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PROJECT SUMMARY (ABSTRACT):

	Following exocytosis at the pre-synapse, synaptic vesicle membrane is recovered by endocytosis. Both of these processes are known to be regulated by calcium (Lai et al., 1999).  Recently, a synaptic vesicle-associated calcium channel, flower, was discovered in Drosophila melanogaster.  The flower gene sequence is highly conserved across species from worm to human. High-throughput gene expression and bioinformatics studies C. elegans have determined the homologous worm gene (F20D1.1) is expressed in neurons, membrane associated, and has synaptically located interaction partners.  Therefore, I hypothesize that the gene F20D1.1  expresses an endocytically essential synaptic vesicle-associated calcium channel in Caenorhabditis elegans. To test this hypothesis I will pursue three questions. Is the F20D1.1 gene product synaptic vesicle-associated?  To determine this I will conjugate gold-beads to the gene product and look for localization with transmission electron microscopy. Is F20D1.1 activity necessary for normal endocytic function?  This will be addressed through morphological, behavioral and electrophysiological tests which have previously identified genes crucial to endocytosis and synaptic function. Is F20D1.1 a calcium channel? To answer that question I will overexpress HA tagged F20D1.1 cDNA in yeast, purify by affinity chromatography and then determine whether the purified protein can affect influx of radioactive calcium in-vitro across proteoliposome membranes. Through answering the questions in these independent aims I will be able confidently determine whether the gene F20D1.1 expresses an endocytically essential synaptic vesicle-associated calcium channel in C. elegans. 

2. Specific Aims
 
In 2009, Yao and colleagues identified a molecular mechanism that physically couples synaptic vesicle endocytosis to exocytosis. Their identification of the novel synaptic vesicle-associated calcium channel flower, in Drosophila melanogaster provides an elegant mechanism by which synaptic vesicle membrane could promote its own endocytosis. 
	It is well established that following the arrival of action potentials to the nerve terminal calcium influx through voltage-gated calcium channels serves to trigger synaptic vesicle fusion with the plasma membrane (Penner & Neher, 1998). Recently it was shown that calcium triggers all forms of endocytosis in mammalian synapses as well, with increasing calcium resulting in accelerated endocytosis ( Wu et al., 2009). However, the calcium relevant to endocytosis is unlikely to be coming from the same sources as those which trigger exocytosis because endocytosis and exocytosis do not usually occur at the same sites and have vastly different kinetics and dependencies on calcium (Hosoi et al., 2009; Wu et al., 2007). Therefore it is reasonable to look to other modes for sources regulating endocytic calcium signaling. 
 	A recent study characterizing a novel calcium channel which localizes to synaptic vesicles in Drosophila provides one possible answer to how thousands of individual secretory events and subsequent endocytotic events are coordinated. Is this unique to Drosophila?  Phylogenetic analysis of flower indicates this neural mechanism may be utilized widely across species. The flower gene sequence is conserved from worm to human exhibiting 39% identity between amino acids 25 and 150 of the fly and human orthologs. (Figure 1)
	Because there are flower orthologs in worm, frog, zebra fish, and mouse model organisms in which system should homologous function be assessed?  In this case the roundworm Caenorhabditis elegans is the most facile model system to look for functional conservation of this gene. The C. elegans Knockout Consortium (Oklahoma City) have isolated a deletion mutant missing DNA specific to 95% of the orthologous worm gene F20D1.1. (Figure 2) This mutant is available for research from the Caenorhabditis Genetics Center (U. Minnesota)  F20D1.1 is identified as a conserved gene with unknown function on wormbase.org but further inquiry shows that it has been somewhat characterized. The protein product has been verified and is identified in a homology group containing the flower-coded peptide as well as the human transcript C9orf7-001. A genome-wide protein interaction study predicted that the protein product is integral to the membrane, involved with intracellular protein transport, and interacts with the synapse-associated SNARE and syntaxin proteins (Zhong W & Sternberg PW, 2006). Additionally, F20D1.1's promoter region (~2000 bp) was shown to be specifically expressed in neurons (Hunt-Newberry et al., 2007). (Figure 3) Because of its high sequence homology to flower, intriguing computational predictions, and confirmed neural expression I hypothesize that the F20D1.1 gene expresses an endocytically essential synaptic vesicle-associated calcium channel in C. elegans. I will address this hypothesis through three independent lines of inquiry.

Specific Aim 1: Is the F20D1.1 gene product synaptic vesicle-associated?  In order to function homologously to the flower protein it must reside on synaptic vesicles. To determine this, I will express a HA-tagged version of F20D1.1 so its location can be pin-pointed with immunohistochemistry and transmission electron microscopy.  

Specific Aim 2: Is F20D1.1 activity necessary for normal endocytic function?  This will be addressed through morphological, behavioral and electrophysiological tests which have previously identified genes crucial to endocytosis and synaptic function. If any of the tests result in a clear identification of compromised synaptic function, they will be utilized as a way to determine whether the endocytic mutant phenotype can be rescued by a extrachormosonal wild-type version of the gene. 

Specific Aim 3: Is F20D1.1 a calcium channel? If F20D1.1 is to have activity homologous to flower, it must function as a calcium channel.  The most direct method to answer that question is to determine whether the purified protein can channel radioactive calcium in-vitro across proteoliposome membranes. Through answering the questions in these independent aims I will be able confidently determine whether F20D1.1 couples endocytosis to exocytosis in C. elegans. 




















3. Background and Significance

	It is through maintaining a constant supply of synaptic vesicles that a neuron ensures that it can remain fully operational even when stimulated strongly over extended periods of time.  Because of the long distances between distal nerve terminals and soma local endocytosis is needed to recover and recycle the synaptic vesicle components for reuse. The local recycling of synaptic vesicles is therefore essential for neurons to maintain their signaling functions. This requires exocytosis and endocytosis to be temporally and spatially coupled.  However, how the nerve terminals achieve this remains a question.
	It is well established that following the arrival of an action potential to the nerve terminal calcium influx through voltage-gated calcium channels serves to trigger synaptic vesicle fusion with the plasma membrane   (Penner et al., 1998). This calcium acts quickly (200 µs) at extremely short distances (20 nm) and high local concentrations (100 µM) to bring synaptic vesicle fusion.  This local concentration is short-lived however and within milliseconds  diffusion coupled with the high buffering capacity of the cytoplasm return local calcium concentrations close to resting (Spitzer et al. 2009).
	The reuptake of synaptic vesicles is also dependent on calcium. In mammalian synapses, all forms of endocytosis, including clathrin-dependent slow endocytosis, bulk endocytosis, rapid endocytosis and endocytosis overshoot (excess exocytosis) are all triggered by calcium. (Sankaranarayanan and Ryan, 2001; Wu et al., 2009). Clathrin-dependent slow endocytosis requires nanomolar calcium concentration. Increasing calcium results in accelerated endocytosis as the higher capacity endocytotic modes are sequentially evoked (Wu et al., 2009). These modes are not counting the controversial kiss-and-run recycling mechanism whereby the synaptic vesicle transiently fuses with the nerve terminal membrane before retrieving intact (Harata et al., 2006, He et al., 2007)
	The calcium sensor responsible for triggering endocytosis is calmodulin (Wu et al., 2009). This calcium binding enzyme is not unique to neural boutons but is widely utilized as a signal transducer for many different calcium dependent cellular processes.   The protein consists of two approximately symmetrical domains, separated by a flexible "hinge" region. Positively charged calcium is attracted to the electronegative environment  of calmodulin's EF hand motif. In the process of coordinating the calcium conformational changes result in hydrophobic methyl groups from methionine residues becoming exposed. This presents hydrophobic surfaces which can in turn bind to a wide variety of basic amphiphilic helices on target proteins that contain complementary hydrophobic regions. Calmodulin's hinged region allows the molecule to "wrap around" its target. Calmodulin is has dozens of binding partners and subject to complex regulation because it can adopt different forms for each of the four calcium ions it binds, additionally it can undergo post-translational modifications, such as phosphorylation, acetylation, methylation and proteolytic cleavage, each of which can potentially modulate its actions. 
	The calmodulin target responsible for coordinating endocytosis is the phosphatase calcineurin (Cousin, 2000). This critical enzyme rapidly and coordinately dephosphorylates and therefore activates the dephosphins, a group of proteins each with key roles in synaptic vesicle endocytosis (Cousin and Robinson, 2009; Igarashi & Watanabe, 2007).  This is remarkable for a number of reasons. First, there is no similar example of the coordinated dephosphorylation of such a large group of proteins each sharing roles in the same biological response. Second, every member of this family is structurally distinct.  Third, it is their dephosphorylation rather than phosphorylation which initiates their activities.  At calcium levels slightly above resting, calcineurin forms a complex with the dephosphin dynamin 1 (EC50 100 - 400nM).  In complex form, they can then bind the membrane-integrated dephosphin amphiphysin 1, which serves as an anchor of  the endocytic complex. This allows for the efficient activation of the endocytic machinery specifically at the membrane surface (Lai et al. 1999).  
	Where the calcium essential for modulating endocytosis comes from is currently unknown.  One possible source could be from the same voltage-gated calcium channels that bring in the calcium necessary for exocytosis.  However, this possibility does not seem very likely because endocytosis and exocytosis do not usually occur at the same sites and are known to have radically different kinetics and dependencies on calcium (Hosoi et al., 2009; Wu et al., 2007). If these voltage-gated channels are not the sources of calcium, endocytosis could have separate and distinct calcium signaling.  Having separate signaling for these processes could theoretically allow more precise control over the vesicle cycle.  However these signaling pathways would need to be coordinated.  Drosophila revealed one elegant method of coordination in an unbiased forward genetic screen.  One way to keep track of synaptic vesicle membrane is to associate an inwardly rectifying calcium channel within it.  This calcium channel would provide a signal of the membrane's presence and promotes the formation of endocytic machinery necessary for its reuptake.
	Yao et al. named the gene for this calcium channel flower because the mutant lacking this gene's function had increased branching at the neuromuscular junctions (NMJs) (Figure 4) This increased branching is characteristic of endocytic mutants. (Koh et al., 2007) In fact flower mutants exhibited multiple features previously identified with endocytic mutants including larger synaptic vesicles and greater depression of excitatory junction potential amplitudes recorded at the NMJs under moderate stimulus frequencies.  	
	Although no patch-clamp analysis has yet been done to confirm flower is a calcium channel, peptide analysis suggests there are four distinct transmembrane regions. It also reveals a completely conserved EAP sequence in the second transmembrane region similar to the ion selectivity region of the calcium permeable channels TRPV5 and TRPV6. (Figure 5)  Ectopic expression of flower was shown to increase calcium levels in those non-neuronal cells.  Purified flower protein has been shown to facilitate the uptake of calcium into proteoliposomes, a function that is lost when the EAP sequence is disrupted by substituting a glutamine for the glutamate. Thus, it is likely that flower is a gene that localizes to synaptic vesicles, is critical for endocytosis, and channels calcium. However  flower could perform these roles orthologously.  For instance, flower may promote endocytosis through an uncharacterized mechanism separate from its function as a calcium channel.  Since its membrane distribution depends on the recent history of exocytosis and it demonstrates the capacity to channel calcium, an essential regulator of endocytosis, flower may be a key molecular basis for coupling these two events.  It will be important to know if the homologous genes in other organisms also perform this role.


5. Research Design and Methods
SPECIFIC AIM 1 Does F20D1.1 localize to synaptic vesicles?	
[image: flower-em.jpg]
RATIONALE The key component of of the Drosophila ortholog flower's activity is its location specifically within the synaptic vesicle membrane and endocytic regions of the NMJ presynapse. Figure 6 In order to have a homologous function in C. elegans, F20D1.1's gene product would also need to localize to in those regions.  Therefore, I will assess location of this gene by expressing a C-terminal HA tagged version of the gene product driven with its endogenous promoter.  This will allow me to later probe with HA-anti rabbit antibody which I can then conjugate with gold beads and then use TEM microscopy to see if the protein localizes to the synaptic vesicle membrane.  
	
METHODS All worms used in these proposed experiments will be obtained from the C. elegans Genetics center (U. Minnesota). Wild-type (N2) worms will be used in all transformation reactions.  Worms will be maintained under standard conditions (Brenner, 1974). F20D1.1 cDNA sequence will be fused in frame to the HA tag sequence (5' TAC CCA TAC GAT GTT CCA GAT TAC GCT 3') and placed under its endogenous promoter via the Multi-Site Gateway system (Invitrogen). 50ng of this construct with a selectable marker consisting of CFP under a strong muscle tissue promoter, will be injected into the gonad of young adult hermaphrodite worms via standard conditions (Silva, 1999). Worms will be grown on NGM plates and their progeny selected  for transformants via their muscle-localized intense CFP fluorescence. Several young adult F20D1.1::HA transformed worms of each genotype will be flash-frozen under high pressure with a Bal-Tec HPM010 apparatus.  Frozen worms will be chemically fixed and dehydrated with a Reichart AFS apparatus (Leica, Germany) and then incubated in 0.01% osmium tetroxide for 7 days before embedding in Araldite. (Hall et al., 1999) A Zeiss ultra-microtome will be used to cut 60nm sections through the dorsal nerve cord. These sections will be probed by the anti-HA rabbit antibody, incubated with goat anti rabbit 10-nm gold conjugated antibodies (BP International) and then counter-stained with 2.5% uranyl acetate.  They will then be imaged on a TEM where the synaptic vesicles will be located and assessed for the gold beads. 

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS The expression pattern of F20D1.1 was previously shown to be in neurons of the worm (Morman et al., 2007), however the outcome of this study may show that the gene product does not associate with synaptic vesicles. This could conceivably happen if the evolutionary pressure on  C. elegans subsequent to the Drosophila-C. elegans common ancestor repurposed this peptide towards other, non-endocytic functions. This would could result in the gene localizing anywhere in the neuron or even throughout the neuron. In any case these methods would reveal the subcellular protein expression.  If the channel is shown to be synaptic vesicle associated, then it could serve a function  homologous to the Drosophila calcium channel flower. If it is located elsewhere then it would be fascinating to learn its separate purpose in C. elegans. This could give evolutionary insight into gene adaptation.
	One potential experimental design pitfall could occur if the HA-tagged peptides do not produce functional versions of the final F20D1.1 gene product. The presence of the HA tag could theoretically interfere with the peptide's ability to multierize and therefore render the gene product non-functional. However, this scenario is highly unlikely given the HA tag's small size and the successful demonstration of this technique with the Drosophila ortholog Yao et al., 2009).. This would could result in the protein being cytosolic or being inserted into ectopic membrane non-specifically. An independent method to assess this aim would be to create peptide antibodies against the c-terminus of the gene.  This would allow imaging of the native gene product. 

SPECIFIC AIM 2 Determine if the F20D1.1 gene plays a critical role in endocytosis by examining the F20D1.1 deletion mutant for morphological, electrophysiological, and behavioral characteristics typical of endocytotic mutants.

	2.1 Determine if  F20D1.1 deletion mutants demonstrate morphological characteristics of compromised endocytic function?	

[image: flower-boutons.jpg][image: imaris.jpg]RATIONALE It is possible that insights into F20D1.1's function can be inferred by observing the morphologies of the NMJ boutons and synaptic vesicles for the characteristic phenotypes displayed by flower  and other endocytic mutants. (Figure 7)  Consistent with these Drosophila results C. elegans mutants lacking the synaptic vesicle-associated protein synaptotagmin have shown increased branching of synaptic terminals (Horovitz et al.,1995). Through fluorescently labeling pre and post-synaptic markers, I will highlight the structures of the NMJs.  This will allow me to acquire z-stack volumes with a confocal microscope.  The information contained in the z-stacks will then be processed in Imaris software (Bitplane) software (Figure 8) to develop detailed three-dimensional models for the NMJs of wild-type, F20D1.1 deletion, and known endocytic mutants rab-3. Once the models are rendered, the NMJ morphologies can then be systematically quantified for branching frequency, angle, and volume.
	Another visual characteristic to pay attention to when looking for signs of compromised endocytosis is the size and morphology of synaptic vesicles. An increase in the synaptic vesicle diameter has been reported for both Drosophila, (Koh et al., 2004, 2007) and worm endocytic mutants.(Dickman et al., 2005)  Other studies using worm endocytic mutants have shown decreased synaptic vesicle density (Jorgensen et al.,1995, 2003).  A way to highlight compromised endocytosis would be to use electrophysiological methods to strongly and repeatedly depolarize the neuron prior to flash-freezing.  When analyzed with this technique loss of the flower resulted in NMJs which became depleted of synaptic vesicles (Yao et al., 2090). (Figure 9) Through TEM microscopy, I will observe the  synaptic vesicles of the F20D1.1 deletion mutant and thus see if it exhibits signs of compromised endocytosis.  
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METHODS 10 each of  wild-type (N2) worm, NM211;rab-3(y250)II., and RB2305;F20D1.1(ok3128) X. worms will be used.  Young adult hermaphrodites will be fixed and probed with rabbit anti-synaptobrevin and rabbit anti-glutamate receptor antibodies which have been developed in other labs (Maricq, U Utah, Jorgensen, U Utah).  These will then be conjugated to GFP and RFP respectively with standard protocols.  I will use a Zeiss LSM 510 confocal to image the dorsal cord at high-resolution.  I will acquire 10 15 µm3 Z-stacks from each genotype. The three-dimensional structure of the boutons will be rendered utilizing Imaris software with the MeasurementPro module. The NMJ branching frequency and bouton size will then be systematically quantified. 
	TEM: Young adult worms from each genotype will be immobilized and mounted. A fire-polished electrode positioned close to the dorsal nerve cord will be used to stimulate evoked neurotransmission using a 2 ms depolarization and a 1 second frequency for 30 seconds under conditions defined previously (Schuske et al., 2003). Worms will then be immediately flash-frozen under high pressure with a Bal-Tec HPM010 apparatus.  Frozen worms will be chemically fixed and dehydrated with a Reichart AFS apparatus (Leica, Germany) and then incubated in 0.01% osmium tetroxide for 7 days before embedding in Araldite. An RMC PowerTome XL ultra-microtome will be used to cut 60nm sections through the dorsal nerve cord. These sections will be counter-stained with 2.5% uranyl acetate and assessed with a JEOL JSM-6610 120kV transmission electron microscope. 

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS One outcome could be that the F20D1.1 knock-out boutons look similar to the boutons of the known endocytic mutant worms assayed.  This would be strong evidence towards F20D1.1 having a key role in endocytosis.  However, the boutons of the deletion strain could look similar to wild-type.  This would demonstrate that the gene's activity does not influence the factors which determine NMJ bouton morphology under normal conditions. This negative result would not completely rule out possibility of an endocytic role for F20D1 but it would be very strong evidence against the gene playing a homologous role to flower. A third potential outcome is that the knock-out displays a new phenotype different from previously endocytic mutants as well as the wild-type worms.  The dorsal nerve cord was chosen for analysis because it is dense with NMJs (White et al., 1986).  However, this study will only be sampling motorneuron synapses. It may be possible that certain types of synapses and classes of neurons are reliant on the F20D1.1 gene product than others. For instance, it may be critical in neurons which are highly stimulated and therefore rely on the increased efficiency the calcium signaling provides, but in lower throughput synapses its presence of absence is less critical.  Although there are only 302 neurons in C. elegans, there are 118 different neuronal classes (Wormbook) It may therefore be necessary to look at a wider variety of synapses.  

2.2 Determine aldicarb sensitivity differences between wild-type, F20D1.1 deletion mutant, and known endocytic mutant rab-3 worms, as a way to test for synaptic transmission defects.

RATIONALE If F20D1.1 functions in a critical endocytic process it's likely that the deletion strain will demonstrate a greater-than-wild-type resistance to aldicarb. Aldicarb is an inhibitor of acetylcholinesterase (Yook et al., 2001). In the presence of this drug, the excitatory neurotransmitter acetylcholine is not degraded and therefore builds up in the NMJ synapses.  This ever increasing acetylcholine chronically stimulates muscle contraction causing the animals to become paralyzed. Since the build-up of acetylcholine is dependent on the ability for the presynapse to release neurotransmitter, worms with a decreased ability to conduct synaptic signals do not build up the paralyzing levels of acetylcholine as quickly as wild-type worms, thus demonstrating "resistance."  Therefore, the results of an aldicarb assay can give insight into the state of the worm's synaptic transmission as is seen in Figure 10.

METHODS worm strains N2, NM211;rab-3(y250)II., and RB2305;F20D1.1(ok3128) X. will be used.  For each experiment, 25 hermaphrodites that have been adults for <2 days will be placed on standard NGM agar plates containing the indicated concentrations of aldicarb. (0.5mM increments between 0 and 2.5mM) and scored for resistance after 12 hours of drug exposure. Worms will be scored resistant if they can move on their own or respond when prodded by a platinum wire. 
	The acute effects of aldicarb will be tested using a radial migration assay. Agar plates containing the indicated concentrations (1mM increments between 0 and 5mM)  of aldicarb and seeded with ring of bacteria at the outer edge of the plate. synchronous animals will be washed free of bacteria and transferred to the centre of the plate. After 4 hours at 21 °C, the animals that reach the food will be counted. Their number will be reported as a fraction of the number of all animals tested. 

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS There could be several possible outcomes to this study. The F20D1.1 deletion mutant strain may not show any increased resistance to aldicarb.  This negative result does not rule out the gene's involvement with endocytosis but it does show that the deletion mutant's synaptic transmission levels are roughly equivalent to those of a wild-type worm. However, it is possible that F20D1.1's activity is more subtle than the assay can resolve, or that other functionally overlapping mechanisms can compensate upon loss of the gene, obscuring it ability to be resolved with this method. Another possible outcome is that the deletion mutant will show an increased resistance to aldicarb.  This would point to F20D1.1 being essential for normal synaptic transmission.  Lack of calcium influx from the endocytic regions of the NMJ would result in less calcineurin-dynamin 1 complex being formed next to this endocytic region.  Since this complex was shown to be the calcium sensitive mechanism which drives endocytosis (Snyder et al., 1999), the F20D1.1 deletion mutant's lower calcium concentration in the endocytic nanodomain could result in slower reuptake of the synaptic vesicle membrane.  The reduced capacity to generate synaptic vesicles would quickly result in the decreased release of synaptic vesicles because the readily-releasable vesicle pool would not be able to be kept full. The reduced rate of synaptic vesicles results in less acetylcholine being delivered to the synapses making the deletion worms more resistant to the effects of aldicarb.
	Since this is a behavioral assay it is important to have consistent scoring of what is and is not paralyzed.  For instance, one worm cannot be determined "paralyzed" after one non-responsive prodding with the platinum wire if another worm was prodded three times after which it moved and was scored "active."  Since behavior assays can vary the experimental results would need to be verified across multiple assays done on different days.  

2.3  Determine synaptic transmission efficiency and synaptic fatigue differences between wild-type, F20D1.1 deletion mutant (ok3128), and known endocytic mutant rab-3 worms with electrophysiology.
[image: nervez.jpg]
RATIONALE Electrophysiology has been used to successfully characterize some endocytic mutants in both worm and fly (Jorgensen et al, 2003;Bellen et al., 2007, 2009).  This is possible because endocytosis ultimately impacts exocytosis and electrophysiology can measure exocytosis with precision. The current amplitude from patch-clamped whole muscle cells directly correlates to the volume of synaptic vesicles contents that were released to cause that stimulation (Koh et al., 2004). By depolarizing the dorsal nerve cord (Figure 11) and recording the evoked response from a patch-clamped whole muscle cell I will assess the strength of the NMJs chemical signal on the muscle. This signal strength can then be compared across genotypes as a measure synaptic efficiency.  Then, by repeatedly stimulating the NMJ's, I can measure the synaptic boutons' ability to maintain their synaptic vesicle supply. Repeated stimulations result in the NMJs store of readily-releasable synaptic vesicles becoming depleted.  Therefore at this point the NMJ's ability to continue to maintain its chemical signal level will be dependent on its capability to replenish synaptic vesicles at a rate equal to their exocytosis. Due to their lack of capacity to recycle their synaptic vesicles endocytic mutant readily-releasable pools quickly dwindle, resulting in lower current recorded in the patch-clamped muscle upon the same electrical stimulus. This decreased response over repeated stimulus is termed "run-down." (Figure 12)

METHODS The maximum evoked current amplitudes will be measured from whole-cell voltage-clamped muscles of five young adult hermaphrodites of wild-type (N2), rab-3 mutant M210 rab-3(y250)II., and F20D1.1 deletion mutant RB2305;F20D1.1(ok3128) X. Worms will be immobilized and dissected to expose the body wall muscle. Whole-cell voltage clamp conditions will be as follows: (holding potential, 60 mV) at room temperature using an EPC-10 patch-clamp amplifier (HEKA, Germany) and digitized at 2.9 kHz via an ITC-1600 interface (Instrutech, NY). A fire-polished electrode positioned close to the dorsal nerve cord will be used to stimulate evoked neurotransmission using a 2 ms depolarization using a protocol defined previously (Schuske et al., 2003). To induce and quantify synaptic fatigue, trains of ten depolarizing stimuli will be delivered at 0.5 Hz and evoked currents will be measured in voltage-clamped body muscles. Currents at each stimulus will be calculated as a percentage of the first evoked response for each genotype. The responses will then be plotted on a graph and analyzed as in Figure 12.

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS  One outcome from this study may be that the F20D1.1 deletion mutants show the same level of evoked response and run-down as the wild-type worms.  This would indicate that F20D1.1's absence does not dramatically affect synaptic vesicle function.  In this case, I would repeat this method with longer and higher frequency stimulations.  It may be the reduction of endocytic efficiency is measureable in F20D1.1 deletion mutants, but stimulation conditions need to be optimized for it.  However, if after trying the extended conditions and there was still no appreciable difference between wild-type and the F20D1.1 deletion mutant this would imply that F20D1.1 does not impact synaptic transmission. Another possibility is that the results are variable across the same genotype or even the same animal.  I would then verify that the techniques were conducted correctly and the worms were indeed the same age. It will be important to make sure the pipette and bath solutions were the same across experiments and that the stimulating electrode is placed the same distance from the dorsal nerve cord. Another possible outcome is that the deletion mutant would exhibit a decreased evoked response and/or a faster rate of fatigue.  This would strongly indicate that F20D1.1 is required to maintain normal levels of synaptic transmission. One reason a pitfall might occur with this technique is the fact that C. elegans worm neurons do not produce standard action-potentials. Therefore the simulation may produce artifacts.  

2.4 :  Determine if extrachormosomal expression of wild-type F20D1.1 will rescue the deletion mutant phenotype.  

RATIONALE If any of the various methods employed in the first three parts of this aim can highlight phenotypic or behavioral characteristics in the F20D1.1 deletion strain, then they will be used to assess the restoration of F20D1.1 function in deletion worms by incorporating the wild-type F20D1.1 gene within extrachormosomal arrays.  By comparing the deletion mutant to worms carrying the gene rescue it will be able to be determined if the F20D1.1 is necessary for wild-type NMJ function. If rescue is seen then this technique could later be extended to asses engineered versions of the gene to explore critical gene regions.

METHODS Young adult RB2305;F20D1.1(ok3128) X. will be injected with 50ng of the construct  consisting of wild-type F20D1.1 driven by its endogenous promoter mixed with a selection construct consisting of a  high-copy number muscle specific promoter driving CFP.  These vectors will be made using the Multi-Site Gateway system (Invitrogen).  Injections will be preformed according to a standard protocol (Sylvia, 2000).  Transformants will be selected on the basis of the intense CFP fluorescence in their muscles.  10 young adult hermaphrodite wild-type F20D1.1(ok3128) X and RB2305 ExwtF20D1.1 worms will then be assessed with the methods described in specific Aim 1: NMJ bouton morphology, synaptic vesicle morphology, aldicarb resistance and electrophysiological measurements).  

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS First, the deletion mutant carrying the extrachormosonal wild-type F20D1.1 may not show any endocytic mutant characteristics.  This would mean that the extrachormosonal array was sufficient to restore endocytotic function and therefore the F20D1.1 gene is indeed critical in endocytosis.  However, it may be possible that extrachormosonal expression of F20D1.1 would carry its own independent phenotype.  This could be possible because genes carried on extrachormosonal arrays often have high copy numbers resulting in overexpression.  If the gene is dosage dependent then overexpression might result in its own problems.  However, this is not likely because the deletion mutant in the fly for the orthologous gene flower was shown to be regain function by addition of a rescue construct (Yao et al., 2009) If F20D1.1 does exhibit a dosage dependent phenotype, then I will use transposon technology and subsequent worm out crossing to engineer a stable worm line consisting of the deletion mutant background with a single functional copy of the gene integrated into the genome (Jorgensen et al., 2009).  It is possible that the functional version of the gene inserts into a critical endocytosis gene, thereby generating its own phenotype but statistically this is very unlikely. 
	 An interesting extension to this sub-aim would be to repeat this process except make a single amino-acid mutation disruption in the EAP sequence located in the second transmembrane domain. The analogous mutation in the Drosophila gene resulted in a loss of calcium conductance in proteoliposomes. This would have to go hand in hand with assaying the EAP modified protein in the manner described in specific aim 3.  However, if wild-type F20D1.1 does show to conduct calcium and the EAP modified does not, then by assessing rescue of F20D1.1 deletion worms would be able to be able to test for the gene's endocytotic necessity independent of its calcium channeling capability.  For instance it could be serving as a critical association site for localizing endocytic machinery.  

SPECIFIC AIM 3 : Determine whether purified F20D1.1 conduct calcium in proteoliposomes.

[image: radioactive.jpg]RATIONALE If F20D1.1 is to function in a manner similar to its Drosophila sequence homologue flower, it will need to be able to channel calcium. To answer this I will determine the ability to conduct calcium in an in-vitro system. By using an established protocol I will determine of yeast-expressed, purified F20D1.1 will spontaneously insert itself into soybean phospholipids and channel calcium.  These conditions have previously been demonstrated to result in producing a functional TRPV1 channel as well as flower (Moiseenkova-Bell et al., 2008; Yao et al., 2009).

METHODS The F20D1.1 cDNA + HA sequence subclone created in specific Aim 1 will be introduced into an inducible yeast high-copy plasmid and grown/induced under standard conditions and then purified by affinity chromatography. Purified F20D1.1 protein will be mixed with detergent-solubilized soybean azolectin.  The detergent will be then dialyzed away.  Upon proteoliposome formation, physiological ion-gradient conditions will be mimicked by adding 1mM [Ca2+]o containing radioactive 45Ca2+. After incubation for 15, 45, and 90 min, [Ca2+]o will be removed with the Ca2+ sponges Chelex 100 and BAPTA resins. Ionomycin  will then release 45Ca2+ from the proteoliposomes at the end of the 90 min incubation. The released radioactive calcium will be quantified with a scintillation counter.  Each time point will be conducted with a sample set of 10. (Figure 13)

POSSIBLE OUTCOMES, INTERPRETATIONS AND PITFALLS If F20D1.1 behaves similarly to flower in this assay, then it will influx calcium into the proteoliposomes.  This would be evidence of F20D1.1's function as a cation channel.  To check for calcium specificity, it would be possible to repeat this assay with 28Mg2+ instead of 45Ca2+.  However, it would be very costly to obtain the 28Mg2+, its short half-life (21 hours) would allow for only a few days for experiments.  Another outcome is that no calcium channeling is measured.  A successful in-vitro result can often be very conclusive because the conditions are very defined.  However, an inherent weakness with in-vitro protein techniques is that the protein of study may be sensitive to conditions not accounted for in the simplified system,  leading to protein inactivity or artifactual activity.  For instance, the yeast-produced F20D1.1 gene product may be inactive because it may rely a worm-specific chaperone protein for correct tertiary structure. Alternatively, there may be additional proteins which assist with its correct insertion into plasma membrane. As stated in specific  Aim 1, it is possible that the HA tag interferes with the protein's self-association.  Therefore, a negative result from this aim does not definitively mean that the F20D1.1 gene does not function as a calcium channel.  
	As mentioned in Aim 2.4, the above results may show the F20D1.1 gene product can conduct calcium and this technique could be redone with F20D1.1 cDNA that carries a point mutation disrupting the EAP sequence in the second transmembrane region.  If this version does not conduct calcium it should then be assayed for its ability to rescue the F20D1.1 deletion mutant.  This would be able to distinguish F20D1.1 gene activity independent of its ability to conduct calcium.  This will be important for understanding flower's exact mechanisms. Another important  future study using this technique might want to use this process with the cDNA from other flower homologues in other species to determine if they conduct calcium.  If they do then it would be possible to use co-variation analysis to gain a detailed mechanistic understanding of flower's calcium channeling mechanism.
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Figure 7: flower NMJ boutons are small and clustered
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