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ABSTRACT
Synaptic transmission is a fundamental aspect of neural function. This process typically
occurs at chemical synapses, where presynaptic release of chemical neurotransmitters
leads to excitation or inhibition of the postsynaptic cell. Neurotransmitter release is
triggered by calcium influx through presynaptic voltage-gated calcium channels. In
Drosophila, the molecular basis of presynaptic calcium channel function has been
defined through our analysis of a temperature-sensitive (TS) paralytic mutant of the
calcium channel α1 subunit gene, cacophony (cac). This mutant, referred to as cacTS2,
has also served as a starting point for further genetic analysis. To broaden our
understanding of the functions and interactions of cac-encoded calcium channels, we
have conducted a screen for genetic modifiers of cacTS2. Of ten mutations recovered, four
were intragenic and six were extragenic. Analysis of intragenic modifiers has broadened
our understanding of intramolecular interactions within the calcium channel α1 subunit.
Here we report characterization of three extragenic enhancers of cacTS2, which map to a
single

locus

designated

as

e(cac)A.

Genetic

analysis,

sequencing

analysis,

complementation tests, immunoblotting and immunocytochemistry have shown that
e(cac)A is futsch, the homolog of microtubule-associated protein 1 (MAP1) in
Drosophila. Electrophysiological analysis of synaptic transmission has revealed that
futsch

mutations

enhance

the

synaptic

phenotype

of

cacTS2.

Furthermore,

immunocytochemical analysis indicates that the localization of presynaptic calcium
channels, microtubules and actin as well as the distribution of synaptic vesicles is normal
in futsch mutants, suggesting a role for dMAP1/FUTSCH in synaptic function.
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Accordingly, dMAP1/FUTSCH exhibits a punctate distribution along microtubules
within presynaptic boutons and extending to active zones. Taken together, our findings
have implicated novel molecular mechanisms of synaptic transmission, in which a
specialized form of presynaptic microtubule-based cytoskeleton may function in synaptic
transmission through interactions with presynaptic calcium channels.
A part of this work has revealed posttranslational proteolytic processing of a
dMAP1/FUTSCH protein precursor as demonstrated previously for mammalian MAP1s.
A ~20kD fragment of dMAP1/FUTSCH was specifically detected using a newly
developed anti-LCf antibody and this was shown to be a dMAP1/FUTSCH light chain by
colocalization with the heavy chain at the neuromuscular synapses and coimmunoprecipitation of the heavy and light chains. These findings demonstrated a
structural conservation among MAP1 proteins. Further molecular and functional
characterization is expected to define the in vivo roles of MAP1 in synaptic transmission
and the underlying mechanisms.
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Chapter 1
Introduction
1.1. Chemical synaptic transmission
1.1.1. Chemical synapses
A neuron (nerve cell) is composed of three morphologically defined compartments, the
soma (cell body), dendrites and axons (Figure 1.1). Soma is the center of cell metabolism
and integration, whereas dendrites and axons are processes which receive and transmit
electrical signals, respectively. Axons transmit electrical signals via their functionally
specialized terminals or synapses, to the soma and dendrites of other cells. In a human
being, the nervous system consists of billions of neurons. Each neuron communicates
with other cells by transmitting and receiving electrical signals through synapses.
According to their structural, physiological and functional properties, synapses can be
divided into two categories, electric synapses and chemical synapses. At an electric
synapse, two adjacent cells are tightly connected by unique structures called gap
junctions, which allow electrical current to flow directly from the presynaptic to the
postsynaptic cell. In contrast, chemical synapses have no structural continuity, rather preand post-synaptic cells are separated by tiny gap, called the synaptic cleft (Figure 1.1). As
discussed below, chemical synapses transmit electrical signals through the use of
chemical neurotransmitters.

Figure 1.1 Illustration of nerve cell and chemical synapse. a, Illustration of a nerve
cell (neuron) (modified from http:// www.humanillnesses.com/images/hdc 0000 0001 0
img008.jpg).
b,
Illustration
of
chemical
synapse
(modified
from
http://www.mie.utoronto.ca/labs/lcdlab/biopic/fig/44.14.jpg)
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1.1.2. Synaptic transmission at chemical synapses
In response to an action potential, chemical neurotransmitter is released from the
presynaptic neuron at specialized regions of the presynaptic plasma membrane called
active zones. The released neurotransmitter diffuses across the synaptic cleft and
activates neurotransmitter receptors located in the postsynaptic membrane. These
receptors may be either ligand-gated ion channels or metabotropic receptors linked to ion
channels through a second-messenger pathway. The binding of neurotransmitter to
receptors activates ion channels and excites or inhibits the postsynaptic membrane. Thus,
a presynaptic impulse can be transmitted to the postsynaptic cell through neurotransmitter
release and activation of postsynaptic neurotransmitter receptors. Chemical synaptic
transmission is a complex process in comparison to electrical synaptic transmission and is
thought to be capable of more complex signaling in neurons. The mechanisms of synaptic
transmission have been studied intensively, including the cellular and molecular
mechanisms of synaptic vesicle trafficking discussed in 1.1.3.
1.1.3. Cellular and molecular mechanisms of synaptic vesicle trafficking
Over the past five decades, neurotransmitter release mechanisms have been studied
intensively using genetic, biochemical, molecular, electrophysiological and imaging
methods. These studies have defined the functional steps in neurotransmitter release and
identified several proteins functioning at the core of this process. According to widely
accepted models, neurotransmitter release involves trafficking of neurotransmittercontaining synaptic vesicles in a cycle consisting of four basic steps: docking, priming,
fusion and recycling (Figure 1.2.) (Lin and Scheller, 2000).

3

Figure 1.2. Cellular and molecular mechanisms of synaptic vesicle trafficking. In a
presynaptic terminal, vesicles are brought from a reserve pool and physically contact the
plasma membrane in a process called docking. Priming prepares vesicles ready for fast
calcium-trigger fusion. These vesicles are in a releasable pool. In response to
depolarization of plasma membrane, voltage-gated calcium channels are open and
calcium influx activate the vesicles to fuse and release the neurotransmitters.
Subsequently, vesicle membranes are recycled via endocytosis and neurotransmitters are
loaded into newly formed vesicles. Then these neurotransmitter-containing vesicles
return to vesicle pools for subsequent fusion.
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Within the presynaptic terminal, neurotransmitters are packaged into small lucent
synaptic vesicles (~100nm in diameter). These vesicles may be mobilized from a reserve
pool and physically interact with the plasma membrane in docking step. Docking was
first defined on the basis of the distance between vesicles and the plasma membrane at
active zones.
A priming process then prepares docked vesicles for rapid fusion in response to a
presynaptic action potential. These primed vesicles comprise a readily releasable pool.
Priming requires accessible soluble N-ethylmaleimide sensitive factor (NSF) attachment
protein receptors (SNAREs). The molecular mechanisms of priming may include
formation of a loose complex between the vesicle SNARE (v-SNARE) protein,
synaptobrevin, and two target SNARE (t-SNARE) proteins located on the plasma
membrane, syntaxin and SNAP 25 (Figure 1.3 and 1.4) (Chen et al., 2001).
When an action potential arrives at the nerve terminal, depolarization of the presynaptic
plasma membrane activates voltage-gated calcium channels and permits calcium influx.
The resulting increase in intracellular calcium triggers primed (readily releasable pool)
vesicles to fuse with the plasma membrane and release their neurotransmitter.
After fusion with plasma membrane, vesicle membranes are subsequently recycled from
the plasma membrane through endocytosis (Jarousse and Kelly, 2001; Murthy and De
Camilli, 2003). Newly formed and empty vesicles take up neurotransmitters and return to
either the reserve or readily releasable pool for subsequent fusion (Rizzoli and Betz,
2004).
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Figure 1.3. Core proteins in synaptic vesicle trafficking. In the presynaptic terminal,
vesicles are brought from a reserve pool and physically contact the plasma membrane in a
process called docking. During priming, the vesicle SNARE protein (v-SNARE),
synaptobrevin forms a loose SNARE complex with two plasma membrane (target)
proteins (t-SNARE), syntaxin and SNAP-25. Primed vesicles are ready to fuse with the
plasma membrane in response to a presynaptic action potential. When an action potential
arrives at the presynaptic terminal, membrane depolarization activates voltage-gated
calcium channels (VGCC) and the resulting influx of calcium triggers synaptic vesicle
fusion and neurotransmitter release. After fusion, N-ethylmaleimide sensitive factor (NSF)
disassembles SNARE complexes and releases syntaxin and SNAP 25 for subsequent
vesicle priming. Vesicles are recycled via endocytosis mediated by dynamin and other
proteins.
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Figure 1.4. Model of the neuronal SNAREs assembled into the core complex
(modified from Rizo and Sudhof 2002). A trans-SNARE complex consists of four α
helices, one from vesicle-SNARE, Synaptobrevin (shown in red), one from a targetSNARE, syntaxin (in yellow), and two from another target-SNARE, SNAP25 (in green
and blue).
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1.1.4. Core proteins in synaptic vesicle trafficking
1.1.4.1. Presynaptic calcium channel complexes
Presynaptic calcium channels are indispensable for synaptic transmission. They play a
key role by providing calcium influx that triggers evoked neurotransmitter release.
Presynaptic calcium channels are thought to consist of four subunits, α1, β, and α2δ
(Figure 1.5.). As discussed in section 1.2, intensive work has revealed the
electrophysiological properties, functions and regulation of these channels.
1.1.4.2. The soluble N–ethylmaleimide sensitive factor (NSF) attachment protein
receptors (SNAREs)
The SNARE hypothesis was established to explain the specificity of vesicle targeting and
membrane fusion (Figure 1.3) (Söllner et al., 1993a).
SNARE proteins include vesicle-SNARE (v-SNARE) and target-SNAREs (t-SNAREs).
The v-SNARE protein, n-synaptobrevin, is a transmembrane protein of synaptic vesicles.
Its long N-terminal cytoplasmic domain contains a coiled–coil sequence essential for
interaction with t-SNAREs. A t-SNARE, syntaxin, resides in the presynaptic plasma
membrane. The cytoplasmic domain of syntaxin consists of four coiled-coil structures.
The H3 domain located adjacent to the transmembrane domain is involved in binding
other SNAREs. The other three coiled-coils interact with H3 to fold syntaxin into a
closed conformation. A second t-SNARE, SNAP-25, is a peripheral membrane protein
associated with the plasma membrane via palmitoylation on several cysteine residues. It
has two coiled-coil regions separated by a central cysteine-rich linker region. As
8

described below, n-synaptobrevin specifically interacts with syntaxin and SNAP-25 to
promote synaptic vesicle fusion.
After a neurotransmitter-filled vesicle docks at the target membrane, a SNARE protein
complex is thought to form by assembly of v-SNAREs and t-SNAREs (Chen et al., 1999;
Xu et al., 1999; Chen et al., 2001).The cis-SNARE complex is composed of four parallel
helices, with n-synaptobrevin contributing one coiled-coil region, syntaxin contributing
its H3 domain and SNAP 25 contributing both of its coiled-coil regions (Sutton et al.,
1998). It has been suggested that this complex functions directly in membrane fusion
(Weber et al., 1998; Chen et al., 1999; Hu et al., 2003) or, alternatively, it may serve a
transient function preceding fusion (Ungermann et al., 1998). After integration of the
vesicle into the plasma membrane, the SNARE complex is shifted into the plasma
membrane and referred to as a cis-SNARE complex. Although the precise role of
SNARE proteins in neurotransmitter release remains unresolved, it is generally agreed
that they serve a central role in synaptic vesicle fusion (Schulze et al., 1995; Lin and
Scheller, 2000; Rao et al., 2001; Schoch et al., 2001; Rizo and Sudhof, 2002)
1.1.4.3. NSF and soluble NSF attachment protein (SNAP)
N-ethylmaleimide sensitive factor (NSF) and soluble NSF attachment protein (SNAP)
were first isolated as cytosolic factors required for vesicular transport in a cell-free Golgi
membrane fusion system (Block et al., 1988; Malhotra et al., 1988; Clary et al., 1990).
Further analysis showed that NSF and SNAP play key roles in intracellular vesicle
trafficking in all eukaryotic cells. NSF is a homohexamer of subunits containing an Nterminal domain and two ATPase domains, D1 and D2 (Lenzen et al., 1998). The D1
9

domain is thought to be essential for NSF ATPase activity, whereas D2 appears to be
indispensable for interactions between subunits. Both in vitro and in vivo biochemical
analyses have shown that NSF disassembles SNARE complexes (Söllner et al., 1993b;
Tolar and Pallanck, 1998). NSF interacts with the SNARE complexes through binding to
α-SNAP, and together they form a 20S complex (Söllner et al., 1993a; Tolar and
Pallanck, 1998). Upon hydrolysis of ATP, the 20S complex is dissociated (Söllner et al.,
1993a). In Drosophila, a single homolog of a α-type SNAP has been identified (Ordway
et al., 1994) as well as two homologs of NSF, dNSF1 and dNSF2 (Pallanck et al., 1995a,
b; Golby et al., 2001). The amino acid sequence of dNSF1 is 84.5% identical to dNSF2.
dNSF1, encoded by comatose, plays a primary role in synaptic transmission (Kawasaki
et al., 1998; Kawasaki and Ordway, 1999).
In synaptic vesicle trafficking, NSF and SNAP are essential for priming synaptic vesicles
for calcium-triggered fusion and neurotransmitter release (Kawasaki et al., 1998). When
does NSF disassemble SNARE complexes? Direct evidence from yeast indicates that
disassembly occurs on the plasma membrane after fusion (Grote et al., 2000). Current
models suggest a primary role for NSF in providing free SNAREs for subsequent
SNARE complex formation as new vesicles enter the readily releasable pool.
1.1.4.4. Dynamin
A final example is dynamin, a large oligomeric GTPase which plays a key role in
synaptic vesicle endocytosis (Takei et al., 1995; Kawasaki et al., 2000b; Murthy and De
Camilli, 2003; Praefcke and McMahon, 2004). Each subunit of dynamin consists of a five
conserved domains, including a GTPase domain, middle domain, pleckstrin-homology
10

(PH) domain, GTP effecter domain (GED) and proline rich domain (PRD). GTP binds to
GTPase domain and is hydrolyzed to GDP. GTP hydrolysis is indispensable for fission of
synaptic vesicles (Takei et al., 1995; Koenig and Ikeda, 1996) Disruption of GTP
hydrolysis led to massive depletion of synaptic vesicles and an accumulation of vesicle
membrane in tubular membrane structure (Takei et al., 1995; Koenig and Ikeda, 1996).
The middle and GED domains have been implicated in oligomerization of dynamin and
activation of GTPase activity. The PH domain may interact with the plasma membrane
lipid layer, and PRD medicates interactions with Src Homology 3 domain. A recent
model has proposed that Dynamin is recruited by interactions with other proteins via its
PRD and/or PH domains and oligomerized around the neck of a nascent synaptic vesicle.
The oligomerization-triggered GTP hydrolysis pinches the synaptic vesicle off from the
presynaptic plasma membrane (Praefcke and McMahon, 2004).
In summary, intensive studies have identified core proteins in the neurotransmitter release
apparatus. However, much of this work has been carried out in vitro and relatively little is
known about the in vivo role of synaptic proteins at native synapses. The present work
employs a combination of genetic, molecular, biochemical, physiological and imaging
studies to investigate in vivo mechanisms of neurotransmitter release. This work is
focused on presynaptic calcium channels and their molecular interaction with the
cytoskeleton.
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1.1.5. Studies of synaptic transmission in Drosophila, a powerful model system
1.1.5.1. Advantages of Drosophila as a model system in the study of synaptic
transmission
Drosophila is a sophisticated model system in which classical genetic approaches may be
employed to introduce single-gene mutations disrupting a biological process of interest.
For example, a class of mutants exhibiting rapid paralysis at elevated temperatures
provides a powerful approach for genetic analysis of neuronal function. These
temperature-sensitive (TS) paralytic mutants allow acute perturbation of a specific gene
product at native synapses in vivo, and thus have provided unique insights into the
molecular basis of the neurotransmitter release process. Following identification of such
mutants, well-established recombinational and deficiency mapping techniques are used
routinely to map the positions of genetic loci. More recently, genome-based markers such
as restriction fragment length polymorphisms (RFLPs) and single nucleotide
polymorphisms (SNPs) have allowed precise mapping to a small interval of the genome.
Together with a wide variety of methods available for manipulation of genes in
transgenic animals, the above advantages of Drosophila contribute to its widespread use
as a simple and powerful genetic model system for analysis of fundamental cellular and
molecular mechanisms.
Drosophila is also well-suited for synaptic electrophysiology and imaging at wellcharacterized synapses. Use of these methods for analysis of TS paralytic mutations
affecting synaptic transmission serves as a powerful system for investigating mechanisms
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of neurotransmitter release through acute disruption of specific gene products at native
synapses in vivo.
1.1.5.2. Previous work using temperature-sensitive paralytic mutants of Drosophila
Temperature-sensitive (TS) paralytic mutants of Drosophila were first described by
Suzuki and his collaborators. The paralysis in these mutants is thought to result from
functional disruptions in the central and/or peripheral nervous system at restrictive
temperatures. Thus, TS paralytic mutants are attractive models for analysis of neuronal
function in vivo. Since then, several genetic screens have been performed to recover TS
paralytic mutants affecting synaptic transmission. shibire, comatose and cacophony are
three TS mutants most relevant to this project. shibire and comatose are two of the
mutants recovered in early screens (Suzuki et al., 1971; Siddiqi and Benzer, 1976).
Extensive analysis of shibire mutants has demonstrated that its gene product, Dynamin,
plays a central role in endocytosis (discussed in section 1.1.4.4) (Takei et al., 1995;
Kawasaki et al., 2000b; Murthy and De Camilli, 2003). Our previous work in comatose
mutants has identified the functional role of comatose gene product, a homolog of NSF
protein in priming synaptic vesicles for calcium-triggered fusion (Kawasaki et al., 1998;
Kawasaki and Ordway, 1999). In a genetic screen for modifiers of comatose, an enhancer
was found to be a TS allele of cacophony, designated cacTS2 (discussed in section 1.2.1.2)
(Dellinger et al., 2000; Kawasaki et al., 2000a; Kawasaki et al., 2002). Molecular and
functional analysis of the cac gene product in the cacTS2 mutant demonstrates that cac
encodes a primary presynaptic voltage-gated calcium channel functioning in synaptic
transmission (Kawasaki et al., 2000a; Kawasaki et al., 2002) .
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1.2. Presynaptic voltage-gated calcium channels (VGCCs)
Influx of calcium ions into the presynaptic terminal triggers synaptic vesicle fusion and
neurotransmitter release (Delaney and Zucker, 1989; Mulkey and Zucker, 1991; Kandel
and Siegelbaum, 2001). Voltage-gated calcium channels (VGCCs) mediate calcium flux
in response to depolarization of the plasma membrane and are thus a key component in
synaptic transmission. Electrophysiological and pharmological analysis has identified six
types of VGCCs, L-type, N-type, P/Q type, R-type and T-type. Although several types of
VGCC channels are expressed in neurons, N-type and P/Q type are thought to be the
primary presynaptic calcium channels involved in neurotransmitter release. These
channels are composed of a primary structural subunit, α1 subunit, as well as β and α2δ
subunits (Figure 1.5) (Arikkath and Campbell, 2003).
1.2.1. The α1 subunit
VGCCs are defined primarily by the α1 subunit, the primary pore forming subunit of the
channel. α1 has four homologous domains (I-IV) linked by intracellular loops as well as
cytoplasmic N- and C- termini (Figure 1.6).

Each repeat has six transmembrane

segments (S1-S6) and S4 segment of each homologous domain contains positively
charged lysine and arginine and is thought to serve as a voltage sensor. In response to the
presynaptic membrane depolarization, S4 segments shift outward and rotate.
Mobilization of S4 leads to VGCC opening and calcium influx. The S5 and S6 segments
and the P-loop form the pore of the channel. The P loops are thought to confer the
calcium selectivity through negative charges on the side chain of the four glutamate
residues. The intracellular loops, as well as cytoplasmic N- and C- termini, mediate
14

Figure 1.5. Voltage-gated calcium-channel complexes contain a pore-forming
subunit, α1 subunit, β and α2δ subunits.
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Figure 1.6. Presynaptic voltage-gated calcium channel α1 subunit. α1 subunit is
composed of four repeats, each containing six transmembrane segments (S1-S6). S4 is
voltage sensor. S5, P loop and S6 form the canal for calcium ions through the membrane.
The intracellular linker between domain I and II harbors alpha interacting domain (AID),
which mediates the interaction with β subunit. Two conserved sequences, EF hand and
IQ domain are on the intracellular c terminal tails of α1 subunit. They are involved in
calcium/calmodulin dependent modulation.
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interactions of the α1 subunit with cytoplasmic proteins and are implicated in channel
regulation. The linker connecting domain I and II harbors a conserved sequence, alpha
interacting domain (AID). AID binds to the β subunit, a key subunit in expression and
modulation of VGCCs. Direct interactions with SNARE proteins are also involved in
regulation of calcium channels. SNARE binding is thought to occur within the linker
between domains III and IV. The cytoplasmic C-terminal tail of the calcium channel is
believed to be essential for calcium/calmodulin dependent facilitation and inactivation
involving two conserved calcium regulatory sequences, the EF hand and IQ domain. The
EF binds calcium directly and the IQ domain interacts with calmodulin and participate in
calcium-dependent inactivation and facilitation of VGCCs (Demaria et al., 2001; Pitt et
al., 2001; Budde et al., 2002; Lee et al., 2002; Erickson et al., 2003; Liang et al., 2003).
1.2.1.2 Cacophony encodes the Drosophila α1 subunit of presynaptic calcium
channels
Cacophony (cac) encodes the α1 subunit of presynaptic calcium channels in Drosophila.
It was first identified in mutants exhibiting courtship defects. To attract female flies,
Drosophila males sing courtship songs by vibrating their wings. A cac mutant, cacs, can
not produce regular songs and is defective in courtship (Smith et al., 1998). Studies from
Jeffery Hall’s group demonstrated that cac encodes a voltage-gated calcium channel α1
subunit homologous to mammalian presynaptic calcium channel α1 subunits (Peixoto
and Hall, 1998). The cacs mutation results in substitution of isoleucine for a conserved
phenylalanine in the IIIS6 segment (Smith et al., 1998). Our previous work on a
temperature-sensitive (TS) paralytic mutant of cac, cacTS2, first demonstrated that cac17

encoded calcium channels serve as primary calcium channels contributing to synaptic
transmission in Drosophila. cacTS2 was recovered as an X-linked extragenic modifier in a
screen for genetic modifiers of comatoseST53, a TS paralytic mutant of comatose (comt)
(Dellinger et al., 2000; Kawasaki et al., 2000a). As discussed previously, comt encodes
the N-ethylmaleimide sensitive factor 1 (NSF1) protein in Drosophila (Pallanck et al.,
1995b). When separated from comt, the cacTS2 mutant exhibits rapid paralysis at a
restrictive temperature (38ºC) and recovers instantly from the paralysis at room
temperature. At dorsal longitudinal flight muscle (DLM) neuromuscular synapses,
excitatory postsynaptic currents (EPSCs) in cacTS2 are reduced to 34% of wild type,
indicating that synaptic transmission is impaired at elevated temperature. The mutation is
located in the C-terminal cytoplasmic tail of the α1 subunit adjacent to the EF hand.
Proline1385, which resides within a highly conserved proline pair, is replaced by serine
(Figure 1.7) (Kawasaki et al., 2000a; Kawasaki et al., 2002). Neural expression of cac
transgenes rescued a cac embryonic lethal mutant to adult viability and TS paralysis of
cacTS2 mutants as well (Kawasaki et al., 2004). Our previous work has shown that a GFPtagged α1 subunit, CAC1-EGFP, is localized at active zones. Taken together, these
findings demonstrate that cac-encoded calcium channels serve a primary role in
neurotransmitter release. Recent work from our lab has broadened our understanding of
the functions and interactions of cac-encoded calcium channels. One approach has
involved genetic screen for new mutations which interact with cacTS2. In a recent screen,
we recovered ten X-linked modifiers of cacTS2 including four intragenic
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Figure 1.7. A temperature-sensitive mutant of presynaptic voltage-gated calcium
channel α1 subunits (modified from Kawasaki et al., 2002) (Dellinger et al., 2000;
Kawasaki et al., 2000a; Kawasaki et al., 2002). A. Presynaptic calcium channel α1
subunit topology. B, cacTS2 mutation is adjacent to EF hand on the α1 subunit
cytoplasmic C-terminal tail.
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modifiers (second site mutations within cac) and six extragenic modifiers (mutations in
other genes). Analysis of the intragenic modifiers has led to a better understanding of
interactions between intramolecular domains of α1 subunit (Brooks et al., 2003). As
discussed in this thesis, investigation of three extragenic modifiers has revealed a novel
role for microtubule associated protein 1 (MAP1) in synaptic function (refer to Chapter
3).
1.2.2. Accessory subunits of calcium channels
Four accessory subunits of VGCCs have been described (Arikkath and Campbell, 2003).
β and α2δ subunits are present in presynaptic calcium channels and have been found to
be crucial in trafficking and targeting of channels, as well as modulation of channel
functions.
1.2.2.1. The β subunit
The β subunit is the only cytosolic protein among all the subunits. In mammals, four
distinct genes encode β subunits (β1-4). Modeling has shown that β subunits have at
least two conserved protein-protein interaction domains, a Src homology 3 (SH3) domain
and a guanylate kinase (GK) domain (Hanlon et al., 1999). Thus the β subunit is a
member of MAGUK protein family, which includes the 95-kDa postsynaptic density
protein (PSD95) (Richards et al., 2004).
It is believed that β subunits play important roles in assembling, trafficking and targeting
calcium channels as well as modulation of their electrophysiological properties.
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β subunits mask the ER retention signal in the α1 subunit and help traffic α1 subunits to
the plasma membrane. Without β subunits, α1 subunits cannot be targeted properly to the
cell surface.

In addition, β subunits modulate the functional properties of calcium

channels, such as voltage-dependent activation and inactivation kinetics, as well as Gprotein dependent modulation (Arikkath and Campbell, 2003; Dolphin, 2003; Richards et
al., 2004). All the β subunits produce a hyperpolarizing shift in the voltage-dependence
of activation and increase in the mean open time. Finally, β subunits play important roles
in calcium channel inactivation. β subunits may interact with other regulations of VGCC.
It has been reported that β subunits and G proteins may compete for the binding site on
the α1 subunit and that occupancy of β subunit on the α1 subunit affects G-protein
modulation.
The effects of β subunits on calcium channels have been attributed to a high-affinity
interaction with a conserved 18 amino acid sequence within LI-II, the alpha interacting
domain (AID). Previous biochemical analysis showed that this interaction required a 40
amino acid sequence on the β subunit, beta interacting domain (BID). In 2004, three
groups reported high-resolution crystal structures of the conserved core of the β2, β3 and
β4 subunits, alone and in complex with the AID (Chen et al., 2004; Opatowsky et al.,
2004; Van Petegem et al., 2004). Their studies revealed extensive interactions between a
hydrophobic groove in the GK domain and the AID, which confers extremely high
affinity between α1 and β subunits. In contrast to previous studies, instead of being an
interaction partner of the AID, BID is embedded in the β-subunit core complex and
essential for its structural integrity. Recent work brought a new insight into β subunit
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modulation properties (Maltez et al., 2005). Binding assays showed that the SH3 domain
interacts with LI-II at a binding site outside of the AID. Consistent with the finding,
analysis of mutant P/Q-type calcium channels lacking AID (Cav/ΔAID) suggested
β subunit modulation is independent of AID. In the absence of β2a subunit Cav/ΔAID
exhibited a slower inactivation compared to wild-type channels without the β2a subunit.
When β2a is present, activation and decay kinetics for Cav/ΔAID are more similar to that
for wild type channels. Thus, in addition to GK-AID interaction, SH3 domain is also
important for β subunit modulation.
In Drosophila there is only one β subunit gene, Ca-β, which produces four isoforms
through alternative splicing. However, few studies have been carried out to characterize
the Drosophila calcium channel β subunit. Neuronal expression of a GFP-tagged
β subunit, beta-EGFP, shows it’s localized at active zones with the cac-encoded α1
subunit (Figure 3.11 in Chapter 3). Further analysis will address the functional roles of
Ca-β in synaptic transmission.
1.2.2.2. The α2δ subunits
Four types of α2δ subunit have been described in mammals. They are expressed in a
variety of tissues and have distinct functions. Each of them is highly glycosylated and
encoded by a single gene. After translation, the protein precursor is cleaved into α2 and δ
peptides which are linked via disulfide bonds (Figure 1.5). Structural analysis has shown
that the α2 subunit is entirely extracellular whereas the δ subunit has a single
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transmembrane domain, an extracellualr N-terminus and a short intracellular C-terminal
tail.
The α2 subunit medicates the interaction of α2δ with α1. The interaction is thought to be
extracelluar and involves domain III of the α1 subunit. Recent studies have shown that
the interaction is important for trafficking of the α1 subunit and may involve a metal-iondependent adhesion site (MIDAS) within a Von Willebrand factor-A (VWA) domain of
the α2 subunit (Cantí et al., 2005). MIDAS binds divalent cations and confers cationdependent ligand recognition. Expression of a MIDAS mutant α2δ subunit deficit in
divalent cation binding reduces the surface expression of α1 subunit suggesting that an
interaction with MIDAS is critical for trafficking of the calcium channel. The δ subunit is
an anchor for the α2δ subunit at the plasma membrane but not involved in direct
interactions with either β or γ subunits.
In a heterologous expression system, the α2δ subunit has been shown to be an important
modulator. Coexpression with α2δ enhances surface expression of the α1 subunit and
modulates the electrophysiological properties of channels, including enhancement of
current amplitude and acceleration of activation and inactivation. The α2δ subunit is a
target site for regulation of synaptic transmission by drugs, such as gabapentin (GBP) and
pregabalin (PGB). GBP and PGB inhibit stimulation-evoked release of neurotransmitters
via their binding to the α2δ subunit (Dooley et al., 2006).
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1.2.3. Modulation of voltage-gated calcium channels
Calcium is an important signaling molecule in neurons. When voltage-gated calcium
channels are open, calcium influx increases the intracellualr calcium concentration, which
results in neurotransmitter release at presynaptic terminals. Modulation of presynaptic
calcium channels is critical for normal neuronal function. Although the mechanisms are
not yet well understood, intensive investigation has revealed many regulatory
mechanisms involving, among others, calcium/calmodulin, protein kinase C, G-proteins,
SNARE proteins, the cytomatrix of active zone (CAZ) and cytoskeleton components
(Catterall, 2000).
1.2.3.1. Calcium/ Calmodulin-dependent modulation
Calcium channels in presynaptic nerve terminals are subject to calcium-dependent
facilitation and inactivation. Facilitation is positive feedback, in which calcium
accumulation after the first channel opening increases the current amplitude. Calciumdependent inactivation is a form of negative feedback. It prevents a toxic calcium
overload via a calcium-dependent channel closure. Both mechanisms are thought to
involve calcium and calmodulin.
Calmodulin has four calcium-binding EF hands; two at the N terminal lobe and two at the
C terminal lobe. Calmodulin mutant CaM1234 carries mutations in all four EF hands and
completely lacks calcium-binding capability. Its expression eliminates both facilitation
and inactivation of calcium channels (Lee et al., 1999), indicating that the lobes serve as
calcium sensor for channel regulation. Calmodulin has a bifunctional role in modulation
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of calcium channels. This capability arises from the different binding affinities of each
lobe to calcium. The N terminal lobes have a lower calcium-binding affinity and may
contribute to calcium-dependent inactivation. In contrast, lobes at the C-terminus have a
higher calcium-binding affinity and participate in calcium-dependent facilitation.
Mutation of the calmodulin-binding sequence on the cytoplasmic tail of the α1 subunit of
L-type calcium channels, the IQ motif abolished the modulation.
Recent studies have demonstrated that calmodulin-dependent modulation is a unified
mechanism across the HVA channel family. Both N- and P/Q- type channels have an EF
hand and IQ motif on the cytoplasmic tail of the α1 subunits and both are regulated by
direct binding of calcium and calmodulin (Lee et al., 1999). FRET analysis has shown
that calcium-free calmodulin is preassociated with the intracellular C-terminal portion of
the α1 subunit at resting calcium levels. This preassociation is required for calciumdependent channel inactivation and also decreases the rate of voltage-dependent channel
inactivation (Liang et al. 2003). Upon Ca2+ influx, Ca2+/calmodulin mediates calciumdependent channel inactivation (Catterall, 2000).
1.2.3.2. G protein modulation
Heteromeric G proteins are important modulators of calcium channels. The effects of G
proteins on calcium channels include a reduction in current amplitude, a decrease of
activation rate, a depolarizing shift in the voltage-dependence of activation and a
hyperpolarizing shift in the steady-state inactivation [reviewed in (De Waard et al.,
2005)]. All these effects arise from the observation of G proteins to impede the outward
gating movement of the S4 segment of the calcium channel α1 subunit (Catterall, 2000).
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Interestingly, strong depolarization can reverse this effect by forcing S4 movement. β and
γ subunits of G proteins (Gβγ) are thought to be primarily responsible for the modulation
and G protein modulation is influenced by the calcium channel β subunit and protein
kinase C.
Multiple regions on the α1 subunit have been implicated in G protein modulation, such as
the intracelluar loop between domain I and II (LI-II) and the N- and C- terminal sequences.
LI-II is thought to be the major interacting sequence and appears to contain a crucial site
of Gβγ binding (Catterall, 2000). Sequences in the N- and C- termini are also thought to
be important for modulation by G proteins (Catterall, 2000).
1.2.3.3. Modulation by SNAREs
SNARE proteins can modulate electrophysiological properties of calcium channels.
Biochemical analysis and in vitro binding studies indicate that vertebrate N- and P/Q-type
channels interact directly with SNARE proteins, syntaxin and SNAP25, as well as
synaptotagmin, through a specific synaptic interaction (SYNPRINT) site in the
intracellular loop LII-III (Sheng et al., 1994; Sheng et al., 1997). The SYNPRINT site is
proposed to couple fast calcium influx to neurotransmitter release by tethering calcium
channels to the release apparatus and channel modulation by synaptic proteins. Although
previous work showed that cac-encoded calcium channels functions in fast calciumtriggered neurotransmitter release, no sequence homologous to known SYNPRINT site
has been identified in cac (Kawasaki et al., 2000a). This suggests that either Drosophila
VGCC may interact with SNARE proteins via different sequence or SYNPRINT does not
play a critical role in synaptic transmission.
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1.2.3.4. Modulation by the cytomatrix of active zone (CAZ)
Active zone by definition is a specialized microdomain on the plasma membrane, where
synaptic vesicles fuse and release neurotransmitters in response to action potential.
Studies have demonstrated that presynaptic calcium channels are localized at the active
zone as well (Kawasaki et al., 2004). The CAZ is a specific cytoskeletal matrix at the
active zone. It has multi-functions in synaptic transmission, including localization of
calcium channels.
Some proteins have been found at the active zone. Five are thought to be specifically
localized at the active zone, such as CAZ-associated structural protein CAST (Ohtsuka et
al., 2002). Some are present but not restricted to the CAZ. These proteins include some
membrane-associated guanylate kinase homologs (MAGUKs) proteins such as CASK
and MINT; and some classical cytoskeleton proteins, for example, actin.
CAST is a ~120kD protein with four coiled-coil domains. It was found in light membrane
fraction and proved to be localized at the active zone. Biochemical analysis has shown
that it forms complexes with the other four CAZ proteins, Rab3A interacting protein
(RIM-1), MUNC13-1, Piccolo and Bassoon (Ohtsuka et al., 2002; Takao-Rikitsu et al.,
2005). It is thought that CAST recruits RIM1 to the active zone via an IWA motif on its
C-terminus. RIM1 has been implicated in synaptic transmission. It interacts with a few
proteins including calcium channels. Two structural related CAZ proteins, Piccolo and
Bassoon binds to CAST at a same interaction site in the second coiled-coil domain.
These two are involved in assembly of the active zone and play roles in priming.
MUNC13-1 is a homolog of C. elegans UNC13. It modulates vesicle release through
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interactions with protein components in vesicle fusion machinery, such as syntaxin and
MUNC18. CAST forms a ternary complex either with RIM1 and MUNC13-1 or with
RIM1 and Bassoon, suggesting that it may serve as a platform for different modulations
and regulate transmission by affecting organization of the active zone.
Bruchpilot (BRP) encodes a Drosophila CAST homolog (Kittel et al., 2006; Wagh et al.,
2006). Same as its homolog, BRP is specifically localized at the active zone (Kittel et al.,
2006). It has been implicated in organization of the active zone. Reduction of BRP by
RNAi in flies impaired the ultrastructure of the active zone, reduced evoked synaptic
transmission in photoreceptor neurons, and decreased locomoter activity (Wagh et al.,
2006). Analysis in an amorphic mutant of BRP has shown that loss of BRP removes
presynaptic dense project (T bar, where vesicles are normally docked), almost abolishes
the presynaptic calcium channels at the active zone and reduces vesicle release
probability (Kittel et al., 2006).
CASK and Mint-1 are two modular adaptor proteins with multiple protein-protein
interaction domains. Like the calcium channel β subunit, CASK is a member of the
MAGUK family. It is composed of a Mint-interacting calcium/calmodulin kinase
(CAMK) domain on its N terminus, two L27 domains, a β neurexin-interacting PDZ
domain, an SH3 domain, an actin-interacting HOOK domain and a GK domain (Hsueh,
2006). Mint-1 protein was identified as a MUN18-1 interacting protein in a yeast twohybrid screen (Okamoto and Sudhof, 1997). It consists of a phosphotyrosine binding
(PTB) domain and two C-terminal PDZ domains. CASK and Mint-1 have been
implicated in neuronal development as well as in synaptic transmission. Loss of the
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Drosophila CASK homolog, CAKI or CAMGUK, impaired locomoter activity and
evoked synaptic response (Martin and Ollo, 1996). Inhibitory synaptic transmission was
altered in Mint-1 knockout mice. How CASK and Mint-1 affect synaptic transmission are
still waited to be addressed. Clues from biochemical analysis have suggested that they
may target and anchor the calcium channels to the active zone. The SH3 domain of
CASK interacts with the proline-rich region present on the C-terminal tail of the N-type
calcium channel α1 subunit (Maximov and Sudhof, 1999). The first PDZ domain of
Mint-1 binds to an E/D-X-W-C/S-COOH consensus sequence on the long-splice forms of
the N- and P/Q- type calcium channel α1 subunit (Maximov and Sudhof, 1999). These
interactions are thought to be important for targeting of calcium channels to the active
zone and link channels to microfilaments via protein 4.1 (Biederer and Sudhof, 2001).
1.2.3.5. Modulation by the cytoskeleton components
Actin filaments and microtubules are key components of synaptic cytoskeleton. In
addition to their roles in maintenance of cellular shape and function, they are involved in
modulation of calcium channel activity (Budde et al., 2002). Actin as well as microtubule
stabilizers and disrupters alter the rate of calcium-dependent inactivation (CDI) in
calcium channels (Johnson and Byerly, 1993; Beck et al., 1999; Meuth et al., 2005),
indicating that CDI is sensitive to the integrity of the synaptic cytoskeleton. Although the
mechanisms by which the cytoskeleton affects CDI have not been established,
cytoskeletal interactions may participate in localization of voltage-gated calcium
channels at the active zone or regulations of channel function. A couple lines of evidence
have suggested presence of indirect interaction between calcium channel subunits and
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cytoskeleton. One possible mechanism of regulation involves direct interaction of the
cytoskeleton with the calcium channel β subunit. As described previously, the β subunit
is composed of a few protein-protein interaction domains, such as PDZ, SH3 and
MAGUK domains, which may mediate interactions with the cytoskeleton. In fact,
biochemical analysis revealed an interaction of the calcium channel β subunit with
microtubule associated protein 1A (MAP1A) (Vendel et al., 2006). In addition, L-type
calcium channels have been shown to interact directly with MAP2 (Davare et al., 1999).
Thus, MAPs may bridge the connection of calcium channels and the cytoskeleton. In this
project, several lines of evidence have implied a functional role for Drosophila MAP1 in
synaptic transmission which may involve in vivo functional interactions of
dMAP1/FUTSCH with presynaptic calcium channels.
1.3. Microtubule Associated Protein 1 (MAP1) family in neuronal function
The microtubule associated protein 1 (MAP1) family is known for its roles in regulating
microtubule-based cytoskeleton. In mammals, the MAP1 family contains three members,
MAP1A, MAP1B and the recently identified member MAP1S. Unlike MAP1S, which is
ubiquitously expressed, MAP1A and MAP1B are expressed predominantly in neurons
(Halpain and Dehmelt, 2006). They are both of high molecular mass and have been
implicated in neuron development and regeneration.
1.3.1. MAP1 structure
MAP1A and MAP1B were identified as microtubule associated proteins. Although
MAP1A and MAP1B have distinct functions, they share similar structures. Both are
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multi-chain complexes and composed of a heavy chain (HC) and two light chains (LCs)
(Figure 1.8). The cDNA of MAP1A encodes a ~350 kD heavy chain and one of the light
chains, LC2 (~28 kD) (Landgkopf et al., 1992). The heavy chain and LC2 are synthesized
as a protein precursor and processed through posttranslational proteolytic cleavage. The
same is true for the MAP1B heavy chain (~300 kD) and light chain, LC1 (~34kD)
(Hammarback et al., 1991). In vitro expression of a series of MAP1B deletion mutants in
NIH3T3 cells revealed that C-terminal 45aa peptide is sufficient for cleavage (Tögel et al.,
1999). This peptide is well conserved in mammalian MAP1A, indicating a common
processing pathway. After cleavage, LC1 and LC2 form complexes predominantly with
their corresponding MAP1B and MAP1A heavy chains, respectively. For the MAP1B
complex, the light chain binding site has been placed to within ~120kD N-terminal
fragment in the heavy chain (Hammarback et al., 1991). The other light chain, LC3, is not
related to LC1 or LC2 and is encoded by a separate gene. It is a common subunit of both
MAP1A and MAP1B and may regulate the binding to microtubules (Mann and
Hammarback, 1996).
1.3.2. Functions of MAP1A and MAP1B
MAP1B is the first MAP expressed during the development of the nervous system and is
abundant in axon and growth cones. In the stage E10 mouse embryo, MAP1B can be
detected during initial pathfinding of the olfactory receptor neurons (Aoki K, 1995).
Expression of MAP1B peaks during early development. In the adult, MAP1B levels are
reduced in most mature neurons and remains only in regions where axons are still
growing, such as dorsal root ganglia (DRG) or regions of neuronal regeneration after
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Figure 1.8. Posttranslational processing and functional domains of mammalian
MAP1A and MAP1B (modified from Halpain and Dehmelt 2006). Both MAP1A and
MAP1B are cleaved near their carboxyl terminus into heavy and light chains. The
MAP1A light chain, LC2, and the MAP1B light chain, LC1, each harbors microtubuleand F-actin-binding sequences. Additional microtubule binding sequences are also found
in the heavy chains. Recent studies have shown that the N-terminal sequence of the
MAP1B heavy chain contains a second actin binding domain (Cueille et al., 2007a). LC3
is encoded by a separate gene and able to interact with both MAP1A and MAP1B. A
microtubule binding sequence is found on the LC3 as well.
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injury. To investigate the function of MAP1B, mutant mice have been generated. Despite
some discrepancies regarding the severity of the phenotype, these studies have shown
that disruption of MAP1B results in defects in neuronal morphology and function. A
MAP1B truncation results in abnormal morphology of purkinje cells, impairment of
vision and movement (Edelmann et al., 1996), loss of the corpus callosum and reduction
of conductance velocity of peripheral axons (Takei et al., 1997). Complete loss of
MAP1B function results in lethality (Bouquet et al., 2004). Finally, DRG neurons from
MAP1B null mice exhibit defects in the regeneration (Bouquet et al., 2004). Taken
together these studies demonstrate that MAP1B functions in axonal guidance and is
essential for neuronal development.
The MAP1A expression pattern is complementary to MAP1B. Unlike MAP1B, MAP1A
is up-regulated in the adult brain and primarily enriched in dendrites. It has been
implicated in the later stages of dendritic maturation and maintenance of the postsynaptic
density (Szebenyi et al., 2005). Compared to MAP1B, less is known about MAP1A and
studies of mutant mice have not been reported. Given the significant similarity of protein
structures and functions, it has been proposed that MAP1A might be complementary to
MAP1B in the adult nervous system.
Since the identification of MAP1 proteins, intensive studies have explored their roles in
the nervous system. Although the mechanisms are not yet clear, studies have identified
numerous interacting partners of MAP1 proteins (Table 1.1 and 1.2). Analysis of these
interactions has provided us with informative clues in dissecting the complex functions of
MAP1s.
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The isolation and characterization of MAP1A and MAP1B were based on their ability to
associate with microtubules along microtubule bundles (Figure 1.9) (Shiomura and
Hirokawa, 1987; Sato-Yoshitake et al., 1989). The microtubule binding domains of
MAP1A and MAP1B are positioned on both heavy and light chains (Figure 1.8).
The microtubule binding domain on heavy chains contains a basic repeat structure (Noble
et al., 1989; Landgkopf et al., 1992; Vaillant et al., 1998; Chien et al., 2005). The basic
repeat domain of MAP1B contains 21 repeats of a KKE motif which binds to
microtubules in vitro (Noble et al., 1989). The flanking regions of this domain also
contribute to the binding. MAP1B without the basic repeat domain retains residual
microtubule binding activity whereas removal of both the basic domain and flanking
regions abolishes this interaction (Noble et al., 1989). MAP1A exhibits similar
microtubule binding properties; however two MAP1A regions have been implicated in
interactions with microtubules. One is near the N terminus, a basic region containing 11
KKE repeats (Landgkopf et al., 1992; Vaillant et al., 1998) and the other one is an acidic
region within the center of the MAP1A heavy chain (Cravchik et al., 1994). In addition to
the microtubule binding domains on the heavy chains, the N-terminus of either LC1 or
LC2 has been implicated in interaction with microtubules (Tögel et al., 1998). Both
heavy and light chains can bind microtubules either within a complex or an individually
(Tögel et al., 1998; Cueille et al., 2007a).
MAP1A and MAP1B bind to actin as well as microtubules (Noiges, Eichinger et al. 2002,
Riederer BM, 2007). In MAP1A, the actin-binding site is within LC2, whereas both HC1
and LC1 of MAP1B harbor an actin-binding site (Figure 1.8) (Tögel et al., 1998; Cueille
et al., 2007a). It has been proposed that MAP1A and MAP1B may relate interaction
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Figure 1.9. Ultrastructure of quick-frozen, deep-etched MT pellets polymerized with
MAPlA and MAP1B (modified from Shiomura and Hirokawa, 1987 and Sato-Yoshitake
et. al, 1989). A. MT pellets polymerized with MAPlA. Many thin, long, filamentous
cross-bridges connect MTs to one another. B. MT pellets polymerized with MAP1B.
Branchings of cross-bridges were also observed. Small spherical structures were
sometimes studded on the surface of MTs. These are possibly composed of the spherical
portion of MAPlB molecule, or of the spherical portion involving some part of the
filamentous domain. Bar: 100 nm.
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between actin- and tubulin-based cytoskeleton.
In addition to the cytoskeleton proteins described above, MAP1A and MAP1B have
many other binding partners and the heavy and light chains play different roles in these
interactions (Table 1.1 and 1.2).
MAP1A interacting proteins include postsynaptic proteins, components in signaling
pathways and ion channels. Two MAUGK proteins, PSD93 and PSD95 have been
reported as MAP1A interaction partners (Brenman et al., 1998). MAP1A interacts with
the GK domain of PSD95 and PSD93 via a binding site near the heavy chain C terminus
(Brenman et al., 1998; Reese et al., 2007). The interactions link these two proteins to the
cytoskeleton and disruption of the interaction with PSD95 in mouse compromises hearing
(Ikeda et al., 2002). The large conductance voltage gated K+ channels (BKCa; Maxi K
channels) are potassium channels allosterically activated by calcium. LC2 binds to the C
terminal of the channel (Park SM 2004) and this interaction enables modulation of BKCa
channels by the cytoskeleton. Interestingly, a recent yeast two-hybrid screen has
recovered LC2 as a binding partner of the voltage-gated Ca2+ channel β4 subunit (Vendel
AC, 2006).
Like MAP1A, MAP1B has multiple interaction partners. Some of them can interact with
both MAP1A and MAP1B (Table 1.1 and Table 1.2), supporting the hypothesis that
MAP1A and MAP1B may have partially redundant functions in mature neurons. The
MAP1B light chain, LC1, interacts with glutamate receptor-interacting protein 1 (GRIP1)
and thus links postsynaptic glutamate receptors to the cytoskeleton (Seog, 2004). Another
MAP1B interacting protein is Gigaxonin, which is a ubiquitin scaffold protein
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Table 1.1. Interaction partners of MAP1A and LC3 (modified from Halpain and
Dehmelt 2006)
Interacting

Proposed functions

Reference

Partners
(Tögel et al., 1998; Vaillant et
MTs

Stabilizing MTs
al., 1998; Noiges et al., 2002)
(Tögel et al., 1998; Noiges et al.,

F-actin

Cross-linking MTs and microfilaments
2002)
Linking PSD-93 to MTs

PSD-93

Linking PSD-95 to MTs via heavy chain

PSD-95

BKCa
channel
MAP1A

K+

Ca-β4b subunit

StargazinAMPA
Receptor

(Brenman et al., 1998)

(Ikeda et al., 2002; Reese et al.,
2007)

Association of the BKCa channel with MTs
via LC2
Association of the calcium channel with MTs
via LC2

(Park et al., 2004)

(Vendel et al., 2006)

Trafficking and targeting of AMPA receptors
(Ives et al., 2004)
via LC2

Complex
DISC1

Linking DISC1 to MTs via LC2

(Morris et al., 2003)

Enhancement of Rap1 GTPase activity and cell
EPAC

(Gupta and Yarwood, 2005)
adhesion via LC2
Interaction with and phosphorylation of LC2 in

CK1δ
vitro

(Wolff et al., 2005)

Regulation of the MT binding of MAP1A and
MTs

(Mann and Hammarback, 1994)
MAP1B

LC3
Caldendrin

Transduction of calcium signals

(Seidenbecher et al., 2004)

Abbreviation: MTs, Microtubules; DISC1, Disrupted-in-schizophrenia-1; EPAC, exchange protein directly activated by
cAMP; CK1δ, Casein kinase I delta
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Table 1.2. Interaction partners of MAP1B (modified from Halpain and Dehmelt
2006)
Interacting Partners

Proposed functions

Microtubules (MTs)

Stabilizing MTs

Reference
(Tögel et al., 1998; Noiges
et al., 2002)

F-actin

Cross-linking MTs and microfilaments

(Tögel et al., 1998; Noiges
et al., 2002)

GABAC receptor

Linking GABAC receptors to MTs via the heavy chain Nterminus

(Hanley et al., 1999;
Billups et al., 2000;
Pattnaik et al., 2000)

Glutamate receptor

Localization of AMPA receptors to synaptic sites via LC1 (Seog, 2004)

interaction protein 1
Gigaxonin

Enhanced stabilization of MTs by MAP1B;

(Ding et al., 2002)

control of MAP1B light chain degradation
Fragile X mental

Repressing translation of MAP1B mRNA

(Lu et al., 2004)

retardation protein
lissencephaly-related

Interference with the LIS1-dynein interaction

protein1

(Jim´Enez-Mateos et al.,
2005)

Exchange protein directly

Enhancement of Rap1 GTPase activity and cell adhesion

activated by cAMP

via LC1

Mapmodulin

Modulation of neurite extension via LC1

(Opal et al., 2003)

Enhanced MAP1B expression and phosphorylation

(Franzen et al., 2001)

Alteration of the stability or folding of ee3 via LC1

(Maurer et al., 2004)

Myelin-associated

(Borland et al., 2006)

glycoprotein
ee3 (Orphan G-protein)

QKI

Association of MAP1B mRNA and enhancement of its

(Zhao et al., 2006)

expression
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encoded by giant axonal neuropathy (GAN) gene. Gigaxonin directly binds to LC1 and
controls its degradation, which is thought to be critical for neuronal survival (Allen et al.,
2005). Despite the progress in defining the properties of MAP1s, additional work is
needed to understand the in vivo functions and interactions of MAP1 proteins.
1.3.3. FUTSCH, a Drosophila MAP1 Homolog
FUTSCH is the only MAP1 protein in Drosophila (Figure 1.10, in the followings it is
represented as dMAP1/FUTSCH). Like mammalian MAP1s, it is expressed in neurons
where it is localized in dendrites, soma and axon (Estes 1996, Hummel T 2000).
dMAP1/FUTSCH is predicted to be 5412aa in length. Although it is twice as larger as
either MAP1A or MAP1B, the dMAP1/FUTSCH N- and C-termini show significant
similarity to both MAP1A and MAP1B. Expression of dMAP1/FUTSCH is detected at
stage 12 (Gogel et al., 2006). Analysis of Drosophila mutants indicates that
dMAP1/FUTSCH is required for dendritic and axonal development (Hummel et al., 2000;
Roos et al., 2000). Hypomorphic futsch mutants exhibit diffused axonal microtubule
bundles (Hummel et al., 2000) as well as axonal transport defects and progressive
neurodegeneration (Bettencourt da Cruz et al., 2005).
In addition to sequence similarity to MAP1 proteins, dMAP1/FUTSCH is subject to
similar regulation. The expression of dMAP1/FUTSCH is negatively regulated by
Drosophila fragile X related gene (dFXR1) (Zhang et al., 2001). Like MAP1B,
dMAP1/FUTSCH is modulated by phosphorylation including Shaggy/Zeste-white,
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Figure 1.10. Phylogenetic analysis of MAP1 proteins (modified from Halpain and
Dehmelt 2006).
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a Drosophila glycogen synthase kinase 3 β (GSK3 β) (Franco et al., 2004; Gogel et al.,
2006). Thus, analysis of dMAP1/FUTSCH will help understanding the functional roles of
mammalian MAP1s.
Although progress has been made in understanding the dMAP1/FUTSCH functions and
interactions, relatively little is known about this protein in comparison to its mammalian
homologs, with regard to its protein structure and functional roles in neurons. In this
project, we recovered futsch as an extragenic modifier of a mutant calcium channel α1
subunit, cacTS2. Our analysis of functional and biochemical interactions between
dMAP1/FUTHCH and presynaptic calcium channels have suggested a novel role for the
cytoskeleton in synaptic transmission via an interaction with presynaptic calcium
channels. In addition, our studies show that dMAP1/FUTHCH is processed through
posttranslational proteolytic cleavage, resulting in a ~20kD light chain and a 565kD
heavy chain. These finding demonstrate posttranslational processing of MAP1 is wellconserved from flies to mammals and provide new insights into the structure of
dMAP1/FUTHCH.
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Chapter 2
Materials and Methods
2.1. Drosophila strains
2.1.1. Fly stocks for mapping extragenic enhancers
e(cac)A1 (also known as futsche(cac)1), e(cac)A2 (also known as futsche(cac)2), and e(cac)A3
(also known as futsche(cac)3) are three X-linked extragenic enhancers of cacTS2 recovered
from a large-scale genetic screen. The enhancer mutations were first investigated by
recombination mapping. In order to follow the enhancer phenotype in cacTS2 genetic
background, the X chromosome used for mapping carried yellow (y), miniature (m),
wavy (wy), garnet (g) and forked (f) and cacTS2.
In the case of e(cac)A1, e(cac)A2 and e(cac)A3, recombination mapping was followed by
deficiency mapping. The following chromosomal aberrations were obtained from the
Bloomington Stock Center and used in deficiency mapping. Break points are indicated in
parentheses: Df(1)y74k24.1 (1A1; 1B13), Df(1)AD11 (1B; 2A), Df(1)A94 (1E3;2B12),
Df(1)Pgd-kz (2D3-4;2F5), Df(1)64c18 (2E1-2;3C2), Df(1)JC19 (2F6;3C5), Df(1)N-8
(3C2-3;3E3-4), Df(1)cho5 (3D;4A), Df(1)A113 (3D6-E1;4F5), Df(1)HC244 (3E8;4F1112).
The visible markers yellow (y) and white (w) flank the e(cac)A locus. Thus, following the
separation of y from w in SNP mapping experiments greatly facilitated isolation of rare
recombinant events between these two loci. y1 w1118 (Bloomington stock 6598) and y2 wa
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(Bloomington stock 189) were selected as candidate mapping strains for SNP mapping.
y1 w1118 was finally used in the mapping given the presence of abundant and useful
polymorphisms between this strain and the mutant strains. To follow the e(cac)A
enhancer phenotype in a cacTS2 genetic background, the SNP mapping chromosome
carried the cacTS2 mutations as well as y1 and w1118.
2.1.2.

Fly

stocks

used

in

Western

blotting,

immunocytochemistry,

co-

immunoprecipitation and two-dimensional electrophoresis
Canton-S (CS), cacTS2, cacS, comtST17, shiTS1, para1, UAS-cac1EGFP (Kawasaki et al.,
2004) and UAS-beta EGFP were all from our laboratory stock collection. CS was used as
the wild-type strain. Elav-GAL4 was obtained from the Bloomington Stock Center. Actin
5C-GFP (stock number 109009) (Verkhusha et al., 1999) was obtained from the Kyoto
Stock Center. Appl-GAL4 was provided by Laura Torroja (Universidad Autonoma de
Madrid, Madrid, Spain) (Torroja et al., 1999). The UAS-BRP-GFP line was provided by
Dr. Stephan Sigrist (European Neuroscience Institute Gottingen, Gottingen, Germany).
UAS-NT futsch was provided by Dr. Graeme W. Davis (University of California, San
Francisco, CA) (Roos et al., 2000) . The following strains were provided by Dr. Christian
Klämbt (University of Müenster, Germany) (Gogel et al., 2006) : futshK68, futschN94,
UAS-futsch[1-6], UAS-futsch[9-10], UAS-futsch[1-6+9-10] and UAS-futsch[1-6+7P-10].
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2.1.3. Fly stocks for generating transgenic flies
As indicated in Figure 2.1, the following strains were used to develop transgenic lines: (1)
w1118, (2) w1; SM5; TM3 /apXa, (3) w1, Df (1) sd / FM7C, (4) w1; Sco/SM5 and (5) w1;;
TM3/TM6B.
All the stocks were cultured on a standard cornmeal-molasses-yeast medium at 20°C with
60% humidity. GAL4-UAS driven transgene expression was carried out at 25ºC to obtain
higher expression. The recipe for fly medium: 1000ml Molasses, 108g Agar, 1000ml
Cornmeal, 400ml Brewers Yeast, 40ml Proprionic Acid, 90ml 20% Tegosept (p-methoxy
benzoic acid) in 95% ethanol and 9L H2O.
2.2. Behavioral analysis
Behavioral analysis was performed as described previously (Dellinger et al., 2000;
Kawasaki et al., 2000a; Kawasaki et al., 2002; Brooks et al., 2003). Two-day-old flies
reared at 20ºC were tested for TS behavioral phenotypes in groups of six. Prior to
behavioral tests, transparent plastic vials sealed by cotton plugs were submersed in a
water bath and pre-warmed to the testing temperature (36ºC or 38ºC). The space available
to the flies was below the water line. Flies were transferred into the pre-heated vials and
maintained at the testing temperature. The time point at which three flies failed to stand
was recorded as the time for 50% paralysis. Flies were normally observed for three
minutes. If flies were tested for a longer period, drops of water were added to the cotton
ball to protection against dehydration at the elevated temperature. After testing, flies were
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placed in a fresh vial at room temperature. The time period for recovery from paralysis
was observed as well.
2.3. Molecular biology
2.3.1. Extraction of genomic DNA
Genomic DNA was prepared for SNP mapping and sequencing of futsch mutations. The
protocol for extracting genomic DNA was obtained from Dr. Zhi-Chun Lai’s lab and
used routinely in Dr. Ordway’s lab. For each strain, one to ten flies were anesthetized
with CO2 and transferred into a 1.5 ml eppendorf tube on ice. Flies were homogenized in
solution A (0.1M Tris·Cl, 0.1M EDTA and 1% SDS) (100 μl for 1-5 flies and 200 μl for
6-10 flies) with a plastic pestle and kept at 70°C for 20 minutes. 8M potassium acetate
was added to the homogenate (14 μl for 200 μl homogenate) and each sample was mixed
by a gentle inversion for several times. Next, the samples were kept on ice for 30 minutes
and centrifuged at 14,000 rpms for 15 minutes at 4°C. Supernatant (100 μl for 1-5 flies
and 200 μl for 6-10 flies) was transferred into a fresh eppendorf tube and mixed with 0.5
volumes of isopropyl alcohol (50μl for 1-5 flies and 100 μl for 6-10 flies) at room
temperature. Genomic DNA was pelleted by a centrifugation at 14,000 rpm for 10
minutes at room temperature. The DNA pellet was then washed by 200 μl 70% ethanol
and dried in a 37°C incubator for about ten minutes. The dry pellet was dissolved in Milli
Q water (5 μl for 1-3 flies, 10 μl for 4-6 flies and 15 μl for 7-10 flies). Normally, a 1 to
100 dilution was used for PCR.
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2.3.2. Extraction of messenger RNA (mRNA) from fly heads
mRNA was obtained to clone the futsch sequence encoding the protein N- and C- termini.
The mRNA was prepared in a conventional way. For each sample, 50 to 100 fly heads
were collected and transferred into a 1.5 ml tube on ice. They were grounded in
homogenization buffer (3M LiCl and 6M Urea) (200 μl for ~100 heads) using an
RNAase-free plastic pestle. Heads were homogenized for thirty seconds and returned to
ice for one minute. This process was repeated for a few times until the heads were very
well homogenized. Homogenates were incubated on ice for thirty minutes and then
stored at -20°C for at least two hours. To pellet RNA, samples were centrifuged at 14,000
rpm for fifteen minutes at 4°C. For each 50 heads, 200 μl resuspension buffer (10mM
Tris·HCl, pH 7.6 and 0.5% SDS) was added to resuspend the pellet. In order to remove
the remaining proteins, resuspended samples were mixed thoroughly with 200 μl 25:24:1
phenol/chloroform/isoamyl alcohol and centrifuged at 14,000 rpm for fifteen minutes at
4°C. The top aqueous layer of each sample was extracted with 200μl 24:1
chloroform/isoamyl alcohol and spun at 14,000 rpm for fifteen minutes at 4°C. Next,
RNA was precipitated by mixing the top layer with 1/10 volume of 4M NaCl and three
volumes of 100% ethanol. After overnight incubation at -20°C, RNA was spun down at
14,000 rpm for fifteen minutes at 4°C. Prior to resuspension in DEPC H2O (3ml DEPC in
1.5L distilled H2O) the RNA pellet was washed by 200 μl 70% ethanol and dried in a
37°C incubator.
In order to remove contaminating DNA from RNA, each sample was incubated for 15
minutes at 37ºC with RNAase-free DNAase. For RNA from 100 heads, 50μl of sample
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was mixed with 2.5μl RNAase-free DNAase (0.2mg/ml, Promega), 1μl RNAsin
(Promega, 40U/μl), 10μl 100mM MgCl2/ 10mM DTT in TE buffer. After incubation,
DNA stop mix (50mM EDTA, 1.5M sodium acetate and 1% SDS) (25μl for each sample)
was added to stop DNAase digestion. Samples were extracted by 25:24:1
phenol/chloroform/isoamyl alcohol and 24:1 chloroform/isoamyl alcohol. Then RNA was
pelleted and resuspended as described above.
2.3.3. Synthesis of the first strand complementary DNA (cDNA) from mRNA
The first strand cDNA was synthesized with BRL MuLV reverse transcriptase. For each
sample, 13.75μl RNA (from 50 heads or from 100 heads with DNAase treatment) was
mixed with 1.25μl RNAsin (Promega, 40U/μl), 5μl 10μM random primers (or specific
primers), 10μl 5mM dNTPs, 10μl 5X MuLV buffer, 5μl 100mM DTT and 5 μl BRL
MuLV reverse transcriptase. Mixtures were incubated at 37 °C for an hour. After
incubation, 1:1, 1:10 and 1: 20 dilutions were tested in PCR to determine an optimal
DNA concentration.
2.3.4. Polymerase chain reaction (PCR)
Hot start PCR was performed using a Robocyclor gradient 40 PCR machine from
Stratagene. Each primer was first dissolved with MilliQ H2O to make a 1mM stock
solution then diluted to 50μM and 5μM. PCR was carried out as described below. A 45μl
reaction mix for a 50μl reaction was prepared by adding 2μl 5μM forward primer, 2μl
5μM reverse primer, 2μl 5mM dNTPs (5mM dATP, 5μM dTTP, 5μM dCTP and 5μM
dGTP), 4.5μl 10X DNA polymerase buffer, 2 μl 1:100 genomic DNA or Milli Q water as
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a template into 32.5μl water. The proceeding volumes were multiplies by the numbers of
PCR reaction. Meanwhile, a PCR program was configured to produce the following cycle:
denature DNA at 94°C for 1 minute; anneal DNA strands to allow primers to
complement to templates at a certain temperature for 1 minute; synthesize DNA product
at 72°C for a certain period depending on the DNA polymerase and size of expected
product. Most PCRs were performed for 30 cycles. Then a 5μl enzyme mixture for a 50μl
reaction was prepared by mixing 1μl DNA polymerase and 0.5μl 10X DNA polymerase
buffer with 3.5μl Milli Q water. Five minutes after exposure of major reaction
components to 94°C, the enzyme mixture was added and the PCR program continued.
After reactions were completed, samples were kept at 4°C for further analysis.
PCR primers in Table 2.1 were used to establish an SNP map in cytological region 1E-2A.
Primers in Table 2.2 were used to identify futsch mutations. Primers in Table 2.3 were
used to compare two futsch transcripts. Table 2.4 provides primers used in cloning of the
futsch N- and C-termini.
2.3.5. Generation of dMAP1/FUTSCH transgenic fly lines
2.3.5.1 Generation of DNA constructs carrying GFP or FLAG
Microtubule associated protein 1A (MAP1A) and 1B (MAP1B) have been implicated in
axon guidance and neuronal functions. As discussed in Chapter one, their N- and Cterminal sequences have been implicated in interactions with other proteins and are
thought to be indispensable for their functions. dMAP1/FUTSCH is the Drosophila
MAP1. Although it is twice as large as mammalian MAP1s, its N- terminal 600aa and C48

Table 2.1: PCR primers for single nucleotide polymorphisms (SNPs)
Site

Suwa

Primer sequence

Forward: 5’-AGTCGTGCCGGTACAGATTC-3’

Denature

Product

Temperature

size

52ºC

1.209 kb

52ºC

1.925kb

52ºC

1.207kb

50ºC

1.194kb

52ºC

1.209kb

54ºC

1.195kb

56ºC

1.103kb

54ºC

1.201kb

56ºC

1.149kb

Reverse: 5’-TGAGTAGGTCCCAGCCCAAC-3’
EGBRCA

Forward: 5’-CGATTGGAATTGGGAATTTG-3’

(Marker a)

Reverse: 5’-CTTTGCCGTTCGATTATTGG-3’

EG8D8.8

Forward: 5’-GGAAATGGAAATGCAAATGG-3’
Reverse: 5’-CTTCAGCAAGCAGAGTGTCG-3’

SNP

Forward: 5’-AGTCGTGCCGGTACAGATTC-3’

(Marker b)

Reverse: 5’-AGATTGCGATTCCTGCTTTG-3’

A3-3

Forward: 5’-GAGCCTTTCTTTGCACTTCG-3’

(Marker c)

Reverse: 5’-ATTTGCACACACGGATGATG-3’

AfterTSP

Forward: 5’-ACCGATCCAGGAGTGTTAGG-3’

(Marker c)

Reverse: 5’-TACGGATTCCCAGCTCATTC-3’

Befutsch

Forward: 5’-TCATCGTCATTACCGTGGTG-3’

(Marker e)

Reverse: 5’-ATGGGTAAAGCGAATGTTGC-3’

EG14796

Forward: 5’-CGAGTCCTTCCTTGACTTGC-3’

(Marker f)

Reverse: 5’-TCAAATCCCAGTCCCTTGAC-3’

AFNMDAR

Forward: 5’-CGCAAGTATACGGTGTGTGG-3’
Reverse: 5’-ACCGCATTACGCACTTTAGG-3’
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Table 2.2. Primers for identification of futsch mutations

C-terminal

PCRs

Primer

(in Figure 3.5)

name

PCR1

futsch F6-1a

5’-CGAGAGCCAAGATGACATTC-3’

futsch F6-3b

5’-TCAATTCTCTGGCAGTGCTC-3’

futsch F1-1a

5’-ACTTATCCGCTCACGTCCAC-3’

futsch F1-3b

5’-TAACGTTGGATGGGTAAAGC-3’

futsch F1-4a

5’-ATCAAGGTCGTTCTTCTGC-3’

futsch F1-6b

5’-TTCCACCTTCTTCTCCTCAC-3’

futsch F1-8b

5’-TGCTCCTCCTTAAGGTCGTC-3’

sequencing
N terminal

PCR2

sequencing
PCR3

PCR4

Primer sequence

Noter: futsch F1-4a is used as forward primer in PCR4.
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Table 2.3: Primers for comparison of the two futsch transcripts
Primer Name

Primer sequence

5327a

5’-AGACAGAGGTGGACCTGAG-3’

5327b

5’-CCAGGAACCATTTCCACTG-3’

5327c

5’-CAAAGATGAATCTGCGAAGC-3’

5327e

5’-CAAGACAAATCACCGCAAG-3’

5327f

5’-CCGCCTTAGTGCTTTCAAC-3’

5412a

5’-CCTCATCACAGCCCTCATC-3’

5412b

5’-CCAAATCCGAGACTGTAACC-3’

5412c

5’-TCGGACTCCTCCTCTGTATC-3’
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Table 2.4: Primers and oligos for generation of futsch transgenes
Primers and

Sequence

Oligos
UAS-N terminal

XbaI 5 NT futsch

5’-GCTCTAGAATGTCGGACGAAGGCGGC-3’

FUTSCH FLAG

EcoRI 3 NT futsch

5’-GGAATTCGCTCTTGCGAGTTGAGGTC-3’

UAS-C terminal

XbaI CT futsch FLAG

5’-GCTCTAGAATGGGCAGTGTCGCCTCCCAGC-3’

FUTSCH FLAG

XbaI Long LC futsch

5’-GCTCTAGAATGTCGCAGGAGCAGATGTTGG-3’

EcoRI CT futsch FLAG

5’-GGAATTCGAACTCTAGGCGGTAGGCCGAG-3’

UAS-GFP

BglII GFP CT futsch

5’-GAAGATCTGGCAGTGTCGCCTCCCAGCAG-3’

C terminal

BglII GFP Long LC

FUTSCH

futsch
KpnI GFP CT futsch

FLAG fragment

FLAG oligo 1

with XbaI and
BglII

5’-GAAGATCTTCGCAGGAGCAGATGTTGG-3’

5’-GGGGTACCCTAGAACTCTAGGCGGTAG-3’
5’-GGCCGCTCTAGAATGGATTACAAGGACGATG
ACGATAAGA-3’

FLAG oligo 2

5’-GATCTCTTATCGTCATCGTCCTTGTAATCCATT
CTAGAGC-3’

Sequencing

sLC-FUT 516

5’-GTACGACACAGATGTTCTAGG-3’

analysis of futsch

long CT FUT 1023

5’-GAGTTCCACTGGAGCTCTG-3’

transgenes

EGFP 632

5’-CCAACGAAAAGAGAGACCAC-3’
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terminal 250aa show significant similarity to MAP1s. To explore the functional roles of
the dMAP1/FUTSCH N- and C- termini, several transgenes were generated by RT-PCR
amplification of the dMAP1/FUTSCH N- or C-terminus. The dMAP1/FUTSCH Nterminal transgenes encoding amino acids 1 to 600 were planned to be generated; and Cterminal transgenes were generated to express two dMAP1/FUTSCH C-terminal regions,
amino acids 4886 to 5412 and amino acids 5193 to 5412. Because of failure in RT-PCR
amplification of the dMAP1/FUTSCH N-terminus from fly heads as reported (Gogel et
al., 2006), the dMAP1/FUTSCH N-terminal sequence was not cloned. Only the Cterminal sequences were cloned and tagged with GFP or FLAG for generating transgenes.
Six transgenes were generated to express two dMAP1/FUTSCH C-terminal sequences
tagged with GFP or FLAG. Three include the C terminal 527aa corresponding to part of
exon 6, all of exons 7, 8 and 9; and the remaining three contain the C terminal 220 aa
encoded by exons 8 and 9. All include GFP on the N-terminus, or FLAG on either the Nterminus or C-terminus. The longer transgenes are named GFP-FUTSCH long C terminus,
FLAG-FUTSCH long C terminus and FUTSCH long C terminus FLAG. Likewise, the
shorter transgenes are named GFP-FUTSCH short C terminus, FLAG-FUTSCH short C
terminus and FUTSCH short C terminus FLAG.
Both short and long C terminal FUTSCH sequences were cloned from head cDNAs.
Primers were designed according to the predicted FUTSCH open reading frame
(http://flybase.bio.indiana.edu/) and are listed in Table 2.4.
To make the GFP-tagged FUTSCH C terminal transgenes, the C terminal futsch
sequences were cloned by PCR using a forward primer carrying a BglII site and a reverse
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primer carrying a KpnI site. After RT-PCR amplification and gel purification, PCR
products were digested with BglII and KpnI and the digested fragments were gel purified.
The cloning strategy included an existing transgene construct, pBluescriptII SK-EGFP
shaggyWT, from which a ~3.6 kb BglII and KpnI fragment containing EGFP was obtained
for ligation with the digested PCR product. The ligation products were transformed into
DH5α competent cells followed by plating on a 1.5% LB solid medium (10g tryptone, 5g
yeast extract, 5g NaCl, 15g agar and 1ml 1N NaOH per liter) and culturing at 37ºC for 15
hours. Single colonies were growing in 2XYT liquid medium (16g tryptone, 10g yeast
extract and 5g NaCl per liter) at 37ºC with constant shaking for 15 hours and plasmid
DNA was extracted from the cultures by conventional methods. Diagnostic digests and
sequencing were performed to confirm proper insertion of the correct PCR products.
Next, a GFP-FUTSCH fragment was shuttled into the P-element based transfer vector,
pUAST, using NotI and KpnI sites. The pUAST-GFP FUTSCH C terminus clone was
cultured in 100 ml 2XYT liquid medium at 37ºC for 15 hours. After verification of a
correct clone, DNA was prepared for generation of transgenic flies using a midiprep kit
(Qiagen). The DNA construct was quantified by performing a series of restriction digests
and comparison with size standards on agarose gel.
To make FUTSCH C terminal transgenes with FLAG on the N terminus, a FLAG
fragment was generated by inserting an annealing oligonucleotide. 1μl 1mM FLAG oligo
1 and 1μl 1mM FLAG oligo 2 (listed in Table 2.4) were mixed with 18μl 100mM NaCl.
The mixture was denatured at 90ºC for three minutes and returned to room temperature
until it cooled to ~25ºC. FLAG fragment was produced during this annealing. Then
resulting annealed oligos encoding the FLAG fragment were ligated into pBluescript II
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SK-GFP FUTSCH C terminus clone using the XbaI and BglII sites.
To construct transgenes containing a FLAG tag on the C terminus, the C terminal
sequences were cloned with a forward primer carrying an XbaI site and a reverse primer
carrying an EcoRI site. PCR products were digested by XbaI and EcoRI. A~3kb fragment
containing FLAG was collected by digestion of an existing clone, pBluescript II SKBETA-FLAG, using XbaI and EcoRI. The digested PCR products were ligated with this
fragment and cloned as described above. Once a correct clone was identified, the
FUTSCH-FLAG fragment was shuttled into pUAST using NotI and KpnI sites. pUASTFUTSCH C terminus FLAG was prepared for generation of transgenic flies as described
above.
2.3.5.2 Generation of GFP or FLAG-tagged FUTSCH C terminal transgenic strains
A few hundred w1118 flies were reared in cages a few days prior to injection. For injection,
young embryos (younger than 30-minute-old) were collected from an egg laying plate
(4mm high, 90ml unsuphured molasses, 22g select agar, 250μl tegasept stock and 556ml
distilled H2O) and lined up in a row of 20-25 embryos on the surface of a 2% agar cube
(20X13X5mm). The anterior end of embryos was oriented toward the edge of the agar.
Next, the embryos were transferred on the surface with a glue strip (double stick tape into
Heptane) of a cover glass (18X18mm, VWR), the cover glass placed on a micro slide
glass (25x75mm, VWR) and all embryos were covered in oil (1:19 ratio of 27
Halocarbon oil to 700 Halocarbon oil, Sigma).
Plasmid DNA prepared using a Qiagen midiprep kit was diluted to make the injection
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solution, which normally contained 0.4 to 0.8μg/μl plasmid DNA. To prepare injection
solution, plasmid DNA was mixed with 10X 2μg/μl helper plasmid carrying a P-element
transposase gene, 10X green food color (McCormick) and 10X injection buffer (50mM
KCl, 1mM NaH2PO4 and 1mM Na2HPO4, pH 6.8). Prior to injection, needles were each
filled with~1 μl injection solution.
A micro slide glass containing the embryos was placed on an upright microscope (Zeiss,
Germany), with the posterior end facing a needle filled with injection solution. Injection
solution was injected into the posterior tip of each embryo. After injection, cover glasses
were placed on a fly food plate (100mm diameter and 13mm high) with up to eight cover
glasses per plate. Plates were kept at room temperature. Two or three days after injection,
F0 larvae were transferred into vials with fresh fly food and kept at room temperature.
Later, the F0 adult flies were crossed individually according to the scheme in Figure 2.1.
Transgenic lines were selected and homozygous transgenic stocks established.
2.4. Biochemistry
2.4.1. Generation of polyclonal rabbit anti-FUTSCH light chain antibodies
A rabbit anti-FUTSCH light chain antiserum was generated against the synthesized
peptide CLPVEGGADIRTTPK corresponding to dMAP1/FUTSCH 5252aa to 5265aa,
within a putative light chain. Through a commercial service (Pocono Rabbit Farm & Lab,
PA) the peptide was conjugated to Keyhole Limpet Hemocyanin (KLH) and injected into
two rabbits (20735 and 20736). Sera were collected at day 0, 42, and 70 after injection.
While both rabbits exhibited an immunoresponse to the peptide on day 42, only rabbit
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Figure 2.1 Schematic illustrations of transgenic lines

20735 produced significant antibodies against the peptide on day 70. Rabbits were killed
on day 76 and serum from rabbit 20735 was saved. This serum was used directly and also
aliquots were purified as described below.
2.4.2. Purification of the rabbit anti-FUTSCH light chain antisera
The rabbit anti-FUTSCH light chain antiserum was purified using electroblotted
membranes according to a protocol provided by Leo Pallanck (University of Washington,
Seattle). Three thousand fly heads were isolated and homogenized in 1.5ml 1XSDS
sample buffer (125mM Tris·Cl/SDS pH6.8 ， 2% SDS, 1% mercaptolethanol, 10%
glycerol and 0.5% bromophenol blue). After spinning at 14,000 rpms for five minutes,
supernatant was separated in a 12% SDS-PAGE gel by loading into preparative wells
with 400μl each. In total, four gels were run in 1X SDS electrophoresis buffer (25mM
Tris, 190mM glycine and 1% SDS) with a constant current (15mA each gel) for 1 hour.
Proteins were then transferred to nitrocellulose membranes (Pall) in transfer buffer
(25mM Tris, 190mM glycine and 20% methanol) with a constant voltage of 14 volts at
room temperature overnight. The portion of the membranes containing the FUTSCH light
chain (between 25kD and 18 kD) was cut out and used to purify antibodies from crude
serum.
Membranes were blocked for one hour with 5% non-fat milk in 1XPBS (Brown’s lab,
171mM NaCl, 4mM Na2HPO4, 3.4mM KCl, and 1.84mM KH2PO4, pH to 7.5) at room
temperature with constant agitation; incubated with 5 ml of 1:100 crude serum in 5%
non-fat milk in 1XPBS at 4ºC overnight with constant agitation; and washed with
1XPBST (0.1% Tween-20 in 1X PBS) three times for ten minutes each. Next,
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membranes were cut into small pieces and incubated with 100mM glycine, pH2.5 on a
rotator at 4ºC (membranes from two blots were incubated with 400μl of 100mM glycine).
After ten minutes incubation, eluates were collected by centrifugation at 14,000 rpms for
ten minutes at 4ºC. Supernatant was transferred into a fresh 1.5ml tube with 64μl 1M Tris,
pH 8.0. Membranes were then incubated with 250μl of 100mM glycine, pH2.5 for five
minutes at 4ºC. This solution was pooled with the first eluate. To improve the yield,
membrane strips were used repetitively. In total they were used four times with the same
crude serum. After purification, all eluates were combined and concentrated with YM 50
kD Centricon columns (Millipore). Concentrated antibodies were mixed with 2% gelatin
in 0.5XPBS, separated into 100μl aliquots and stored at -80ºC.
2.4.3. Antibodies
For Western blotting: The FUTSCH heavy chain was stained by mAb 22C10 (1:10, from
Development Studies Hybridoma Banks, University of Iowa) followed by HRPconjugated anti-mouse IgG (1:5,000, GE health care). FUTSCH light chain was detected
using either 1:500 crude serum or 1:5 purified anti-FUTSCH light chain antibodies
followed by HRP-conjugated anti-rabbit IgG (1:10,000, Amersham Bioscience, IL).
1:500 mouse anti-GFP was used for all GFP fusion proteins (BD Bioscience Clontech,
CA). FLAG-tagged proteins were detected using 1:500 mouse anti-FLAG antibody
(Sigma, MO).

A monoclonal anti-acetylated α tubulin (Sigma, MO) was used at

1:2,000,000 as a loading control. A polyclonal anti-FUTSCH N terminus antibody was
kindly provided by Dr. Christian Klämbt and used at a 1:5000 dilution.
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For Immunocytochemistry: The following primary antibodies were used: mAb 22C10
(1:10), rabbit anti-FUTSCH light chain crude serum (1:5,000), rabbit anti-synaptotagmin
(1:500, provided by Dr. Hugo Bellen and Dr. Norear Reist), mAb nc82 (1:50, provided
by Dr. Stephan Sigrist), monoclonal anti-acetylated α tubulin (1: 20,000), and Cy5conjugated anti-horseradish peroxidase (HRP, 1:200) from Jackson Immunoresearch
Labs, PA. Secondary antibodies were obtained from Invitrogen and included Alexa Fluor
488 or 568-conjugated anti-mouse IgG (1:200), Alexa Fluor 488 or 568-conjugated antirabbit IgG (1:200) and Alexa Fluor 647-conjugated anti-mouse IgG.
2.4.4. Immunoblots (Western blotting)
Western blotting was performed according to standard procedures. Fly heads were
separated from bodies by repetitively freezing in liquid nitrogen and vigorous vortexing.
Fifteen heads were collected for each strain under a Leica MS5 microscope and
homogenized in 1X SDS sample buffer with a Teflon pestle. Homogenates were boiled
for three minutes and centrifuged at the speed of 14,000 rpms for 30 seconds. Supernatant
was loaded to a SDS-PAGE gel. To observe the FUTSCH light chain, homogenate
equivalent to two heads was loaded onto a 12% SDS-PAGE gel. Given the huge size of
the FUTSCH heavy chain (~565kD), 0.4 heads were loaded onto a 7.5% SDS-PAGE gel.
Gels were run and electro-blotted to nitrocellulose membranes as described previously
(see antibody purification). Membranes were blocked for one hour by 5% non-fat milk in
1XPBS (Brown’s lab) at room temperature; incubated with primary antibody solution at
4ºC with constant agitation overnight; washed with 1XPBST (0.1% Tween-20 in 1X PBS)
three times for ten minutes each, incubated with HRP-conjugated secondary antibodies
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for two hours with constant agitation, and washed with 1XPBST (0.1% Tween-20 in 1X
PBS) three times for ten minutes each. HRP-conjugated secondary antibodies were
detected using an ECL kit (Amersham Bioscience, IL). Solution A and solution B
provided in the ECL kit were mixed at the ratio of 40:1. Membranes were allowed to
react with the mixture for five minutes in the dark. After the reaction, membranes were
either scanned with a phosphor image scanner or exposed to X-ray films (Amersham
Bioscience, IL). Proteins sizes were estimated by comparison to dual size standards or
low molecular weight size standards (Bio-rad Laboratories, CA). α-Tubulin was used as
loading control in these experiments (Sigma, MO).
2.4.5. Immunocytochemistry
Larval or DLM preparations were dissected in 1.8mM Ca2+ and 4mM Mg2+ saline
solution (128mM NaCl, 2mM KCl, 1.8mM Ca2+, 4mM Mg2+, 5mM Hepes and 36mM
sucrose, pH 7.0). Preparations were then fixed in the saline solution containing 4%
paraformaldehyde for 30 minutes at room temperature. After fixation, preparations were
washed with dissection saline, 1XPBS (Brown’s lab) and 1X PBT (0.2% Triton X-100 in
1XPBS), 10 minutes each. Washed preparations were incubated with blocking buffer (5%
normal goat serum in PBS) for one hour and then incubated with primary antibody
solution (antibodies diluted in blocking buffer) for either two hours or overnight. After
incubation, preparations were washed five times, three times with 1XPBT and twice with
1XPBS for six minutes each. Washed preparations were incubated with solutions
containing secondary antibodies and/or the plasma membrane marker, Cy5-conjugated
anti-HRP, in blocking buffer for two hours. Preparations were washed again with 1XPBS
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five times for six minutes each and finally mounted in a 1:1 mixture of PBS and glycerol
prior to imaging.
2.4.6. Co-Immunoprecipitation
The protocol for co-immunoprecipitation was adapted from Irwin Levitan (University of
Pennsylvania, Pennsylvania) with modification. For a large scale co-immunoprecipitation,
five hundred fly heads were required for each reaction. The following description refers to
one large-scale reaction. In the co-IP experiment investigating interaction of the
dMAP1/FUTSCH heavy with light chains, 850 wild type flies (~ 850mg) were transferred
into a 15 ml tube and frozen in liquid nitrogen. Flies were decapitated by repetitively
freezing and vortexing vigorously. 750 heads (~75mg) were collected using a three-layer
sieve (Fisher scientific company), transferred into a 1.5ml tube and homogenized with a
Teflon pestle in 750μl fresh working lysis buffer [(1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonic acid from Sigma, 20mM Tris·Cl pH7.5, 10mM
EDTA, 120mM NaCl, 50mM KCl, 2mM DTT and 1:100 protease inhibitor cocktail from
Sigma)]. The debris was pelleted at 14,000 rpms for 10 minutes at 4ºC and ground once
more with the pestle to ensure thorough homogenization. Next, the homogenate was
incubated for thirty minutes with constant rotation at 4ºC. After incubation, the sample was
spun at 14,000 rpms for 10 minutes at 4ºC. Supernatant was saved for use in the Co-IP
experiment. To minimize non-specific interactions, 550μl supernatant was transferred into
a fresh 1.5ml tube precoated with lysis buffer and incubated with 50 μl of 50% slurry of
protein A-sepharose beads on a rotator for one hour at 4ºC. After the incubation, the tube
was centrifuged at 14,000 rpms for 10 minutes at 4ºC. 25μl supernatant was saved as the
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pre-immunoprecipitation (pre-IP) sample. 500μl supernatant (~500 fly heads) was
incubated with 50 μl of 50% slurry protein A-sepharose beads precoated with BSA and
11μg IgG (11μg of control mouse immunoglobulin from Jackson Immuoresearch lab or
11μg mAb 22C10) at 4ºC with constant agitation for two hours. Protein A-sepharose beads
were separated from the supernatant by centrifugation at 14,000 rpms for 10 minutes at 4ºC.
Beads were then washed by working lysis buffer five times. Each time, beads were
incubated with working lysis buffer for five minutes and spun down at 5,000 rpms. After
washing, 20μl 1X SDS sample buffer was mixed thoroughly with the beads by pipetting.
Proteins were eluted from the beads by boiling for three minutes. To examine IP of the
FUTSCH heavy chain with mAb 22C10, 0.5μl of the pre-IP sample (~ 0.5 heads, 0.1% of
total proteins in an IP reaction) and 8μl out of the 20μl IP sample were loaded to a 7.5%
SDS-PAGE gel. To examine co-IP of the FUTSCH light chain with heavy chain, 2μl of the
pre-IP sample (equivalent to two heads, 0.4% of proteins in an IP reaction) and 12μl out of
the 20μl IP sample were loaded into a 12% SDS-PAGE gel. Later, western blotting was
performed as described previously.
In the co-IP experiments investigating interactions between dMAP1/FUTSCH and EGFPtagged calcium channel β subunit, flies expressing BETA-EGFP in the nervous system
were used. And Canton S flies were used as control. Fly heads were collected and
homogenized as described above. The homogenate was precleared with 50 μl of 50% slurry
of protein A-sepharose beads and collected as described above. 25μl precleared supernatant
was saved as the pre-immunoprecipitation (pre-IP) sample. 500μl supernatant (~500 fly
heads) was incubated with 50 μl of 50% slurry protein A-sepharose beads precoated with
63

BSA and 2μl (5μg) polyclonal anti-GFP antibody (BD Bioscience Clontech, CA) at 4ºC
with constant agitation for two hours. The beads were spun down and washed as described
above. Proteins were eluted from the beads by boiling for three minutes. To examine IP of
BETA-EGFP using monoclonal anti-GFP antibody (BD Bioscience Clontech, CA), 2μl of
the pre-IP sample (~equivalent to two heads, 0.4% of total proteins in an IP reaction) and
10μl out of the 30μl IP sample were loaded to a 7.5% SDS-PAGE gel. To examine co-IP of
the FUTSCH heavy chain with BETA-EGFP using mAb 22C10, 0.5μl of the pre-IP sample
(equivalent to 0.5 heads, 0.1% of proteins in an IP reaction) and 10μl out of the 30μl IP
sample were loaded into a 7.5% SDS-PAGE gel. Later, western blotting was performed as
described previously.
2.4.7. Two -dimensional gel electrophoresis
Two-dimensional gel electrophoresis separates proteins on the basis of their iso-electric
points and size. Three hundred heads of either wild-type or futsche(cacTS2)1 flies were
collected using a three-layer sieve as described previously. In each case, heads were
homogenized in 300μl working lysis buffer and incubated at 4ºC for 30 minutes. Cell
debris was separated from the supernatant by centrifugation at 14,000 rpms for 20
minutes. To precipitate proteins from the supernatant, 250μl of supernatant was mixed
with 44.12μl of 100% TCA and the mixture was incubated at 4ºC overnight. On the
second day, precipitated proteins were pelleted by centrifugation at 14,000 rpms for 20
minutes. The protein pellet was broken down to small particles by a 1ml pipette tip and
washed with ice cold acetone containing 0.05% DTT at least five times to remove
residual TCA. Each time particles were washed in 1ml ice cold acetone by vigorous
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vortexing for 1-2 minutes followed by five-minute incubation. After each wash, particles
were spun down at 14,000x rpm for 10 minutes and dried in a speed-vacuum for about
ninety minutes. The dry particles were resuspended in 100μl thiourea/ urea lysis buffer
(7M Urea, 2M Thiourea, 1:100 protease inhibitor cocktail from sigma, 4% CHAPS, 1%
Pharmalyte pH3-10 from Invitrogen). The resuspended protein solution was centrifuged
twice at the speed of 20,000g at 4ºC for 20 minutes to remove any insoluble debris and
then used in two- dimensional gel electrophoresis.
To prepare a sample solution for separation on a 7cm isoelectric focusing (IEF) strip,
60μl of the sample was mixed with 65 μl rehydration buffer (8M Urea, 2% CHAPS,
20mM DTT, 2% IPG buffer and 0.002% Bromophenol blue). The 7cm IEF strip
(Amershambioscience) was rehydrated in the sample solution for at least 10 hours at
room temperature. Rehydrated IEF strips were run on Protean IEF cell (Bio-rad
Laboratories) in the Proteomics and Mass Spectrometry Core Facility at the Pennsylvania
State University using a three step program recommended by Amersham Bioscience
(Step1: 200 volts for one minute; Step 2: 3500 volts for one hour and 30 minutes; and
Step 3: 3500 volts till 10,000 voltage hours). After running, the IEF strip was incubated
for 15 minutes in SDS equilibration buffer (50mM Tris-Cl, pH 8.8, 6M Urea, 30%
glycerol, 2% SDS and trace of Bromophenol blue) on a platform shaker at a minimum
speed. An equilibrated strip was loaded onto a 12% SDS-PAGE gel and run as described
previously. After electrophoresis, gels were either stained for total proteins or electroblotted to membranes for western blotting. Silver staining of gels was performed using a
Bio-rad silver staining plus kit according to associated protocol. Alternatively, staining
with Coomassie blue G250 was performed as described (Candiano et al., 2004). Gels
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were fixed in 50% methanol and 10% acetic acid for two hours or overnight. After
fixation, gels were washed with Milli Q water three times for 10 minutes each. Next, gels
were incubated with staining solution (0.12% Coomassie G-250, 10% ammonium sulfate,
10% phosphoric acid and 20% methanol) until proteins were observed.
2.5. Imaging
2.5.1. Live imaging and epifluorescence microscopy
EGFP fluorescence was observed at larval neuromuscular synapses using the following
methods. Third-instar larvae were dissected in saline solution (128mM NaCl, 2mM KCl,
1.8mM Ca2+, 4mM Mg2+, 5mM Hepes and 36mM sucrose, pH 7.0), and all nerves
projecting from the ventral ganglion were cut to prevent muscle contraction.
Epifluorescence images were obtained using a Nikon (Tokyo, Japan) Eclipse E600FN
microscope with a Fluor 60x 1.0 numerical aperture water-immersion objective (Nikon)
and the following filter set: excitation filter, HQ480/20; dichroic mirror, Q495LP; and
emission filter, HQ 525/50 (Chroma, Brattleboro, VT). Images were captured with a CCD
camera (ORCA-ER; Hamamatsu Photonics, Hamamatsu, Japan) and acquired and
processed using the Metavue imaging software package (Universal Imaging Corporation).
In this study, images of larval neuromuscular synapses were obtained from ventral
longitudinal muscles 6 and 7 within abdominal segment A2 or A3.
2.5.2. Confocal microscopy
Confocal imaging of mounted larval or DLM preparations was performed using an
Olympus FV300 or FV1000 confocal microscopy (Tokyo, Japan) in Fluorescence
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Imaging facility at the Pennsylvania State University. Images were collected with a
PlanApo 60x 1.4 numerical aperture oil objective (Olympus Optical) and a z-step size of
0.2 µm. Acquisition and processing of images were performed with the Fluoview
software (Olympus, Japan). Three optical planes were normally superimposed for a
display.
2.6 Data analysis
Microsoft Excel (Seattle, WA) was utilized to generate bar graphs and analyze numerical
data. All data values in the text and bar graphs are presented as mean ± SEM. The twotailed Student's t test was carried out and unless stated significance was assigned to
comparisons with p 0.05.
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Chapter 3
A Role of MAP1 in Synaptic Transmission Revealed through Interactions with
Presynaptic Calcium Channels in Drosophila
To extend our understanding of the interactions and functional roles of cac-encoded
calcium channels in synaptic transmission, a genetic screen for modifiers of cacTS2 was
performed. cacTS2 mutants paralyze in less than 20 seconds at 38°C, exhibit strong motor
defects at 37°C and only mild motor defects at 36°C (Brooks et al., 2003). Thus
screening for modifier mutations through behavioral testing at 37°C allowed recovery of
both suppressors (suppress motor defects) and enhancers (produce severe motor defects
or paralysis) (Figure 3.1). These included intragenic modifiers (second site mutations
within cac) (Brooks et al., 2003) as well as extragenic enhancer mutations in interacting
genes. Six extragenic modifiers of cacTS2 recovered as enhancers of cacTS2 paralysis.
Three recessive modifiers failed to complement each other, suggesting that they are three
mutant alleles of the same genetic locus. Thus, they were designated as e(cac)A1,
e(cac)A2 and e(cac)A3. Analysis of these three mutants is the primary topic of this project.
3.1. Behavioral phenotypes of an extragenic modifier mutation
Three e(cac)A mutants were recovered as enhancers of cacTS2. To further characterize
their phenotypes, behavioral analysis was performed for each of these mutations in a
cacTS2 genetic background. Unlike cacTS2 alone, all of the double mutants carrying a
e(cac)A mutation exhibited rapid paralysis at 36°C (Figure 3.2). The time for 50%
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Figure 3.1. A genetic screen for modifiers of cacTS2 (modified from Brooks et al, 2003).
Male flies carrying the X-linked cacTS2 mutation were mutagenized by exposure to 25mM
ethyl methane sulfonate (EMS). Mutagenized males were crossed with attached-X
females. Single F1 male progeny carrying the mutagenized paternal cacTS2 chromosome
were backcrossed with attached-X females. F2 progeny were tested for alteration of
cacTS2 behavior at 37°C. 1954 F2 lines were screened. Four intragenic modifiers and six
extragenic modifiers were recovered.
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Figure 3.2. e(cac)A mutants enhanced the cacTS2 paralysis. a. The topology of
presynaptic calcium channel α1 subunit. b. cacTS2 mutation. The mutation is adjacent to
EF hand, leading to a substitution of serine of a conserved proline. The aligned sequences
correspond to CAC, rat brain α1A and α1B, and C. elegans UNC-2. c. e(cac)A mutants
enhance the cacTS2 paralysis.
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paralysis of e(cac)A1 cacTS2, e(cac)A2 cacTS2 and e(cac)A3 cacTS2 was 0.10 ± 0.01 min,
0.12 ± 0.02 min and 0.08 ± 0.02 min, respectively.
Similar behavioral analysis of enhancers separated from cacTS2 was performed to examine
whether the enhancer mutation alone produced a TS paralytic phenotype. When isolated
from cacTS2, all three e(cac)A mutations exhibited only mild TS motor defects. Given that
all three produced rapid paralysis in a cacTS2 background, e(cac)A mutations appear to
exhibit strong genetic interactions with cacTS2 (Table 3.1b).
3.2. Classic genetic mapping for e(cac)A
Recombinational and deletion mapping were performed to locate the e(cac)A locus.
Using a marker chromosome carrying yellow, miniature, cacTS2, wavy, garnet and forked,
the complementation group representing e(cac)A mapped at the distal end of the X
chromosome, very close to yellow (Figure 3.3). The map position for e(cac)A1, e(cac)A2,
and e(cac)A3 are approximately 0.8, 0.3, and 0.6 respectively. Two deficiencies failed to
complement enhancement of the cacTS2 phenotype by e(cac)A, which placed the e(cac)A
locus in cytological region 1E3-2A3-4 (Figure 3.3). The recovery of three modifiers in
the e(cac)A locus may reflect in part its strong genetic interaction with cacTS2, suggesting
a functional interaction between the e(cac)A gene product and cac-encoded presynaptic
calcium channels.
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Table 3.1. Genetic and phenotypic characterization of e(cac)A mutants
a. e(cac)A mutants are recessive enhancers
Genotype

Behavior

e(cac)A1 cacTS2/ cacTS2

cacTS2 paralysis

e(cac)A2 cacTS2/ cacTS2

cacTS2 paralysis

e(cac)A3 cacTS2/ cacTS2

cacTS2 paralysis

b. e(cac)A mutants alone exhibit mild motor defects
Genotype

Behavior

e(cac)A1

Mild motor defects

e(cac)A2

Mild motor defects

e(cac)A3

Mild motor defects
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Figure 3.3. Recombinational and deficiency mapping placed the e(cac)A locus in a
cytological region 1E-2A3-4. Recombinational mapping with visible markers places the
e(cac)A to the distal end of the X chromosomes. Deficiency chromosomes spanning the
region containing these mutations are represented by bars corresponding to the region
deleted by the deficiency. Deficiency mapping was performed by placing the double
mutant chromosome carrying the enhancer and cacTS2 mutations in trans to the deficiency.
Deficiencies Df (1) AD11 and Df (1) A94 failed to complement e(cac)A1, e(cac)A2 and
e(cac)A3, suggesting that the affected gene is located in a cytological region 1E-2A.
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3.3. Fine scale mapping of the e(cac)A mutations
Deficiency mapping placed the e(cac)A locus in the cytological interval 1E3-2A3-4,
which represents ~500kb of the X-chromosome (Figure 3.3). The Drosophila genome
sequence provides the opportunity to further dissect this region using molecular markers
such as restriction fragment length polymorphisms (RFLPs) and single nucleotide
polymorphisms (SNPs) for fine-scale mapping. Compared to visible markers and
deficiencies, these molecular markers were well defined with respect to the genomic
sequence. Fine scale mapping with molecular markers was expected to position the
e(cac)A locus to a relative smaller region allowing a candidate gene approach.
Several challenges need to be addressed in proceeding with fine scale mapping. First,
effective SNP mapping requires a high density of molecular markers to divide the region
of interest into many sub-regions. However, in 2003, only three SNP markers had been
reported in the region of 1E3-2A3-4, more specifically in 1F1-1F3. Thus in order to
perform effective SNP mapping within this region, the first challenge was to obtain more
markers. This was addressed by PCR-based identification of molecular markers as
discussed in section 3.3.1. SNP mapping relies on the recombination rate within the
region of interest. However the cytological region 1E3-2A3-4 is very close to the
telomere at the tip of the X chromosome and the recombination rate within this region is
very low. So, efficient identification of recombinants was the second challenge in SNP
mapping. Fortunately it was easy for us to overcome the second challenge given the fact
that two visible markers, yellow and white, flank the region. Separation of yellow from
white indicates that a recombination event occurred between these two loci and selecting
these recombinants greatly enriched for recombinant events in the region of interest. The
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last challenge for the SNP mapping was how to follow the presence and the absence of
the e(cac)A mutations in flies. As mentioned above, e(cac)A mutants exhibit TS paralysis
in the cacTS2 genetic background. If the cacTS2 mutation was present, e(cacTS2)A mutations
were easily scored by behavioral analysis at 36ºC. Thus an ideal X chromosome for SNP
mapping of e(cac)A should carry yellow, white and cacTS2. As discussed below, we first
established a SNP map and then proceeded with mapping the e(cac)A locus.
3.3.1. A SNP map in cytological region 1E-2A for fine scale mapping of the e(cac)A
mutations
Two strains carrying yellow and white were obtained to provide candidate SNP mapping
chromosomes and the mutant strain used for this fine scale mapping was e(cac)A2 cacTS2.
Prior to mapping, molecular markers were established within the ~500 kb region of 1E2A. To avoid polymorphisms within strains, isogenic X-chromosome stocks were
generated for each candidate mapping chromosome and the mutant chromosome. In these
isogenic stocks, there is only one allele for each genetic locus on the X chromosome.
The ~500 kb region was roughly divided into five segments. To collect sequence
information for identification of SNPs, ~1 kb of genomic DNA was amplified by PCR
and directly sequenced. Introns and intergenic sequences were selected for amplification
to maximize the variability of DNA sequences and increase the frequency of observed
polymorphisms. Nine genomic DNA fragments from different segments were compared
between the mutant strain and the two candidate mapping strains (see Materials and
Methods). The strain carrying yellow1 and white1118 was finally selected for SNP mapping
because a variety of polymorphisms were present between this strain and the mutant
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strain. After the first round searching for molecular markers, six SNPs were identified,
one in each segment, five of which result in RFLPs (Figure 3.4). Except for the SNP
(marker d), the five RFLP were easily identified by a single restriction digest (Table 3.2).
3.3.2. Fine scale mapping placed the e(cac)A locus to 1F-2A
As described previously, enhancement of cacTS2 by e(cac)A mutations produced paralysis
at 36ºC, and thus the presence of e(cac)A mutations in mapping experiments may be
scored by behavioral analysis at 36°C in a cacTS2 genetic background. This approach
involved generating a mapping chromosome carrying yellow1, white1118 and cacTS2.
Recombination of this chromosome with an e(cac)A cacTS2 double mutant chromosome
ensured all progeny would carry the cacTS2 mutation and thus chromosomes carrying the
enhancer could be identified easily. Recombination events in the region of interest were
identified by examining the flanking visible markers, yellow and white, and those
recombinants were subjected to RFLP analysis involving simple restriction digests of
PCR products amplified from genomic DNA. In the case of the one SNP marker (d), the
PCR product was directly sequenced.
SNP mapping was carried out with the molecular markers described above (Figure 3.4).
The e(cac)A2 cacTS2 double mutants were crossed to the mapping strain, yellow white
cacTS2. The F1 female progeny, heterozygous for both e(cac)A and visible markers but
homozygous for cacTS2, were crossed to wild-type males. The F2 male progeny were
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Figure 3.4. A SNP mapping placed e(cac)A to a cytological region 1F-2A. Genetic
mapping places e(cac)A in cytological region 1E1-2A3-4, a ~500kb region of the X
chromosome. This region is divided into 5 segments defined by six identified single
nucleotide polymorphisms (a-f), including 5 that produce restriction fragment length
polymorphisms (RFLPs). These sites are polymorphic between a strain isogenic for the
enhancer mutant chromosome and one isogenic for a chromosome carrying flanking
visible markers (y w). Polymorphic sites were identified at regular intervals over the 500
kb region by PCR amplification and sequencing of selected ~1 kb genomic fragments.
With these markers, SNP mapping narrows down the region to 1F-2A, allowing
candidate gene approaches.
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Table 3.2. Summary of SNPs
Molecular markers

Enzyme

RFLP a

Hha I

Alleles
a1: 263bp, 990bp, 672bp
a2: 263bp, 1662bp

RFLP b

AluI

b1: 145bp, 86bp, 19bp, 83bp, 469bp, 392bp
b2: 145bp, 105bp, 83bp, 197bp, 272bp, 392bp

RFLP c

HaeIII

c1: 577bp, 14bp, 96bp, 272bp, 70bp, 180bp
c2:289bp, 288bp, 14bp, 96bp, 272bp, 70bp, 180bp

SNP d

—

RFLP e

Ssp I

—
e1: 1103bp
e2: 445bp, 658bp

RFLP f

HhaI

f1: 116bp, 27bp, 249bp, 206bp, 603bp
f2: 143bp, 249bp, 206bp, 603bp
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sorted according to their visible markers and behavioral phenotype at 36°C. In total
21,301 F2 male flies were examined and 389 appeared to be recombinants within the
region between yellow and white (Table 3.3.) These recombinants were subjected to
analysis of molecular markers. In order to retain the individual recombinant
chromosomes for further experiments, each was maintained in an isogenic strain. Males
from each recombinant strain were examined for the presence of the e(cac)A mutation by
behavioral analysis, and then subjected to sequence analysis of SNP markers. Only a
small fraction of the recombination events occurred between markers c and f, consistent
with a low recombination rate in the region of interest. These mapping experiments
placed e(cac)A within an ~200 kb region between markers d and f (Figure 3.4 and Table
3.3).
3.4. Molecular analysis of the e(cac)A mutations
Having refined the position of the e(cac)A locus to a region of ~200kb, a candidate gene
approach was proceeded. Several genes appeared to be interesting candidates in terms of
their predicted functions. One candidate, futsch, was further examined through
complementation tests with a previously characterized mutant allele (generously provided
by the Davis lab). The futschN94 mutation failed to complement enhancement of the cacTS2
phenotype by e(cac)A, indicating that the e(cac)A locus is futsch. Thus the e(cac)A1,
e(cac)A2, e(cac)A3 mutations will be referred to as futsche(cac)1, futsche(cac)2 and futsche(cac)3.
futsch is a Drosophila MAP1 homolog. According to the most recent genome annotation
at the flybase, the gene is 16,836bp with eight exons and seven introns. Its open reading
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Table 3.3. Summary of recombinational events in SNP mapping
a. Mutant and mapping strains
Behavioral Phenotype

Genotype

Mutant chromosome

enhanced

y+ a1 b1 c1 d1 e1 f1 w+ cacTS2

Mapping chromosome

cacTS2

y- a2 b2 c2 d2 e2 f2 w- cacTS2

b. Summary of recombinational events within 1E-2A2-3
Behavioral
Phenotype

Genotype

Recombination
region

Frequency

cacTS2

y+ c1 d2 e2 f2 w- cacTS2

Between c and d

4/389

enhanced

y- c2 d1 e1 f1 w+ cacTS2

Between c and d

2/389

enhanced

y- c2 d2 e1 f1 w+ cacTS2

Between d and e

1/389

cacTS2

y- c2 d2 e2 f1 w+ cacTS2

Between e and f

1/389

Note: a, b, c, d, e and f are the six SNPs within 1E-2A.
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frame (ORF) is 16,239bp and encodes a 5,412aa protein. Sequence alignment has shown
that FUTSCH is much larger than its mammalian homologs but is well-conserved at its
N- and C- termini.
The molecular changes of futsch in e(cac)A mutants were examined by sequence analysis
of the futsch ORF. Because the futsch ORF is huge, the N- and C-terminal conserved
regions were sequenced. The carboxyl 250aa of FUTSCH was reported to be well
conserved with mammalian MAP1B (Hummel et al., 2000). In our sequence analysis, a
1,282bp fragment of futsch corresponding to the carboxyl 373aa was examined (PCR1 in
Figure 3.5) by comparison of sequences from all the mutations and their parental
chromosomes suggested that no nucleotide acid was changed in this region.
The first 600aa of futsch exhibits 50% similarity to MAP1B. The region encoding the
first 600aa was amplified using two PCRs, PCR 2 and 3 (Figure 3.5). PCR2 generated a
1,267bp fragment corresponding to the first 255aa at the N-terminus. Analysis of this
fragment did not reveal any changes in the sequence relative to the parent chromosome.
PCR3 was expected to produce a 1,312bp fragment corresponding to amino acids 224633. This reaction worked as expected if the template DNA was from either futsche(cac)2
or futsche(cac)3. However if the template was from the futsche(cac)1 mutants, this PCR never
worked (data not shown), indicating a molecular lesion within futsch. To characterize this
mutation, a new downstream reverse primer was employed. This PCR, PCR4, was
expected to produce a 2,091bp fragment from wild-type genomic DNA. While PCRs
using futsche(cac)2 or futsche(cac)3 genomic DNA produced a fragment of the expected
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Figure. 3.5. Illustration of PCRs in sequence analysis of futsche(cac) mutants.

82

size; a 1,435bp band was produced from futsche(cac)1. Comparison of the futsch ORF
sequence in e(cac)A1 [now futsche(cac)1] relative to the parental chromosome identified a
656bp deletion in exon 6, resulting in early truncation of the futsch gene product (Figure
3.6).
In Drosophila, the anti-FUTSCH monoclonal antibody 22C10 has been widely used to
label neurons by immunocytochemistry. Its epitope has been positioned in the C-terminal
half of the FUTSCH protein sequence.

To examine whether futsche(cac) mutations

affected the expression and/or localization of the 22C10 epitope, Western blotting using
head homogenates and immunocytochemistry were performed. These studies confirmed
the presence of the 585kD FUTSCH protein in wild type (Figure 3.6b) and it’s localized
to axonal microtubules in larval motor neurons (Figure 3.6c). Analysis of a previously
recovered futsch mutant, futschN94, confirmed the reported reduction in FUTSCH
expression (Figure 3.6b) (Hummel et al., 2000) as well as the more diffused microtubule
organization at the neuromuscular synapses (data not shown). Consistent with the
sequencing analysis, futsche(cac)1 eliminated the FUTSCH immunoreactivity (Figure 3.6c)
as assessed by Western blotting and immunocytochemistry. The deletion leads to a
truncated FUTSCH fragment expected to lack the 22C10 epitope. futsche(cac)2 mutants
also exhibited a loss of the 22C10 epitope, whereas in futsche(cac)3 mutants, the 22C10
expression was greatly reduced, even lower than the expression in futschN94 (Figure 3.6b).
The futschN94 mutation has been shown to alter the number and the size of presynaptic
boutons (Roos et al., 2000; Zhang et al., 2001), producing a decrease in the number of
synapses and an increase in bouton size. However changes in the size and number of
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Figure 3.6. The e(cac)A locus encodes FUTSCH, a Drosophila Microtubule
Associated Protein 1 (MAP1). a, Molecular lesion of futsche(cac)1. WT FUTSCH protein
is 5412aa. A 656bp deletion in futsche(cac)1 causes a frame shift and results in a truncated
protein of 466aa. b, 22C10 epitope is gone in futsche(cac)1, futsche(cac)2, futsche(cac)3, and
futschN94. c, Images were generated by confocal immunofluorescence microscopy at
larval neuromuscular synapses in wild-type flies. A-F, Double labeling with anti-HRP, a
neural plasma membrane marker, and mAb22C10 reveals that the FUTSCH signal is
gone in futsche(cac)1. A-F are each maximum projections of three consecutive optical zsections.

84

boutons were not evident in the three new futsch mutations (data not shown).
As discussed below, our finding that three extragenic enhancers of cacTS2 are novel futsch
mutations has provided useful tools for investigating functional roles of MAP1 in
synaptic transmission. And in the followings, the futsch gene product is referred as
dMAP1/FUTSCH.
3.5. Characterization of a synaptic phenotype in futsch mutants
Synaptic transmission was examined to determine whether futsch mutations also enhance
the cacTS2 synaptic phenotype. This was done by Dr. Fumiko Kawasaki.
3.5.1. Introduction to excitatory postsynaptic currents (EPSCs)
In Drosophila, glutamate is the neurotransmitter at neuromuscular synapses. In response
to an action potential, synaptic vesicles fuse with the presynaptic plasma membrane and
release glutamate. Released glutamate diffuses into the synaptic cleft and binds to its
receptors, glutamate-gated ion channels, on the plasma membrane of muscle cells. The
binding of glutamate activates these channels to an open state and the resulting influx of
positively charged ions, excites the muscle membrane. The net inward flux of positive
ions represents the excitatory postsynaptic current (EPSC). The spontaneous fusion of
single synaptic vesicles is thought to produce miniature EPSCs (mEPSCs), whereas the
evoked EPSC reflects the nearly simultaneous fusion of many synaptic vesicles in
response to action potential in the motor axon. The amplitude of the EPSC is related to
the amount of glutamate released from motor neurons. The rising phase reflects the
dynamics of vesicle fusion, ligand binding and activation of ligand-gated ion channels.
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3.5.2. A synaptic phenotype in futsch mutants
Two-electrode voltage clamp recordings of EPSCs at DLM neuromuscular synapses
(Kawasaki et al., 1998; Kawasaki et al., 2000a) were obtained from wild type, cacTS2,
futsche(cac)2 mutants and futsch cacTS2 double mutants. All of the mutants exhibited wildtype EPSCs at 20°C (Figure 3.7). Wild-type EPSC amplitudes at 33°C and 36°C were
1.90±0.09 μA (n=17) and 1.91±0.08 μA (n=5), respectively (Figure 3.7). In cacTS2, the
EPSC amplitude was reduced to 1.12±0.11 μA (n=6) at 33°C and 0.51±0.04 μA (n=7) at
36°C (Figure 3.7), confirming our previously reported TS reduction in EPSCs in cacTS2
mutants. In futsche(cac)2 cacTS2 double mutants, the EPSC amplitude was greatly reduced
at 33°C and 36°C to 0.65±0.05 μA (n=4) and 0.20 ± 0.03 μA (n=4), respectively (Figure
3.7). Similar experiments are being carried out in futsche(cac)1 cacTS2 double mutants,
which appear to exhibit a similar synaptic phenotype. These findings demonstrate a
functional role for dMAP1/FUTSCH in synaptic transmission.
As described in Section 3.1, all three futsch mutants exhibit a strong genetic interaction
with cacTS2. When isolated from cacTS2, futsch mutants alone exhibit motor defects when
exposed to elevated temperature. To investigate whether futsch mutations alone affect
synaptic transmission or whether their synaptic phenotype is observed only in a cacTS2
genetic background, EPSCs were recorded at DLM neuromuscular synapses in futsch
single mutants at elevated temperatures. As expected from double mutant recordings,
futsch mutations alone produce no synaptic phenotype at 20°C. In contrast，futsche(cac)2
alone exhibited a great reduction in EPSCs at elevated temperature, such that EPSC
amplitudes were 0.96±0.18 μA (n=3) at 33°C and 0.31 ± 0.10 μA (n=3) at 36°C. Thus
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Figure 3.7. Synaptic phenotype in cacTS2, futsch and double mutants. Excitatory
postsynaptic currents (EPSCs) were recorded at dorsal longitudinal muscle (DLM)
neuromuscular synapses of wild type (WT), futsche(cac)2 and futsche(cac)2 cacTS2 double
mutants at 20ºC, 33ºC and 36ºC using two-electrode voltage clamp methods. In the
double mutants, futsche(cac)2, significantly enhanced the cacTS2 synaptic phenotype at both
33ºC and 36ºC. After isolation from cacTS2, futsche(cac)2 alone greatly reduced the EPSC
amplitude at 33ºC and 36ºC, indicating an important functional role for
dMAP1/FUTSCH. Error bars indicate SEM and asterisks denote statistical significance at
p ≤0.05.
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futsch mutations disrupt synaptic function only at restrictive temperature, indicating a
functional role for dMAP1/FUTSCH in synaptic transmission.
The rising and decay phases of EPSCs in futsch cacTS2 double mutants examined at 20°C
or 33°C or 36°C were normal, suggesting futsch did not alter the basic properties of
neurotransmitter release. In addition, synaptic transmission in the futsche(cac)2 cacTS2
double mutant appears to exhibit wild-type activity-dependence during train stimulation
at 33°C and 36°C (not shown), suggesting that the refilling of synaptic vesicle pools is
not affected.
Taken together, the genetic interaction between dMAP1/FUTSCH and presynaptic
calcium channels, previously reported biochemical interactions of MAP1s and
presynaptic calcium channels and the similarity of the futsch synaptic phenotype to that
of cacTS2 suggest that the role of dMAP1/FUTSCH in synaptic transmission may involve
functional interactions with presynaptic calcium channels.
3.6. Preservation of microtubule-based cytoskeleton organization and presynaptic
calcium channel localization at neuromuscular synapses in futsch mutants
Since futsch was recovered as a cacTS2 enhancer and its gene product appeared to show
functional interactions with presynaptic calcium channels, we were very interested in
exploring how futsch interacts with presynaptic calcium channels. In light of the tight
association of MAP1 proteins with microtubules, mechanisms underlying the
enhancement may include defects in transport and/or localization of presynaptic calcium
channel complexes. The cytoskeleton is essential for maintenance of cellular functions,
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including axonal transport of components of the neurotransmitter release apparatus.
MAP1 binds to microtubule and actin in vivo and in vitro. Disruption of MAP1 may
destabilize microtubules (Tögel et al., 1998; Tint et al., 2005; Bondallaz et al., 2006), and
thus alter organization of presynaptic cytoskeleton and transport/localization of proteins
within the presynaptic neurotransmitter release apparatus. So we first examine the
integrity of microtubule-based cytoskeleton. Triple labeling immunocytochemical
analysis was performed using a monoclonal anti-α tubulin antibody, which labeled
axonal microtubule bundles (Figure 3.8), a polyclonal anti-synaptotagmin antibody
(kindly provided by Dr. Bellen), to label synaptic vesicles and a Cy5-conjugated anti horseradish peroxidase (HRP) antibody.
For microtubules, experiments in larval and adult neuromuscular synapses of futsche(cac)1
cacTS2 double mutants revealed no differences from wild-type controls. Thus in a futsch
mutant exhibiting an enhancement of cacTS2, no evidence of presynaptic microtubulebased cytoskeletal disruption could be observed (Figure 3.8). Notably, at neuromuscular
synapses of futsche(cac)1 cacTS2 double mutants, synaptotagmin exhibited a normal
distribution as well (Figure 3.8). Therefore disruption of dMAP1/FUTSCH did not alter
organization of vesicle pools. This is consistent with the normal synaptic transmission
observed at permissive temperature in the futsche(cac) cacTS2 double mutants.
The localization of presynaptic calcium channels was also examined using
immunocytochemistry. Since the enhancement was observed in futsch and cacTS2 double
mutants, a channel transport/localization defect may also result from the combined effect
of both the dMAP1/FUTSCH mutation and the cacTS2 mutation located in the C-terminal
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Figure 3.8. Preservation of microtubules in futsche(cac)1 mutants. Images were
generated by confocal immunofluorescence microscopy at larval and adult
neuromuscular synapses in wild-type and futsche(cac)1 flies. Triple labeling with antitubulin, anti-HRP and anti-synaptotagmin reveals a normal distribution of microtubules
in futsche(cac)1 mutants. All images are maximum projections of three consecutive optical
z-sections.
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cytoplasmic tail of the calcium channel α1 subunit. Thus defects in channel localization
might be observed only in the presence of cacTS2 mutant calcium channels in futsch
mutant background.
Our previously studies have generated transgenic lines expressing a GFP-tagged α1
subunit, CAC1-EGFP. This fluorescent α1 subunit was expressed with GAL4/UAS
system. After expression with Elav-GAL4, a pan-neural driver (Robinow and White,
1988; Brand and Perrimon, 1993), CAC1-EGFP was localized properly at the active zone.
In addition, neural expression of CAC1-EGFP rescued both the cacL(1)13HC129 embryonic
lethal mutant (Chapter 5) (Kawasaki et al., 2004) and the TS paralytic phenotype of
cacTS2. To investigate localization of the cacTS2 mutant calcium channels, transgenic lines
were generated to express a cacTS2 mutant form of CAC1-EGFP, CAC1(TS2)-EGFP.
Neural expression of CAC1(TS2)-EGFP rescued embryonic lethality of the cacL(1)13HC129
lethal mutant to adult viability as observed for wild-type CAC1-EGFP. The resulting
rescued flies exhibited a TS paralytic phenotype similar to that of cacTS2. These findings
provide direct confirmation that the cacTS2 mutation confers the TS paralytic phenotype
and create an opportunity to examine localization of the cacTS2 mutant calcium channels
in vivo.
Neural expression of CAC1(TS2)-EGFP in a futsche(cac)1 cacTS2 mutant background was
employed to assess localization of cacTS2 mutant calcium channels in a futsch mutant
background (Figure 3.9). In order to express the CAC1(TS2)-EGFP in futsche(cac) cacTS2
double mutants, crosses were set up to obtain recombinants carrying the Elav-GAL4 in
futsche(cac) cacTS2 genetic background. Presumably because of the rare recombination rate
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Figure 3.9. Preservation of the α1 subunit in futsche(cac)1 mutants. Images were
generated by confocal immunofluorescence microscopy at larval or adult neuromuscular
synapses of wild-type and futsche(cac)1 flies. Double labeling with anti-HRP and mAb
nc82 showing no obvious changes found in either the localization of presynaptic calcium
channel β subunit or the distribution of active zones in futsche(cac)1 mutants. All images
are maximum projections of three consecutive optical z-sections. CAC: EGFP-tagged
Calcium Channel α1 Subunit.
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between the Elav-GAL4 driver and futsch, no recombinants were recovered. Therefore
other neuronal drivers were employed. APPL-GAL4 is another X-linked neuronal driver
(kindly provided by Dr. Torroja). In this case, expression of GAL4 and the target
transgene is controlled by the promoter of the amyloid precursor protein (APP) (Torroja
et al., 1999). To observe CAC1(TS2)-EGFP in futsche(cac)1 cacTS2 double mutants, a
recombinant line was generated to incorporate APPL-GAL4 into futsche(cac)1 cacTS2
double mutants. This recombinant line provided an opportunity to carry out localization
experiments of key components in synaptic transmission in futsche(cac)1 cacTS2 double
mutants and used in following experiments. After expression, localization of
CAC1(TS2)-EGFP was assessed at both larval and adult DLM neuromuscular synapses
relative to BRUCHPILOT (BRP), a well characterized active zone marker recognized by
the nc82 monoclonal antibody (kindly provided by E. Buchner). No indication of a defect
in calcium channel transport or localization was observed in futsch cacTS2 double mutants.
Localization and distribution of BRP also appeared to be normal. These findings are
consistent with the normal synaptic transmission observed at permissive temperature.
Calcium channel β subunits play important roles in assembling, trafficking and targeting
calcium channels as well as modulation of their electrophysiological properties.
Mislocalization of calcium channel β subunit may explain the defects in futsch mutants,
and thus localization of β subunit was investigated. Transgenic lines were generated to
express the only VGCC β subunit in Drosophila fused with EGFP at its C-terminus.
Neural expression of β-EGFP in futsche(cac)1 cacTS2 double mutants did not reveal any
distinguishable difference from wild-type controls (Figure 3.10), indicating normal β
subunit transportation and localization.
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Figure 3.10. Preservation of the β subunit in futsche(cac)1 mutants. Images were
generated by confocal immunofluorescence microscopy at larval or adult neuromuscular
synapses of wild-type and futsche(cac)1 flies. Double labeling with anti-HRP and mAb
nc82 showing no obvious changes found in either the localization of presynaptic calcium
channel β subunit or the distribution of active zones in futsche(cac)1 mutants. All images
are maximum projections of three consecutive optical z-sections. BETA: EGFP-tagged
Calcium Channel β Subunit.
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futsch cacTS2 double mutants all exhibit no apparent phenotype at permissive temperatures
and rapid paralysis within a few seconds at elevated temperature. Thus mislocalization of
calcium channel localization is unlikely to explain the functional interactions between
futsch and cacTS2 mutations. Consistent with this, our findings suggest that futsch
mutations perturb a process closely connected to synaptic function, for example
regulation of presynaptic calcium channel activity. This conclusion will be further
strengthen by confirming proper localization of presynaptic calcium channels at adult
neuromuscular synapses of futsch mutants exposed to restrictive temperatures.
3.7. Localization of dMAP1/FUTSCH at adult neuromuscular synapses
3.7.1. A distinct distribution of dMAP1/FUTSCH at adult neuromuscular synapses
Immunochemical experiments have revealed a striking difference in dMAP1/FUTSCH
localization at adult vs. larval neuromuscular synapses. In the larval preparation,
dMAP1/FUTSCH was distributed primarily as an intense filamentous structure in axons,
and a weak and diffuse signal within the last bouton of terminal axon branches (Figure
3.6), consistent with the distribution of axonal microtubules as reported previously. In
contrast, similar experiments at adult DLM neuromuscular synapses revealed a highly
punctate dMAP1/FUTSCH signal concentrated in presynaptic boutons (Figure 3.11),
which further suggested an important role in synaptic transmission. To examine the
distribution of dMAP1/FUTSCH distribution with respect to microtubules, double
labeling immunocytochemistry was carried out with an anti-tubulin antibody. These
studies showed a filamentous microtubule structure passing along through the center of
synaptic boutons. dMAP1/FUTSCH was associated with the axonal microtubule bundle
95

Figure 3.11. Presynaptic localization of dMAP1/FUTSCH at adult neuromuscular
synapses suggests a novel role in synaptic function. Images were generated by
confocal immunofluorescence microscopy at adult neuromuscular synapses in wild-type
flies. A-E, Triple labeling with anti-tubulin, anti-HRP and anti-synaptotagmin identifies
the distribution of microtubules. F-J, Triple labeling with mAb22C10, anti-HRP and antisynaptotagmin identifies a distinctive presynaptic distribution of dMAP1/FUTSCH. All
images are maximum projections of three consecutive optical z-sections.
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as in the larval preparation, but was restricted to regions of the bundle passing through
presynaptic boutons. In larger axon branches, association of dMAP1/FUTSCH with
microtubule bundles was also evident in the adult DLM preparation as strong filamentous
staining (data not shown). The distinctive distribution of dMAP1/FUTSCH within adult
neuromuscular synaptic boutons may represent a novel presynaptic organization of
microtubule-based cytoskeleton and explain the strong interaction of futsch mutations
with cacTS2.
3.7.2. Association of dMAP1/FUTSCH with presynaptic calcium channels
As discussed in Chapter one, each mammalian MAP1 gene encodes a heavy chain and a
light chain. The heavy and light chains are produced by posttranslational proteolytic
cleavage. After cleavage, the heavy chain binds the light chain within the mature MAP1
protein. Our present work has now identified a light chain of dMAP1/FUTSCH (Chapter
4) and shown that the dMAP1/FUTSCH light chain is extensively colocalized with heavy
chain along microtubule bundles in larval motor axons (Figure 4.3). Given that recent
work has suggested a biochemical interaction between the MAP1A light chain and
presynaptic calcium channels(Vendel et al., 2006), it was of great interest to explore
whether the dMAP1/FUTSCH heavy and light chains are co-localized with cac-encoded
calcium channels. Double labeling immunocytochemistry using anti-LCf and mAb22C10
was performed at adult neuromuscular synapses in flies expressing GFP-tagged calcium
channel α1 subunit, CAC1-EGFP. Consistent with the observation from larval
neuromuscular synapses, the dMAP1/FUTSCH light chain was colocalized with heavy
chain (Figure 3.12) and also appeared as presynaptic puncta. However, the light chain
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Figure 3.12. dMAP1/FUTSCH is associated with presynaptic calcium channels.
Images were generated by confocal immunofluorescence microscopy at adult
neuromuscular synapses of wild-type and futsche(cac)1 flies. A-E, double labeling with
mAb 22C10 and anti-LCf shows a primary association of dMAP1/FUTSCH with
presynaptic calcium channels. F is an enlarged image of the highlighted region in E. All
images are maximum projections of three consecutive optical z-sections. CAC: GFPtagged Calcium Channel α1 Subunit.
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was not evenly distributed at adult neuromuscular synapses, but was more concentrated
in the vicinity of active zones (Figure 3.12). These findings suggest a physiological
interaction of dMAP1/FUTSCH with active zones where presynaptic calcium channels
reside.
3.8. Biochemical interactions of dMAP1/FUTSCH with presynaptic calcium
channels
Recent studies have reported direct biochemical interactions between MAP1A and the β
subunit of presynaptic calcium channels (Vendel et al., 2006). In light of the genetic
interaction of futsch and cacTS2 mutations, as well as the apparent localization of the
futsch-encoded light chain in the vicinity of active zones, it was of interest to examine
biochemical interactions between dMAP1/FUTSCH and presynaptic calcium channels as
well. Co-immunoprecipitation (co-IP) experiments were carried out to examine possible
interactions of dMAP1/FUTSCH with calcium channels. These experiments utilized the
GFP-tagged β subunit. In typical co-IP experiments on native tissue, non-specific binding
may produce spurious results and must be considered carefully. In this respect, an epitope
tag that is normally absent from control samples, such as GFP is absent from wild-type
Drosophila, allows convincing controls for specificity. Transgenic lines were generated
to express the single voltage-gated calcium channel β subunit encoded in the Drosophila
genome. When expression was driven in the nervous system, β-EGFP was targeted to
active zones and exhibited a highly localized and punctate expression pattern like that
observed for the cac-encoded α1 subunit (Figure 3.10). To examine possible binding
interactions between the calcium channel β subunit and dMAP1/FUTSCH, we
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investigated whether IP of neurally expressed BETA-EGFP resulted in co-IP of
dMAP1/FUTSCH. Co-IP experiments were performed by conventional methods as
described previously for Drosophila neural tissue (Wang et al., 1999; Zhou et al., 1999;
Sun et al., 2004). A polyclonal anti-GFP antibody was used to IP BETA-EGFP and the
resulting IP samples were separated by SDS-PAGE for western analysis. These
experiments demonstrated specific co-IP of dMAP1/FUTSCH with the calcium channel β
subunit (Figure 3.13) indicating either a direct or indirect biochemical link between
dMAP1/FUTSCH and presynaptic calcium channels, which may reflect the molecular
mechanisms that underlie functional interactions of dMAP1/FUTSCH and presynaptic
calcium channels.
3.9. Preservation of actin-based cytoskeleton localization at neuromuscular synapses
in futsch mutants
As

discussed

in

the

following

discussion

(Section

3.11.5),

interactions

of

dMAP1/FUTSCH with presynaptic calcium channels may be direct or indirect.
Regarding the latter, one interesting possibility is indirect interaction mediated by actin.
Biochemical studies have suggested that mammalian MAP1 proteins interact with actinfilaments in vivo and in vitro. Two actin binding sites have been indicated, one on the Nterminus and the other one on the C-terminus. dMAP1/FUTSCH exhibits significant
similarity to mammalian MAP1s in these two regions, suggesting that dMAP1/FUTSCH
may interact with actin as well. Furthermore, several studies have indicated that actin
functions in synaptic transmission by modulating calcium channels activity. Thus we are
interested in investigating whether the dMAP1/FUTSCH-calcium channel interaction
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Figure 3.13. A biochemical interaction of dMAP1/FUTSCH with the presynaptic
calcium channel β subunit. Head homogenate from wild-type flies or flies expressing
BETA-EGFP was incubated with polyclonal anti-GFP and protein-A sepharose beads.
Samples were examined by western blot using either monoclonal anti-GFP or mAb22C10.
FUTSCH heavy chain is co-precipitated with BETA-EGFP.
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may be medicated by actin. We first examined the localization of actin filaments in futsch
cacTS2 double mutants. Visualization of the actin-based cytoskeleton in vivo has been
achieved by either application of fluorescent phalloidin (Alexa fluor 488 conjugated,
Invitrogen) or immunocytochemistry with an anti-β actin antibody (FITC-conjugated,
Sigma). However, neither approach labeled the actin-based cytoskeleton with high
specificity. Thus, we employed transgenic expression of a GFP-tagged actin which has
been shown to copolymerize with endogenous actin (Verkhusha et al., 1999).
Immunostaining of GFP-actin expressed at larval and adult neuromuscular synapses
indicated that actin is concentrated around active zones and did not reveal apparent
differences between the futsche(cac)1 cacTS2 double mutants and wild-type controls (Figure
3.14). Thus presynaptic actin-based cytoskeletal disruption was not observed in a futsch
mutant. Further studies are ongoing to explore a possible interaction of actin with
dMAP1/FUTSCH and are expected to reveal any role for actin in the dMAP1/FUTSCHcalcium channel interactions.
3.10. Transformation rescue
The three futsch mutants are recessive enhancers of cacTS2 (Table 3.1) and thus
expression of wild-type futsch is expected to complement these mutations. However, the
large size of the futsch ORF (~16.8kb) makes it difficult to achieve transgene to express
the entire dMAP1/FUTSCH protein. Nonetheless, generation of a full-length rescue
construct is being pursued. At present, given the significant homology in the
dMAP1/FUTSCH N-terminus and C-terminal light chain, rescue experiments have been
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Figure 3.14. Preservation of actin filaments in futsche(cac)1 mutants. Images were
generated by confocal immunofluorescence microscopy at larval or adult neuromuscular
synapses of wild-type and futsche(cac)1 flies. Double labeling with anti-HRP and mAb
nc82 shows a normal distribution of actin represented by GFP-actin5C in futsche(cac)1
mutants. All images are maximum projections of three consecutive optical z-sections.
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carried out using transgenes encoding either the dMAP1/FUTSCH N-terminus or light
chain or both (Figure 3.15).
The futsche(cac)1 mutant is thought to express a truncated dMAP1/FUTSCH heavy chain
and thus it is unlikely that expression of the dMAP1/FUTSCH heavy chain N-terminus
would rescue the futsche(cac)1 mutant phenotype. Consistent with this expectation, no
rescue was observed in futsche(cac)1 mutants expressing dMAP1/FUTSCH N-terminal
transgenes. RT-PCRs were performed to clone the dMAP1/FUTSCH N-terminus for
generation of N-terminal transgenes. However no N-terminal PCR products could be
obtained, consistent with a report from Dr. Gordon-Weeks’s lab (Gogel et al., 2006).
Therefore, rescue experiments were pursued using two futsch N-terminal transgenes
made by other labs. One was made of the futsch genomic sequence, thought to encode the
first 661aa. This transgene was shown to partially rescue the morphological phenotype of
futschN94 (Roos et al., 2000). In contrast, neural expression of this transgene did not
rescue futsche(cac)1 enhancement of cacTS2.

The second N-terminal futsch transgene

(kindly provided by Dr. Klämbt) was generated by fusion of the relevant predicted exons
and was thought to encode amino acids 1-612. Neural expression of this transgene also
failed to rescue the enhancer phenotype. Thus the dMAP1/FUTSCH heavy chain N
terminus alone is not sufficient to fulfill its function in synaptic transmission.
To explore whether expression of the dMAP1/FUTSCH light chain is sufficient for
rescue of futsche(cac)1, all of the C-terminal transgenes, mentioned in Chapter 4 section 4.3,
were examined (Figure 3.15). Neural expression of the C-terminal transgenes restored the
expression of the dMAP1/FUTSCH light chain but failed to rescue the futsche(cac)1
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Figure 3.15. Illustration of futsch transgenes for rescue experiments.
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enhancer phenotype, indicating an important role for dMAP1/FUTSCH heavy chain in
synaptic transmission. The UAS-futsch1-6+9-10 transgene encodes both N- and C-termini,
whereas the UAS-futsch1-6+p+9-10 (both were kindly provided by Dr. Klämbt) encodes the
N-terminus, C-terminus and a central region subject to phosphorylation. Neither of their
transgenic product rescue futsche(cac)1 enhancement of cacTS2. These findings suggest that
the entire heavy chain and light chain are essential for the functional role of
MAP1/FUTSCH in synaptic transmission.
3.11. Discussion
Synaptic transmission is a fundamental process in neural function. Its molecular
mechanisms have been studied intensively and yet remain to be understood. Our recovery
of futsch as an extragenic enhancer of a presynaptic calcium channel α1 subunit mutant
has identified a new mechanism in synaptic transmission. Further electrophysiological
and immunocytochemical analysis has revealed a novel role for dMAP1/FUTSCH in
synaptic transmission which may involve interactions with presynaptic calcium channels.
3.11.1. Implications of a role for MAP1 in synaptic function
futsch mutants exhibited a great reduction in EPSC amplitude at elevated temperature
(Figure 3.7), suggesting a role for dMAP1/FUTSCH in synaptic transmission. Compared
to other TS mutants affecting synaptic vesicle priming, fusion and recycling in synaptic
transmission, including snap25TS, shiTS1 and comtST17, the futsch synaptic phenotype does
not exhibit an activity-dependent phenotype at elevated temperature. In contrast, the
futsch synaptic phenotype closely resembles that of cacTS2. Like in cacTS2, the initial
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EPSC amplitude in futsch mutants at elevated temperature was greatly reduced and
subsequent stimuli produced a wild-type activity-dependence of EPSC amplitudes. In
addition, the reduced EPSC amplitudes in futsch were similar to those in cacTS2 at 33ºC
and 36ºC. In futsch cacTS2 double mutants, when both loci were disrupted, EPSC
amplitudes were further reduced. Taken together, these observations indicated a similar
TS synaptic phenotype in futsch and cacTS2 mutants and suggested an interaction between
dMAP1/FUTSCH and presynaptic calcium channels.
In addition to its implication in maintenance of cell shape and protein transport, the
cytoskeleton has been implicated in modulation of calcium channels (Johnson and Byerly,
1993; Beck et al., 1999; Nakamura et al., 2000; Budde et al., 2002; Dzhura et al., 2002;
Shubert and Akopian, 2004; Meuth et al., 2005; Cens et al., 2006). Although the
underlying mechanisms are not yet clear, cytoskeleton-based calcium channel regulation
is thought to be related to the stability of the cytoskeleton. Actin disruption reduced the
peak amplitude of L-type calcium channels (LTCC) (Nakamura et al., 2000) and
prevented LTCC facilitation by Calmodulin-dependent kinase, IQ peptide and
depolarization prepulses (Dzhura et al., 2002). These effects were prevented or attenuated
by the actin stabilizer, phalloidin. In addition, application of phalloidin or the microtubule
stabilizer, taxol, reduced calcium-dependent inactivation (CDI) of high voltage-gated
calcium channels in thalamic relay neurons (Meuth et al., 2005). These findings suggest a
role for the cytoskeleton in regulating voltage-gated calcium channels. Our identification
of futsch mutants as enhancers of the cacTS2 behavioral and synaptic phenotypes as well
as the normal distribution of presynaptic calcium channels (Figure 3.10 and 3.11) and the
neurotransmitter release apparatus in futsch cacTS2 mutants, has suggested a role for
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dMAP1/FUTSCH in presynaptic calcium channel function instead of protein transport
and/or localization. Furthermore, a punctate distribution of dMAP1/FUTSCH was
observed along the axonal microtubule bundle such that dMAP1/FUTSCH is
concentrated in presynaptic boutons (Figure 3.12). In light of several MAP1 functions
described previously, including cross-linking MTs and actin filaments as well as
regulating receptors and ion channels, the dMAP1/FUTSCH-associated microtubulebased cytoskeleton may be specialized for protein regulation. Instead of playing a strictly
structural role, it may help to provide a platform for protein-protein interactions that
regulate presynaptic functions.
3.11.2. Previous studies of MAP1-presynaptic calcium channel biochemical
interactions
MAP1A and MAP1B are thought to be mainly associated with the cytoskeleton and cross
link microtubules and microfilaments. However, several studies have suggested they
interact with channels or receptors at the plasma membrane, such as BKCa potassium
channels, GABAc receptors and AMPA receptors (Hanley et al., 1999; Billups et al.,
2000; Ives et al., 2004; Park et al., 2004; Seog, 2004). It has been proposed that these
interactions may link channels or receptors to the cytoskeleton and help mediate their
regulation. Furthermore, recent studies have identified the MAP1A light chain, LC2, as a
binding partner of calcium channel β4a subunits (Vendel et al., 2006). Αmong the four
mammalian β subunits, β4 exhibits the highest binding affinity for P/Q-type presynaptic
calcium channels in rabbit brain (Dolphin, 2003; Richards et al., 2004). Two β4 isoforms
have been discovered, β4a and β4b, which differ in their N-terminal sequence and exhibit
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differential gating effects on P/Q-type channels (Helton and Horne, 2004). A specific
interaction was found between the β4a A domain and the MAP1A light chain, LC2,
suggesting a potential role for MAP1A in regulating presynaptic calcium channels via
biochemical interactions (Vendel et al., 2006). Consistent with observations mentioned
above, our co-immunoprecipitation experiments identified dMAP1/FUTSCH in
complexes with the presynaptic calcium channel β subunits in vivo. Compared to controls,
significantly more dMAP1/FUTSCH was co-immunoprecipitated with the EGFP-tagged
β subunits (Figure 3.13). This biochemical interaction of dMAP1/FUTSCH and the
calcium channel β subunit may be direct as described above or rather indirect through
cytoskeleton components. Ca-β is the only gene encoding β subunits in Drosophila. The
EGFP-tagged β subunits may associate with all types of voltage-gated calcium channels
in the nervous system. Further studies are required to define the molecular mechanisms
underlying dMAP1/FUTSCH interactions with presynaptic calcium channels.
3.11.3. Implications of MAP1 HC-LC structural organization
MAP1A and MAP1B are both thought to be long, thin, flexible, filamentous proteins
(Shiomura and Hirokawa, 1987; Sato-Yoshitake et al., 1989), with the light chains (LC1
or LC2) binding to the N-terminus of the heavy chain. As proteins with multiple
functions, MAP1s interact with microtubules and actin filaments as well as channels or
receptors on the plasma membrane (Noble et al., 1989; Pedrotti et al., 1996; Tögel et al.,
1998; Hanley et al., 1999; Billups et al., 2000; Noiges et al., 2002; Ives et al., 2004; Park
et al., 2004; Seog, 2004; Cueille et al., 2007b). Intensive studies have been exploring the
MAP1 sequences involved in protein-protein interactions, especially the regions
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responsible for the heavy chain-light chain interaction and interactions with microtubules
and actin filaments.
In MAP1B, the N-terminal 508aa of the heavy chain and the C-terminal 120aa of LC1 are
thought to mediate the heavy chain-light chain interaction (Tögel et al., 1998).
dMAP1/FUTSCH exhibits significant similarity to MAP1 precursor proteins at its N- and
C-termini, regions implicated in heavy chain-light chain interactions and now coimmunoprecipitation of the light chain and heavy chain has been demonstrated (Figure
4.3). Thus, as in the mammalian MAP1s, the dMAP1/FUTSCH light chain may bind to
the heavy chain N terminus within the mature protein.
Several MAP1 regions have been implicated in the interactions of MAP1s with
microtubules: three in MAP1A and two in MAP1B (Figure 1.8) (Noble et al., 1989;
Landgkopf et al., 1992; Tögel et al., 1998; Vaillant et al., 1998; Halpain and Dehmelt,
2006). In MAP1B, one microtubule binding site is a basic region near the N-terminus of
the heavy chain, containing 21 KKE(E/D) repeats (Noble et al., 1989). This region
exhibits a significant similarity to a microtubule binding site on the N-terminus of the
MAP1A heavy chain. The other MAP1B microtubule binding site is thought to be within
the N-terminal 120aa of LC1, which does not contain any known conserved motif (Tögel
et al., 1998) and an N-terminal region of LC2 is also suggested for MAP1A-microtubule
interaction (Halpain and Dehmelt, 2006). Finally, another MAP1A microtubule binding
site is an acidic, highly charged sequence in the central region of the heavy chain
(Cravchik et al., 1994), which exhibits amino acids similarity (35%) to MAP1B.
dMAP1/FUTSCH is a MAP1 homolog but does not exhibit similarity to the basic
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microtubule binding site or the light chain-microtubule interacting region. However
amino acids similarity (35%) is found between the acidic region in MAP1A and a
dMAP1/FUTSCH sequence near the heavy chain C-terminus, implying that this
dMAP1/FUTSCH region may be responsible for interactions with microtubules.
In addition to binding to the heavy chain, the C-terminal 120aa of LC1 interacts with
actin filaments and mediates light chain oligomerization as well (Tögel et al., 1998). The
dMAP1/FUTSCH light chain C-terminus exhibits a significant similarity to the Cterminal 120aa of mammalian MAP1 light chains and thus the dMAP1/FUTSCH light
chain, LCf, may bind to actin filaments through its C-terminus.
Thus far studies have indicated that mammalian MAP1 light chains bind to their
corresponding heavy chains through the light chain C terminus and the heavy chain N
terminus. LC1 and LC2 are implicated in interactions with actin filaments, microtubules
and channels in the absence of heavy chains (Table 1.1 and 1.2). The heavy chain-light
chain interactions may regulate interactions of MAP1s with other proteins. On the basis
of its sequence and structural similarity to mammalian MAP1s, a dMAP1/FUTSCH
complex may be formed in the same way. Like mammalian MAP1s, binding of LCf to the
dMAP1/FUTSCH heavy chain may bring two actin-binding sites closer.
3.11.4. Discrepancy in MAP1 HC-LC orientation with respect to the microtubulebased cytoskeleton
MAP1 microtubule binding sites have been placed within either the N-terminus or the
acidic region at the central part of the heavy chain, suggesting that the MAP1 heavy chain
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N-terminus or central part is associated with microtubules. If the MAP1 heavy chain Nterminus binds to microtubule, this will conflict with observations that the MAP1B
interacts with GABAc receptors in retina through a region near its heavy chain Nterminus (Hanley et al., 1999; Billups et al., 2000), which indicates a close association of
the MAP1B heavy chain N-terminus with the plasma membrane. And it is still
controversial whether the acidic region at the central part of the heavy chain is involved
in microtubule binding. Thus, further analysis is needed to resolve the discrepancy and
understand the special orientation of MAP1s and its functional implications.
3.11.5. Mechanisms of dMAP1/FUTSCH interaction with presynaptic calcium
channels
The genetic interaction between dMAP1/FUTSCH and presynaptic calcium channels, the
similarity of the futsch synaptic phenotype to that of cacTS2, association of
dMAP1/FUTSCH with presynaptic calcium channels, previously reported biochemical
interactions of MAP1 with presynaptic calcium channels and actin filaments as well as
implications of actin in calcium channel regulations suggest that the role of
dMAP1/FUTSCH in synaptic transmission may involve functional interactions with
presynaptic calcium channels. With regard to the underlying mechanisms two models are
proposed, in which dMAP1/FUTSCH interacts with presynaptic calcium channels either
directly or indirectly through other proteins (Figure 3.16).
In model A, functional and biochemical interactions of dMAP1B/FUTSCH and
presynaptic calcium channels occur over a distance through linkages within the
presynaptic cytoskeleton. Of particular interest are possible roles for the cytomatrix
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Figure 3.16. Working models of molecular mechanisms for functional roles of
dMAP1/FUTSCH in synaptic transmission.
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assembled at actives zones (CAZ) as well as actin. The CAZ is a cytoskeletal matrix
thought to organize components of the active zone and neurotransmitter release apparatus,
including presynaptic calcium channels [reviewed in (Ziv and Garner, 2004)]. Actin is
another attractive candidate because it is known to interact with MAP1 proteins, to
assemble around active zones (Dehmelt and Halpain, 2004), and is reported to regulate
calcium channel activity (Lader et al., 1999; Rueckschloss and Isenberg, 2001).
The features of this model are generally consistent with work on dMAP1/FUTSCH and
MAP1. These are (1) localization of dMAP1/FUTSCH to axonal microtubule bundles
and association of the dMAP1/FUTSCH light chain with active zones. These properties
have been established by immunocytochemistry using the 22C10 monoclonal antibody
against an epitope located near the C-terminus of the heavy chain and anti-LCf polyclonal
antibody against an epitope located at the N-terminus of the light chain. The relevance of
this

microtubule

localization

to

synapses

and

active

zones

is

evident

in

immunocytochemical analysis of adult neuromuscular synapses, in which the distribution
of dMAP1B/FUTSCH is clearly punctate in the center of presynaptic boutons along
axonal microtubule bundles passing through boutons and the dMAP1B/FUTSCH light
chain is concentrated around active zones.
(2) Possible interaction of dMAP1/FUTSCH with microtubules through a charged region
on the heavy chain. The dMAP1/FUTSCH-microtubule interaction has been
demonstrated by colocalization of dMAP1/FUTSCH with microtubules in vivo and coprecipitation of dMAP1/FUTSCH with microtubules in vitro (Hummel et al., 2000).
However, no known microtubule binding domain has been identified in the
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dMAP1/FUTSCH protein sequence. Alignment analysis reveals a highly charged region
(amino acids 3442 to 4112) in dMAP1/FUTSCH exhibiting amino acids similarity (35%)
to an acidic region in MAP1A. In spite of some discrepancies in previous studies, this
acidic region has been implicated in MAP1A-microtubule interactions (Cravchik et al.,
1994). Accordingly, the charged region in dMAP1/FUTSCH is likely responsible for
interactions with microtubules. If we assume that the charged region mediates binding of
the dMAP1/FUTSCH heavy chain to microtubules, the long and filamentous
dMAP1/FUTSCH heavy chain N terminus might project from the microtubule to the
plasma membrane. Thus the dMAP1/FUTSCH light chain can be positioned close to the
plasma membrane through its interaction with the heavy chain.
Although model A does not reconcile with all studies of MAP1, it provides us a working
model which can be tested experimentally. Given implications of Actin in calcium
channel regulation and its interaction with MAP1s, experiments are in progress to
investigate the roles of actin in presynaptic dMAP1/FUTSCH functions. These include
examining the localization of actin with respect to dMAP1/FUTSCH and active zones
using immunocytochemistry. Further studies are expected to reveal potential interactions
of

actin

with

dMAP1/FUTSCH

using

co-immunoprecipitation,

identify

dMAP1/FUTSCH-microtubule binding site and interacting partners of dMAP1/FUTSCH
in synaptic transmission. Notably, dMAP1/FUTSCH exhibits similarity to neurofilament
proteins (Hummel et al., 2000; Halpain and Dehmelt, 2006). The homologous region
overlaps the highly charged sequence described previously and contains multiple repeats
of KSP, which has been implicated in microtubule-binding. It will be very interesting to
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explore whether dMAP1/FUTSCH functions as both microtubule associated protein and
neurofilament proteins.
Model B reflects an alternative hypothesis, raised by recent binding studies with MAP1A
and MAP1B proteins, in which dMAP1/FUTSCH can bind directly to presynaptic
calcium channels as well as microtubules. Although this model is unconventional, it
explores alternative mechanisms raised by recent work in the field. The features of model
B are developed from previous work as well as our recent observations. These include:
(1) Possible direct binding interactions of dMAP1/FUTSCH with presynaptic calcium
channels.

As mentioned above, a recent study has shown that MAP1A exhibits

biochemical interactions with presynaptic calcium channel β subunits. In addition,
another group has shown a direct interaction between the MAP1B light chain (LC1) with
presynaptic calcium channel α1 subunits (by personal communication). While this
finding is generally consistent with those from our co-immunoprecipitation experiments,
the specific binding interactions are not easily reconciled with conventional models of
MAP1 function on microtubules. The MAP1A domain implicated in binding the β
subunit corresponds to the light chain, which is thought to be cleaved from the Cterminus of the precursor protein and associate with the heavy chain N-terminus. In
addition, previous studies have shown that an N-terminal domain of the MAP1B heavy
chain interacts directly with GABAC receptor ρ1 subunits (Hanley et al., 1999). These
observations raise the possibility that the N-terminus of MAP1 proteins can project to the
plasma membrane (e.g. the active zone) and interact directly with cell surface proteins. In
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this case, association with microtubules might be mediated by the conserved binding
domain near the heavy chain C-terminus.
(2) Molecular dimensions. EM studies of purified MAP1 protein reveal an elongated rod
structure of approximately 200 nm in length. Assuming a similar configuration for the
larger dMAP1/FUTSCH, which is also related to neurofilament proteins and predicted to
form extensive coiled-coil structure, this protein may approach or exceed 500 nm in
length. Thus, it appears possible that a single MAP1/FUTSCH protein might link axonal
microtubules to active zones. At adult neuromuscular synaptic terminals, the typical
bouton diameter is approximately 0.5-1 micron. Thus the maximum distance between
dMAP1/FUTSCH puncta in the bouton center and the active zones is approximately 250500 nm. Such a configuration would allow MAP1 N-terminal interactions at the cell
surface while preserving localization of the heavy chain C-terminus to microtubule
bundles. Conversely, Model B is difficult to reconcile with studies implicating the heavy
chain N-terminus in binding and stabilizing microtubules. Importantly, model B makes
clear predictions which are readily tested and this process should be highly informative
with regard to dMAP1/FUTSCH structure and function.
3.11.6. Concluding remarks and future studies
This work has revealed a new functional role of dMAP1/FUTSCH and extended our
understanding of mechanisms underlying synaptic transmission. MAP1 proteins serve
multiple functions in neurons. Although previous studies have suggested that MAP1
proteins biochemically interact with receptors or ion channels, this is the first time to
show a functional role for MAP1 in synaptic transmission. The genetic interaction
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between dMAP1/FUTSCH and presynaptic calcium channels, the similarity of the futsch
synaptic phenotype to that of cacTS2 as well as association of dMAP1/FUTSCH with
presynaptic calcium channels suggest that the role of dMAP1/FUTSCH in synaptic
transmission may involve functional interactions with presynaptic calcium channels.
Further analysis is expected to investigate interactions between MAP1 and presynaptic
calcium channels and explore the MAP1 effects on the electrophysiological properties of
presynaptic calcium channels. Phosphorylation is a main modification on MAP1s, which
not only alters the MAP1 distribution in axons but also its binding activity to
microtubules and actin filaments, and sequence analysis of dMAP1/FUTSCH reveals
many putative phosphorylation sites. For example, Glycogen synthase kinase 3β (GSK3β)
has been implicated in phosphorylation of dMAP1/FUTSCH (Franco et al., 2004; Gogel
et al., 2006). It will be very interesting to explore whether phosphorylation is involved in
dMAP1/FUTSCH-microtubule interactions and whether GSK3β affects these interactions.
In all, our work provides a new insight into mechanisms of synaptic transmission. Further
studies are needed to understand the functional roles of dMAP1/FUTSCH in presynaptic
calcium channel regulation and synaptic transmission.
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Chapter 4
A MAP1 Light Chain in Drosophila
Intensive studies of the mammalian MAP1s have revealed their structural properties.
MAP1B is a long, flexible, filamentous protein (~200nm), with a small spherical end
(Sato-Yoshitake et al., 1989). As mentioned in Chapter one, MAP1B is heteromeric
complex composed of a heavy chain (HC) and two light chains (LCs), LC1 and LC3. The
~ 300 kD heavy chain and ~28 kD LC1 are encoded by the MAP1B gene (Landgkopf et
al., 1992). They are synthesized as a protein precursor and processed through
posttranslational proteolytic cleavage near the C-terminus. Most of precursor proteins
form the heavy chain and the C-terminal 250aa forms LC1. A 45aa peptide near the Cterminus of MAP1B is required for cleavage and conserved in mammalian MAP1A
(Tögel et al., 1999). Following cleavage, LC1 associates with the N-terminal portion of
the MAP1B heavy chain (Hammarback et al., 1991). The LC3 light chain is encoded by a
separate gene. It is a common subunit of both MAP1A and MAP1B and may regulate
binding to microtubules (Mann and Hammarback, 1994; Mann and Hammarback, 1996).
dMAP1/FUTSCH is also predicted to be a filamentous protein. It shows significant
homology at the N- and C-termini to the MAP1B precursor protein. On the basis of the
sequence similarity to MAP1A and MAP1B, it is likely that dMAP1/FUTSCH is also
processed by posttranslational proteolytic cleavage. Surprisingly, the basic structure of
dMAP1/FUTSCH has not been investigated and has received little consideration.
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In light of behavioral and electrophysiological analysis indicating that futsch mutations
exhibit functional interactions with cacTS2, characterization of biochemical properties of
dMAP1/FUTSCH would greatly enhance analysis of the mechanisms underlying its
functional roles in synaptic transmission.
4.1. Generation of a polyclonal anti-FUTSCH light chain antibody
Mouse anti-22C10 antibody was the only available antibody against dMAP1/FUTSCH.
Its epitope is close to the C-terminus of the putative dMAP1/FUTSCH heavy chain
(Hummel et al., 2000). To investigate the presence of proteolytic cleavage in
dMAP1/FUTSCH, a polyclonal antibody was generated against a C-terminal peptide
within putative light chain. Given the high conservation at the dMAP1/FUTSCH Cterminus to mammalian MAP1 proteins, a peptide sequence from the conserved region
may fail to raise a strong immune response in rabbit. Therefore a peptide adjacent to the
most conserved region was selected as the putative dMAP1/FUTSCH light chain (LCf)
epitope (Figure 4.1). Through a commercial service (Pocono Rabbit Farm & Lab), the
peptide, CPLPVEGGADIRTTPK, was synthesized, conjugated with keyhole limpet
hemocyanin (KLH) and injected into two rabbits, 20735 and 20736. Serum was collected
on day 0, 42 and 70 after injection. Rabbits were killed on day 76 and a final bleed was
collected. The antibody titer was assessed by ELISA (Pocono Rabbit Farm & Lab) and
showed that the day 42 and 70 serum from rabbit 20735 showed a significant
immunoreactivity against the LCf epitope.
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Figure 4.1. Identification of a light chain of dMAP1/FUTSCH. a, Alignment of
FUTSCH with mouse MAP1A and MAP1B. The shaded region is light chain and the
putative cleavage site is pointed by arrow heads. b, Selection of the dMAP1/FUTSCH
LCf epitope. The shaded sequence is identical. The FUTSCH LCf epitope is shown in
rectangular. Accession numbers of mouse MAP1A and MAP1B are NP-115769 and NP032660, respectively. c, Anti-LCf antibody specifically recognize a ~20kD band, which is
gone in futsche(cac)1, futsche(cac)2, futsche(cac)3, and futschN94. d. Images were generated by
confocal immunofluorescence microscopy at larval neuromuscular synapses in wild-type
flies. A-F, Double labeling with anti-HRP, a neural plasma membrane marker, and antiLC antibody reveals that the FUTSCH light chain signal is gone in futsche(cac)1. A-F are
each maximum projections of three consecutive optical z-sections.

121

4.2. Identification of the dMAP1/FUTSCH light chain, LCf
Western blotting was employed to investigate whether the serum from rabbit 20735
reacted specifically with endogenous dMAP1/FUTSCH. The futsche(cac)1 mutation was
thought to result in a truncated dMAP1/FUTSCH polypeptide and thus the LCf epitope
should be eliminated in this mutant. If the anti-LCf sera specifically recognize the LCf
epitope on dMAP1/FUTSCH, western blotting was expected to observe a loss of protein
fragment in futsche(cac)1 mutants. Western blotting with head homogenates using the day
70 and 76 sera led to the very exciting finding that a ~20kD band was missing in the
futsche(cac)1 mutant (Figure 4.1). This band appeared to be a dMAP1/FUTSCH light chain,
produced by proteolytic cleavage of a dMAP1/FUTSCH precursor protein. This was
further confirmed by western analysis in several other futsch mutants (Figure 4.1 and 4.2),
immunocytochemistry in futsch mutants (Figure 4.1), and co-immunoprecipitaion of the
LCf epitope with the heavy chain (Figure 4.3).
futschN94, as mentioned in Chapter 3, is a hypomorphic allele of futsch, exhibiting greatly
reduced expression of the 22C10 epitope (Figure 3.5). futschK68 is a null allele of futsch.
Immunocytochemistry revealed that this mutation eliminated the 22C10 epitope
(Hummel et al., 2000). Western blotting using the day 76 serum (subsequently referred as
the anti-LCf antibody) was carried out to explore the expression of the 20kD band in
futsch mutants. All the futsch mutants exhibited loss of the 20kD band (Figure 4.1 and
4.2). Additionally, female flies carrying either futsche(cac)1 or futschN94 in trans to
Df(1)AD11, a deletion chromosome removing the futsch locus also lost the 20kD band
(Figure 4.2). These results confirmed that the 20kD fragment is encoded by futsch and
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Figure. 4.2. The light chain epitope is encoded by dMAP1/FUTSCH. a, Anti-LCf
antibody specifically recognizes a ~20kD band, which is gone in two previously
identified futsch mutants, futschk68 and futschN94. b. The LCf is eliminated in female flies
carrying either futsche(cac)1 or futschN94 in trans to Df(1)AD11, a deficiency removing the
futsch locus.
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harbors the LCf epitope. Immunostaining with the anti-LCf antibody at the larval synapses
revealed a filamentous, microtubule-like distribution in the motor axon of wild-type
(Figure 4.1). This distribution was eliminated in futsche(cac)1 mutants, indicating the antiLCf specifically recognizes a protein associated with microtubules. Further analysis of
immunostaining with mAb22C10 and the anti-LCf antibody revealed an extensively
colocalization with the 22C10 epitope, suggesting association of the heavy and light
chain (Figure 4.3a). This was further supported by co-immunoprecipitation of the LCf
and

the

22C10

epitopes

from

fly

head

homogenates

(Figure

4.3b).

Co-

immunoprecipitation assays were carried out using the mAb22C10 antibody. The
~500kD dMAP1/FUTSCH heavy chain was pulled down specifically by mAb22C10 and
the ~20kD light chain co-sedimented with the heavy chain. Taken together, these findings
prove that the 20kD fragment is a dMAP1/FUTSCH light chain, LCf, and further
demonstrate structural conservation of dMAP1/FUTSCH with respect to mammalian
MAP1s. Thus, the futsch cDNA encodes a precursor protein which is cleaved into a
~500kD heavy chain and a ~20kD light chain. Following cleavage, the heavy and light
chains associate within a mature dMAP1/FUTSCH protein.
Three MAP1 light chains, LC1, LC2 and the MAP1S light chain, have been found in
mammals (Halpain and Dehmelt, 2006). As the MAP1 protein in Drosophila, and there
are likely to be several isoforms of the dMAP1/FUTSCH light chain. Western blotting
using anti-LCf crude serum revealed multiple bands in wild-type head homogenates.
These bands were similar in size, around 20kD (Figure 4.2 and Figure 4.5). All these
bands were eliminated in futsch mutants, indicating they are isoforms of the
dMAP1/FUTSCH light chain (Figure 4.5, the middle panel on the right). The diversity of
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Figure 4.3. Immunocytochemistry and co-immunoprecipitation identified
association of the dMAP1/FUTSCH light chain with the heavy chain. a.
Colocalization of the FUTSCH Light Chain with Heavy Chain. Images were generated
by confocal immunofluorescence microscopy at larval neuromuscular synapses of wild
type flies. Triple labeling with mAb22C10, anti-LCf and anti-HRP shows co-localization
of FUTSCH light chain with heavy chain. b. Association of the FUTSCH Light Chain
with Heavy Chain. Homogenate from five hundred wild-type fly heads was incubated
with either mAb22C10 or mouse IgG and protein-A sepharose beads. Samples were
examined by western blot using either mAb22C10 or anti-FUTSCH LC antibody. It’s
shown dMAP1/FUTSCH light chain is associated with heavy chain.
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dMAP1/FUTSCH light chain was further

explored

by

two-dimensional

gel

electrophoresis (TDGE) to achieve better separation. In TDGE, proteins are first
separated by their isoelectronic value (pI) and then by their size. Each protein has its
unique combination of pI and size, so that even isoforms with different modification do
not migrate together in TDGE. The number of dMAP1/FUTSCH light chain isoforms
was examined by TDGE followed by western blotting. Through comparison of wild type
and futsche(cac)1 mutant samples, five spots appeared to represent dMAP1/FUTSCH light
chain isoforms (Figure 4.4). These exhibited a range of pI values. Mass Spectrometry and
N-terminal sequencing are expected to obtain their peptide sequences and identify
diversity resulting from posttranslational modification.
4.3. A cleavage site in the dMAP1/FUTSCH revealed by futsch transgenes
The cleavage site in MAP1B and MAP1A has been mapped to a 45aa peptide (Tögel et
al., 1999). Sequence alignment did not reveal significant similarity to this peptide in
dMAP1/FUTSCH, indicating a lack of primary sequence conservation in the cleavage
site

for

dMAP1/FUTSCH.

Nonetheless,

the

approximate

location

of

the

dMAP1/FUTSCH cleavage site could be inferred from several experiments. An ~20kD
light chain was detected by the anti-LCf antibody. On the basis of the futsch ORF
annotation, this indicates that the cleavage site is N-terminal to the LCf epitope and likely
occurs between amino acids 5193 and 5250 in the precursor protein.
To further explore the cleavage site and to achieve independent expression of the light
chain, transgenic expression of dMAP1/FUTSCH fragments corresponding to two
different regions of the C-terminus was employed. These included a long fragment
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Figure 4.4. Several dMAP1/FUTSCH light chain isoforms are observed. A twodimensional gel electrophoresis, followed by western blotting with anti-LCf antibody,
revealed five spots specifically present in wild type, indicating that the dMAP1/FUTSCH
light chain may either have a few forms or be subject to different modification.
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encoding the C-terminal 527aa and a short one expressing the C-terminal 220aa. Both
contained the LCf epitope. Each C terminal fragment was tagged by either GFP on the Nterminus or FLAG on either the N- or C-terminus (Figure 3.15). Including a tag on each
end of the LCf epitope allowed us to determine whether cleavage occurred in these
protein fragments. If cleavage occurs normally, the LCf epitope will be cleaved from the
original transgene product. Following cleavage, GFP or FLAG on the N terminus will be
separated from the LCf epitope, whereas FLAG on the C terminus will remain associated
with the LCf epitope.
Consistent with the above expectation, Western blotting revealed that all these transgene
products were subjected to cleavage. Both GFP-tagged transgene products in wild-type
flies and FLAG-tagged transgene products in futsche(cac)1 cacTS2 double mutants were
processed by posttranslational proteolytic cleavage. Results for FLAG-tagged long
fragments are shown in figure 4.5. Neural expression of FLAG-tagged FUTSCH Cterminal trangenes was performed in futsche(cac)1 mutants which do not express the LCf
epitope (Figure 4.5). Expression of transgenes in these mutants allowed clear observation
of cleaved transgenic products by Western. For the FLAG-FUTSCH long C terminal
fragment, three bands were identified as transgene products. The biggest appeared to be
~85kD, harboring both the FLAG and the LCf epitopes. The smallest, similar in size to
the endogenous light chain, was recognized by anti-LCf. The middle band was recognized
by anti-FLAG but not anti-LCf. For the FUTSCH long C terminal fragment-FLAG
construct, Western blotting revealed two bands were recognized by both anti-FLAG and
anti-LCf. The larger band was similar in size to the full length FLAG-FUTSCH long C
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Figure 4.5. A proteolytic cleavage of dMAP1/FUTSCH revealed by neural
expression of futsch transgenes. Transgenic expression of FLAG-tagged FUTSCH Cterminal fragment in futsche(cac)1 mutants were subject to Western blotting with either
anti-FLAG antibody (left) or anti-FUTSCH LCf antibody (right). No matter whether the
FLAG-tag was at the N- or C-terminus, each protein was processed by posttranslational
proteolytic cleavage. α-tubulin was used as an internal loading control. In both columns,
the top panel is from a short exposure while the middle panel is from a long exposure.
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terminal fragment, indicating that it is the uncleaved precursor. The small band was a
slightly larger than the endogenous dMAP1/FUTSCH light chain, consistent with the
predicted size of a FLAG-tagged light chain. The cleavage was also observed in GFPtagged short dMAP1/FUTSCH C-terminal transgene and the FLAG-tagged FUTSCH
short light chain transgenes, indicating that the cleavage site is within the
dMAP1/FUTSCH C-terminal 220aa. Taken together, these above findings provide direct
evidence that the dMAP1/FUTSCH light chain is generated by posttranslational cleavage
of a dMAP1/FUTSCH precursor polypeptide.
4.4. Discussion
Molecular analysis of dMAP1/FUTSCH has identified its heavy chain-light chain
structural composition resulting from a posttranslational proteolytic cleavage,
demonstrating a structural conservation of MAP1 from Drosophila to human.
4.4.1. dMAP1/FUTSCH is a homolog of MAP1 protein in Drosophila
dMAP1/FUTSCH was first defined as a homolog of MAP1B rather than MAP1A
because the length of its N terminus is closer to that of MAP1B (Hummel et al., 2000).
However, our studies have provided new lines of evidence suggesting that
dMAP1/FUTSCH is a homolog of MAP1 in Drosophila. Our sequence alignment has
shown that the N- or C-terminus of dMAP1/FUTSCH exhibit approximately 50%
similarity to either the MAP1A or the MAP1B N- or C-terminus. Unlike MAP1B, which
peaks at early developmental stages, expression of dMAP1/FUTSCH is detected not only
at early development stages (Hummel et al., 2000) but also in larvae and adults. In
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addition, as discussed in a recent review on MAP1 proteins (Halpain and Dehmelt, 2006),
we found that dMAP1/FUTSCH is the only deduced MAP1 in the Drosophila genome.
Taken together, all these lead toward a definition of FUTSCH as the Drosophila MAP1.
4.4.2. dMAP1/FUTSCH is processed by proteolytic cleavage
Intensive work has revealed functional roles and structures of MAP1A and MAP1B.
Each has been implicated in neuronal development, and is composed of heavy chain and
two light chains. Both the MAP1A and MAP1B genes encode a heavy chain and a light
chain processed by posttranslational proteolytic cleavage of a protein precursor.
As a homolog of MAP1, dMAP1/FUTSCH functions and interactions in neuronal
development have been discovered in several studies (Hummel et al., 2000; Zhang et al.,
2001; Ruiz-Canada et al., 2004; Bettencourt da Cruz et al., 2005). Our identification of a
~20kDa dMAP1/FUTSCH light chain, has verified conserved posttranslational
proteolytic cleavage in dMAP1/FUTSCH. Although this finding contradicts a recent
report (Gogel et al., 2006), the contradiction may arise from differences in the specificity
and affinity of anti-dMAP1/FUTSCH CT antisera. Dr. Gordon-weeks’s group generated
an antiserum with a dMAP1/FUTSCH recombinant protein corresponding to the Cterminal 145aa (amino acids 5201-5347), approximately two thirds of which corresponds
to the dMAP1/FUTSCH light chain. This antiserum may recognize either
dMAP1/FUTSCH heavy or light chain or both. In contrast, our antibody was raised
against a peptide at 5251aa to 5265aa and specifically recognizes the dMAP1/FUTSCH
light chain. This difference in the nature of the antibodies employed may likely explain
the difference in the ability to detect the dMAP1/FUTSCH light chain.

131

4.4.3. A cleavage site of dMAP1/FUTSCH is within a 58aa fragment
In a heterologous system, expression of several MAP1B constructs revealed that a 45aa
fragment is essential for proteolytic cleavage of MAP1B. This fragment is also conserved
in MAP1A. Sequence alignment did not reveal any significant similarity of this fragment
with dMAP1/FUTSCH. However our identification of the dMAP1/FUTSCH light chain
has verified the conservation of the proteolytic cleavage in Drosophila and mapped the
cleavage site to a specific sequence. Given the fact that a ~20kD cleaved product from
FLAG-tagged short CT FUTSCH contains the LC epitope; the cleavage site is narrowed
down to a 58aa fragment corresponding to 5193aa to 5250aa of dMAP1/FUTSCH.
Peptide sequencing of the dMAP1/FUTSCH light chain is expected to reveal the exact
cleavage site. Since no known proteolytic cleavage site is evident in this segment, it will
be of great interest to further define the mechanism of proteolytic cleavage.
4.4.4. Expression level of dMAP1/FUTSCH light chain may be regulated
Our neural expression of dMAP1/FUTSCH CT fragments verified posttranslational
cleavage of a dMAP1/FUTSCH protein precursor in vivo. Western analysis of FLAGLong CT FUTSCH showed that most of the transgenic product was cleaved, given the
much higher intensity of cleaved product (Figure 4.5, left). In contrast, similar
experiment with anti-FUTSCH LC antibody suggested that only a small fraction was
cleaved (Figure 4.5, right) since light chain derived from the transgene was much less
than the entire transgenic product. A simple explanation is that light chain was degraded
after cleavage.
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Expression of mammalian MAP1B is subjected to stringent development control. It peaks
during prenatal stages and decreases sharply at postnatal stages. Disruption of its
expression results in deficits in neuronal development. In neuronal culture from postnatal
mice, transient overexpression of MAP1B light chain reduced neuronal degeneration and
caused cell death (Allen et al., 2005). In postnatal neurons, expression of endogenous
MAP1B is greatly reduced and so the overexpressed MAP1B light chain may be present
as free molecules or form complexes with MAP1A (Noiges et al., 2006), which may
disrupt neuronal degeneration and function. In experiments shown in Figure 4.5,
transgenes were expressed in the absence of endogenous dMAP1/FUTSCH and thus the
cleaved light chain products were not associated with heavy chain. This excess light
chain may be restricted to a low level by an unknown mechanism.
4.4.5. Implications of the dMAP1/FUTSCH light chain
As the only MAP1 protein in Drosophila, dMAP1/FUTSCH exhibits significant
similarity to mammalian MAP1s in its primary sequence and genetic interactions.
Previous studies have revealed a significant similarity of dMAP1/FUTSCH to
mammalian MAP1 proteins at its N- and C-termini. Like MAP1B, dMAP1/FUTSCH is
thought to be regulated by the Drosophila fragile X retardation related protein and
Glycogen Synthase Kinase 3β (GSK3β), shaggy. Our finding that dMAP1/FUTSCH is
processed by posttranslational proteolytic cleavage, further demonstrates that
dMAP1/FUTSCH is the Drosophila MAP1.
Mammalian MAP1 light chains, LC1 and LC2, have been implicated in multiple
interactions important for neural function, including interactions with BKCa potassium
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channel, GABAc receptor and presynaptic calcium channels. These interactions have
suggested important roles for LC1 and LC2 in neural function. Given the sequence
similarity of the dMAP1/FUTSCH light chain, LCf, to LC1 and LC2, it may play similar
roles in the Drosophila nervous system. As a sophisticated system, Drosophila can be
easily manipulated and approached by well-established tools. Thus, it will be of great
interest and convenience to explore functional roles of MAP1 light chain in Drosophila.
And the futsch mutants and transgenic lines generated in this project will aid in these
studies.
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Chapter 5
The following content was published in the Journal of Neuroscience 24(1):282-5 (2004).
Active Zone Localization of Presynaptic Calcium Channels Encoded by the
cacophony Locus of Drosophila
Fumiko Kawasaki, Beiyan Zou, Xia Xu, and Richard W. Ordway
Department of Biology and Genetics Graduate Program, Pennsylvania State University,
University Park, Pennsylvania 16802
5.1. Abstract
Presynaptic calcium channels play a central role in chemical synaptic transmission by
providing the calcium trigger for evoked neurotransmitter release. These voltage-gated
calcium channels are composed of a primary structural subunit, α1, as well as auxiliary β
and α2δ subunits. Our previous genetic, molecular, and functional analysis has shown
that the cacophony (cac) gene encodes a primary presynaptic calcium channel α1 subunit
in Drosophila. Here we report that transgenic expression of a cac-encoded α1 subunit
fused with enhanced green fluorescent protein efficiently rescues cac lethal mutations and
allows in vivo analysis of calcium channel localization at active zones. The results
reported here further characterize the primary role of cac-encoded calcium channels in
neurotransmitter release. In addition, these studies provide a unique genetic tool for live
imaging of functional presynaptic calcium channels in vivo and define a molecular marker
for immunolocalization of other presynaptic proteins relative to active zones. These
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findings are expected to facilitate additional analysis of synaptic development and
function in this important model system.
Key words: active zone; cacophony; Drosophila; calcium channel; synaptic; GFP
5.2. Introduction
Previous studies have described localization of presynaptic calcium channel α1 subunits
at active zones, where synaptic vesicles dock and fuse with the plasma membrane, and
have considered its important functional implications for neurotransmitter release
(Stanley, 1997; Catterall, 1998). The primary vertebrate presynaptic calcium channels are
of the N- and P/Q-type for which the α1 subunits are encoded by the α1B and α1A
genes, respectively. Active zone localization of these channels has been shown at native
synapses using labeled neurotoxins and calcium channel antibodies (Robitaille et al.,
1990; Westenbroek et al., 1995) and in cultured neurons through the use of an epitope tag
(Maximov and Bezprozvanny, 2002). Despite this progress, to date, no genetic tools have
been available for live imaging of calcium channel localization in vivo. Here we report
generation of such a tool and its use in analysis of presynaptic calcium channel
distribution and function in Drosophila.
The Drosophila cacophony (cac) locus was originally defined by its role in male
courtship behavior (von Schilcher, 1977; Chan et al., 2002) and subsequently found to
encode a voltage-gated calcium channel α1 subunit related to those of vertebrate
presynaptic calcium channels (Smith et al., 1996). More recently, isolation and analysis of
a cac mutant exhibiting rapid temperature-sensitive paralysis has demonstrated that cac
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encodes a primary presynaptic calcium channel in Drosophila (Dellinger et al., 2000;
Kawasaki et al., 2000a; Kawasaki et al., 2002). To further examine the role of this
calcium channel gene product in neurotransmitter release, we used transgenic methods to
express enhanced green fluorescent protein (EGFP)-tagged cac-encoded α1 subunits in
vivo.
5.3. Materials and methods
Fly stocks. As described previously (Kawasaki et al., 2002), fly stocks included the cac
lethal alleles [l(1)L1320-3 and l(1)L13HC129], the X-linked elav-GAL4 enhancer trap line
[P(w+) elavC155], elav-GAL4 l(1)L1320-3, and elav-GAL4 l(1)L13HC129. Wild-type flies
were Canton S. Stocks and crosses for this study were maintained at 25°C.
cac1-EGFP fusion construct. Separate PCR products corresponding to the EGFP open
reading frame (ORF) and the 3' end of the cac ORF (excluding the stop codon) were
generated using Pfu DNA polymerase (Stratagene, La Jolla, CA) with primers designed to
include flanking EcoRI sites. These products were used to generate a fusion construct in
which a two amino acid linker (corresponding to the EcoRI site) and the EGFP ORF were
appended to the 3' end of the cac ORF (see Fig. 5.1A). The final fusion construct was
incorporated into the transformation vector pUAST (Brand and Perrimon, 1993), and
transgenic flies were generated as described previously (Kawasaki et al., 2002).
Transformation rescue. Two transgenic lines carrying insertions on the third
chromosome, UAS-cac1-EGFP 786C and UAS-cac1-EGFP 247A, were used to rescue
cac lethal mutations as described previously (Kawasaki et al., 2002). Briefly, elav-GAL4
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l(1)L13HC129/FM7i and elav-GAL4 l(1)L1320-3/FM7i females were mated to lines
homozygous for a UAS-cac1-EGFP insertion. Similar control crosses were performed
using +/FM7i females. Percentage viability was calculated as follows: (% non-FM7i male
progeny from the rescue cross/% non-FM7i male progeny from the control cross) · 100.
Finally, viability of cac lethals in the absence of UAS-cac1 EGFP was determined
similarly in crosses of elav-GAL4 l(1)L13HC129/FM7i and elav-GAL4 l(1)L1320-3/FM7i
females to wild-type (Canton S) males.
Western blotting. Conventional Western analysis was performed on samples prepared
from fly heads. The equivalent of one fly head was loaded per lane. The primary antibody
was an anti-GFP monoclonal (Clontech, Palo Alto, CA) used at a dilution of 1:1000.
Detection was accomplished using a horseradish peroxidase (HRP)-conjugated secondary
antibody

(Amersham

Biosciences,

Arlington

Heights,

IL)

and

enhanced

chemiluminescence (Amersham Biosciences ECL Plus Western Blotting Detection
System). As an internal loading control, tubulin was detected with an anti-tubulin
monoclonal antibody (Sigma, St. Louis, MO) at 1:200,000.
Live imaging. CAC1-EGFP fluorescence was observed at larval neuromuscular synapses.
Third-instar larvae were dissected in saline solution (in mM: 128 NaCl, 2 KCl, 4 MgCl2,
1.8 CaCl2, 36 sucrose, and 5 HEPES, pH, 7.0), and all nerves projecting from the ventral
ganglion were cut to prevent muscle contraction. Epifluorescence images were obtained
using a Nikon (Tokyo, Japan) Eclipse E600FN microscope with a Fluor 60x 1.0
numerical aperture water-immersion objective (Nikon) and the following filter set:
excitation filter, HQ480/20; dichroic mirror, Q495LP; and emission filter, HQ 525/50
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(Chroma, Brattleboro, VT). Images were captured with a CCD camera (ORCA-ER;
Hamamatsu Photonics, Hamamatsu, Japan) and acquired and processed using the
SimplePCI imaging software package (Compix, Cranberry Township, PA). In this study,
all images of larval neuromuscular synapses were obtained from ventral longitudinal
muscles 6 and 7 within abdominal segment A2 or A3.
Immunocytochemistry and confocal microscopy. Immunocytochemistry of Drosophila
neuromuscular synapses was performed by conventional methods with one exception:
typically, and in all experiments shown, detection of CAC1-EGFP signals was performed
using Tyramide Signal Amplification (Molecular Probes, Eugene, OR) rather than a
fluorescently labeled secondary antibody. A typical double-labeling experiment using
tyramide enhancement of the CAC1-EGFP signal was performed as described below.
Dissected third-instar larvae and adults were fixed for 30 min in saline solution (see Live
imaging) containing 4% paraformaldehyde (the temperature for all incubations was
ambient unless specified). After consecutive 10 min washes with (1) saline solution, (2)
PBS, and (3) PBT (PBS containing 0.2% Triton X-100), specimens were incubated in
blocking buffer (1% bovine serum albumin in PBT) for 1 hr. Blocked samples were
incubated for 2 hr with the primary anti-GFP monoclonal antibody (Clontech) at 1:5000
in blocking buffer (for comparison, this antibody was used at 1:500 for conventional
detection with a fluorescently labeled secondary antibody). The primary anti-GFP
antibody incubation was followed by three washes with PBT (10 min each) and tyramide
enhancement essentially according to the instructions of the manufacturer. Two
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subsequent washes with PBT and one with PBS (10 min each) were followed by a 30 min
incubation with PBS containing 5% normal goat serum (NGS blocking solution).
Incubation in the second primary antibody, either a 1:200 dilution of rabbit anti-HRP
antibody (Jackson ImmunoResearch, West Grove, PA) or a 1:2000 dilution of rabbit antiDPAK (Drosophila p21-activated kinase) antibody (kindly provided by Nicholas Harden),
was performed in NGS blocking solution. After five washes with PBS (12 min each),
samples were incubated with a fluorescent secondary antibody, Alexa Fluor 546 goat
anti-rabbit antibody (Molecular Probes), diluted 1:100 in NGS blocking solution.
Samples were finally washed five times with PBS (12 min each) and mounted in a 1:1
mixture of PBS and glycerol. Preparations were imaged using an Olympus Optical
(Tokyo, Japan) FV300 confocal microscope with a PlanApo 60x 1.4 numerical aperture
oil objective (Olympus Optical) and a z-step size of 0.2 µm. Images shown in Figure 5.2
I-M were deconvolved and reconstructed using the AutoDeblur and AutoVisualize
functions of the Autoquant (Watervliet, NY) software package. The surface projection in
Figure 5.2 M was generated using the Voxel Gradient Shading function of the same
package.
Electrophysiology. Recordings of EPSCs from dorsal longitudinal flight muscle (DLM)
neuromuscular synapses of the adult were obtained and analyzed as described previously
(Kawasaki et al., 1998). Recordings were performed at 20°C using 2- to 4-d-old flies. n
refers to the number of recordings; one recording was obtained from each preparation.
Data analysis. Graphing and analysis of numerical data were performed in Microsoft
Excel (Seattle, WA). All data values in the text and bar graphs are given as mean ± SEM.
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Statistical analysis was performed using the two-tailed Student's t test, and significance
was assigned to comparisons for which p≤0.05.
5.4. Transformation rescue and live imaging of EGFP-tagged calcium channels
A transgene construct shown previously to rescue cac mutants (Kawasaki et al., 2002)
was modified to express a CAC1-EGFP fusion protein by appending EGFP to the α1
subunit C-terminal cytoplasmic tail (Fig. 5.1A) (see Materials and methods). As described
previously (Kawasaki et al., 2002), the resulting transgene was expressed specifically in
the nervous system using the GAL4-UAS system and an elav-GAL4 driver. Rescue of the
cac embryonic lethal mutations l(1)L13HC129 and l(1)L1320-3 was examined for two cac1EGFP transgenic lines, and both lines produced efficient rescue of each lethal to adult
viability. Rescue of lethal l(1)L13HC129 by one line, UAS-cac1-EGFP 786c, is shown in
Figure 5.1B . Consistent with our previous findings, these results indicate that neural
expression of a CAC-EGFP α1 subunit is sufficient to provide the essential functions of
cac-encoded calcium channels. In rescued lethal mutants, the predicted 239 kDa fusion
protein was observed by Western analysis using an anti-GFP antibody (Fig. 5.1C). To
examine whether expression of the CAC1-EGFP fusion protein allows live imaging of
calcium channel localization in vivo, rescued lethal mutants were imaged by
epifluorescence microscopy. These experiments revealed clear punctuate EGFP
fluorescence within live neuromuscular presynaptic terminals of third-instar larvae (Fig.
5.1D, E).
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Figure 5.1. Transformation rescue and live imaging of EGFP-tagged calcium
channels. A, The UAS-cac1-EGFP transgene construct for expression of EGFP-tagged
cac-encoded 1 subunits. B, Rescue of a cac lethal mutant. Males carrying a cac lethal
mutation (L13 HC129) but lacking the transgene exhibited uniform lethality (0%
viability); however, cac lethal males carrying the transgene (L13 HC129 Rescue) were
clearly rescued and exhibited adult viability similar to that of wild-type controls. Adult
viability was determined in five independent rescue experiments for each genotype (n =
5). Viability of L13HC129 rescue males was not significantly different from that of control
males (p > 0.05). C, Western analysis. An anti-GFP antibody detected a single band
corresponding to the predicted 239 kDa CAC1-EGFP fusion protein in cac lethal flies
rescued by transgenic expression of CAC1-EGFP (L13 HC129 Rescue) but not in wildtype (WT) controls. A loading control (tubulin) is also shown. D, E, Live epifluorescence
and differential interference contrast imaging reveals CAC1-EGFP puncta and their
localization within larval neuromuscular presynaptic terminals. Images were obtained
from a cac lethal mutant (L13 HC129) rescued by neural expression of CAC1-EGFP. M6
and M7 mark identified ventral longitudinal muscles 6 and 7.
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5.5. Active zone localization of cac-encoded calcium channels
To further characterize the presynaptic localization of cac-encoded calcium channels,
confocal immunofluorescence imaging was used at larval neuromuscular synapses to
examine the distribution of EGFP-tagged α1 subunits. Double labeling using an anti-GFP
antibody and a neuronal plasma membrane-specific antibody, anti-HRP, was performed
in a cac lethal mutant rescued by neural expression of CAC1-EGFP. These experiments
confirmed the presence of calcium channel puncta within presynaptic boutons of rescued
larvae (Fig. 5.2A-C) but not wild-type controls lacking the transgene (Fig. 5.2D). The
likely possibility that these CAC1-EGFP puncta correspond to active zones was examined
by double labeling with an antibody against DPAK, a well characterized marker for the
postsynaptic densities closely apposed to presynaptic active zones (Sone et al., 2000).
These experiments revealed extensive colocalization of CAC1-EGFP and DPAK,
confirming active zone localization of cac-encoded calcium channel α1 subunits (Fig.
5.2E-H). Consistent with previous studies defining the three-dimensional ultrastructure of
larval neuromuscular boutons and the surrounding postsynaptic membrane (Atwood et al.,
1993; Jia et al., 1993), active zones exhibited an approximately even distribution over the
entire surface of a bouton (Fig. 5.2I-M). This is revealed in a series of optical sections
through the z-axis (Fig. 5.2I,K), as well as the respective maximum projections
representing the top and bottom halves of the image stack (Fig. 5.2J,L, respectively) and a
surface projection for the same structure (Fig. 5.2M).
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Figure 5.2. Active zone localization of cac-encoded calcium channels. Images were
generated by confocal immunofluorescence microscopy at larval neuromuscular synapses
of a cac lethal mutant (L13HC129) rescued by neural expression of CAC1-EGFP. A-C,
Double labeling with anti-HRP and anti-GFP showing localization of CAC1-EGFP (α1EGFP) puncta to presynaptic boutons. D, A wild-type (WT) control lacking the transgene
and thus CAC1-EGFP. E-G, Double labeling with anti-DPAK showing active zone
localization of CAC1-EGFP puncta. H, A wild-type control lacking the transgene. A-H
are each maximum projections of three consecutive optical z-sections. I-M, Analysis of
anti-GFP-anti-HRP double labeling showing the three-dimensional distribution of CAC1EGFP puncta. A series of six optical sections through the z-axis representing the top half
of the terminal structure (I) and a maximum projection of these sections showing the
distribution of active zones (J). K, L, A series of optical sections and the corresponding
maximum projection representing the bottom half of the structure. M, A surface
projection for the entire z-series represented in I-L.
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5.6. cac-encoded calcium channels at adult neuromuscular synapses
Our previous functional analysis of cac-encoded presynaptic calcium channels was
performed at adult neuromuscular synapses of the DLM (Kawasaki et al., 2000a;
Kawasaki et al., 2002). To examine calcium channel distribution in the same preparation,
imaging of CAC1- EGFP α1 subunits was performed at DLM neuromuscular synapses of
a cac lethal mutant rescued by neural expression of cac1-EGFP. As in the larval
preparation, double labeling with anti-GFP and anti-HRP revealed presynaptic CAC1EGFP puncta (Fig. 5.3A-C), and active zone localization was confirmed by doublelabeling with anti-DPAK (Fig. 5.3D-F).
At DLM synapses, active zones were typically associated with axonal swellings of 1-2
µm in diameter and were distributed along the axon at intervals of ~1-2 µm. These results
extend our previous findings demonstrating that cac-encoded calcium channels function
in neurotransmitter release at DLM neuromuscular synapses.
To assess the function of CAC1-EGFP calcium channels in synaptic transmission,
analysis of rescued cac lethal mutants included voltage-clamp recordings of DLM EPSCs
(Fig. 5.3G, H). Evoked synaptic currents from wild type and the rescued cac lethal were
indistinguishable, exhibiting amplitudes of 2.37 ± 0.18 µA (n = 5) and 2.40 ± 0.17 µA (n
= 5), respectively. The activity dependence of synaptic transmission was examined as
well. In wild type and the rescued cac lethal mutant, the respective steady-state EPSC
amplitudes after 5 sec of 50 Hz stimulation were 39.1 ± 0.84% (n = 4) and 39.9 ± 2.38%
(n = 4) of the initial amplitude. Thus, no indication of altered calcium channel function
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Figure 5.3. cac-encoded calcium channels at adult neuromuscular synapses. Images
and recordings were obtained from a cac lethal mutant (L13HC129) rescued by neural
expression of CAC1-EGFP. A-C, Double-labeling experiments with anti-GFP ( 1-EGFP)
and anti-HRP show localization of CAC1-EGFP within presynaptic terminals of DLM
neuromuscular synapses. D-F, Double labeling with anti-DPAK showing active zone
localization of CAC1-EGFP puncta. G, H, Voltage-clamp recordings of EPSCs from
DLM neuromuscular synapses demonstrate wild-type (WT) synaptic function in the
rescued cac lethal mutant. Arrows indicate stimulation of the DLM motor axon.
Stimulation artifacts have been removed.
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was observed; however, we cannot rule out subtle effects of the EGFP tag on channel
properties. The above results provide direct confirmation of cac-encoded calcium channel
localization and function at DLM neuromuscular synapses.
5.7. Discussion
The results reported here further define the primary role of cac-encoded calcium channels
in neurotransmitter release and reveal active zone localization of these channels at two
different neuromuscular synapses of Drosophila. A key aspect of this study is transgenic
expression of an EGFP-tagged calcium channel α1 subunit that is targeted to active zones
and retains its function in neurotransmitter release. In light of the central importance of
presynaptic calcium channels and the utility of Drosophila as a model system, the ability
to perform live imaging of functional presynaptic calcium channels, as well as
immunolocalization of these and other presynaptic proteins relative to active zones, is
expected to have general implications for further study of mechanisms operating in the
development and function of synapses.
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Chapter 6
Discussion
In this project, we identified a new mechanism of synaptic transmission via genetic
analysis of futsch as an extragenic enhancer of a presynaptic calcium channel α1 subunit
mutant.

Taking

together,

genetic,

electrophysiological,

biochemical

and

immunocytochemical approaches have suggested a role for dMAP1/FUTSCH in synaptic
transmission which may involve functional interactions with presynaptic calcium
channels. Thus our finding has identified a novel mechanism of synaptic transmission. In
addition, molecular analysis of dMAP1/FUTSCH demonstrated its structural similarity to
mammalian MAP1s. Heavy and light chains are generated by posttranslational
proteolytic cleavage of a protein precursor and then likely associated with a conserved
LC3 light chain to form the mature protein. Given their sequence and structural
similarities, dMAP1/FUTSCH and mammalian MAP1s may play a similar role in
synaptic transmission. The mutants and transgenic lines generated in this project will
provide us tools in analysis of functional roles of MAP1 in Drosophila.
6.1. A screen for extragenic modifiers to identify interacting proteins in the same
functional pathway
Forward genetics is very powerful tool allowing unbiased identification of genes in
pathways of interest. It has been employed in many genetic models from yeast to mouse.
Organisms are exposed to a mutagen and subsequently subjected to a genetic screen. To
identify genes functioning in any process without any previous knowledge of its genetic
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bases, a modifier screen is a common form of genetic screen. In this case, a mutant, rather
than wild type, is treated with mutagen and screened for mutations that alter the original
mutant phenotype, including enhancers and suppressors. This screen allows identification
of intragenic modifiers in the same gene and extragenic modifiers in different genes.
Intragenic modifiers are useful to understand the structural properties and intramolecular
interactions of the protein. The extragenic modifiers identify genes that interact with the
mutant gene and may function in the same process.
In this project, three futsch mutants were recovered as extragenic enhancers of cacTS2
mutants. They all exhibit a striking enhancement of the cacTS2 paralysis, indicating a
strong genetic interaction between futsch and cacTS2. Our lab has performed many genetic
screens for mutants affecting synaptic transmission, including a screen for modifiers of
comt which recovered cacTS2 as an extragenic enhancer of comt. However, no futsch
mutants were recovered in these screens. Thus it appears that recovery of futsch mutants
may be attributed to the cacTS2 genetic background. As discussed below, further analysis
of these futsch mutants revealed roles of dMAP1/FUTSCH in synaptic transmission,
probably via functional interactions with presynaptic calcium channels. This
demonstrates that extragenic modifier screens are efficient in identifying interacting
proteins functioning in the same process.
6.2. SNP mapping, an effective mapping technology
In forward genetics, recovery of mutations is usually followed by genetic mapping and
molecular characterization of the corresponding genes. Mapping of affected genetic loci
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is often time-consuming and labor intensive. Therefore, identification of molecular
lesions of affected gene products is always hampered by inefficient mapping approaches.
A number of methods have been used for genetic mapping in Drosophila, including
meiotic recombinational mapping and deficiency mapping. Marked chromosomes
carrying visible phenotypic markers, such as yellow body and white eyes, are used in
recombination mapping. The gene position is estimated on the basis of the recombination
rate between markers and the locus of interest. Given the limited availability of visible
markers and variation in recombination rates, recombinational mapping provides only a
rough estimate of the gene position. Unlike recombinational mapping, deficiency
mapping does not rely on recombination rates but rather complementation analysis. It is a
useful tool in mapping recessive mutations using a deficiency chromosome lacking a
certain genomic region. Failure of complementation places the mutation within the
genomic region removed in the deficiency. A genetic locus can be placed within a
relative small region (a few hundred kilobases) using a series of overlapping deficiencies.
However, in some regions, deficiencies may be either unavailable or missing a huge
genomic fragment. In addition, most deficiencies in stock centers were induced by X- or
γ-rays and their breakpoints were defined only cytologically. Thus other mapping
approaches are usually required for analysis of candidate genes. In the past a few years,
several transposon-based strategies have been developed to create small and molecular
defined deficiencies. These have increased the genomic coverage by deletions and
created deletions as small as 400kb. One strategy employs the FRT-Flipase
recombination system and current efforts are expected to generate ~1500 more
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molecularly defined deficiencies within average size of 200kb (Venken and Bellen, 2005).
These deficiencies will be a principle mapping resource for Drosophila.
Recently, a few additional mapping approaches have been developed to accelerate
genetic mapping, including site-specific recombinational mapping, mapping with
molecularly-defined P elements (Venken and Bellen, 2005), and SNP mapping.
Male site-specific recombination mapping has proven very efficient in mapping
autosomal genes. In male flies, none of the chromosomes carry out meiotic
recombination. All recombination during male site-specific recombination is associated
with the P-element insertions. A gene is positioned between two molecularly defined Pelements which space at a very small interval (say ~50kb) if close P-element insertions
are used (Chen et al., 1998). However, male recombination does not work for X-linked
genes, like, futsch.
Mapping with molecularly defined P-element insertions is a modified form of
recombinational mapping. Here P-element insertions serve as markers. This approach
usually requires two rounds of mapping. A first round allows mapping to a 1cM region
and a second narrows the region down to ~50kb. This approach has been shown to be
successful in mapping autosomal genes (Zhai et al., 2003). However, drawbacks limit its
application for genetic mapping of futsch. First, a white- background is required to follow
P-element insertions. The three futsch mutants are all in white+ background and
recombinational and deficiency mapping placed futsch adjacent to white at the distal tip
of the X chromosome. Given short distance between futsch and white, it would take a
great deal of effort to obtain a recombinant carrying futsch and white-. Second, several P151

element insertions should be used to map a gene to a small interval. However, the futsch
mutant phenotype is more apparent in the presence of cacTS2. If mapping with P elements
was performed, using the behavioral phenotype, recombinants would have been created
in order to place all the P-element insertions in a cacTS2 genetic background.
As an alternative approach, SNP mapping was performed in this project. The publication
of the Drosophila genome has allowed mapping with single nucleotide polymorphisms
(SNPs). SNPs are single base-pair differences between homologous chromosomes. Some
SNPs which result in an addition or abolishment of a restriction site are called restriction
fragment length polymorphisms (RFLPs). Compared to visible markers, deficiencies and
P elements, SNPs and RFLPs are more precisely mapped with respect to the genomic
sequence. SNP mapping includes two steps. First, an SNP map is established between a
mutant strain and a mapping strain and then recombinants are subject to molecular
analysis of SNPs. SNP mapping has several advantages and is effective for both X-linked
and autosomal genes. Unlike P element mapping, it does not require a specific genetic
background. In addition, according to my own experience, SNPs are densely distributed,
(one SNP every 500bp) and such a high density will allow high resolution mapping.
Thirdly, after establishment of a complete SNP map between a mapping strain and a
parent strain of mutants, this map can be applied to all the mutations from the same
parent strain. A mutation can be mapped to a single locus within a short period of time.
In the genetic mapping of futsch, following futsch mutations by behavioral analysis
required that the mapping chromosome recombined with cacTS2. Since only one SNP
mapping chromosome was used, considerable time and effort was saved compared to
mapping with P elements. Finally, SNP mapping can be combined with other mapping
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approaches. In the case of futsch SNP mapping was performed after classical mapping
methods and only a local SNP map was required. This greatly reduced the effort required
to establish the SNP map. In summary, my work has demonstrated that SNP mapping
was highly efficient and effective approach for mapping the futsch locus.
6.3. Future directions
In addition of identification a novel mechanism of synaptic transmission our work also
raises many interesting questions. Further analysis is expected to improve our
understanding of the molecular mechanisms of synaptic transmission.
6.3.1. Functional interactions of dMAP1/FUTSCH with presynaptic calcium
channels
As described in the discussion of Chapter 3, present studies have shown a functional
interaction of dMAP1/FUTSCH with presynaptic calcium channels and raise many
interesting questions about the underlying molecular mechanisms. With regard to
functional mechanisms, it will be very interesting to know the consequence of this
interaction for presynaptic calcium channel function. Previous studies have shown that
the cytoskeleton proteins may regulate electrophysiological properties of presynaptic
calcium channels (Dzhura et al., 2002; Schubert and Akopian, 2004; Meuth et al., 2005)
and it will be of interest to explore whether dMAP1/FUTSCH contributes to the
regulation. This question may be examined by analysis of the presynaptic calcium
channel activity in the presence or absence of dMAP1B/FUTSCH. Although direct
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recordings of presynaptic calcium channel activity are not feasible, image of presynaptic
calcium transients in response to axonal stimulation is expected to address this issue.
6.3.2. Functional studies of dMAP1/FUTSCH light chains in vivo
The LC1 and LC2 light chains, encoded by the MAP1B and MAP1A genes, respectively,
play distinct roles in mammals (Noiges et al., 2002). Our two-dimension gel
electrophoresis has revealed a few distinct dMAP1/FUTSCH light chain species in fly
heads. They may result from different posttranslational modification and might serve
distinct functional roles. Analysis of their sequences will identify posttranslational
modifications of dMAP1/FUTSCH light chains and provide in vivo information for
functional studies using tagged light chain transgenes. Mass spectrometry and peptide
sequencing are expected to determine the exact sequence of light chains and their
modifications. Following sequencing, transgenes will be generated to express accurate
light chains fused to a fluorescent protein, for example, GFP, or another tag, like, FLAG.
GFP-tagged light chains are expected to allow live imaging of light chains in vivo and
other tags will aid in biochemical identification of dMAP1/FUTSCH light chainmediated interactions in vivo.
6.3.3. Exploration of a functional role for the dMAP1/FUTSCH light chain 3
Light chain 3 (LC3), is a common subunit of MAP1A and MAP1B but is encoded by a
separate gene. LC3 is thought to regulate microtubule binding of MAP1s. Sequence
alignment has revealed a Drosophila LC3 gene, Autophagy-specific gene 8a
(Atg8a,CG32672) (Halpain and Dehmelt, 2006). However, little is known about this gene.
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Three P-element mutated alleles have been recovered in genome wide screens, but no
phenotypic analysis has been reported. Given the sequence similarity, the Atg8a gene
product is very likely to form complexes with dMAP1/FUTSCH and it will be very
interesting to explore the functional roles of LC3 in synaptic transmission.
6.3.4. A specialized form of microtubule-based cytoskeleton within presynaptic
terminals
The present study reveals that dMAP1/FUTSCH is localized to regions of axonal
microtubules passing through presynaptic boutons. Furthermore, the dMAP1/FUTSCH
light chain, LCf, is associated with active zones. These identify a specialized form of
presynaptic microtubule-based cytoskeleton and raise many interesting questions about
the formation, composition and function of this structure within presynaptic terminals.
What are the distinctive properties of axonal microtubules within presynaptic boutons
and how are they established? Is localization of dMAP1/FUTSCH dependent upon other
microtubule binding proteins? What other microtubule-associated proteins, if any, are
localized to presynaptic boutons and interact with dMAP1/FUTSCH within this structure?
Are such components retained at presynaptic microtubule bundles in the absence of
dMAP1/FUTSCH and, if so, how does the composition of the presynaptic microtubulebased cytoskeleton effect its distribution and function? Does a specialized presynaptic
microtubule-based cytoskeleton conserved property of presynaptic boutons in other
systems? Our future work in Drosophila will begin to address these questions by
examining the properties of other known microtubule binding proteins at adult
neuromuscular synapses. Significant progress has already been made in the study of the
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microtubule-based motors, dynein and kinesin, as well as other microtubule binding
proteins including tau and EB1. It will be of great interest to examine the distribution of
these proteins, and the effects of the corresponding gene mutations, with respect to the
presynaptic microtubule-based structures that have been defined in our studies of
dMAP1/FUTSCH.
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Appendix

Table A.1. Primers and oligos for generation of shaggy (SGG) transgenes
Primers and

Sequence

Oligos
SGGwt53

5’-GCGAACTGGTGGCAATCAAAAAAG-3’

SGGwt35

5’-CTTTTTTGATTGCCACCAGTTCGC-3’

SGGS9A53

5’-ACGAACTTCCGCCTTCGCCG-3’

SGGS9A35

5’-GGCGAAGGCGGAAGTTCGTG-3’

SGG728 35

5’-GGCACTCCAGACATCGATCTTTG-3’

SGG727 35

5’-GCACTCCAGACATCGATCTTTG-3’

EGFP 315-53

5’-CTACAAGACACGTGCTGAAG-3’

SGG 1105

5’-CAATACAGCCCAGCCTAGTGC-3’
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