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Figure 2.6, doî  mutation suppresses increase in synapse size in hk^^ larval 

NMJs 67 

Figure 2.7, Fluorescent micrographs of synaptic arbors visualized with anti-

Fasciclin II antibody 69 



10 

LIST OF FIGURES - Continued 

Figure 2.8, Model for Hook and Dor function In endocytosis at synapses 71 

Figure 3.1, Domain structure of dynamin 102 

Figure 3.2, Sushi mutations suppress synaptic failure in shl̂ ^ 

synapses at 30°C 103 

Figure 3.3, Sushi mutations suppress block in vesicle Internalization and 

synaptic vesicle redistribution In shf^^ mutants 105 

Figure 3.4, Sushi mutations suppress the rate of synaptic vesicle depletion at 

synapses 107 

Figure 3.5, Enhancer of shi mutations are P-element insertions in awd. 109 

Figure 3.6, Levels of Awd protein is reduced in aî c/ '̂SMss/MSFis i iq 
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ABSTRACT 

Endocytosis plays an essential role in maintaining a pool of synaptic 

vesicles for sustained neurotransmitter release. Synaptic vesicles are 

intemalized and fuse with endosomes, and are subsequently reassembled to be 

ready for another round of exocytosis. Here I describe in two distinct studies the 

function of endosomes at synapses and regulation of dynamin, a protein 

essential for endocytosis, using the Drosophila synapse as a model. 

To study the function of endosomes at synapses I analyzed the 

localization and function of two Drosophila endosomal proteins. Hook and Deep 

orange (Dor), at the larval neuromuscular junction. I present here the first 

genetic evidence of a role for endocytic trafficking in plasticity of the synapse. I 

also found that mutations in hook and otor affect the number of varicosities at the 

nerve terminal without affecting synaptic vesicle recycling, indicating that Hook 

and Dor proteins play a role in later stages of endocytosis at the synapse. 

Dynamin is a GTPase that is essential for intemalization of synaptic 

vesicles from the plasma membrane. Flies carrying shl̂  mutations have a 

conditional defect in dynamin function. Molecules that regulate GTP loading 

(guanine-nucleotide exchange factors-GEFs) and GTPase activity (GTPase 

activating proteins-GAPs) of dynamin are unknown. Here I describe the 

identification of such molecules/domains by analyses of enhancer and 
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suppressor mutations identified in previously conducted genetic screens. I show 

here that the enzymatic activity of Nucleoside diphosphate kinase (NDP Kinase), 

a source of GTP encoded by the Drosophila abnormal wing discs {awd) or 

human nm23 tumor suppressor genes, is essential for dynamin function at 

synapses. Dynamin is also regulated by an intramolecular GTPase effector 

domain (GEO) and I have identified separate mutations in shi, which map to the 

GED, that suppress endocytic defects in shf^. Overall, these data indicate a 

model in which the stability of dynamin:GTP is opposingly regulated by an 

unusual GEF activity of NDP kinase and a GAP activity in dynamin; in addition 

these findings indicate the possibility of an intriguing therapy for nm23 tumor 

progression. 
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CHAPTER ONE 

INTRODUCTION 

Statement by author 

This chapter is a review written by myself, with the help of my advisor. I 

have made minor modifications of the article for its inclusion in this dissertation 

(Narayanan and Ramaswami, 2001). 

Endocytosis: Overview and significance 

Multiple models, Drosophila, C. elegans and S. cerevesiae, have 

contributed genetic approaches to understanding endocytosis. With generally 

superior speed of genetic and transgenic manipulations, several basic 

mechanisms involved in endocytosis are arguably more easily analyzed in the 

fission yeast, S. cerevesiae. However, additional models are necessary, not only 

because of obvious differences between requirements for endocytosis in yeast 

and man (D'Hondt et al. 2000), but also due to the existence of diverse pathways 

and purposes for endocytosis in multicellular organisms. With the recognition 

that endocytosis plays crucial roles in development and cell signaling (Di Rore 

and De Camilli 2001), a metazoan genetic model for dissecting the mechanisms 

and molecules involved in endocytic control of biological processes has become 

particulariy invaluable. With varied cell types, facility for genetic screens and cell 
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biological analyses combined with the availability of a fully sequenced genome, 

Drosophila is an excellent metazoan model system in which to study all aspects 

of the biology of endocytosis. This introduction focuses on largely two issues: a) 

contributions of Drosophila towards understanding fundamental mechanisms of 

endocytosis; and b) how studies in Drosophila have illuminated unexpected roles 

for endocytosis in regulating varied biological processes. We also venture to 

outline particulariy important and likely areas for future research in the field. 

Mechanisms and molecules involved in endocytosis 

Genetic model organisms provide the ability to identify new components of 

a pathway via classical Ciorward") genetic screens and to test biological 

functions of biochemically identified proteins via reverse genetics. Analysis of 

endocytosis by classical genetic screens have been exploited, only relatively 

recently in Drosophila. 

Mutations affecting svnaotic-vesicle internalization 

During synaptic transmission, a nerve stimulus triggers rapid and near-

synchronous exocytosis of a large number of synaptic vesicles. These vesicles 

are rapidly replaced via a local endocytic recycling mechanism. The importance 

of highly efficient, rapid endocytosis for sustained synaptic transmission has 

resulted in hypomorphic (partial loss-of-function) mutations in components of 



17 

endocytosis being isolated in screens for mutants with abnormal motor activities. 

A classical genetic screen for temperature-sensitive paralytic mutants resulted in 

the isolation of the shibire mutation (Grigliatti et al. 1973). Phenotypic analysis of 

shl̂  mutants revealed that exposure to nonpermissive temperature causes 

synaptic failure due to blocked synaptic vesicle internalization at presynaptic 

terminals (Rgure 1.1; Kosaka and Ikeda 1983; Ramaswami et al. 1994). The 

discovery that the shibire locus encodes the GTPase dynamin (Chen et al. 1991; 

van der Bliek and Meyerowitz 1991), first revealed a role for this protein in 

endocytosis. It is now known that dynamin cycles through an active GTP-bound 

state whose lifetime determines the rate of endocytosis in vivo (Sever et al. 

1999); active dynamin is localized to the necks of nascent endocytic vesicles 

(Takei et al. 1995), where it functions to recruit other components of the 

endocytic machinery and catalyzes membrane fission. Fine localization of 

dynamin within Drosophila nerve terminals demonstrated a unique network-like 

localization pattern suggestive of specific active zones for endocytosis at nerve 

terminals (Estes et al. 1996). The general suggestion that endocytosis may 

occur preferentially at plasma-membrane subdomains has been greatly 

strengthened by localization of other components of endocytosis in Drosophila 

nerve terminals (Rgure .1.1; Gonzaiez-Gaitan and Jackie 1997; Roos and Kelly 

1999) and especially by live imaging of endocytosis as it occurs in vertebrate 

synapses (Teng et al. 1999) and mammalian fibroblasts (Gaidarov et al. 1999). 
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Over the past several years, dynamin has emerged as a linchpin in current 

understanding of the molecular mechanisms of endocytosis. In Drosophila, the 

availability of conditional shl̂  mutations has allowed the identification of genes 

encoding potential dynamin-interacting molecules by second-site modifier 

mutations that alter the temperature-sensitive paralytic behavior of shibire^ flies. 

For instance, hypomorphic mutations in the abnormal wing discs {awd) gene, the 

Drosophila ortholog of the human metastasis suppressor gene nm23H1, 

significantly lowers the restrictive temperature for paralysis of shf^ mutants 

(Krishnan et al. 2001). Awd encodes a nucleoside diphosphate kinase (NDK) 

that may act to provide a cellular GTP pool required for the activation of dynamin, 

a GTPase with very weak affinity for GTP. This link between a tunnor suppressor 

protein and dynamin highlights an emerging link between endocytosis and 

signaling (Di Fiore and De Camilli 2001) that is considered later in this chapter. 

Genetic studies with the shi mutation have also shown that hypomorphic 

mutations at the stoned {stn) locus enhance shf^ paralysis. These stoned 

mutations result in slow and abnormal intemalization of synaptic-vesicle 

membrane (Figure 1.1; Andrews et al. 1996; Stimson et al. 2001). Biochemical 

and molecular genetic studies have revealed that stonedA and stonedB, two 

novel proteins encoded at the dicistronic sfonec/locus (Andrews et al. 1996), 

physically interact with synaptotagmin and mediate its retrieval from plasma 

membrane (Phillips et al. 2000; Fergestad and Broadie 2001). StonedB shares 

homology with the ^-adaptins of the clathrin-associated AP2 adaptor family and 
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is preferentially expressed in the central nervous system. The recent 

identification of human stonedB homologs that bind synaptotagmin as well the 

AP2-associated protein Eps15 and the dynamin-associated protein 

intersectin/DAP160 suggests a potentially more widespread cellular distribution 

and function (Martina et al. 2001). A possible role for stonedB in competing for 

AP2-binding sites on vesicles and thus facilitating vesicle uncoating has been 

recently proposed (Walther et al. 2001). This activity of stonedB may help to 

enable rapid synaptic-vesicle reformation after exocytosis. 

In addition to identifying novel components of synaptic vesicle cycling, 

reverse genetics as well as traditional biochemical co-purification methods used 

in Drosophila have confirmed or extended knowledge of synaptic-vesicle 

endocytosis. The dynamin-binding, EH-domain protein Dap160/intersectin was 

first reported as a dynamin-binding protein in Drosophila brain (Roos and Kelly 

1998). The likely functions of a-adaptin and the clathrin-binding protein API 80 in 

synaptic-vesicle recycling have been substantiated and elaborated by analyses 

of specific Drosophila mutants (Gonzalez-Gaitan and Jackie 1997; Zhang et al. 

1998). Further, it is possible that understanding finer aspects of structure-activity 

correlations for specific proteins such as dynamin and endophillin, may 

eventually be most satisfactorily achieved by reverse genetic approaches that 

combine targeted gene alteration with in vivo analyses in Drosophila. 
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Mutations affecting the Drosophila eve 

The Drosophila compound eye is a preparation with several remarkable 

features for genetic analyses of cellular processes. Apart from being the most 

obvious external organ in Drosophila, the eye is dispensable for viability. Thus, 

using techniques that allow easy generation and screening of genetic mosaic 

animals, homozygous mutant photoreceptor ceils may be generated and 

analyzed in an otherwise viable heterozygous animal. Such features have 

resulted in extensive screens for mutations in eye development since the early 

20*^ century; the accumulated mutants and reagents provide an exceptional 

resource for studying endocytosis in vivo. 

Classical genetics of Drosophila identified a number of eye-color mutants 

defective in pigment or pigment-granule biogenesis (Lloyd et al. 1998). A subset 

of eye-color mutations including garnet, ruby, carmine, orange, light, carnation 

and deep orange are now known be molecules required in intracellular trafficking 

(Lloyd et al. 1998). Mutations in deep orange {dot) result in delayed receptor-

mediated delivery of an extracellular ligand (Boss) into lysosomes of R7 

photoreceptor cells; multivesicular bodies (MVBs) in ctor mutants are of unusual 

morphology (Sevrioukov et al. 1999). Some EM images through c/or MVBs reveal 

unexpected coats on vesicles within the MVBs, an observation that may be 

significant to mechanisms that determine which MVB proteins are removed from 

contact with the cytoplasm (Rgure 1.2). This analysis of dor, and a similar 

analysis of /rooArmutants that show accelerated lysosomal delivery (Sunio et al. 
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1999), highlights the ability to use mutations and features of the Drosophila eye 

to arrest endosomal traffic at specific stages and to subsequently examine the 

morphology of arrested intermediate organelles. In principle, a forward genetic 

screen that relies on examining heterozygous mutant animals with honfiozygous 

mutant eyes for altered eye color could identify mutations in a variety of 

molecules involved in vesicular traffic. Because two genetic screens in C. 

elegans suggest that a substantial fraction of molecules involved in regulation of 

endocytosis in metazoa are not found in yeast, such an approach is likely to be 

productive (Fares smd Greenwald 2001; Grant et al. 2001). 

In addition to eye color mutants, new mechanisms in endocytosis are 

being revealed by mutants in specific aspects of Drosophila eye development 

(Sunio et al. 1999; Cadavid et al. 2000). The product of the Drosophila fat facets 

locus (Faf) is a unique deubiquitinating enzyme that antagonizes both 

ubiquitination and proteolysis. A genetic screen for dominant enhancers of faf 

identified mutations in liquid facets {iqfi, an essential gene that encodes the 

Drosophila homolog of vertebrate epsin, a protein involved in endocytosis 

(Cadavid et al. 2000). Mutations in clathrin (chc) and shialso show fafAike 

synergistic interactions with Iqf. these genetic data indicate that Faf-mediated 

deubiquitination, like clathrin, epsin and dynamin, functions to promote 

endocytosis of some proteins required for normal development of eye facets. 

The finding that deubiquitination facilitates, and ubiquitination inhibits endocytosis 
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in this cellular context reflects a novel mechanism for regulation of membrane 

protein internalization. 

Assays for endocytosis in Drosophiia 

Ideally, functional assays for endocytosis must be combined with genetic 

perturbation techniques. Despite the elegance of some newly developed 

methods, for instance use of transgenic strains expressing HRP-tagged ligands 

for EM localization (Sunio et al. 1999; Dubois et al. 2001), cell biological assays 

for endocytosis continue to limit progress enabled by a genetic approach. For 

maximal utility, assays to measure the efficiency of different endocytic processes 

(fluid-phase uptake, receptor-mediated endocytosis, macropinocytosis, caveolae-

mediated uptake, phagocytosis, and transcytosis to name a few) should be 

combined with mutant analysis. For this to be feasible, temporal control over 

ligand delivery and membrane internalization is desirable. Although not easily 

achieved in vivo, this can be achieved in primary Drosophiia cell cultures. Fluid 

phase uptake of endocytic tracers has been analyzed in several cell types 

including cultured primary neurons (Masuret al. 1990), and cultured Kc and 

Schneider cells (Kramer and Phistry 1996; Sevrioukov et al. 1999). Uptake of a 

lipophilic dye into recycling synaptic vesicles has been observed in vivo and used 

to measure the rate of internalization and vesicle cycling (Ramaswami et al. 

1994; Kuromi and Kidokoro 1998; Stimson et al. 2001). Receptor-mediated 

endocytosis of membrane bound ligands, Boss, Notch and Delta have been 
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observed and docunfiented in vivo as also in transfected cultured cells (Kramer 

and Phistry 1996; Klueg et al. 1998). Endocytosis of the human transferrin 

receptor expressed in oocytes of transgenic flies has been described, although 

its utility in following uptake of labeled transferrin has not been confirmed 

(Bretscher 1996). The uptake of acetylated-LDL has been assayed in a primary 

culture of Drosophila macrophages (Abrams et al. 1992). This exciting 

preparation with large, easily identified, flat cells capable of multiple forms of 

endocytosis is currently underexploited. Transcytosis of signaling proteins such 

as hedgehog (Tabata and Komberg 1994) and wingless has been observed in 

Drosophila embryonic and imaginal disc epithelial cells (Bejsovec and Wieschaus 

1995). However, these analyses have focused more on understanding how 

transport of these molecules impacts signaling (discussed subsequently in this 

chapter), than on the mechanisms and trafficking pathways involved. Imaging 

transepithelial movement of labeled ligands microinjected into embryonic lumen, 

an approach recently used to observe apical localization of specific mRNAs 

(Wilkie and Davis 2001), promises to be an important approach for analysis of 

transcytosis in vivo. Together with the development of useful biochemical and 

morphological markers for endosomal compartments, good cell biological assays 

in Drosophila will constitute major contributions to the field. Combining these 

advances with existing and new mutants in endocytosis should result in important 

new insights into mechanisms and pathways of endocytosis. The current level of 

activity in the field suggests that we will not have to wait long. 
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Insights into biological processes regulated by endocytosis 

Endocytosis is now i<nown to regulate varied biological processes. Close 

connections between endocytosis and signaling are being revealed not only by 

demonstrations of the role of endocytosis in signaling pathways, but also by the 

unexpected finding that proteins that are integral parts of the endocytic apparatus 

(Santolini et al. 2000), have important signaling functions (Di Fiore and De 

Camilli 2001). While the enormous potential of Drosophila research to elaborate 

basic mechanisms of endocytosis is yet to be completely realized, studies in the 

fruit fly have been at the vanguard of investigations which reveal the biological 

processes regulated by endocytosis of specific molecules. A sun/ey of recent 

Drosophila papers show that in addition to its previously appreciated functions, 

endocytosis plays crucial roles in processes that include synaptogenesis (Wolf et 

al. 1998), neural plasticity (Schuster et al. 1996; Narayanan et al. 2000), 

generation of morphogen gradients (Entchev et al. 2000; Dubois et al. 2001), 

signaling (Parks et al. 2000), and programmed cell death (Alloway et al. 2000; 

Kiselev et al. 2000). Here we describe selected examples from Drosophila 

literature, which demonstrate varied functions of endocytosis in vivo; some of 

these have been topics of recent reviews (Di Fiore and De Camilli 2001; Shilo 

2001). 
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SvnaDtoaenesis and synaptic plasticity 

For synapse formation, growth cones of several axons must grow away 

from their soma towards the midline, cross the midline, then proceed on to find 

and eventually synapse with their appropriate targets. Even after synapses have 

formed, they remain plastic, their morphology being regulated by patterns of 

activity. Endocytosis appears to play important roles in regulating cell-cell 

recognition and signaling events that underiie axon guidance, synapse formation 

and plasticity. For axon guidance and synaptogenesis, a critical role seems to be 

played by a type-l membrane protein called commissureless (comm), the name 

is based on the phenotype of null comm mutants in which axons do not cross the 

midline (Seeger et al. 1993). An important eariy function of comm is to 

downregulate robo, a growth cone membrane protein that is repelled by midline-

derived slit, prior to midline crossing (Kidd et al. 1998). Thus, growth cones with 

low robo levels are attracted toward the midline; after crossing they show 

increased robo levels which results in strong repulsion by midline; in comm loss-

of-function mutants, robo levels are elevated in growth cones prior to midline 

crossing; thus, they are repelled by the midline. In contrast, overexpression of 

comm results in severely reduced robo expression and thus, greatly increased, 

multiple midline crossing events. While these and other available data fall short 

of demonstrating endocytosis as the mechanism for robo regulation by comm, a 

role of comm in endocytic events regulating synapse formation is more strongly 

indicated by a recent study. In comm mutants, motor axons fail to initiate 
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synaptogenesis on target muscles (Wolf et al. 1998). Comm is expressed in 

target muscles when appropriate growth cones am've, but is then internalized 

prior to synaptogenesis. This internalization of comm appears essential for 

synapse formation based on the observation that muscle expression of an 

endocytosis-defective comm protein lacking the cytoplasmic tail blocks, or 

severely delays, synaptogenesis. Together, these observations are consistent 

with a model in which comm, under specific conditions binds selected regulatory 

membrane proteins and by targeting them for endocytosis, alters the 

responsiveness of plasma membrane to particular signals. Comm may regulate 

midline crossing by gating the endocytosis of robo; its regulatory target during 

synapse formation is currently unknown. 

A role for endocytosis in synapse plasticity, first demonstrated at the 

Aplysia sensorimotor synapse, has been analyzed at the larval neuromuscular 

junction (nmj) in Drosophila. The cell adhesion molecule fasciclin II (fas 11) and 

its Aplysia ortholog apCAM exert inhibitory constraints on synapse expansion. 

Neural activity patterns that trigger synapse expansion first cause downregulation 

of fasll/ apCAM; this downregulation is necessary and sufficient for synaptic 

growth ((Wolf et al. 1998), (Kidd et al. 1998) and references therein). A role for 

endocytosis in this process Is beautifully denrK>nstrated in Aplysia where apCAM 

is shown to be internalized within 30 minutes of stimulation, a process mediated 

by MAP Kinase phosphorylation of the cytoplasmic domains of apCAM (Bailey et 

al. 1997). Genetically increasing or reducing the efficiency of endocytic trafficking 
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at the synapse using hook or deep orange mutations also causes predictable 

alterations in activity-regulated synaptic growth at the Drosophila larval nmj 

(Narayanan et al. 2000). 

Endocvtosis and signal transduction 

Endocytosis may have both negative and positive influences on signaling 

both of which are beautifully demonstrated by studies in Drosophila. The most 

obvious function of endocytosis in signaling is in regulating the number of 

receptors available on plasma membrane. After reception of a growth factor 

signal, growth factor receptors are typically internalized and the duration of 

signaling is determined either by the time required for ligand dissociation from the 

receptor, or by time required for transport to terminal stages of the lysosome 

delivery pathway. An essential role for endocytosis in receptor downregulation is 

argued by several analyses in other organisms (reviewed In (Di Fiore and De 

Camilli 2001)). A recent beautiful study in Drosophila highlights an unexpected 

use of endocytosis-mediated receptor downregulation to regulate differential 

responses of spatially separated cells to the same signaling protein wingless. 

In the embryonic ectoderm, although wingless protein is symmetrically 

distributed around its source, wingless signaling itself is asymmetric. Signaling 

extends four rows anterior, but only one row posterior to the wingless source. A 

recent study shows that enhanced degradation of wingless in the posterior cells 

modulates this asymmetric signaling response (Dubois et al. 2001). In cells 
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posterior to the wingless-expressing stripe, wingless is degraded more rapidly by 

clathrin-mediated endocytosis. Inhibiting the endocytic pathway genetically, 

using clathrin {chc) or dor mutants, or pharmacologically, using chloroquine, 

results in decreased degradation of wingless, increase in posterior wingless 

signaling and consequently altered development. A striking feature of this 

asymmetric response to wingless is that selective wingless degradation in 

posterior cells is positively regulated by spatially and temporally controlled 

activation of the EGF-receptor pathway. Thus regulated endocytosis of wingless, 

which requires interaction of two pathways, results in spatial control of wingless 

signaling strength and leads to pattern formation in the Drosophila embryonic 

ectoderm. 

In addition to roles of endocytosis in downregulation and hence negative 

control of signaling, new findings in Drosophila show that endocytosis plays a 

positive role in signaling mediated by the Notch signaling pathway which acts to 

determine cell type specificity during development (Parks et al. 2000). The Notch 

pathway includes the transmembrane receptor notch, the transmembrane 

ligands, delta and serrate and several other signal regulating factors and 

transcriptional targets. The activation of notch signaling requires binding to its 

ligands, delta or serrate on an adjacent cell. This binding of the notch receptor to 

its ligand precedes a two-step proteolytic cleavage of notch to yield the signal-

generating notch intracellular domain (notch ICD) and a notch extracellular 

domain (notch ECD). A role for endocytosis in notch signal transduction has 
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been suggested by several previous studies showing that heat-pulses delivered 

to shl̂  flies during development result in phenotypes very similar to Notch 

mutants (Ramaswami et al. 1993). Recently, Parks and co-workers followed the 

trafficking of the notch receptor in the pupal eye of Drosophila, where the notch 

receptor and its ligands are expressed in distinct cells (Parks et al. 2000). 

Intriguingly, the notch ECD but not the notch ICD, was found to be present in 

vesicles within delta-expressing cells; this Irans-endocytosis" of the notch ECD 

required dynamin function in the delta-expressing cells. 

Mosaic analysis using shi mutants showed that endocytosis in Delta 

expressing cells is required for the dissociation of NotchECD and NotchlCD in 

vivo. When endocytosis is blocked, the Delta ligand and the Notch receptor are 

bound together between the two cells, unable to release Notch ICD. Since, 

overexpression of truncated Notch ICD bypasses dynamin function, it is likely 

that Notch cleavage is regulated by processes involved in trans-endocytosis of 

notch (Seugnet et al. 1997). While the mechanism by which trans-endocytosis 

mediates notch signaling remains unclear, there are several clear possibilities 

(Parks et al. 2000). One attractive model suggests that tension created by delta 

mediated pulling on notch, might result in conformational changes in the notch 

receptor that leave it accessible for proteolytic processing events that generate 

notch ICD. In addition to the requirement for endocytosis in the delta-expressing 

cell, endocytosis is also required in the notch-expressing cell for efficient 

signaling (Seugnet et al. 1997). The reason for this remains unclear. Finally, 
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another interesting twist is the interaction between notch and numb, an 

asymmetrically distributed protein that antagonizes notch signaling and is known 

to bind to various constituents of clathrin coated vesicles as well as notch ICD 

(Santolini et al. 2000). It is conceivable that numb binds a membrane-attached, 

incompletely processed form of notch and targets it to lysosomes before active 

notch ICD can be generated. This adds another layer of complexity to the 

endocytic regulation of Notch-mediated cell type specification. 

Generation of morohoaen gradients 

For our third and final example for endocytic regulation of complex 

biological processes, we discuss the formation of morphogen gradients. 

Morphogens are signaling molecules that move away from their source of 

production (signaling centers) to form a concentration gradient. Cells respond to 

different concentrations of morphogens with distinct differentiation programs; 

thus, the shaping of morphogen gradients is important for pattern formation 

during development. One of the most open questions in developmental biology 

concems the mechanisms that underiie morphogen movements which shape the 

gradients that ultimately determine signaling ranges and intensities. There are 

several possible mechanisms including: a) movement by passive diffusion of a 

soluble morphogen; b) facilitated diffusion of a morphogen bound to a carrier; c) 

transport along long, thin filaments termed cytonemes (Shilo 2001). Recent 

experiments however demonstrate a mechanism by which endocytosis of a 
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motphogen, specifically dpp, contributes towards generation of a morphogen 

gradients (Entchev et al. 2000). 

In the developing wing disc, dpp is synthesized by a strip of anterior cells 

at the anterior/posterior compartment boundary from where it forms a long-range 

activity gradient required for concentration-dependent activation of different 

target genes. Transgenic flies expressing green-fluorescent protein (GFP)-

tagged dpp permitted mechanisms involved in GFP-dpp gradient formation to be 

analyzed. Movement of the morphogen from its source to more distal regions in 

the wing occurs not simply by passive diffusion but rather through receptor-

mediated transcytosis (temned planar trancytosis) of dpp. Thus, in shl̂ '̂  mutants, 

which results in a temperature sensitive block in endocytosis, morphogen 

movement is impeded. Small patches (clones) of dynamin-mutant cells reduced 

levels of Dpp-GFP in cells distal to the clones compared to cells near the source, 

when challenged with newly synthesized Dpp-GFP. Defects in the endocytic 

machinery as well as upregulation of the degradation machinery lead to clear and 

predictable changes in Dpp gradient formation indicating that the shape of the 

Dpp gradient is controlled by a ratio between targeting of endocytosed Dpp to 

recycling (and transcytosis) versus degradation. 

Speculations on future contributions of Drosophila 

In concluding this chapter highlighting the relatively recent use of 

Drosophila as a rrK>del system for studying endocytosis, it seems appropriate to 
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speculate on how Drosophila work may be expected to make important 

contributions in the future. For analyzing basic mechanisms of endocytosis in 

metazoa, the combined application of cell biological assays, compartment-

specific molecular markers and mutants deriving from classical and reverse 

genetics should allow Drosophila research to make unique contributions. There 

is a possibility that double-stranded (ds) RNA-based gene perturbation methods 

in mammalian cells will emerge as a general and specific tool for targeted 

disruption of gene function. If this proves to be true, then the contributions of 

Drosophila work towards understanding mechanisms of endocytosis may be 

comparatively limited. The identification of new regulators and components of 

endocytosis via genetic screens, as well as analysis of endocytic mechanisms in 

cellular contexts difficult to reproduce in culture (a neuromuscular junction for 

instance) may emerge as the prime thrusts of Drosophila research in 

endocytosis. However, given the emerging synthesis between developmental 

biology and ceil biology, a major contribution of Drosophila work will be increased 

understanding and awareness at interface between endocytosis, once thought of 

as a house-keeping function, and regulation of the myriad signaling pathways 

that underiie complex biological phenomena. 
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Figure 1.1 Molecular and cellular aspects of synaptic-vesicle endocytosis. 

Panels A, B and C together illustrate how phenotypes of shi and stoned 

mutants differ although both mutants have defects in synaptic-vesicle 

endocytosis. (A) EM-cross section of Drosophila cervical synapses in a shi 

mutant at under permissive conditions (19°C) where the nerve terminal is wild-

type in morphology and (B) after 8 min exposure to non-permissive temperatures 

(29°C). Note the depletion of synaptic vesicles and a number of collared pits 

along the plasma membrane in B compared to A (Koenig and Ikeda, 1989). (C) 

Abnormally large synaptic vesicles in stoned mutant presynaptic terminals at the 

Drosophila neuromuscular junction; unlike shi, no collared pits are seen. This 

vesicle-size phenotype companies synaptic-vesicle depletion at stoned terminals. 

(D) Likely active zones for endocytosis revealed by dynamin 

immunocytochemistry (red) surround but do not overlap active zones for vesicle 

release indirectly visualized by labeling post-synaptic glutamate receptors 

(green). This organization is likely conserved in other organisms and possibly in 

other cell types (Estes et al.. 1996; Roos and Kelly, 1999). 
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Figure 1.2 Analysis of eye clones homozygous for a lethal allele of deep orange. 

Micrograph of mosaic adult compound eye created by mitotic 

recombination (A) shows a complete lack of pigmentation in do  ̂lethal clones, in 

an otherwise wild-type eye with red pigmentation (Sevrioukov et al., 1999). (B) 

The border of a clone of doî  lethal -/- cells is identified by the lack of pigment 

granules compared to +/- cells; note the regular composition of ommatidia in the 

lethal -/- ceil clone (arrow). (C) Unusually large multivesicular structures with 

diameters of up to 3 Mm are seen in do t̂ do  ̂cells. (O) A magnification of the 

vesicles marked with the arrow in (C) shows that many of the intemal vesicles in 

multivesicular structures appear coated. The molecular composition of this coat 

is unknown. 
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CHAPTER TWO 

DROSOPHILA ENDOSOMAL PROTEINS HOOK AND DEEP ORANGE 

REGULATE SYNAPSE SIZE BUT NOT SYNAPTIC VESICLE RECYCLING 

Statement by author 

This chapter is a research article written by myself with intellectual help 

from my advisor. The results presented here are my own and were published in 

a research article (Narayanan et al. 2000). 

Abstract 

To study the function of endosomes at synapses we analyzed the 

localization and function of two Drosophila endosomal proteins, Hook and Deep 

orange (Dor), at the larval neuromuscular junction. Hook, a negative regulator of 

endocytic trafficking and Dor, a positive regulator of endocytic trafficking, are 

highly enriched at synapses, especially close to postsynaptic membranes. 

Mutations in hook{hk) and dor do not affect synaptic vesicle recycling, as 

assessed by electrophysiological analysis of synaptic transmission and 

behavioral studies of double mutants with shl̂  mutations that alter vesicle 

recycling. However, hk and c/or mutations alter the number of presynaptic 

varicosities (synapse size) in opposing ways. Synapse size is increased in hk*'̂  

mutants and is decreased in doî  mutants. Double mutants for dor and hk show 

a do/Hike phenotype. These effects on synapse size parallel known functions of 
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Hook and Dor in endocytosis and strongly indicate a role for endocytic trafficking 

in the regulation of synapse size in vivo. Our observations suggest a model in 

which Hook and Dor function in later stages of endocytosis essential for 

regulating synaptic plasma membrane composition but not synaptic vesicle 

recycling. 

Introduction 

Activity dependent structural changes at the synapse are associated with 

long-term memory (LTM) in both invertebrates and vertebrates (Bailey and 

Kandel 1993). For instance, consolidation of memory following passive 

avoidance training in chicken is correlated with morphological changes in 

forebrain synapses (Stewart and Rusakov 1995); in the sea slug Aplysia, 

structural modifications such as new synaptic sprouting accompany long-term 

behavioral sensitization (Glanzman et al. 1990). 

Long-term plasticity of the synapse is an underlying mechanism for LTM 

and utilizes similar biochemical pathways. Endunng synaptic changes such as 

hippocampal late long-term potentiation (LTP), Aplysia long-term facilitation 

(LTF) and cerebellar long-term depression (LTD) require similar signals that 

include increased levels of the second messenger cAMP, neuronal activity and 

new protein synthesis (Bailey and Chen 1988; Glanzman et al. 1990; Prey et al. 

1993; Huang et al. 1994; Zhuo and Hawkins 1995). In Drosophila, mutants with 
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elevated cAMP levels and increased neuronal excitability show structural and 

functional synaptic changes at larval neuromuscular synapses analogous to 

those observed during long-term plasticity at vertebrate and molluscan synapses 

(Budnik et al. 1990; Zhong and Wu 1991; Zhong et al. 1992). 

Synaptic cell adhesion molecules were first associated with changes in 

synapse structure by studies in Aplysia (Glanzman et al. 1990). These and other 

analyses argue that cell adhesion molecules (CAMs) of the NCAM family inhibit 

synapse expansion by hemophilic adhesion of synaptic membranes (Schuster et 

al. 1996). During serotonin-induced heterosynaptic LTF in Aplysia, ApCAM, a 

homolog of NCAM is intemalized, transported to lysosomes and degraded. This 

downregulation is mediated by elevated cAMP levels and temporally precedes 

synaptic sprouting (Mayford et al. 1992). A causal relationship between cell 

adhesion molecules and synaptic structure was established in DrosophUa, where 

downregulation of the NCAM homolog Fasciclin II was shown to be both 

necessary and sufficient for expansion of motor terminal arbors on DrosophUa 

larval body wall muscle (Schuster et al. 1996). Although endocytosis likely 

contributes to the regulation of CAM levels on synaptic membranes, other modes 

of regulation including transcription, translation and protein turnover, may also 

contribute substantially to regulation of synaptic CAMs. 

Recent evidence indicates that endocytosis of cargo other than CAMs also 

contributes substantially to synaptic plasticity. Inhibition of AMPA receptor 

intemalization in postsynaptic cells blocked the onset of LTD in both hippocampal 
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CA1 neurons (Man et ai. 2000) and in cerebellar Purkinje neurons (Wang and 

Linden 2000). Thus, regulation of plasma mennbrane composition by regulating 

endocytosis of several different synaptic membrane proteins likely contributes to 

long-term plasticity. 

Endocytosis serves multiple functions at the synapse. Its most immediate 

function is to locally recycle synaptic vesicle proteins and membranes after 

stimulus-evoked exocytosis at nerve terminals; this function is essential for 

sustained fast synaptic transmission (Heuser 1989). In an eariy event during 

recycling, synaptic vesicles are intemalized as coated vesicles, in a step that 

requires the GTPase, dynamin (Kosaka and Ikeda 1983; van der Bliek and 

Meyerowitz 1991). In some models, subsequent steps of synaptic vesicle 

recycling can involve an intermediate endosomal compartment in which synaptic 

vesicle membrane proteins are sorted from lysosome or plasma membrane 

targeted proteins (Faundez et al. 1998). At synapses, the existence of such 

recycling endosomes as well as their relationship to late endosomes involved in 

the lysosomal delivery pathway remains unclear. One reason for this ambiguity 

is a paucity of good markers for endosomal compartments or genetic mutants in 

endosome function in metazoans. 

Recently, advances in DrosophUa have identified a large number of 

mutants in the lysosome delivery pathway, as well as a few molecular markers 

for DrosophUa endosomes (Lloyd et al. 1998). For instance, the DrosophUa 

proteins Hook and Deep orange (Dor) are novel markers of endosomes and 
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mutations in hook and dor cause specific defects in late endosome function 

(Sevrioukov et al. 1999; Sunio et al. 1999). Hook is a cytosolic endosome-

associated protein with a coiled-coil domain (Kramer and Phistry 1996). Dor, the 

Drosophila ortholog of yeast Vps18, is part of a multicomponent complex that 

localizes to endosomes and has a C-terminal RING-H2 domain critical for its 

function (Sevrioukov et al. 1999). The existence of these reagents has allowed 

us to explore the presence and function of Hook and Dor containing endosomes 

at synapses. 

Detailed analysis of Hook and Dor function in photoreceptor cells and 

cultured S2 cells Indicates that Hook acts as a negative regulator of Dor-

dependent lysosomal delivery. The Hook protein stabilizes organelles in the 

endocytic pathway to lysosomes. These late endosomal organelles (MVBs or 

multivesicular tx)dies) are reduced in number in hook mutants and endocytosed 

proteins are prematurely degraded in lysosonnes (Kramer and Phistry 1999; 

Sunio et al. 1999). On the other hand, Dor is necessary for lysosomal delivery. 

Mutations in deep orange, and its yeast ortholog vps^8, lead to endocytosed 

proteins accumulating in MVBs rather than being efficiently delivered and 

degraded in lysosomes (Robinson et al. 1991; Sevrioukov et al. 1999). 

Consistent with these functions, dor, /7Ar double mutants behave like ofor mutants: 

internalized ligands accumulate in prelysosomal MVBs (Sevrioukov et al. 1999). 

In this paper, we show that Hook- euid Dor-positive endosomes are enriched at 

synapses and provide genetic evidence for the role of later stages of endocytosis 
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in synaptic plasticity. We show that mutations in hook and dor affect the size of 

the larval motor synapse. Their opposing effects on synapse size are consistent 

with their opposing effects on lysosomal delivery. Mutations in hk and dor do not 

affect synaptic transmission, or synaptic vesicle recycling as assessed by various 

methods. Our observations indicate that Hook and Dor at synapses modulate 

endocytosis at stages required for downregulation of membrane proteins that 

control synapse size. However, Hook- smd Dor-dependent steps in endocytosis 

occur subsequent to those required for synaptic vesicle recycling. 

Results 

Hook and Dor are present at synapses 

Hook and Dor are novel markers of endosomes that have been recently 

discovered in DrosophUa (Kramer and Phistry 1996; Sevrioukov et al. 1999). The 

availability of these markers allowed us to study the presence and distribution of 

endosomes at synapses. Using antibodies raised against each of these proteins, 

we observed immunoreactivity highly enriched at larval neuromuscular synapses. 

Hook immunoreactivity is localized in a distinct punctate pattem at 

synapses; a pattem similar to that observed in photoreceptor and cultured S2 

cells (Kramer and Phistry 1996); Figure 2.1). Hook staining is eliminated in 

null mutants showing that the antibody specifically recognizes the Hook epitope 

(data not shown). Dor shows a rrK>re diffuse staining at synapses, labeling 

compartments that are either larger, or more tightly clustered, than the more 
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dispersed Hook-positive puncta (Figure 2.1 B). The staining observed with anti-

Dor antibodies was reduced in do  ̂hypomorphs and was eliminated by prior 

incubation of serum with an excess of Dor antigen, showing antigen specificity 

(data not shown). We asked whether there was any overiap of Dor staining in 

punctate structures of Hook immunoreactivity visible at synapses. At higher 

magnification, some instances of overlap are evident (Figure 2.1 C-E). However, 

the vast majority of Dor staining is clearly distinct from the Hook-positive 

structures. This is consistent with previous observations in cultured S2 and 

photoreceptor cells, where only a small subset of spots showed both Hook and 

Dor immunoreactivity (Sevrioukov et al. 1999). 

To determine the localization of Hook- and Dor- containing endosomes 

relative to known synaptic components, we visualized synapses double-stained 

for Hook or Dor and a selection of compartment-specific synaptic markers. 

These experiments confirmed our original observation that Hook and Dor 

immunoreactivity is found in a unique pattern distinct from synaptic vesicles and 

the presynaptic plasma membrane (Figure 2.1 F-l). They also indicate that Hook 

and Dor are present within presynaptic terminals. In single thin optical sections, 

Hook and Dor immunoreactivity are seen within presynaptic varicosities clearly 

defined by either the synaptic vesicle marker anti-Csp (Figure 2.1 G and 1), or the 

surrounding presynaptic plasma membrane marked by anti-HRP (Figure 2.1 F 

and H). However, the predominant immunostaining surrounds the boutons and 

is thus, of postsynaptic origin. This reveals that Hook and Dor are present both 
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presynaptically and postsynaptically, but enriched in the postsynaptic side, in 

postsynaptic regions. Hook and Dor staining was concentrated near the surface 

of the muscle (vertical optical sections not shown). 

Synaptic transmission is normal in /ilrand dor mutants 

The presence of Hook and Dor within presynaptic varicosities indicates 

their involvement in endocytic pathways associated with the nerve terminal. One 

such pathway is synaptic vesicle recycling. Recent studies have strengthened 

the hypothesis that endosomes play an important role in synaptic vesicle 

recycling. For instance, synaptic vesicles can be generated from donor 

endosomes by the vesicle coat protein complex APS also known to participate in 

lysosomal delivery (Cowles et al. 1997; Faundez et al. 1998). So, we tested 

whether Hook and Dor are required for synaptic vesicle recycling in vivo, 

although previous analyses indicate that these proteins function late in the 

endocytic pathway. To address this issue, we first assessed synaptic 

transmission in hk and dor mutants with electrophysiological recordings at the 

larval NMJ. 

In mutants with altered synaptic vesicle recycling, specific aspects of 

synaptic transmission may be affected. For instance, in stoned {stn) and lap 

mutants, miniature excitatory junctional potential (mEJP) frequency is often 

elevated, mEJP amplitude is altered, and evoked release is substantially reduced 

(Stimson et al. 1998; Zhang et al. 1998). However in both hk and dor mutants. 
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spontaneous and evoked transmitter release was essentially wild-type (Figure 

2.2 A and B). 

Mini-frequencies were 2.3±0.25/sec in wild type, 2.5±0.5/sec in hk*'* and 

2.1±0.5/sec in c/o/* (Figure 2.2C). Though mEJP amplitude was normal in doî  

(0.71±0.07 mV) compared with wild type (0.78±0.05 mV), in /7/f" mutants, the 

size of the mEJP was slightly increased (0.97±0.07 mV, p = 0.05) (Figure 2.2D). 

Interestingly, mEJPs in followed an almost identical distribution of quantal 

amplitudes in a mEJP amplitude histogram compared with wild type, except for a 

few large events in mutants whose origins remain unclear (data not shown). 

This suggests that postsynaptic receptor field or the amount of transmitter 

release from vesicles is not severely affected in hk '̂̂  null mutants. Postsynaptic 

responses evoked by motor nerve stimulation were indistinguishable from wild 

type in hk and dor mutants (Figure 2.2B). In physiological saline {Ca^*= 1.5mM), 

the peak amplitudes of hk*  ̂ (30.8±2.7 mV) and mutants (30.1 ±3.1 mV) were 

similar to wild type (30.3±5.4 mV) (Figure 2.2E). These results suggest that the 

machinery for basal synaptic transmission is intact in hk and dor mutants. 

The results described above are consistent with normal synaptic vesicle 

recycling in hk and dor mutants. However, we performed further experiments to 

look for subtle abnormalities. Some mutants in synaptic vesicle recycling have 

normal evoked responses at a low stimulation frequency, but show declining 

EJPs when challenged with a high rate of nerve stimulation (e.g. sfn  ̂- Stimson 
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and Ramaswami, unpublished). To determine whether hkand dormutants show 

synaptic depression during prolonged, repetitive stimulation at high frequency, 

we recorded postsynaptic responses in hkand dor synapses stimulated at 10 Hz 

for 5 minutes (Rgure 2.3). Both hkand dor mutants show robust responses to 

high frequency stimulation. The stability of the evoked response under these 

conditions is not drastically altered compared with wild type. These results lead 

us to conclude that synaptic transmission is not profoundly affected in hk and dor 

mutants. 

hkand cformutants do not affect shf* paralysis and recovery 

To further examine potential alterations in synaptic vesicle recycling, we 

examined influences of hkand dor mutations in a s/r/̂  genetic background, 

already sensitized for endocytosis defects. Mutant shf̂  flies show reversible 

paralysis at restrictive temperatures due to a conditional block in synaptic vesicle 

recycling at high temperatures (Grigliatti et al. 1973; Kosaka and Ikeda 1983; van 

der Bliek and Meyerowitz 1991). Thus, exposure to an elevated temperature 

causes synaptic vesicle depletion at critical synapses and rapid paralysis. 

Paralyzed flies shifted back to permissive temperature recover from paralysis as 

synaptic vesicles are allowed to reform at these temperatures. If Hook and Dor 

are involved in synaptic vesicle recycling, mutations affecting these proteins 

could synergistically affect the kinetics of paralysis or recovery of shl̂  mutants. 
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We generated shl̂ ;̂ and double mutants and tested them 

for paralysis and recovery. Mutant s/r/̂  flies paralyze within 2 min at 28°C; at 

lower temperatures, flies take longer time to paralyze. We compared 

paralysis of the double mutants at 26°, 27° and 28°C with control shf̂  ̂animals 

under identical conditions. We observed no striking differences in paralytic 

behavior under these conditions (Figure 2.4A). A marginal enhancement of 

paralysis kinetics in is too weak to be seriously considered; such small 

shifts in paralysis times are very often observed in different genetic backgrounds 

(Ramaswami and Krishnan, unpublished). 

Recovery from shl̂  paralysis could potentially occur via an endosome-

requiring pathway that is not recruited under more typical conditions (Koenig and 

Ikeda 1989b). Under these conditions, a large number of synaptic vesicles 

depleted at high temperatures recover synchronously when shifted to 

temperatures permissive for shifunction. The time for recovery indicates the 

time required for all vesicle recycling events after the vesicle recycling stage 

arrested in shf̂  mutants. We ensured fast, synchronous paralysis, by shifting 

flies to 32°C. After 2 minutes at 32°C, control and experimental flies were shifted 

to 20°C and the kinetics of recovery was observed. Time of recovery was similar 

in shf̂ ; and cto/̂  compared with shl̂  flies (Figure 2.4B). These 

results further suggest that hk and dor mutations do not affect synaptic vesicle 

recycling events after the s/i/® block, thereby not having an effect on paralysis 

and recovery of shl̂  mutants. 
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Synapse size is altered in hk and dor mutants 

An alternative function for Hook and Dor at synapses is to regulate the 

composition of presynaptic plasma membrane, a process critical for determining 

the size of presynaptic art}ors in Drosophila (Schuster et al. 1996). To test the 

effects of hk and dor mutations on presynaptic arbor size, we visualized 

neuromuscular synapses at muscle 6 and 7 using the synaptic vesicle marker 

anti-Syt and counted the number of varicosities at the larval NMJ (Materials and 

Methods). The size of the synapse (number of varicosities) was altered in 

opposing ways in /r/cand dor mutants (Figure 2.5A-C). Significantly, the 

opposing effects of hk and c/or mutations on synapse size are similar to their 

observed effects on endocytic trafficking in photoreceptor cells (Sevrioukov et al. 

1999; Sunio et al. 1999). 

The number of boutons per hemisegment was increased in hk* ^ 

(193.8±4.1; n=28; p =2.84 X 10"®) compared with wild type (165.4±3.5; n=29); in 

contrast, the bouton number was significantly reduced in c/o/̂  (129.9±3.7; n=35; p 

= 2.51 X 10'̂  (Figure 2.5D). These alterations in synapse size were not related 

to altered muscle fiber sizes, as both hk and dor showed no significant difference 

from wild type in muscle surface area. To confirm that these phenotypes of hk 

and dor mutants were not artifacts arising from differing strain backgrounds, we 

performed several genetic controls. First, the increased synapse size seen in 

hk^  ̂mutants could be restored to control levels by a /700/cgenomic transgene 

that rescues all other known /lAr phenotypes (Figure 2.5D). Thus, synapse size in 
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hk'̂ lhk'̂ ; P(hl̂  was similar to wild type. Second, the decreased synapse size 

observed in doî  mutants was both rescued by a genetic duplication of the doi* 

locus (ydof) and uncovered by the cto/̂ null mutation (Figure 2.5D). Thus, 

doî lYdoi*' was indistinguishable from wild type and doî ldoî  was identical to 

doî ldoî  (Figure 2.5). 

In photoreceptor cells. Hook acts as a negative regulator of endocytic 

trafficking and Dor as a positive regulator (Sevrioukov et al. 1999; Sunio et al. 

1999); thus Ar/r mutants show enhanced lysosomal delivery of intemalized ligand 

and dor mutants show retarded delivery. Photoreceptors double-mutant for dor 

and hk show a dor-like accumulation of ligand-containing endocytic 

compartments (Sevrioukov et al. 1999). To test whether this "epistasis" of dor is 

also observed for the synapse size phenotypes, we generated and analyzed 

do/̂ ; hk*'* double mutants. A similar epistasis of dor is apparent for the synaptic 

phenotype. We observed that do/̂ ; double mutant synapses have a 

decreased number of boutons and are indistinguishable from do/* mutants alone 

(Figure 2.6). The number of boutons per hemisegment was 125±5.76 (n=20) in 

doi*; compared to 129.9±3.7 (ns35) in doî . However, in the presence of a 

do/* duplication, the size of the do/*; hk"^  ̂ double-mutant synapse was like 

(Figure 2.6). This second observation in the presence of a dor  ̂duplication 

greatly strengthens our conclusion that dor and /700/rparticipate in the same 

pathway for synaptic change. These results indicate that endocytic trafficking 

plays an important role in presynaptic arborization. 
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Fasciclin 11 levels at the synapse are not altered in hk and cformutants 

One mechanism for controlling presynaptic arborization is regulation of 

Fasciclin II, an inhibitor of synapse expansion (Schuster et al. 1996). In eag  ̂

and mutants, synapse size is increased and this is accompanied by 

a reduction in levels of synaptic Fasciclin II (Schuster et al. 1996). We 

hypothesized that defects in endocytic trafficking could lead to altered 

downregulation of Fasciclin II and cause the altered synapse sizes we observe in 

hk and dor mutants. Mutations in a positive regulator (dor) of Fasciclin II tumover 

could lead to increased levels of membrane bound Fasciclin II. Conversely, 

mutations in a negative regulator could lead to decreased synaptic Fasciclin II 

levels. The phenotypes we observe are consistent with this model. 

To examine the issue directly, we stained hk* ,̂ doî  and wild type larvae 

under identical conditions with an antibody directed against the transmembrane 

form of Fasciclin II and visualized immunoreactivity by fluorescent microscopy. 

We obtained images of large boutons in muscle 6 and 7 using a cooled CCD 

camera with a linear response to light (Rgure 2.7A-C). Despite our efforts (see 

Materials and Methods), we could detect no difference in Fasciclin 11 

immunoreactivity in hk^  ̂and do/̂  mutants compared with wild type (Figure 2.7D-

F). These results indicate that mutations in hk and dor do not drastically alter 

Fasciclin II levels at synapse. One possibility is that altered endocytosis of other 

cargo molecules involved in synapse stabilization leads to arborization defects 
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we observe. An alternative possibility is that small differences in the levels of 

Fasciclin II are sufficient to cause changes in the synapse arborization, but these 

changes are too small to be detected by quantitative immunochemistry. 

Discussion 

The A7^and dor genes encode proteins associated with endosomal 

compartments in Drosophila. In this paper, we show that Hook- and Dor-positive 

endosomes are highly enriched at synapses, being present in both presynaptic 

and (predominantly) postsynaptic regions. We also show that mutations in hook 

and dor affect synapse size at the larval NMJ without affecting synaptic vesicle 

recycling. Our study provides the first genetic evidence that endocytic trafficking 

plays a role in synaptic plasticity. It also distinguishes late events in endocytosis 

that require Hook and Dor function, from earlier events involved in synaptic 

vesicle recycling. 

Hook and Dor are present at synapses 

The absence of endosomal markers has previously precluded examining 

the presence or distribution of endosomes at synapses. Our finding that Hook-

and Dor-positive endosomes are present at synapses and enriched close to 

synaptic membranes (Figure 2.1) indicated potential functions for Hook and Dor 

in regulating synapse development, maintenance, function or plasticity. 

Endosomes are intermediate compartments in the delivery of components 
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destined for degradation in lysosomes (Mukherjee et al. 1997). In non-neuronal 

cells, endosomes participate in trafficking of molecules during endocytosis and 

are distributed throughout the cell (Mukherjee et al. 1997). Our observation that 

endosomes in postsynaptic muscle cells are concentrated near the postsynaptic 

membrane is both unexpected and novel. It indicates that, in at least some cells, 

endocytosis at postsynaptic sites may be more active than currently appreciated. 

Hook and Dor act to regulate synapse size but not synaptic vesicle 

recycling 

Two functions have previously been suggested for endosomes at 

synapses: synaptic vesicle recycling at presynaptic temninals and turnover of 

both pre- and postsynaptic plasma-membrane proteins. In addition to a large 

body of morphological data supporting the role of endosomes in synaptic vesicle 

recycling, recent biochemical reconstitution studies indicate a distinct endosome-

derived pathway that requires function of the adaptor protein, AP3 (Faundez et 

al. 1998). However, recent data from FM1-43 dye uptake analyses suggest that 

endosomes may be bypassed during synaptic vesicle recycling (Murthy and 

Stevens 1998), a conclusion also supported by other, more recent morphological 

analyses (Takei et al. 1996; Gad et al. 1998). These different conclusions may 

be most easily reconciled by postulating two altemative pathways for synaptic 

vesicle recycling that differ in their requirement for endosomes. 
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Our analyses of the effects of hook and dor mutations on synaptic 

transmission indicate no requirement for these gene products in synaptic vesicle 

recycling. This conclusion is based on two classes of experiments that have 

previously revealed altered vesicle recycling in synaptic mutants; a) physiological 

analysis of synaptic transmission at low and high rates of nerve stimulation 

(Rgures 2.2 and 2.3); and b) behavioral interactions with shl̂  mutations (Figure 

2.4). One caveat of these studies is that the mutant alleles we analyzed may be 

too weak to display vesicle-recycling defects that would be apparent with 

stronger alleles. However, this seems to be unlikely given that the alleles we 

examined do cause visible phenotypes in other assays, and is a complete 

loss-of-function allele (Kramer and Phistry 1996). Thus, our experiments 

constitute a genetic demonstration that late stages of endocytosis that require 

Hook and Dor are not essential for synaptic vesicle recycling in vivo. 

Although they have no effect on synaptic transmission, mutations in hk 

and dor alter synapse size in opposing ways (Rgure 2.5). The size of the 

synapse is increased significantly in /ifcmutants and clearly reduced in dor. 

Double-mutant analysis indicates an unambiguous epistasis of dor. genetic 

evidence indicating that both gene products function in the same pathway (Figure 

2.6). The opposing effects of the two mutations and the epistasis of ctor are 

particulariy interesting observations since they beautifully mirror known functions 

of these gene products in the endocytic pathway. Studies in photoreceptor cells 

show that Hook acts as a negative regulator, and Dor as a positive regulator, of 
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iysosome-directed transport (Sevrioukov et al. 1999; Sunio et al. 1999). 

Consistent with this, photoreceptors of dor, /r/r double mutants also show dor-like 

phenotypes (Sevrioukov et al. 1999). The exact parallels between the roles of 

dor and hk in lysosomal delivery of the Boss ligand and their effects on synapse 

size strongly indicate that phenotypes we observe arise from defects in 

endocytosis. Thus, lack of negative regulation (or increased efficiency) of 

endocytic traffic in hk mutant synapses leads to increase in synapse size, and 

absence of a positive regulator in ofor mutants leads to decreased synapse size. 

In conclusion, these data indicate that Hook and Dor participate in stages 

of endocytosis required for regulating "structural plasticity" of the synapse; 

however, these stages are not required for synaptic vesicle recycling in vivo 

(Figure 2.8). To our knowledge, this is the first genetic study of endosome 

function at the synapse, and the first genetic evidence of a role for endocytic 

trafficking in synapse plasticity. 

Mechanism of structural plasticity 

The simplest interpretation of our data is that the primary mechanism by 

which endocytosis regulates synapse size is downregulation of an inhibitor of 

synapse growth. The enrichment of Hook and Dor in postsynaptic sites indicates 

that downregulation of this inhibitor may occur predominantly in postsynaptic 

muscle. The best candidate for such an inhibitor is Fasciclin II (Schuster et al. 

1996). Drosophila dnc and eag Sh double mutants that show increased synapse 
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size are reported to show low levels of synaptic Fasciclin II. Furthermore, 

genetic reduction of Fasciclin II by hypomorphic alleles results in increased 

synapse size (Schuster et al. 1996). Thus, together with experiments in Aplysia 

(Mayford et al. 1992) that indicate endocytosis as a major cellular pathway for 

regulating levels of synaptic ApCAM (a Fasciclin II ortholog), the data Indicate 

that hk and dor effects on synapse size may arise entirely by their effects on 

normal regulation of synaptic Fasciclin II. 

When we examined whether defective endocytic traffic in hk and dor 

mutants would lead to altered levels of Fasciclin II at synapses, we found no 

evidence to support this attractive hypothesis. The intensity of Fasciclin II 

immunoreactivity in hk and c/or mutant synapses were comparable to that in wild 

type preparations (Figure 2.7). To further address the issue that Dor and Hook 

proteins participate in activity-induced synaptic change we attempted to analyze 

the effects of these mutations on the synapse expansion observed in 

hyperexcitable eag^ double mutants. However, this analysis was 

unsuccessful due to the variability, in our hands, of the eag^ mutant 

phenotype (see Maten'als and Methods). These negative observations must be 

interpreted with caution. It is conceivable that our quantitative 

immunofluorescence experiments lack the sensitivity required to detect small 

differences in Fasciclin II levels at synapses. Thus, it remains a possibility that 

hk and ofor mutant effects on bouton number are mediated via altered regulation 

of Fasciclin II. However, due to the care with which we addressed this issue 
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(Materials and Methods) it is reasonable to consider alternative hypotheses. The 

nnost obvious possibility is that molecules other than Fasciclin II may contribute to 

limiting synapse size during development of the larval neuromuscular junction. 

For instance, integrin mutants in Drosophila show alterations in synaptic 

architecture (Beumer et al. 1999). Another example is the Drosophila beta-

amyloid precursor protein homolog APPL, genetic manipulations in which alter 

synapse size as well as synapse morphology (Torroja et al. 1999). Altered 

endocytic trafficking of these or other molecules (Man et al. 2000; Wang and 

Linden 2000) yet unidentified in Drosophila could possibly be responsible for 

altered synapse size in hkand dor mutants (Figure 2.8). 

Conclusions 

In summary, Hook and Dor positive endosomes are enriched at synapses 

and are involved in regulation of synapse size in Drosophila. Our findings 

provide the first genetic evidence of a role for endocytic trafficking in plasticity of 

the synapse. Though our findings show that Hook and Dor function are required 

for regulation of synapse size, the molecular mechanisms involved in 

endocytosis-mediated control of synapse expansion remain to be established. 
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Figure 2.1 Hook and Dor are present at larval neuromuscular synapses (A, B). 

Hook is localized in distinct punctate structures at the synapse (A) and Dor 

innmunoreactivity is more diffuse (B). A merged image of Hook (C) and Dor (D) 

in E shows Dor (green) and Hook (red) do not significantly overlap. Hook and 

Dor are enriched postsynaptically (F-l). Double staining of Hook (red in F, H) and 

Dor (red in G, I) with the presynaptic plasma membrane marker anti-HRP (green 

in F, G) or with the synaptic vesicle marker anti-Csp (green in H, I) shows that 

most of Hook and Dor staining are present postsynaptically. Though Hook and 

Dor are enriched postsynaptically, significant overiap with intra-bouton space 

labeled by presynaptic markers indicates that Hook and Dor are also present in 

the presynaptic terminal. Scale bar, 10 pm in A and B, 5 in C-l. 



i l  
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Figure 2.2 The hk*^ and doî  mutations do not affect spontaneous or evoked 

synaptic activity at the larval NMJ. A. Three consecutive traces show 

representative mEJPs recorded from wild type, and doî  NMJs at 1.5mM 

Ca^***. Calibration: 2 mV, 200 msec. B, Representative EJP traces recorded from 

wild type, hk '̂' and doî  NMJs at 1.5mM Ca^*. Calibration; 10 mV, 50 msec. C, 

hk*^ and do^ mutants have normal mEJP frequencies; n = 6 larvae for all 

genotypes. D, mEJP amplitude is slightly increased in hk^^ mutants (p = 0.05); n 

= 6 larvae for all genotypes. E, Evoked response is normal in and doî  

mutants; n=5 larvae for all genotypes. Averaged data are presented as ± SEM. 
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Figure 2.3 Mutations in hkand dordo not affect synaptic transmission during 

prolonged high frequency stimulation. The larval NMJ was stimulated at 10 Hz 

and the EJP was recorded over a 5-minute period. At t=0 EJP is 100% for all 

genotypes. EJP amplitude for each time point were averaged from 10 

consecutive traces; n = 5-6 larvae for all genotypes. Averaged data are 

presented as ± SEM. 
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Figure 2.4 Mutations in hk and dordo not affect paralysis and recovery profiles 

of shl̂  mutants. Double mutants of doî , shl̂  and shf^^; were generated. 

A, 2-3 day old adult males were tested at 26, 27 and 28°C in batches of 10 flies 

and observed for paralysis. The percentage of flies standing after every 30 

second time point was calculated. The shl̂ ^; hk^^ flies tend to paralyze 30 sec 

faster than flies at all temperatures checked, n = 9-12 trials for each 

genotype. B, 2-3 day old adult males were paralyzed at 32°C in batches of 10 

flies for 2 minutes and allowed to recover at 20°C. The percentage of flies 

standing after every 30 second time point was calculated. The recovery profiles 

of shf^; hk^^ and doî  sh^^axe almost identical; n = 9-12 trials for all 

genotypes. Averaged data are presented as ± SEM. 
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Figure 2.5 The size of the synapse is altered in opposing ways in hk and dor 

mutants. Confocal projections of synaptic arbors on muscle 6 and 7 in segment 

A2 visualized with anti-Syt antibody show that mutants have increased 

synapse size (B) whereas do^ mutants have decreased synapse size (C) 

compared with wild type (A). Scale bar, 10^m. (D) Quantitation of bouton 

number in wild type, hk^^ and doî . Boutons on muscles 6 and 7 were counted 

and expressed as percentage change compared to appropriate controls 

(Materials and Methods); synaptic arbors from 29 wild type, 28 hk^^ and 35 doî  

larvae were examined. The controls hk^^; P{hk) (n=16), dor^/Ydor^ (n=11) and 

doî /do^ (n=17) are also shown. Statistics were calculated with student t-test 

("*, p < 10"®). Averaged data are presented as ± SEM. 
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Figure 2.6 doî  mutation suppresses increase in synapse size in larval 

NMJs. Boutons on muscles 6 and 7 were counted and expressed as percentage 

change compared to control; synaptic arbors from 20 do '̂, hk^^/hk^^ larvae were 

examined. The controls, wild type (n=29), dor^ (n=35), hk'̂  (n=28) and 

doî /Ydoî ; hk^^/hk '̂' (n=13) are also shown. Averaged data are presented as ± 

SEM. 
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Figure 2.7 Fluorescent micrographs of synaptic arbors visualized with anti-

Fasciclin II antibody show no alterations in Fasciclin II localization in (B) and 

doi'̂  (C) compared with wild type NMJs (A). Pseudocolor intensity profiling of the 

above images does not show any difference in intensity of Fasciclin II staining in 

and doî  NMJs (D-F). Red is high levels, Green is medium and blue is low 

levels of intensity. Scale bar, 5^m. 
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Figure 2.8 Model for Hook and Dor function in endocytosis at synapses. The 

model shows that Hook and Dor are involved in later stages of endocytosis as 

determined by analyses in Drosophila photoreceptor and cultured cells (Hook 

and Dor) or yeast (DorA/ps18). Synaptic vesicle recycling involves early steps in 

endocytosis and is not affected by mutations in hk and dor. Since the size of the 

synapse is affected by hk and dor mutations, we posit that endocytosis of 

molecules that control synapse expansion is perturbed in hk and cfor mutants. 

The figure shows a presynaptic terminal. A similar pathway in postsynaptic sites 

would not include the branch for synaptic vesicle recycling. 
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CHAPTER THREE 

NUCLEOTIDE DIPHOSPHATE KINASE AND AN 

INTRAMOLECULAR GTPASE EFFECTOR DOMAIN REGULATE 

DYNAMIN FUNCTION AT SYNAPSES 

Statement by author 

This chapter is written by myself with input from my advisor. Some 

of the results presented here were published in a research article (Krishnan 

et al. 2001), in which I am a co-author. 

Abstract 

Dynamin is a GTPase essential for clathrin-dependent endocytosis. 

Molecules that regulate GTP loading (guanine-nucleotide exchange 

factors-GEFs) and GTPase activity (GTPase activating proteins-GAPs) of 

dynamin are unknown. Here I describe the identification of such 

molecules/domains by analyses of enhancer and suppressor mutations 

identified in previously conducted genetic screens. Nucleoside 

diphosphate kinase (NDP Kinase), a source of GTP encoded by the 

Drosophila abnormal wing discs (awd) or human nm23 tumor suppressor 

genes, acts as an unusual guanine exchange factor (GEF) for the GTPase, 

dynamin. Mutations in awd lower the temperature at which behavioral 
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paralysis, synaptic failure and blocked membrane intemalization occur at 

dynamin-deficient mutant nerve terminals. The enzymatic activity of 

NDP kinase is essential for dynamin function at synapses indicating that 

dynamin is dependent on NDP kinase-mediated supply of GTP. Dynamin 

is also regulated by an intramolecular GTPase effector domain (GED), 

mutations in which stabilize the active form of dynamin, the dynamin:GTP. 

We have identified separate mutations in shi, which map to the GED, that 

suppress endocytic defects in Overall, these data indicate a model 

in which the stability of dynaminiGTP is opposingly regulated by NDP 

kinase activity and GED activity; in addition these findings indicate the 

possibility of an intriguing therapy for tumor progression. 

Dynamin and endocytosis 

Dynamin is an essential component of the clathrin-dependent process 

called receptor-mediated endocytosis. Dynamin-mediated endocytosis is 

required for in several cellular processes such as synaptic-vesicle recycling, 

nutrient uptake, or downregulation of activated growth factor receptors (Kramer 

et al. 1991; De Camilli and Takei 1996; Putter et al. 1996; Vieira et al. 1996). 

The role of dynamin in endocytosis was established when the Drosophila 

gene shibire (shi) was sequenced and found to be a homologue of dynamin. 

Flies carrying temperature-sensitive alleles of shi appear normal at low 

temperatures; however, elevated temperatures result in rapid behavioral 
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paralysis due to use-dependent depletion of synaptic vesicles which are unable 

to recycle following exocytosis (Poodry and Edgar 1979; Kosaka and Ikeda 1983; 

van der Bliek and Meyerowitz 1991). At presynaptic terminals of paralyzed 

animals, endocytic vesicles are blocked at an advanced stage in vesicle 

formation, after the formation of invaginated membrane pits, but before the 

sequestration of vesicle contents that occurs prior to budding (Kosaka and Ikeda 

1983; Ramaswami et al. 1994). The necks of the invaginated pits trapped in 

shl̂ ^ mutant nerve termini have electron dense collars, which includes dynamin. 

Dynamin is a member of a continually growing subfamily of diverse 

GTPase proteins such as Vpsi, Dnm1/Drp1/DRP-1, Mx and hGBPI (Danino and 

Hinshaw 2001). They differ from small and heterotrimeric GTPases by their large 

size (molecular masses from 70kDa-100kDa), relatively low affinity for GTP (Kin 

10-100(iM) and high rates of GTP hydrolysis {Kcai 2-100 min'̂ ) (van der Bliek 

1999). Dynamin is a prototype member of this GTPase subfamily with a 

molecular weight of -100 kDa, a low affinity for GTP {Km ~10-25^M), a high rates 

of basal {kzat -8—30x10'® sec'̂ ) and stimulated GTP hydrolysis (feat 1-5 sec"^) 

(Sever et al. 2000a). In addition, dynamin has high rates for association and 

dissociation of guanine nucleotides (Binns etal. 1999), which makes GTP 

hydrolysis an important control point in dynamin's GTPase cycle. Finally, 

accessory proteins such as GTPase activating proteins (GAP) and guanine-

nucleotide exchange factors (GEF) that regulate GTP hydrolysis and GDP-GTP 

exchange are yet to be identified for dynamin (Sever et al. 2000b). Dynamin 
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contains several distinct functional domains that likely function: (a) in GTP 

binding and hydrolysis (GTPase domain); (b) phospholipid binding (plekstrin 

homology domain. PHD); (c) interaction with partner or substrate proteins 

(proline rich domain, PRD); (d) acoiled-coil domain involved in multimerization; 

and (e) a GTPase effector domain (GED) involved in regulating assembly-

stimulated GTP hydrolysis (Figure 3.1). 

Mechanism of dynamin function in endocytosis 

Dynamin exists as a homotetramer that spontaneously self-assembles into 

higher order structures resembling rings and helical stacks of rings when diluted 

into buffers of low ionic strength. Self-assembly stimulates dynamin's GTPase 

activity 50-100-fold due to the activation of the intramolecular GED during 

assembly (Sever et al 1999). Dynamin will also assemble as spirals onto a 

template such as microtubules or liposomes (Tuma et al. 1993; Lin et al. 1997) 

and on rat brain synaptosomal membranes following incubation with GTPy-S 

(Takei et al. 1995). These dynamin spirals appear as electron-dense 'collars' 

around the necks of endocytic pits similar to the necks of the invaginated pits 

trapped in mutant nerve termini. These observations lead to a model in 

which dynamin plays a force-generating role in the scission of nascent vesicles 

from the plasma membrane (Takei et al. 1995). Several models for force-

generation exist but all models predict that GTP hydrolysis by dynamin is 

essential for vesicle fission during endocytosis and that, dynamin functions as a 
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mechanochemical enzyme that drives the release of clathrin-coated vesicles 

from the plasma membrane. 

Recent studies by Sever et al. (1999, 2000b) indicate that dynamin acts as 

a molecular switch during endocytosis rather than a force-generating molecule. 

They discovered that the GED region of dynamin acts in a cooperative manner to 

stimulate the GTPase activity of dynamin. Human dynamin with mutations in the 

GED show reduced rates of stimulated GTP hydrolysis. Surprisingly, when these 

mutant dynamins were transfected into mammalian cells, they were found not to 

inhibit, but to stimulate endocytosis. This result is opposite to mutations in the 

GTPase domain that have long been known to inhibit endocytosis. This 

discovery led to a proposal that dynamin functions as regulatory GTPase in 

endocytosis. Since inhibiting assembly-stimulated GTP hydrolysis stimulates 

endocytosis, it indicates that dynamin:GTP, whose lifetime is expected to be 

prolonged in these mutants, is the active form of dynamin that determines the 

rate of endocytosis. The model suggests that the active GTP-bound 

conformation of dynamin recruits downstream partner(s) that are involved in 

formation of clathrin-coated vesicles, similar to the classical role for GTPases in 

the cell. In dynamin, the GED acts as a GTPase activating protein (GAP) by 

activating GTP hydrolysis via self-assembly, to switch-off dynamin and to trigger 

its disassembly and recycling. In this model, GTP hydrolysis is not necessary for 

fission perse but to complete the fission process and retum to the next cycle. 
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The regulatory GTPase model and the observations that lead to this 

model have been questioned recently (Marks et al. 2001). They show using a 

slightly different procedure that the GED mutations shown to decrease stimulated 

GTP hydrolysis by Sever et al., have GTPase activity comparable to that of wild-

type dynamin. They also show that transfection of these mutants in COS cells do 

not stimulate endocytosis of transferrin when compared to wild-type dynamin 

transfection. Further, using specific dynamin mutants they show that efficient 

GTP hydrolysis and a resulting conformational change are essential for dynamin 

function, indicating that dynamin has a mechanochemical role during 

endocytosis. 

Thus, questions remain as to whether dynamin acts a molecular switch 

that recruits other components to the membrane for vesicle formation, or whether 

dynamin is a mechanochemical enzyme that generates the force necessary for 

membrane fission. Two different studies detailed above have stirred the debate 

on the mechanism of action of dynamin. My research work along with work from 

other members of the Ramaswami lab, using mutations isolated from classical 

genetic screens in Drosophila, have contributed in vivo evidence supporting the 

regulatory GTPase model for dynamin function. I will first elaborate the genetic 

screens designed to identify dynamin interacting proteins and then specifically 

describe my contributions to understanding dynamin function In endocytosis. 
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Genetic screens in Drosophiia for dynamin interacting proteins 

Flies with the shf̂  mutation show rapid temperature sensitive (ts) 

paralysis at 28°C. This rapid ts paralysis does not reflect a sudden, step-like 

decline in dynamin activity. Rather, in shl̂  animals, dynamin activity is likely to 

be steadily reduced as temperature is raised. Thus, the restrictive temperature 

for a given allele reflects the point at which dynamin activity drops below a level 

required for sustained activity of critical synapses in the fly (Ramaswami et al. 

1993; Ramaswami et al. 1994; Grant et al. 1998). Since second-site mutations 

that alter phenotypes of an original mutation have been known to identify other 

genes in the same cellular pathway (Simon et al. 1991), we performed classical 

genetic screens designed to identify mutations that modify the conditional 

paralysis phenotype of Drosophiia shl̂  mutants (Ramaswami et al. 1993; 

Krishnan et al. 2001). Two kinds of genetic screens were performed, one an 

enhancer screen that will identify second-site mutations that cause shl̂  ̂mutants 

to be paralyzed at lower temperatures, the other one a suppressor screen that 

will identify second-site mutations that cause shl̂  mutants to be paralyzed at 

higher temperatures. Various mutations from these screens are described 

below. 

Suppressor screen 

EMS mutagenesis of sh/̂  flies was performed and six mutations that 

induced resistance to paralysis at 29°C were isolated (Ramaswami et al. 1993). 
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These mutations were referred to as Su{shii or Sushi mutations and the six 

isolates were named BS1,SHY,CK2, VF3, KVSand \/S2 (Table 3.1). The Sushi 

alleles mapped within 0.2 map units of the shi gene and thus, show tight linkage 

to shi. This and genetic complementation tests suggest that Sushi mutations are 

either second-site intragenic mutations in shi or they map to a gene closely linked 

to shi, such as the ciathrin heavy chain gene. The Sushi mutations suppress 

behavioral as well as several developmental phenotypes of shi. To further 

characterize the suppression of the shl̂  mutation by Sushi alleles, I performed a 

series of experiments to determine the effect of Sushi mutations on synaptic 

physiology, specifically on synaptic vesicle recycling. I used three Sushi 

mutants, shF^ ,̂ shf̂  ̂and shf̂  ̂that showed the most robust suppression of 

shl̂  paralysis, with temperatures of paralysis of 35°C, 39°C and 39.5°C 

respectively, for further analysis. 

Synaptic failure is suppressed in shf^ by Sushi mutations 

To determine if suppression of behavioral paralysis of shP  ̂by Sushi 

mutations mirrors alleviation of cell biological phenotypes of shf̂ ,̂ I tested the 

effects of Sushi mutations on synaptic failure in shl̂  synapses. The compound 

response of the visual system to a light-flash stimulus may be measured in a 

simple extracellular recording called an electroretinogram (ERG). A typical ERG 

includes different components: a "slow" receptor potential corresponds to 

photoreceptor depolarization; two transient spikes, the on- and off-transients 
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(arrows on Figure 3.2), that flank the receptor potential represent compound 

synaptic responses of the optic lobe (Alawi and Pak 1971; Wu and Wong 1977; 

Zuker 1996). In shl̂  mutants, the on and off-transients are lost at elevated 

temperature in a use-dependent manner. The synaptic transients in shl̂  ̂are 

clearly visible and are like wild-type but disappear at 32°C (Figure 3.3). Sushi 

mutants show robust synaptic transients like wild-type at 32° C, which shows that 

synaptic failure in mutants, is alleviated by Sushi mutations. 

Sushi mutations suppress endocytosis block in shf^^ 

Dynamin functions at the internalization step during endocytosis. To 

ascertain whether an internalization block in shl̂  ̂mutants is alleviated by Sushi 

mutations, I directly observed intemalization by studying the temperature-

dependence of fluorescent dye (FM1-43) uptake into recycling synaptic vesicles 

at motor synapses on body wall muscles of third-instar larvae (Betz and Bewick 

1992; Ramaswami et al. 1994). When stimulated at 33°C with high-potassium 

(60mM) saline containing the endocytic tracer FM1-43, shl̂  ̂motor terminals on 

larval body wall muscles are not labeled at all due to a block in endocytic uptake; 

in contrast motor terminals in Sushi mutants were robustly labeled (Rgure 3.3) 

showing that Sushi mutations alleviate endocytosis block in shf^. 
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Sushi mutations suppress synaptic vesicle redistribution in shf^^ 

A block in internalization leads to a severe reduction in synaptic vesicle 

replenishment in s/)/̂  synapses. Since exocytosis takes place normally, it leads 

to redistribution of synaptic vesicle proteins to the plasma membrane 

(Ramaswami et al. 1994; Estes et al. 1996). To determine if redistribution of 

synaptic vesicles is suppressed by Sushi mutations in shl̂  synapses, I 

visualized redistribution of synaptic vesicles at the larval NMJ using an antibody 

against synaptotagmin, a synaptic vesicle protein. Synaptotagmin staining 

appears as distinct spots on the plasma membrane, instead of diffuse doughnut 

shaped staining of the entire bouton that is seen in both wild-type and shl̂  ̂at 

room temperature. In Sushi mutants, I observed no redistribution of synaptic 

vesicles to the plasma membrane at 33°C, when nerve terminals were stimulated 

with high K*" saline, whereas shl̂  mutants showed distinct spots of 

synaptotagmin staining on the plasma membrane (Figure 3.3). Thus, Sushi 

mutations alleviate synaptic vesicle redistribution observed in sh/̂ .̂ 

Sushi mutations are resistant to synaptic depression seen in shf^ 

To confirm our cell biological interpretation of the behavioral interactions 

between Sushi mutations and shl̂ ^, I directly assessed the effects of Sushi 

mutations on synaptic vesicle replenishment in shf̂  mutants. In shl̂  mutants the 

physiological consequence of synaptic vesicle depletion is synaptic depression, 

an activity-dependent decline in quantalcontent overtime (Koenig and Ikeda 
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1989). Prolonged, repetitive stimulation of nerves at the larval NMJ at high 

frequency has been shown to induce depression in s/?/̂  mutants (Stimson et al. 

2001). Quantal content in shl̂  at the beginning of 10Hz stimulation is similar to 

wild-type at 30°C, but sharply declines during prolonged stimulation and 

becomes -20% of t=0 after 5 min (Figure 3.4). In contrast, Sushi mutants 

continue to show relatively robust synaptic transmission at 30°C during 10Hz 

stimulation; at this temperature they are indistinguishable from wild-type. Thus it 

is clear that Sushi mutations suppress distinct cell biological phenotypes of shf^^ 

indicating that endocytic defects in shf^ are alleviated due to the Sushi 

mutations. A possible mechanism for this suppression is described later. 

Enhancer screen 

Three independent, EMS-induced mutations, MSM95, MSF15 and CM47 

that reduce the temperature at which sh!̂  mutants paralyze were isolated from 

an enhancer screen to identify mutations that modify the conditional paralysis 

phenotype of Drosophila sh  ̂mutants (Krishnan et al. 2001). All three 

mutations are alleles of a single gene termed e(shi)A for enhancer of shi. Further 

analyses indicated that all three mutations are alleles of abnormal wing discs 

{awd), the Drosophila ortholog of a human tumor suppressor gene, nm23 (Steeg 

et al. 1988a; Steeg et al. 1988b; Rosengard et al. 1989; Biggs et al. 1990). 

Awdfnm23 encodes cytoplasmic nucleoside diphosphate kinase (NOP kinase), 

an enzyme required for ATP-dependent synthesis of nucleoside triphosphates 
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from the respective nucleoside diphosphates. Reduced expression of nm23 

appears to be a primary determinant of tumor progression, invasiveness, and 

serum-stimulated motility of several metastatic tumors (Leone et al. 1991; Kantor 

et al. 1993; Leone et al. 1993; Baba et al. 1995; Parhar et al. 1995; Fukuda et al. 

1996). The genetic enhancement of shl̂  paralysis indicates a new role for NDP 

kinase in endocytosis. 

HypomoqDhic mutations in awd show reduced NDP kinase activity 

The lethality of null mutations in the awd gene demonstrates that NDP 

kinase plays an essential function in cells. Viable hypomorphic mutations 

isolated from the enhancer screen, in addition to a genetic enhancement of shl̂  

behavioral paralysis, also show temperature dependent behavioral paralysis, 

independent of the shl̂  ̂mutation. I sequenced these three viable aivcf alleles 

and found the mutations to be caused by P-element insertions in the 5' 

transcribed regions of the awd gene (Rgure 3.5). Two of these mutations, 

awc^ '̂̂ ^and awdf̂ ^^^ ,̂ have identical -2kb P-element insertions at the 5'end, 

23bp downstream of the starting AUG. Thus, they are likely duplicate isolates of 

the same mutation. The other mutation aw(f̂ * ,̂ has a --2kb P-element 40bp 

upstream of the starting AUG. As might be indicated by sequence analysis, 

awcF^ ,̂ with the coding region not affected by the P-element insertion is a 

weaker enhancer of shl̂  paralysis compared to s^y f̂fĵ sMaaMSFis mutation. Thus, 

the degrees of enhancement of these different P-elament insertions correspond 
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with the site of P-element insertion. In addition, it is possible that an AUG 8bp 

downstream of the -2kb insertion in jg  ̂translational 

start site, explaining the viable nature of this mutation. NDP kinase activity in 

extracts from fly heads show that Qwct̂ sMgausFis mLrtaptg have -90% reduction in 

enzymatic activity compared to appropriate controls (Krishnan et ai. 2001). This 

reduction in NDP kinase activity is associated with severely reduced Awd protein 

levels in when assayed by westem blot analysis (Figure 

3.6). 

NDP kinase activity is required for dynamin-dependent synaptic vesicle recycling 

Awd protein has multiple activities like the NDP kinase activity, protein-

phosphotransferase activity and a transcriptional factor activity. From our various 

observations, we found that the NDP kinase activity of Awd is required for 

dynamin function. First, we found that wild type aî dtransgene, that rescues 

lethality of loss of function aivd mutations (Timmons et al. 1995), will rescue awd 

enhancement of shl̂  ̂and also aivdparalysis (Krishnan et al. 2001). We also 

observed that Awd function in endocytosis is specific to NDP kinase activity 

because awd  ̂mutation, with defective protein-phosphotransferase activity but 

almost normal NDP kinase activity does not enhance shl̂  paralysis (Krishnan et 

al. 2001). Finally, I used a transgene (a gift from Allen Sheam's lab) 

that has a point mutation in the critical histidine residue involved in enzyme 

catalysis (Xu et al. 1996) and thus lacks NDP kinase activity. I found that, while a 
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single copy of awct transgene was able to rescue awd enhancement of shf^ 

paralysis, a single copy of the showed no change in temperature of 

paralysis compared to siblings without the transgene (Figure 3.7). This clearly 

shows that the enzymatic activity of NDP kinase is required for dynamin function 

at synapses. 

We have shown that mutations in awd causes shl̂  ̂ flies to paralyze at 

lower temperatures and that NDP kinase activity of Awd is required for this 

interaction. My analyses of awd alleles and awdtransgenes allows interpretation 

of cell biological experiments on these awd alleles. These direct cell biological 

analyses demonstrate that NDP kinase regulates synaptic vesicle internalization 

at the stage where function of the dynamin GTPase is required (Krishnan et al. 

2001). awd mutations lower the temperature at which synaptic failure and 

blocked membrane intemalization occur at dynamin-deficient, shî  mutant nerve 

terminals. In addition, hypomorphic awd alleles display shî -Wke defects in 

synapse function. These observations establish that NDP kinase plays an 

essential role in synaptic vesicle recycling by regulating dynamin function. 

Mechanism of Awd regulation of dynamin 

Dynamin GTPase serves an essential function in the process of 

membrane intemalization. While experiments described above demonstrate that 

Awd is essential for synaptic vesicle endocytosis, and that reduced NDP kinase 

activity in vivo leads to reduced efficiency of dynamin function, they do not 
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address the mechanism of Awd regulation of dynamin. At least two hypotheses 

for Awd regulation of dynamin and synaptic vesicle recycling are possible. (1) 

The effect of awd encoded NDP kinase on dynamin function in synaptic vesicle 

recycling could be due to altered levels of dynamin in awd mutants (2) given that 

Awd/ NDP kinase synthesizes GTP from GDP and that dynamin is a GTPase, it 

is likely that dynamin function in synaptic vesicle recycling is regulated NDP 

kinase mediated supply of GTP. To determine the mechanism of Awd regulation 

of dynamin, I performed experiments to distinguish the following possibilities. 

a) Hypothesis 1: awd affects levels of dynamin 

My results lead us to reject this hypothesis. To test whether awd mutations 

affect dynamin function by lowering dynamin levels, I looked at the levels of 

dynamin in awd mutants. I collected head lysates from awd mutants in both wild-

type and 5/7/backgrounds and performed westem blotting (Figure 3.8). Levels of 

dynamin are unchanged in aivof mutants in both genetic backgrounds. Similar 

experiments to look at dynamin levels were done at the larval NMJ and showed 

no difference in dynamin levels in aivd mutants compared to wild-type (Krishnan 

et al. 2001). These observations indicate that aiyd mutations do not affect 

dynamin function by altering levels of dynamin In Drosophila. 
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b) Hypothesis 2: Awd regulates global levels or local levels of GTP 

The viable mutations in awd both enhance and independently display sh!^ 

phenotypes. This suggests that mutations in awd make dynamin sensitive to a 

critical component necessary for efficient dynamin function at synapses. A 

straightforward explanation for this is that the GTPase dynamin depends on GTP 

generated by the NDP kinase. Awd. Dynamin is an unusual GTPase in that its 

GTP loading is determined by local concentrations of cellular GTP. The Km of 

purified dynamin is between 1 Om.M and 30^M, which is comparable to cellular 

GTP concentrations. Thus, decreases in cellular GTP levels should affect 

dynamin function, if in vitro observations of dynamin's affinity for GTP closely 

reflect its properties in vivo. There are two possible models for dynamin's 

dependence on GTP supplied by NDP kinase. In one possible model, NDP 

kinase affects GTP levels in a global manner and since dynamin is a critical 

protein operating at near cellular concentrations of GTP, it will be one of the first 

proteins to be affected by reduction in GTP levels in am/mutants, in an 

altemative model, it is possible that Awd interacts specifically with dynamin either 

directly or indirectly to provide a high local concentration of GTP. In both models 

GTP supplied by NDP kinase would promote GDP-GTP exchange and increase 

the availability of dynamin :GTP. 

To test whether Awd regulates global levels of GTP, I looked at levels of 

GTP in awd mutants and compared it to wild-type. For this, I used HPLC to 

separate nucleotides from Drosophila whole bodies homogenized in 0.6N TCA. I 
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performed HPLC using 75mM Citric acid (pH 4.55): MeoH 95% : 5% as the 

mobile phase in a PRP-X100 anion exchange column. By using nucleotide 

standards run at different concentrations, I was able to calculate the retention 

times for the major nucleotides, ADR, ATP, GDP and GTP. The retention time 

qualitatively identifies the nucleotide in extracts and the absorbance value gives 

a quantitative value for levels of a particular nucleotide in an extract. When I 

injected homogenates from awd mutants and performed HPLC and compared 

the HPLC profile with wild-type, I did not observe any decrease in GTP levels in 

aivd mutants (Figure 3.9). Though this experiment does not rule out maintenance 

of global GTP levels by other proteins, it possible that dynamin is not sensitive to 

global concentrations of GTP, but is regulated by local supply of GTP. 

To test the possibility that NOP kinase provides a local supply of GTP to 

dynamin, I examined physical interactions between dynamin and NOP kinase. 

Several lines of data suggested a weak physical association between dynamin 

and NDP kinase. First, the original report on purification of dynamin described 

isolation of NDP kinase as a dynamin cofactor required for observing a 

microtubule stimulated ATPase activity (Shpetner and Vallee 1989). Second, 

there are intriguing observations to suggest that NDP kinase can act as a local 

GDP-GTP exchange factor by directly associating with specific G-proteins, 

thereby providing a local supply of GTP (Zhu et al. 1999). 

I performed biochemical fractionation, coimmunopreciptation, and GST 

pull down experinnents to look for a direct physical interaction between dynamin 
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and NDP kinase. In biochemical fractionation experiments, I found Drosophila 

dynamin to be substantially present in pellet fractions P2 and P3, while Awd 

protein is highly enriched in the final supematant S3. Therefore, I decided to use 

the S2 supematant for my coimmunopreciptation and GST pull down 

experiments. Beads conjugated to affinity-purified dynamin antibodies (2074) or 

a GST fusion to a domain of DAP160/lntersectin (Roos and Kelly 1998) brought 

down dynamin but not Awd/NDP kinase from the S2 fraction (Figure 3.10). I 

attempted to trap transient interactions between NDP kinase and dynamin, using 

high concentrations of GDPp-S, GTPy-S, and ATP. Addition of these nucleotides 

may trap dynamin in a GDP bound state and Awd in an ATP bound state, thus 

trapping both proteins in a conformation suitable for transient interactions. Even 

though I observed differences in dynamin levels in both coimmunopreciptation 

and GST-pulldown experiments with the different nucleotides, my attempts to 

capture transient interactions were unsuccessful (Figure 3.10). These negative 

data indicate that dynamin and NDP kinase are predominantly not associated in 

vivo. Although a model involving a direct physical interaction tsetween NDP 

kinase and dynamin is not supported by these experiments, genetic experiments 

performed with human and Drosophila transgenes suggest that Awd function in 

endocytosis requires association with dynamin or a molecule in the proximity of 

dynamin (Krishnan et al. 2001). Human transgenes expressing NDP kinase that 

provide 50% higher NDP kinase activity compared to a Drosophila transgene, 

show a 50% reduction in shh, awd rescue of temperature sensitive paralysis 
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compared to the Drosophila transgene. This indicates that Awd/Nm23 activity 

required for synaptic function is not predicted simply by NOP kinase activity 

measured in fly homogenates. It further suggests that Awd and human Nm23 

may need to bind a specific partner protein for appropriate function in 

endocytosis: presumably, this binding involves protein domains whose 

sequences have diverged through evolution. Thus, the genetic data indicates 

that NDP kinase activity is provided close to the site of dynamin function. 

Moreover, the low affinity of dynamin for GTP suggests that proteins that supply 

GTP for dynamin such as NDP kinase may have evolved transient associations 

with dynamin to specifically provide a local GTP pool for efficient dynamin 

function. 

Awd is an unusual GEF for dynamin 

The regulatory GTPase model for dynamin function argues that 

dynamin:GTP is the active conformation and recruits fission machinery required 

for vesicle formation (Sever et al. 1999; Sever et al. 2000b). Our experiments 

with Awd and dynamin indicate that NDP kinase acts as a major facilitator of 

dynamin's GDP-GTP exchange reaction (or GTP loading); essentially acting as 

an unconventional GEF for dynamin. We know from previous observations (Wu 

et al. unpublished) that the aivdenhancement of shl̂  paralysis is specific to sh/̂  

and not shl̂ ,̂ a mutation that is identical to shl̂  in its behavioral and cell 

biological phenotypes. This observation argues that the mutation in shf̂  mutants 
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leads to defective loading of GTP in a temperature sensitive manner and the 

decreased availability of the active dynamin:GTP may be the defect in 

mutants. Now the enhancement of shl̂  ̂paralysis by awd mutations can be 

explained if we consider Awd as an unusual GEF that supplies locally high GTP 

levels. In awd mutants local GTP supply will be reduced drastically, thus further 

reducing the levels of active dynamin:GTP in shl̂ , leading to enhancement of 

the paralysis phenotype. Hence, we propose a regulatory GTPase model for 

dynamin function in which levels and stability of dynamin:GTP, a rate limiting 

step in endocytosis, is regulated by the efficiency of GTP loading by the unusual 

GEF activity of NDP kinase (Figure 3.11). 

GAP activity in dynamin in vivo 

The prevalent model for dynamin function until recently has been its role 

as a force generating GTPase. This rrK)del predicts that mutations in dynamin 

that are defective in GTP hydrolysis will inhibit endocytosis. Contrary to the 

predictions of this model, endocytosis was accelerated in cells transiently 

overexpressing dynamin mutants defective in assembly-stimulated GTP 

hydrolysis (Sever et al. 1999; Sever et al. 2000b). They showed that impairment 

of intrinsic GAP activity in dynamin stimulates endocytosis indicating that 

dynamin acts as a regulatory molecule rather than a force-generating enzyme. A 

possible means of regulation is that stabilization of dynaminiGTP by inhibition of 

stimulated GTP hydrolysis provides a positive effect on dynamin function. The 
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observations that led to this model have recently been questioned by Harvey 

McMahon's lab (Marks et al. 2001). They show that GTP hydrolysis is not 

decreased by mutations in GED and endocytosis is not accelerated when mutant 

dynamin is overexpressed in mammalian cells. They conclude that dynamin 

does not have an intrinsic GAP activity. 

The Sushi mutations we isolated from the suppressor screen are in a 

unique position to support the Schmid model in which dynamin function is 

regulated by an intrinsic GAP activity. Since we know that the mutation is 

enhanced by mutations in awdbut not the shî  ̂mutation (Wu et al. unpublished), 

we believe that active dynamin:GTP is limiting in sh}^  ̂mutants. Secondary 

mutations in a background should stabilize dynamin:GTP thereby having a 

positive effect on endocytosis. Because secondary mutations that impair 

dynamin's intrinsic GAP activity should stabilize dynamin:GTP that is limiting in 

shl̂  mutants, thus alleviating the temperature sensitive paralysis of 

mutants, we predicted that some of the Sushi mutations would map to the GED 

in dynamin. Therefore, we decided to sequence the six Sushi alleles that we had 

in our collection and see whether they earned a mutation in the GED, in addition 

to the original sht̂  mutation. 

Recombinant mapping and genetic complementation analysis mapped the 

suppressors of shl̂  to within 0.2 map units of shi (Ramaswami et al. 1993). 

Though this region is larger than the shi gene, we restricted our analysis to the 

shi gene in these mutants, to see if these suppressors map to the shi gene. We 
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first looked for mutations in 300-400bp RT-PCR products using adult cDNA as 

template, by dHPLC mutation detection method. Once we detected mutations as 

abnormal peaks in the dHPLC profile, we selected those RT-PCR fragments for 

DNA sequencing. Comparison of the sequences to published shi sequence 

showed that all Sushi mutants carry the original mutation and in addition 

have a second mutation in the shi gene, except for shF'̂  for which we were 

unable to detect any additional mutation that mapped to the shi gene (Figure 

3.12). As predicted, we found that three of the Sushi mutations map to the GED 

of dynamin. Of the three, sh^  ̂and shî ^  ̂tumed out to be identical mutations, 

which means they are probably duplicate isolates of the same mutation. Two 

Sushi mutations replace conserved amino acids in dynamin, a threonine 746 to 

isoleucine in and an alanine 735 to threonine in These 

mutations map to the extreme C-terminal end of the predicted intrinsic GAP 

region, the GED. Interestingly in sht̂ ^ ,̂ a conserved arginine 54 is replaced by 

cysteine in the GTPase domain of dynamin. We believe that this mutation occurs 

in a region that interacts with the GED during assembly-stimulated GTP 

hydrolysis. In shP \̂ the mutation is a minor change of a non-conserved 

glutamate 2 to aspartate. The shP^  ̂mutant is also only a mild suppressor of 

sh!^, increasing the temperature of paralysis by 3°C compared to other Sushi 

mutants that suppress by at least 8°C. Therefore, from the suppressor screen 

we identified two suppressor of sA>/̂  mutations that change conserved residues 

in the GED (s/) '̂̂ ^T746l, A735T) and one suppressor mutation in the 
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GTPase domain that changes a conserved arginine R54C) that probably 

interacts with the GEO during dynamin assembly. As predicted by the Sandy 

Schmid's model, suppressor of shf̂  mutations map to the GED. If these Sushi 

mutations impair GAP activity of the GED, then their suppression of shl̂ '̂ provide 

clear evidence for the in vivo requirement of an intrinsic GAP activity in dynamin. 

The questions that remain to be answered are 1) whether Sus/7/mutations 

decrease stimulated GTP hydrolysis rates of dynamin. 2) whether GED 

mutations that decrease stimulated GTP hydrolysis of dynamin would suppress 

the mutation and 3) whether overexpression of these GED mutations will 

suppress temperature sensitivity seen in mutants, by stabilizing the limiting 

amounts of dynamin:GTP that should be present in aiyc/mutants, according to 

our model for Awd regulation of dynamin. We have attempted to answer each of 

these questions as detailed below. 

Do Sushi mutations decrease stimulated GTP hydrolysis of dynamin? 

From our suppressor screen we found that two mutations shF""^ T7A6\ and 

g^^s^vF3A735T, that map to the GED and s/)/̂ ^R54C that maps to the GTPase 

domain, suppress shF  ̂paralysis. According to Sandy Schmid's model, 

impairment of intrinsic GAP activity in dynamin has a positive effect on dynamin 

function. Since our suppressor mutations have a positive effect on dynamin-

dependent endocytosis we asked whether these Sushi mutations have impaired 

GAP activity or in other words, do they have decreased stimulated GTP 
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hydrolysis rates. To address this question we are collaborating with Sandy 

Schmid's lab in the Scripps Institute in San Diego. CA. Mutations identical to 

Sushi mutations in Drosophila dynamin have been made in human dynamini. 

These mutations will be analyzed for stimulated GTP hydrolysis rates in vitro and 

also will be transiently overexpressed in human cells and tested for rates of 

endocytosis in vivo. These experiments will tell us whether our Sushi mutations 

decrease stimulated GTP hydrolysis rates as predicted by the regulatory GTPase 

model. 

Does a GEO mutation that deceases stimulated GTP hydrolysis rates suppress 

shf^? 

Sandy Schmid's lab showed that mutations that impair intrinsic GAP 

activity in dynamin accelerate endocytosis. Since, we believe that Sushi 

mutations suppress shf̂  by impaired GAP activity, we asked whether a GED 

mutation that decreases stimulated GTP hydrolysis in dynamin will suppress 

shî  ̂paralysis. To address this question we are in the process of making a 

Drosophila strain that has a GED mutation (K691 A) that is known to decrease 

stimulated GTP hydrolysis and increase rates of endocytosis, in a sh^  ̂

background. To make this strain, I am using a recently devised strategy for 

homologous-recombination and allelic replacement in Drosophila that allows us 

to replace the endogenous s/i/gene with specific, in-vitro altered alleles (Rong 

and Golic 2000). I engineered the K691A mutation in the middle of a 5Kb 
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genomic restriction fragment of the shi gene. At the 3' end of the fragment, I 

engineered an 18bp restriction site for the endonuclease l-Scel. I cloned this 

construct into a site in the transformation vector flanked by two FLP recombinase 

target (FRT) sites. After obtaining a single transformant from my germline 

transformations, I crossed this donor construct into a shl̂  ̂background 

expressing FLP recombinase and l-Scel endonuclease under heat shock control 

(Figure 3.13). Heat-shocking these embryos should excise the P-element with 

the donor shi fragment as a circular DNA by FLP recombinase activity and 

linearized by the l-Scel endonuclease. The linearized DNA is highly prone to 

homologous recombination. It is reported that about 1 in 200 progeny from these 

parents may carry precise replacements (allelic substitutions) of their 

chromosomal sequence with homologous DNA from the transgene (Rong and 

Golic 2000). I am In the process of screening for recombinants. My screen for 

recombinants uses a powerful primary screen; the behavioral paralysis of shl̂  ̂

mutants. Since we predict that the K691A GED mutation will suppress the shf̂  ̂

mutation, any fly still left standing at 28°C is a candidate fly that cam'es both the 

shl̂  ̂mutation (G141S) and the K691A mutation. I will verify this by sequencing 

the GTPase domain and the GED in the shi gene. Presently, I have 4 candidate 

flies that do not paralyze at the restrictive temperature for shF  ̂flies. Future 

directions include directly assaying suppression of shf̂  ̂phenotypes by cell 

biological and physiological assays. 
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Expression of Sushi mutations do not suppress awd 

According to our model for Awd regulation of dynamin, limiting amounts of 

dynamin:GTP should be present in aivd mutants. Since we know that a GED 

mutation from Sandy Schmid's lab decreases stimulated GTP hydrolysis of 

dynamin, we asked whether expression of this GED mutation will suppress 

temperature sensitivity seen in awd mutants, by stabilizing the limiting amounts 

of dynaminiGTP in aivd mutants. We also wanted to see if expression of Sushi 

mutations will do the same. To address this question, I used a genomic rescue 

construct of the shi gene. Though the genomic construct does not lead to 

overexpression of dynamin, the genomic construct is the only available P-

element copy of the shi gene that has been shown to rescue null mutations of shi 

and cDNA constructs that rescue s/}/lethality are unavailable. The genomic 

construct is 13Kb long. 1 used a 5Kb restriction fragment to make site-specific 

mutations using the quikchange XL kit from stratagene. I made constructs with 

the sA7/®"^T746I mutation, A735T mutation and a known GED mutation, 

K691A and injected Drosophila embryos. I obtained transformant lines for the 

constructs containing the shF"  ̂T746\ mutation and the K691A GED mutation. 

Transgenic flies expressing a single copy of these mutant genomic constructs on 

the second or third chromosome rescued null mutations of shi at a frequency 

comparable to the original genomic construct. When males expressing an X 

chromosomal copy of the mutant constructs in an awd mutant background were 
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tested for behavioral paralysis, they showed no change in temperature of 

paralysis compared to siblings lacking the transgene. Therefore, expression of 

these mutant GEO constructs did not rescue awd paralysis as predicted by the 

regulatory GTPase model. One possible reason could be that the level of 

expression, while enough to rescue null mutations, is not enough to overcome 

wild-type GEO activity in flies expressing these mutant constructs. 

Insight into nm23 tumor progression and possible therapy 

We have shown from these and other studies that NDP kinase activity 

regulates dynamin in the context of synaptic vesicle recycling by probably acting 

as a GEF and that mutations in the GED regulate dynamin function in vivo. Our 

discovery that awd mutations affect dynamin-dependent endocytosis may also 

have implications for understanding the role of the mammalian ortholog, nm23, in 

tumor/metastasis suppression. Nm23 was identified based on its reduced 

expression in several metastatic tumors (Steeg et al. 1988a; Steeg et al. 1988b). 

Although NDP kinase is essential for a wide range of biological functions such as 

microtubule polymerization and signal transduction, it is not yet understood which 

of these varied processes are involved in tumor suppression. 

Our observations demonstrate that nm23 inhibition has the capacity to 

reduce the rate of dynamin-dependent endocytosis in vivo. Though it is 

conceivable that this is irrelevant to the tumor suppressor function of nm23, it is 

interesting to consider the possible connections between endocytosis and tumor 
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suppression. Figure 3.14 suggests a model in which Nm23 functions as a tumor 

suppressor by facilitating the downregulation of activated growth factor receptors 

via endocytosis (Putter et al. 1996). Such a model is supported by recent 

demonstrations that two putative tumor suppressor proteins, TsglOl and c-Cbl 

function at deeper stages of the endocytic pathway to lysosomes (Jongeward et 

al. 1995; Yoon et al. 1995; Levkowitz et al. 1998; Levkowitz et al. 1999; Babst et 

al. 2000). In addition, several other tumor suppressor genes have been mapped 

to small chromosomal intervals that encode, among others, proteins known to be 

involved in endocytosis (Floyd and De Camilli 1998). It is possible that tumor 

suppression of Nm23 derives from its stimulation of dynamin-dependent 

endocytosis. An emerging role for endocytosis in regulation of signaling 

pathways is therefore predicted by these and other recent findings (Di Fiore and 

De Camilli 2001). 

I have also shown that mutations in GED of dynamin can alleviate all 

phenotypes of shl̂  indicating that these GED mutations stabilize the active 

dynamin:GTP during the GTP cycle (Rgure 3.15). Thus, if formation and 

stabilization of dynamin:GTP, the rate-limiting step during endocytosis (Sever et 

al. 1999; Sever et al. 2000b) is upregulated, it could overcome the limiting 

quantities of dynaminrGTP that possibly occurs in tumors. Specifically, by 

accelerating endocytosis, small molecules that target the GED of dynamin may 

help restore aspects of Nm23-deficiency related pathologies that derive from 
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dynamin inhibition. Thus, we propose targeting QED of dynamin as a novel 

strategy for therapy in nm23-deficient, invasive tumors. 

Conclusions 

I have shown that NDP kinase activity plays a role in regulating dynamin 

function and that this possibly occurs by locally high supply of GTP generated by 

an unusual GEF activity of NDP kinase. I have also shown that mutations in the 

intramolecular GAP domain GED regulate dynamin function at the synapse. 

These observations support the regulatory GTPase model for dynamin function 

and indicate a role for endocytosis in tumor suppression. Finally, we propose a 

possible therapy for nm2d-deficient, invasive tumors by specifically targeting the 

GED of dynamin. 
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Figure 3.1 Domain structure of dynamin. Dynamin has distinct functional 

domains that function in GTP binding and hydrolysis, the GTPase domain; 

phospholipid binding, the plekstrin homology domain (PHD); protein-protein 

interactions, the proline rich domain (PRD); a domain of unknown function, the 

middle domain and a domain involved in regulating assembly-stimulated GTP 

hydrolysis, the GTPase effector domain (GED). 
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Figure 3.2 Sushi mutations suppress synaptic failure in shl̂  synapses at 30°C. 

In the electroretinogram recordings shown, transient spikes that precede and 

follow compound responses (marked by arrows)of photoreceptors to light 

stimulation derive from synaptic transmission between photoreceptor cells and 

the optic lobes. These "on" and "ofT transients are selectively lost in shl̂  ̂flies at 

30°C; however in Sushi mutants, this synaptic failure is suppressed since these 

flies do not lose their on and off transients at 30°C. 



104 

Tecnp  ̂

\KERG2 

V ERG 1 VERGS 

wildtype 

23®C 30®C 23®C 

n 
X X 

r 
V/i 

[ 

shf"* / 
1 



105 

Figure 3.3 Sushi mutations suppress block in vesicle internalization and synaptic 

vesicle redistribution in shl̂  mutants. A-F. Uptake of a fluorescent endocytosis 

tracer, FM1-43, into nerve terminals is normal in shl̂  ̂mutants (B) compared to 

wild-type (A) identically stimulated at 22°C with high-potassium saline in the 

presence of FM1-43. At 33°C, synapses show reduced uptake of FM1-43 

(C), whereas the synapses of Sushi mutants (D), (E) and (F) 

efficiently internalize FM1-43. 

G-L. Localization of the synaptic vesicle marker, synaptotagmin is similar to wild-

type (G) in shf̂  ̂synapses (H) treated with high-potassium saline at 22°C. At 

33°C, shf̂  ̂ synapses show redistribution of synaptotagmin to the plasma 

membrane (I). Redistribution of synaptic vesicle proteins in sh/̂  ̂ synapses is 

suppressed by Sushi mutations (J), (K) and (L) where 

localization of synaptotagmin is like wild-type at 33°C. 
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Figure 3.4 Sushi mutations suppress the rate of synaptic vesicle depletion at 

shl̂  synapses. With 10 Hz stimulation at 30°C, wild-type NMJs can maintain 

synaptic transmission for several minutes but eventually will show some 

depression (see traces on the right). In contrast, shF  ̂NMJs treated under the 

same conditions show a rapid decline in synaptic transmission (see bottom right). 

Synaptic depression profiles show that the Sushi mutants and 

maintain synaptic transmission for several minutes at 30°C, like wild-type. Thus 

Sushi mutations alleviate synaptic depression, a sign of rapid vesicle depletion in 

synapses. 
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Figure 3.5 Enhancer of shi mutations are P-element insertions in awd. DNA 

sequencing of viable awd alleles that enhance paralysis show that the 

awcf̂  ̂mutation has a -2kb P-element insertion 43 bp upstream of start ATG 

and the in a^ycy^sMss/MSFis  ̂ kb P-element insertion 23 bp downstream of 

start ATG of the awdqene. 

-2 kb P-element insertion 43 bp 
upstream of start ATG in awcF 

Start ATG 

638 bp aivd coding 

~2 kb P-element insertion 23 bp 
downstream of start ATG in ayvrc^sMSs/MSFis 
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Figure 3.6 Levels of Awd protein is reduced in av^c^sMss/MSFis Western 

blots of head lysates show severely reduced Awd protein in flies 

relative to shi and wild-type controls. 



wild type wshî ^^ 
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Figure 3.7 NDP kinase activity is necessary for dynamin function. An awd 

transgene defective for NDP kinase activity due to an active site mutation HI 19A, 

was used to rescue awd enhancement of shi paralysis. Whereas a wild-type awd 

transgene rescues awd enhancement of shi paralysis, this transgene 

fails to rescue aî d enhancement of s /̂paralysis. 
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Figure 3.8 Dynamin levels are not altered by mutations in awd. Western blot 

data shows that dynamin levels are not altered by awd mutations, in a wild-type 

or background, p-tubulin serves as a loading control in these blots. 



Dynamin 

3-tubulin 
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Figure 3.9 Global levels of GTP are not affected by mutations in awd. HPLC 

profile of whole body lysates from wild-type and flies show that GTP 

levels are not decreased by aivd mutations. Retention times for the nucleotides 

listed were calculated from HPLC runs of standard nucleotide solutions with 

identical running conditions. 
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Figure 3.10 No detectable biochemical interactions between dynamin and Awd. 

Co-immunoprecipitation of fly S2 fractions with a dynamin antibody is able to pull 

down dynamin but not Awd protein (A). A GST fusion of a DAP160 domain that is 

known to bind dynamin [Roos, 1998], brought down dynamin from fly 82 fractions 

but now Awd in a GST-pulldown assay (C). Attempts to trap transient 

interactions between Awd and dynamin using GDPp-S, GTPy-S and ATP using 

Co-IP and GST-pulldown were unsuccessful (B and D respectively). 
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Figure 3.11 Model for Awd regulation of dynamin function. In this model the 

shl̂  ̂mutation affects the GTP loading step in dynamin :GTP cycle and Awd acts 

like an unconventional GEF that facilitates dynamin's GTP loading or GDP-GTP 

exchange reaction. Dynamin exists as tetramers in the GDP bound form and 

oligomerizes by GTP loading and assembly. GTP hydrolysis by assembly-

stimulated GAP activity of the GED leads to dynamin disassembly. Adapted from 

Sever et al. (1999). 
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Figure 3.12 Schematic diagram of mutant shibire proteins isolated from the 

suppressor screen. The location of Sushi mutations within shibire product are 

indicated by arrows, shf̂  ̂mutation is also present in the Sushi mutants. Shown 

below are predicted amino acid substitutions for the Sus/7/alleles isolated from 

the screen. 
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Figure 3.13 Schematic of crosses to introduce K691A mutation in shl̂  by 

homologous recombination. 
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Figure 3.14 Model for Awd/Nm23 function as a tumor suppressor. The pathway 

for receptor downregulation with postulated stages at which different tumor 

suppressor functions c-Cbl, TsglOl and Nm23 are required. Adapted from Babst 

et al. (2000). 
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Figure 3.15 Model for opposing regulation of dynamin by GEF and GAP activity. 

In this model, dynamin is positively regulated by GTP loading facilitated by Awd 

and negatively regulated by GAP activity of GEO in dynamin. Since. Sushi 

mutations that map to GED suppress shl̂  paralysis, this supports a model in 

which dynamin function is regulated by an intrinsic GAP activity (Sever et al. 

1999). 
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Table 3.1 Temperature at which 100% of flies are paralyzed in three minutes. 

Genotype Temperature of 
paralysis (°C) 

shf^^ 27.5 

31 

35 
S/7/®"^ 35 

shr^ 39 

shr̂ " 39 

39.5 
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APPENDIX A 

MATERIALS AND METHODS 

DrosophUa culture and stocks 

Flies were raised on medium consisting of instant food, agar and oatmeal 

(Condie and Brower, 1989) supplemented with yeast. All stocks were maintained 

at 25°C under uncrowded conditions, except for shi*  ̂stocks, which were 

maintained at 21 °C. Wild-type Oregon-R was from Danny Brower's lab 

(University of Arizona); the dor alleles do  ̂and db/̂ , the hk nuW allele, and 

P-element containing a Hook rescue insert on the third chromosome were from 

the Kramer lab stocks (Kramer and Phistry, 1996, Kramer and Phistry, 1999; 

Sevrioukov et al., 1999); mutant alleles were from the Ramaswami lab 

collection. The eag  ̂ mutant was obtained from Chun-Fang Wu's lab 

(University of Iowa). Dp(1;Y) 1E, a duplication that contains the dor gene on the 

Y chromosome (hereafter referred to as VdoO was from the Bloomington stock 

3 
center. The avî d lethal alleles, the avî dtransgene stocks {PAS7 and H119A ) 

was from Or. Allen Sheam. 

Measurements of Paralysis: 

To study paralysis we used a previously described, temperature-

controlled glass chamber called the "sushicooker" (Ramaswami et al., 1993; 
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Grant et al., 1998). Paralysis was empirically defined as the condition where 

the animal lies on its back with little effective movement of legs and wings. 

About 10-30 flies were loaded into a glass chamber held at different 

temperatures. The number of paralyzed flies was noted at varying time points 

0-5 minutes after introduction into the chamber. Between experiments, flies 

were allowed to recover for at least 10 minutes at 18°C-20°C. The flies tested 

were between 2 and 4 days of age; there is no significant variation in the 

paralytic behavior of flies within this age group. 

Behavioral assays 

Paralvsis profiles 

To measure paralysis, we used an all-glass temperature controlled 

chamber described previously (Ramaswami et al., 1993). Paralysis was 

empirically defined as a condition in which the animal lies on its back with little 

effective movement of the legs and wings. Mutant shf̂  ̂flies paralyzed in 2 

minutes at 28°C. At lower temperatures, shf̂  ̂flies took longer time to paralyze. 

To test the effect of hk and dor mutations in this sensitized background, we 

generated doî  shl̂  and shf̂ ;̂ double mutants. The do  ̂shf̂  ̂double 

mutants were easily generated by recombination on the X chromosome. Among 

male progeny from doî lshî  mothers, we identified recombinant doî  shl̂  
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males by deep-orange eye color and paralysis at 28°C. The shl̂ -, double 

mutant was identified by paralysis and presence of hook-shaped bristles. 

The effect of hk and c/or mutations on shl^ paralysis was measured at 

different temperatures. Paralysis profiles were plotted by counting the number of 

flies standing at intervals of 30 sec, at each temperature measured. All flies 

tested were 2-3 days old. At least 9 batches of 10 flies each were tested for 

each temperature. 

Recovery Profiles 

Recovery from shf̂  paralysis occurs when synaptic vesicles at critical 

synapses, depleted at restrictive temperatures, are retrieved by vesicle recycling 

at the permissive temperature. To test the effect of hk and c/or mutations on 

shf̂  recovery, we measured the rate of recovery at 20°C after a 2-minute 

paralysis at 32°C. A fly was judged to have recovered when it could stand 

upright and walk. We plotted recovery profiles by counting the number of flies 

standing at intervals of 30 sec during recovery at 20°C. All flies tested were 2-3 

days old. At least 9 batches of 10 flies each were tested for each genotype. 

Electroretinogram (ERG) recording 

Extracellular recordings of light-evoked visual responses were made from 

eyes of 2- or 3-day old flies grown at 21 °C. Flies, lightly anesthetized by cooling 
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on ice, were mounted upright on modeling clay with the right eye facing the light. 

Electrodes were heat-pulled glass capillaries with a tip resistance of 3 to 5 MO 

filled with 3M KCI. When placed in contact with the eye, the recording electrode 

sensed membrane potential of photoreceptor and laminar cells. A reference 

ground electrode was inserted into the back of the fly's head (in mutants, 

this avoids signals from spontaneous thoracic ganglion activity at elevated 

temperatures). Light flashes were generated using a flashlight kept at a distance 

of 5 cm from the eye. The molding clay was placed on a custom-designed stage, 

which could be heated and cooled with a Peltier temperature controller 

(Physitemp, Clifton, NJ). Using a thermocouple microprobe (Physitemp) to 

monitor clay temperature, we heated the clay to 33°C and recorded signals with 

an axoclamp 2B amplifier in conjunction with pClamp 6 software (Axon 

Instruments, Foster City, CA). Recordings shown represent the steady state 

ERG achieved after a series of light flashes at the indicated temperature. 

Sequencing Sushi mutations 

The sequencing of the Sushi mutations were performed after detecting 

mutations in overiapping PCR products using cDNA from Sushi mutants as 

template. Mutation detection was done by dHPLC method where annealing of 

strands with a mutation in the presence of wild-type strands will produce 

mismatches that can be detected by their different melting temperatures. After 

mutation detection in a particular PCR fragment, automated sequencing of those 
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fragments was performed. Both mutation detection and sequencing were done 

at the Laboratory of Molecular Systematics (LMSE) at the University of Arizona. 

Site-directed mutagenesis and germ-line transformation 

For creating mutations in the shi gene for gene targeting and 

overexpression, I used the QuikChange XL kit from Stratagene to perform site-

directed mutagenesis. For gene targeting using the K691A G shf̂  ̂ED mutation, 

I used a 5051 bp Spel fragment from a genomic clone containing the shi gene. 

The codon for K691 is In the middle of this 5051 bp fragment cloned into pBS. 

Clones containing the mutant codon for K691 were identified after mutagenesis 

by direct sequencing. An 18bp restriction site for the endonuclease l-Scel was 

added at the 3' end of the Spel fragment using BamHI and EcoRV enzymes. A 

5100bp Notl-Kpnl fragment from this plasmid was then cloned into pTV2, the 

transformation vector for gene targeting. Before injecting this construct into 

Drosophila embryos, I verified the presence of the K691A mutation and the l-Scel 

restriction site. 

For overexpression of Sushi mutations and the K691A GED mutation, I 

used a genomic construct of the shi gene, construct 7, that has been shown to 

rescue lethal null mutations in shi. For creating mutations in the shi gene for 

gene targeting and overexpression, I used the QuikChange XL kit from 

Stratagene to perform site-directed mutagenesis. For gene targeting using the 

T746I and A735T Sushi mutations and the K691A GED mutation, I used a 
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eooobp Avrll-BsiWI fragment construct 7 cloned into Iitmus28 vector from NEB. 

After verifying the presence of these mutations by sequencing, I cloned the Avrll-

BsiWI fragment back into construct 7. Before injecting this construct into 

Drosophila embryos, I verified the presence of respective mutations in the three 

plasmids. 

All constructs mentioned above were then injected into ytv embryos for 

random integration onto the fly genome using P-element-mediated Drosophila 

germ line transformation. I obtained a single transformant line for gene targeting 

using the K691A GED mutation that mapped to the second chromosome. I 

obtained four independent lines for the T746I mutation, ten independent lines for 

the K691A mutation and none for the A735T mutation engineered into the shi 

genomic construct. 

Larval neuromuscular preparations 

For electrophysiology and microscopy of larval neuromuscular junctions 

(NMJs), wandering third instar larvae were dissected to expose the larval body 

wall muscles, as previously described (Estes et al., 1996). All experiments were 

performed on muscles 6 and 7 within the second abdominal segment (A2). 

During dissections and electrophysiological experiments, the larvae were 

immersed in HL3 saline (Stewart et al., 1994). To prevent muscle contraction 

during dissection, larvae were dissected in Ca^Mree HL3 saline in which CaCIa 

was replaced by I.SmM MgCb and 0.5 mM EGTA (Stimson et al., 1998). 
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Microscopy 

Dissected larvae were fixed in 3.5% paraformaldehyde in PBS with O.SmM 

EGTA and 0.2% MgCIa for 30 minutes (Estes et al., 1996). The larvae were then 

blocked in 2% BSA and 5% goat serum in PBS with 0.15% Triton X-100. The 

preparations were incubated for 2 hours in primary antibody solution at an 

appropriate dilution (see below), followed by a one-hour incubation in fluorescent 

secondary antibody at a dilution of 1 ;200. The preparations were mounted in 

0.1% paraphenylene diamine (Sigma, St. Louis, MO) in 95% glycerol and 

viewed. Rabbit anti-Hook (Kramer and Phistry, 1996) and chicken anti-Dor 

antibodies (Sevrioukov et al., 1999) were used at a dilution of 1:200 and 1 ;250 

respectively. Rabbit anti-Syt (DSYT2) antibody was from Hugo Bellen (Baylor 

College of Medicine, Houston, TX) and was used at a dilution of 1:200. Mouse 

anti-Csp (mAb49), from Eric Buchner (Universitat Wurzburg, Germany) and 

Konrad Zinsmaier (University of Pennsylvania School of Medicine, Philadelphia, 

PA) was used at 1:50 dilution. FITC-conjugated anti-HRP (Cappel) was used at 

a 1:50 dilution. Mouse anti-Fasciclin II (1D4) from Corey Goodman (University of 

California, Berkeley, CA) was used at 1 ;5 dilution. Secondary antibodies were 

FITC or Texas-red conjugated goat anti-rabbit (or goat anti-mouse) and FITC or 

Cy3 conjugated goat anti-chicken used at a dilution of 1 ;200. 

Images were acquired and analyzed on a Nikon fluorescence microscope 

equipped with Nikon laser scanning confocal head using simple 32 software, or a 
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Zeiss Axioskop with a cooled CCD camera (Princeton Instruments, NJ) with 

Metamorph Imaging software. For examination of synapse size, 1 M-m optical 

sections collected with a 60X objective were projected on to a single plane. For 

higher resolution analyses of Hook and Dor localization, Ifim thick single optical 

sections were collected using 60X power at 4X zoom. 

Bouton counting at synapses 

Larvae were raised under uncrowded conditions at 25°C, dissected, 

stained with anti-Syt antibody and mounted. Bouton number was counted from 

projections of confocal sections at 60X magnification. Boutons at segment A2 in 

muscle 6 and 7 were manually counted without the knowledge of the genotype 

(blind counting), using Metamorph imaging software. No significant difference in 

muscle surface area, measured using a drawing tool in Metamorph was 

obsen/ed in the different genotypes. 

The altered bouton number is generally expressed as a percentage 

change compared with control. The number of boutons in do/̂ , and doî ; 

double mutants were compared to the wild-type OR strain. To ensure that a 

lesion In the ctor gene is responsible for reduced synapse size in doî  mutants, 

we used a duplication of dor{Ydor^) to rescue the mutation and a lethal null 

mutation in dor, dotP to uncover it. "Rescued" do l̂Ydof male larvae were 

generated by crossing virgin ctof^/do/^ females to males carrying the Ydof^ 

duplication; doî ldo  ̂larvae were Identified by crossing doî /Yto do /̂FM7i (a 
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GFP-marked balancer useful for identifying larval genotypes). To ensure that 

hooKs effect on synapse size was not due to genetic background effects, we 

compared mutants with siblings that carried a wild-type genomic hook 

transgene that rescues all other known A}/cphenotypes (Kramer and Phistry, 

1996). To generate experimental W; hk^ f̂hk \̂- P(hk)A larvae and control W; 

hk^'^/hk^'^ preparations we crossed male +/Y; A7Af"/h^"flies to virgin +/+; hk*^/hk*^: 

P(hk)/̂  females. This cross generated two genotypes, both identical except for 

the presence (or absence) of genomic hook P-element. The genotypes of the 

siblings were distinguished by staining for the presence of Hook protein at the 

larval NMJ. 

To test epistatic relationships between hkand dor ai synapses, we 

generated doî : hk*  ̂double mutants and compared these double mutants with 

dor*, hk'\ and wild type. We observed that less than 5% of doî -, hk^  ̂ adults 

eclosed with the lethal phase being late pupal stage. To identify larval 

genotypes, we used the second chromosome balancer ln(2LR)Gla, which easily 

allowed us to distinguish doi^\ hk^^l hk*^ larvae from hk^^/ ln(2LR)Gla 

siblings. To ensure that the apparent "epistasis" of dor truly derived from a lesion 

in the dor locus we compared doi^; hk^^/ hk^^ larvae to control doi^/Ydoi*'; hk*^/ 

hk^^ siblings from the same genetic cross. We generated do^/Ydot^\ hk^^l hk^^ 

larvae by the following series of crosses. Female do f̂do \̂ hk^ /̂ln(2LR)Gla were 

crossed to +/Ydoi*^ males and male progeny were backcrossed to doi^ldoi^', hk^^ 

/ln(2LR)Gla females to obtain doî lYdof*'-, hk^ /̂ln(2LR)Gla males. These males 



140 

were backcrossed again to do/^/do^; hk^^/ln(2LR)Gla females to obtain sibling 

experimental and control progeny. To assess the effect of the Ydoî  duplication, 

male larvae without the balancer {doî /Ydoi* ;̂ hk'̂ /hk^^) were compared to female 

larvae without the balancer {doî /doî -, hk^ l̂hk*^). 

High-K'*' stimulation 

Peripheral nerves of insect larvae are surrounded by a glial sheath that 

protects them from the high-K*  ̂(23 mM in Drosophila) concentration of the 

hemolymph (Stewart et al., 1994 Auld et al., 1995). Despite this apparent 

insulation, exposure of Drosophila larval neuromuscular preparations, with 

attached CNSs, to 60 mM saline induces membrane depolarization and 

synaptic activity at the ventral longitudinal muscles 6 and 7 (Ramaswami et al., 

1994). High-K*  ̂stimulation was with 60 mM saline for 5 min at the specified 

temperature. After stimulation and before fixation, the high-K'*' saline was 

replaced briefly (~5 sec) with prewarmed calcium-free saline to relax the 

preparation. Fixation and antibody staining were done as described above. 

Images of bouton fields in muscle 6 and 7 were obtained with a 100X objective 

using a cooled CCD camera. 30^m thick sections of the bouton fields were 

deconvolved using Autodeblur and single sections showing a single branch of 

boutons were selected. 



141 

Analysis of FM1-43 uptake and release at larval motor terminals 

In brief, wandering third-instar lan/ae were filleted to reveal entire 

musculature and nervous system; the CNS was left attached. Because complete 

block in endocytosis at lan/al motor terminals requires temperatures about 

6°C higher than the restrictive temperature for adult paralysis (Ramaswami et al., 

1994), we tested for endocytic block at 33°C. High-IC stimulation was with 60 

mM saline for 2 min at 33°C in the presence of 4^M FM1-43. We initially 

focussed our attention on the synapses innen/ating muscles 6 and 7 of 

abdominal segments A-2 and A-3; however, we observed more consistent results 

when we considered all of the visible muscle fibers. The preparations were 

examined with a Zeiss Axioskop through a water immersion lens (63X, NA 0.9). 

images were captured using a chilled CCD camera (Princeton Instruments). 

After background subtraction (muscle surface close to bright boutons) digitized 

images were identically stretched and processed to maximize contrast in the 

brighter image, while presen/ing the relative intensities between control and 

experimental samples. Experiments were carried out in pairs - one control and 

one experimental animal were treated together. 

Electrophysiology 

All electrophysiological recordings were made from muscle 6 within A2, 

with the lan^al preparation immersed in a low volume of the HL3 saline. 



142 

Electrophysiology was performed as described previously (Stimson et al., 1998). 

In all experiments, the CNS was gently removed to prevent endogenous motor 

firing. Motor nerves were stimulated with glass-tipped suction electrodes. For 

intracellular recordings, electrodes pulled from borosilicate capillary tubes were 

backfilled with 2 M KAc, yielding resistances of 25-40 MQ. To ensure good 

recordings, preparations with resting potentials more positive than -60mV were 

discarded. For recording excitatory junctional potentials (EJPs), an isolated 

pulse stimulator (A-M systems. Everett, WA) was used to deliver 1 msec pulses 

at a frequency of 0.5 Hz or 10 Hz to elicit an evoked response. All recordings 

were acquired with an axoclamp 2B amplifier in conjunction with pClamp 6 

software (Axon Instruments, Foster City, CA). The EJP amplitude for each 

preparation was determined from an average of 10 consecutive evoked 

responses. For quantifying mini frequencies, the number of mEJPs occurring 

consecutively within 10 sec was counted for each preparation. The mEJP 

amplitude for each preparation was determined from an average of 30 

consecutive mEJPs. We examined five larval preparations for each genotype 

tested. 

Depression experiments. 

Using insect pins larvae were dissected and positioned on a sylgard dish 

tightly clamped on a custom-designed stage, which could be heated and cooled 

with a Peltier temperature controller (Physitemp, Clifton, NJ). Using a 
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thermocouple microprobe (Physltemp) to monitor bath temperature, we heated 

the bath to 30°C, and then impaled muscle 6 for intracellular recording. EJPs 

were elicited by stimuli delivered at 10 Hz and were recorded with Axoscope 1.0 

software (Axon Instruments). The combination of high temperature and high 

frequency stimulation occasionally led to nerve conduction failure in the larval 

preparation. To ensure continuous nerve activity, we increased the stimulus 

pulse duration to 5 msec and carefully monitored EJPs to verify recruitment of 

both motor neurons, adjusting the stimulus intensity as necessary. To assess 

depression in each larval preparation, we determined EJP amplitudes by taking 

the average of five measurements for each time interval over a time course 

divided into 30 sec intervals. We calculated quantal content for each time point 

in a single preparation by dividing the EJP amplitude by the average mEJP 

amplitude. 

Fasciclin II staining intensities 

To measure Fasciclin II staining intensities in hk and dor mutants, doi^, 

and wild type larvae were distinctively notched at their posterior ends, 

stained in the same tube and processed identically. For visualizing intensities of 

Fasciclin II at synapses, we obtained images of bouton fields with a 100X 

objective using a cooled CCD camera. We used identical exposure times for the 

different genotypes and subtracted the background to obtain the final images. To 

compare intensities, we used Metamorph imaging software to pseudocolor 
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images. We looked at more than 5 bouton fields each in 5 larvae for each 

genotype and were unable to visualize any striking difference in Fasciclin II 

staining intensities. We further obtained confocal projections of Fasciclin II 

stained boutons acquired at identical settings and were still unable to observe 

difference in staining intensities or pattem (data not shown). To ensure that we 

were not in a range of antibody concentration that was limiting our ability to 

detect differences in Fasciclin II levels, we performed the immunocytochemistry 

with higher and lower dilutions of anti-Fasciclin II. These manipulations had no 

effect on observed levels of Fasciclin II immunoreactivity. 

Analysis ofeag' and dor^eag' synapses 

To determine the effect of mutation on the increased synapse size 

seen in eag  ̂ mutants, we hoped to compare doî  eag  ̂ NMJs with 

control eag  ̂ Sh^^° NMJs that are reported to show expanded nerve terminal 

arbors. We obtained eag  ̂ Sh^^° double mutants from Dr. Chun-Fang Wu 

(University of Iowa) and generated recombinants of dor^and eag  ̂

Recombinants were isolated using the Ydoî  duplication and were identified by 

the deep-orange eye-color and vigorous leg-shaking under ether anesthesia. We 

subsequently discovered that our attempted analysis of doî  effects on eag  ̂

phenotypes was impossible due to the variability (in our hands) of eag  ̂
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We observed only a marginal increase (data not shown) in Type I bouton 

number on muscles 6 and 7 in eag  ̂Sh^^°, instead of the 50% increase reported 

earlier (Schuster et a!., 1996). To eliminate possible genetic modifiers of this 

synapse size phenotype, we attempted to replace all the autosomes in doî  eag  ̂

and eag  ̂ Sh^^° strains with those from a wild-type Canton-S strain. For this 

we performed 5 generations of outcrossing to a cantonized FM7a strain obtained 

from Tim Tully's lab (Cold Spring Harbor Laboratory, NY). We outcrossed eag  ̂

doî  and Ydor* strains using a chromosome substitution protocol provided 

by Steve de Belle (University of Nevada). Outcrossing of male progeny to 

cantonized FM7a/FM7a females was performed for 5 generations to substitute 

80% of genome with the cantonized FM7a strain. Recombinants of eag  ̂

and do/̂ were generated again using outcrossed mutant flies and were examined 

for larval synapse size. However, even with this extra measure, we were unable 

to consistently reproduce the increase in the number of Type I boutons on 

muscles 6 and 7 in eag  ̂ described previously (Schuster et al., 1996). We 

further examined Fasciclin II staining intensities on do/* eag  ̂ and doî  eag  ̂

Sh^^°l Ydoî  larvae. Despite careful controls, we were unable to visualize any 

difference in staining intensities. For these reasons we were unable to 

unambiguously assess the role of dbrin eag  ̂ induced synaptic growth. 
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Biochemical fractionation, immunoprecipitation, GST-pulldowns and 

Western Blotting 

Fractionation procedures were largely as described by Van de Goor et al., 

(1995) and Roos and Kelly (1998). For imnnunoprecipitations or GST pulldowns 

the samples were diluted to Img/ml of protein in IP buffer (50mM Tris 7.4, 0.1 mM 

EDTA, 150mM NaCI and 0.5%Tween-20). To 1ml of sample, affinity-purified 

2074 (at 1:25 final dilution) or lOfxg of GST-DAP-SH3-B fusion protein (Roos and 

Kelly, 1998) was added, and the mixture incubated for 3 hours at 4°C. In some 

instances, the buffer also contained 100|iM of either GDP, GDPp-S, GTPyS or 

ATP. The samples were then mixed with Protein A-Sepharose (Pharmacia) 

slurry (for IPs) or SOfilcf glutathione agarose resin (for GST pulldowns) for 30 

minutes. Beads were washed with IP buffer at least 6 times, spun down and 

then boiled in sample buffer. Under these conditions a substantial fraction of 

dynamin was recovered with the beads, but NDK was found exclusively in the 

unbound fraction. No effect of varying nucleotides was observed on the absence 

of NDK from the bound fraction. 

For western blotting samples were subjected to SDS-PAGE and gels were 

electroblotted onto Hybond-PVDF (Amersham, Arlington Heights, IL), blocked 

with 5% nonfat dry milk powder in PBS/O.05% Tween 20, and incubated with 

1 ;1000 dilution of anti- dynamin Ab2074, or a 1:2000 dilution of anti-Awd HA1 

(Timmons et al., 1995). A 1:1000 dilution of mouse monoclonal anti-n-tubulin 

was used as loading control. Detection was done with an HRP-conjugated 
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secondary antibody (Cappel) and developed with an ECL detection system 

(Amersham, Arlington Heights, IL), according to the manufacturer's directions. 

For comparing relative amounts of dynamin, we selected a dilution of lysate (1/2 

head for dynamin) at which the ECL signal was maximally sensitive, and 

corresponded roughly linearly, to protein concentration. 

HPLC 

Samples for high performance liquid chromatography (HPLC) were prepared by 

honnogenizing ten frozen whole fly bodies in 100^1 0.6N TCA. TCA was 

neutralized with ether extraction and samples were kept frozen until ready to use. 

100^1 of each sample was injected onto a PRP-X100 anion exchange HPLC 

column, 150mm x 4.1 mm (Hamilton, Reno, NV). Liquid chromatography was 

performed using 75mM Citric acid (pH 4.55): MeoH 95% : 5% at a flow rate of 

2mL/min. The nucleotides were detected by a fluorescence spectrometer at 

254nm. 100^1 of 1 mM nucleotide solutions (Sigma, St. Louis, MO) were used to 

calibrate retention times for nucleotides that were assayed. 
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