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ABSTRACT 

The Miro protein, which contains two GTPase domains flanking two EF-hand motifs, 

may be a candidate to link intracellular signaling with mitochondrial transport. We found 

that increasing Drosophila Miro (dMiro) activity by overexpression almost abolishes the 

mitochondrial distribution in the neuropil ventral ganglia but not in axons of nerves. 

Studies of a potential temperature-sensitive (ts) mutation in the 2nd GTPase domain 

(G456E) showed insignificant difference in mitochondrial distribution in comparison to 

motor neurons overexpressing wild type dMiro at 25°C. There is also no dramatic 

difference between G456E expression at 18°C and 27°C, suggesting that the mutation 

may not act as a dominant-negative ts-mutation. Analysis mutant dMiro protein that is 

deficient for both EF-hand motifs (E234K/E321K) shows a wild type-like subcellular 

distribution of mitochondria much in contrast to the dominant effects of overexpressing 

normal dMiro.  This suggests that both EF hands are required for the dominant effects of 

normal Miro overexpression. 
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CHAPTER 1 

INTRODUCTION 

The essential function of mitochondria 

Mitochondria are the cells’ power sources, because their essential function is the 

production of energy. Mitochondria are distinct with their two highly specialized 

membranes, which have very different functions.  Together the inner and outer 

membranes create two separate mitochondrial compartments: the internal matrix and the 

intermembrane space. The outer membrane encloses the entire organelle and contains 

numerous copies of a transport protein called porin, which forms large aqueous channels 

through the lipid bilayer. Thus, this membrane acts as a sieve to allow all molecules of 

5000 daltons or less to permeate into the intermembrane space. However, most of these 

molecules cannot pass the impermeable inner membrane. The inner mitochondrial 

membrane is highly specialized. Its lipid bilayer contains a high proportion of cardiolipin 

which makes the membrane especially impermeable to ions. This membrane also 

contains a variety of transport proteins that make it selectively permeable to those small 

molecules, which are metabolized or required by the mitochondrial enzymes for energy 

generation in the matrix. Many important enzymes which are also involved in energy-

generating metabolism are embedded in the inner mitochondrial membrane. The inner 

membrane is thrown into folds that form internal compartments known as cristae which 

greatly increase the area of the inner membrane.  



11 
 

Mitochondria generate most of the cell’s energy supply in the form of adenosine 

triphosphate (ATP). Mitochondria can use both pyruvate and fatty acids as fuel. Both of 

these fuel molecules are transported into the matrix and are broken down to acetyl CoA. 

The acetyl CoA is then metabolized by the citric acid cycle, which importantly generates 

high-energy electrons, carried by NADH. In the process of oxidative phosphorylation, 

these high-energy electrons are transferred to the inner membrane, where they enter and 

are passed along the electron-transport chain to oxygen (O2). The electron-transport chain 

in mitochondria is also called respiratory chain, which pumps H+ out of the matrix to 

create a transmembrane electrochemical proton (H+) gradient across the inner membrane. 

The large amount of free energy released when H+ flows back into the matrix drives the 

productions of ATP by ATP synthase (Fig. 1).  
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Figure 1. A summary of energy-generating metabolism of mitochondria (Molecular 
biology of the cell, 4th edition) 

 
Besides vital for aerobic respiration, mitochondria are also central to intracellular 

Ca2+ homeostasis, generation of free radical species, and the triggering of apoptotic cell 

death (Kann and Kovacs, 2007). Consistently, many previous studies revealed that 

mitochondrial dysfunction has devastating effects on the integrity of cells and may be 

involved in aging, metabolic and degenerative diseases, and cancer (reviewed by Wallace, 

2005). 

The intracellular distribution of mitochondria is not static but adjustable to the 

metabolic and physiological demands of cells.  They are actively transported to sites of 

high ATP consumption and remain there for providing ATP but disperse when local 
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energy needs (Overly et al., 1996; Bereiter-Hahn and Vo¨th, 1994; Morris and 

Hollenbeck, 1993; Smiley et al., 1991; Wong-Riley, 1989). 

 
How mitochondria function in neurons? 

The polar morphology of neurons, the extreme length of axonal processes, and the 

high metabolic demands of neurons require that aerobic ATP production and Ca2+ 

homeostasis are non-uniformly organized in the cytoplasm. Thus, the appropriate 

regulation of mitochondrial transport and the proper subcellular positioning of 

mitochondria is especially important for the survival and function of neurons (Chada and 

Hollenbeck, 2003). 

Neuronal mitochondria are enriched in regions of intense energy consumption such as 

mobile growth cones, nodes of Ranvier and synaptic terminals change (Bindokas et al., 

1998; Morris and Hollenbeck, 1993; Wong-Riley and Carroll, 1984). Another very 

important function of mitochondria in modulating synaptic function is to regulate Ca2+ 

homeostasis. The concentrations of free calcium in the cell can regulate a series of 

reactions and is important for signal transduction in the cell (Karbowski and Youle, 2003; 

Rintoul et al., 2003; Hollenbeck, 1996).  Mitochondria can act as a calcium sink at 

presynaptic terminals by buffering cytosolic Ca2+, a process that can prevent 

desynchronization of evoked release and regulate the homeostasis of Ca2+ in the cell, and 

also as a Ca2+ source that slowly release of the calcium back into the cells interior can 

initiate calcium spikes (Rizzuto, 2003; David and Barrett, 2003; Talbot et al., 2003; 

Zucker 1999; Babcock and Hille, 1998; Tang and Zucker, 1997). The uptake of Ca2+ is 
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attributable to electrophoretic entry through a Ca2+-selective channel – the mitochondrial 

Ca2+ uniporter –driven by the large inside-negative membrane potential (∆Ψm) of 

energized mitochondria (Babcock and Hille, 1998). On the other hand, efflux of Ca2+ 

from isolated mitochondria is typically Na+-dependent and mediated by a Na+/Ca2+ 

exchanger, and also by H+/Ca2+ exchanger (Duchen, 2000; Bernardi, 1999). In addition, 

Ca2+ can be exported through permeability transition pore (PTP), a high-conductance 

non-selective channel (Bernardi, 1999) (Fig. 2). Presynaptic mitochondria are also 

involved in maintaining presynaptic structure at NMJs (Guo et al., 2005). This study 

uncovered that the loss of Miro activity results in the loss of presynaptic mitochondria, an 

increased number of synaptic boutons, and an altered bouton structure, suggesting that 

presynaptic mitochondria and/or mitochondrial proteins are important for structurally 

organizing NMJs. 
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Figure 2. Mitochondrial Ca2+ transport pathways in energized mitochondria. The 
figure shows the principle players of mitochondrial Ca2+ homeostasis. Ca2+ is transported 
into mitochondria through an electrogenic pathway, the "Ca2+ uniporter". The Ca2+ efflux 
pathways are also schematically shown: the H+-Ca2+ and Na+-Ca2+ exchangers, as well as 
the permeability transition pore (PTP) (Campanella et al., 2004). 
 
How are mitochondria transported in axons? 

 By responding to the metabolic demands and physiological changes of the cells, the 

transport of mitochondria can take place along either microtubules which facilitate long-

distance transport or F-actin tracks which facilitate short-distance transport. 

 Three attributes distinguish mitochondrial movement from that many other organelles: 

first, they display true bidirectional movement, often changing direction after halting. 

Mitochondria are transported in an anterograde direction from the cell body of neuron, 

which is their major site of biogenesis, to the distant synaptic terminals of the axon. 

Anterogarde axonal transport is mediated by motor proteins of the kinesin superfamily, 

which drive movement toward the plus ends of MT. A similar transport system undergoes 

in the opposite direction – retrograde directions, moving organelles from the distal axon 
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back to the cell body, and motor proteins of the cytoplasmic dynein family primarily 

support the retrograde transport toward MT minus ends (Fig. 3). In addition, myosin 

motors are found to participate to the short mitochondrial transport along the actin 

filaments (Welte, 2004; Goldstein and Yang, 2000; Hollenbeck, 1996). Second, much of 

their motility is in a saltatory manner, with frequent stops and starts; third, they spend a 

variable fraction of their time stationary, even as small vesicles and other organelles in 

the same region of the cell display movement (Hollenbeck, 1996; Morris and Hollenbeck, 

1993; Forman et al., 1987; Allen et al., 1982). Thus, the net movement of mitochondria 

depends on the sum of antero- and retrograde movements, and since individual 

mitochondria spend a significant amount of their time stationary, the net velocity strongly 

relies on recruitment between stationary and motile states (Hollenbeck, 1996).       

        

Figure 3.  Axonal transport and the motors. Axons transport proteins via MTs in both 
anterograde (from cell body to axon terminals) and retrograde (from axon terminals to 
cell body) directions. In anterograde transport, the protein vesicles and similarly sized 
mitochondria are pulled along the MT by kinesin at a characteristic rate; retrograde 
transport moves along the same MTs but the driving protein is “dynein” which operates 
in a direction opposite to kinesin. 
 

Coordination of two opposing motors is considered to play a role in regulating the 

net-directional movement of mitochondria. Net movement may be achieved by three 
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possible models: by allowing binding of the cargo to only one motor, by controlling the 

activity of two simultaneously cargo-bound motors such that one activity is favored, or 

by controlling the engagement of two simultaneously motors with the MT-track (Welte, 

2004). Since manipulations that cause drastic changes in the direction of mitochondrial 

movement do not change the total amount of attached plus or minus end-directed motors 

(De Vos et al., 2003), it could be that two opposing motors are simultaneously attached 

during transport in any direction. Thus the third model in which opposing motors are 

coordinated is better supported.  

Linker of mitochondrial transport – Milton 

The studies of the axonal transport and distribution of mitochondria will require the 

understanding of not only what movement mitochondria undergo and which motor 

proteins move them, but also which proteins anchor them, which outer membrane 

proteins couple to motors, and how the activities of all of these interacting proteins are 

regulated (Hollenbeck and Saxton, 2005).  

A mitochondrion-specific protein that links mitochondria to kinesin motors has been 

identified from the studies in Drosophila. This protein, called Milton, is associated with 

mitochondria but not other organelles, and needed for movement of mitochondria into the 

axon. In Milton mutants, synaptic terminals and axons lack mitochondria, although 

mitochondria are numerous in neuronal cell bodies whereas synaptic vesicles continue to 

enter axons and accumulate at synapses (Stowers et al., 2002). This phenotype might 

arise from several mechanisms: a failure of the mitochondria to couple to the motor for 

transport, a failure in the regulation of the motor protein, or a failure of mitochondria to 
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be retained in the terminal once they arrive there (Stowers et al., 2002). Stowers and 

colleagues’ findings indicate that Milton acts as an adaptor protein or as part of an 

adaptor complex that links the appropriate kinesin motor to mitochondria, and facilitates 

the axonal transport of mitochondria and delivery to the presynaptic region (Stowers, 

2002).  

Cellular signals that control mitochondrial transport and distribution 

To adjust their distribution in the cell, mitochondria must integrate intracellular 

signals that control mitochondrial transport and targeting to specific intracellular sites. 

However, what signals control the mitochondrial motility and how they work is not 

understood. The most potential factors for regulating the net-direction of mitochondrial 

transport lie in proteolysis, acidification, calcium, cAMP levels, and phosphorylation of 

motor proteins (Hollenbeck, 1996).  

At growth cones, mitochondrial docking is regulated in part via nerve growth factor 

(NGF) signaling, which causes mitochondria to stop moving and to accumulate (Chada 

and Hollenbeck, 2004). Chada and Hollenbeck found that the actions of localized NGF 

application in dorsal root ganglion (DRG) neurons is abrogated by inhibitors of 

phosphatidylinositol 3-kinase (PI3K) and by the depletion of F-actin from the neurons 

with latrunculin B. This suggests that the presence of a docking signal such as NGF 

results in PI3K-mediated protein phosphorylation that either modifies F-actin directly to 

capture the mitochondria or activates a docking protein that mitochondria use to couple to 

F-actin (Reynolds and Rintoul, 2004). 
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A number studies showed that mitochondria respond to Ca2+ signals from external or 

internal sources (Rizzuto et al., 2000; Babcock and Hille, 1998; Hollenbeck, 1996). 

However, only recent evidence suggests that a Ca2+ signal directly terminates 

mitochondrial motility. The maximal movement was obtained at resting cytoplasmic 

[Ca2+] ([Ca2+]c) with complete arrest at 1-2 μM (Yi, 2004). Hence, diminished 

mitochondrial motility in the region of the [Ca2+]c rise may promote recruitment of 

mitochondria to local sites like synapses to enhance local Ca2+ buffering and ATP 

production. However, the mitochondrial Ca2+ sensor terminating transport is not known 

yet. In our lab, we have identified a potential candidate for a mitochondrial Ca2+ sensor 

that might regulate transport (Guo et al., 2005). 

Miro proteins may link cellular signaling pathways to mitochondrial transport 

Previous studies in my lab have identified EMS-induced mutations in Drosophila 

mitochondrial Rho-GTPase (dMiro), an atypical mitochondrial GTPase that is 

orthologous to human Miro (hMiro). Miro proteins have tandem GTP-binding domains 

separated by a linker region containing two putative calcium-binding EF hand motifs 

(Frederick et al., 2004; Fransson et al., 2003). Miro protein may constitute a 

mitochondrial sensor that links cellular signaling pathways with mitochondrial transport 

to control subcellular distribution of mitochondria. A study showed that overexpression 

of a constitutively active mutant of human Miro in COS7 cells induced an aggregation of 

the mitochondrial network and increased apoptotic rate (Fransson, 2003).  Yeast cells 

lacking Miro (Gem1p) reveal a collapse of the tubular mitochondrial network that is not 
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caused by defects in mitochondrial fission and/or fusion, suggesting a novel role in 

mitochondrial homeostasis (Rederick et al., 2004).  

Mutant dmiro animals exhibit defects in locomotion and die prematurely (Guo et al., 

2005). Mitochondria in dmiro mutant muscles and neurons are abnormally distributed. 

Instead of being transported into axons and dentrites, mitochondria accumulate in parallel 

rows in neuronal somata. Mutant neuromuscular junctions (NMJs) lack presynaptic 

mitochondria, but neurotransmitter release and acute Ca2+ buffering is only impaired 

during prolonged stimulation. Neuronal expression of dMiro in dmiro mutants restored 

viability, transport of mitochondria to NMJs, the structure of synaptic boutons, the 

organization of presynaptic microtubules, and the size of postsynaptic muscles. In 

addition, gain of dMiro function causes an abnormal accumulation of mitochondria in 

distal synaptic boutons of NMJs. Together these previous findings suggest that dMiro is 

required for controlling anterograde transport of mitochondria and their proper 

distribution within nerve terminals (Guo et al., 2005).  

Hypothesis of dMiro function 

A structural search of yeast Miro has shown that both GTPase domains and both Ca2+ 

binding EF hands are required for yeast Miro (Gem1p) function (Frederick, 2004). Miro 

proteins may act as mitochondrial linker to regulate the coordination between cellular 

signaling pathways and mitochondrial movement in the axon.  

The potential of small GTPases to act as signaling switches arises from their ability to 

cycle between active, GTP-bound states, and inactive GDP-bound states, which is 

regulated in a precise manner by specific guanine nucleotide exchange factors (GEFs), 
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GTPase activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs) 

(Etienne-Manneville and Hall, 2002) (Fig. 4). In contrast to small GTPases traditionally 

containing only one GTPase domain (Takai et al., 2001), Miro proteins contain two 

GFPase domains and two EF Ca2+ binding domains, which are also not found in 

traditional small GTPases. Therefore, the unusual protein domain diversity of dMiro may 

indicate that dMiro can integrate a large number of signals and/or control diverse cellular 

mechanisms. However, it is not yet clear whether these domains are required 

cooperatively or independently to either activate mitochondrial transport or target 

mitochondria to synapses and/or other locations. 

 

Figure 4. The Rho GTPase cycle. GTPases cycle between two conformational states: 
active GTP-bound state and inactive GDP-bound state, and they hydrolyse GTP to GDP. 
In the 'on' (GTP) state, GTPases recognize target proteins and generate a response until 
GTP hydrolysis returns the switch to the 'off' state (Etienne-Manneville and Hall, 2002).  
 

We hypothesize that dMiro is likely to integrate cellular signals to promote (1) net-

anterograde axonal transport of mitochondria and (2) the targeting of mitochondria to 

specific sub-cellular locations. dMiro may be a critical component of a higher order 
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regulatory mechanism that either controls the machinery coordinating motors or directly 

controls one of the opposing motors. 

1. Control of net-anterograde transport: dMiro may regulate net-anterograde 

transport of mitochondria by promoting MT plus end-directed or by inhibit minus end-

directed transport. These actions could be achieved by regulating the coupling of MT-

based motors to mitochondria or by activating downstream pathways that ultimately 

control the activity of the plus end-directed motor Kinesin, the minus end-directed motor 

Dynein, or “motor coordinator proteins” like the Dynatctin complex.  

Miro may promote anterograde transport in association with the mitochondrial 

adaptor protein Milton, which has been shown to biochemically interact with Miro (Giot 

et al., 2003). Since Milton lacks any membrane domain, its suggested function must 

require a mitochondrial membrane anchor, which may be provided by Miro or another 

mitochondrial protein.  

In principle, there are three major possibilities of signaling roles for the dMiro-Milton 

interaction that might regulate mitochondrial transport: (a) The “Coupling Model” 

suggests that Miro controls the number of Kinesin motors that are coupled to 

mitochondria (Fig. 5A). Specifically, Miro binds to Milton only in its GTP- or GDP-

bound state (acting as an ON/OFF switch) and thereby couples Kinesin motors to 

mitochondria. Thus, Milton binding is a downstream target of Miro signaling. (b) The 

“Coupling/Trigger Model” suggests that Miro regulates the coupling of Kinesin motor to 

mitochondria and in turn activates Kinesin or inhibits Dynein motors to promote net-

anterograde transport (Fig. 5B). This model resembles essentially the coupling models 
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but with a reversed direction of Miro signaling, that the Milton may act as an adaptor 

protein upstream of Miro signaling and as a GAP, GEF, and/or GDI to modulate Miro’s 

GTPase activity, which in turn modulate the activity of MT motors. (c) The “Trigger 

Model” suggests that Miro regulates only the activity of MT motors (Fig. 5C). In this 

model, coupling is achieved by binding of the Milton-Kinesin complex to a yet unknown 

mitochondrial protein. Formation of this coupling complex then allows Milton to 

modulate Miro’s GTPase activity and in turn modulate the activity of MT motors.  

 

 

Figure 5. Major models of Miro’s interaction with Milton in mitochondria transport. 
A. The “Coupling Model” suggests that Miro provides an ON/OFF switch controlling the 
number of Kinesin motors that are coupled to mitochondrial. B.  The “Coupling/Trigger 
Model” suggests that the formation of a Miro/Milton/Kinesin complex not only couples 
Kinesin motors to mitochondria but also modulates Miro’s GTPase activity, which in turn 
activates Kinesin, inhibits Dynein, or regulates other protein activities. C. The “Trigger 
Model” suggests that after the formation of a Miro-independent coupling complex, 
Milton modulates Miro’s GTPase activity, which targets Kinesin, Dynein, or other 
proteins.  
 
2. Subcullular targeting of mitochondria: The presence of two conserved CaM-like 

EF-hand Ca2+ binding domains may expand the traditional functions of small GTPases. A 

previous study found that elevated [Ca2+]c terminates mitochondrial transport, which may 

recruit mitochondria to targets site at the plasma and/or the endoplasmatic reticulum (ER) 
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membrane (Yi et al., 2004). Hence, one possible dMiro EF-hands’ role could be the 

termination of mitochondrial transport upon Ca2+ binding.  

To test these hypotheses further and to elucidate the underlying molecular 

mechanisms, we need to determine the specific role of dMiro’s structural domains first. I 

took advantage of the model system Drosophila and initiated an in vivo 

structure/function analysis of dMiro protein. I took advantage of known point mutation in 

conserved residues of GTPase domains that are potentially temperature-sensitive and/or 

dominant-negative. We got a mutation G456E in the second GTPase domain of dMiro. 

Mutant effects on mitochondrial transport and/or distribution were examined by live 

imaging of GFP-tagged mitochondria in larval motor neuron. Here, we show the defects 

in mitochondria distribution in dmiro-G456E mutant which is expressed in wild type 

control larval. Analysis mutant dMiro protein that is deficient for both EF-hand 

motifs (E234K/E321K) shows that both EF hands are required for the dominant 

effects of normal Miro overexpression. 
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CHAPTER 2 

MATERIALS AND METHODS 

Fly Stocks/ Fly strains 

Flies were raised on standard medium (http://flystocks.bio.indiana.edu/bloom-

food.htm) with dry yeast at 20-25 °C. For temperature sensitive mutations, we incubated 

them at either 27-29 °C or 18 °C. For genotyping, myc-tagged dMiro wild type and 

dMiro mutant lines, which are in an yw and white1118 genetic background, respectively, 

were kept homozygous. dMiro transgenes in a dmiro null mutant background, flies were 

kept over TM6 Tb Sb balancer chromosomes. The following strains were used for 

analysis: myc-dmiro-G456E-1, 4 and 9, myc-dmiro-EFØ-3, 5, and 6, and as controls myc-

dMiro-2D, 5C, yw and white1118 to match the genetic background of myc-tagged dmiro 

mutants.  

Generation of myc-tagged dMiro transgene 

To generate a myc tagged version, dMiro cDNA (RE) was sequentially PCR-

amplified such that three 5’ primers, each of which has a 15-base overhang with the 

template or the previous primer and introduce one myc tag, one Kozak site, one ATG 

start codon and one NotI site. (primer1: 5’-ATCTCTGAAGAAGATCTGGGACAG 

TACACGGCGTCG-3’; Primer2: 5’-ATGGAGCAGAAACTCATCTCTGAAGAA 

GATCTG-3’; Primer3: 5’-AATTAATGCGGCCGCACCATGGAGCAGAAACTCATC-

3’). The stop codon of the dMiro reading frame was flanked by a NotI site (5’-
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AATTAATGCGGCCGCG TGTCCGTGGTAATCGTG-3’). The myc-dMiro fragment 

was directionally sub-cloned into a pCR2.1-TOPO vector (Invitrogen Inc.) via the two 

NotI sites. After confirming their identity by sequencing, the myc-tagged dMiro cDNAs 

were subcloned into a pUAST vector P element vector (Brand and Perrimon, 1993) at the 

two NotI sites. All constructs were confirmed by DNA sequencing. Transgenic lines 

containing p{UAST-Myc::dMiro} insertions were created using standard techniques 

(Song et al., 2002).  

Site-specific Mutagenesis 

Plasmids for analysis of specific domain mutations were generated by site-directed 

mutagenesis (Stratagene) of myc-dMiro and included myc-dMiro-(E234K/E354K) and 

myc-dMiro-(G456E). The basic procedure utilizes a supercoiled dsDNA vector with an 

insert of interests and synthetic oligonucleotide primer, containing the desired mutation. 

The oligonucleotide primer is extended during temperature cycling by Pfu Ultra HF 

DNA polymerase, without displacement. Extension of the oligonucleotide primer 

generates a mutated plasmid containing staggered nicks. Following temperature cycling, 

the product is treated with Dpn I endonuclease which is specific for methylated and 

hemimethylated DNA and is used to digest the parental DNA template and to select for 

mutation containing synthesized DNA. DNA isolated from almost E. coli strains is dam 

methylated and therefore susceptible to Dpn I digestion. The nicked vector DNA 

incorporating the desired mutations is then transformed into XL10-Gold ultracompetent 

cells which synthesize the complementary strand (Protocol from Stratagene Inc.)  Then 
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the dmiro cDNAs plus the myc sequence was subcloned into the pUAST vector at two 

NotI sites. All constructs were confirmed by DNA sequencing. Transgenic lines 

containing p{UAST-Myc::dmiro} insertions were created using standard techniques 

(Song et al., 2002). The primers used for this study and their sequences are as follows: 

G456E: 5’-GTG ATT GGA CCA AAG GAA TCA GGA AAG ACT GGA-3’ 

E234K: 5’-CTG TTG AAC GAT TAC AAG CTG AAT TTA TTC CAG-3’ 

E321K: 5’-GCC TTA TCA CCT GAG AAG CAC AAG ATG CTC TTC-3’ 

Larval Dissections 

To expose larval body wall muscles and the nervous system, climbing third instar 

Drosophila larvae were dissected essentially as described (Ranjan et al., 1998). 

Dissections were made in Ca2+ -free HL-3 solution (Stewart et al., 1994), or HL-6 

solution (Macleod et al., 2002). For MitoGFP live imaging, dissections were made in HL-

3 solution with 0.5 or 0.65 mM Ca2+. Larval muscles were identified in accordance with 

Johansen et al (1989). 

Immunostainings 

Dissected third instar larvae were fixed with 4% paraformaldehyde for 30 minutes at 

room temperature (RT), washed three times with PBT (PBS, pH 7.4 containing 0.5% 

Triton X-100) for 5 min each, blocked with PBT containing 1% BSA (PBTB) for 30 min, 

incubated with primary antibody in PBTB overnight at 4°C, washed three times with 

PBT for 10 min each, incubated with secondary antibody in PBTB for 1-2 hours at RT, 
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washed three times with PBT for 10 min each. The antibodies used in this study and their 

dilutions are as follows: mouse-anti-Myc 1:100 (Invitrogen Inc.); donkey anti-mouse-

Cy3-conjugated 1:500 (Jackson Laboratories, West Grove, Pa); goat anti-HRP Cy3-

conjugated 1:500 (Jackson Laboratories, West Grove, Pa); rabbit anti-GFP Alexa488-

conjugated 1:500 (Molecular probes). 

Mitochondria live imaging 

To tag mitochondria with GFP, the flies were crossed with w; OK6; MitoGFP,e/TM6, 

Sb, Tb. Non-Tb third instar larvae were dissected in HL-3 (Stewart et al., 1994), which 

contains 0.5-0.65 mM Ca2+ for imaging. Mitochondrial-GFP imaging was performed 

using standard confocal microscopy with a multi-Argon laser to excite GFP fluorescence.  
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CHAPTER 3  

RESULTS 

Generation and analysis of myc-tagged normal dMiro transgenes 

Previous studies have identified EMS-induced mutations in Drosophila mitochondrial 

Rho-GTPase (dMiro), an atypical mitochondrial GTPase that is orthologous to human 

Miro (hMiro) (Guo et al., 2005). The dmiro gene spans ~3.5 kb of genomic DNA, 

consists of four exons, and expresses at least three mRNA transcripts derived by 

alternative splicing of exon 3 (Fig. 6A). Miro proteins contain tandem GTP-binding 

domains separated by a linker region containing two putative calcium-binding EF-hand 

motifs (Frederick et al., 2004; Gransson et al., 2003) (Fig. 6B). The N-terminal GTPase 

domain of dMiro is most closely related to Rho-GTPases, while the second GTPase 

domain is related more to Rab-GTPases (Guo et al., 2005). Like the human and yeast 

orthologs, dMiro contains a conserved transmembrane (TM) domain at its C terminus, 

which in yeast tail-anchors Miro in the outer mitochondrial membrane such that the 

functional domains are exposed to the cytoplasm (Frederick et al., 2004). 

To determine phenotypic effects of overexpressing dMiro, we needed to ensure 

detection of the overexpressed protein. To do this, we added an 11aa myc-epitope 

(MEGKLISEEDL) to the N-terminus of dMiro (Fig. 6C). The myc-tagged dMiro cDNA 

was injected into yw embryos and a total of 15 independent transgenes were isolated 

(Table 1). Homozygous lethal and P-insertions on the 3rd chromosome transgenes were 

excluded from further analysis. 
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A. 

B.  

            
C. 

 
Figure 6. Structure of the dmiro Gene. A: Exon/intron structure of the dmiro gene. RT-
PCR revealed expression of three differently spliced mRNA transcripts. B: Wild type 
dMiro protein. The two GTPase domains (GTP-D1 and GTP-D2) and two EF-hands (1 
and 2) are indicated. VD indicates a variable domain due to alternative RNA splicing 
(See A). TM indicates a transmembrane domain (Guo et al., 2005). C: The dMiro protein 
tagged with an N-terminal myc-antibody tag, which is an 11 amino acids epitope. 
 

Strain Eye-color heterozygous Viability Chromosome 
1A yellow + X 
2D yellow + 2nd 
3C yellow + 2nd 
4D yellow + X 
5C yellow + 2nd 
6A yellow lethal 2nd 
7E yellow + X 
8D yellow lethal 3rd 
9C yellow + ? 

10C light yellow lethal 3rd 
11B light yellow + 2nd 
12B orange + 2nd 
13A orange-red + X 
14A yellow-orange + 2nd 
15B yellow lethal 2nd 

Table 1. Summary of independent myc-dMiro wild type transgenes. 
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Figure 7. Transgenic expression of in vitro engineered myc-tagged dMiro protein in 
segmental larval nerves in independent strains. UAS[myc-dMiro] transgenes of strains 
3C, 4D, 5C, 9C, 11B and 15B are driven by the motor neuron-specific OK6-Gal4 driver; 
strain 2D, 12B and 14A are driven by the motor neuron-specific driver D42-Gal4. By 
comparing the anti-myc fluorescence (red) among all the strains, strain 5C, 9C, 11B and 
15B have stronger expression of myc-dMiro protein than strains 2D, 3C, 4D, 12B and 
14A. Identical confocal imaging conditions were used for all images.  
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Using the motor neuron-specific drivers D42-Gal4 or OK6-Gal4, the expression of 

myc-tagged dMiro protein of nine independent transgenic fly strains was determined by 

immnunostainings of ventral ganglia (VG) and motor nerves of third-instar larvae 

(Summary in Table 2). Comparison of the anti-myc fluorescence in segmental nerves 

between each strain shows that the strains 5C, 9C, 11B and 15B have a stronger 

expression of myc-dMiro protein than strains 2D, 3C, 4D, 12B and 14A, using the same 

confocal imaging conditions (Fig. 7).  In all cases, the punctate myc-staining appeared to 

resemble mitochondria (Fig. 8), which was later confirmed by double standings.  Thus, 

we selected strain myc-dMiro 2D, which is low expressing myc-dMiro protein and higher 

myc-dMiro expression strain 5C for further analysis. 

Strain Ok6-myc 
nerve stain 

Ok6-myc 
VG stain 

D42-myc 
nerve stain 

D42-myc 
VG stain 

1A     
2D   weak strong 
3C weak weak   
4D absent absent   
5C strong strong   
7E     
9C strong strong   
11B strong strong   
12B   weak strong 
13A     
14A weak strong   
15B strong strong   

Table 2. Summary of myc-dMiro protein expression in VG and nerves of 
independent strains. Each strain was driven by either D42-Gal4 or OK6-Gal4 motor 
neuron drivers. The anti-myc fluorescence in segmental nerves between each strain 
shows that the strains 5C, 9C, 11B and 15B have a stronger expression of myc-dMiro 
protein than strains 2D, 3C, 4D, 12B and 14A. Identical confocal imaging conditions 
were used for all images.  
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A myc-dMiro-5C 

 
B myc-dMiro-11B  

 

Figure 8. Colocalization of myc-dMiro protein and mitochondria. The myc-mGFP 
double staining images showed the punctate myc-staining (red) co-localization with 
mitochondria (green) at NMJs terminals. A. myc-dMiro-5C at NMJs of muscle 6/7; B. 
myc-dMiro-11B at NMJs of muscle 13.  
 

To determine the effects of overexpressing of myc-tagged dMiro in otherwise wild 

type neurons, we imaged live mitochondria by visualizing mitochondria selectively in 

motor neurons, using a modified GFP that specifically labels mitochondria (MitoGFP) 

(Pilling at el., 2006). To do this, we crossed w; OK6; MitoGFP,e/ TM6TbSb flies, which 
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have a MitoGFP fusion gene and a OK6-Gal4 motor neuron driver with strains 

overexpressing myc-tagged dMiro 2D and 5C. Progeny with both the OK6 driver and the 

MitoGFP reporter showed punctate fluorescence in neuronal tissues from late 

embryogenesis through adulthood. In contrast to control, MitoGFP fluorescence intensity 

in overexpression strains was similar to wild type in neuronal somata, but reduced in the 

neuropil (Fig. 9). At larval NMJs, presynaptic MitoGFP fluorescence showed an 

excessive accumulation of mitochondria n terminal boutons of neuromuscular branches 

(Fig. 10A and 10B), which is consistent with the results of the previous dMiro study 

(Guo et al., 2005). Hence, increasing dMiro activity by overexpression alters the 

subcellular mitochondrial distribution such that abnormal accumulations of mitochondria 

are seen at the end of motor axons and a loss of mitochondria is seen in the neuropil of 

VG. This loss of mitochondria from neuropil VG is possible due to a loss of mitochondria 

from dendrites. However, this speculation will require further verification.  

Control                myc-dMiro-2D                     myc-dMiro-5C 

   
Figure 9. Abnormal distribution of GFP-tagged mitochondria in overexpression 
strains at larval ventral ganglia. Distributions of neuronal mitochondria in ventral 
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ganglia of the third instar larvae. MitoGFP fluorescence intensity in overexpression 
dMiro was reduced in the neuropil. Neuronal mitochondria were visualized by expression 
of MitoGFP (green) with the neuronal Gal4 driver. Genotypes are indicated. 
 

 
Figure 10. Abnormal distribution of GFP-tagged mitochondria in overexpression 
strains at larval NMJs. Presynaptic mitochondria accumulate abnormally in the most 
distal synaptic bouton of each terminal branch at NMJs of muscle 6/7 (A), muscle 13 (B). 
At NMJs of muscle 13, MitoGFP fluorescence intensity seemed largely reduced. 
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Neuronal mitochondria were visualized by expression of MitoGFP (green) with the 
neuronal Gal4 driver. Genotypes are indicated. 
 
Generation and initial analysis of mutations in dMiro’s GTPase domains 

Due to dMiro’s two GTPase and two EF hand domains (Guo et al., 2005), it is a 

prime candidate for linking intracellular signaling pathways with the regulation of 

mitochondrial transport. However, how these proteins domains affect individual 

mitochondrial movements still remains unclear.  

In order to find the answers to this question, one needs to resolve whether the two 

GTPase domains of dMiro are indeed required for mitochondrial transport. Since the first 

GTPase domain is a Rho-like domain while the second domain is more similar to Rab-

like GTPases, it is likely that each domain is under the control of different GEFs, GAPs 

and /or GDIs. Thus, we examined acute effects of a potentially temperature-sensitive (ts) 

loss of function mutation on individual mitochondrial movements in larval motor axons. 

dMiro’s two GTPase domains are likely to be particularly good targets for the 

generation of mutations because constitutively active and dominant-negative (DN) 

mutations of Ras, Rho and/or Rab GTPases have been extensively used to examine the 

role of GTPases in numerous signal transduction pathways. Most importantly, individual 

mutations of highly conserved amino acids have been shown to exhibit similar effects in 

GTPase domains of different proteins (Takai et al., 2001; Ridley, 2001). For human Miro, 

introduction of known constitutively active and dominant-negative (DN) mutations into 

the first GTPase domain disrupted mitochondrial transport and caused peri-nuclear 

clusters of mitochondria in non-neuronal cells (Fransson et al., 2003). For yeast Miro, 

similar mutations in each GTPase domain disrupted the tubular mitochondria network 
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(Frederick at el., 2004). In addition, substitution of the partially conserved G to E at 

position 4 in the P-loop of the AAA domain of C. elegans and yeast Dynein heavy chain 

(Dhc) caused a ts-DN mutation, such that the mutant protein is normal at 16°C but 

becomes abnormal within 60 seconds 25-30°C (Schmidt et al., 2005). Thus, this raises 

the possibility that P-loop based NTPase domains may be rendered ts in general, and that 

this may also apply to dMiro facilitating a time-resolved analysis of dMiro function. 

Hence, we mutated the reasonably conserved P-loop (GxxgxGKT/S, Fig. 11) of dMiro’s 

GTPase domains 1 and 2 to generate the potentially ts mutations G12E and G456E. In 

addition, I generated the potential DN mutations K459A and T460N in the second 

GTPase domains (only sequencing data at point-mutation’s site shown, Fig 12B and 12C).  

 
Figure 11. Target sites for the generation of point mutations in the P-loop motif of 
the GTPase domain 1 and 2 of dMiro. The consensus sequence for P-loop is 
GxggxxGKT/S, where x indicates anything, g is common, and capital letters indicate 
critically conserved amino acids. The P-loop motifs for the first (left) and second (right) 
GTPase domain of dMiro, yeast Miro (yMiro) and human (hMiro) are shown above the 
consensus sequence. The GTPase mutations for the dMiro are shown below the 
consensus sequence in red. 
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A G456E 

 
B K459A  

 
C T460N 

 
Figure 12. The sequencing electropherograms of the point mutations in the P-loop 
motif of the GTPase domains. A-B. The cDNA sequencing electropherograms show the 
point mutations in the 2nd GTPase domain of dMiro. DNA sequence of high quality is 
characterized by sharp peaks, and four DNA bases are labeled in different colors: A is in 
green, C is in blue, G is in black and T is in red. In G456E mutation, the original amino 
acid G (GGA) is substitutive with E (GAA) which is in red box (A); the original amino 
acid K (AAG) is substitutive with A (GCG) in K459A mutation(B); the original amino 
acid T (ACT) is substitutive with N (AAT)in T460N mutation (C).     
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Using standard in vitro mutagenesis approaches, I generated the mutation (G456E) in 

the 2nd GTPase domain of dMiro. The mutation was verified by sequencing the complete 

cDNA construct (only sequencing data at point-mutation’s site shown in Fig. 12A), 

which also excluded unwanted second-site mutations. The mutant cDNA was then cloned 

into the expression vector pUAST and injected into w1118 embryos of Drosophila. Eleven 

independent transgenic strains containing P-element insertion of UAS-myc-dmiro-G456E 

were first mapped for chromosomal location of the P-element (Table 3). Then, using the 

motor neuron-specific driver OK6-Gal4 to drive each independent transgene, expression 

of myc-tagged mutant dmiro proteins was verified by immunostainings of larval nerves 

and ventral ganglia (VG) of third-instar larvae. Three independent strains, myc-dmiro-

G456E-1, 4, and 9, were selected for analysis, which show either strong or weak 

expression of myc-tagged dmiro protein (Fig. 13, Table 3). Expression of mutant 

transgenes was not detectable in the absence of a driver transgene (not shown). 

Miro-
456 Chromosome Viability

Eye-color 
heterozygous

Ok6-myc nerve 
stain 

Ok6-myc 
VG stain 

1 2 + orange/yellow very Strong very Strong 
2 3 ? yellow    
3 2 + red-orange    
4 3 + red Strong Weak 
5 2 + red very Strong Weak 
6 3 + red-orange/yellow Strong   
7 2 ? orange/yellow    
8 3 + orange-red    
9 3 + red very Strong moderate 

11 X + red/orange    
12 3 + red/orange- red/yellow    

Table 3. Summary of G456E mutant myc-dMiro independent transgenic strains and 
expression of myc-dMiro protein in VG and motor nerves. Each strain was driven by 
OK6-Gal4 motor neuron drivers. Identical confocal imaging conditions were used for all 
images.  
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Figure 13. Transgenic expression of mutant myc-dmiro-G456E protein in segmental 
nerves and VG of independent strains. UAS[myc-dmiro-G456E] transgenes of strain 1, 
4 and 9 are driven by the OK6-Gal4 driver. By comparing the myc fluorescence (red) 
among all the strains (data not shown), strain 1 has very strong, 4 has weak and 9 has 
moderate expression of myc-dmiro-G456E protein in VG under the same confocal 
imaging conditions; For the expression at top segmental nerves, all of them have strong 
expression.  

 

Effects of G456E expression on the mitochondrial distribution in larval motor 

neurons at 25°C 

To determine whether and how the transgenically expressed mutant proteins affect 

the subcellular distribution of mitochondria in wild type control (w1118, genetic 
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background of transgenes), I examined the subcellular distribution of mitochondria at 

synaptic boutons of larval NMJs, in motor axons of larval segmental nerves, and in the 

cell soma of ventral ganglia neurons by live imaging of MitoGFP fluorescence using 

standardized confocal settings. Myc-dmiro-G456E mutant flies were raised at 25°C. 

Simultaneous expression of MitoGFP and G456E mutant dMiro revealed an abnormal 

distribution and appearance of neuronal mitochondria in ventral ganglia and nerves of 

dmiro mutant larvae (Fig. 14-15).  In contrast to wild type controls, the distribution of 

neuronal mitochondria in neuronal cell bodies is reduced in ventral ganglia, and reduced 

in the neuropil (Fig. 14). Comparison of G456E and wild type overexpression of dMiro 

shows no obvious differences in VG. In segmental nerves, mitochondria were often piled 

up to form extremely big “traffic jams” upon G456E overexpression. The number of 

normal sized mitochondria may also be reduced but this requires further quantification 

(Fig. 15). At G456E mutant larval NMJs, abnormally large and bright clusters of 

presynaptic MitoGFP fluorescence punctae were detected. In contrast to control, G456E 

mutant NMJs showed less punctae of GFP fluorescence with a lower intensity in most 

boutons except terminal boutons (Fig. 16-18). Together, these results suggest that G456E 

overexpression in wild type control shows some subtle differences to overexpression of 

normal dMiro. This difference may be due to the dominant loss of GTPase function or 

due to dominant of gain of function effects. Expression of G456E in dmiro null mutants 

will resolve these possibilities.  
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Control      myc-dMiro-2D           myc-dMiro-5C 

   
G456E-1                      G456E-4              G456E-9 

   
Figure 14. Abnormal distribution of GFP-tagged mitochondria in myc-dmiro-G456E 
mutant VG. Distribution of neuronal mitochondria in ventral ganglia from the third 
instar larvae. Mitochondria accumulate in neuronal cell bodies. Neuronal mitochondria 
were visualized by expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. 
Genotypes are indicated. 
 
 

MitoGFP
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        Control         myc-dMiro-2D     myc-dMiro-5C 

                  
G456E-1            G456E-4         G456E-9 

   
Figure 15. Abnormal distribution of GFP-tagged mitochondria in myc-dmiro-G456E 
mutant segmental nerves. Mitochondria form the big “traffic jam” clots in the 
segmental nerves and the number of normal size mitochondria is reduced. Neuronal 
mitochondria were visualized by expression of MitoGFP (green) with the neuronal OK6-
Gal4 driver. Genotypes are indicated. 
 
 
 
 
 

MitoGFP 
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Control       myc-dMiro-2D   myc-dMiro-5C 

   
G456E-1            G456E-4          G456E-9 

   
Figure 16. Abnormal distribution of GFP-tagged mitochondria at myc-dmiro-G456E 
mutant NMJs muscle 6/7. Presynaptic mitochondria accumulate abnormally in the most 
distal synaptic bouton of each terminal branch at NMJs. Neuronal mitochondria were 
visualized by expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. 
Genotypes are indicated. 
 
 
 

MitoGFP 
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Control        myc-dMiro-2D     myc-dMiro-5C 

   
    G456E-1              G456E-4       G456E-9 

   
Figure 17. Abnormal distribution of GFP-tagged mitochondria at myc-dmiro-G456E 
mutant NMJs muscle 13. Presynaptic mitochondria accumulate abnormally in the most 
distal synaptic bouton of each terminal branch at NMJs. Neuronal mitochondria were 
visualized by expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. 
Genotypes are indicated. 
 
 
 
 

MitoGFP 
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        Control     myc-dMiro-2D   myc-dMiro-5C 

   
G456E-1             G456E-4               G456E-9 

   
Figure18. Abnormal distribution of GFP-tagged mitochondria at myc-dmiro-G456E 
mutant NMJs muscle 12. Presynaptic mitochondria accumulate abnormally in the most 
distal synaptic bouton of each terminal branch at NMJs. Neuronal mitochondria were 
visualized by expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. 
Genotypes are indicated. 
 

Comparison of effects of G456E expression at 18°C and 27°C 

To test effects of the predicted ts mutation G456E, transgenic animals were raised at 

18°C (permissive temperatures) and at 27°C. We examined the subcellular distribution of 

mitochondria at synaptic boutons of larval NMJs, in motor axons within larval segmental 

nerves, and in the cell soma of ventral ganglia neurons by live imaging of MitoGFP 

fluorescence with the same standardized confocal settings. Since Gal4 is a temperature 

MitoGFP
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sensitive transcription factor that regulates the transcription of the UAS-transgenes, 

control and mutant protein expression exhibits a higher MitoGFP fluorescence at higher 

temperature (27°C) in general (Fig. 19-21). However, in comparison to control, the 

distribution of mitochondria seems reduced in segmental nerves when mutants were 

raised at either temperature (Fig. 20). However, the abnormal accumulation of 

presynaptic mitochondria in the most distal synaptic boutons of each terminal branch at 

NMJs muscle 13 was increased at the higher temperature of 27°C (Fig. 21) 

Control                       G456E-4             G456E-9 

   
Control                       G456E-4               G456E-9 

   
Figure 19. Abnormal distribution of GFP-tagged mitochondria in myc-dmiro-G456E 
mutant VG under lower (18°C) and higher temperatures (27°C). Distribution of 
neuronal mitochondria in ventral ganglia from the third instar larvae. Since using Gal4-
UAS system, the P-element based gene has higher transcription at high temperature 
(27°C). Mitochondria accumulate in neuronal cell bodies. Neuronal mitochondria were 

27°C 

18°C 

MitoGFP 
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visualized by expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. 
Genotypes are indicated. 
 

Control    G456E-4     G456E-9 

   
Control    G456E-4      G456E-9 

   
Figure 20. Abnormal distribution of GFP-tagged mitochondria in myc-dmiro-G456E 
mutant segmental nerves under lower (18°C) and higher temperatures (27°C). 
Mitochondria form the big “traffic jam” clots in the segmental nerves. The number of 
normal size mitochondria is severe reduced in 18°C mutant samples. Neuronal 
mitochondria were visualized by expression of MitoGFP (green) with the neuronal OK6-
Gal4 driver. Genotypes are indicated. 
 
 

27°C 

18°C 

MitoGFP 

18°C 

27°C 
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Control                          G456E-4                       G456E-9 

   
Control                   G456E-4               G456E-9 

   
Figure 21. Abnormal distribution of GFP-tagged mitochondria at myc-dmiro-G456E 
mutant NMJs under lower (18°C) and higher temperatures (27°C). Abnormal 
accumulation of presynaptic mitochondria in the most distal synaptic bouton of each 
terminal branch at NMJs muscle 13. The amount of MitoGFP fluorescence is likely 
increased at 27°C. Neuronal mitochondria were visualized by expression of MitoGFP 
(green) with the neuronal OK6-Gal4 driver. Genotypes are indicated. 
 

In general, expression of normal Miro and G456E mutant Miro has rather similar 

effects, except: more traffic jams in nerves and more mitochondria in terminal boutons of 

G456E. No dramatic differences were seen upon G456E expression at 18°C and 27°C. 

Hence, it remains unclear whether the mutation G456E is indeed ts. An analysis of 

27°C 

18°C 

MitoGFP
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“rescue-effects” upon expression in dmiro nulls will help to better understand the 

phenotype. 

Generation and analysis of mutations in dMiro EF-hand Ca2+ binding domains 

A number of studies indicated that mitochondria respond to Ca2+ signals from 

external and internal sources, and that their intracellular distribution and transport is 

sensitive to changes in [Ca2+]i (Demaurex and Distelhorst, 2003; Rizzuto et al., 2000; 

Babcock and Hille, 1998; Hollenbeck, 1996). However, only a recent study suggests that 

elevated cytosolic Ca2+ levels of ~1-2 μM terminate mitochondria transport, presumably 

to promote the recruitment of mitochondria to specific target sites (Yi et al., 2004). Miro 

is obviously an excellent candidate for the required Ca2+ sensor. In particular, the 

presence of two conserved CaM-like EF-hand Ca2+ binding domains in Miro may expand 

the traditional functions of small GTPases. One possible role for dMiro EF-hands could 

be the termination of mitochondrial transport upon Ca2+ binding.  

The substitution of E to K at position 12 in the loop region of CaM-like EF hands is 

known to generally abolish Ca2+ binding (Feng and Stemmer, 2001). Analogous 

mutations in yeast Miro failed to restore the collapsed tubular network of mitochondria in 

null mutants, but it was not resolved whether this failure was due to a defect in 

mitochondrial transport and/or targeting (Frederick et al., 2004).  To determine whether 

the EF-hands of dMiro were indeed required for mitochondrial transport and/or targeting, 

we generated a mutant dMiro protein that contains a mutation in each of the two EF 

hands (Fig. 22A). The E234K/E321K mutations were verified by sequencing the cDNA 
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constructs, which also excluded unwanted second-site mutations (only sequencing data at 

point-mutation sites shown in Fig. 22B).  

A 

 
B                              E234K                  E321K 

 
Figure 22. Generation of point mutations in the CaM-like EF-hand domains of 
dMiro. A. The consensus CaM-like EF hand motif of Miro consists of a helix-loop-helix. 
Residues important for Ca2+ coordination in the loop are indicated in blue. Residue 12E 
in both EF hands is mutated to K. B. The cDNA sequencing electropherograms show the 
point mutations on both EF-hand domains of dMiro. DNA sequence of high quality is 
characterized by sharp peaks, and four DNA bases are labeled in different colors: A is in 
green, C is in blue, G is in black and T is in red. The original amino acid E (GAG) is 
substituted with K (AAG) which is in red box.   

 

The mutant cDNAs were transgenically expressed in a w1118 Drosophila. Ten 

independent transgenic strains containing a P-element insertion of UAS-myc-dmiro 

reporter constructs were first mapped for their chromosomal location (Summary in Table 

4). For motor neuron-specific expression, I used the motor neuron-specific driver OK6-

Gal4 to drive each independent strain, and expression of myc-tagged mutant dmiro 
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proteins was verified by immunostainings in segmental nerves and ventral ganglia of 

third-instar larvae. Three independent strains myc-dmiro-E234K/E321K-3, 5, 6 were 

selected. Strains 3 and 6 exhibit strong expression of myc-tagged dmiro protein in VG 

and segmental nerves, while strain 5 shows a lower expression of mutant protein in VG 

(Fig.23A-23B). 

 

Miro-E FØ Chromosome Viability 
Eye-color 

heterozygous 
Ok6-myc 

nerve stain 
Ok6-myc 
VG stain 

2 3 ? red/orange   
3 2 + very red/red Strong Strong 
4 3 + red Moderate Strong 
5 X + red Strong Moderate 
6 3 + very red/red Strong Strong 
7 X + red more/ red   
8 3 + red Weak Weak 
9 3 + red Strong  Moderate 

10 2 ? orange   
11 3 ? red-yellow   

Table 4. Summary of E234K/E321K mutant myc-dMiro independent transgenic 
strains and expression of myc-dMiro protein in VG and motor nerves. Each strain 
was driven by OK6-Gal4 motor neuron drivers. Identical confocal imaging conditions 
were used for all images. 
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A 

E234K/E321K-3             E234K/E321K-5         E234K/E321K-6 

   
B 
                         E234K/E321K-3       5                      6 

   
Figure 23. Transgenic expression of mutant myc-dmiro-E234K/E321K protein in 
segmental nerves and VG of independent strains. UAS[myc-dmiro-E234K/E321K] 
transgenes of strain 3, 5and 6 are driven by the neuron-specific OK6-Gal4 driver. By 
comparing the myc fluorescence (red) among all the strains (data not shown), strain 3 has 
strong, 5 has moderate and 6 has strong expression of myc-dmiro-E234K/E321K protein 
in VG; For the expression at top segmental nerves, all of them have strong expression.  
 

Analysis of mitochondrial distribution in larval neurons 

Phenotypic effects of EF-mutant dMiro protein on the subcellular mitochondrial 

distribution were examined in larval neurons of wild type control (w1118). Essentially as 

described previously, mitochondrial transport was visualized by MitoGFP expression 

anti‐myc 
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which was driven by the same driver, OK6-Gal4. In contrast to the overexpression of 

normal Miro, neuronal expression of E234K/E321K didn’t cause an abnormal 

distribution and appearance of neuronal mitochondria in ventral ganglia and segmental 

nerves (Fig. 24-25).  Importantly, EF-hand mutants did not exhibit an abnormal 

mitochondrial distribution as strains 2D and 5C overexpressing normal dMiro did.  

          Control          myc-dMiro-2D         myc-dMiro-5C 

   
 E234K/E321K-3    E234K/E321K-5    E234K/E321K-6 

   
Figure 24. Distribution of GFP-tagged mitochondria in myc-dmiro-E234K/E321K 
double-mutant VG. Neuronal mitochondria have normal distribution in ventral ganglia 
from the third instar larvae. Neuronal mitochondria were visualized by expression of 
MitoGFP (green) with the neuronal OK6-Gal4 driver. Genotypes are indicated. 
 

MitoGFP 
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Control         myc-dMiro-2D     myc-dMiro-5C 

                  
E234K/E321K 

3                  5              6 

   
Figure 25. Distribution of GFP-tagged mitochondria in myc-dmiro-E234K/E321K 
double-mutant segmental nerves. Mitochondria are normally distributed in segmental 
nerves comparison to wild type control. Neuronal mitochondria were visualized by 
expression of MitoGFP (green) with the neuronal OK6-Gal4 driver. Genotypes are 
indicated. 
 

 

 

  MitoGFP 
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    Control      myc-dMiro-2D     myc-dMiro-5C 

   
E234K/E321K-3   E234K/E321K-5    E234K/E321K-6 

   
Figure 26. Distribution of GFP-tagged mitochondria at myc-dmiro-E234K/E321K 
double-mutant NMJs. Presynatpic mitochondria accumulate normally in the most distal 
synaptic bouton of each terminal branch at NMJs muscle 13 in strains E234K/E321K-3 
and 5, but not in strain 6. In comparison with control, the MitoGFP fluorescence in inter-
bouton axonal regions connecting boutons is likely reduced in mutant dmiro (as Arrow 
shown). Neuronal mitochondria were visualized by expression of MitoGFP (green) with 
the neuronal OK6-Gal4 driver. Genotypes are indicated. 
 

To determine whether the expression of EF-hand mutant dMiro protein in wild type 

may cause an abnormal presynaptic localization of mitochondria at larval NMJs, we 

examined the mitochondrial distribution and bouton size by HRP-GFP double 

MitoGFP 
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immunostaining. Interestingly, the distribution of mitochondria in presynaptic boutons is 

normal (Fig. 27-29).  

In summary, overexpression of EF-hand mutant dMiro shows no effects on 

mitochondrial distributions in ventral ganglia, nerves, and NMJs. Since this is in sharp 

contrast to the effects of overexpressing normal dMiro, it is clear that the EF hands are 

required for the dominant effects of Miro overexpression. Hence, it seems likely that the 

E234K/E321K EF-hand mutant protein may have no activity, which must be verified by 

rescue experiments in null mutant expressing the mutant protein.  
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Control 

   
E234K/E321K-3 

      
Figure 27. Distribution of mitochondria in synaptic boutons at dmiro mutant NMJs 
of muscle 6/7.  Confocal images of third instar larval NMJs of muscle 6/7 that were 
double immunolabeled for neuronal membranes (anti-HRP, red) and mitochondria (anti-
mGFP, green). Comparing to wild type, the bouton size and distribution of mitochondria 
are normal in dmiro mutant. 
 

MitoGFP HRP merge 
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Control 

       
E234K/E321K-3 

       
Figure 28. Distribution of mitochondria in synaptic boutons at dmiro mutant NMJs 
of muscle 13. Confocal images of third instar larval NMJs of muscle 13 that were double 
immunolabeled for neuronal membranes (anti-HRP, red) and mitochondria (anti-mGFP, 
green). Comparing to wild type, the bouton size and distribution of mitochondria are 
normal in dmiro mutant. 
 

MitoGFP HRP  merge 
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Control 

   
E234K/E321K-3 

   
Figure 29. Distribution of mitochondria in synaptic boutons at dmiro mutant NMJs 
of muscle 12. Confocal images of third instar larval NMJs of muscle 12 that were double 
immunolabeled for neuronal membranes (anti-HRP, red) and mitochondria (anti-mGFP, 
green). Comparing to wild type, the bouton size and distribution of mitochondria are 
normal in dmiro mutant. 

MitoGFP  HRP merge
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CHAPTER 4 

DISCUSSION AND FUTURE STUDY 

Although impaired mitochondrial transport leads to similar pathological conditions as 

impaired mitochondrial function, the mechanisms of how mitochondrial transport is 

molecularly controlled in response to cellular demands are poorly understood. Previous 

studies suggest that an evolutionary conserved atypical mitochondrial Rho-like GTPase 

(Miro) may link intracellular signaling pathways through its GTPase and/or Ca2+ binding 

activity with MT-based long-distance transport of mitochondria (Guo et al., 2005). We 

suggest that dMiro promotes net-anterograde (MT plus end-directed) mitochondrial 

transport by either promoting MT plus or decreasing minus end-directed transport. In 

addition, we hypothesize that Miro’s EF hand Ca2+ binding domains may terminate 

mitochondrial transport facilitating the targeting of mitochondria to intracellular regions 

that are frequently exposed to high Ca2+ levels like synapses or growth cones. In my 

study, I examined effects of overexpressing dMiro in wild type on mitochondrial 

transport in motor neurons, and I also generated and initially analyzed mutations in 

dMiro’s GTPase and EF-hand domains. 

To determine phenotypic effects of overexpressing dMiro in wild type neurons, I 

imaged live mitochondria by visualizing mitochondria selectively in motor neurons. This 

analysis shows that increasing dMiro activity by overexpression alters the subcellular 

mitochondrial distribution. MitoGFP fluorescence intensity in overexpression larvae is 

similar to wild type in neuronal somata of VG, but much reduced in the neuropil. At 

larval NMJs, presynaptic MitoGFP fluorescence shows an abnormal accumulation in 
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terminal boutons. The neuropil contains axons, dendrites and pre- and postsynaptic 

endings. The loss of mitochondria from neuropil VG is possibly due to a loss of 

mitochondria in dendrites since motor axons show relatively normal levels of 

mitochondria. Previous studies of mitochondria motility and metabolism in axon vs. 

dendrites in cultured hippocampal neurons indicates that there is no significant regional 

variation in the net transport of mitochondria; while the net direction of mitochondrial 

transport was similar in both processes, twice as many mitochondria are motile in axon 

than in dendrites (Overly et al., 1996). However, how the overexpression of dMiro in 

wild type causes the loss of mitochondria from dendrites is not clear yet. 

Members of the GTPase superfamily have evolved to regulate diverse processes by 

acting as ON/OFF molecular switches. To mutate dMiro’s GTPase domains, I took 

advantage of mutations that are known to ablate normal GTPase function and have been 

shown to have similar effects on the GTPase activity in different proteins (Takai et al., 

2001). I generated a potential temperature sensitive (ts) point mutation (G456E) by 

substitution of the partially conserved G to E at position 4 in the P-loop of dMiro second 

GTPase domain. A previous study in C. elegans showed that such a mutant protein is 

normal at 16°C while at 25-30°C phenotypes become apparent within 60 seconds 

(Schmidt et al., 2005). Our analysis shows that G456E overexpression in wild type 

control may have slightly different effects than control on mitochondrial distribution in 

segmental nerves and NMJs at 25°C. However, comparison of G456E and wild type 

overexpression of dMiro shows no obvious difference in motor neurons, except more 

traffic jams in segmental nerves and more mitochondria in terminal boutons of G456E. 
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This slight difference may be due to the loss of GTPase function or due to dominant gain 

of function effects. Studies, which are in progress, to examine expression of G456E in 

dmiro null mutants will resolve these possibilities. For the temperature-sensitive test of 

G456E, there is no dramatic difference upon G456E expression at 18°C and 27°C in wild 

type control. Hence, we need to do further examinations to clarify whether the mutation 

G456E is indeed ts. This will become apparent by testing whether G456E expression in 

dmiro null mutants can rescue the null phenotype. 

Yi and colleagues’ study suggests that elevated cytosolic Ca2+ levels (~1-2µM) 

terminate mitochondrial motility, presumably to promote the recruitment of mitochondria 

at specific target sites (Yi et al., 2004). Miro is obviously an excellent candidate for the 

required Ca2+ sensor. Mutation by substitution E to K at position in the loop region of 

CaM-like EF hands is reported to generally abolish Ca2+ binding (Feng and Stemmer, 

2001).  We examined effects of double mutations (E234K/E321K) of both EF-hand 

motifs in wild type control. Our analysis suggests that overexpression of EF-hand mutant 

dMiro shows no effects on mitochondrial distribution in VG, nerves and NMJs. Since this 

is in contrast to the effects of overexpressing normal dMiro, it is clear that both EF-hands 

are required for the dominant effect of Miro overexpression. Further rescue experiments 

in dmiro null mutants are in progress, which will further verify the requirement of both 

EF hands for dMiro’s function. 

In my study of functional domains of dMiro protein, I successfully generated point 

mutants in the second GTPase domain and both EF-hand motifs. In addition, I did the 

initial analysis how these mutant proteins affect mitochondrial transport and the 
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distribution of mitochondria in motor neurons. However, to resolve the true role of the 

GTPase and EF-hand domains, further studies are required. Rescue experiments of 

GTPase and EF-hand domains mutations in dmiro null mutant will further verify the 

requirement of these domains in dMiro protein regulating mitochondrial transport. 

Furthermore, we are going to generate more point mutations by mutating K to A or T/S to 

N in the P loop on each or both GTPase domains, which we are expecting to lock the 

protein in a GDP-bound inactive form (Tisdale et al., 2005; Valencia and Chardin, 1991). 

We are also going to analyze the effects of the mutant proteins on mitochondrial motility 

in larval motor neurons. For the EF-hand domains, we are planning to generate single 

point mutation in each domain, which will help to determine the role of each EF-hand 

domain. In addition, we will directly measure effects of EF-mutant proteins on 

mitochondrial motility in a future study. 
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