFP was found to be
comparable to published reports (62.8 um/second) (Swaminathan et al., 1997). EGFP-DHPRa
trafficking within live zebrafish skeletal muscle proceeds at a slow diffusion rate compared to
EGFP diffusion alone (Appendix Figure 2.3).

During FRAP experiments, the fluorescence recovery of EGFP-DHPRa showed migration
of EGFP-DHPRa along the longitudinal SR within the region that was photobleached, before
accumulating at triadic areas in WT embryos. An alternative interpretation of fluorescence
recovery might be that it represents local translation of new EGFP-DHPRa from translational
machinery in the SR. However, trafficking in the SR membrane persisted in the presence of

cyclohexamide, which blocks translation of new protein in zebrafish (Appendix Figure 2.4).
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Appendix Figure 2.1

(A) anti-Sec23B anti-D
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Appendix Figure 2.1 ER exit sites and Golgi outposts localize to triads.

(A) WT muscle fiber colabeled with anti-DHPRa (left) and anti-sec23B (middle) which labels
ERES, showing co-localization at T tubules. (B) Whole-mount immunolabeling of transgenic
muscle actin:stac3-EGFP muscle fiber showing anti-GM130 labeling flanks T tubules (scale bars,
2 um).
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Appendix Figure 2.2
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Appendix Figure 2.2 EC coupling component mutations differentially affect longitudinal SR
trafficking.

(A) WT sibling and relaxed mutant muscle fibers labeled with anti-DHPRa (left) and
guantification of the ratio of the signal at the longitudinal SR (orange arrow) to the triad (blue
arrow) (right) showing increased DHPRa at the longitudinal SR in relaxed mutants (n = 68)
compared to WT siblings (n = 86; T test P <.0001). (B) WT sibling and stac3-/- mutant muscle
fibers labeled with anti-DHPRa (left) and quantification of the ratio of the signal at the
longitudinal SR (orange arrow) to the triad (blue arrow) (right) showing DHPRa levels in
longitudinal SR are the same in stac3-/- mutants (n = 127) as in WT siblings (n = 126; t test ns P
=.39).
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Appendix Figure 2.3
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Appendix Figure 2.3 Benchmarking of EGFP-DHPRa fluorescence recovery after
photobleaching.

Mean quantification of time course of FRAP of EGFP and EGFP-DHPRa expressed in WT. EGFP
alone (thick green line and circles), EGFP-DHPRa (thick red line and triangles), and Fixed EGFP-
EGFP-DHPRa (thick black line and squares) are shown. Vertical thick green line depicts
bleaching.
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Appendix Figure 2.4
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Appendix Figure 2.4 Longitudinal SR trafficking persists in the presence of cyclohexamide
treatment which blocks translation. (A) Micrographs of tails of zebrafish embryos after heat
shock without EGFP expression (top), with induced hsp70:EGFP, and with induced hsp70:EGFP
in the presence of 14uM cyclohexamide. (Scale bar, 30um). (B) Histogram of quantification of
mean EGFP fluorescence after heat shock showing increased fluorescence after heat shock in
transgenic hsp70:EGFP embryos (n=15) versus non transgenic (n=15, ANOVA Tukey’s, p<0.05).
EGFP fluorescence after heat shock was reduced in hsp70:EGFP embryos incubated in 14uM
(n=15, ANOVA Sidak’s p<0.05) or 35uM cyclohexamide (n=16, ns, p < 0.05), but not 3.5uM
(n=15, ns, p=0.05) compared to heat shocked hsp70:EGFP embryos. (C) Time course for FRAP of
EGFP-DHPRa expressed in WT incubated in 14uM Cyclohexamide. Shown are EGFP-DHPRa
before (prebleach), after photobleaching (T=0, 5, 10 min). White arrows indicate EGFP-DHPRa
recovery in longitudinal striations. (Scale bar, 1um).
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