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ABSTRACT 

 

MECHANISMS LINKING MITOCHONDRIAL DYNAMICS, MICROTUBULE MOTORS, AND 

NEUROLOGICAL DISEASE 

Adam Ray Fenton 

Erika L. F. Holzbaur 

Thomas A. Jongens 

 

Mitochondria are critical organelles that continually remodel to carry out their many cellular functions. This 

remodeling is particularly important in neurons due to the specialized shape and high energy demands 

inherent to these cells. Mitochondrial network remodeling is determined in part by kinesin-1 and dynein-

dynactin, which drive mitochondrial transport in opposite directions along microtubules. Interestingly, 

mitochondrial dynamics and microtubule motors both have close causal links to neurodegenerative and 

neurodevelopmental diseases, such as Amyotrophic Lateral Sclerosis (ALS) and Fragile X Syndrome. In 

this work, we describe molecular mechanisms connecting these diseases to mitochondrial dynamics and 

microtubule motors, and dissect the regulation of microtubule-based mitochondrial transport by TRAK-

MIRO motor-adaptor complexes. First, we utilize in vitro single-molecule imaging and biochemistry to 

demonstrate that TRAK2 activates kinesin-1 and dynein-dynactin, and show that TRAK2 scaffolds an 

interaction between these motors to link their function within a single complex. In Chapter 3, we collaborate 

with the Dominguez lab to characterize a direct interaction between TRAK1 and MIRO1 that facilitates 

recruitment of TRAK1 to mitochondria. In Chapter 4, we collaborate with the Landers lab to investigate the 

effects of ALS-associated mutations on the kinesin-1 isoform KIF5A. We find that multiple ALS-linked 

mutations result in skipping of exon 27, which produce a novel C-terminal sequence within KIF5A that 

impairs its autoinhibition, creating a hyperactive motor protein that is toxic to neurons. In Chapter 5, we 

characterize mitochondrial morphological and metabolic defects in a Drosophila model of Fragile X 

Syndrome and show phenotypic links between this model, insulin signaling, and circadian behavior. Last, 

we show that FMRP, the protein whose dysfunction causes Fragile X Syndrome, is central to a mechanism 



vi 
 

by which protein synthesis is locally orchestrated to efficiently guide mitochondrial fission in neurons. We 

characterize the precise spatiotemporal dynamics underlying this process with spinning-disk confocal 

microscopy and collaborate with the Lakadamyali and Chang labs to describe the nanoscale architecture 

of FMRP-mitochondria interactions with DNA-PAINT super-resolution microscopy and cryo-electron 

tomography. Together, these studies provide detailed insight into mechanisms underlying mitochondrial 

network organization in neurons and connect this organization to the regulation of microtubule motors and 

human neurological disease. 
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The contents of eukaryotic cells are highly dynamic, yet organized precisely in space and time. Accurate 

spatiotemporal organization of molecules and organelles is vital to cellular function, especially in neurons, 

which contain specialized axonal and dendritic compartments that can extend over 100,000 times the length 

of a cell body. The extreme size, morphological complexity, and long lifespan of neurons provides numerous 

challenges for proper maintenance of cellular organization, including for mitochondria, which play critical 

roles in neuronal function. The mitochondrial network continually changes shape to carry out its many 

functions in neurons, with a substantial proportion of this shaping determined by interactions with the 

microtubule cytoskeleton and microtubule motors. The fundamental nature of this remodeling is highlighted 

by the many neurological diseases caused by mutations in microtubule motors and other proteins that drive 

mitochondrial dynamics. In this chapter, I present overviews of microtubule-based transport and 

mitochondrial dynamics, and describe connections between these processes and multiple neurological 

diseases in humans. 

 

I. Microtubule-based transport 

 

Microtubules 

 

Microtubules are filamentous protein polymers comprised of repeating α-tubulin and β-tubulin heterodimers 

(Fig. 1.1A) (Bryan & Wilson, 1971; Feit et al., 1971). Tubulins bind the nucleotide guanosine triphosphate 

(GTP) to polymerize in a head-to-tail manner and form polarized protofilaments, which associate laterally 

with other protofilaments to create hollow tubular structures (Nogales, 2000). The number of protofilaments 

present in each microtubule is variable, but most consist of 13 protofilaments and create a ~25 nm hole in 

the middle (Tilney et al., 1973). Microtubules are polarized, such that α-tubulin is exposed at one end, 

termed the minus-end, while β-tubulin is exposed at the other end, termed the “plus-end”. Structural 

differences between α- and β-tubulin dictate properties of the plus- and minus-ends such that tubulin 

incorporates more rapidly at the plus-end than the minus-end (Fig. 1.1A). 
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Figure 1.1: Microtubule structure and organization in neurons. A, Schematic showing α/β tubulin heterodimers 

and their preferential incorporation into the plus-end of the polarized microtubule filament. B, Organization of 

microtubules in mammalian neurons with mixed polarity in dendrites and uniform polarity in axons. 

 

Microtubules are present throughout the cytoplasm, where they play central roles in many cellular 

functions, such as intracellular transport and cell division. The architecture of the microtubule network within 

cells allows for polarized trafficking of cargoes and greatly informs intracellular organization. In many cells, 

microtubules are oriented radially, with the minus-ends concentrated near the center of the cell, and plus-

ends extended toward the cell periphery. Neurons also contain this radial microtubule orientation in the cell 

body, but also display specialized microtubule architecture in axons and dendrites (Fig. 1.1B). Axonal 

A 

B 
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microtubules are arranged into uniform, tiled arrays with their plus-ends directed outwards toward the 

growth cone (Baas et al., 1988; Heidemann et al., 1981). In contrast, dendritic microtubules display mixed 

polarity in mammalian neurons, with approximately 60% of microtubules oriented with their plus-ends away 

from the cell body (Baas et al., 1988).  

Microtubule motors are classes of proteins that hydrolyze ATP to move along microtubules. These 

motor proteins can recognize the intrinsic polarity of microtubules to bias transport in one direction along 

the microtubule track. There are two classes of motor proteins that drive polarized transport along 

microtubules: kinesin and dynein. Kinesins typically move cargoes toward the microtubule plus-end while 

a single dynein is solely responsible for long-distance minus-end-directed cargo transport within cells.  

 

Kinesin-1 

 

The kinesin motor was first characterized as a protein in squid axoplasm capable of moving microtubules 

in an ATP-dependent manner, which is also responsible for cargo transport from the microtubule minus-

end to the plus-end (Vale, Reese, et al., 1985; Vale, Schnapp, et al., 1985). This initial discovery led to the 

identification of a superfamily of 45 kinesin (KIF) genes that have been classified into 14 families based on 

sequence similarity (Hirokawa & Tanaka, 2015). Most kinesin families contain an N-terminal motor domain 

that binds microtubules and hydrolyzes ATP, a coiled-coil stalk region that facilitates dimerization, and a C-

terminal tail that is involved in cargo association (Fig. 1.2A) (Verhey & Hammond, 2009). The structure and 

sequence of each kinesin allows for different kinesins to bind and transport different cargoes, allowing for 

specific control of transport. Conventional kinesin, otherwise known as kinesin-1 or KIF5, is responsible for 

the anterograde transport of many cargoes in neurons, including RNA granules, mitochondria, and 

lysosomes (Hirokawa & Takemura, 2005a). 

Kinesin-1 is a homodimer comprised of two heavy chains (KHC) (DeBoer et al., 2008). In mammals, 

kinesin heavy chains are encoded by three different genes: KIF5A, KIF5B, and KIF5C, which are highly 
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conserved and differ mostly in the C-terminal tail. All three kinesin-1 isoforms are involved in cargo transport 

and are thought to have overlapping functions. However, the expression patterns differ between the kinesin-

1 isoforms; KIF5B is expressed ubiquitously across cell-types while KIF5A and KIF5C are primarily 

expressed in neurons (Kanai et al., 2000). The KHC homodimer can also form a heterotetrametric complex 

by binding two copies of kinesin light chain (KLC) (DeBoer et al., 2008). KLCs play important roles in 

regulating the activity of the heavy chains and recruiting the complex to certain cargoes (Verhey & 

Hammond, 2009). However, kinesin-1 can also associate with some cargoes through a direct interaction 

with adaptor proteins, independent of the KLC interaction. 

Kinesin-1 activity is tightly regulated by an autoinhibitory mechanism that prevents cargo 

association, microtubule binding, and ATP hydrolysis. The autoinhibited state of kinesin-1 is formed by 

folding of the coiled-coil stalk, which enables interaction between the motor and tail domains (Fig. 1.2B) 

(Coy et al., 1999; D. S. Friedman & Vale, 1999). A short, conserved patch of residues in the kinesin-1 tail, 

termed the isoleucine-alanine-lysine (IAK) motif, mediates this direction head-to-tail interaction to inhibit the 

motor domain.  

 

 

Figure 1.2: Structure and activation of kinesin-1. A, Architecture of kinesin-1. B, Schematic depiction of kinesin-1 

autoinhibition and activation. 

  

 

A B 
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Dynein 

 

Cytoplasmic dynein 1 (hence forth referred to as dynein) was originally identified as a protein that 

hydrolyzes ATP to produce force in the opposite direction to that observed for conventional kinesin, driving 

transport toward the microtubule minus-end (Paschal & Vallee, 1987). Within cells, dynein is the primary 

driver of organelle transport toward the microtubule minus-end. However, dynein plays many other roles in 

essential cellular processes, such as cell migration, nuclear positioning, and mitosis. The importance of 

dynein function is highlighted by the many diseases connected to mutations in dynein. Mutations in 

DYNC1H1, the gene encoding the largest subunit of dynein, are associated with a large spectrum of 

neuropathies, including Charcot-Marie-Tooth type 2 disease (CMT2), hereditary spastic paraplegia (HSP), 

spinal muscular atrophy, malformations of cortical development, intellectual disability, and epileptic spasms 

(Becker et al., 2020; Poirier et al., 2013; Su et al., 2022). The manifestation of DYNC1H1 mutations as 

neurodegenerative and neurodevelopmental diseases involving both the peripheral and central nervous 

systems strongly suggests that dynein plays particularly critical roles in neurodevelopment and 

maintenance of the nervous system.  

Dynein is a large, ~1.4 MDa complex comprised of many protein subunits that function together to 

bind cargo and convert the energy of ATP into movement. The largest subunit of dynein, dynein heavy 

chain (DHC), comprises an N-terminal tail domain that facilitate dimerization, six non-equivalent AAA+ 

ATPase domains that form a motor ring, and a stalk region that binds the microtubule (Fig. 1.3A). Within 

the AAA+ ring, AAA1 is the predominant site of ATP hydrolysis that drives motor translocation by conferring 

structural changes to the stalk, although this motility can also be controlled by the nucleotide state of AAA3. 

Several non-catalytic subunits are also present in the dynein complex, including intermediate chains (DIC), 

light intermediate chains (DLIC), and light chains (DLC). These subunits provide contact points with dynein 

accessory proteins that are necessary for cargo association and regulation of dynein activity.  

 



7 
 

 

Figure 1.3: Structure and activation of dynein-dynactin. A-B, Architecture of dynein (A) and dynactin (B). C, 

Schematic depiction of dynein autoinhibition and activation upon the addition of dynactin and an activating adaptor.  

 

While initial studies of surface-attached dynein revealed robust microtubule translocation 

properties, it quickly became apparent that dynein activity is tightly regulated and requires additional 

cytoplasmic factors to drive transport along microtubules (Gill et al., 1991; Schroer & Sheetz, 1991). Without 

other binding partners, mammalian dynein typically forms an autoinhibited conformation in which the two 

motor domains and stalks dimerize to lock the complex in a weak microtubule binding state (K. Zhang et 

al., 2017). This state, termed the phi confirmation, does not move processively along microtubules. 

However, the presence of additional factors, later identified as dynactin and several classes of activating 

adaptor proteins allow for relief of the phi conformation to enable processive dynein motility.  

 

A B 

C 
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Dynactin 

 

Dynactin was initially identified as a protein complex that co-purified with dynein and enhanced the ability 

of dynein to transport vesicles along microtubules (Gill et al., 1991; Schroer & Sheetz, 1991). Further in 

vitro and cellular work has shown that dynactin affects dynein motility in multiple ways, including by aiding 

the recruitment of dynein to microtubule plus-ends and increasing the processivity of dynein stepping along 

microtubules (Ayloo et al., 2014; Q. Feng et al., 2020; Moughamian et al., 2013; Splinter et al., 2012). 

Moreover, complete activation of dynein for cargo transport within cells appears to depend on dynactin in 

most, if not all, instances of dynein function (Schroer, 2004). 

The dynactin complex is composed of 23 subunits that form a ~1 MDa complex built around a 

filament of actin and actin-related proteins (Fig. 1.3B). This filament is comprised of eight actin-related 

protein (Arp1) subunits, one copy of β-actin, and another actin-related protein (Arp11) (Urnavicius et al., 

2015). The ends of this filament are distinct and named according to the “pointed end” and “barbed end” 

nomenclature for the polarized ends of filamentous actin (F-actin). The pointed end of dynactin contains 

Arp11 bound to a complex of three proteins (p25, p27, and p62), while the barbed end of dynactin is capped 

by the F-actin capping protein, CapZ (Chowdhury et al., 2015; Urnavicius et al., 2015). Dynactin also 

contains a shoulder domain comprised of multiple copies of p24, p50, and p150Glued that binds along the 

Arp1 filament near the barbed end. The p150Glued subunit of dynactin contains multiple coiled-coil stretches 

which extend from the shoulder. These coiled-coil domains are highly flexible but can also fold back to 

stably dock against the Arp1 filament. Following these coiled-coils, p150Glued contains an N-terminal CAP-

Gly domain, which directly binds microtubules to recruit dynein and increase dynein processivity (Ayloo et 

al., 2014; Q. Feng et al., 2020; Waterman-Storer et al., 1995). There is also an alternative splice form of 

p150Glued which lacks the CAP-Gly domain and thus cannot bind microtubules to aid dynein motility 

(McKenney et al., 2014; Tokito et al., 1996), although the specific functions of this isoform are not fully 

clear.  
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Dynein activation by adaptors 

 

While dynactin interacts directly with dynein to increase dynein processivity, more recent work has revealed 

that a group of adaptor proteins enhance the interaction between dynein and dynactin to convert dynein 

into a fully active motor that moves processively along microtubules (McKenney et al., 2014; Schlager, 

Hoang, et al., 2014). The formation of a dynein–dynactin-adaptor complex reorients dynein such that the 

motor domains are oriented parallel to each other to facilitate directional stepping along the microtubule 

(Fig. 1.3C) (K. Zhang et al., 2017). Some dynein adaptors further increase the motility of dynein-dynactin 

by recruiting a second dynein dimer to dynactin, increasing the force production and velocity for a single 

motor complex (Chaaban & Carter, 2022; Grotjahn et al., 2018; Urnavicius et al., 2018).  

The proteins that bridge dynein-dynactin to activate motility are known as activating adaptors. In 

addition to activating dynein motility, activating adaptors link dynein-dynactin to diverse cellular cargoes, 

allowing for specific activation of dynein on certain cellular structures (Olenick & Holzbaur, 2019; Reck-

Peterson et al., 2018). The list of verified activating adaptors includes a set of evolutionarily distinct proteins 

that does not contain any single sequence common to all adaptors. However, the one common feature 

present across activating adaptors is a stretch of coiled-coil. Structural work on BICD2, BICDR1, and 

HOOK3 has revealed that each adaptor contains a long coiled-coil segment that extends along the length 

of dynactin’s Arp1 filament and binds the dynein tails to stabilize the interaction between dynein and 

dynactin (Chaaban & Carter, 2022; Chowdhury et al., 2015; Urnavicius et al., 2015). All verified dynein 

activating adaptors, with two exceptions, are predicted to contain an extended coiled-coil that is sufficient 

to span dynactin in this manner (Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018). Thus, the presence 

of a long coiled-coil is a hallmark feature used to identify candidate activating adaptors. The exceptions to 

this rule are JIP3 and JIP4, two closely related motor adaptors that facilitate the trafficking of lysosomes 

and autophagosomes in neurons (Cason et al., 2021; Cason & Holzbaur, 2023; Gowrishankar et al., 2017). 

Recent work has demonstrated that JIP3 and JIP4 are able to activate dynein motility in vitro despite having 

a much shorter coiled-coil that is not sufficient to span dynactin (Cason & Holzbaur, 2023; X. Fu et al., 2022; 

K. Singh et al., 2023). In fact, a short fragment of JIP3 that includes only the N-terminus and short coiled-
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coil makes nearly no contact with dynactin, yet activates dynein motility (K. Singh et al., 2023). This JIP3 

fragment still stabilizes the dynein heavy chain tails along dynactin’s Arp1 filament, suggesting that the 

coiled-coil within activating adaptors primarily serves to orient dynein along dynactin.  

Activating adaptors also contain binding sites for the flexible C-terminal helix of dynein light 

intermediate chain 1 (LIC1) and for dynactin’s pointed end. These interaction interfaces are generally 

positioned with the LIC1 contact at the beginning of the coiled-coil and the pointed end contact at the end 

of the coiled-coil (Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018). Different activating adaptors bind 

to LIC1 using distinct domains that have been classified into four subfamilies: the coiled-coil 1 box (CC1-

Box), EF-hand, HOOK domain, and RILP Homology 1 (RH1) domain (Celestino et al., 2019, 2022; I.-G. 

Lee et al., 2018, 2020; K. Singh et al., 2023). For all four subfamilies, mutations in the LIC1-adaptor interface 

are sufficient to prevent dynein activation in vitro and disrupt adaptor function within cells, demonstrating 

the importance of this interaction. The Spindly motif is a short sequence (LΦXEΦ, where Φ is hydrophobic) 

that is present in nearly all activating adaptors and binds along the p25 subunit of dynactin’s pointed end  

(Chaaban & Carter, 2022; Gama et al., 2017; K. Singh et al., 2023). Mutation of the Spindly motif disrupts 

the adaptor-dynactin interaction to impair adaptor function in cells (Gama et al., 2017). The Spindly motif 

also appears to be important for orienting activating adaptors along dynactin to efficiently place the 

adaptor’s cargo-binding region in an optimal location for binding cargo, as seen for dynein-dynactin-JIP3 

complexes (K. Singh et al., 2023).  

 

II. Mitochondrial dynamics 

 

Mitochondria are highly abundant double-membraned organelles that perform dozens of essential functions 

within eukaryotic cells (J. R. Friedman & Nunnari, 2014; Monzel et al., 2023). Typical mitochondria are 

comprised of an outer mitochondrial membrane (OMM), inner mitochondrial membrane (IMM), 

intermembrane space, and matrix within the IMM. The IMM forms many inward invaginations, termed 

cristae, which provide the optimal IMS geometry for electron transport chain complexes to produce energy 
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through oxidative phosphorylation. The mitochondrial matrix contains many components, such as 

mitochondrial ribosomes, mitochondrial DNA, and many metabolic enzymes.  

The mitochondrial network morphologically adapts to fit cellular needs and changes in response to 

diverse cellular pathways, such as metabolism, intracellular calcium signaling, apoptosis, and mitosis. 

Despite the diversity of contexts that alter mitochondrial dynamics, the resultant effects on the mitochondrial 

network are largely dependent on a few processes. Fission, the division of a single mitochondrion into two 

mitochondria by cleavage of the OMM and IMM, and fusion, the joining of the OMM and IMM from two 

distinct mitochondria, are in equilibrium to determine network connectivity. Mitochondrial transport is 

mediated by the cytoskeleton and determines the intracellular placement of mitochondria. This section 

reviews recent work regarding the mechanisms and regulation of mitochondrial fission, fusion, and 

transport.  

 

Mitochondrial fission 

 

The key events of mitochondrial fission are constriction and scission of both the OMM and IMM. In 

most, if not all cases, outer membrane constriction is driven by dynamin-related protein 1 (DRP1), a GTPase 

that dynamically associates with the endoplasmic reticulum (ER) and mitochondria (Fig. 1.4A) (W. Ji et al., 

2015; W.-K. Ji et al., 2017). DRP1 is recruited to mitochondria via interactions with receptors in the OMM: 

mitochondrial fission factor (MFF) and mitochondrial dynamics proteins 49 and 51 (MID49/51) (Osellame 

et al., 2016; Otera et al., 2010; Palmer et al., 2013; Yu et al., 2017). Some DRP1 is transferred to the OMM 

following MFF-dependent oligomerization on the ER; this transfer likely occurs at mitochondria-ER contact 

sites, which mark sites of mitochondrial division (Fig. 1.4B) (J. R. Friedman et al., 2011; W.-K. Ji et al., 

2017). DRP1-dependent fission at mitochondria-ER contacts is facilitated by actin assembly, as inhibiting 

actin polymerization reduces fission frequency and DRP1 recruitment to mitochondria (De Vos et al., 2005; 

W. Ji et al., 2015; W.-K. Ji et al., 2017; Korobova et al., 2013). Actin assembly at mitochondria-ER contacts 

depends on two actin nucleating proteins, the formin INF2 and Spire1C, which reside on the ER and 
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mitochondria, respectively. These proteins interact to promote actin assembly and mitochondrial 

constriction (Fig. 1.4B) (Korobova et al., 2013; Manor et al., 2015). Actin filaments locally assemble in a 

wave-like manner around mitochondrial subpopulations to induce fission (Moore et al., 2016). Following 

actin disassembly, these mitochondrial subpopulations undergo fusion to locally remodel the mitochondrial 

network.  

Recent advances in electron microscopy have revealed the three-dimensional ultrastructure of the 

actin cytoskeleton during mitochondrial constriction. Yang and Svitkina (2019) found dense arrays of 

filamentous actin with criss-cross orientation at mitochondrial constrictions (C. Yang & Svitkina, 2019). 

Many of these actin filaments extend from the nearby ER. This study also examined  the positioning of non-

muscle myosin II (NMII), as this motor has been implicated along with actin and INF2 in fission (W. Ji et al., 

2015; Korobova et al., 2014). NMII is located near mitochondrial constrictions, primarily along the interstitial 

actin network (Fig. 1.4B-C), and is proposed to pull on the interstitial actin network to deform mitochondria 

upstream of DRP1, consistent with findings that NMII promotes DRP1 recruitment to mitochondria 

(Korobova et al., 2014).  

Once recruited, DRP1 oligomerizes to wrap around the outer membrane (Fig. 1.5C). Upon GTP 

hydrolysis, DRP1 changes conformation, dissociating MID49/51 to shrink the oligomeric ring (Fig. 1.5D) 

(Kalia et al., 2018). While the DRP1 ring constricts the OMM, there is debate as to whether DRP1 carries 

out membrane scission. Initial studies found no evidence that DRP1 could drive membrane scission. 

Dynamin-2 (DNM2), another dynamin GTPase, was found at fission sites following DRP1 recruitment; 

DNM2 knockdown was also found to inhibit mitochondrial fission (J. E. Lee et al., 2016). However, several 

recent studies implicate DRP1 as the protein responsible for membrane scission. Fibroblasts lacking DNM2 

or all three dynamin proteins display normal mitochondrial division, suggesting dynamins 1-3 are 

dispensable for fission (Fonseca et al., 2019; Kamerkar et al., 2018); in contrast, DRP1 is required for 

fission (De Vos et al., 2005; Fonseca et al., 2019; Kamerkar et al., 2018). Further, purified DRP1 can induce 

the fission of membrane tubules up to 250 nm in radius (Kamerkar et al., 2018). While these results  

 



13 
 

 

Figure 1.4: Mechanism of mitochondrial fission. (A) A mitochondrion is embedded in the interstitial actin network 

and closely associated with the ER. A closer view of the mitochondria–ER contact is shown in (A’). DRP1 dynamically 

associates with the cytosol, mitochondria, and ER before fission. (B) Peripheral NMII pulls on actin filaments to deform 

the mitochondrial membrane. Increased cytosolic calcium induces actin polymerization at mitochondria–ER contacts 

by INF2 on the ER and Spire1C on mitochondria. MFF and Mid49/51 begin recruiting DRP1 to the mitochondria–ER 

contact. Calcium is released from the ER and enters the mitochondria through the MCU, causing IMM constriction. (C) 

Elevated mitochondrial matrix calcium causes IMM division before OMM division. MFF and Mid49/51 continue recruiting 

DRP1 to the mitochondria–ER contact, with some DRP1 coming from the ER. DRP1 oligomerizes along the constricted 

OMM. (D) The DRP1 oligomer fully assembles around the OMM. DRP1 GTP hydrolysis dissociates Mid49/51, 

constricting the DRP1 ring. The DRP1 ring constricts the OMM and completes the process of fission. Abbreviations: 

ER, endoplasmic reticulum; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; MCU, 

mitochondrial calcium uniporter; MFF, mitochondrial fission factor; NMII, non-muscle myosin II.  
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implicate DRP1 as the protein responsible for scission, more work is required to confirm whether DRP1 

drives the final step in fission. 

Whereas outer membrane scission depends on DRP1 oligomerization and GTP hydrolysis, the 

mechanism of inner membrane scission is less clear. Recent studies have shown that the IMM constricts 

and divides at mitochondria-ER contacts prior to DRP1-dependent OMM fission (Chakrabarti et al., 2018; 

Cho et al., 2017). IMM constriction depends on INF2-mediated actin polymerization and NMII, similar to 

outer membrane constriction. Actin assembly at mitochondria-ER contacts stimulates calcium release from 

the ER and subsequent mitochondrial uptake through the mitochondrial calcium uniporter (MCU; Fig. 1.4B) 

(Chakrabarti et al., 2018). Elevated mitochondrial calcium then stimulates IMM constriction in a DRP1-

independent manner, but the subsequent mechanism of IMM scission is a black box. 

 While it is clear that mitochondrial fission is largely coordinated by the ER, several other factors 

determine sites of fission. Fission relies on the dynamic recruitment of lysosomes and the lysosomal 

GTPase RAB7. GTP-bound RAB7 is recruited to mitochondria by the mitochondrial fission protein 1 (Fis1), 

an OMM protein with two tetratricopeptide repeat domains exposed to the cytosol (Suzuki et al., 2003). 

Once recruited, GTP-bound RAB7 promotes mitochondria-lysosome contact formation (Y. C. Wong et al., 

2018). Mitochondria-lysosome contacts restrict mitochondrial motility, regulate inter-mitochondrial 

tethering, and mark sites of fission (Y. C. Wong et al., 2019). Fission is also modulated by the dynamic 

recruitment of the trans-Golgi network (TGN). The small GTPase ADP-ribosylation factor 1 (Arf1) and its 

effector, phosphatidylinositol 4-kinase-III-b [PI(4)KIIIb] are recruited to fission sites on TGN vesicles after 

DRP1 recruitment (Nagashima et al., 2020). Loss of Arf1 or PI(4)KIIIb produces a hyperfused and branched 

network, suggesting these proteins affect mitochondrial branching in addition to fission. Intriguingly, TGN 

vesicles converged with lysosomes and ER at fission sites. Each of these organelles is present at most, 

but not all mitochondrial fission sites. Further analysis of the temporal and spatial dynamics of these 

organelles and their effector proteins is necessary to understand how they are coordinated to promote 

fission.  
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Recently, it has become clear that there are two distinct types of mitochondrial fission with different 

mechanisms and outcomes. Some mitochondrial fission events occur at near the middle of the organelle; 

these “midzone” fission events occur in healthy mitochondria and frequently coincide with replication of 

mitochondrial DNA (Kleele et al., 2021). MFF, DRP1, actin, and the ER all coincide at midzone fission 

events to facilitate the even division of contents between the two daughter mitochondria. In contrast, other 

mitochondrial fission events occur near the tip of the organelle to produce a small mitochondrial fragment. 

Peripheral fission events occur within damaged mitochondria that have developed a loss of membrane 

potential and increase in levels of reactive oxygen species  (Kleele et al., 2021). Peripheral fission events 

also require DRP1, but involve FIS1 and lysosomal contacts at the fission site, with minimal accumulation 

of MFF or contact with the ER (Kleele et al., 2021). The demonstration of multiple types of fission indicates 

that fission is more nuanced than previously anticipated. Given the large number of regulatory factors 

involved in fission, it will be interesting to examine possible variations on these mechanisms and determine 

further nuances in the multiple pathways that regulate mitochondrial fission.  

 

Mitochondrial fusion 

 

Mitochondrial fusion is mediated by the dynamin family GTPases mitofusin 1 (Mfn1), mitofusin 2 

(Mfn2), and Opa1. Fusion begins with Mfn1/2-mediated OMM tethering and merging followed by Opa1-

mediated joining of the IMM (Fig. 1.5A) (Cipolat et al., 2004; N. Ishihara, 2004). Opa1 has two isoforms: a 

long isoform (L-Opa1) containing a transmembrane domain, and a short isoform (S-Opa1) lacking the 

transmembrane domain. S-Opa1 is produced via proteolytic cleavage of L-Opa1 by one of two proteases, 

Yme1L or Oma1 (Mishra et al., 2014). Yme1L knockdown produces a fragmented mitochondrial network, 

suggesting that Opa1 processing promotes fusion (Mishra et al., 2014). A separate study found that L-Opa1 

was sufficient for fusion in cells lacking Yme1L and Oma1; conversely, S-Opa1 overexpression in these 

cells resulted in mitochondrial fragmentation (Anand et al., 2014). These contrasting results raised the 

question of whether Opa1 processing promotes fission or fusion. Two recent studies used in vitro 
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membrane fusion assays to gain mechanistic insight into Opa1-mediated fusion (Ban et al., 2017; Ge et al., 

2020). Both studies tested the sufficiency of Opa1 to facilitate membrane fusion of liposomes. In these 

assays, L-Opa1 is sufficient to drive fusion through a heterotypic interaction with cardiolipin (CL), a 

mitochondrial phospholipid, whereas S-Opa1 is unable to drive fusion (Ban et al., 2017; Ge et al., 2020). 

However, these studies found that S-Opa1 and L-Opa1 work synergistically to catalyze fusion. Ge et al. 

(2020) show that fusion efficiency peaks at an equimolar ratio of S-Opa1 to L-Opa1 (Fig. 1.6B) (Ge et al., 

2020). Thus, Opa1 processing tightly regulates fusion, with insufficient or excess processing inhibiting 

fusion. 

Additional insight into the control of fusion has come from reexamination of Fis1 and mitochondria-

ER contact sites. Mammalian Fis1 was initially thought to promote fission since its yeast homolog recruits 

DRP1 to mitochondria and because Fis1 overexpression induces mitochondrial fragmentation (Yoon et al., 

2003). However, human Fis1 does not function through DRP1 and is dispensable for fission (Osellame et 

al., 2016; Otera et al., 2010; Palmer et al., 2013). Fis1 has recently been shown to inhibit the activity of the 

fusion GTPases Opa1 and Mfn1/2 (Yu et al., 2019), suggesting that fusion inhibition is sufficient to fragment 

the mitochondrial network, mirroring fission activation (Fig. 1.5C). Mitochondrial fusion also occurs at 

mitochondria-ER contact sites, similar to fission (Abrisch et al., 2020; Y. Guo et al., 2018; Y. C. Wong et 

al., 2019). Fission and fusion proteins colocalize at mitochondria-ER contacts to form hotspots for 

membrane dynamics (Abrisch et al., 2020); these ER-associated dynamics also include contact untethering 

between mitochondria (Y. C. Wong et al., 2019). Thus, the ER regulates multiple aspects of mitochondrial 

dynamics at contact sites. The next challenge is to determine how these separate machineries are 

coordinated to promote a single process.  
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Figure 1.5: Mechanism and regulation of mitochondrial fusion. (A) The proposed model of mitochondrial fusion. 

1) Mitochondrial fusion begins with Mfn1/2-mediated tethering of two mitochondrial outer membranes. 2) The inner 

membranes are positioned for fusion upon outer membrane fusion. 3) Interactions between L-Opa1 and CL dock the 

inner membranes, bringing them closer together. 4) S-Opa1 functions with L-Opa1 and CL to promote efficient inner 

membrane fusion. (B) Fusion efficiency at different S-Opa1:L-Opa1 ratios. Fusion efficiency peaks at an equimolar 

ratio of S-Opa1 to L-Opa1, with higher and lower ratios inhibiting fusion. (C) A diagram of a connected mitochondrial 

network (left) and fragmented mitochondrial network (right). The transition between these networks can occur through 

direct regulation of fission, fusion, or mitochondrial shape transition. Abbreviations: CL, cardiolipin. 

 

Mitochondrial transport 

 

Mitochondrial network morphology is also controlled by many additional interactions with the 

cytoskeleton. Mitochondrial transport is critical in highly polarized cells, such as neurons, where 

mitochondria undergo long-distance transport along the microtubule cytoskeleton (Misgeld & Schwarz, 

2017). Most mitochondrial transport is microtubule-based, with transport toward the microtubule plus-end 

A B 
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mediated by kinesin-1 and transport toward the minus-end mediated by dynein and its partner complex, 

dynactin (Pilling et al., 2006; van Spronsen et al., 2013). In the canonical model of mitochondrial transport, 

these opposing motors are tethered to mitochondria through the TRAK/MIRO motor adaptor complex, which 

play a central role in the regulation of microtubule-based mitochondrial dynamics (Fig. 1.6).  

Mammals contain two TRAK (trafficking and kinesin-binding) proteins, TRAK1 and TRAK2, which are 

orthologs of the Drosophila protein Milton. Milton was discovered in a screen for mutations that affect 

photoreceptor neurotransmission in Drosophila eyes (Stowers et al., 2002). Characterization of Milton 

mutant neurons revealed a lack of mitochondria at synapses and along the length of axons (Glater et al., 

2006; Stowers et al., 2002). These studies further demonstrated that Milton binds kinesin-1 and recruits 

this motor to mitochondria, indicating that Milton facilitates anterograde mitochondrial transport by serving 

as an adaptor for kinesin-1 (Glater et al., 2006; Stowers et al., 2002). Similar to Milton, TRAK proteins are 

required for mitochondrial transport in a variety of mammalian cell types, including neurons (Loss & 

Stephenson, 2017; van Spronsen et al., 2013). In some cases, mitochondrial organization in neurons is 

dependent on isoform-specific functions of TRAK1 and TRAK2. Within rat hippocampal neurons, TRAK1 

predominantly localizes to the axon and is required for anterograde mitochondrial motility into the axon 

while TRAK2 localizes more prominently to dendrites and is required for dendritic mitochondrial motility 

(van Spronsen et al., 2013). However, the extent of this compartment-specific phenotype decreased as 

neurons aged in culture, and this phenotype was not observed in rat cortical neurons, suggesting that the 

relative contribution of each TRAK to mitochondrial motility in the axon and dendrite is modulated in an age- 

and cell-type-dependent manner (Loss & Stephenson, 2017).  

The importance of MIRO (Mitochondrial Rho GTPase) proteins for mitochondrial transport and neuronal 

homeostasis has been demonstrated in both Drosophila and mammalian neurons. MIRO  was similarly 

identified in a Drosophila screen as a factor necessary for anterograde transport of mitochondria to 

synapses (X. Guo et al., 2005). Drosophila MIRO was shown to facilitate the recruitment of Milton to 

mitochondria leading to the model that MIRO proteins serve as essential receptors for Milton, which recruits 

microtubule motors enable mitochondrial transport in neurons (X. Guo et al., 2005). Further work on 
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mammalian MIRO proteins, MIRO1 and MIRO2 confirmed their role in promoting axonal and dendritic 

mitochondrial transport and demonstrated a similar role in the recruitment of TRAK proteins to mitochondria 

(Babic et al., 2015; MacAskill, Brickley, et al., 2009; Nguyen et al., 2014). However, MIRO knockout studies 

in mice revealed differences between MIRO1 and MIRO2, despite their high similarity. MIRO1 knockout is 

postnatally lethal in mice and conditional MIRO1 knockout causes neuronal degeneration, whereas 

knockout of MIRO2 has no obvious effects on viability or mitochondrial transport in neurons, suggesting 

that MIRO1 is the primary isoform responsible for mitochondrial transport in neurons (López-Doménech et 

al., 2016; Nguyen et al., 2014).  

MIRO proteins are comprised of two Ca2+-binding EF-hand domains, two GTPase domains, and a C-

terminal transmembrane domain that localizes to the mitochondrial outer membrane (Birsa et al., 2013; X. 

Guo et al., 2005). The EF-hand domains of MIRO1 have been implicated in the regulation of mitochondrial 

transport, as local increases in Ca2+ concentrations halt mitochondrial transport in axons, but this 

phenomenon can be blocked by mutating the EF-hands of MIRO1. However, the role of MIRO1 in calcium-

dependent mitochondrial arrest is not understood due to conflicting reports about the effects of Ca2+ on the 

interactions of MIRO1 with kinesin-1 and TRAK1 (Chang et al., 2011; MacAskill, Rinholm, et al., 2009; X. 

Wang & Schwarz, 2009). Other studies have suggested that mitochondrial trafficking can be modulated 

through the nucleotide state of the N-terminal GTPase of MIRO1. Unfortunately, the data as to whether 

GTP binding is important for the TRAK-MIRO interaction are conflicting, so there is no consensus 

mechanism from these studies (Babic et al., 2015; Davis et al., 2023; Fransson et al., 2006; MacAskill, 

Brickley, et al., 2009). Thus, further work is required to understand the sensitivity of MIRO1 and MIRO2 to 

changes in Ca2+ and nucleotide levels and how these factors influence the assembly of mitochondrial motor 

complexes. 

Motors, TRAKs and MIRO proteins are required for mitochondrial transport, but the functional 

interactions among these components remain largely untested, and the molecular basis by which opposing 

kinesin and dynein motors are coordinated to produce directional transport of mitochondria is not 

understood. TRAK proteins bind to kinesin-1 and dynein/dynactin through an ~400 amino-acid region in 
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their N-terminus (Randall et al., 2013; M. J. Smith et al., 2006; van Spronsen et al., 2013). This motor-

binding region contains a long stretch of predicted coiled-coil, as well as a CC1-Box and Spindly motif, all 

of which are common features present in known dynein activating adaptors. Thus, TRAKs were predicted 

to function as dynein activating adaptors, but this possibility was untested prior to the work presented in 

this thesis (Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018). In vitro motility experiments with purified 

proteins have demonstrated that TRAK1 activates kinesin-1 for processive transport along microtubules 

(Henrichs et al., 2020). TRAK1 activates kinesin-1 independent of KLC, which is consistent with findings 

that Drosophila Milton does not recruit KLC to mitochondria (Glater et al., 2006). The high similarity and 

overlapping functions of TRAK1 and TRAK2 raises the question of whether TRAK2 similarly activates 

kinesin-1.  

Motor regulation may also be adaptor-specific. For instance, TRAK2 has been proposed to 

predominantly interact with dynein-dynactin whereas TRAK1 interacts with both kinesin-1 and dynein-

dynactin (van Spronsen et al., 2013). TRAK1 overexpression promotes plus-end directed mitochondrial 

transport in mouse embryonic fibroblasts (MEFs) while TRAK2 overexpression promotes minus-end 

directed mitochondrial transport. However, TRAK2 requires MIRO1, but not MIRO2, to promote dynein-

dependent transport (López‐Doménech et al., 2018). Combined, these results suggest that the direction of 

mitochondrial transport is determined by specific associations between TRAK and MIRO isoforms. Further 

studies are required to determine how individual TRAK and MIRO proteins interact with microtubule motors 

to selectively promote transport toward either microtubule end.   

A recent study found that TRAKs localize to mitochondria and drive transport in MEFs lacking MIRO1 

and MIRO2 (López‐Doménech et al., 2018). While transport is reduced in MIRO1/2 knockout cells, this 

finding suggests that TRAKs can function independently of MIRO. Since TRAKs interact with other OMM 

proteins, such as MFN1 (C. A. Lee et al., 2018; Misko et al., 2010), another OMM protein may function as 

an alternate adaptor for TRAK1/2. MIRO proteins also serve as adaptors for myosin XIX (MYO19), a 

mitochondria-associated myosin motor, though MYO19 can also associate with the OMM independent of 

MIRO (Fig. 1.6) (Bocanegra et al., 2020; López‐Doménech et al., 2018; Oeding et al., 2018). MYO19 
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overexpression increases mitochondrial motility in an actin-dependent manner (Quintero et al., 2009). 

Furthermore, TRAK overexpression reduces the association of MYO19 with mitochondria (Oeding et al., 

2018), suggesting that MYO19 and TRAKs compete for MIRO binding to induce actin- or microtubule-based 

mitochondrial motility. Given the nature of MIRO proteins, it will be interesting to see how calcium binding 

and GTP hydrolysis affect the interaction of MIRO with TRAKs and MYO19.  

 

 

Figure 1.6: Mitochondrial transport on the cytoskeleton. TRAK and Miro proteins serve as adaptors for microtubule-

based mitochondrial transport. Kinesin-1 drives transport to the microtubule plus-end while transport to the microtubule 

minus-end is mediated by dynein/dynactin. Myo19 associates with Miro proteins and directly with the mitochondrial 

outer membrane to drive mitochondrial transport along the actin cytoskeleton. 

 

 

III. Mitochondria and microtubule motors defects in neurological disease 

 

As our understanding of the molecular underpinnings of neuronal organization has grown, so has our 

understanding of the pathophysiology of neurological disease. The links between mechanistic neurobiology 

and neuropathology have largely been founded in human genetic studies and the identification of disease-
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causing genetic variants (Claussnitzer et al., 2020). Many of the mutations that cause neurodegenerative 

and neurodevelopmental disease in humans are found in genes encoding proteins that drive transport along 

microtubules or mitochondrial dynamics. These genotype-phenotype relationships are further strengthened 

by observations of mitochondrial dysfunction in animal models of neurological disease and by evidence that 

disruption of mitochondrial dynamics or microtubule-based transport is sufficient to induce neuronal 

dysfunction and neurodegeneration. In fact, the connections between microtubule motors, mitochondrial 

dynamics, and neurological disease are too numerous to comprehensively cover here. For more thorough 

overviews of these topics, see the following reviews (Berth & Lloyd, 2023; Chevalier-Larsen & Holzbaur, 

2006; Ortiz-González, 2021). Instead, the remainder of this chapter focuses on genotype-phenotype links 

connecting ALS to microtubule motor dysfunction and Fragile X Syndrome to mitochondrial network 

dysfunction.  

 

Microtubule motors and ALS 

 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that is characterized by 

progressive degeneration of the motor cortex and motor neurons in the brainstem and spinal cord 

(Hardiman et al., 2017).  As these neurons deteriorate, affected individuals experience muscle wasting, 

weakness, and paralysis; muscle atrophy occurs rapidly, frequently leading to death only a few years after 

symptom onset (Taylor et al., 2016). The onset of ALS can vary largely, but typically manifests between 50 

and 65 years of age (Hardiman et al., 2017).  

ALS is a complex disease with many genetic, environmental, and age-related factors. 

Approximately 10% of all ALS cases are transmitted through families, while the other ~90% of cases arise 

sporadically (Amin et al., 2020). Modern advances in genome sequencing have helped dissect the genetic 

etiology of both sporadic and familial ALS. Now, mutations in over 50 genes have been linked to ALS 

(Renton et al., 2014; Taylor et al., 2016). Many of these ALS-associated genes are related to similar 

biological pathways, suggesting that dysfunction of these pathways contributes to disease pathogenesis. 
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One major pathway that has been implicated in the pathophysiology of ALS is microtubule-based transport. 

There are two ALS-associated genes related to microtubule motor proteins: DCTN1, which encodes the 

p150Glued subunit of dynactin, and KIF5A, a gene encoding one of the three kinesin-1 isoforms.  

A single point mutation in DCTN1 causes familial ALS and results in an amino acid substitution in 

the CAP-Gly domain of p150Glued (Puls et al., 2003). This mutation disrupts the ability of the CAP-Gly domain 

to bind microtubules, reduces the association of dynactin with dynein, and impairs dynein-mediated 

transport throughout axons (Moughamian & Holzbaur, 2012; Puls et al., 2003). Of note, other nearby 

mutations in the p150Glued CAP-Gly domain are associated with Perry syndrome, a distinct adult-onset 

neurodegenerative disease (Farrer et al., 2009). Perry syndrome mutations have a slightly different effect 

in neurons, where they specifically disrupt the initiation of retrograde transport in the distal axon 

(Moughamian & Holzbaur, 2012). Furthermore, targeted disruption of the dynactin complex is sufficient to 

disrupt retrograde axonal transport and induce late-onset progressive degeneration in mouse motor 

neurons (LaMonte et al., 2002). Together, these studies suggest that disruption of dynein-mediated axonal 

transport is involved in the pathogenesis of ALS and other forms of neurodegenerative disease.  

Of the kinesin-1 isoforms, mutations in KIF5A are most frequently associated with disease, with 

over 90 reported mutations (Carrington et al., 2024). Mutations in KIF5A are causative for familial ALS, but 

are also associated with two other neurodegenerative diseases: HSP and CMT2 (Crimella et al., 2012; Y.-

T. Liu et al., 2014; Nicolas et al., 2018). Interestingly, the vast majority of KIF5A mutations associated with 

HSP and CMT occur in the motor domain while ALS-associated mutations are more frequently present in 

the tail domain, suggesting a correlation between molecular function and disease pathogenesis. Very few 

mutations in KIF5B have been reported, and none seem to be linked to neurological disease. However, 

several mutations in KIF5C are associated with neurodevelopmental defects, including malformations of 

cortical development and microcephaly (Poirier et al., 2013). Ultimately, a more thorough characterization 

of the effects of each disease-associated KIF5 mutation on motor function and cellular homeostasis is 

needed to understand how and why these mutations manifest as a variety of neurological diseases. 
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Mitochondrial defects and Fragile X Syndrome 

 

Fragile X Syndrome (FXS) is a severe neurodevelopmental disorder that has a variety of 

manifestations in humans. Typically, FXS is associated with intellectual disability, memory impairment, and 

autistic features, although severe cases also include increased risk of epileptic seizures (Hagerman et al., 

2009). FXS is a dominant X-linked disorder and the most common genetic cause of intellectual impairment 

in humans (Crawford et al., 2001). The fragile X messenger ribonucleoprotein 1 (FMR1) gene is the single 

causal gene in FXS (Pieretti et al., 1991; Verkerk et al., 1991). The majority of FXS cases are caused by a 

CGG-trinucleotide repeat expansion in the 5′ untranslated region of the FMR1 gene, which results in 

transcriptional silencing of the gene locus (Pieretti et al., 1991; Verkerk et al., 1991). In general, the clinical 

severity of intellectual impairment in FXS correlates closely with the magnitude of the repeat expansion, 

and expression of the FMR1 gene (Kaufmann et al., 1999). However, Fragile X Syndrome can also be 

caused by intragenic deletions, nonsense, and mis-sense mutations in the FMR1 gene, indicating that FXS 

is primarily caused by a loss of function of the protein product of FMR1, termed the Fragile X Mesenger 

Ribonucleoprotein (FMRP) (De Boulle et al., 1993; Grønskov et al., 2011; Quan et al., 1995).  

FMRP is an RNA-binding protein that is highly expressed in the nervous system, where it plays 

critical roles in RNA organization and translational control (Richter & Zhao, 2021). FMRP associates with 

mRNAs throughout neuronal sub-compartments, including the nucleus, axons, and dendrites, although 

FMRP is most prominently localized within the cell body and dendrites (Antar et al., 2005, 2006; Y. Feng et 

al., 1997). Further, FMRP promotes proper localization of associated mRNAs throughout neurons (Antar et 

al., 2005; Dictenberg et al., 2008; Goering et al., 2020). FMRP interacts with mRNAs through two 

heterogeneous nuclear ribonucleoprotein K homology (KH) domains and an arginine–glycine–glycine 

(RGG) box (Siomi et al., 1993). These domains are thought to facilitate preferential binding to specific 

RNAs, such as those containing G-quadruplex secondary structure (Brown et al., 2001; Darnell, 2005; 

Darnell et al., 2001; Goering et al., 2020). This notion of selective mRNA-binding is supported by 

observations that FMRP has highly variable affinities for different RNAs and that only a small fraction of all 

RNAs co-immunoprecipitate with FMRP in vitro and in cells (Ashley et al., 1993; Darnell et al., 2011). 
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However, the number and identity of RNAs that co-immunoprecipitate with FMRP is highly inconsistent 

across studies, including those with similar experimental setup (Ascano et al., 2012; Ashley et al., 1993; 

Darnell et al., 2011; Goering et al., 2020; Hale et al., 2021; Miyashiro et al., 2003; Sawicka et al., 2019). 

The inherent variability of FMRP-RNA interactions suggests that FMRP binding to any single mRNA is 

contextual and likely depends on the presence of many other cellular factors. 

FMRP has also been shown to associate with ribosomes to regulate translation in neurons. 

Canonically, FMRP inhibits translation by stalling ribosome translocation on a set of target mRNAs, resulting 

in increased levels of proteins synthesis in brains of animals lacking FMRP (Ceman et al., 2003; Darnell et 

al., 2011; M. Qin et al., 2005; Shah et al., 2020). In some cases, however, FMRP has been shown to 

promote translation of select mRNAs (Bechara et al., 2009; Greenblatt & Spradling, 2018; Jung et al., 2023; 

Sawicka et al., 2019). These conflicting data on the role of FMRP in repressing or activating translation 

suggest that FMRP has a highly complex regulatory role for translation. FMRP likely modulates translation 

in a way that differs according to cell type, spatial localization, and cellular activity. Thus, further 

understanding of FMRP will require dissecting its function in a manner that is both spatiotemporally and 

pathway specific.  

Recent work has demonstrated a close link between FMRP and mitochondrial form and function in 

many contexts. Our lab previously showed that Drosophila mutants lacking FMRP have a significantly 

decreased redox ratio for the mitochondrial cofactor nicotinate adenine dinucleotide (NAD+/NADH), 

increased maximum capacity of the electron transport chain, and reduced levels of carbohydrates and lipids 

(Weisz et al., 2018). Mitochondria present in the flight muscles of these FMRP mutants were fragmented 

and irregularly spaced compared to controls (Weisz et al., 2018). Further work examining mitochondria 

present at synaptic regions in the brains of Fmr1 knockout (KO) mice demonstrated similar observations of 

increased respiratory capacity and changes to mitochondrial ultrastructure (Kuzniewska et al., 2020; 

Licznerski et al., 2020). These mouse studies also found irregularities in the formation of ATP synthase 

complexes, resulting in a “leak” of protons across the IMM that leads to dysregulation of mitochondrial 

metabolism in Fmr1 KO mice (Licznerski et al., 2020). More recent studies have demonstrated that 



26 
 

hippocampal neurons cultured from Fmr1 KO mice and iPSC-derived neurons from FXS patients both 

display mitochondrial networks that are shortened and sparse compared to controls (Geng et al., 2023; M. 

Shen et al., 2019). The commonality of mitochondrial metabolic and morphological phenotypes across 

multiple cell types and species lacking FMRP suggests that FMRP serves a central role in the regulation of 

eukaryotic mitochondrial biology.  

FMRP regulates mitochondrial homeostasis through the translational control of mRNAs that affect 

mitochondrial dynamics and function. Multiple mechanisms have been proposed to explain the variety of 

mitochondrial alterations observed in animal models of Fragile X Syndrome. Specifically, loss of FMRP is 

proposed to dysregulate the expression of the ATP synthase β-subunit, resulting in a leak in the ATP 

synthase that accounts for altered mitochondrial respiration (Licznerski et al., 2020). This FMRP-dependent 

control of ATP synthase is thought to occur by FMRP directly binding the mRNA for the ATP synthase β-

subunit (ATP5F1B). FMRP is also thought to regulate the expression of Mitofusin 2 (MFN2), as FMRP-

deficient mouse neurons display significantly reduced expression of the Mfn2 mRNA (M. Shen et al., 2019). 

This change in the expression of MFN2 is thought to account for the mitochondrial network abnormalities 

that occur upon loss of FMRP (M. Shen et al., 2019). However, neurons from Fmr1 KO mice display 

alterations in the abundance and localization of many nuclear-encoded mitochondrial mRNAs (Jung et al., 

2023; M. Shen et al., 2019). Fmr1 KO mouse neurons also display substantial changes to the mitochondrial 

proteome in response to neuronal firing (Bülow, Zlatic, et al., 2021). Further, FMRP has been proposed to 

associate directly with mitochondria, where it plays a role in regulating mitochondria-ER contacts and 

mitochondrial calcium signaling by directly interacting with the voltage-dependent anion channel (VDAC) 

(Geng et al., 2023). Despite this extensive evidence for the involvement of FMRP in the regulation of 

mitochondrial homeostasis, it is still unclear how FMRP precisely directs the transport and translation of 

RNAs to control the expression of myriad mitochondrial proteins. 
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IV. Thesis overview 
 

 

Throughout my thesis work, I examined multiple biological questions central to the regulation of microtubule 

motors and mitochondrial dynamics in neurons, and their connection to multiple neurological diseases (Fig. 

1.7). I investigated the regulation of microtubule-based mitochondrial transport by TRAK-MIRO motor 

adaptor complexes at multiple levels. First, I studied how TRAK2 functions as a motor adaptor for 

mitochondrial transport. It was previously unclear whether TRAK2 could activate kinesin-1 and dynein-

dynactin, or how TRAK2 could function as an adaptor for two motors that move in opposite directions along 

microtubules. To address these possibilities, I utilized in vitro single-molecule imaging and biochemistry to 

characterize the functional interactions of TRAK2 with kinesin-1 and dynein-dynactin (Chapter 2). Second, 

I focused on understanding the interaction between TRAK1 and MIRO1, as this interaction is critical for 

mitochondrial transport, but had not been precisely characterized. In Chapter 3, I worked with the 

Dominguez lab to biochemically characterize an interaction between TRAK1 and MIRO1 that facilitates 

recruitment of TRAK1 to mitochondria.  

The later chapters of this work focus on mechanistic links connecting neurological disease to the 

regulation of microtubule motors and mitochondrial organization. Mutations in KIF5A were previously shown 

to cause familial ALS, but the effects of these mutations on KIF5A motility and function within cells were 

not understood. In Chapter 4, I collaborated with the Landers lab to demonstrate how multiple ALS-

associated mutations in KIF5A result in the creation of a novel C-terminus that impairs motor autoinhibition 

and reduces neuronal viability. I also studied multiple relationships between neuronal mitochondrial 

dynamics and Fragile X Syndrome. In Chapter 5, I worked with other members of the Jongens lab to 

describe how mitochondrial and behavioral defects in a Drosophila model of Fragile X Syndrome share 

genetic links to insulin signaling. Lastly, I studied the mechanism by which FMRP supports mitochondrial 

homeostasis in neurons. I specifically focused on the interplay between FMRP granules and mitochondria 

in neurons, as the relationship between these organelles in not understood. I used advance microscopy 

techniques in collaboration with the Lakadamyali and Chang labs to demonstrate that that FMRP granules 
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dynamically interact with neuronal mitochondria to locally guide mitochondrial fission in neurons (Chapter 

6). Together, these studies provide multiple new insights into the mechanisms underlying spatiotemporal 

control of mitochondrial organization in neurons, and show how dysregulation of these precise mechanisms 

is connected to multiple neurological diseases. I conclude with discussion of additional questions and future 

directions that stem from these findings.  

 

 

 

Figure 1.7: Thesis overview. Diagram depicting where each research chapter fits at the intersection of mitochondrial 

dynamics, microtubule motors, and neurological disease.  
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CHAPTER 2: MITOCHONDRIAL ADAPTOR TRAK2 ACTIVATES AND FUNCTIONALLY LINKS 

OPPOSING KINESIN AND DYNEIN MOTORS 

 

 

 

 

 

 

 

 

This chapter is adapted from:  

Fenton, AR; Jongens, TA; Holzbaur, ELF. Mitochondrial adaptor TRAK2 activates and functionally links 

opposing kinesin and dynein motors. Nature Communications, 12, 4578 (2021). 

 

Contribution: ARF performed all experimental procedures, data analysis, writing, and figure design.  
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I. Summary 
 

Mitochondria are transported along microtubules by opposing kinesin and dynein motors. Kinesin-1 and 

dynein-dynactin are linked to mitochondria by TRAK proteins, but it is unclear how TRAKs coordinate these 

motors. We used single-molecule imaging of cell lysates to show that TRAK2 robustly activates kinesin-1 

for transport toward the microtubule plus-end. TRAK2 is also a novel dynein activating adaptor that utilizes 

a conserved coiled-coil motif to interact with dynein to promote motility toward the microtubule minus-end. 

However, dynein-mediated TRAK2 transport is minimal unless the dynein-binding protein LIS1 is present 

at a sufficient level. Using co-immunoprecipitation and co-localization experiments, we demonstrate that 

TRAK2 forms a complex containing both kinesin-1 and dynein-dynactin. These motors are functionally 

linked by TRAK2 as knockdown of either kinesin-1 or dynein-dynactin reduces the initiation of TRAK2 

transport toward either microtubule end. We propose that TRAK2 coordinates kinesin-1 and dynein-

dynactin as an interdependent motor complex, providing integrated control of opposing motors for the 

proper transport of mitochondria.  
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II. Introduction 
 

Microtubule motors drive the transport of many organelles within the cell. Cargoes are transported to the 

microtubule plus-end by kinesin motors or to the microtubule minus-end by cytoplasmic dynein 1 (dynein). 

Whereas individual motors move unidirectionally along microtubules, many cellular cargoes move 

bidirectionally. For these cargoes, the activities of bound kinesin and dynein motors must be precisely 

coordinated to ensure proper transport and localization. Despite progress in understanding motor 

regulation, the mechanisms coordinating opposing motors for organelle transport remain unclear (Hancock, 

2014).  

Mitochondria are actively shuttled along the microtubule cytoskeleton to meet local energy needs. 

This transport is critical in highly extended cells, such as neurons, whose axons can grow to lengths on the 

meter scale. Within neurons, mitochondria undergo long-range transport to meet local energy demands 

and maintain neuronal homeostasis (Misgeld & Schwarz, 2017). Loss of mitochondrial transport results in 

defective neurotransmission and neurodegeneration, highlighting the importance of proper mitochondrial 

transport for neuronal function (Babic et al., 2015; X. Guo et al., 2005; López-Doménech et al., 2016; G. J. 

Russo et al., 2009; Stowers et al., 2002). Consistently, defective mitochondrial transport and function are 

implicated in the pathogenesis of neurological diseases, such as Alzheimer’s disease (X. Wang et al., 2010; 

X.-L. Zhao et al., 2010), Parkinson’s disease (X. Wang et al., 2011; Y. C. Wong & Holzbaur, 2015), and 

Amyotrophic Lateral Sclerosis (Baldwin et al., 2016). In cells, mitochondria exhibit bidirectional motility, in 

which transport to either the microtubule plus- or minus-end is punctuated by directional switching or 

periods of stationary docking. Mitochondrial transport to the microtubule plus-end is mediated primarily by 

the kinesin-1 (KIF5) family of motors whereas transport to the minus-end is mediated by dynein and its 

partner complex, dynactin (Pilling et al., 2006; van Spronsen et al., 2013). These motor proteins are linked 

to mitochondria by a conserved complex of motor adaptor proteins. The TRAK/Milton family of proteins act 

as mitochondrial motor adaptors that connect kinesin-1 and dynein-dynactin to the mitochondrial outer 

membrane protein Miro (Brickley & Stephenson, 2011; Glater et al., 2006; MacAskill, Brickley, et al., 2009; 

van Spronsen et al., 2013). This motor-adaptor function is conserved from Drosophila Milton to its 
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mammalian orthologs, TRAK1 and TRAK2. Both TRAK and Miro motor adaptor proteins are essential for 

proper mitochondrial distribution and transport in neurons (Babic et al., 2015; X. Guo et al., 2005; G. J. 

Russo et al., 2009; Stowers et al., 2002; van Spronsen et al., 2013).  

Despite the essential role for TRAK proteins in mitochondrial transport, little is known about the 

molecular basis by which TRAKs interact with microtubule motors. Mass spectrometry and 

coimmunoprecipitation experiments indicate that TRAK1 and TRAK2 interact with kinesin-1 and dynein-

dynactin (MacAskill, Rinholm, et al., 2009; Pekkurnaz et al., 2014; M. J. Smith et al., 2006; van Spronsen 

et al., 2013; X. Wang & Schwarz, 2009). However, endogenous KIF5B shows higher binding to TRAK1 

than TRAK2, suggesting that TRAK2 has a weaker interaction with kinesin-1 (van Spronsen et al., 2013). 

These TRAK-specific interactions with kinesin-1 are thought to account for differences in the localization 

and function of TRAKs in the axon and dendrites of neurons (van Spronsen et al., 2013). Overexpressed 

TRAK1 promotes plus-end-directed mitochondrial transport whereas overexpressed TRAK2 promotes 

minus-end-directed mitochondrial transport in mouse embryonic fibroblasts (López‐Doménech et al., 2018). 

As a result, TRAK2 has been proposed to preferentially promote dynein-mediated transport toward the 

microtubule minus-end (López‐Doménech et al., 2018; van Spronsen et al., 2013).  

Activation of mammalian dynein requires dynactin and an activating adaptor (McKenney et al., 

2014; Schlager, Hoang, et al., 2014). The formation of a dynein-dynactin-adaptor complex aligns the dynein 

motor domains for processive transport (K. Zhang et al., 2017). Activating adaptors enhance the stability of 

the dynein-dynactin complex and allow for cargo-specific recruitment of dynein, enabling cargo transport 

toward the microtubule minus-end (Olenick & Holzbaur, 2019; Reck-Peterson et al., 2018). Although 

activating adaptors can vary greatly in structure and function, many activating adaptors have similar 

interactions with dynein and dynactin. Structural work on dynein-dynactin in complex with BICD2, BICDR1, 

or HOOK3 showed that each activating adaptor contains an extended coiled-coil domain that binds along 

the length of dynactin’s 37 nm Arp1 filament (Urnavicius et al., 2015, 2018). All verified activating adaptors 

contain an extended coiled-coil domain that is sufficient to span this distance (Olenick & Holzbaur, 2019). 

Many of these adaptors have conserved features flanking this coiled-coil domain: a coiled-coil 1 box (CC1-
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Box) at the N-terminus and a Spindly motif at the C-terminus. Structural studies on BICD2 and Spindly 

indicate that the CC1-Box binds to dynein light intermediate chain (LIC1) and the Spindly motif binds to the 

dynactin pointed end complex (Gama et al., 2017; I.-G. Lee et al., 2020). Both the CC1-Box and Spindly 

motif are conserved in TRAKs, where they flank a ~300 amino acid region predicted to form two coiled-coil 

domains (Fig. 2.1A). The conservation of these elements within TRAKs suggests that this coiled-coil region 

scaffolds the dynein-dynactin complex and thus activates dynein. However, the proposed role of TRAK 

proteins as dynein activating adaptors has yet to be experimentally validated.  

The mechanism by which TRAKs coordinate opposing kinesin and dynein motors for mitochondrial 

transport has remained a perplexing topic. Previous studies have mapped the binding of kinesin-1 to the 

N-terminal coiled-coil region of TRAK2 (aa 124-283) (M. J. Smith et al., 2006; van Spronsen et al., 2013). 

This region lies within the predicted dynein-dynactin interface of TRAK2 (Fig. 2.1A). The overlap of the 

kinesin-1 and dynein-dynactin interfaces on TRAK2 raises the question of whether these opposing motors 

can simultaneously bind to TRAK2. Further, investigations of mitochondrial transport in neurons 

demonstrated that knockdown or inhibition of kinesin-1, dynein, or dynactin individually was sufficient to 

inhibit mitochondrial motility in both directions, suggesting the activity of one motor is required for the activity 

of the other (Martin et al., 1999; Moughamian et al., 2013; Pilling et al., 2006; Sainath & Gallo, 2015; 

van Spronsen et al., 2013). This paradox of motor co-dependence has been a major challenge for 

understanding the control of bidirectional mitochondrial transport, as the activities of these motors are 

difficult to uncouple (Hancock, 2014). 

In light of these observations, we sought to develop a system to examine the functional interactions 

of TRAK2 with kinesin-1 and dynein-dynactin. We found that TRAK2 robustly activates kinesin-1 for 

processive transport toward the microtubule plus-end in single molecule assays using cellular extracts. 

TRAK2 minimally activates dynein under these same conditions, but expression of exogenous 

Lissencephaly-1 (LIS1) induces highly processive dynein motility, resulting in significantly more frequent 

minus-end-directed movement with longer run lengths and higher velocities. Dynein motility is dependent 

on the conserved CC1-Box dynein adaptor motif within TRAK2, which facilitates an interaction between 



34 
 

TRAK2 and dynein. We used co-immunoprecipitation and co-localization experiments to provide evidence 

for the formation of a complex containing TRAK2, kinesin-1, and dynein-dynactin. Knockdown studies 

indicate that TRAK2 initiates transport toward either microtubule end more frequently if the opposing motor 

is present. Together, these results indicate that kinesin-1 and dynein-dynactin are functionally 

interdependent when in complex with TRAK2, providing mechanistic insight into the coordinated motility of 

mitochondria within the cell. 

 

III. Results 

 

TRAK2 activates kinesin-1 

 

To study the functional effects of TRAK2 on kinesin-1 and dynein, we utilized an in vitro single-molecule 

approach using total internal reflection fluorescence (TIRF) microscopy of cell extracts to characterize 

microtubule-based motility of individual TRAK2-motor complexes (Fig. 2.1B) (Ayloo et al., 2014; I.-G. Lee 

et al., 2018; Olenick et al., 2016). We expressed Halo-tagged TRAK2 in COS-7 cells and labeled cells with 

TMR-HaloTag ligand prior to generation of cell lysates; the endogenous kinesin, dynein, and dynactin 

present in COS-7 lysate allowed us to examine the interaction of Halo-TRAK2 with these proteins. Cell 

lysates were flowed together with fluorescently labeled tubulin heterodimers into chambers containing 

immobilized GMPCPP-stabilized microtubule seeds. Chambers were incubated at 37°C to visualize the 

movement of TRAK2 on dynamic microtubules. Use of dynamic microtubules more closely models the in 

vivo environment, and allows for the direct assessment of transport direction due to the greater growth and 

catastrophe rates of the microtubule plus-end (Baumbach et al., 2017; Guedes-Dias et al., 2019; Nirschl et 

al., 2016). We verified our ability to unambiguously identify plus- and minus-end-directed motility in control 

experiments using either purified KIF5B motor head domain (aa 1-560) or the KIF5C motor head expressed 

in COS-7 cells, both of which exhibited unidirectional transport toward the microtubule plus-end, while a 

truncated N-terminal construct of the dynein activator HOOK1 (aa 1-554) expressed in COS-7 cells 

exhibited unidirectional transport toward the microtubule minus-end (Fig. S2.1).  
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Figure 2.1: TRAK2 activates kinesin-1. A, Diagram of TRAK2 with binding regions for kinesin-1 and Miro, conserved 

dynein adaptor motifs, and predicted coiled-coil domains. B, Schematic depiction of the experimental design with an 

illustration of TMR labeled Halo-TRAK2 in complex with dynein-dynactin or kinesin-1. C, Time series and corresponding 

kymographs showing single Halo-TRAK2 particles (arrow) moving to the plus end, minus end, and bidirectionally along 

dynamic microtubules. White scale bars = 2 µm. D, Fraction of occurrence for each type of TRAK2 movement. Data 

points are shaped according to experimental replicate. The center line and bars are the mean ± s.d. from 5 independent 

experiments. E-F, Inverse cumulative distribution functions (CDF) of run length and histogram distributions of velocity 

for TRAK2 transport to either microtubule end (n = 758 plus-end events and 30 minus-end events). The curves in (E) 

represent a single exponential decay fit, with decay constant indicated above. In (F), the red curve represents Gaussian 

distribution fit. In (F), the mean ± s.d. is shown. G, Distribution of run displacement of TRAK2 diffusive movement (n = 

203 events). Negative displacement indicates movement to the microtubule minus-end. The red line represents a 

Gaussian distribution fit. H, Schematic of KIF5C activation experiment. I, Representative kymographs showing 
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activation of KIF5C upon co-expression of TRAK2. J, Normalized frequency of KIF5C motility with and without 

exogenous TRAK2. Data points are color-coded according to experimental replicate, with smaller points representing 

KIF5C frequency per video. The center line and bars are the mean ± s.d. from 3 independent experiments (n = 14 

videos without TRAK2 and 11 videos with TRAK2) *, p = 0.0320 (two-tailed t-test). 

 

Using this system, we observed three distinct kinds of motility for individual TRAK2-motor 

complexes: unidirectional transport to the microtubule plus-end, unidirectional transport to the microtubule 

minus-end, and short back-and-forth movements (Fig. 2.1C and Fig. S2.2). Unidirectional TRAK2 transport 

toward either microtubule end was processive, as determined by the parabolic fit from mean-squared 

displacement (MSD) analysis of these runs (Fig. S3A, B). These processive movements are consistent with 

motor-based transport by kinesin-1 and dynein. The majority of TRAK2 movement was toward the 

microtubule plus-end (Fig. 2.1D and Video S2.1). Plus-end-directed TRAK2 transport was highly 

processive, with runs up to 38 µm and a mean velocity of 1 µm/s (Fig. 2.1E, F). 

TRAK2 transport toward the microtubule minus-end was far less robust than transport toward the 

plus-end, with only ~3% of TRAK2 runs directed toward the minus-end (Fig. 2.1D). These minus-end-

directed runs were short, with no runs greater than 5 µm, and displayed variable velocities up to 2 µm/s 

(Fig. 2.1E, F). These observations suggest that TRAK2 strongly activates kinesin and minimally activates 

dynein under the conditions of this assay.  

The remaining ~23% of TRAK2 motility was bidirectional and characterized by frequent directional 

switches. These movements could displace TRAK2 up to 20 µm in either direction, but typically resulted in 

minor positional changes with no bias toward either microtubule end (Fig. 2.1G). This bidirectional motility 

is consistent with diffusion of TRAK2 along the microtubule, as shown by the linear fit from MSD analysis 

of these movements (Fig. S2.3C). Diffusive movements were motor-independent as neither the frequency 

nor the displacement of these events were affected by knockdown of endogenous KIF5B, dynein heavy 

chain (DHC), or p150Glued (Fig. S2.3D-G). TRAK1 was recently shown to contain a microtubule-binding 

domain within its C-terminus that allows for diffusion along microtubules in vitro (Henrichs et al., 2020). 
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Given the high similarity between TRAK1 and TRAK2, the motor-independent diffusion of TRAK2 along 

microtubules is likely facilitated by a direct interaction between TRAK2 and the microtubule. 

Our finding that TRAK2 induces processive transport toward the microtubule plus-end suggests 

that TRAK2 activates kinesin-1, similar to how TRAK1 activates the kinesin-1 isoform KIF5B for processive 

transport along microtubules in vitro (Henrichs et al., 2020). To directly test if TRAK2 activates kinesin-1 for 

processive transport toward the microtubule plus-end, we transfected COS-7 cells with Halo- and Myc-

tagged KIF5C and HA-tagged TRAK2. We then labeled cells with TMR-HaloTag ligand and performed our 

single-molecule motility assay on dynamic microtubules in the presence or absence of exogenous HA-

TRAK2 (Fig. 2.1H). When expressed alone, KIF5C rarely displayed movement along microtubules, 

consistent with the autoinhibitory head-to-tail folding of inactive kinesin-1 (Fig. 2.1I) (Verhey & Hammond, 

2009). Occasional movements toward the microtubule plus-end were observed, likely due to stochastic 

activation by endogenous adaptors present at low levels in the lysate (Video S2.2) (M. Fu & Holzbaur, 

2013). When TRAK2 was co-expressed, the frequency of KIF5C runs increased by more than 10-fold (Fig. 

2.1I-J and Video S2.3). Further, the presence of exogenous TRAK2 promoted longer KIF5C runs toward 

the microtubule plus-end with slightly increased velocities (Fig. S2.4). Thus, TRAK2 activates kinesin-1 to 

increase this molecular motor’s processivity toward the microtubule plus-end. 

 

LIS1 promotes processive dynein-mediated TRAK2 movement. 

 

Because we rarely observed minus-end-directed TRAK2 transport under the conditions of this 

assay, we hypothesized that we might be lacking a component necessary for activation of dynein. One 

candidate regulator is Lissencephaly-1 (LIS1), which binds directly to the dynein motor domain (DeSantis 

et al., 2017; Htet et al., 2020; Huang et al., 2012). LIS1 has been reported to either antagonize or to activate 

processive dynein motility (Markus et al., 2020). However, recent studies found that LIS1 enhances dynein 

activity by stabilizing an open, uninhibited dynein conformation, promoting the assembly of the motile 

dynein-dynactin-adaptor complex, and favoring the recruitment of a second dynein motor to the same 
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complex (Elshenawy et al., 2020; Htet et al., 2020; Marzo et al., 2020; Qiu et al., 2019). Recruitment of a 

second dynein motor increases the velocity and force production of individual dynein-dynactin-adaptor 

complexes (Elshenawy et al., 2020; Htet et al., 2020; Urnavicius et al., 2018). This activating property of 

LIS1 is found across dynein-dynactin-adaptor complexes, including both CC1-Box-containing adaptors 

(BICD2 and BICDR1) and structurally unrelated adaptors (Hook3 and Ninl) (Elshenawy et al., 2020; Htet et 

al., 2020)., suggesting that LIS1 might similarly activate dynein-dynactin in complex with TRAK2. 

 

Figure 2.2: LIS1 enhances processive TRAK2 transport to the microtubule minus-end. A, Schematic illustration 

of experimental design, with LIS1 shown binding the dynein motor domain. B, Normalized frequency of TRAK2 motile 

events with and without exogenous HA-LIS1. Data points are shaped according to experimental replicate, with smaller 

points representing TRAK2 frequency per video. The center line and bars represent the mean ± s.d., (n = 34 videos 

per condition, 5 independent experiments). **, p < 0.01; ns, not significant (two-tailed Mann-Whitney U test). p-values: 

Minus-end, p = 0.0079; Plus-end, p = 0.6905; Diffusive, p = 0.4206. C, Representative kymographs showing that LIS1 

induces minus-end-directed TRAK2 motility. Red, blue, and yellow arrows indicate minus-end, plus-end, and diffusive 

TRAK2 movement, respectively. D-G, Inverse cumulative distribution functions (CDF) of run length and histogram 

distributions of velocity for TRAK2 transport to either microtubule end with or without HA-LIS1 (n = 28 minus-end events 

without LIS1, 135 minus-end events with LIS1, 369 plus-end events without LIS1, and 570 plus-end events with LIS1) 

***, p = 0.0002; ns, not significant, p = 0.5265 (two-tailed Mann-Whitney U test). In (D, F) single exponential decay 

curve fits are shown with decay constants indicated above. The values in (E, G) are mean ± s.d. 

 

To determine the effect of LIS1 on the motility of TRAK2-motor complexes, we expressed Halo-

TRAK2 with or without HA-tagged LIS1 in COS-7 cells and examined the motility of individual TRAK2 motor-

complexes moving along dynamic microtubules with TIRF microscopy (Fig. 2.2A). Expression of HA-LIS1 
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raised LIS1 protein levels 4- to 8-fold above endogenous levels present in cell extracts (Fig. S2.5). We 

found that increased expression of LIS1 promoted robust TRAK2 transport toward the microtubule minus-

end, causing a ~7-fold increase in the frequency of minus-end motility (Fig. 2.2B, C; Fig. S2.2; Video S2.4). 

This increase in minus-end run frequency coincided with increased processivity of minus-end-directed 

TRAK2 motility. Minus-end runs were longer with exogenous LIS1 present, with 24% of runs over 5 µm 

(Fig. 2.2D). Exogenous LIS1 also caused a significant increase in the velocity of minus-end-directed TRAK2 

transport (p=0.0008, two-tailed Mann-Whitney U test), with 23% of runs displaying velocities over 2 µm/s 

(Fig. 2.2E). The observation of fast, sustained movements toward the microtubule minus-end upon the 

addition of LIS1 is consistent with recent reports that LIS1 promotes the formation of dynein-dynactin-

adaptor complexes (Elshenawy et al., 2020; Htet et al., 2020; Qiu et al., 2019). We conclude that LIS1 

promotes the activation of dynein-dynactin-TRAK2 complexes for processive transport. 

Although LIS1 robustly increased the frequency of dynein-mediated TRAK2 transport, we did not 

observe any effect of LIS1 on the frequency of plus-end-directed or diffusive TRAK2 events (Fig. 2.2B). 

Similarly, the run length and velocity of plus-end runs were unaffected by the addition of LIS1, indicating 

that LIS1 does not affect the processivity of kinesin-1 when in complex with TRAK2 (Fig. 2.2F, G). These 

results indicate that LIS1 functions as a dynein-specific activator of TRAK2 transport.  

While LIS1 had no effect on plus-end TRAK2 movement, these events still comprised the majority 

of TRAK2 movement, regardless of whether exogenous LIS1 was present. This bias for kinesin-based 

motility was surprising given the reported preference of TRAK2 for promoting dynein-based mitochondrial 

transport within cells (López‐Doménech et al., 2018; van Spronsen et al., 2013). In contrast to TRAK2, 

TRAK1 has been shown to preferentially promote kinesin-based transport of mitochondria (López‐

Doménech et al., 2018; van Spronsen et al., 2013). As a result, we hypothesized that the observed plus-

end bias of TRAK2 in our system might be caused by the presence of endogenous TRAK1 in complex with 

Halo-TRAK2. To test this possibility, we first examined if TRAK2 interacts with TRAK1 by expressing Halo-

TRAK2 with HA-tagged TRAK1 in COS-7 cells. Using an antibody for the Halo tag, we immunoprecipitated 

Halo-TRAK2 and pulled down HA-TRAK1, confirming that TRAK2 binds TRAK1 (Fig. S2.6A, B).  
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We next examined whether knockdown of TRAK1 affects TRAK2 transport in our lysate-based 

single-molecule assay. Knockdown of TRAK1 by siRNA resulted in an ~70% reduction in the level of TRAK1 

protein in COS-7 cells (Fig. S2.6C, D). Characterization of Halo-TRAK2 transport along microtubules in 

lysates prepared from these cells showed no marked changes in the frequency, run length, or velocity of 

runs toward either microtubule end (Fig. S6F-J). Since TRAK2 displays minimal transport toward the 

microtubule minus-end under these conditions, we performed the same experiment with HA-LIS1 

expressed to promote processive TRAK2 transport toward the microtubule minus-end. Even with 

exogenous LIS1 present, we did not observe any effect of TRAK1 knockdown on the frequency, run length, 

or velocity of TRAK2 runs toward either microtubule end (Fig. 2.6K-P). In all conditions examined TRAK2 

preferentially promoted transport toward the microtubule plus-end, indicating that the plus-end bias of 

TRAK2 in this system is not due to the presence of TRAK1 in these motor-adaptor complexes.  

 

The TRAK2 CC1-Box is required for processive motility to the microtubule minus-end 

 

The CC1-Box of the TRAK proteins is conserved among many dynein activating adaptors, such as 

Spindly and BICD2 (Fig. 2.3A), where it facilitates a direct interaction with dynein Light Intermediate Chain 

1 (LIC1) (Cason et al., 2021; Gama et al., 2017; I.-G. Lee et al., 2018, 2020). Structural work on the BICD2 

dimer indicates that the CC1-Box forms a hydrophobic pocket that binds LIC1 (I.-G. Lee et al., 2020). This 

LIC1-adaptor interaction is necessary for processive dynein motility in CC1-Box-containing adaptors and in 

the Hook family of adaptors, which bind LIC1 through an analogous coiled-coil segment (I.-G. Lee et al., 

2018). Within the CC1-Box, multiple residues are essential for the adaptor interaction with dynein. Mutating 

two conserved alanine residues to valine residues in the CC1-Box of Spindly or BICD2 reduces the 

interaction with dynein and dynactin (Gama et al., 2017; Schlager, Serra-Marques, et al., 2014) while 

mutating a nearby tyrosine residue to aspartic acid in BICD2 disrupts the adaptor interaction with LIC1 (I.-

G. Lee et al., 2020). Mutating the analogous isoleucine to aspartic acid in HAP1 is sufficient to disrupt 

dynein-dependent HAP1 motility in neurons (Cason et al., 2021). 
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Figure 2.3: The TRAK2 CC1-Box is important for processive motility and binding to dynein, but not kinesin-1. 

A, Schematic overview of TRAK2 with sequence alignment showing conservation of the CC1-Box. The red stars and 

text indicate the mutations introduced to TRAK2. B, Representative kymographs showing the effect of A/V and I/D 

mutations on TRAK2 motility along MTs when LIS1 is also expressed. Red, blue, and yellow arrows indicate minus-

end, plus-end, and diffusive TRAK2 movement, respectively. C, Normalized frequency of TRAK2 transport to the 

microtubule minus-end with exogenous LIS1. Data points are color-coded to experimental replicate, with smaller points 

representing TRAK2 frequency per video. The center line and bars represent the mean ± s.d. from independent 

experiments (n = 22 videos from 4 experiments for WT, 18 videos from 3 experiments for A/V, and 21 videos from 4 

experiments for I/D). **, p = 0.0047; ***, p = 0.0009 (one-way ANOVA with Dunnett’s multiple comparisons test). D-E, 

Inverse cumulative distribution functions (CDF) of run length and histogram distributions of velocity for TRAK2 transport 

to the microtubule minus-end with exogenous LIS1 present (n = 92 events for TRAK2 WT, 30 events for TRAK2 A/V, 

and 17 events for TRAK2 I/D). The curves in (D) represent single exponential decay fits with decay constants indicated 

above. The values in (E) are mean ± s.d. F, Same as (C) but for TRAK2 transport to the microtubule plus-end. Exact 

p-values from one-way ANOVA with Dunnett’s multiple comparisons test are shown. G-H, Same as (D-E) but for TRAK2 

transport to the microtubule plus-end (n = 693 events for TRAK2 WT, 369 events for TRAK2 A/V, and 391 events for 

TRAK2 I/D). I, Immunoprecipitation using a Halo antibody of extracts from COS-7 cells transfected with Myc-KIF5B and 

Halo-tagged TRAK2, TRAK2 A/V, TRAK2 I/D, or negative control Optineurin (OPTN). J, Quantification of co-

immunoprecipitation of endogenous dynein heavy chain (DHC) with Halo-tagged constructs. Data points are color-

coded according to experimental replicate. The center line and bars represent the mean ± s.d. from 3 independent 

experiments. *, p < 0.05 (one-way ANOVA with Dunnett’s multiple comparisons test). p-values: WT vs. A/V, p = 0.0475; 

WT vs. I/D, p = 0.0416; WT vs. OPTN, p = 0.0346. K, Same as (J) but for co-immunoprecipitation of Myc-KIF5B. ***, p 

< 0.001; ns, not significant (one-way ANOVA with Dunnett’s multiple comparisons test). p-values: WT vs. A/V, p = 

0.8697; WT vs. I/D, p = 0.8513; WT vs. OPTN, p = 0.0004. 

 

To test if the TRAK2 CC1-Box is necessary for processive dynein-dependent transport to the 

microtubule minus-end, we introduced point mutations predicted to disrupt the interaction of TRAK2 with 

dynein: two alanine to valine (A129V, A130V) mutations and an isoleucine to aspartic acid (I132D) mutation. 

Isoleucine residue 132 is analogous to the tyrosine residue that is required for BICD2 to interact with LIC1, 

suggesting it facilitates an interaction with LIC1 (I.-G. Lee et al., 2020). We then compared the motility of 

Halo-TRAK2 with A/V or I/D mutations to wild type (WT) in TIRF; we co-expressed HA-LIS1 with Halo-

TRAK2 to promote transport to the microtubule minus-end. Both CC1-Box mutations caused a marked 

reduction in the frequency of processive runs towards the microtubule minus-end (Fig. 2.3B, C). TRAK2 I/D 

displayed reduced run lengths and velocities when moving to the minus-end (Fig. 2.3D, E). These impaired 

minus-end runs resembled those of TRAK2 without activation by exogenous LIS1, indicating that the 

TRAK2 CC1-Box is required to activate dynein for robust transport to the microtubule minus-end. 

Surprisingly, these CC1-Box mutations also caused a slight reduction (33% for A/V and 42% for I/D) in the 

frequency of TRAK2 runs toward the microtubule plus-end (Fig. 2.3F). However, neither CC1-Box mutation 



43 
 

altered the run length or velocity of plus-end-directed TRAK2 motility, indicating that the CC1-Box is not 

required to activate kinesin-1 for processive transport to the microtubule plus-end. (Fig. 2.3G, H). 

To determine whether the CC1-Box affects binding of TRAK2 to dynein and kinesin-1, we 

expressed WT, A/V, or I/D versions of Halo-TRAK2 with Myc-tagged KIF5B in COS-7 cells and 

immunoprecipitated with an anti-Halo antibody. We observed that both CC1-Box mutations reduced TRAK2 

binding to endogenous dynein heavy chain (Fig. 2.3I-J), consistent with the low number of dynein runs 

initiated by TRAK2 A/V and I/D. In contrast, neither mutation had any effect on the interaction between 

TRAK2 and kinesin-1 (Fig. 2.3I, K). Combined, these results indicate that the TRAK2 CC1-Box specifically 

facilitates an interaction with dynein to promote dynein-mediated transport.  

 

Kinesin-1 and dynein-dynactin promote TRAK2 transport by the opposing motor 

 

We next sought to determine the relationship between kinesin-1 and dynein-dynactin within single 

TRAK2-motor complexes. We used siRNAs against KIF5B, DHC, or p150Glued to knock down endogenous 

kinesin-1, dynein, or dynactin, respectively, within COS-7 cells expressing Halo-TRAK2. We then used 

these cell lysates to study the microtubule-based transport of TRAK2 in TIRF; this experiment was 

performed with either cells expressing just Halo-TRAK2 or cells co-expressing HA-LIS1 as a way to promote 

transport to the microtubule minus-end. Using this system, we found that knockdown of KIF5B significantly 

reduced the frequency of plus-end-directed TRAK2 transport by 94% and 85%, with and without LIS1, 

respectively (Fig. 2.4A-B; Fig. S7A, B). This result confirms that the observed plus-end motility of TRAK2 

is driven by kinesin-1 and supports previous reports that kinesin-1 is the primary motor driving mitochondrial 

transport to the microtubule plus-end (Pilling et al., 2006; van Spronsen et al., 2013). Surprisingly, 

knockdown of dynein or dynactin, with LIS1 present, reduced the frequency of TRAK2 transport toward the 

plus-end by 44 and 51%, respectively (Fig. 2.4A-B). Knockdown of dynein or dynactin also caused a slight 

increase in the run length of TRAK2 transport toward the microtubule plus-end, but had no effect on the 

velocity of these plus-end runs (Fig. 2.4C-D). Knockdown of dynein and dynactin had similar effects on the 
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Figure 2.4: Kinesin-1 and dynein-dynactin promote TRAK2 transport by the opposing motor. A, Representative 

kymographs showing how siRNA knockdown of KIF5B, dynein heavy chain (DHC), or p150Glued (p150) affects TRAK2 

motility along MTs when LIS1 is expressed. Red, blue, and yellow arrows indicate minus-end, plus-end, and diffusive 

TRAK2 movement, respectively. B, Normalized frequency of TRAK2 transport to the MT plus-end upon motor 

knockdown when LIS1 is expressed. Data points represent the frequency of TRAK2 motility per video normalized to 

the average frequency of control siRNA events. The center line and bars represent mean ± s.d., (n = 26 for control 
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siRNA, 26 for KIF5B siRNA, 25 for DHC siRNA, and 21 for p150 siRNA, 5 independent experiments). Exact p-values 

are shown when p > 0.05; *, p = 0.029; ***, p = 0.0002 (one-way ANOVA with Dunnett’s multiple comparisons test). C-

D, Inverse cumulative distribution functions (CDF) of run length and histogram distributions of velocity for TRAK2 

transport to the microtubule plus-end with exogenous LIS1 present (n = 301 events for control siRNA, 16 events for 

KIF5B siRNA, 302 events for DHC siRNA, and 121 events for p150 siRNA). The curves in (C) represent single 

exponential decay fits with decay constants indicated above. The values in (D) are mean ± s.d. E, Same as (B) but for 

TRAK2 transport to the microtubule minus-end. ***, p = 0.0002; ****, p < 0.0001 (one-way ANOVA with Dunnett’s 

multiple comparisons test). F-G, Same as (C-D), but for TRAK2 transport to the microtubule minus-end (n = 83 events 

for control siRNA, 31 events for KIF5B siRNA, 11 events for DHC siRNA, and 12 events for p150 siRNA). H, Microtubule 

binding assays were performed using cell lysates from HA-TRAK2 transfected COS-7 cells with siRNA knockdown of 

KIF5B, DHC, p150, or a control siRNA. Lysates were probed for HA, kinesin heavy chain (KHC), dynein heavy chain 

(DHC), and p150Glued (p150). Lysates were incubated with microtubules, spun down, and the resulting microtubule 

pellets were probed for total protein (tubulin) and HA. I, Quantification of relative HA-TRAK2 in 0 and 5 µM microtubule 

pellets from (H). The center line and bars represent mean ± s.d. from 5 independent experiments. ns, not significant; 

**, p < 0.01; ****, p < 0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test). p-values for 0 µM MT 

conditions: Control siRNA vs. KIF5B siRNA, p = 0.7476; Control siRNA vs. DHC siRNA, p = 0.6789; Control siRNA vs. 

p150 siRNA, p = 0.7551. p-values for 5 µM MT conditions: Control siRNA vs. KIF5B siRNA, p = 0.0049; Control siRNA 

vs. DHC siRNA, p < 0.0001; Control siRNA vs. p150 siRNA, p = 0.0026.  

 

frequency, run length, and velocity of plus-end plus-end-directed TRAK2 transport without exogenous LIS1 

present (Fig. S7A-D). Thus, the initiation of kinesin-dependent TRAK2 transport to the microtubule plus-

end is enhanced by dynein and dynactin, independent of dynein activation via LIS1.  

We also examined the effect of motor knockdown on TRAK2 transport toward the microtubule 

minus-end. This assessment of minus-end transport was done with and without expression of exogenous 

LIS1, but the rarity of minus-end-directed TRAK2 transport without LIS1 precluded meaningful comparison 

between conditions (Fig. S7E-G). With exogenous LIS1 present, knockdown of dynein or dynactin reduced 

the frequency of minus-end motility by 94% and 82% respectively (Fig. 2.4E), as expected for dynein-

mediated motility. However, KIF5B knockdown also reduced the frequency of minus-end-directed TRAK2 

events by 58% (Fig. 2.4E). Despite this large decrease in dynein motility upon knockdown of KIF5B, we 

observed only a small decrease in run length and no change in velocity of minus-end-directed TRAK2 

transport upon KIF5B knockdown (Fig. 2.4F-G). Thus, kinesin-1 specifically enhances the initiation of 

TRAK2 dynein motility.  

We wondered if the reduction in TRAK2 transport upon motor knockdown was due to reduced 

association of TRAK2 with microtubules. To test this, we expressed HA-TRAK2 in COS-7 cells, knocked 
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down endogenous KIF5B, DHC, or p150Glued, and examined the ability of HA-TRAK2 to pellet with 

GMPCPP-stabilized microtubules. Under control conditions, TRAK2 pellets with microtubules (Fig. 2.4H-I). 

Knockdown of KIF5B, DHC, or p150Glued was sufficient to reduce the ability of TRAK2 to pellet with 

microtubules, indicating that each component contributes to the association of TRAK2 with microtubules. 

Combined, these data show that kinesin-1, dynein, and dynactin promote the association of TRAK2 with 

microtubules and promote initiation of processive TRAK2 transport toward either microtubule end.  

 

TRAK2 facilitates an interaction between kinesin-1 and dynein-dynactin 

 

Our finding that kinesin-1 and dynein-dynactin promote the initiation of TRAK2 transport by the 

opposing motor raised the question of whether TRAK2 concurrently interacts with these motors. It is unclear 

whether TRAK2 interacts with these motors alternately or simultaneously, but our knockdown studies 

suggest that these motors cooperate within single TRAK2-motor complexes to initiate processive 

movement. In line with these findings, we observed instances of TRAK2 switching directions during a run 

while examining TRAK2 transport in the presence of LIS1. These events consisted of processive movement 

with a single immediate change in direction and were typically accompanied by a change in velocity upon 

directional switch (Fig. 2.5A and Video S2.5). Switches could occur in either direction, but the majority 

(85%) of switches were in the plus-to-minus direction. We interpret these plus-to-minus directional switches 

in the presence of LIS1 as transient activation of dynein in TRAK2-motor complexes containing kinesin-1. 

To further test the possibility that LIS1 activates dynein to promote minus-end-directed transport of motor 

complexes containing TRAK2 and kinesin-1, we expressed Myc-KIF5C-Halo and HA-TRAK2 with or without 

HA-LIS1 in COS-7 cells and used TIRF microscopy to track the movement of activated KIF5C along 

dynamic microtubules. Without exogenous LIS1 present, KIF5C moved unidirectionally toward the 

microtubule plus-end, as expected. In the presence of LIS1, we found several instances of KIF5C moving 

processively toward the microtubule minus-end (Fig. S2.8). Together, these data suggest that both kinesin- 
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Figure 2.5: TRAK2 forms a complex with kinesin-1, dynein, and dynactin.  A, Representative kymographs show 

TRAK2-motor complexes switching direction during a run. B, Lysates from COS-7 cells transfected with HA-TRAK2, 

FLAG-p150Glued, and Myc-KIF5B were immunoprecipitated with a FLAG antibody or negative control GFP antibody. 

Lysates from COS-7 cells expressing just FLAG-p150Glued and Myc-KIF5B were immunoprecipitated with a FLAG 

antibody in parallel. C, Quantification of the difference in Myc-KIF5B co-immunoprecipitation with FLAG-p150Glued upon 
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addition of HA-TRAK2. Data points are colored according to experimental replicate. Bars represent mean ± s.d. from 3 

independent experiments. *, p = 0.0405 (two-tailed t-test). D, Lysates from COS-7 cells transfected with HA-TRAK2 

and Myc-KIF5C-Halo were immunoprecipitated with a Halo antibody or negative control GFP antibody. Lysates from 

COS-7 cells expressing just Myc-KIF5C-Halo were immunoprecipitated with a Halo antibody in parallel. E, 

Quantification of the difference in dynein heavy chain co-immunoprecipitation with Myc-KIF5C-Halo upon addition of 

HA-TRAK2. Data points are colored according to experimental replicate. Bars represent mean ± s.d. from 3 

independent experiments. *, p = 0.0410 (two-tailed t-test). F, Schematic illustration for three-color single-molecule 

imaging of GFP-dynein heavy chain, Myc-KIF5C-Halo labeled with TMR, and SNAP-TRAK2 labeled with Janelia Fluor 

646. HA-LIS1 is also present in this experiment. G, Time series showing a processive complex containing KIF5C, 

TRAK2, and dynein heavy chain. The gray line indicates microtubule position, as inferred from the max projection of 

KIF5C. Right: corresponding kymographs. 

 

1 and dynein-dynactin can form a complex with TRAK2 and that the activities of these motors are 

coordinately regulated to achieve changes in direction.  

To directly test if TRAK2 can simultaneously bind kinesin-1 and dynein-dynactin, we performed two 

immunoprecipitation experiments. We first tested if TRAK2 can form a complex with kinesin-1 and dynactin 

by expressing HA-tagged TRAK2 alongside Myc-tagged KIF5B and a FLAG-tagged p150 subunit of 

dynactin in COS-7 cells. Using an antibody for the FLAG tag, we immunoprecipitated FLAG-p150 and pulled 

down both HA-TRAK2 and Myc-KIF5B, confirming the formation of a TRAK2/kinesin-1/dynactin motor 

complex (Fig. 2.5B). When the same immunoprecipitation was performed in cells expressing just FLAG-

p150 and Myc-KIF5B, less Myc-KIF5B was pulled down, indicating that TRAK2 enhances the association 

between kinesin-1 and dynactin (Fig. 2.5B-C). Next, we tested if TRAK2 can form a complex with kinesin-

1 and dynein by expressing HA-tagged TRAK2 alongside Myc- and Halo-tagged KIF5C in COS-7 cells. 

Using a Halo antibody, we immunoprecipitated KIF5C and pulled down both HA-TRAK2 and endogenous 

dynein heavy chain, confirming the formation of a TRAK2/kinesin-1/dynein motor complex (Fig. 2.5D). 

When the same immunoprecipitation was performed in cells expressing Myc-KIF5C-Halo alone, 

significantly less dynein heavy chain coimmunoprecipitated with KIF5C, indicating that TRAK2 enhances 

the association between kinesin-1 and dynein (Fig. 2.5E). 

To further verify that TRAK2 can concurrently bind kinesin-1 and dynein-dynactin we used TIRF 

microscopy to perform co-localization experiments. We first tested whether TRAK2 can form a motile 

complex with kinesin and dynactin present by expressing Halo-TRAK2 alongside a GFP-tagged p25 subunit  
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Figure 2.6: TRAK2 functionally links opposing microtubule motors.  A, A model for TRAK2 transport by 

microtubule motors. Blue indicates active kinesin-1 and red indicates active dynein. (1) TRAK2 binds to kinesin-1 to 

form a motor complex that moves processively toward the microtubule plus-end. (2) Although TRAK2 activates kinesin-

1 in the absence of dynein/dynactin, the formation of a TRAK2/kinesin-1/dynein/dynactin complex further enhances the 

frequency of transport toward the plus-end. (3) TRAK2 binds dynein and dynactin to form a motor complex that moves 

processively toward the microtubule minus-end in the presence of LIS1. LIS1 transiently activates dynein before 

dissociating from the motor complex. (4) Kinesin-1 binding to TRAK2 further enhances TRAK2 motility toward the 

minus-end. (5) TRAK2 coordinates the activities of kinesin-1 and dynein-dynactin within the TRAK2/kinesin-

1/dynein/dynactin complex to allow for processive transport in a single direction. B, A model for mitochondrial transport 

by multi-motor TRAK2 complexes. The TRAK2/kinesin-1/dynein/dynactin complex associates with mitochondria via a 

Miro protein (gray). Kinesin and dynein are selectively activated or inhibited by cellular factors to promote mitochondrial 

transport toward the microtubule plus- or minus-end. 
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of the dynactin pointed-end complex in COS-7 cells. We then performed dual-color TIRF imaging of TMR-

labeled Halo-TRAK2 and GFP-p25 to track the motility of co-complexes on dynamic microtubules. As 

expected, we observed colocalization and co-migration of TRAK2-dynactin complexes (Fig. S2.9A-B). 

These co-complexes displayed both processive and diffusive movements along the microtubule, as seen 

previously for TRAK2. Moreover, we observed TRAK2-dynactin complexes moving processively toward the 

microtubule plus-end, indicating that kinesin-1 was present and active in these complexes (Fig. S2.9C). 

The movement of these co-complexes closely resembled that of TRAK2 alone, as most TRAK2-p25 motility 

consisted of processive transport toward the microtubule plus-end. This bias toward the microtubule plus-

end suggests TRAK2 preferentially promotes kinesin-based motility under the conditions of this assay, even 

when dynactin is bound to TRAK2.  Next, we performed three-color single-molecule imaging of TRAK2, 

kinesin-1, and dynein (Fig. 2.5F). For this experiment, we expressed SNAP-tagged TRAK2, Myc-KIF5C-

Halo, and HA-LIS1 in HeLa cells stably expressing GFP-tagged dynein heavy chain (DHC-GFP)(Poser et 

al., 2008; Splinter et al., 2012). We then labeled cells with JF646-SNAP ligand and TMR-HaloTag ligand 

prior to generation of cell lysates and flowed lysates into chambers containing unlabeled microtubules. We 

observed TRAK2, KIF5C, and dynein heavy chain move processively along microtubules as a single 

complex (Fig. 2.5G and Video S2.6). Surprisingly, we found that TRAK2-KIF5C-DHC co-complexes 

exclusively exhibited transport toward the microtubule plus-end (41 of 41 runs containing all three 

components; Fig. S2.10), providing additional evidence that kinesin-1 functions as the dominant motor 

when in complex with TRAK2, under the conditions of our assay, regardless of the association of dynein–

dynactin. Combined, these results demonstrate that TRAK2 promotes an interaction between kinesin-1 and 

dynein–dynactin that allows these opposing motors to be transported together as a multi-motor complex. 

 

IV. Discussion 
 

TRAK proteins play an essential role as motor adaptors in the transport of mitochondria along microtubules 

(Fenton et al., 2021b; Schwarz, 2013). Although specific roles have been proposed for TRAK1 and TRAK2 

in the control of mitochondrial transport, our understanding of the molecular mechanisms by which TRAK 
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proteins function is largely unknown. Previous studies of mitochondrial transport in the axons and dendrites 

of rat hippocampal and cortical neurons identified TRAK1 as the motor adaptor primarily responsible for 

axonal mitochondrial transport, while dendritic transport depends on the motor adaptor TRAK2 (Loss & 

Stephenson, 2017; van Spronsen et al., 2013). It was proposed that these compartmental differences were 

the result of differential interactions of TRAK1 and TRAK2 with microtubule motors; TRAK1 was proposed 

to interact with kinesin-1 and dynein-dynactin whereas TRAK2 was thought to primarily interact with dynein-

dynactin (van Spronsen et al., 2013). However, in our functional studies of single TRAK2-motor complexes, 

we found that TRAK2 strongly activates kinesin-1 over dynein. Such a bias against dynein motility could 

either be due to the absence of dynein from these complexes or insufficient activation of the dynein motor 

under these assay conditions. We show that TRAK2 robustly activates kinesin-1 irrespective of whether 

dynein or dynactin is present in the complex, ruling out the possibility that the absence of dynein-dynactin 

drives this bias. Thus, the reported preference of TRAK2 for binding dynein-dynactin and promoting minus-

end-directed transport is likely contextual and dependent on additional factors that regulate motor binding 

and activity. TRAK2 requires Miro1, but not Miro2, to promote mitochondrial transport toward the 

microtubule minus-end, suggesting that the Miro isoform bound to TRAK2 may regulate the directional 

preference of TRAK2-motor complexes (López‐Doménech et al., 2018).  

TRAK2 has been predicted to function as an activating adaptor that increases dynein processivity 

because of its known interaction with dynein-dynactin and the identification of conserved motifs present in 

well-characterized activating adaptors (Canty & Yildiz, 2020; Olenick & Holzbaur, 2019). Interestingly, we 

found that LIS1 enhances the frequency, run length, and velocity of TRAK2 transport toward the microtubule 

minus-end, which closely resembles the effect of LIS1 on other dynein activating adaptors: BICD2, Hook3, 

and Ninl (Elshenawy et al., 2020; Htet et al., 2020). For these dynein activating adaptors, LIS1 transiently 

binds dynein to promote the formation of activated dynein-dynactin-adaptor complexes. Binding of LIS1 

increases the force production and velocity of individual dynein-dynactin-adaptor complexes by recruiting 

a second dynein dimer. Thus, the fast and sustained minus-end-directed TRAK2 motility induced by LIS1 

overexpression is likely due to both the enhanced formation of a dynein-dynactin-adaptor complex and the 
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recruitment of a second dynein dimer. Perhaps the addition of a second dynein dimer allows for dynein to 

more efficiently initiate processive TRAK2 transport toward the microtubule minus end.  

The processive minus-end directed motility of TRAK2 induced by LIS1 also depends on the TRAK2 

CC1-Box. We find that both the A/V and I/D mutations drastically reduced the frequency of minus-end runs 

and reduced the interaction between TRAK2 and dynein (Fig. 2.3). Since these CC1-Box mutations disrupt 

the interaction between BICD2 and LIC1, we propose that the TRAK2 CC1-Box facilitates a similar 

interaction with dynein light intermediate chain. Our findings substantiate the role of TRAK2 as a dynein 

activating adaptor, since minus-end-directed TRAK2 motility is dependent on dynein and dynactin, 

enhanced by the addition of LIS1, and requires the TRAK2 CC1-Box. 

Intriguingly, the predicted dynein-dynactin interface encompasses the proposed kinesin-1-binding 

region on TRAK2 (Fig. 2.1A). A similar overlap of kinesin-1 and dynactin-binding regions is present in JIP1, 

a motor adaptor that regulates the transport of autophagosomes (Cason et al., 2021; M. Fu et al., 2014). 

JIP1 is thought to regulate motor activity by switching between mutually exclusive complexes containing 

either kinesin-1 or dynein-dynactin (M. Fu & Holzbaur, 2013), raising the possibility that TRAK2-motor 

complexes are mutually exclusive as well. However, we demonstrate here that kinesin-1 and dynein-

dynactin can concurrently interact with TRAK2 and that TRAK2 promotes the joining of these opposing 

motor components (Fig. 2.5). The ability of TRAK2 to form a motor-adaptor complex with kinesin and dynein 

may represent a more general feature of bidirectional motor adaptors as the dynein activating adaptor 

HOOK3 has been shown to scaffold an interaction between dynein-dynactin and the kinesin-3 motor KIF1C 

for processive transport toward either microtubule end (Kendrick et al., 2019). While both TRAK2 and 

HOOK3 scaffold kinesin and dynein motors, the relationship between these opposing motors on TRAK2 is 

unique. We found that genetic depletion of KIF5B, dynein heavy chain, or the p150Glued subunit of dynactin 

reduced the association of TRAK2 with microtubules and the frequency of TRAK2 transport to both 

microtubule ends, demonstrating that the functions of these motors are coordinated to promote processive 

TRAK2 transport along the microtubule (Fig. 2.4). The frequency of kinesin-based TRAK2 transport was 

reduced by targeted CC1-Box mutations that specifically disrupt TRAK2 binding to dynein without affecting 
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its interaction with kinesin-1 (Fig. 2.3F-K), further supporting the notion of a functional linkage between 

these motors on TRAK2. Moreover, we found that TRAK2-motor complexes could quickly switch from 

processive transport by one motor to processive transport by the opposing motor. Such immediate 

directional switches suggest that the activities of kinesin and dynein are tightly regulated within multi-motor 

TRAK2 complexes to achieve directed transport. Combined, our data support a model in which TRAK2 

coordinates kinesin-1 and dynein-dynactin as an interdependent motor complex, providing integrated 

control of opposing motors (Fig. 2.6). 

Our findings provide new insights into the control of microtubule-based bidirectional mitochondrial 

transport. We show that single TRAK2-motor complexes display distinct modes of bidirectional transport 

that closely resemble the transport of mitochondria in cells. First, we consistently observed motor-

independent diffusion of TRAK2 that is characterized by frequent directional switches and no net 

displacement along the microtubule. These bidirectional movements resemble the short, back-and-forth 

movements displayed by neuronal mitochondria, which have often been interpreted as an unregulated tug-

of-war between opposing motors (Hancock, 2014). Although the exact nature of the bidirectional movement 

seen in vivo remains uncertain, our findings for single TRAK2-motor complexes are not consistent with a 

tug-of-war between kinesin and dynein motors, as this bidirectional diffusive motility is largely unaffected 

by loss of kinesin-1, dynein, or dynactin. Instead, we propose that these short bidirectional movements are 

the result of one-dimensional diffusion along the microtubule that is likely mediated by TRAK2 itself.  

In contrast to this diffusive motility, neuronal mitochondria display a distinct kind of bidirectional 

transport in which they rapidly reverse their direction of transport during processive movement. The 

immediate nature of these reversals suggests that kinesin and dynein are simultaneously bound and 

coordinately regulated on a single mitochondrion. Our observation of immediate directional switching during 

the processive movement of a TRAK2-motor complex mirrors this behavior of neuronal mitochondria. We 

propose that mitochondrial transport is facilitated by multi-motor TRAK2 complexes, which allow for 

integrated control of opposing kinesin and dynein motors (Fig. 2.6B). The direction of mitochondrial 

transport could then be regulated by specifically modulating the activities of kinesin and dynein within this 
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multi-motor TRAK complex. One potential direction-specific transport effector is Disrupted-In-Schizophrenia 

1 (DISC1). DISC1 interacts with the TRAK/Miro complex to promote kinesin-1-dependent anterograde 

axonal mitochondrial transport in mouse hippocampal neurons (Ogawa et al., 2014). Another transport 

effector, NudE neurodevelopmental protein 1 (NDE1), associates with the TRAK/Miro complex to 

selectively promote retrograde mitochondrial transport (Ogawa et al., 2016; Shao et al., 2013). The 

association of these transport effectors, combined with the specific TRAK and Miro isoforms in complex 

with microtubule motors on mitochondria could then allow for local regulation of motor activity in response 

to cellular signals.  

Our finding that kinesin-1 and dynein-dynactin are functionally linked when in complex with TRAK2 

provides insight into the coordination of these motors for mitochondrial transport. It has been apparent that 

specific disruptions of kinesin-1, dynein, or dynactin cause bidirectional transport defects since the 

discovery that these motors are essential for fast axonal transport (Martin et al., 1999). Initial observations 

of bidirectional mitochondrial transport in axons similarly found that transport in both directions was affected 

by mutations in kinesin-1, dynein, or dynactin (Pilling et al., 2006). This finding that disrupting one motor 

leads to diminished mitochondrial motility in both directions has been observed across systems 

(Moughamian et al., 2013; Sainath & Gallo, 2015; Vagnoni & Bullock, 2016; van Spronsen et al., 2013), 

raising the question of how opposing microtubule motors are interdependent for mitochondrial transport. 

We observed a similar interdependence of opposing motors in our single-molecule studies of TRAK2 (Fig. 

2.4), indicating that motor co-dependence is inherent to the TRAK2-motor complex. This observation 

suggests that the paradox of motor co-dependence for mitochondrial transport stems from molecular 

interactions within individual TRAK-motor complexes. Loss or inhibition of kinesin-1 or dynein-dynactin 

might reduce the frequency of transport by the opposing motor within each TRAK-motor complex, reducing 

mitochondrial transport in both directions. Kinesin-1, dynein, and dynactin each contain a microtubule-

binding domain that may facilitate increased association of the TRAK-motor complex with the microtubule, 

resulting in more frequent transport in either direction. However, an alternative mechanism may account for 

the paradox of motor co-dependence. TRAK2 is known to undergo conformational changes that control 

motor binding (van Spronsen et al., 2013). These conformational changes may facilitate specific 
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interactions between kinesin-1 and dynein-dynactin that result in a functionally interdependent motor 

complex. Moreover, the presence of additional factors may be required to functionally link these opposing 

motors. Our lysate-based approach may include cellular factors that facilitate such an interaction. Future 

studies of TRAK-motor complexes using purified proteins and in vitro reconstitution of mitochondrial 

transport will help to elucidate the precise interactions between microtubule motors and TRAK proteins that 

allow for proper transport and positioning of mitochondria within a cell. 

 

V. Methods 

 

Cell culture and transfections  

 

COS-7 cells (ATCC, CRL-1651) and HeLa cells stably expressing GFP-tagged dynein heavy chain (gift 

from A. Hyman, Max Planck Institute for Molecular Cell Biology and Genetics) were cultured in DMEM with 

2 mM glutamax (GIBCO) and 10% fetal bovine serum. Cells were transiently transfected with Fugene 6 

(Roche) according to manufacturer’s instructions and harvested 18–24 hours post transfection. The 

following DNA constructs were used: HA-TRAK2 (gift from C. Hoogenraad, Utrecht University), Halo-

TRAK2 (subcloned from HA-TRAK2 into pFN21A-HaloTag-CMV vector from Promega), Halo-TRAK2 

AA129-130VV and Halo-TRAK2 I132D (generated from Halo-TRAK2), HA-LIS1 (gift from D. Smith, 

University of South Carolina), Myc-KIF5B (full-length mouse KIF5B in pRK5-Myc vector, gift from J. Kittler, 

University College London), Myc-KIF5C-Halo (full-length mouse KIF5C in pRK5-Myc vector, gift from J. 

Kittler, University College London, with a HaloTag subcloned into the C-terminus), KIF5C(1-560)-Halo 

(original KIF5C 1-560 construct, gift from Y. Konishi, Hamamatsu University, was subcloned into pEGFP-

N1 plasmid backbone with eGFP removed), KIF5B(1-560)-Halo (original KIF5B 1-560 construct, gift from 

R. Vale, UCSF, was subcloned into the pHTC-HaloTag-CMV neo Vector from Promega), FLAG-p150Glued 

(gift from T. Schwarz, Boston Children’s Hospital), eGFP-P25 (gift from T. Schroer, Johns Hopkins 

University), and Halo-HOOK1(1-554) (first 554 aa of human HOOK1 were generated from the human 
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HOOK1 sequence and subcloned into pFN21A-HaloTag-CMV vector from Promega). All constructs were 

verified by DNA sequencing.  

For RNAi transfection in knockdown experiments, Lipofectamine RNAiMax (Invitrogen) was used 

for transfection of siRNA duplexes at 50 nM. The 5’ to 3’ sequence of each siRNA is as follows: control non-

targeting – UGGUUUACAUGUCGACUAA, KIF5B – GAACUGGCAUGAUAGAUGA, Dynein Heavy Chain 

– GAUCAAACAUGACGGAAUU, p150Glued – CUGGAGCGCUGUAUCGUAA, TRAK1 – 

GGAAACGAUGAGCGGAGUA. 

Protein expression and purification 

 

KIF5C(1-560)-Halo and rigor kinesin-1E236A proteins were purified as described in Masucci et al., 

2021(Masucci et al., 2021). Briefly, the plasmids were transformed into BL21(DE3)pLysE bacteria (Sigma, 

CMC0015-20X40UL) and grown in Terrific Broth media at 37 °C then at 18 °C for 18 hours in the presence 

of 0.15 mM IPTG. Cells were pelleted, flash frozen in liquid nitrogen, and stored at −80 °C. On the day of 

purification, cells were lysed by microfluidizer and clarified through centrifugation. The proteins were purified 

through a Co2+ agarose bead column (GoldBio, H-310-25) according to the manufacturer’s protocol. 

KIF5C(1-560)-Halo was then bound to newly polymerized microtubules with AMPPNP and pelleted via 

centrifugation. The bound motors were then released from microtubules with ATP and centrifuged to 

remove the microtubules.  

Immunoprecipitation assays 

 

COS-7 cells were harvested 20-24 hours after transfection in 300 µL of lysis buffer containing 50 mM 

HEPES (pH 7.4), 25 mM NaCl, 1 mM EDTA, 1 mM MgCl2, 0.5% Triton X-100, and protease inhibitors (1 

mM PMSF, 0.01 mg/ml Nα-p-tosyl-L-arginine methyl ester [TAME], 0.01 mg/ml leupeptin, 0.001 mg/ml 

pepstatin A, 1 mM DTT). Cell lysates were clarified at 17,000 x g for 10 min before use. 50 µL of Protein G 

Dynabeads (Promega) were resuspended in 200 µL of PBS + 0.02% Tween 20. The beads were incubated 

with 5 µg of anti-FLAG (Sigma, F4042), anti-GFP (Abcam, ab1218), or anti-HaloTag (Promega, G9281) for 
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15 minutes at room temperature. Beads were then washed once with 200 µL PBS + 0.02% Tween 20, once 

with 200 µL lysis buffer, and incubated with 300 µL lysate for 30 minutes at room temperature. Beads were 

then washed 3 times with 300 µL PBS, eluted in 60 µL SDS sample buffer, and analyzed by Western blot. 

Microtubule pelleting assays 

 

COS-7 cells were transfected with siRNAs against KIF5B, dynein heavy chain, p150, or a control non-

targeting siRNA for 40-48 hours and transfected with Halo-TRAK2 for 20-24 hours. Cells were then lysed 

in BRB80 buffer (80 mM PIPES, 1 mM EGTA, and 1 mM MgCl2 (pH 6.8)) with 0.5% Triton X-100 and 

protease inhibitors (as described above) and clarified with two centrifugation steps at 17,000 and 32,000 x 

g. An input sample was taken from the clarified cell lysate. Unlabeled tubulin was clarified at 352,000 x g 

for 10 minutes at 4°C to pellet potential tubulin aggregates then polymerized at 5 mg/ml in BRB80 and 

stabilized with 1 mM GMPCPP. Equal volumes of cell lysate were then incubated with 0 or 5 µM of 

GMPCPP-stabilized microtubules at 37°C for 20 min. Samples were then centrifuged at 38,400 x g at 25 

°C for 20 min. The resulting supernatant and pellet were then separated and denatured. The denatured 

inputs and pellets were then analyzed by Western blot. 

Immunoblotting 

 

Samples were analyzed by SDS-PAGE and transferred onto PDVF Immobilon FL membranes (Millipore). 

Membranes were dried for 1 hr, rehydrated in methanol, and stained for total protein (LI-COR REVERT 

Total Protein Stain). Following imaging of the total protein, membranes were destained, blocked for 1 hour 

in Odyssey Blocking Buffer TBS (LI-COR), and incubated overnight at 4°C with primary antibodies diluted 

in Blocking Buffer with 0.2% Tween-20. Membranes were washed four times for 5 min in 1xTBS Washing 

Solution (50 mM Tris-HCl pH 7.4, 274 mM NaCl, 9 mM KCl, 0.1% Tween-20), incubated in secondary 

antibodies diluted in Odyssey Blocking Buffer TBS (LI-COR) with 0.2% Tween-20% and 0.01% SDS for 1 

hour, and again washed four times for 5 min in the washing solution. Membranes were immediately imaged 

using an Odyssey CLx Infrared Imaging System (LI-COR). Band intensities were measured in the Licor 
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Image Studio application. Primary antibodies used for Western blots included the following: HaloTag 

(Promega, G9281) at 1:1000, p150Glued (BD Transduction Laboratories, 610474) at 1:5000, Kinesin Heavy 

Chain (Millipore, MAB 1614) at 1:1000, Dynein Heavy Chain (Santa Cruz Biotechnology, R-325) at 1:500, 

FLAG (Sigma, F4042) at 1:1000, Myc (Sigma, R950-25) at 1:1000, HA (Covance, 16B12) at 1:1000, LIS1 

(Abcam, ab109630) at 1:1000, and TRAK1 (Thermo PA5-44180) at 1:1,000. Secondary antibodies used 

for Western blots at a 1:20,000 dilution included the following: IRDye 800CW donkey anti-rabbit IgG (LI-

COR, 926-32213), IRDye 680RD donkey anti-rabbit IgG (LI-COR, 926-68073), and IRDye 800CW donkey 

anti-mouse IgG (LI-COR, 926-32212). 

Single-molecule motility assays 

 

COS-7 cells expressing Halo-tagged constructs for 20-24 hours were labeled with 2.5 µM 

tetramethylrhodamine (TMR)-Halo ligand (Promega) for 15 minutes, washed twice with Ca2+- and Mg2+-

free Dulbecco PBS (dPBS; GIBCO), returned to culture medium and left in the incubator for 30 minutes. 

For 3-color imaging experiments, GFP-DHC HeLa cells were labeled with TMR-Halo ligand and washed as 

described then labeled with 375 nM JF646-SNAP (provided by Luke Lavis, Janelia Farms) for 30 minutes, 

washed twice with dPBS, returned to culture medium and left in the incubator for 15 minutes. Cells were 

then washed twice with dPBS and collected in dPBS and pelleted at 5,000 x g for 5 min. The cell pellet was 

then lysed in 40 mM HEPES, 1 mM EDTA, 120 mM NaCl, 0.1% Triton X-100, and 1 mM magnesium ATP 

(pH 7.4) supplemented with protease inhibitors (as described above). The lysate was left on ice for 10 

minutes and clarified at 17,000 x g for 10 minutes at 4°C.  

GMPCPP-stabilized microtubule seeds were prepared by combining unlabeled tubulin and 2.5 or 

5% HiLyte647-labeled or HiLyte488-labeled tubulin (Cytoskeleton) to a final concentration of 50 μM. This 

mix was clarified, polymerized, and stabilized as described above. A soluble tubulin mix was prepared by 

combining unlabeled tubulin and 2.5 or 5% labeled tubulin of the same color to a final concentration of 50 

μM. This mix was clarified at 352,000 x g for 10 minutes at 4°C and kept on ice. In all experiments, the 

labeling of the microtubule seeds and free tubulin are the same. 
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Flow-chambers were prepared using silanized #1.5 glass coverslips (Warner) attached to glass 

slides (FisherScientific) using double-sided tape. To reduce non-specific binding, coverslips were cleaned 

through rounds of sonication in acetone, potassium hydroxide and ethanol, dried, plasma cleaned and 

silanized with PlusOne Repel-Silane (GE Healthcare). Flow-chambers were coated with 0.5 µM rigor 

kinesin-1E236A, washed and blocked with 5% Pluronic F-127 (Sigma). After washing, 25 nM labeled 

GMPCPP-stabilized microtubules were flowed in and left to attach to the coverslip for 1 minute. Unbound 

microtubules were washed out with P12 (12 mM PIPES, 1 mM EGTA, 2 mM MgCl2). A final solution with 

1:20 cell lysate, 10 μM tubulin mix, 1 mM Mg-GTP, 1 mM Mg-ATP in Dynamic Assay Buffer (P12, 0.3 

mg/mL BSA, 0.3 mg/mL casein, 10 mM DTT, 15 mg/mL glucose, 0.05% methylcellulose) and an oxygen 

scavenging system (0.5 mg/mL glucose oxidase, 470 U/mL catalase; Sigma) was then flowed-in and let to 

equilibrate for approximately 5 minutes at 37°C before time lapse acquisition was initialized. 3 to 5 videos 

lasting 3 minutes were acquired at 37°C for each chamber. The microtubule channel was acquired at 1 

frame each 10 seconds and the motor/adaptor channel was acquired at 4 frames per second in experiments 

examining a single motor or adaptor moving along dynamic microtubules. In dual-color co-migration 

experiments, the microtubule channel was acquired at 1 frame each 10 seconds and the other channels 

were acquired at 1 frame per second. In three-color co-migration experiments, all channels were imaged 

at 1 frame per second. Imaging was performed on a Nikon Eclipse Ti Inverted Microscope equipped with 

an Ultraview Vox spinning disk TIRF system and 100x 1.49 NA oil immersion objective (Nikon). Signals 

were collected using a Hamamatsu EMCCD C9100-13 camera, with a pixel size of 158 nm, controlled by 

Volocity software (PerkinElmer). 

Analysis of motility on dynamic microtubules 

 

Kymographs of the Halo-TRAK2 or Myc-KIF5C-Halo channel were generated for each microtubule at its 

maximum length by plotting a segmented line and using the Multi Kymograph macro for ImageJ. 

Microtubules were randomly selected from the field of view, but only microtubules with clearly defined 

polarity were analyzed. The microtubule plus-end was identified as the end with higher rates of growth and 

catastrophe through the 3-minute video. In 3-color co-migration experiments, the polarity of unlabeled 
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microtubules was defined by the transport of KIF5C toward the plus-end. Individual runs were then scored 

as processive to the MT plus-end, processive to the MT minus-end, or bidirectional/diffusive. Each 

processive run was manually tracked to determine run length, and velocity. Processive motility to either 

microtubule end was defined as unidirectional transport for a minimum of 4 pixels (632 nm) lasting at least 

1 second (4 frames) without switching direction. In unidirectional trajectories that exhibited pauses of at 

least 1 second between processive segments, each segment was analyzed as a separate run. 

Bidirectional/diffusive motility was defined as any run lasting at least 2 seconds (8 frames) that traveled at 

least 4 pixels (632 nm) and switched direction during transport. Diffusive events were manually tracked to 

determine the net displacement from the position where the run initiated to the position where the run 

terminated. Run frequency was calculated on a per-video basis by dividing the total number of runs of each 

kind of motility by the total MT length. The number of runs per micron MT in each video was then divided 

by the TRAK2 or KIF5C concentration in each cell lysate. The relative concentration of TMR-labeled TRAK2 

or KIF5C in each lysate was calculated by interpolating the fluorescence intensity value on a standard curve 

of TMR at known concentrations obtained from a Cytation 5 Imaging Reader (BioTek) using 554 ± 5 nm 

excitation band and 580 ± 5 nm emission band. TMR-normalized run frequencies were then averaged 

across videos to determine the run frequency per cell lysate. A final normalization was performed by scaling 

all data so the average frequency across biological replicates of the control condition is 1. 

Mean-squared displacement analysis was performed by manually tracking the position of a single 

TRAK2 particle every frame during a run. The mean-squared displacement was then calculated from the 

run trajectory in R version 4.0.3.  

Statistics and reproducibility 

 

Statistical analyses were performed using GraphPad Prism version 9.1.0. Two-tailed unpaired student’s t 

test, one-way ANOVA with Dunnett’s multiple comparisons test, or two-tailed Mann-Whitney U test were 

used to calculate p values. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 are considered 

significant. The types of the statistical tests, sample size, and statistical significance are reported in the 
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figures and corresponding figure legends. Data in column graphs are shown as individual data points with 

mean ± standard deviation (s.d.) from biologically independent experimental replicates. Individual data 

points from technical replicates within experiments are plotted whenever possible. All statistical analysis is 

conducted on data from at least three biologically independent experimental replicates. Kymographs and 

western blot images shown in the figures are representative of three or more independent experiments with 

similar results unless otherwise noted. The source data for statistical analyses can be found in the Source 

data file. 
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CHAPTER 3: INTERACTION BETWEEN THE MITOCHONDRIAL ADAPTOR MIRO AND THE 

MOTOR ADAPTOR TRAK 
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I. Summary 

 

MIRO (mitochondrial Rho GTPase) consists of two GTPase domains flanking two Ca2+-binding EF-hand 

domains. A C-terminal transmembrane helix anchors MIRO to the outer mitochondrial membrane, where it 

functions as a general adaptor for the recruitment of cytoskeletal proteins that control mitochondrial 

dynamics. One protein recruited by MIRO is TRAK (trafficking kinesin-binding protein), which in turn recruits 

the microtubule-based motors kinesin-1 and dynein-dynactin. The mechanism by which MIRO interacts 

with TRAK is not well understood. Here, we map and quantitatively characterize the interaction of human 

MIRO1 and TRAK1 and test its potential regulation by Ca2+ and/or GTP binding. TRAK1 binds MIRO1 with 

low micromolar affinity. The interaction was mapped to a fragment comprising MIRO1’s EF-hands and C-

terminal GTPase domain and to a conserved sequence motif within TRAK1 residues 394 to 431, 

immediately C-terminal to the Spindly motif. This sequence is sufficient for MIRO1 binding in vitro and is 

necessary for MIRO1- dependent localization of TRAK1 to mitochondria in cells. MIRO1’s EF-hands bind 

Ca2+ with dissociation constants (KD) of 3.9 μM and 300 nM. This suggests that under cellular conditions 

one EF-hand may be constitutively bound to Ca2+ whereas the other EF-hand binds Ca2+ in a regulated 

manner, depending on its local concentration. Yet, the MIRO1-TRAK1 interaction is independent of Ca2+ 

binding to the EF-hands and of the nucleotide state (GDP or GTP) of the C-terminal GTPase. The 

interaction is also independent of TRAK1 dimerization, such that a TRAK1 dimer can be expected to bind 

two MIRO1 molecules on the mitochondrial surface. 
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II. Introduction 

 

Mitochondrial Rho GTPase (MIRO, isoforms 1 and 2; 60% sequence identity) acts as a general 

Ca2+- and GTP-regulated adaptor on the outer mitochondrial membrane. MIRO is implicated in 

mitochondrial transport, morphogenesis, inheritance, homoeostasis, degradation, and contacts with the 

endoplasmic reticulum (Birsa et al., 2013; Eberhardt et al., 2020; Fransson et al., 2003, 2006; Kanfer et al., 

2015; Modi et al., 2019; Saotome et al., 2008; Weihofen et al., 2009). MIRO consists of N- and C-terminal 

GTPase domains (nGTPase, residues 1-168 and cGTPase, residues 416-579; numbering is for human 

MIRO1) that surround two pairs of EF-hands. Each EF-hand pair consists of a canonical Ca2+-binding EF-

hand and a “hidden” EF-hand that does not bind Ca2+, and hosts in its hydrophobic pocket a ligand-mimic 

helix (Klosowiak et al., 2013; Stathopulos et al., 2008). Together, the EF-hand pair with its bound ligand-

mimic helix is referred to as the ELM domain (ELM1, residues 183-274; ELM2, residues 303-384) (Fig. 

3.1A) (Klosowiak et al., 2013). Additionally, MIRO has a C-terminal transmembrane helix (residues 590-

618) that inserts into the outer mitochondrial membrane (OMM), where MIRO is predominantly localized 

(Fransson et al., 2003).  

One of the proteins MIRO recruits to mitochondria is trafficking kinesin protein (TRAK, isoforms 1 

and 2; 49% sequence identity), which in turn recruits the microtubule-based motors kinesin-1 and dynein-

dynactin (Brickley & Stephenson, 2011). Sequence identity among TRAK isoforms is somewhat higher 

(53%) for the N-terminal ~400-amino acid region, which harbors the dynein-dynactin and kinesin-1-binding 

sites (Canty et al., 2023; Fenton et al., 2021a; Glater et al., 2006; Randall et al., 2013; M. J. Smith et al., 

2006; Tan et al., 2023; van Spronsen et al., 2013). TRAK belongs to a family of activating adaptors that, 

while generally unrelated, share long regions of coiled-coil and are capable of recruiting and activating 

dynein and dynactin for long-range processive motility (McKenney et al., 2014; Schlager, Hoang, et al., 

2014). By analogy with known cryo-electron microscopy (cryo-EM) structures of other activating adaptors 

in complex with dynein and dynactin (Urnavicius et al., 2015, 2018), the region of TRAK involved in binding 

dynein-dynactin consists of amino acids 118-392 (numbering is for human TRAK1). This region is predicted 

to form a long coiled-coil along the F-actin-like dynactin minifilament that forms the core of the dynactin 
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complex and includes the CC1-box (residues 125-139) and Spindly (residues 373-379) motifs at its N- and 

C-terminal ends, respectively. The CC1-box interacts with the dynein light intermediate chain, and this 

interaction is important for processive dynein motility (Celestino et al., 2019; Gama et al., 2017; I.-G. Lee 

et al., 2018, 2020). While the binding site of kinesin-1 has not been precisely mapped, several studies 

converge on a fragment comprising TRAK residues 1-360 (Canty et al., 2023; Glater et al., 2006; Randall 

et al., 2013; M. J. Smith et al., 2006; Tan et al., 2023; van Spronsen et al., 2013). Thus, the binding sites 

of kinesin-1 and dynein-dynactin may overlap. Yet, both motors have been localized to a single TRAK 

adaptor, which suggests the existence of regulatory mechanisms that avoid a futile tug-of-war between the 

two motors during mitochondrial transport toward the opposite ends of the microtubule (Canty et al., 2023; 

Fenton et al., 2021a). Moreover, knockdown or inhibition of either motor impairs mitochondrial motility in 

both microtubule directions, suggesting functional interdependence of the two motor systems (Pilling et al., 

2006; van Spronsen et al., 2013). 

TRAK (Brickley & Stephenson, 2011; Stowers et al., 2002; van Spronsen et al., 2013)  and MIRO 

(Babic et al., 2015; X. Guo et al., 2005; López-Doménech et al., 2016; MacAskill, Rinholm, et al., 2009; G. 

J. Russo et al., 2009) are both essential for mitochondrial motility and distribution in neurons. Knockout 

studies in mice identify MIRO1, and not MIRO2, as the main isoform associated with mitochondrial transport 

in axons and dendrites (López-Doménech et al., 2016). Similarly, TRAK1 appears to play a predominant 

role compared to TRAK2 in mitochondrial motility in mature neurons (Brickley & Stephenson, 2011). 

Perhaps for this reason, most studies have focused on isoforms MIRO1 and TRAK1. Yet, given a relatively 

high sequence identity among the isoforms of each protein, our underlying hypothesis is that they interact 

through a conserved mechanism, which nevertheless remains poorly understood due in part to conflicting 

evidence in the literature.  

Some studies have implicated MIRO’s nGTPase in the interaction with TRAK, while specifically 

excluding the EF-hands and cGTPase (Babic et al., 2015; Davis et al., 2023; Fransson et al., 2006; 

MacAskill, Rinholm, et al., 2009). These studies, however, disagree as to whether the nucleotide state of 

the nGTPase (GTP or GDP) is important (Babic et al., 2015; Davis et al., 2023; MacAskill, Rinholm, et al., 
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2009) or not (Fransson et al., 2006) for this interaction. On the other hand, elevated local Ca2+ 

concentrations arrest mitochondrial trafficking in different cell types (Brough et al., 2005; Quintana et al., 

2006; Yi et al., 2004), and this effect is suppressed by mutations in the EF-hands of MIRO1 (Chang et al., 

2011; MacAskill, Rinholm, et al., 2009; Saotome et al., 2008; X. Wang & Schwarz, 2009). While these 

studies appear to directly implicate the EF-hands in interactions with either kinesin-1 or TRAK1 (MacAskill, 

Rinholm, et al., 2009; Saotome et al., 2008; X. Wang & Schwarz, 2009), another study suggests that the 

effect of the EF-hand mutations is indirect, by reducing Ca2+ entry into mitochondria, which in turn acts as 

a signal to control mitochondrial motility (Chang et al., 2011). A recent study finds that MIRO1 and TRAK1/2 

interact and comigrate in the absence or the presence of Ca2+ (Canty et al., 2023). It is therefore unclear 

which MIRO domain(s) bind TRAK and whether the interaction is regulated by Ca2+ and/or nucleotide. 

Here, we map and quantitatively characterize the interaction of MIRO1 with TRAK1 and explore its 

potential regulation by Ca2+ and the nucleotide state (GTP or GDP) of MIRO1. MIRO1 binds TRAK1 

through a fragment comprising the EF-hands and cGTPase. The interaction is independent of Ca2+ binding 

to the EF-hands and is unaffected by the nucleotide state of the cGTPase. On TRAK1, the interaction was 

mapped to a conserved motif (residues 394–431) C terminal to the Spindly motif. This sequence is 

necessary for MIRO1- dependent localization of TRAK1 to mitochondria in cells. The interaction is 

independent of TRAK1 dimerization, such that a TRAK1 dimer can be expected to bind to two MIRO1 

molecules on the mitochondrial membrane. 

 

III. Results 

 

MIRO1 binds TRAK1 through a fragment comprising the EF-hands and cGTPase 

 

Using pull-down experiments, a recent study found that MIRO1 forms a quaternary complex with 

kinesin-1 (KIF5B), dynein-dynactin, and a TRAK1 fragment comprising residues 1-532 (TRAK11-532), but 

not with a shorter fragment consisting of residues 1-360 (TRAK11-360) (Canty et al., 2023). These results 

suggested that the MIRO1-binding site is located within TRAK1 residues 360-532. Moreover, these authors 
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found that the association and comigration of MIRO1 with TRAK11-532, dynein-dynactin, and KIF5B was 

independent of the nucleotide state or the presence of Ca2+. Based on these results, we designed MIRO1 

and TRAK1 constructs to specifically map their interaction using glycerol gradient cosedimentation. 

Experiments were initially performed in the presence of 1 mM CaCl2, 1 mM MgCl2, 0.1 mM GTP. The 

longest TRAK1 construct analyzed consisted of residues 99-532 (TRAK199-532), comprising the previously 

identified MIRO1-binding region (Canty et al., 2023), but avoiding the less conserved N-terminal sequence 

that precedes the coiled-coil that binds dynein-dynactin (Fig. 3.1A and Fig. S3.1). Crystal structures have 

been determined of human MIRO1’s nGTPase (K. P. Smith et al., 2020) and a fragment comprising the 

EF-hands and cGTPase (Klosowiak et al., 2016). These structures and AlphaFold (Jumper et al., 2021) 

suggest that the nGTPase is detached from the EF-hands and cGTPase, with the latter two being more 

tightly packed against one another. These considerations informed the design of three MIRO1 constructs: 

MIRO11-591, a near full-length construct lacking the C-terminal transmembrane helix that reduces solubility; 

MBP-MIRO11-180, corresponding to MIRO1’s nGTPase and fused to MBP (maltose-binding protein) for 

enhanced purity and solubility; and MIRO1177-591, comprising the EF-hands and cGTPase.  

MIRO11-591 comigrated with TRAK199-532 in the glycerol gradient, as indicated by a rightward (higher 

mass) shift of the main peak of TRAK199-532 when ran together with MIRO11-591 as compared to control 

(TRAK199-532 ran alone) (Fig. 3.1B and Fig S3.2A). The migration profile of TRAK199-532 did not change with 

or without MBP-MIRO11-180 (Fig. 3.1C and Fig S3.2B). This result suggests a lack of interaction and 

disagrees with previous reports that mapped this interaction to the nGTPase using cellular pulldowns and 

point mutations in the catalytic site of the nGTPase (Babic et al., 2015; Davis et al., 2023; Fransson et al., 

2006; MacAskill, Brickley, et al., 2009). In contrast, TRAK199-532 comigrated with MIRO1177-591, suggesting 

that the TRAK1-binding site is contained within the EF-hands and/or cGTPase (Fig. 3.1D and Fig S3.2C).  

In the sedimentation assays, MIRO11-591 and TRAK199-532 migrated over a broad range of glycerol 

concentrations, both alone and together (Fig. 3.1A-C), which suggests these proteins are extended, 

assume multiple conformations, or form higher molecular weight oligomers. Mass photometry was used to 

explore the oligomerization state of the three MIRO1 constructs used above, which by SDS-PAGE migrate 
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Figure 3.1: MIRO1 binds TRAK1 through a fragment comprising the EF-hands and cGTPase. A, Domain 

diagrams of MIRO1 and TRAK1 (nGTPase and cGTPase, N- and C-terminal GTPase domains; ELM 1 and 2, EF-hand 

pair ligand mimic 1 and 2; CC1 box, coiled-coil 1 box). Each ELM domain consists of a Ca2+-binding EF-hand (red), a 

hidden EF-hand that does not bind Ca2+ (pink), and a ligand mimic helix (orange). By analogy with other dynein-dynactin 

adaptors (Urnavicius et al., 2015, 2018), the dynein-dynactin-binding region of TRAK1 can be mapped to residues 118-

392 (purple) and comprises the CC1 box (cyan) and the Spindly motif (magenta). The binding sites of kinesin-1 and 

MIRO1 have been approximately mapped to residues 1-360 (Canty et al., 2023; Fenton et al., 2021a; M. J. Smith et 

al., 2006; Tan et al., 2023; van Spronsen et al., 2013) and 360-532 (Canty et al., 2023), respectively. B-D, Migration of 

MIRO11-591, MBP-MIRO11-180, MIRO1177-591 alone and together with TRAK199-532 in a 5-30% glycerol gradient. The 

figures show representative SDS-PAGE analyses of the fractions 4-17 (9-20% glycerol) containing these proteins. 

Densitometric analysis of the gels is shown at the bottom. For each fraction, the average TRAK1 signal (alone, green 

or with MIRO1 constructs, black) from N=3 independent experiments (Fig. S3.2) is reported as the percentage of the 

average signal for the TRAK1 fraction with the maximum intensity. 

 

as single bands (Fig. S3.3A). Of note, this method uses low protein concentrations (~20-150 nM), such that 

weakly interacting species tend to dissociate. Moreover, mass measurement become less accurate for 

proteins with molecular weights <100 kDa (Young et al., 2018). It is nevertheless a useful technique to 

study large proteins and protein complexes or to assess sample homogeneity (Sonn-Segev et al., 2020), 

which is our purpose here. With MIRO11-591, we observed multiple species, and the distribution profile was 
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very similar in the presence of 100 mM CaCl2 or 1 mM ethylene glycol tetraacetic acid (EGTA), which 

chelates Ca2+ (Fig. S3.3B). This result indicates that MIRO11-591 tends to oligomerize and that Ca2+ binding 

to the EF-hands is unlikely to produce a substantial conformational change. MBP-MIRO11-180, which does 

not include the EF-hands, was only analyzed in 1 mM EGTA and also showed multiple species (Fig. S3.3C). 

Therefore, the nGTPase may be at least in part responsible for MIRO1’s tendency to oligomerize, consistent 

with structural studies showing that the nGTPase forms dimers (K. P. Smith et al., 2020). In contrast, at this 

low concentration (150 nM) MIRO1177-591 displayed a single peak, both in the presence or the absence of 

Ca2+, suggesting a rather stable conformation independent of Ca2+ binding (Fig. S3.3D). This result is also 

consistent with crystal structures of this fragment showing fundamentally the same conformation 

independent of the bound cation or nucleotide (Klosowiak et al., 2013, 2016). MIRO1177-591 is thus used in 

most experiments below, as it comprises the TRAK1-binding site (Fig. 3.1D) and appears homogeneous 

(Fig. S3.3D). 

With TRAK199-532 we observed two peaks (Fig. S.33E), with measured masses 66 ± 4.8 kDa and 

91 ± 9 kDa (theoretical mass of monomer: 53.5 kDa). While these mass measurements are not accurate, 

this result suggests that by itself and at low concentration (125 nM) the TRAK1 coiled-coil dimer is unstable, 

and the protein may exist in monomer-dimer equilibrium. The coiled-coil is likely stabilized in the complex 

with dynein-dynactin, as observed in the cryo-EM structures of other adaptors (Urnavicius et al., 2015, 

2018).  

 

TRAK1 binds MIRO1 through a conserved sequence C-terminal of the Spindly motif 

 

Having identified the region of MIRO1 implicated in TRAK1 binding, we set out to map the binding 

site on TRAK1. As mentioned above, the MIRO1-binding site is expected to be located within TRAK1 

residues 360-532 (Canty et al., 2023), which is also consistent with our cosedimentation analysis (Fig. 

3.1B,D). We focused on this area and designed TRAK1 constructs taking into consideration sequence 

conservation and coiled-coil prediction (Fig. 3.2A), two factors which may be important for the interaction 
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Figure 3.2: TRAK1 binds MIRO1 through a conserved sequence C-terminal of the Spindly motif. A, Domain 
diagram (top), sequence conservation (bottom, gray bars), and coiled-coil prediction (bottom, maroon trace) of construct 
GCN4-TRAK1342-431 (see also Fig. S3.1). Per-residue conservation scores were calculated with the program Scorecons 
(Valdar, 2002) from an alignment of 183 vertebrate TRAK sequences, including 93 TRAK1 and 90 TRAK2 sequences. 
The coiled-coil prediction used a 28-amino acid window. Three conserved regions (CR1, CR2, and CR3) identified C-
terminally to the Spindly motif are highlighted. B-D, Representative ITC titrations of MIRO1177-591 into the indicated 
TRAK1 constructs from N = 3 independent experiments (Table 3.1). Prior to each titration, the proteins in the syringe 
(top) and in the cell (bottom) were co-dialyzed for three days in ITC buffer with 50 µM CaCl2. Listed with each titration 
are the concentrations of the protein in the syringe and in the cell and, for interacting proteins, the parameters of the fit 
(stoichiometry N and dissociation constant KD) to a binding isotherm (red line). Errors correspond to the s.d. of the fits. 
Open symbols correspond to control titrations into buffer. 

 

with MIRO1. Because the coiled-coil prediction drops around residue 352 (Fig. S3.1), the TRAK1 constructs 

analyzed here start with residue E342, within the region of high coiled coil probability. To further stabilize 
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the coiled-coil, a 30-amino acid GCN4 leucine-zipper (O’Shea et al., 1991) was added N-terminally to E342, 

ensuring that the heptad repeats of the leucine-zipper and TRAK1 matched at the point of fusion (Fig. S3.4).  

The MIRO-TRAK interaction is likely conserved among TRAK species and isoforms and should 

therefore involve a region of high sequence conservation. Other than the Spindly motif, three regions of 

high sequence conservation can be identified within TRAK1 residues 360-532 (Fig. 3.2A): CR1 (380-393), 

CR2 (399-431), and CR3 (480-532). Isothermal titration calorimetry (ITC) was used to quantitatively test 

the interaction of MIRO1177-591 with TRAK1 constructs lacking either CR3 (GCN4-TRAK1342-431) or CR2 and 

CR3 (GCN4-TRAK1342-393) (Fig. S3.5). Experiments were performed in 50 mM CaCl2, 1 mM MgCl2, 0.1 mM 

GTP (higher Ca2+ concentrations precipitated the GCN4 hybrid constructs). MIRO1177-591 bound GCN4-

TRAK1342-431 with KD = 7.04 mM and stoichiometry N = 1.93 (Fig. 3.2B, Table 3.1) but did not bind GCN4-

TRAK1342-393 (Fig. 3.2C, Table 3.1). This finding suggests the MIRO1 binding site lies within the 33-residue 

CR2 region. MIRO1177-591 also bound the monomeric construct MBP-TRAK1342-431, in which GCN4 was 

replaced with MBP, with similar affinity (KD = 2.76 mM) as for GCN4-TRAK1342-431 but with stoichiometry N 

= 1.11 (Fig. 3.2D, Table 3.1). This result suggests that a TRAK1 dimer can potentially bind to two MIRO1 

molecules on the mitochondrial surface.  

In these ITC experiments, the control titrations of MIRO1177-591 into buffer (open symbols) displayed 

a small amount of dissociation heat (endothermic), which was subtracted from the heats of binding to 

TRAK1 constructs (exothermic). Dissociation is not observed when monomeric TRAK1 constructs are 

injected into MIRO1177-591 (see below).  

 

The MIRO1-TRAK1 interaction is independent of Ca2+ binding to the EF-hand domains 

 

Models diverge as to whether the MIRO-TRAK interaction is regulated by Ca2+ binding to MIRO’s EF-hands 

(Saotome et al., 2008)  or not (Canty et al., 2023; Fransson et al., 2006; MacAskill, Rinholm, et al., 2009). 

This question is addressed here using quantitative ITC experiments and mutagenesis. The experiments 
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described above were performed in the presence of 50 mM CaCl2. The titration of 800 mM CaCl2 into this 

protein did not reveal additional Ca2+ binding (Table 3.1), demonstrating that the EF-hands are saturated at 

50 mM CaCl2. Lowering the CaCl2 concentration of the protein 10-fold further produced the same result 

(Fig. 3.3A), indicating that the KD for Ca2+ binding to both EF-hands is below 5 mM. To fully remove the 

Ca2+ from the EF-hands, MIRO1177-591 was dialyzed against 5 mM EGTA, 1 mM MgCl2, and 0.1 mM GTP. 

Most of the EGTA was then removed in a stepwise manner, to a final concentration of 0.08 mM, to ensure 

that only a small amount of the Ca2+ was chelated in subsequent experiments. The titration of 800 mM 

CaCl2 into this protein revealed two Ca2+-binding sites, with affinities differing by >10-fold (KD = 0.3 mM and 

3.94 mM) (Fig. 3.3C and Table 3.1). The intracellular concentration of free Ca2+ fluctuates between 0.1 mM 

at rest and 10 mM during activation (Berridge et al., 1998, 2000), suggesting that one of the Ca2+-binding 

sites of MIRO1 may be constitutively occupied by Ca2+ whereas the other site could play a regulatory role, 

binding Ca2+ only when its local concentration increases. 

These experiments showed that in the presence of 5 mM EGTA the EF-hands of MIRO1177-591 are 

free of Ca2+. Under these conditions, MIRO1177-591 bound dimeric GCN4-TRAK1342-431 (KD = 5.13 mM, N= 

1.84) and monomeric MBP-TRAK1342-431 (KD = 8.77 mM, N= 1.09) with similar affinities and stoichiometries 

as observed above in the presence of Ca2+ (compare Figs. 3.2B-C and 3.3C-D). This result provides direct 

evidence that the interaction of MIRO1 with TRAK1 is independent of Ca2+ binding to MIRO1, which is 

consistent with some of the previous findings (Canty et al., 2023; Fransson et al., 2006; MacAskill, Rinholm, 

et al., 2009).  

 The experiments described above were all performed in the presence of 1 mM MgCl2. Therefore, 

it must be considered whether Mg2+ occupies the EF-hands of MIRO1 under these conditions, as previously 

observed in crystal structures (Klosowiak et al., 2013, 2016). The binding of Mg2+ to MIRO1’s EF-hands 

likely has physiological importance, since the free concentration of Mg2+ in cells ranges from 0.5 to 1.0 mM 

(Romani & Scarpa, 1992). Therefore, at resting free Ca2+ concentrations, Mg2+ may saturate most EF-

hands, including those of MIRO1, which has led to the proposal that the Ca2+-dependent activation of EF-

hand proteins must take into account the displacement of Mg2+ (and other divalent cations) from EF-hands  
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Figure 3.3: The MIRO1-TRAK1 interaction is independent of Ca2+ binding to the EF-hand domains. A-B, 

Representative ITC titrations (see also Table 3.1) of 800 µM CaCl2 into MIRO1177-591. Prior to the titrations, MIRO1177-

591 was dialyzed for three days in ITC buffer with either 5 µM CaCl2 (A) or 5 mM EGTA followed by stepwise removal 

of EGTA to a final concentration of 0.08 µM (B). The titrated CaCl2 was dissolved in the dialysis buffer. C-D, 

Representative ITC titrations from N = 3 independent experiments (Table 3.1) of MIRO1177-591 into the indicated TRAK1 

constructs. Proteins were dialyzed in ITC buffer with 5 mM EGTA. E-F, Representative ITC titrations from N = 3 

independent experiments (Table 3.1) of MBP-TRAK1342-431 into MIRO1177-591 mutants E208A (E) and E328A (F). 

Proteins were dialyzed in ITC buffer with 5 mM EGTA.  Ribbon diagrams (left, color coded as in Fig. 3.1A, Ca2+ ions in 

green) highlight the location of the mutated amino acid (cyan Cα) within the Ca2+-binding loop of each ELM 

domain(Klosowiak et al., 2016). Shown with each ITC titration in this figure are the concentrations of the protein (or 

CaCl2) in the syringe and in the cell and the parameters of the fit (stoichiometry N and dissociation constant KD) to a 

binding isotherm (red line). Errors correspond to the s.d. of the fits. Open symbols correspond to control titrations into 

buffer. 

(Grabarek, 2011; Senguen & Grabarek, 2012). Because Mg2+ coordinates the nucleotide in the catalytic 

site of the cGTPase, MgCl2 cannot be removed in experiments with MIRO1177-591, which precipitates in its 

absence. Therefore, to specifically disrupt the binding of cations to the EF-hands, the bidentate cation-
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coordinating residues E208 and E328 were independently mutated to alanine within the first or second 

Ca2+-binding EF-hands, respectively (Fig. 3E-F, left). These mutants bound monomeric MBP-TRAK1342-431 

with similar affinity and stoichiometry as observed above in the presence or the absence of Ca2+, indicating 

that the MIRO1-TRAK1 interaction is independent of cation binding to the EF-hands (Fig. 3E-F, right). 

Note that the order of the titrations has been deliberately inverted among the various experiments 

described in this work (i.e., MIRO1 and TRAK1 constructs are found sometimes in the syringe and 

sometimes in the cell) and each ITC experiment was repeated multiple times with similar results (Table 

3.1). Of note, the slight endothermic heats of dissociation observed in control titrations into buffer when 

MIRO1177-591 is in the syringe (i.e., Figs. 3.2D and 3.3D, open symbols) are not observed when MBP-

TRAK1342-431 is in the syringe (Fig. 3E, F, open symbols). 

 

The MIRO1-TRAK1 interaction is independent of the nucleotide state of the cGTPase 

 

Both GTPase domains of yeast MIRO (Gem1) (Koshiba et al., 2011) and the nGTPase of 

Drosophila MIRO (S. Lee et al., 2016)  have been shown to be catalytically active, but whether mammalian 

MIRO hydrolyzes GTP is controversial. While biochemical studies suggest that mammalian MIRO 

hydrolyses GTP (Peters et al., 2018; Suzuki et al., 2014), key catalytic residues present in Ras-family 

GTPases are missing in the GTPase domains of MIRO(Peters et al., 2018). Moreover, a crystal structure 

of the nGTPase of MIRO1 reveals a lack of nucleotide hydrolysis in the crystals and a non-catalytic 

configuration of the GTP-binding site (K. P. Smith et al., 2020). Therefore, it is unclear whether the 

nucleotide state of MIRO1, and particularly that of the cGTPase, plays a role in target recognition. To 

determine the nucleotide state of MIRO1177-591 and its potential role in TRAK1 binding we used reverse-

phase analytical HPLC and ITC.  

First, the nucleotide state of E. coli-expressed MIRO1177-591 was determined using as reference 

analytical-grade commercial GDP and GTP. By reverse-phase analytical HPLC, the commercial GDP  
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Figure 3.4: The MIRO1-TRAK1 interaction is independent of the nucleotide state of the cGTPase. A, HPLC 

analysis of analytical-grade commercial GDP (pink) and GTP (green) standards (left) and quantifications (right). The 

normalized maximum absorbance at 256 nm (y-axis) is plotted as a function of the retention time. B-C, HPLC analysis 

of E. coli-expressed MIRO1177-591 before (black trace) and after addition of 35-molar excess of commercial nucleotide 

(GDP, pink trace; GTP, green trace) followed by 3-day dialysis into ITC buffer with 5 mM EGTA and no extra nucleotide 

added (left). Quantifications based on absorbance at 256 nm are shown above each graph and in part A (right). D-F, 

Representative ITC titrations from N = 3 independent experiments (Table 3.1) of MBP-TRAK1342-431 into the nucleotide-

exchanged MIRO1177-591 samples (GDP, part B and D; GTP, part C and E) or MIRO1410-591 (same dialysis as GTP-

dialyzed MIRO1177-591). Listed with each titration are the concentrations of the protein in the syringe and in the cell and 

the parameters of the fit (stoichiometry N and dissociation constant KD) to a binding isotherm (red line). Errors 

correspond to the s.d. of the fits. Open symbols correspond to control titrations into buffer. 
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sample contains 90.5% GDP and 9.5% GTP whereas the commercial GTP sample contains 6.5% GDP 

and 93.5% GTP (Fig. 3.4A). Using the HPLC elution profile of these two samples as reference, E. coli-

expressed MIRO1177-591 was found to contain 37.0% GDP and 63.0% GTP. To exchange the nucleotide on 

MIRO1177-591, a 35-molar excess of commercial nucleotide (GDP or GTP) was added and incubated for one 

hour on ice, followed by 3-day dialysis into a buffer with no extra nucleotide added. After dialysis and 

passage through a PD10 column (see Methods), the sample pre-incubated with GDP had 66.3% GDP and 

33.7% GTP (Fig. 3.4B), whereas the sample pre-incubated with GTP had 4.8% GDP and 95.2% GTP (Fig. 

3.4C). The inefficient incorporation of GDP contrasts with the nearly complete incorporation of GTP and 

suggests that the cGTPase has a marked preference for GTP, analogous to other Ras-family GTPases 

(Lenzen et al., 1998). Moreover, because the cellular concentration of GTP is ~10-fold higher than that of 

GDP (Traut, 1994), purified MIRO1177-591 could have been expected to be have mostly GTP bound. That it 

had 37% GDP bound suggests that GTP was being slowly hydrolyzed during purification, as suggested by 

studies that show that the MIRO1 GTPases are catalytically active (Peters et al., 2018; Suzuki et al., 2014). 

MBP-TRAK1342-431 bound the MIRO1177-591 samples pre-incubated with GDP or GTP with similar affinities 

and stoichiometries (Fig. 3.4D-E), which were also similar to those observed in other experiments 

performed here (Figs. 3.2D, 3.3D-F). From these results, we conclude that the interaction with TRAK1 is 

independent of the nucleotide state of the cGTPase, consistent with studies showing that mutations of the 

cGTPase have little effect on mitochondrial trafficking and TRAK recruitment to mitochondria (Davis et al., 

2023; Fransson et al., 2006).   

MIRO1177-591 contains both the EF hands and cGTPase. We asked whether the TRAK1-binding site 

was fully contained within one of these domains or whether the two domains contributed together toward 

the interaction. Therefore, constructs MBP-MIRO1177-404 (EF hands) and MBP-MIRO1410-591 (cGTPase) 

were expressed to test binding to TRAK1 by ITC. However, while MBP-MIRO1410-591 was well-behaved, 

MBP-MIRO1177-404 could not be used as it was poorly expressed and prone to aggregation. By ITC, MBP-

MIRO1410-591 did not bind MBP-TRAK1342-431 (Fig. 3.4F). This result shows that the presence of the EF-

hands is required for TRAK1 binding, but we cannot rule out participation of the cGTPase in the interaction 

via a combined interface with the EF-hands.   
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A conserved motif in TRAK1 mediates the interaction with MIRO1 in vitro and in cells 

The interaction with MIRO1 was mapped above to CR2 of TRAK1 (Fig. 3.2). Using site directed 

mutagenesis, we tested the role of conserved residues within CR2 in the interaction. Among 183 TRAK 

sequences from different species and isoforms, two segments of high sequence conservation are observed 

toward the N- and C-terminal ends of CR2: 399QKRVFETV406 and 425IPGSN429 (Fig. 3.5A). Two MBP-

TRAK1342-431 mutants, 400KR401 to AA and 425IPG427 to AAA, were made to test the role of these conserved  

 

Figure 3.5: A conserved motif in TRAK1 mediates the interaction with MIRO1. A, Subgroup of TRAK1/2 

sequences extracted from an alignment of 183 TRAK sequences (Fig. S3.1) and showing residues 373-434, including 

the CR2 region that binds MIRO1 (Fig. 3.2B, C). Amino acids conserved in >50% and >85% of the 183 sequences are 

highlighted light and dark blue, respectively. Stars highlight residues 400KR401 and 425IPG427 (boxed red) mutated to 

alanine. B-E, Representative ITC titrations of MIRO1177-591 into the MBP-TRAK1342-431 mutants (B, D) and inverted 

titrations (C, E) from N = 3 independent experiments (Table 3.1). Prior to each titration, the proteins in the syringe (top) 

and in the cell (bottom) were co-dialyzed for three days in ITC buffer with 5 mM EGTA. Listed with each titration are 

the concentrations of the protein in the syringe and in the cell and the parameters of the fit (stoichiometry N and 

dissociation constant KD) to a binding isotherm (red line). Errors correspond to the s.d. of the fits. Open symbols 

correspond to control titrations into buffer. 



78 
 

 

Figure 3.6: The CR2 region of TRAK1 is sufficient to bind MIRO1 in vitro and in cells. A, Schematic and sequence 

representation of the MIRO1-binding region of TRAK1. B-C, Representative ITC titrations of TRAK1394-434 into 

MIRO1177-591 WT (B) and mutant 425IPG427 to AAA (C) from N = 3 independent experiments (Table 3.1). Proteins were 

dialyzed in ITC buffer with 5 mM EGTA and 0.1 µM GTP. Listed with each titration are the concentrations of the protein 

in the syringe and in the cell and, for interacting proteins, the parameters of the fit (stoichiometry N and dissociation 

constant KD) to a binding isotherm (red line). Errors correspond to the s.d. of the fits. Open symbols correspond to 

control titrations into buffer. D-F, Representative maximum-intensity projections of Halo-TRAK11-393 (D), Halo-TRAK11-

440 (E), or Halo-TRAK11-440 425IPG427 to AAA (F) and Mito-DsRed2 in HeLa cells, with or without Myc-MIRO1 co-

expression. G, Ratio of mitochondrial to cytoplasmic intensity for Halo-TRAK1 constructs, with or without Myc-MIRO1 

co-expression. Data points are color-coded by experimental replicate, with smaller points representing individual cells. 

N=3 independent experiments, with 48-63 cells per condition. The center line and bars represent the mean ± s.d. from 

independent experiments. P-values from one-way ANOVA with the Tukey’s multiple comparisons test are shown. Scale 

bars: 10 μm (D-F), 1 μm (D-F insets). 
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segments in the interaction with MIRO1177-591. Because the interaction is independent of Ca2+ (Fig. 3.3), 

experiments were performed in the presence of 5 mM EGTA, which we have found favors MIRO1177-591 

solubility. Binding of MIRO1177-591 to MBP-TRAK1342-431 was unaffected by the 400KR401 to AA mutation, 

independent of which protein was in the syringe and the cell (Fig. 3.5B-C). In contrast, the 425IPG427 to AAA 

mutation eliminated binding of MIRO1177-591 to MBP-TRAK1342-431 (Fig. 3.5D), and the same result was 

obtained when the titration was inverted (Fig. 3.5E).  

Based on these results, we made a shorter TRAK1 peptide narrowly encompassing CR2 

(TRAK1394-434) (Fig. 3.6A).  TRAK1394-434 bound MIRO1177-591 with stoichiometry and affinity consistent with 

other experiments described here (Fig. 3.6B), and the interaction was abolished when the 425IPG427 to AAA 

mutation was introduced into this peptide (Fig. 3.6C). 

Next, we assessed the physiological importance of this interaction for TRAK1 recruitment to 

mitochondria in cells. Two N terminally Halo-tagged constructs, one lacking (TRAK11-393) and one 

containing (TRAK11-440) the CR2 region necessary for MIRO1 binding in vitro, were individually expressed 

in HeLa cells and visualized using confocal microscopy. Mitochondria were labeled with Mito-DSRed2, and 

the overlap of each TRAK1 construct with mitochondria was quantified in the presence or the absence of 

Myc-MIRO1, whose overexpression is known to be required for efficient mitochondrial recruitment of 

exogenously expressed TRAK1 (MacAskill, Brickley, et al., 2009). TRAK11-440 but not TRAK11-393 

colocalized with mitochondria and only with Myc-MIRO1 coexpression (Fig. 3.6D, E, and G). Moreover, 

TRAK11-440 recruitment to mitochondria was abolished by the 425IPG427 to AAA mutation (Fig. 3.6 F-G). 

These results suggest that the CR2 of TRAK1 is necessary for MIRO1-dependent recruitment of TRAK1 to 

mitochondria. 
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Figure 3.7: Two MIRO1 molecules bind one TRAK1 dimer on the mitochondrial surface. One TRAK1 dimer binds 

to two MIRO1 molecules on the mitochondrial surface, independent of Ca2+-binding to the EF-hands or the cGTPase 

nucleotide state of MIRO1. The interaction is mediated by a conserved motif C terminal to the Spindly motif of TRAK1 

and directly implicates MIRO1’s EF-hands. MIRO, mitochondrial Rho GTPase; TRAK, trafficking kinesin-binding 

protein. 

 

IV. Discussion 

 

MIRO plays a central role in mitochondrial trafficking by recruiting TRAK, which in turn coordinates 

anterograde and retrograde motility along microtubules by kinesin-1 and dynein-dynactin (Eberhardt et al., 

2020). It is, however, poorly understood and often debated how mitochondrial trafficking is regulated and 

specifically whether the MIRO-TRAK interaction is responsible for this regulation. Here, we have mapped 

the MIRO1-TRAK1 interaction and analyzed the effect of MIRO1-binding cofactors (Ca2+, Mg2+, GTP, and 

GDP) on TRAK1 binding. While this work focused on isoforms MIRO1 and TRAK1, the findings can likely 

be extended to MIRO2 and TRAK2, since sequence conservation was used as a guiding principle in 

mapping the interaction of the two proteins. The main findings of this study are: a) MIRO1 binds to a 

conserved motif on TRAK1, located C-terminal to the Spindly motif and consisting of TRAK1 residues 394-

431, b) mutations in this sequence disrupt MIRO1 binding in vitro and mitochondrial localization of TRAK1 

in cells, c) TRAK1 binds to a fragment containing MIRO1’s EF-hands and cGTPase, d) deleting MIRO1’s 

EF-hands abolishes the interaction, pointing to their direct involvement in TRAK1 binding either alone or 
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together with the cGTPase, e) the MIRO1-TRAK1 interaction is independent of the nucleotide state of the 

cGTPase, f) the interaction is also independent of Ca2+ or Mg2+ binding to MIRO1’s EF-hands, g) the 

interaction has 1:1 stoichiometry, such that one TRAK1 dimer has the potential to bind two MIRO1 

molecules on the mitochondrial surface (Fig. 3.7). Therefore, this interaction may be further enhanced 

through avidity via the formation of MIRO clusters on the mitochondrial membrane (Modi et al., 2019). 

These findings rule out models that have implicated MIRO’s nGTPase in TRAK binding (Fransson et al., 

2006; MacAskill, Brickley, et al., 2009) but are consistent with studies that have found that the MIRO-TRAK 

interaction is independent of Ca2+ binding to MIRO’s EF-hands (Canty et al., 2023; MacAskill, Rinholm, et 

al., 2009; X. Wang & Schwarz, 2009).  

Local increases in Ca2+ concentration stop mitochondrial trafficking (Brough et al., 2005; Quintana 

et al., 2006; Yi et al., 2004), and this effect is suppressed by mutations in MIRO’s EF-hands (Chang et al., 

2011; MacAskill, Rinholm, et al., 2009; Saotome et al., 2008; X. Wang & Schwarz, 2009). Because TRAK 

acts as an intermediate scaffold between MIRO and the microtubule-based motors that drive mitochondrial 

trafficking (Fransson et al., 2006; van Spronsen et al., 2013), it is reasonable to think that the effect of Ca2+ 

on mitochondrial motility could be through regulation of the MIRO-TRAK interaction (Saotome et al., 2008). 

However, our finding that the MIRO1-TRAK1 interaction is independent of Ca2+ binding to MIRO1 suggests 

that a different mechanism is responsible for the Ca2+-dependent arrest of mitochondria. For instance, some 

evidence has suggested that kinesin-1 binds MIRO1 directly and that this interaction is regulated by Ca2+ 

(MacAskill, Rinholm, et al., 2009; X. Wang & Schwarz, 2009). The binding of kinesin-1 presumably 

implicates the EF-hands of MIRO1 and is thought to be independent of the MIRO1-TRAK1 interaction 

demonstrated here. While our data cannot rule out this possibility, we note that this model cannot explain 

why retrograde motility by dynein-dynactin is also arrested by increases in Ca2+. Moreover, recent results 

negate the existence of a direct MIRO1-kinesin-1 interaction (Canty et al., 2023). Other models propose 

that Ca2+ regulates MIRO’s interactions with other proteins, which in turn control mitochondrial trafficking 

and dynamics, such as syntaphilin (Canty et al., 2023), Armcx (Cartoni et al., 2016; López-Doménech et 

al., 2012), and MFN (Fatiga et al., 2021). This may explain why mutations in MIRO’s EF-hands impair Ca2+ 

regulation.  
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Our work implicates the EF-hands of MIRO1 in TRAK1 binding. Most EF-hand proteins undergo 

major conformational changes upon Ca2+ binding, with Ca2+ acting as an on/off switch for target recognition 

(Kawasaki & Kretsinger, 2017). Thus, it may appear surprising that Ca2+ (or Mg2+) binding to MIRO1’s EF-

hands has little effect on the interaction with TRAK1. Indeed, our data suggests that MIRO1 acts as a Ca2+ 

sensor, but probably not through a major conformational change. Under resting conditions, when the 

intracellular free Ca2+ concentration is ~0.1 mM, one of the EF-hands of MIRO1 is occupied by Ca2+ 

whereas the other EF-hand may bind Ca2+ only upon activation, when the free Ca2+ concentration can reach 

~10 mM (Berridge et al., 1998, 2000). In other words, the two pairs of EF-hands of MIRO1 can be separated 

into constitutively-bound and regulatory Ca2+-binding pairs. At rest, the regulatory pair (which our data does 

not assign) is likely occupied by Mg2+, whose free intercellular concentration ranges from 0.5 to 1.0 mM 

(Romani & Scarpa, 1992), such that Ca2+ binding may proceed through the displacement of Mg2+, as 

proposed for other EF-hand proteins (Grabarek, 2011; Senguen & Grabarek, 2012). While MIRO1 may 

share some of these features with other EF-hand-containing proteins, other characteristics make it unique. 

For instance, MIRO’s EF-hands differ substantially from those of the prototypical Ca2+-sensing protein 

calmodulin (Chin & Means, 2000). In calmodulin, all four EF-hands bind Ca2+, which induces a 

conformational change that exposes hydrophobic pockets in the two pairs of EF-hands for the binding of 

calmodulin’s cellular targets (Chin & Means, 2000). In MIRO1, only one EF-hand of each pair binds Ca2+. 

Moreover, in calmodulin, the two pairs of EF-hands are separated by a long and flexible linker, allowing 

them to move with relative independence of one another to grab the target protein (Chin & Means, 2000). 

In MIRO, however, the two pairs of EF-hands are rigidly packed against one another (Klosowiak et al., 

2013, 2016). Finally, unlike calmodulin, MIRO already has target peptides bound intramolecularly to the 

hydrophobic pockets of the two pairs of EF-hands, i.e. the ligand-mimic helices (Fig. 3.1A and Fig. 3.3E-F) 

(Klosowiak et al., 2013). These differences suggest that, while in calmodulin the EF-hands are used as a 

Ca2+-dependent switch for target recognition, in MIRO the EF-hands play a structural role, acting as a rigid 

domain. This may explain why MIRO1’s EF-hands show fundamentally the same conformation in crystal 

structures determined under different conditions (apo, Ca2+- or Mg2+-bound) (Klosowiak et al., 2013, 2016). 
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In summary, MIRO seems to function as a Ca2+-dependent sensor, but not a Ca2+-dependent 

conformational switch.  

 

V. Methods 

 

Proteins 

Primers used in this study are listed in Table 3.2. The cDNA coding for human MIRO1 (UniProt ID: Q81X12) 

was purchased from Addgene (Plasmid: 127613). The cDNA coding for human TRAK1 (Uniprot ID: 

Q9UPV9) and GCN4-TRAK1342-431 were synthesized with codon optimization for E. coli expression by 

GenScript (Piscataway, NJ). MIRO11-591 and TRAK199-532 were cloned into vector pRSFDuet-1 and 

MIRO1177-591, GCN4-TRAK1342-393, and GCN4-TRAK1342-431 were cloned into vector pETDuet-1 (Novagen, 

Darmstadt, Germany). MBP-MIRO11-180, MBP-MIRO1410-591, MBP-TRAK1342-431, and TRAK1394-434 (WT and 

425IPG427 to AAA) and were cloned into vector pMAL-c6T (NEB, Ipswich, MA). Point mutations in MIRO1177-

591 (E208A and E328A) and MBP-TRAK1342-431 (400KR401 to AA and 425IPG427 to AAA) were introduced using 

the QuikChange mutagenesis kit (Agilent Technologies, Wilmington, DE). The Myc-MIRO1 construct was 

obtained from Addgene (Plasmid: 47888). Halo-TRAK1 1-393 and Halo-TRAK1 1-440 (WT and mutant 

425IPG427 to AAA) were cloned from HA-TRAK1 (a gift from C. Hoogenraad, Utrecht University) into 

pFN21A-HaloTag-CMV vector (Promega, Madison, WI). Affinity tags used in purification (see below) are 

either part of the vectors or were added during cloning. 

All the proteins were expressed in E. coli ArcticExpress(DE3) cells (Agilent Technologies), grown 

in Terrific Broth medium at 37 °C to an OD600 of 1.5–2, followed by 24 hours at 9 °C with the addition of 

0.35 mM isopropyl-β-D-thiogalactoside (IPTG). Cells were pelleted by centrifugation, resuspended in 

TRAK1 or MIRO1 buffers (see below) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 

lysed using a Microfluidizer (Microfluidics, Newton, MA). Lysates were clarified by centrifugation and 

supernatants were loaded onto their corresponding affinity columns according to protocols from the 

manufactures (see below).  
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All the TRAK1-derived proteins were prepared in TRAK1 buffer (20 mM HEPES pH 7.5 and 200 

mM NaCl). TRAK199-532 and GCN4-TRAK1 constructs were affinity-purified on a Strep-Tactin Sepharose 

column (IBA Lifesciences, Göttingen, Germany) and eluted with 40 mM Biotin pH 8.0 (dissolved in TRAK1 

buffer), followed by purification on a Ni-NTA column (G-Biosciences, St. Louis, MO). MBP-TRAK1342-431 

constructs (WT and mutants) were affinity-purified on an amylose column (NEB), and further purified 

through a Strep-Tactin column. MBP-TRAK1394-434 peptides (WT and mutant) were purified through an 

amylose affinity column (NEB). The MBP tag was removed by incubation with TEV protease for 48 hours 

at 4 °C. The cleaved peptides were separated from 6xHis-MBP and 6xHis-TEV on a Ni-NTA column. After 

tag removal, the peptides were further purified on an SD75HL 16/60 column (GE Healthcare, Little Chalfont, 

UK) in 20 mM HEPES pH 7.5 and 50 mM NaCl. The peptides were loaded onto a SourceQ anion exchange 

column (Cytiva, Marlborough, MA) and eluted in the flowthrough in 20 mM HEPES pH 7.5.   

All the MIRO1-derived proteins were prepared in MIRO1 buffer (20 mM HEPES pH 7.5, 300 mM 

NaCl, 1 mM CaCl2, 1 mM MgCl2, 5% w/v sucrose, and 0.1 µM GTP). MIRO11-591 was prepared in MIRO1 

buffer containing 500 mM NaCl, 30 mM imidazole pH 7.3, and 5% glycerol. The protein was affinity-purified 

on a Ni-NTA column and then on a Strep-Tactin Sepharose column and eluted with 40 mM Biotin pH 8.0 

(dissolved in the same buffer). MBP-MIRO11-180 (in MIRO1 buffer lacking CaCl2) was purified through a 

Strep-Tactin column and eluted with 40 mM Biotin pH 8.0 and diluted to a NaCl concentration of 50 mM. 

The protein was further purified on a MonoQ anion exchange column (Cytiva) with Buffer A (20 mM HEPES 

pH 7.5, 50 mM NaCl, 1 mM MgCl2, 5% w/v sucrose) and eluted using a stepwise gradient of Buffer B (Buffer 

A + 1 M NaCl). MIRO1177-591 (WT and mutants) were purified on a Ni-NTA column in MIRO1 buffer 

supplemented with 30 mM imidazole pH 7.3. Aggregates were removed by centrifugation at 372,000 x g 

for 20 minutes. The protein was diluted to a NaCl concentration of 75 mM, loaded onto a SourceQ column, 

and eluted in the flowthrough in MIRO1 buffer lacking NaCl (contaminants remain bound to the column 

under these conditions). MBP-MIRO1410-591 (in MIRO1 buffer lacking CaCl2) was affinity purified on an 

amylose column (NEB).  
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Glycerol gradient cosedimentation 

Proteins were mixed at a final concentration of 4 µM in Starting buffer (20 mM HEPES pH 7.5, 500 mM 

NaCl, 1 mM MgCl2, 1 mM CaCl2, 1 mM DTT, and 0.1 µM GTP). A 5%–30% glycerol gradient was prepared 

by layering 2 mL of Light solution (Starting buffer + 5% glycerol) on top of 2 mL of Heavy solution (Starting 

buffer + 30% glycerol) and mixing the solutions using a BioComp Gradient Master 107 (Biocomp 

Instruments, Fredericton, Canada) set to rotate for 94 seconds at 86 degrees. Proteins (250 µL) were 

pipetted on top of the gradient and spun using a SW-60 rotor at 165,000 g for 16 hours at 4 °C. Samples 

were fractionated and analyzed by SDS-PAGE. Gels were Coomassie blue-stained, captured with the 

program GENESys V1.5.6.0 (Genesys Limited, Langhorne, PA) set to capture a Visible Protein Gel stained 

with Coomassie Blue, and band intensities were quantified using ImageLab (Bio-Rad, Hercules, CA).  

 

Isothermal titration calorimetry 

ITC measurements were carried out on a VP-ITC instrument (MicroCal, Northampton, MA). Protein samples 

were dialyzed against ITC buffer (20 mM HEPES pH 7.5, 400 mM NaCl, 1 mM MgCl2, 5% w/v sucrose, 

0.125 mM TCEP, and 0.1 µM GTP) with the addition of experiment-specific cofactors (CaCl2, GDP, EGTA) 

for at least 3 days. Protein concentrations were determined using the Bradford method. Peptide 

concentrations were measured using fluorescence after labeling with fluorescamine. Proteins in the syringe 

were titrated at a concentration 8- to 15-fold higher than that of proteins in the cell of volume 1.44 mL. 

Experiments were carried out at 25 °C. Titrations consisted of 10 µl injections, lasting for 10 s, with an 

interval of 200 s between injections. Heats of binding were determined from the point-by-point subtraction 

of the heats of injection into buffer (control) from the heats of injection into protein. Experiments were 

repeated (see Table 3.1). The program Origin (OriginLab, Northampton, MA) was used to analyze the data 

and fit binding curves. The experiment-specific cofactors and parameters of the fits are listed in the figures 

and Table 3.1. 
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Analysis of bound nucleotide 

Proteins were loaded onto a Sephadex G-25 PD10 column (Global Life Science Solutions, Sheffield, UK) 

with 20 mM Tris pH 7.5 to remove unbound nucleotide, and fractions (500 µL each) were collected. Peak 

fractions were denatured with the addition of 2.5 µL of 10% perchloric acid followed by 2.5 µL of 4 M sodium 

acetate pH 4.0. Denatured proteins were pelleted by centrifugation. The supernatants (200 µL), containing 

the nucleotides, were mixed with 100 µL of HPLC Loading buffer (100 mM KH2PO4, 100 mM K2HPO4, 10 

mM tetrabutylammonium bromide pH 6.5). Commercial nucleotides were solubilized in 20 mM Tris pH 7.5 

to a final concentration of 10 µM. A 200 µL volume was mixed with 100 µL of HPLC Loading buffer, and 

250 µL were run isocratically through a Vydac 208MS C8 reverse phase HPLC column (VWR, Radnor, PA) 

with Loading buffer supplemented with 8.5% acetonitrile. To exchange the nucleotide on MIRO1177-591, a 

35-molar excess of commercial nucleotide (GDP or GTP) was added and incubated for one hour on ice, 

followed by 3-day dialysis into a buffer with no extra nucleotide added. 

  

Mass photometry 

Mass photometry experiments were performed on a Refeyn TwoMP-0220 instrument using programs 

AcquireMP v2022 R1 and DiscoverMP v2022 R1 for analysis. Proteins were dialyzed for 24 hours against 

20 mM HEPES pH 7.5, 300 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2. Two hours before the experiments, 

proteins were diluted to a concentration of 600 nM (i.e., a >12-fold dilution) in a buffer containing 100 mM 

NaCl, 50 µM MgCl2, 50 µM GTP and either 1 mM EGTA or 100 µM CaCl2. The instrument was calibrated 

with the corresponding buffer and proteins were applied to a final concentration of 125-150 nM. Movies 

were acquired for 60 seconds using default parameters. Ratiometric contrasts were converted to molecular 

weights using a mass calibration curve generated from three proteins: 75 nM bovine serum albumin (MW: 

66.43 kDa), 75 nM beta-amylase (MW: 112 kDa dimer and 224 kDa tetramer), and 22.5 nM thyroglobulin 

(MW: 670 kDa). Gaussian curves were fit to each histogram distribution, and the masses and normalized 

counts were determined. For each fit, the bin width was set to 1 kDa, and the data is reported as the percent 

relative to the bin with the highest number of counts.  



87 
 

 

Sequence analysis 

Vertebrate TRAK and MIRO sequences were aligned with the program Clustal Omega (Sievers & Higgins, 

2021) and sequence conservation scores were calculated with the program Scorecons using the valdar01 

method (Fig. S3.1A, B and Fig. 3.2A) (Valdar, 2002). Coiled-coil predictions were performed with the 

program prabi (Fig. S3.1A and Fig. 3.2A) (Combet et al., 2000). The program Waggawagga was used for 

prediction of coiled-coil heptads (Simm et al., 2015). 

 

TRAK localization to mitochondria 

HeLa-M cells (A. Peden, Cambridge Institute for Medical Research, Cambridge, England) were maintained 

in DMEM (Corning, 10-017-CM, Corning, NY) supplemented with 1% GlutaMAX (ThermoFisher, 35050061, 

Waltham, MA) and 10% Fetal Bovine Serum (HyClone, SH30071.03, Logan, UT). Cells were maintained 

at 37 °C in a 5% CO2 incubator. Cells tested negative for mycoplasma contamination and were 

authenticated by STR profiling at the DNA Sequencing Facility of the University of Pennsylvania. For 

imaging experiments, cells were plated on 35 mm glass-bottom dishes (MatTek, P35G-1.5-20-C, Ashland, 

MA) and transfected using FuGENE 6 transection reagent (Promega, E269A). 

Twenty-four hours after transfection, HeLa cells were fixed for 10 minutes using warm PBS with 

4% paraformaldehyde and 4% sucrose and washed three times with PBS. Cells were labelled with 100 nM 

Janelia Fluor 646-Halo ligand (Promega, GA1121) in PBS for 20 minutes at 37 °C, followed by a 30-minute 

wash with PBS at 37 °C. Cells were then permeabilized with 0.2% Triton X-100 in PBS for 15 minutes, and 

washed three times with PBS. Cells were blocked for 1 hour in blocking solution (5% goat serum and 1% 

BSA in PBS) and incubated overnight at 4 °C with anti-Myc antibody (Invitrogen, R950-25, Waltham, MA) 

diluted 1:1000 in blocking solution. Cells were then washed three times with PBS, incubated for 1 hour with 

Alexa Fluor 488 goat anti-mouse IgG (H + L) (Invitrogen, A11029) diluted 1:1000 in blocking solution, and 

washed three more times with PBS.  
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HeLa cells were imaged using a V3 spinning disk confocal on a Nikon Eclipse Ti Microscope with 

an Apochromat 100×1.49 numerical aperture oil immersion objective (Nikon, Melville, NY). Images were 

acquired with a Hamamatsu CMOS ORCA-Fusion (C11440-20UP) driven by VisiView software (Visitron, 

Puchheim, Germany). Z-stacks spanning the height of transfected cells were collected at 200-nm step-size. 

Maximum-intensity projections were generated for the Halo-TRAK1 and Mito-DsRed2 channels in 

ImageJ (NIH, Bethesda, MD). The area of the Mito-DsRed2 channel was then converted to a binary mask 

using the Pixel classification module of Ilastik, a machine-learning based image segmentation program 

(Berg et al., 2019). The binarized image was used to make two regions of interest for each cell, one 

encompassing the mitochondria and one encompassing everything except the mitochondria. The mean 

fluorescence intensity of Halo-TRAK1 was measured in each region to determine the ratio of mitochondrial 

to cytoplasmic signal. 
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Table 3.1: ITC experiments, experimental conditions, and fitting parameters 
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Table 3.2: Primers used in Chapter 3 
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CHAPTER 4: ALS-ASSOCIATED KIF5A MUTATIONS ABOLISH AUTOINHIBITION 

RESULTING IN A TOXIC GAIN OF FUNCTION 

 

 

 

 

 

 

 

 

This chapter is adapted from:  

Baron, DM*; Fenton, AR*; Saez-Atienzar, S*; Giampetruzzi, A*; Sreeram, A; Shankaracharya; Keagle, 

PJ; Doocy, VR; Smith, NJ; Danielson, EW; Andresano, M; McCormack, MC; Garcia, J; Bercier, V; Van 

Den Bosch, L; Brent, JR; Fallini, C; Traynor, BJ; Holzbaur, ELF; Landers, JE. ALS-associated KIF5A 

mutations abolish autoinhibition resulting in a toxic gain of function. Cell Reports, 39, 110598 (2022). 
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single-molecule imaging experiments in Fig. 4.3. 
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I. Summary 

 

Understanding the pathogenic mechanisms of disease mutations is critical to advancing treatments. ALS-

associated mutations in the gene encoding the microtubule motor KIF5A result in skipping of exon 27 

(KIF5AΔExon27) and the encoding of a protein with a novel 39 amino acid residue C-terminal sequence. Here, 

we report that expression of ALS-linked mutant KIF5A results in dysregulated motor activity, cellular 

mislocalization, altered axonal transport, and decreased neuronal survival. Single-molecule analysis 

revealed that the altered C terminus of mutant KIF5A results in a constitutively active state. Furthermore, 

mutant KIF5A possesses altered protein and RNA interactions and its expression results in altered gene 

expression/splicing. Taken together, our data support the hypothesis that causative ALS mutations result 

in a toxic gain of function in the intracellular motor KIF5A that disrupts intracellular trafficking and neuronal 

homeostasis. 
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II. Introduction 

 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the progressive loss 

of brain and spinal cord motor neurons (MNs). As the disease progresses, patients experience impairment 

in mobility, speech, and respiration, ultimately leading to death, typically 2–5 years after initial symptom 

onset. Although ALS is classified as a rare neurological disorder, it is the most common motor neuron 

disease in its class, accounting for about 70% of all the cases in the United States. Approximately 5,000 

people are diagnosed with ALS each year and approximately 5 per 100,000 die annually in the United 

States (Hirtz et al., 2007; Mehta et al., 2018). Over the past decade, tremendous advances have been 

made in defining the genetic factors contributing to ALS. To date, causative mutations for familial ALS have 

been identified in over 30 genes. Most importantly, the function and classification of these mutant genes 

have established the primary pathways contributing to ALS pathogenesis. Cytoskeletal disturbances and 

axonal transport deficits are among these primary pathways (Chevalier-Larsen & Holzbaur, 2006; Eira et 

al., 2016; W. Guo et al., 2020; McMurray, 2000). Furthermore, cytoskeletal/axonal transport defects extend 

to several other neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), 

and Huntington’s disease (HD). Supporting the contribution of these defects to neurodegeneration, we have 

previously reported mutations within the kinesin family member 5A (KIF5A) gene as a cause of familial ALS 

(Nicolas et al., 2018). 

Kinesins are a superfamily of microtubule (MT) motor proteins essential for many cellular functions, 

including intracellular trafficking and cell division(Hirokawa & Tanaka, 2015). Kinesin-1 (also known as 

KIF5) is required for neuronal development and function (Aiken & Holzbaur, 2021). The kinesin-1 core is a 

dimer of heavy chains (KHCs), each with an N-terminal motor domain, a hinged coiled-coil stalk, and a 

globular C-terminal tail domain. The motor domain binds MTs in an ATP-dependent manner, and the coiled-

coil domain mediates heavy chain dimerization and conformational changes within the dimer. The C-

terminal domain serves several functions: (1) cargo binding, (2) autoinhibition, and (3) MT sliding/bundling 

(del Castillo et al., 2015). This region regulates cargo binding via binding of kinesin light chains (KLC) and 

adaptor proteins. KLCs 1 and 2 may also associate with the motor to further regulate cargo binding and 
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autoinhibition (Yip et al., 2016). The alternate ATP-dependent stepping of the motor domains drives cargo 

movement toward the plus ends of MTs (Skowronek et al., 2007). There are three kinesin-1 isoforms in 

mammals: KIF5A, KIF5B, and KIF5C. KIF5B is ubiquitously expressed in most mammalian cells, whereas 

KIF5A and KIF5C are neuron specific (Kanai et al., 2000; Miki et al., 2001). Kinesin-1 is responsible for the 

anterograde axonal transport of diverse cargos in neurons including mitochondria, lysosomes, RNA 

granules, and neurofilaments (Hirokawa & Takemura, 2005b). Most cellular kinesin-1 is autoinhibited and 

unable to bind either cargo or MTs(Hackney et al., 2009; Kaan et al., 2011; Yip et al., 2016). Autoinhibition 

is mediated by a direct intramolecular interaction of the motor domain with a short, charged region within 

the C-terminal region, called the isoleucine-alanine-lysine (IAK) motif. In contrast, binding to activators, 

such as JIP1 and FEZ1(Blasius et al., 2007), promotes dimer unfolding and relieves autoinhibition, allowing 

interaction with cargo and the MT track. 

 

III. Results 

 

The C-terminal sequence of mutant KIF5A confers a toxic gain of function 

 

We previously reported that ALS-associated mutations alter the KIF5A tail domain(Nicolas et al., 2018). 

Point mutations located within the splice acceptor and splice donor region of exon 27 lead to the skipping 

of this exon (Fig. 4.1A) resulting in a protein where the C-terminal 34 amino acids (aa) of wild-type KIF5A 

(KIF5AWT) are replaced with a novel 39 aa sequence (KIF5AΔExon27). Additional studies have similarly 

identified exon 27 splice site mutations within ALS and frontotemporal dementia (FTD) patients (Naruse et 

al., 2021; Saez-Atienzar et al., 2020). Furthermore, an additional three ALS-related single-base-pair 

deletions within exon 26 and 27 also predict transcripts with an identical mutant C terminus (Fig. 4.1B) 

(Nicolas et al., 2018). Given the number of charged residues in the C-terminal tail, we examined how the 

mutant sequence might alter the protein’s charge. While the isoelectric point (pI) of the whole proteins 

showed only a modest change (5.65 in KIF5AWT versus 6.12 in KIF5AΔExon27), comparison of the C-terminal 

sequences revealed a dramatic difference in charge (4.14 in KIF5AWT versus 12.13 in KIF5AΔExon27; Fig. 
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4.1C). Based on these observations, we speculated that the mutant KIF5A protein contributes to 

pathogenesis through a toxic gain of function instead of haploinsufficiency. 

To investigate the toxic properties of mutant KIF5A, we compared the survival of primary cortical 

neurons expressing either KIF5AWT or KIF5AΔExon27 via automated longitudinal live-cell imaging (Arrasate & 

Finkbeiner, 2005; Linsley et al., 2019), where the individual lifetimes of large numbers of neurons are 

measured. Cox proportional hazards analysis is then used to generate a hazard ratio (HR) representing an  

 

 

Figure 4.1: ALS-associated KIF5A mutations are clustered to exon 27 resulting in a common toxic C terminus 

mutation. A, KIF5A domain structure. The kinesin light chain domain, the hinge domain, and the regulatory IAK domain 

are indicated. Arrows in the expanded intron/exon diagram indicate the ALS-related mutations. A mutation denoted 

with −14, is positioned 14 bp upstream of exon 27, but still creates the same mutant C terminus. Image created with 

Biorender.com. B, ALS-associated mutations in KIF5A all lead to a common C-terminal tail as indicated in red. 

Positively and negatively charged amino acids are underlined and bolded, respectively. C, Electrostatic surface charge 

distribution images show that the novel mutant C-terminal tail reverses the protein charge density making the mutant 

tail highly positively charged. D, Expression of the KIF5AΔExon27 mutant, but not KIF5AΔC-term, in primary mouse cortical 

neurons leads to increased risk of death compared with KIF5AWT-expressing cells. A representative graph of three 

biological experiments is shown; n = 597 cells for KIF5AWT, n = 212 cells for KIF5AΔExon27, and n = 475 cells for KIF5AΔC-

term in the experiment shown. p = 1.4 x 10−7 by Cox hazard analysis. 
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estimate of the relative risk of death for each cohort of neurons. This methodology has been used 

extensively to study toxic properties of several proteins associated with ALS and other neurodegenerative 

diseases (Barmada et al., 2010, 2014, 2015; Bilican et al., 2012; Skibinski et al., 2014; The HD iPSC 

Consortium, 2012). Expression of KIF5AΔExon27 resulted in an increased HR compared with the wild-type 

protein (HR = 1.69, p = 1.4 × 10−7; Figure 4.1D). This supports, in part, the hypothesis that KIF5AΔExon27 

acts through a toxic gain of function. This toxicity could be due to either the addition of the mutant 39 aa C-

terminal tail or the loss of the wild-type 34 aa from the tail. To distinguish these possibilities, we further 

evaluated the neuronal survival of a wild-type KIF5A protein truncated at aa 998 (KIF5AΔC-term), where the 

wildtype and mutant tail sequences diverge. Our evaluation revealed that neurons expressing KIF5AΔC-term 

survived similarly to those expressing KIF5AWT (HR = 1.04; p = 0.67; Fig. 4.1D). These results suggest that 

the toxic gain-of-function properties of KIF5AΔExon27 are conferred by the mutant C-terminal sequence. 

 

Mutant KIF5A displays altered binding to MTs, distal accumulation, and a dominant-negative effect over 

wild-type KIF5A 

 

Given the C-terminal charge changes and how that might affect inter- and intra-protein interactions, 

we sought to investigate how this mutation might affect KIF5A’s basic function and localization. Usually, 

most KIF5A within cells is cytosolic, unbound from cargo, inhibited by a head-tail association (Cai et al., 

2007; Dietrich et al., 2008; Hackney & Stock, 2000). While inhibited, KIF5A displays a decreased affinity 

for MTs, whereas activation causes a marked increase in the KIF5A-MT interaction (Cai et al., 2007; D. S. 

Friedman & Vale, 1999). We evaluated the ability of the motor to bind MTs by expressing KIF5AWT and 

KIF5AΔExon27 in SKNAS cells and evaluated co-localization to MTs through cellular staining. KIF5AWT 

displayed a diffuse staining pattern with little MT co-localization. In contrast, nearly 60% of KIF5AΔExon27-

expressing cells showed a high degree of colocalization (Fig. 4.2A, B). These results suggest that the effect 

of the ALS-associated mutation is to attenuate autoinhibition of KIF5AΔExon27. Furthermore, we observed  
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Figure 4.2: Mutant KIF5A associates more readily with microtubules, displays microtubule plus-end 

accumulation, and has a dominant-negative effect on wild-type KIF5A A, SKNAS cells expressing V5-tagged 

KIF5AΔExon27 show increased microtubule (MT) co-localization compared with KIF5AWT as demonstrated by V5-KIF5A 

highlighting the MT tracks. Examples of KIF5A (V5; green) and β-tubulin (red) co-localization are indicated by 

arrowheads. Many cells have KIF5AΔExon27-associated MTs with a non-radial pattern (asterisks). Scale bars, 10 µm 

(wide view), 5 µm (enlargement). B, Quantification of the experiment in (A). n = 5 biological replicates are shown with 

p < 0.0001. C-G, Expression of KIF5AΔExon27 results in distal/growth cone accumulation of tagged-KIF5A in transfected 

SKNAS (C), differentiated N2A (E), and PMN cells (G). Scale bars, 20 μm (C), 25 μm (E), and 10 μm (G). D, 

Quantification of the percentage of transfected SKNAS cells in (C) with distal accumulation. n = 5 biological replicates 
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are shown with p < 0.0001. F, HA intensity analysis of the experiment in (E). n = 3 biological replicates are shown with 

n ≥ 60 cells per sample. H, Quantification of the HA signal intensity from the growth cone compared with that of the cell 

body for the PMNs in (G). n = 3 biological replicates are shown with p < 0.0001. I, Representative images of 

differentiated N2A cells transfected with GFP-KIF5AWT and either HA-tagged KIF5AWT or KIF5AΔExon27. Scale bar, 25 

μm. Confirmation of this protein binding is shown in Figure S4.1B. J, Quantification of the GFP intensity along the length 

of the cells in (I) when different forms of HA-tagged KIF5A are present. n = 3 biological replicates with n≥51 cells 

analyzed per sample. Data in (B), (D), and (H) are represented as mean ± SD. Data in (F) and (J) are represented as 

mean ± 95% CI. 

 

that the MT network within KIF5AΔExon27 cells specifically often displayed a non-radial pattern with numerous 

loops (Fig. 4.2A, asterisks). This pattern resembles the MT reorganization seen in cells exposed to 

kinesore, an inducer of kinesin-1 activation (Randall et al., 2017). Finally, we observed distal accumulation 

of KIF5AΔExon27 in a substantial percentage of cells relative to KIF5AWT-expressing cells (50% versus 5%; 

Fig. 4.2C, D), a phenotype observed in vitro with activated forms of KIF5A (Guardia et al., 2016; R. Yang 

et al., 2016). This result was validated in both differentiated Neuro-2A (N2A) cells and primary mouse motor 

neurons (PMNs), where expression of KIF5AΔExon27 resulted in a ~2-fold increase in distally accumulated 

protein (Fig. 4.2E–H). As with the survival assays, the results of KIF5AΔC-term expression paralleled KIF5AWT 

supporting that mislocalization was dependent on the mutant C terminus specifically (Fig. 4.2E, F). 

Kinesin-1 is formed by the dimerization of two heavy chains. We find that KIF5AΔExon27 can 

homodimerize and heterodimerize with KIF5AWT (Fig. S4.1A, B). Based on this, we asked whether 

KIF5AΔExon27 can have a dominant-negative effect on KIF5AWT resulting in mislocalization of both proteins. 

We compared the localization of GFP-KIF5AWT in differentiated N2A cells co-expressing either HA-tagged-

KIF5AΔExon27 or -KIF5AWT. GFP-KIF5AWT displayed increased accumulation within distal neurites when co-

expressed with HA-KIF5AΔExon27, but not when expressed with HA-KIF5AWT (Fig. 4.2I, J). These results 

support the hypothesis that KIF5AΔExon27 can act in a dominant-negative fashion over KIF5AWT.  

 

Mutant KIF5A displays defective autoinhibition 

 

 



100 
 

Figure 4.3: Mutant KIF5A displays qualities of a hyperactive kinesin in axonal transport. A, Schematic 

representation of the single-molecule labeling method used to track KIF5A movement. B, Representative kymographs 

showing the effect of KIF5AΔC−Term, KIF5AΔExon27, and KIF5AK560 mutations on motility compared with KIF5AWT. Scale 

bars, 5 μm (distance) and 5 s (time). C, Quantification of the ratio of processive runs to total binding events for KIF5A. 

n = 3–4 biological replicates with p = 0.0022 for K560 versus wild-type, p = 0.0021 for ΔExon27 versus wild-type and 

non-significant for ΔC-term versus wild-type as determined by the Brown-Forsythe ANOVA with Dunnett’s multiple 

comparison test. D-E, Inverse cumulative distribution functions (CDF) of run length and histogram distributions of 

velocity for KIF5A transport to the MT plus end (n = 652 events for wild-type, 667 events for ΔC-term, 1,074 events for 

ΔExon27, and 660 events for K560 samples). The curves in (D) represent single exponential decay fits. The values in 

(C, E) are mean ± SD. F, Representative kymographs showing the effect of the KIF5AΔExon27 on mitochondrial transport. 

Scale bar, 30 μm (distance) and 30 s (time). G–I, Quantification of mitochondrial transport characteristics. The total 

number of moving mitochondria (G) are reported as well as anterograde mitochondrial velocity (H), and retrograde 

velocity (I). For each experiment n = 3 biological replicates p = 0.017 in (G), 0.032 in (H), and is non-significant (ns) in 

(I). The data represented in (G–I) are mean ± SEM. 

 

KIF5A is autoregulated through the direct intramolecular interaction of the C-terminal IAK motif with 

the N-terminal motor domain. In humans, the IAK domain consists of the amino acids QIAKPIR located at 

residues 917–923. This sequence is located upstream of the aberrant ALS-associated mutant tail, which 

diverges from the wild-type protein at aa 998. Altering this intramolecular interaction, through mutation or 

deletion of the IAK motif, for instance, results in a constitutively active kinesin (Cai et al., 2007). This, in 
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turn, results in increased MT binding (Hackney & Stock, 2000), altered MT dynamics (Randall et al., 2017), 

and accumulation in distal neurites (Seiler et al., 2000). Given the similarities between these observations 

and the KIF5AΔExon27 phenotypes, we hypothesize that KIF5AΔExon27 forms a constitutively active kinesin 

lacking autoinhibition. 

To test this hypothesis, we utilized an in vitro assay to evaluate the MT-based motility of wild-type 

and mutant KIF5A (Fenton et al., 2021a). The transport of KIF5A along dynamic MTs was examined at 

single-molecule resolution using total internal reflection fluorescence (TIRF) microscopy (Fig. 4.3A). For 

this analysis, KIF5AΔExon27, KIF5AWT, KIF5AΔC-term, and a truncated, constitutively active construct 

corresponding to the first 560 aa residues of KIF5A (KIF5AK560) were compared. All KIF5A constructs landed 

on MTs and exhibited processive transport toward the MT plus end (Fig. 4.3B). However, KIF5AΔExon27 

displayed more frequent motile events (77% versus 31% of binding events) and longer run lengths (4.6 

versus 3.6 μm on average) than KIF5AWT. The motile properties of KIF5AΔExon27 were comparable with those 

observed for the constitutively active construct KIF5AK560 (Fig. 4.3C, D). In contrast, the KIF5AΔC-term 

displayed a frequency of motile events and run lengths comparable with KIF5AWT, supporting that the 

mutant C terminus is necessary to disrupt autoinhibition. Of note, the velocity of moving KIF5A molecules 

did not differ among any of the expression constructs (Fig. 4.3E), indicating that the activity of the motor 

domain remains unaltered despite the loss in autoinhibition seen with KIF5AΔExon27. In summary, the 

properties of KIF5AΔExon27 are consistent with an inability to autoinhibit, resulting in a constitutively active 

motor. 

 

Mutant KIF5A expression results in increased movement and velocity of mitochondria 

 

To test how the loss of KIF5A autoinhibition affects neuronal cargo transport, we examined the 

effects of wild-type and mutant KIF5A on mitochondrial transport in PMNs via live-cell imaging. 

Mitochondrial axonal transport is a regulated process that is essential to maintain neuronal integrity. 
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Anterograde transport of mitochondria is primarily driven by kinesin-1 (Hollenbeck & Saxton, 2005; 

van Spronsen et al., 2013). Consistently, mitochondrial transport defects have been associated with 

neurodegenerative diseases, including AD, PD, and ALS (W. Guo et al., 2020; McLelland et al., 2014; 

Millecamps & Julien, 2013; E. F. Smith et al., 2019; Q. Wang et al., 2019). Expression of KIF5AΔExon27 

resulted in a higher percentage of moving mitochondria with an increased anterograde, but not retrograde, 

velocity compared with PMNs expressing KIF5AWT (Fig. 4.3F–I). Of note, velocities measured in the TIRF 

assay (Fig. 4.3E) corresponded to processive runs only, excluding pauses, while mitochondrial transport 

was measured as the average velocity over the course of the experiment and thus is affected by changes 

in either the frequency or durations of pauses. Thus, the increase in average anterograde velocity of 

mitochondria may reflect either an increase in instantaneous velocity or a decreased frequency or duration 

of pauses during transport. Together, these data indicate that expression of KIF5AΔExon27 alters axonal 

transport. 

 

Mutant KIF5A displays altered interactions with proteins and RNA 

 

KIF5A also functions to transport proteins and RNA. The C-terminal region of KIF5A contributes to the 

binding of cargo either directly or through adapters (Cross & Dodding, 2019). With the aforementioned 

structural changes present in mutant KIF5A, we hypothesized that the protein might also exhibit alterations 

in protein and RNA binding properties. To identify differentially interacting proteins, we transfected SKNAS 

cells with V5-tagged KIF5AWT and KIF5AΔExon27 and immunoprecipitated the tagged proteins (Fig. 4.4A; 

Table S4.1). We identified 78 and 21 proteins displaying increased and decreased binding, respectively, to 

KIF5AΔExon27 relative to KIF5AWT. Among the enriched KIF5AΔExon27 interactions were SQSTM1/p62, 

MOV10, and UPF1. SQSTM1/p62 functions in the autophagy pathway and mutations in this protein cause 

ALS/FTD and Paget disease (Duran et al., 2011; Falchetti et al., 2004; Hocking et al., 2004; Laurin et al., 

2002). UPF1 is an RNA-dependent helicase required for nonsense-mediated decay(G. Singh et al., 2008). 

MOV10 is an RNA helicase required for miRNA-mediated cleavage of complementary mRNAs by RISC  
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Figure 4.4: KIF5A binding partners are altered in cells expressing mutant KIF5A. A, Mass spectrometry analysis 

of V5-tagged KIF5AWT and KIF5AΔExon27 bound proteins in SKNAS cells. Venn diagram indicates the number of protein 

binding partners altered in KIF5AΔExon27 mutant immunoprecipitations. Yellow region: proteins that are unique to, or 

have ≥4× increase in the amount bound to, KIF5AΔExon27. Red region: proteins that are absent from, or have ≥4× 

decrease in the amount bound to, KIF5AΔExon27. Orange region: proteins that show no binding preference to either form 

of KIF5A. B, Validation of several Myc-tagged mass spectrometry hits from (A) by western blotting. Capillary western 

blots of MOV10 (upper panel) and UPF-1 (middle panel) show the strong interaction of V5-KIF5AΔExon27, but not 

KIF5AWT. Exposure settings for the capillary western blots were adjusted individually for each band of interest as 

needed for each sample set (samples of the same type; ex:. all of the input samples). A traditional western blot of p62 

(lower panel) also shows a unique interaction with V5-KIF5AΔExon27. Asterisk: the antibody heavy chain pulled down in 



104 
 

the IP. The blot for MOV10, UPF1, and p62 is representative of n = 4, n = 1, and n = 4 biological replicates, respectively. 

C, Pathway analysis on the proteins enriched (upper) and diminished (lower) in the KIF5AΔExon27 mutant mass 

spectrometry sample. D, Analysis of RNAs associated with immunoprecipitated V5-tagged KIF5AWT and 

KIF5AΔExon27 mutant containing complexes. The Venn diagram indicates how many RNAs had altered interactions with 

KIF5AΔExon27 mutant samples as described in (A). E, A volcano plot of RNA immunoprecipitation results sowing 

significantly altered RNA interactors in red. Data are based on n = 2 biological replicates. F, Pathway analysis on the 

RNAs enriched (left) and diminished (right) in the KIF5AΔExon27 mutant sample. See expanded pathway analyses 

in Fig S4.2. 

 

and a mediator of mRNA decay via interaction with UPF1 (Meister et al., 2005; Nawaz et al., 2022). While 

the interaction of KIF5A with these proteins was confirmed by co-immunoprecipitation/western blotting (Fig. 

4.4B), it is interesting to note that all three of these proteins have been found in complex previously 

(Fritzsche et al., 2013; X. Li et al., 2015; Soria-Valles et al., 2016). Pathway analysis of the enriched 

KIF5AΔExon27 interactors (Fig. 4.4C and S4.2A) revealed several categories associated with RNA 

processing, a well-established process associated with ALS pathogenesis (Butti & Patten, 2019). Similarly, 

pathway analysis of proteins with reduced KIF5AΔExon27 interactions included ALS-associated categories of 

protein stabilization and cellular stress response (Parakh & Atkin, 2016), suggesting a downstream 

consequence of altered binding that leads to disruption of cellular homeostasis. 

We next sought to identify differentially bound RNAs using RIP-seq (Fig. 4.4D, E; Table S4.1). 

Here, we identified 1,184 and 303 transcripts that displayed enriched and decreased binding, respectively, 

to KIF5AΔExon27 compared with KIF5AWT. Pathway analysis again revealed several categories related to ALS 

pathogenesis (Fig. 4.4F and S4.2B). KIF5AΔExon27-enriched pathways included nerve growth factor (NGF)-

stimulated transcription, which is related to neurite outgrowth (J. Liu et al., 2007). Pathways that were 

underrepresented in KIF5AΔExon27 samples included interactions between L1 and Ankyrins, synapse 

assembly, and potassium channels. Hyperexcitability is a hallmark of ALS primarily resulting from the 

dysfunction of ion channels (LoRusso et al., 2019). Together, our results demonstrate that KIF5A mutations 

can result in altered protein and RNA interactions associated with ALS-related pathways. 
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Mutant KIF5A expression contributes to altered gene expression and splicing 

 

To circumvent overexpression effects, we created isogenic iPSC CRISPR lines with a 

p.Arg1007Lys (c.3020G>A) mutation (Fig. 4.1A and S4.3A-B). This mutation was chosen because it alters 

an essential splice site sequence and was observed in two distinct familial ALS cases (Nicolas et al., 2018). 

The wild-type parental line (Iso Control) and the heterozygous mutant line (KIF5AR1007K) were differentiated 

into motor neurons (iMNs) and subject to RNA-seq. Evaluation of differentiation markers (Islet/Tuj1) 

revealed a >85% differentiation efficiency of iPSC to mature iMNs, which are ChAT and MAP2 positive by 

DIV15 (Fig. 4.5A–C). The mutant iMNs faithfully recapitulated the skipped exon 27 phenotype seen in 

patients (not shown) and appeared to have a similar level of total KIF5A between the two lines (Fig. S4.3C-

D). Interestingly, the level of wild-type protein in the mutant line was ~65% that of the isogenic control (Fig. 

S3E-F), suggesting there is ~2× more wild-type than mutant protein present in this line.  

While altered interactions, MT transport, and localization of KIF5AΔExon27 may be a direct result of 

constitutive activation, there are several secondary effects that could occur as well. As KIF5AΔExon27 had 

been found to have altered interactions with RNA metabolism-related proteins, we investigated the effects 

of KIF5AΔExon27 on global gene expression. RNA-seq analysis of the iMNs revealed 57 genes displaying 

altered expression (Fig. 4.5D, E; Table S4.2). We evaluated six of these genes by qPCR whose functions 

were related to enriched pathways seen in our protein and RNA studies, including NMJ function, mRNA 

processing, and neurite outgrowth. All tested genes recapitulated the results observed by RNA-seq (Fig. 

4.5E). Pathway analysis of the altered genes (Fig. 4.5F) suggests that, similar to our studies in SKNAS 

cells, expression of ALS-related mutant KIF5A disrupts RNA metabolism within the cell. Because so many 

altered protein interactors are related to mRNA splicing (Fig. 4.4C), we extended our analysis to investigate 

whether splicing was altered between the isogenic iMNs. Differential splicing events were identified with 

the multivariate analysis of transcript splicing method(S. Shen et al., 2014). Using this tool, we identified 

1,919 transcripts with altered splicing compared with the isogenic control iMNs (Fig. 4.6A; Table S4.3). Of 

these, 1,000 exons and 919 exons showed decreased and increased skipping, respectively, in KIF5AR1007K 

lines. Pathway analysis of each of these groups (Fig. 4.6B and S4.4A, B) suggests that this group of altered  
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Figure 4.5: Isogenic iPSCs expressing mutant KIF5A display altered gene expression. A, Patient-derived 

Arg1007Lys mutant KIF5A iPSC line and isogenic control differentiated into motor neurons (iMNs) display the MN 

specific marker, Islet1/2 (red), and Tuj1 (white) at DIV15. Scale bar, 50 μm. B, The differentiation efficiency of KIF5A 

iMNs at DIV15. Data are representative of n = 3 biological replicates where n = 531 control cells and n = 624 KIF5AR1007K 

cells were counted over all experiments. C, Staining for maturity markers in DIV15 control iMNs differentiated by this 

method. At least 100 cells were observed in each of n = 2 biological replicates. Scale bar, 50 μm. D, A volcano plot of 

RNA-seq analysis of the KIF5AR1007K line and isogenic control showing several genes that are differentially expressed 

in the mutant. n = 4 biological replicates. E, Validation of several of the differentially expressed genes in (D) via qPCR. 

n = 3 biological replicates, each experiment run in triplicate with p < 0.0001 by two-way ANOVA. F, Pathway analysis 

of differentially expressed genes in (D). Enriched GO terms recapitulate themes of mRNA processing from previous 

experiments. Data in (B) and (E) are represented as mean ± SD. 

 

genes, as a whole, represents cytoskeletal and transport defects in the cell, both of which are hallmarks of 

neurodegenerative disease (Chevalier-Larsen & Holzbaur, 2006; Eira et al., 2016; W. Guo et al., 2020; 

McMurray, 2000). 

To determine which RNA binding proteins (RBPs) could contribute to the splicing changes, we 

utilized rMAPS2 (Hwang et al., 2020), which evaluates enrichment of binding sites for over 100 RBPs in a 

position-dependent manner in differentially spliced genes. This analysis revealed an enrichment of the 
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Figure 4.6: Nuclear-cytoplasmic transport is disrupted in mutant KIF5A-expressing cells. A, Volcano plot of 

splicing analysis results from RNA-seq experiments showing significantly altered genes in KIF5AΔExon27 iMNs. Red dots 

indicate values with p < 10−10. Data are representative of n = 4 biological replicates. B, Pathway analysis of genes 

where decreased (top) or increased (bottom) exon skipping is observed. The number of affected exons in each group 

are listed in parentheses. See expanded pathway analyses in Figure S4.4. C, Motif mapping identifies enrichment of 

RBM24 binding sites in alternatively spliced genes (p < 10−10). D, Micrographs of SKNAS cells transfected with either 

GFP alone or V5-tagged KIF5AWT or KIF5AΔExon27 (green) and stained for RBM24 (red) show that RBM24 localization 

is altered in KIF5AΔExon27-expressing cells. Scale bar, 20 μm. Cells outlined with yellow dashed lines show examples of 

this phenomena. E, Quantification of the RBM24 staining intensity in the nucleus versus the cytoplasm (N:C) in SKNAS 

transfected cells represented in (D). Graph represents data from 171 KIF5AWT and 176 KIF5AΔExon27 cells collected 

over n = 4 biological replicates with p < 0.0001. F, Max projected micrographs of KIF5AR1007K and isogenic control iMNs 

stained with RBM24 (green), DAPI (blue), and Tuj1 (white) confirm the N:C ratio dysregulation seen in SKNAS cells. 

Scale bar, 5 μm. G, Quantification of RBM24 localization in cells represented in (F). Graph represents data from 116 

isogenic control and 124 KIF5AR1007K iMNs collected over n = 4 biological replicates with p < 0.0001. H, Max projected 

micrographs of KIF5AR1007K and isogenic control iMNs stained with RAN (green), DAPI (blue), and Tuj1 (white) shows 

expression of KIF5AR1007K in differentiated iMNs alters RAN localization in these cells Scale bar, 5 μm. I, Quantification 

of RAN localization in cells represented in (H). Graph represents data from 89 isogenic controls and 92 KIF5AR1007K 

iMNs collected over n = 3 biological replicates with p < 0.0001. Data in (E), (G), and (I) are represented as mean ± 

SEM. 

 

binding motif for RBM24 (Fig. 4.6C), a multifunctional RNA binding protein involved with many aspects of 

mRNA processing and whose function is essential for cell fate decision and differentiation (Jin et al., 2010; 

Lin et al., 2018; Xu et al., 2014; M. Zhang et al., 2018). We speculate that the decrease in RBM24-mediated 

alternative splicing may be due to disruption of RBM24 nuclear: cytoplasmic localization in mutant KIF5A-

expressing cells. This could be directly due to the expression of the mutant protein as we identified RBM24 

RNA as a unique interactor of KIF5AΔExon27 in SKNAS (Table S4.1), and the redistribution of KIF5AΔExon27 

with this RNA bound may result in altered localized translation of RBM24. Alternatively, sequestration of 

other altered protein/RNA binding partners may result in downstream deficits in global nucleocytoplasmic 

transport (NCT) for which RBM24 is a symptom. This hypothesis was evaluated by staining RBM24 in 

SKNAS cells expressing either KIF5AWT or KIF5AΔExon27. Here, we observed that RBM24 has a greater 

cytoplasmic localization in KIF5AΔExon27-expressing cells supporting our position (Fig. 4.6D-E). This result 

was further validated in the KIF5AR1007K iMNs (Fig. 4.6F-G).  

This result could indicate a global NCT defect, so we extended our investigation to examine the 

RAN gradient in KIF5A isogenic iMNs. RAN (ras-related nuclear protein) is a GTP binding protein essential 

for transporting macromolecules through the nuclear pore complex (Matsuura, 2016; Steggerda & Paschal, 
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2002). The presence of RAN in the nucleus and cytoplasm of cells establishes a gradient by which the 

directionality of normal NCT function is determined (Görlich & Mattaj, 1996; Hutten & Dormann, 2020). 

Typically RAN is at a higher density in the nucleus, but compromised NCT can cause higher protein 

elevations in the cytoplasm (Görlich & Mattaj, 1996; Hutten & Dormann, 2020; Kodiha et al., 2004). We 

found that KIF5AR1007K iMNs had more cytoplasmic RAN than the isogenic control (Fig. 6H-I), demonstrating 

that mutant KIF5A perturbs NCT. This is not surprising as dysregulation of NCT has been implicated in 

several neurodegenerative diseases, including ALS, FTD, AD, and HD (Ding & Sepehrimanesh, 2021; 

Hutten & Dormann, 2020). 

 

IV. Discussion 

 

Neurodegenerative diseases represent a complex set of disorders in which there is dire need for improved 

therapeutics. Increased comprehension of the mechanisms underlying these diseases is an essential step 

toward the development of effective therapies. To date, causative mutations in over 30 genes for ALS have 

been identified. Among these, we previously identified several mutations within KIF5A in familial ALS that 

result in a common aberrant C-terminal tail. How these ALS mutations in KIF5A lead to MN death and the 

molecular mechanisms that cause pathology in cells are not understood. We examined the pathogenic 

effects of ALS mutant KIF5A, showing that mutant KIF5A confers a toxic gain of function via its altered C-

terminal tail. Specifically, this mutation causes KIF5A hyperactivity, likely due the negative charge of the 

KIF5AΔExon27 C-terminal tail. It is not understood how a charge reversal could impact the overall structure of 

mutant KIF5A; however, it is known that an adjacent region with a positive charge is essential in maintaining 

the stable tail-head association necessary for KIF5A inactivation (Y. L. Wong & Rice, 2010). 

Defects in axonal transport have long been established as a hallmark feature in neurodegenerative 

diseases (Chevalier-Larsen & Holzbaur, 2006; W. Guo et al., 2020). Of particular interest, C9ORF72 repeat-

expansion results in arginine-rich di-peptide repeats that directly impede dynein and kinesin-1 movement 
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through physical interaction with the axonal transport machinery (Fumagalli et al., 2021). The data 

supporting the distal accumulation of KIF5A and increased movement of cargo, raises the possibility that 

mutant KIF5A may lack re-cycling properties and that mitochondria and other cargo accumulate distally. 

Since mitochondria are an important cellular organelle for cell health and function, their abnormal neuronal 

location could possibly lead to cellular toxicity and death. 

Mutant KIF5A displays aberrant binding to several proteins. Pathway analysis revealed that altered 

binding interactions influence RNA processing-related pathways. These pathways are well established as 

contributing to ALS pathogenesis. Among the proteins displaying increased binding to mutant KIF5A are 

UPF1 and MOV10. UPF-1 and MOV10 are RNA helicases that are important for non-sense-mediated 

decay. Interestingly, Barmada et al. (2015) showed that expression of either UPF-1 or MOV10 resulted in 

reduced cell death in mutant TDP-43-expressing primary neurons (Barmada et al., 2015). This suggests 

that UPF-1 and MOV10 might be critical proteins to maintain overall cell health and survival. Mutant KIF5A 

also displayed increased binding to p62/SQSTM1. Mutations in p62/SQSTM1 are a cause of familial ALS 

(Fecto et al., 2011). Knockout of p62/SQSTM1 in mice results in neurodegeneration (Ramesh Babu et al., 

2008) and reduced levels of p62 in a zebrafish model cause ALS-like phenotypes (Lattante et al., 2015). 

These results suggest that the binding to mutant KIF5A inactivates these proteins from performing their 

normal function. However, further studies are needed to determine the mechanisms by which KIF5A binding 

leads to their inactivation. 

Mutant KIF5A also displays altered interactions with RNA species. Pathways associated with RNAs 

displaying increased binding include NGF-transcription, supporting neuronal survival, MT assembly, and 

homeostatic processes. We further reported that EGR1 and FosB mRNA display a high level of enrichment 

of mutant KIF5A binding. EGR1 is highly expressed in the brain, regulates pathways involved in synaptic 

plasticity and maintains synaptic homeostasis at the neuromuscular junction (MacDonald et al., 2017). 

Interestingly, EGR1 knockout mice show decreased limb muscle strength affecting motor functions (Jones 

et al., 2001). FosB RNA has previously been shown to interact with UPF1 and this binding is enhanced in 

epileptic samples (Mooney et al., 2017). Intriguingly, FosB displays increased binding to mutant FUS. 
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Furthermore, increased axonal branching results from mutant FUS can be rescued by reducing the 

expression of FosB RNA (Akiyama et al., 2019).  

Here, we have shown that ALS-associated mutations result in a loss of autoinhibition leading to 

disease pathogenesis. Remarkably, there are several examples of disease-causing pathogenic mutations 

within a kinesin gene that result in hyperactivation. Heterozygous KIF21A mutations, which heavily occur 

in its third coiled-coil domain with a few in the motor domain, result in the ocular motility disorder congenital 

fibrosis of the extraocular muscles type 1 (Yamada et al., 2003). Interestingly, autoregulation of KIF21A is 

accomplished through interaction of these domains and the pathogenic mutations within both domains 

relieve autoinhibition. Mutant KIF21A displays several characteristics of ALS-associated mutant KIF5A 

including increased binding to MTs, axonal growth cone accumulation, altered MT dynamics, and an 

increased frequency of movements upon MT binding. Missense mutations in the KIF21B gene result in 

neurodevelopmental delays and brain malformations. Pathogenic mutations within a region of the second 

coiled-coil domain regulate autoinhibition through the intramolecular binding to the motor domain (van Riel 

et al., 2017). Mutations in KIF21B relieve autoinhibition enhancing binding to MTs and motor activity 

resulting in impaired neuronal migration (Asselin et al., 2020). Numerous mutations in KIF1A are associated 

with various neuronal diseases and intellectual disabilities. At least 10 point mutations in KIF1A lead to 

hereditary spastic paraplegia and, in general, are thought to inhibit motor activity. Chiba et al. (2019) 

demonstrated that a subset of mutations results in hyperactive KIF1A, resulting in overactive transport of 

synaptic vesicle precursors (Chiba et al., 2019). The kinesin KIF22 contributes to the alignment of the 

chromosome during mitosis. Heterozygous mutations in KIF22 result in spondyloepimetaphyseal dysplasia 

with joint laxity, leptodactylic type (Boyden et al., 2011; Min et al., 2011). Pathogenic mutations in KIF22, 

observed in two adjacent amino acids in the motor domain or a single amino acid within the coiled-coil 

domain, disrupt chromosome segregation in anaphase. Expression of a constitutively active KIF22 displays 

similar properties, suggesting that these mutations attenuate the autoinhibition of KIF22. There is also 

suggestive evidence that mutations in KIF7 that relieve autoinhibition may contribute to human disease 

(Blasius et al., 2021). Taken together, mutations that attenuate or abolish the autoinhibition may represent 

a converging mechanism of pathogenesis for kinesin-associated diseases. 
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Limitations of the study 

 

It should be noted that several of the experiments leading to the conclusion that ALS-related 

mutations in KIF5A attenuate autoinhibition and alter protein/RNA binding are based on the overexpression 

of mutant KIF5A within cell lines. Overexpression systems do have their shortcomings, although in some 

cases they are necessary to recapitulate a disease phenotype within the general limitations of experiments. 

Nonetheless, they do not necessarily reflect the true cellular environment with patients carrying KIF5A 

mutations. Here, we have supplemented our investigation with the development of isogenic iPSC lines 

harboring a KIF5A mutations. However, our investigation did not directly address whether several of the 

aberrant KIF5A functions observed in our cellular in vitro overexpression system are recapitulated within 

the mutant iMN lines. Further studies will be focused toward accomplishing this goal. 

 

V. Methods 

Immortalized and primary cell culture 

SKNAS human neuroblastoma cells (ATCC) were maintained at 37C with 5% CO2 in Dulbecco’s modified 

Eagle’s medium (DMEM, Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS) (MediaTech), 2 mM L-glutamine (Gibco) and 1% (v/v) penicillin and streptomycin solution (Gibco). 

COS-7 cells (ATCC, CRL-1651) were maintained in DMEM supplemented with 10% (v/v) FBS and 2 mM 

glutamax (GIBCO). N2A cells (ATCC) and HEK293FT cells were maintained at 37°C with 5% CO2 in 

standard growth media DMEM (Sigma) supplemented with 10% (v/v) FBS (Corning) and 1% (v/v) penicillin 

and streptomycin solution (Fisher). All biological replicates were done on cells from the same passage and 

N2A cells were discarded after passage 30. For differentiation, N2A cells were maintained in differentiation 

media: DMEM supplemented with 1% FBS, 10 μm all trans Retinoic Acid (Sigma), and 1% (v/v) penicillin 

and streptomycin solution (Fisher). Primary mouse cortical neurons (E14–16) were isolated from C57BL/6 

mice and cultured as described previously (Giampetruzzi et al., 2019). Briefly, primary cortical neurons 

were plated on poly-D-lysine (0.125 mg/mL, Sigma-Aldrich P7280–5X5MG) and natural mouse laminin 
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(5mg/mL, Corning 354232) coated 384-well plates at 300,000 cells/mL and grown at 37C and 5% CO2 in 

Neurobasal medium (Gibco 12348–017) supplemented with 2% B27 (Gibco 17504–044) and 1% Glutamax 

(Gibco 35050061). PMNs from C57BL/6 mice were isolated and cultured as described previously(Fallini et 

al., 2010). Briefly, PMNs (E12.5) from C57BL/6 mice were plated on poly-D-L-Ornithine (Sigma) coated 

coverslips that were painted with laminin (Invitrogen) right before plating. Cells were grown at 37°C and 5% 

CO2 in MN media (Neurobasal, 0.5 mM Glutamax, 2% horse serum, 2% B27, 10 ng/mL BDNF, CNTF, and 

GDNF, 0.04% β-mercaptoethanol) until the day of the experiment. All animal experiments were conducted 

in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at UMASS 

Medical School (Protocol #PROTO201900275). Embryos from pregnant adult female mice were used for 

these experiments. 

IPS cell culture and differentiation 

iPSCs were maintained and differentiated into motor neurons using induction protocols described in a 

methods paper previously (Fernandopulle et al., 2018) with a few modifications. First the cells were replated 

after induction at lower densities than described, approximately 52,000/cm2. Second, the induced cells were 

replated on a 1:1 mixture of 1X PDL:PLO, the latter being diluted from the described 10x stock in ultrapure 

water (Invitrogen). Third, the incubation in IM media + BrdU was extended to 72 h. Finally, the MN media 

was made with the Neurobasal Plus system components (Invitrogen) and was refreshed every 2–3 days 

with ½ volume media changes until the day of the experiment. The iPSC lines harboring the KIF5AR1007K 

heterozygous mutation were CRISPR engineered from the ASE9109 line (Isogenic control) by Applied Stem 

Cell (Milpitas, California). All iPSC lines used were confirmed to have a normal karyotype (Quest 

Diagnostics) prior to making inducible lines. 

Creation and characterization of KIF5A NIL iPSC lines 

The CYBL1 targeting NIL cassette used to create the inducible cell lines (a gift of Dr. Ward) (Fernandopulle 

et al., 2018) had been modified to contain a blasticidin selection marker. To transfect the cassette into IPS 

cells, the cells were grown to 80% confluency before dissociating them to single cells with accutase and 

plating 50,000 cells into a Matrigel (Corning) coated wells of a 24-well plate (one well for each line made) 
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in Stemflex media (Invitrogen) + 10uM ROCK inhibitor (RI, Selleck Chemicals). The next day, the media 

was refreshed and the cells were incubated at 37°C for 1h before transfection. The RNP complex solution 

was made by mixing the following per well to be transfected: 3 μl of 1 μM sgRNA (Synthego, 

ATGTTGGAAGGATGAGGAAA) + 3 μl of 1 μM Hifi Cas9 (IDT) + 19 μl of OptiMEM1 (Invitrogen) and 

incubating at RT for 5 min. After the incubation, 500 ng of the NIL cassette construct was added to the RNP 

complex solution and mixed by pipetting. In a second tube, 25 μL of OptiMEM1 (Invitrogen) + 1 μl 

Lipofectamine STEM (Invitrogen) was mixed by flicking the tube. The contents of the latter tube were added 

to the former tube, mixed by flicking the tube, and incubated at RT for 10 min. During the incubation, the 

Stemflex + RI media was removed from the wells and replaced with 0.5 mL of OptiMEM1+ RI. After the 

incubation, 50 ul of the transfection mix was added to each well to incubate at 37°C for 4 h until 0.5 mL of 

Stemflex media (Invitrogen) was added. At 1 day post-transfection (dpt) the cells were dissociated to single 

cells with accutase and plated in 3 wells of 6 well Matrigel-coated plate in 50% serial dilution series in 

Stemflex + RI. At 2 dpt, the Stemflex media (Invitrogen) was replaced with media containing 25ug/mL 

blasticidin (RPI international) to select for positive transductants. The selection media was refreshed every 

two days until the remaining cells established colonies. Blasticidin-resistant colonies were scored for the 

percentage of mApple + transformants present. Colonies that were ≥90% mApple+ were selected for 

expansion and further validation. DNA was collected from IPS cells using a 15% Chelex w/v (Sigma) in 10 

mM Tris, 0.1 mM EDTA, pH 8.0 and heated at 100°C for 20 min. NIL-IPS lines were validated for integration 

of the NIL cassette as described previously(Fernandopulle et al., 2018), using AmpliTaq Gold 360 master 

mix (Thermo Fisher Scientific) and an annealing temperature of 55°C. Stem cell identity of the NIL lines 

was confirmed by immunofluorescence staining of the pluripotency markers Oct4 and Sox2 (see below) 

and normal Karyotype was confirmed thorough diagnostic testing (Quest Diagnostics). 

Plasmids used for this study 

The KIF5AWT, KIF5AΔExon27, and KIF5AΔC-term constructs in the N-terminal GFP tagging plasmid, peGFP-C1, 

were used to make the other tagged versions of KIF5A. In each case, the GFP tag was removed and the 

V5 or HA tag was inserted via Gibson assembly. The pMyc-MOV10 plasmid was acquired from Addgene 

(#10977). The Myc-tagged UPF1 construct was made in a 2-step Hifi Assembly process. First, MOV10 was 
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removed from the aforementioned plasmid with SalI/NotI digest. Using the UPF1-GFP construct (Addgene, 

17708) the UPF1 gene + 20 bp overhangs homologous to the digested pMyc plasmid were PCR amplified. 

The UPF1 PCR product was inserted into the pMyc plasmid using the Hifi Assembly kit (New England 

Biolabs) following the manufacturer’s instructions. To correct a deletion of a GC-rich region in the N-terminal 

portion of UPF1 created by the PCR amplification, a second round of Hifi Assembly was done. The 

intermediate construct was digested with SalI to remove the mutated N-terminal portion of the gene and a 

gblock with the correct sequence was constructed (IDT) and inserted into the digested construct using a 

Hifi Assembly kit (New England Biolab). Myc-p62 was created by subcloning the p62 gene from a p62-HA 

construct (Addgene, 28027) into the pMyc plasmid. A SalI and NotI restriction site were PCR amplified onto 

the N- and C-terminus, respectively, of the p62 gene and then subcloned into a SalI/NotI digested pMyc 

plasmid backbone. All constructs were confirmed through sequencing and prepped with a Maxi prep kit 

(Qiagen) following the manufacturer’s instructions. To generate pCDNA3.1 N-terminal GFP -tagged KIF5A 

constructs for N2A experiments, eGFP was first cloned by PCR and ligated into Nhe1/BamH1 sites. 

Subsequently, the CDS of human KIF5A was cloned from pWBC (Addgene clone #15239) and ligated in 

frame with eGFP into the BAMH1/Xba1 sites. To make N-terminal HA-tagged KIF5AWT, KIF5AΔExon27, and 

KIF5AΔC-term, HA sequence was added by inclusion into the forward primer for KIF5A variants by PCR and 

this sequence was ligated into the Nhe1/BamH1 sites of pCDNA 3.1 (+). A flexible linker (GGSGx2) was 

added to all constructs by addition to the forward primer for the KIF5A CDS. All constructs were sequenced 

and prepped with Invitrogen PureLink HiPure Plasmid Midiprep Kit. To generate Myc- and Halo-tagged 

KIF5A constructs, a C-terminal Halo tag was first cloned by PCR and ligated into HindIII/ AflII sites in the 

pRK5:Myc-KIF5A vector (Addgene clone #127616). The KIF5AWT, KIF5AΔExon27, and KIF5AΔC-term, and 

KIF5AK560 sequences were then subcloned into the pRK5 vector using EcoNI/AflII sites. 

KIF5A survival experiments 

On DIV5, immediately prior to transfection, all the conditioned neurobasal medium was removed, saved, 

and replaced with 25μL pre-warmed OptiMEM serum-free media (Invitrogen 11058021). Transfection was 

done with 0.05% Lipofectamine 2000 (Invitrogen 11668019) and 28 ng DNA for 3.5 h at 37°C. A ratio of 7:1 

was used for KIF5A and tdTomato vectors. After incubation, cells were washed once with pre-warmed 
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neurobasal medium and a 1:3 mix of conditioned to fresh complete medium was added. Cells were imaged 

using the BioTek Cytation 5 multi-mode plate reader every 24 h. The plate was incubated at 37°C and 5% 

CO2 between imaging runs with the BioTek BioSpa automated incubator. For the survival analysis, images 

were exported from the Cytostation 5 and aligned using Image J. Analysis was performed using custom 

python scripts and machine learning libraries from TensorFlow and Keras. Two different convolutional 

neural networks (CNN) were trained to perform the survival analysis. Cortical neurons were detected at the 

first timepoint using the YOLOv2 algorithm which was trained to identify primary cortical neurons. The health 

of the identified cells was examined at all other timepoints using DenseNet201 which was trained to classify 

cells as alive or dead. The results from the CNN analysis were exported to a CSV file and processed using 

R stats. All analysis was performed using Google Collaboratory. 

Immunofluorescence 

For KIF5A localization in SKNAS cells were grown to 75% confluency then media was removed and 

replaced with fresh media. After an 1 h incubation at 37°C, the cells were transfected with Lipofectamine 

2000 (Invitrogen) using a DNA:Lipo ratio of 3 μg:8 ul per 6 well according to the manufacturer’s instructions. 

Twenty-four hours after transfection, the cells were fixed in 4% PFA for 15 min at RT then gently rinsed 

with 1X PBS. After removing the PBS, the coverslips were blocked in PBSAT (1X PBS+ 1% BSA+ 0.5% 

Triton X-100) for at least 1hr. Subsequent antibody incubations on the coverslips were done for 1 h with the 

antibodies diluted in PBSAT. Between antibody incubations, the coverslips were washed with PBSAT. After 

the final antibody incubation, the coverslips were washed with PBSAT followed by 1X PBS. The coverslips 

were rinsed in water and mounted on slides using Prolong Gold + DAPI (Invitrogen). All steps were carried 

out at room temperature. For V5-tagged KIF5A localization experiments, 1:1000 mouse anti-V5 (Invitrogen) 

and 1:200 rabbit anti-β-tubulin (Cell Signaling, 9F3) antibody was used. Nucleocytoplasmic staining used 

the following antibodies: 1:200 rabbit anti-RBM24 (Thermo Fisher) and 1:200 rabbit anti-RAN (Bethyl Labs) 

antibody. IPS and I3 MN were stained using the same method as the SKNAS cells with the following 

markers: 1:1000 mouse anti-Sox2 (R&D Systems), 1:1000 mouse anti-Oct4 (R&D Systems) and 1:500 

mouse anti-Islet1/2 (Developmental Studies Hybridoma Bank). For I3 maturity marker staining, the following 

primaries were incubated overnight at 4°C: 1:200 goat anti-ChAT (Millipore), and 1:2000 rabbit anti-MAP2. 
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All other primary antibodies were incubated with the cells for 1 h at RT. Host matched secondary antibodies 

(Jackson Immunoresearch) were diluted 1:1000 in PBSAT (1X PBS +1% BSA + 0.5% Triton X-100) and 

incubated for 1 h at room temperature. Cy5-conjugated Tuj1 (Biolegend) was applied to I3 neurons at 1:400 

for 1 h at ambient temperature following secondary antibody incubations. Cells were mounted in ProLong 

Gold anti-fade reagent with DAPI (Invitrogen). 

For KIF5A localization in N2A cells, they were plated at a density of 4.5 x 105 cells in 35 mm dishes 

24 h before transfection using Lipofectamine 3000 (Invitrogen) per manufacturer instructions. 2.5 

micrograms of DNA was used for all experiments and for cotransfection of GFP-KIF5AWT along with HA-

KIF5A variants a 1:1 ratio was used. At 24 h after transfection, the cells were trypsinized and replated on 

Poly D-Lysine (Sigma) coated glass coverslips at a density of 1.5 x 105 cells in a 35 mm dish. The cells 

were grown in standard growth media for 24 h and differentiation was performed by switching the media to 

differentiation media for an additional 48 h. Cells were fixed in 4% Formaldehyde diluted in 1X PBS for 10 

min at RT. Cell were blocked using 1% BSA in 1X TBS with 0.1% Triton X-100 for 1 h at RT. HA staining 

was performed using mouse monoclonal HA antibody CA 215 for 1 h at RT and anti-mouse secondary 

antibodies for 1 h at RT: for expression alone FITC (Jackson) and for co-expression experiments TRITC 

(Jackson). Coverslips were mounted onto a glass slide using mounting media (Calbiochem Mowiol Reagent 

added to Glycerol and diluted in PBS). For KIF5A localization staining in PMNs, DIV2 PMNs were 

transfected with HA-KIF5A plasmids and TdTomato plasmid using 1.75 μL NeuroMag reagent (OZ 

Biosciences) + 0.5 μg DNA. Complete growth medium was replaced with serum-free neurobasal medium 

1 h prior and removed 1 h after transfection. At DIV6 cells were fixed with 4% PFA Fixed motor neurons 

were treated with hot 10 mM citrate buffer, pH 6 for 20 min before permeabilization with 0.25% Triton X-

100 for 10 min. Cells were blocked with 5% BSA for 40 min and hybridized with the appropriate antibodies 

overnight at 4°C. Anti-mouse (Jackson, 488) and anti-rabbit (Jackson, 647) secondary antibodies were 

hybridized for 1 h at room temperature. Coverslips were mounted onto a glass slide using Prolong Gold 

mounting medium (Thermo Fisher).  
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KIF5A localization in SKNAS cells 

Cells were imaged in stacks with a 0.3 mm step size using a Leica DMI6000 widefield microscope with a 

63x lens. For KIF5A MT association and plus-end accumulation, the percentage of transfected cells (V5 

positive) with these characteristics were counted in a blinded fashion by two separate observers. KIF5A 

localization in PMNs: Cells were imaged using a Nikon TiE widefield microscope with a cooled CMOS 

camera (Andor Zyla) using a 320 lens. Immunofluorescence images were deconvolved using an adaptative 

blind deconvolution algorithm (Autoquant X3, Media Cybernetics) before analysis. To measure 

fluorescence intensities, the signals were thresholded and the resulting integrated densities were 

normalized on the area of the selected region (e.g., growth cone, nucleus). The axon was identified as the 

longest neurite processing from the neuron, with the growth cone determined by morphology at the axon 

terminal of the axon, using the TdTomato signal. Thresholds were kept consistent for all images within 

experiments. For all experiments, values were normalized to HA-KIF5AWT. KIF5A localization in N2A cells: 

Cells were imaged using a Nikon Eclipse Ti widefield microscope with an X-Cite LED1 light source and 

Photometrics Prism 95B camera. Images were taken the 40X lens at 1.5X magnification with stacks at a 

0.3 μm step size. Exposure was kept consistent for all images within experiments. Analysis was performed 

in blinded fashion. FIJI was used to generate maximum intensity projections and plot profile analysis was 

performed as previously described (Lu et al., 2018, 2020). In brief, a segmented line (width 1) was drawn 

from the edge of the cell nucleus to the tip of the longest neurite and the plot profile command was entered. 

The data output containing mean gray value along various distances along the line is saved. A MATLAB 

script was used to normalize the distance from minimum 0 to maximum of 100 and intensity from minimum 

0 to maximum 1 and is available upon request. Sub-analysis was performed by stratifying the data 0–50 

(soma and proximal neurite), 51–100 (distal neurite) followed by identifying the maximum normalized 

intensity in each of these 2 segments using the max function. N:C ratio analysis: Cells were imaged using 

a 63x lens on a Leica DMI6000 widefield microscope. Cells were imaged in a stack with a 0.3 μm step size 

through the entire cell. Sum projections of the stacks were created and a 20 × 20-pixel ROI was used to 

capture mean intensity measurements. One ROI was placed in the center of the nucleus avoiding nucleoli 

(nuclear mean), one was placed in the cytoplasm adjacent to the nucleus (cytoplasmic mean), and one was 
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placed in a region of the field of view that lacked cells (for background subtraction). DAPI and Tuj1 staining 

was used to define the nuclear and cell body borders, respectively. The mean intensity of the background 

ROI was subtracted from the nuclear and cytoplasmic ROIs then a ratio of nuclear/cytoplasmic mean 

intensity was calculated. 

Single-molecule KIF5A assay 

Cells were transiently transfected with Fugene 6 (Roche) according to the manufacturer’s instructions and 

harvested 20–24 h post-transfection. COS-7 cells expressing Halo-tagged KIF5A constructs were labeled 

with 2.5 μM TMR-Halo ligand (Promega) for 15 min in the culture medium. Cells were then washed 2x with 

Ca2+- and Mg2+-free Dulbecco PBS (GIBCO), returned to the culture medium, and left in the incubator for 

30 min. The cells were then washed 2x with PBS, collected in PBS, and centrifuged at 5,000 x g for 5 min. 

The resulting cell pellet was resuspended in a solution containing 40 mM HEPES, 1 mM EDTA, 120 mM 

NaCl, 0.1% Triton X-100, 1 mM DTT, and 1 mM magnesium ATP (pH 7.4) supplemented with protease 

inhibitors (1 mM PMSF, 0.001 mg/mL pepstatin A, 0.01 mg/mL leupeptin, and 0.01 mg/mL Nα-p-tosyl-L-

arginine methyl ester) and left on ice for 10 min. The lysate was then clarified at 17,000 × g at 4°C for 10 

min. MT seeds were made by combining unlabeled tubulin with HiLyte488-labeled tubulin (Cytoskeleton) 

in BRB80 buffer (80 mM PIPES, 1 mM EGTA, and 1 mM MgCl2 (pH 6.8)) at a 1:20 ratio of labeled to 

unlabeled tubulin and a final concentration of 50 μM. This tubulin mixture was clarified at 352,000 × g for 

10 min at 4°C. The resulting supernatant was then incubated with 1 mM GMPCPP at 37°C for 30 min to 

polymerize and stabilize MTs. A mixture of soluble tubulin was prepared by combining a 1:20 ratio of 

unlabeled to HiLyte488-labeled tubulin as above. This tubulin mixture was clarified at 352,000 × g for 10 

min at 4°C and left on ice. Flow chambers were constructed by attaching #1.5 glass coverslips (Warner) to 

glass slides (Fisher Scientific) with double-sided tape. Coverslips were cleaned via sonication in acetone, 

potassium hydroxide, and ethanol, plasma cleaned and silanized with PlusOne Repel-Silane (GE 

Healthcare) to reduce nonspecific binding. Flow chambers were first incubated with 0.5 μM rigor kinesin-

1E236A for 5 min, then washed and blocked with 5% Pluronic F-127 (Sigma) for 5 min. After blocking, a 1:200 

dilution of GMPCPP-stabilized MTs was flowed into the chamber and allowed to incubate for 2 min. The 

chamber was then washed with P12 buffer (12 mM PIPES, 1 mM EGTA, 2 mM MgCl2) to remove unbound 
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MTs. A final solution containing 1 mM Mg-ATP, 1 mM Mg-GTP, 10 μM soluble tubulin mixture, and 1:20 

cell lysate in Dynamic Assay Buffer (P12, 0.3 mg/mL BSA, 0.3 mg/mL casein, 10 mM DTT, 15 mg/mL 

glucose, 0.05% methylcellulose) and an oxygen scavenging system (0.5 mg/mL glucose oxidase, 470 U/mL 

catalase; Sigma) was flowed into the chamber. The chamber was then moved to 37°C and allowed to 

thermally equilibrate for ~5 min before video acquisition. For each chamber, three to five videos lasting 3 

min were acquired at 37°C. The KIF5A channel was acquired at 4 frames/second and the MT channel was 

acquired at 1 frame every 10 s. Imaging was performed on a Nikon Eclipse Ti Inverted Microscope equipped 

with an Ultraview Vox spinning disk TIRF system and 100 x 1.49 NA oil immersion objective (Nikon). Signals 

were collected using a Hamamatsu EMCCD C9100–13 camera, with a pixel size of 158 nm, controlled by 

Volocity software (PerkinElmer). Kymographs of the KIF5A channel were generated by plotting a 

segmented line along each MT at its maximum length using the Multi Kymograph macro in ImageJ. The 

plus-end of each MT was identified as the end with higher growth rates and catastrophe throughout the 

video. Kymographs were manually analyzed to determine the number of binding events and processive 

runs. Non-motile binding was defined as any particle that associates with the MT for at least 1 s (4 frames) 

and has a displacement of less than 4 pixels (632 nm). Processive motility was defined as any particle that 

associates with the MT for at least 1 s (4 frames) and displays unidirectional movement for a minimum of 4 

pixels (632 nm). Each processive segment was analyzed as a separate run for particles that exhibited 

pauses of at least 1 s between processive movements.  

Mitochondrial trafficking 

Primary motor neurons (DIV2) were co-transfected using NeuroMag paramagnetic nanobeads (Oz 

Biosciences) with the dsRed-mito reporter (Clontech) and different untagged KIF5A constructs in a 1:2 

ratio. Briefly, complete neuronal medium was removed 1hr prior to magnetofection and replaced with 

serum-free Neurobasal/B27 medium. 0.5mg plasmid DNA was added and incubated with 1.75 μl NeuroMag 

beads in 100μl minimum essential medium (MEM) for 15 min, then added drop wise to cultures. Cell plates 

were then placed on top of a magnetic plate (Oz Biosciences) for 15 min. After 1hr, complete Neurobasal 

medium was added back to cells. Twenty-four hours after transfection, cells were imaged using a widefield 

fluorescence microscope (Nikon) equipped with a 20x objective. Time lapses were acquired with a frame 
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rate of 1 frame/second for a duration of 2 min. Analysis of mitochondria movement was performed on a 100 

mm proximal axonal fragment using the Image J plugin Mtrack J (Meijering et al., 2012). 

Immunoprecipitations 

For transfection of the IP constructs, SKNAS were handled as described under the immunofluorescence 

section. For co-transfections, the DNA amount was divided equally between the constructs. The constructs 

were allowed to express for 24 h before harvesting in DHL buffer(G. Singh et al., 2014) + protease inhibitors 

(Roche). The protein concentration of the lysates was determined by the Pierce BCA Protein Assay kit 

(Thermo Fisher) per the manufacturer’s instructions. V5-antibody conjugated magnetic beads (MBL), were 

washed 3x with 1X PBS+0.1% Tween 20 (PBS-T) before combining it with lysate in a 1μL:2 μg ratio (ex. 

100μl of beads for 200 μg of lysate). The IP was incubated overnight at 4°C before collecting the flow-

through (FT) and washing the beads 3x with PBS-T. For immunoprecipitation confirmation proteins were 

eluted in 2X loading sample buffer (Boston Bio) by boiling. For mass spec identification of KIF5A binding 

partners, the proteins were eluted by incubating the beads twice in 30ul of soft elution buffer(Antrobus & 

Borner, 2011) for 10 min at 28°C in a thermomixer set to 1,000 rpm. Elution samples were sent to the 

UMASS Medical School Mass Spectrometry facility for preparation and mudpit analysis. To identify the 

RNA binding partners, 0.2 U/μL SUPERase In (Invitrogen) was added to DHL and PBS-T buffers before 

their use. During the final wash 10% of the bead/wash solution was set aside for QC analysis with input 

and FT samples. RNAs were isolated from the IP beads by incubation in DHL buffer + SUPERase In + 

0.1% SDS + 0.3 μg/μL PCR grade Proteinase K (Fisher Scientific) for 30 min at 55°C in a thermomixer set 

to 300 rpm. The resulting supernatant was separated from the beads and the RNA extracted using Trizol 

reagent (ThermoFisher Scientific) according to the manufacturer’s instructions. The final RNA sample was 

resuspended in 5ul of nuclease-free water and sent to the Yale Genomic Core, where 2 ng of each sample 

was used as input RNA for library construction and sequencing. 

For the KIF5A interactions, V5- and HA-tagged KIF5A interactions were confirmed by 

immunoprecipitation as described above. For interaction of GFP-tagged KIF5A with HA-tagged KIF5A, 

transfection of HEK293FT cells was performed by calcium phosphate method. pCDNA 3.1 (+) GFP 
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KIF5AWT was transfected either alone or in equal amounts with pCDNA 3.1 (+) HA-KIF5AWT, HA-

KIF5AΔExon27, or HA-LIC. Pulldown by GFP binder was performed as described previously(Lu et al., 2018). 

Briefly, HEK293FT cells were harvested 48 h post-transfection in 500μl of 10 mM Tris buffer, pH 7.4, 

containing 150 mM NaCl, 0.5 mM MgCl2 and protease inhibitor cocktail. After homogenization, 1% Triton 

X-100 was added to the solution and was centrifuged at 5,000xg at 4°C. Soluble fractions were incubated 

for 4 h at 4°C along with 30μl single-chain GFP antibody conjugated Sepharose beads (Gift from Vladimir 

Gelfand Lab). Beads were washed in the same buffer as above, minus Triton X-100, and resuspended in 

30–50μL Laemmli sample buffer. Samples were boiled for 5 min and subsequently analyzed by Western 

blotting. 

Mass spec analysis 

Immunoprecipitated elution samples were analyzed by LC-MS/MS at UMASS Mass Spectrophotometry 

Facility. Raw data was processed using Thermo Proteome Discoverer 2.1.1.21 (Thermo Fisher Scientific 

Inc.) pipeline. The database search was performed by Mascot Server 2.6.2 (Matrix Science Ltd) search 

engine using the following search parameters: Homo Sapiens Swiss-Prot database FASTA file (download 

04/2019); trypsin digestion with 2 maximum missed cleavages; the precursor mass tolerance of 10 ppm for 

the monoisotopic mass, and the fragment mass tolerance of 0.05 Da; carbamidomethylation of cysteine 

specified as the fixed modification and peptide N-terminal acetylation, methionine oxidation, N-terminal 

glutamine to pyroglutamate conversion specified as a variable modifications. Peptide and protein validation 

and annotation was done in Scaffold 4.10.0 (Proteome Software Inc.) employing Peptide Prophet (Keller et 

al., 2002) and Protein Prophet (Nesvizhskii et al., 2003) algorithms. Peptides were filtered at a 1% FDR, 

while the protein identification threshold was set to greater than 99% probability and with a minimum of 2 

identified peptides per protein. Normalized iBAQ (Schwanhäusser et al., 2011) values were assigned to 

identified proteins for the quantitative comparison. The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner 

repository with the dataset identifier PXD031012 and 10.6019/PXD031012. Pathway analysis was 

completed using Metascape (Zhou et al., 2019). 
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Differential gene expression and alternate splicing RNAseq analysis 

RNA samples were extracted and sequenced on an Illumina HiSeq2000 instrument at the Yale Center for 

Genome Analysis. The sample sequences were checked for overall quality and possible adapter 

contamination using FastQC (available at https:// www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

MultiQC(Ewels et al., 2016) tools. The read length was 101 and 151 for KIF5A RNA-Seq and RIP-Seq data, 

respectively. FASTQ files were mapped to the GRCh38 genome using STAR aligner (2.7.0a) (Dobin et al., 

2013) in two-pass mode with the splice aware option. In particular, -outSAMtype BAM SortedByCoordinate 

was used to produce sorted bam and –sdjbOverhang 100 for optimal splice junction overhang length. Read 

counts were computed for each transcript based on gencode version 33 annotation using HTSeq (Anders 

et al., 2015) tool in strand-specific mode. After generating HTSeq counts, Differential expression analysis 

was performed using the DESeq2 package to compare the gene expression profiles(Love et al., 2014). 

Further in the downstream analysis process, the transcripts with a sum of ≥20 reads in all samples were 

selected for further analysis to remove the transcript with low count reads from the study. To further process 

the RIP experiment, genes with ≥20 read counts were compared between experiments. Only those genes 

found overlapping between the experiments (in either or both of the samples) were further analyzed. The 

differential expression experiment between wild-type and mutant was performed using the Wald test to 

generate p values and Log2 fold changes. The STAR aligned RNA Sequence sample bam files were used 

to detect differential alternative splicing events with the Multivariate Analysis of Transcript Splicing (MATS) 

method (using rMATS version 4.0.2) with a threshold of FDR0.1. rMATS uses a hierarchical framework to 

model exon inclusion levels to detect differential splicing events(S. Shen et al., 2014). Pathway analysis 

was completed using Metascape (Zhou et al., 2019). Analysis of RNA-binding proteins binding sites with 

positional dependent functions was performed using rMAPS2 (Hwang et al., 2020) directly on the rMAPS2 

webserver located at http://rmaps.cecsresearch.org/. 

qPCR analysis 

Total RNA was isolated from DIV15 iMNs using the Qiagen RNAeasy Mini KIT (74104). Using the High 

Capacity cDNA reverse transcription kit (Applied Biosystems, 436814), RNA was reverse transcribed. 

Quantitative real-time PCR was performed in the Bio Rad CFX384 Real Time System with C1000 Touch 
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Thermal Cycler using the TaqMan Fast Advanced Master Mix (ThermoFisher, 4444556) and TaqMan Gene 

Expression Assay KITS (FAM, Hs01028461_s1, Hs04194669_sH, Hs00259032_s1, Hs01115690_m1, 

Hs00388055_m1, Hs00956610_mH, Hs02786624_g1). For relative expression, ΔΔCq method was 

employed, using GAPDH as an internal control. For each differentiation, quantitative RT-PCR was 

measured in triplicate and the mean for each differentiation used for analysis. A two-way ANOVA followed 

by Sidak’s multiple comparison test was performed to determine significance. 

Western blotting 

Western blot analyses were performed by running protein lysates 10% polyacrylamide gels or gradient gels 

Bio-Rad) as needed. Transfers onto nitrocellulose membranes (Bio-rad) were completed using a Trans-

blot Turbo (BioRad) apparatus according to the manufactuer’s instructions. Membranes were blocked in a 

1:1 solution of blocking buffer (Licor) and 1X PBS-T (IX PBS+ 0.01% Tween) for at least 1hr on a rocker at 

room temperature. Primary antibodies were diluted in PBS-T and incubated with the membrane overnight 

at 4°C. After washing the membrane in PBS-T on the rocker at room temperature 3x for 5 min each, 

secondary antibodies were diluted in a 1:1 solution of blocking buffer + PBS-T and incubated with the 

membrane on a rocker for at least 1hr. The membrane was washed as before and imaged on the Odyssey 

Imager (Licor) according to the manufacturer’s instructions. Primary antibodies were used as follows: 

1:5,000 for mouse anti-V5 (Invitrogen), 1:1000 rabbit anti-V5 (Novus), and 1:1000 rabbit anti-HA (Sigma). 

Mouse anti-Hemagglutinin (HA) antibody (Invitrogen) and Rabbit anti-GFP antibody (Proteintech) were both 

used to probe GFP-pulldown lysate at 1:1000 dilution. Blots were visualized with an Odyssey Infrared 

Imager (LiCor, Model 9120). Capillary Western blot analyses were done using the WES system (Protein 

Simple) following the manufacturer’s instructions. Protein samples were mixed with 5x FL mastermix, 

boiled, and loaded into the plate. Primary antibodies were used as follows: 1:5,000 for mouse anti-V5 

(Invitrogen), 1:1,000 for mouse anti-Myc (Sigma), 1:60 for rabbit anti-pan-KIF5A (Genetex), 1:60 for rabbit 

anti-mutKIF5A (Genewiz). and 1:1,500 for rabbit anti-GAPDH (Novus Biologicals). For immunoblotting of 

GFP-binder pulldown equal amounts of lysate were diluted in Laemli buffer and loaded into handcast 

trisglycine-SDS gels. Separation was performed using the Idea Scientific Minislab. Wet transfers to 

nitrocellulose membrane was performed using classic wet tank transfer for 1hr (Biorad). All blocking and 
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antibody incubations were performed using 5% nonfat milk diluted in TBST. The membrane was blocked 

for 1 h at RT. Primary antibodies, 1:7,000 rabbit anti-GFP (Proteintech) and 1:1,000 mouse anti-HA CA-

215 were incubated overnight at 4°C. Secondary antibody 1:5,000 goat anti mouse HRP (Jackson) or 

1:5,000 goat anti rabbit HRP were incubated for 1 hr. Chemiluminescent detection was performed using 

Anvansta WesternBright quantum reagent and Licor Odyssey XF Imager. Structure modeling—I-TASSER 

was utilized to predict the structure of KIF5AWT and KIF5AΔExon27 and the strongest match was selected(Roy 

et al., 2010; J. Yang et al., 2015; Y. Zhang, 2008). All models were generated using PyMOL (Version 2.0, 

Schrodinger, LLC).  

Quantification and statistical analysis 

 Statistical analyses were performed using GraphPad Prism (GraphPad v9, SanDiego, CA, USA) software. 

Samples were compared by Students t-test unless otherwise specified in the figure legends. The number 

of replicates and p values are described in the legends. For reference, * = p < 0.05; ** = p < 0.01; *** = p < 

0.001; **** = p < 0.0001. 
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Table 4.1: Key Resources for Chapter 4 
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CHAPTER 5: PGC-1 INTEGRATES INSULIN SIGNALING WITH MITOCHONDRIAL 

PHYSIOLOGY AND BEHAVIOR IN A DROSOPHILA MODEL OF FRAGLE X SYNDROME  

 

 

 

 

 

 

 

 

This chapter is adapted from:  

Weisz, ED; Fenton, AR; Jongens, TA. PGC-1α integrates insulin signaling with mitochondrial physiology 

and behavior in a Drosophila model of Fragile X Syndrome. npj Metabolic Health and Disease. 2, 2 (2024). 

 

Contribution: ARF performed experimental procedures, data analysis, writing, and figure design related to 

mitochondria imaging experiments, ATP measurements, and NAD/NADH measurements in Fig. 5.1 and 

5.2. 
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I. Summary 

 

Fragile X Syndrome (FXS) is the most prevalent monogenetic form of intellectual disability and autism. 

Recently, dysregulation of insulin signaling (IS) and aberrations in mitochondrial function have emerged as 

robust, evolutionarily conserved components of FXS pathophysiology. However, the mechanisms by which 

altered IS and mitochondrial dysfunction impact behavior in the context of FXS remain elusive. Here, we 

show that normalization of IS improves mitochondrial volume and function in flies that lack expression of 

dfmr1, the Drosophila homolog of the causal gene of FXS in humans. Further, we demonstrate that 

dysregulation of IS underlies diminished expression of the mitochondrial master regulator PGC-1/Spargel 

in dfmr1 mutant flies. These results are behaviorally relevant, as we show that pan-neuronal augmentation 

of PGC-1/Spargel improves circadian behavior in dfmr1 mutants. Notably, we also show that modulation 

of PGC-1/Spargel expression in wild-type flies phenocopies the dfmr1 mutant circadian defect. Taken 

together, the results presented herein provide a mechanistic link between mitochondrial function and 

circadian behavior both in FXS pathogenesis as well as more broadly at the interface between metabolism 

and behavioral output.  
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II. Introduction 

 

Fragile X Syndrome (FXS) is the most common monogenetic cause of intellectual disability and 

autism (Kaufmann et al., 2004, 2017). Affected individuals experience a variety of difficulties that generally 

preclude their ability to care for themselves and create many challenges for patients and caretakers alike 

(Bailey et al., 2010; Bardoni & Mandel, 2002; Chonchaiya et al., 2009; de Vries et al., 1998; Gould et al., 

2000; Kidd et al., 2014). Currently, there is no cure for FXS. Rather, a better understanding of FXS 

pathogenesis is necessary to identify effective treatments that improve the capabilities and quality of life of 

FXS patients. 

At the molecular level, FXS is caused by loss of function of the FMR1 gene (Bell et al., 1991; Oberlé 

et al., 1991; Sutcliffe et al., 1992; Verkerk et al., 1991). The protein product of FMR1, termed FMRP, is an 

RNA binding protein. While FMRP was initially defined as a translational repressor, advancements in cell-

type specific transcriptomic and proteomic approaches have enabled us to learn that FMRP can also 

promote the expression of many of its targets through multiple modes of gene regulation (Ashley et al., 

1993; Darnell et al., 2011; Darnell & Klann, 2013; Laggerbauer et al., 2001; Z. Li et al., 2001; Richter & 

Zhao, 2021; Siomi et al., 1993). 

Since the etiology of FXS is well characterized, researchers have been able to generate valuable 

preclinical disease models (Bakker & Oostra, 2003; Bardoni & Mandel, 2002; Bhogal & Jongens, 2010). 

With the advent of a wealth of genetic tools, Drosophila melanogaster has emerged as a highly tractable 

model for the study of FXS (Dockendorff et al., 2002; Inoue et al., 2002; Morales et al., 2002; Weisz et al., 

2015; Y. Q. Zhang et al., 2001). The Drosophila genome encodes a single gene, dfmr1, that is the sole 

ortholog of the FMR protein family (Wan et al., 2000). The product of dfmr1, termed dFMRP, shares both 

sequence identity and biochemical properties with those of its mammalian ortholog(Wan et al., 2000). 

Importantly, flies that harbor loss-of-function mutations in the dfmr1 gene recapitulate many characteristics 

of FXS. Specifically, dfmr1 mutant flies have neuroanatomical defects as well as deficits in memory, social 

behavior, and circadian rhythms (Bolduc et al., 2008; Dockendorff et al., 2002; Inoue et al., 2002; McBride 

et al., 2005; Morales et al., 2002; A. Russo & DiAntonio, 2019; Tauber et al., 2011). 
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Studies in preclinical models of FXS have uncovered signaling molecules and pathways that are 

dysregulated in the disease state. Previously, we reported that several components of the insulin signaling 

(IS) pathway are elevated in the brains of dfmr1 mutants (Monyak et al., 2017). These changes included 

increased levels of the major insulin-like peptide, elevated phosphoinositide 3-kinase (PI3K) activity, and 

accumulation of phosphorylated Akt at the plasma membrane (Monyak et al., 2017). Aberrant IS appears 

to be directly linked to behavioral and cognitive function, as genetic manipulations that reduced IS were 

sufficient to increase circadian rhythmicity and rescue memory deficits in our Drosophila FXS model 

(Monyak et al., 2017). Dysregulation of IS has also been identified as an evolutionarily conserved feature 

of FXS pathogenesis in murine and patient derived cell models (Callan et al., 2012; Gross, Chang, et al., 

2015; Gross et al., 2010; Gross, Raj, et al., 2015; Gross & Bassell, 2014, 2012; Luhur et al., 2017; N. Raj 

et al., 2021). Moreover, a multitude of genetic and pharmacological approaches that normalize insulin 

signaling are sufficient to restore behavior and cognition in mammalian FXS models (Callan et al., 2012; 

Gross, Chang, et al., 2015; Gross et al., 2010; Gross, Raj, et al., 2015; Gross & Bassell, 2014, 2012; Luhur 

et al., 2017; Monyak et al., 2017). However, the mechanism by which altered IS impinges on behavioral 

and cognitive function in FXS remains elusive. 

To better understand the mechanism by which dysregulation of IS impacts behavioral and cognitive 

outputs in the dfmr1 mutants, we conducted an unbiased metabolomics analysis. Paradoxically, our 

metabolic studies revealed reduced levels of carbohydrate and lipid metabolites in the dfmr1 mutants 

despite increased brain insulin signaling; hyperphagia; and normal body size and activity levels (Weisz et 

al., 2018). We also found a robust decrease in the redox ratio of the mitochondrial cofactor nicotinate 

adenine dinucleotide (NAD+/NADH) and qualitative defects in mitochondrial ultrastructure(Weisz et al., 

2018). In aggregate, these robust metabolic defects suggest that mitochondrial function is impaired in our 

Drosophila model of FXS.  

The notion that mitochondrial dysfunction underlies behavioral and cognitive impairments in 

preclinical models of FXS is particularly compelling in light of recent studies that have implicated 

mitochondrial defects in the pathogenesis of intellectual disability related syndromes and autism (Valenti et 
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al., 2014; Wallace, 2011; Wallace et al., 2010). While the central nervous system (CNS) represents 2% of 

total body weight, it consumes around 20% of inspired oxygen at rest (Valenti et al., 2014). This high 

oxidative demand renders the CNS particularly sensitive to changes in mitochondrial metabolism (Valenti 

et al., 2014). Proper mitochondrial function is especially critical for the establishment of neuronal 

connectivity, neurogenesis, and synaptic plasticity (Mattson et al., 2008; Valenti et al., 2014).  

In this study, we characterize alterations of mitochondrial morphology and function in dfmr1 mutant 

flies and demonstrate the genetic reduction of insulin signaling is sufficient to alleviate these mitochondrial 

defects. Together, these findings suggest that restoration of mitochondrial function is a mechanism by which 

normalization of IS improves behavior and cognition in a preclinical model of FXS. Moreover, we present 

evidence that elevated IS underlies diminished expression of the mitochondrial master regulator, PGC-1, 

in the heads of dfmr1 mutants. We report that pan-neuronal augmentation of PGC-1 in dfmr1 mutants is 

sufficient to restore circadian behavior. Beyond their translational relevance for the FXS field, our results 

indicate a novel role of PGC-1 in the regulation of circadian rhythmicity and thereby provide a mechanism 

by which metabolism and mitochondrial function inform behavioral output. 

 

III. Results 

 

Mitochondrial volume and function are diminished in the absence of dFMRP 

 

Prompted by our previous discovery that mitochondria in the indirect flight muscle of dfmr1 mutants 

appeared to be qualitatively smaller and irregularly shaped, we wanted to quantitatively examine 

mitochondrial morphology in behaviorally relevant tissues. To do so, we leveraged a genetically encoded 

chimeric GFP construct (UAS-mitoGFP) that allowed us to label mitochondria in specific subtypes of cells 

with the binary Gal4/UAS system (Rizzuto et al., 1996). We were particularly interested in visualizing 

mitochondria in the insulin producing cells (IPCs) of the brain, because we previously found that constitutive 

expression of the UAS-dfmr1 transgene under the control of a dilp2-Gal4 driver that is specific to the 14  
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Figure 5.1: Mitochondrial volume and function are compromised in the absence of dFMRP. A-F, Mitochondria in 

the insulin producing cells (IPCs) of the brain were labeled by expressing a genetically encoded UAS-mitoGFP 

construct in conjunction with the dilp2-Gal4 driver. Representative maximum-intensity projections of GFP-labeled 

mitochondria in the IPC processes of (A) iso31Bw- wild type and (B) dfmr1 mutant flies. Scale bars: 5 m. Images are 

oriented with the dorsal side on the left and the ventral side on the right. Quantification of (C) average mitochondrial 

length, (D) average mitochondrial aspect ratio, (E) average volume per mitochondrion, and (F) average total 

mitochondrial volume per brain. Sample number (N) per genotype= 3 brains. Unpaired t-tests indicated that the average 

length, aspect ratio, volume per mitochondrion, and total mitochondrial volume per brain were all significantly reduced 

in dfmr1 mutants compared to iso31Bw- wild type controls. Values represent mean ± SEM. *p≤0.05, **p≤0.01. G, 

Quantification of the NAD+/NADH ratio. Each sample contained 10 fly bodies. Sample number (N) per genotype: 

iso31Bw- = 7, dfmr1=8. An unpaired t-test indicated that the NAD+/NADH ratio was significantly diminished in dfmr1 

mutants compared to iso31Bw- wild type controls (p=0.0059). Values represent mean ± SEM. H, Quantification of ATP 

levels relative to protein content. Each sample contained 5 fly bodies. Sample number (N) per genotype= 6. An unpaired 

t-test showed that ATP levels were significantly decreased in dfmr1 mutants compared to iso31Bw- wild type controls 

(p=0.0224). Values represent mean ± SEM. 
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IPCs of the brain was sufficient to restore normal circadian behavior in dfmr1 mutants (Monyak et al., 2017). 

Therefore, we expressed the UAS-mitoGFP transgene in conjunction with the dilp2-Gal4 driver and used 

confocal microscopy to resolve GFP-labeled mitochondria in the IPC processes that extend ventrally 

through the brain. We observed that mitochondria in the IPCs of dfmr1 mutants were shorter than controls, 

with decreased length and aspect ratio relative to iso31Bw- wild-type controls (Fig. 5.1A-D). Further, the 

average volume of individual mitochondria and total mitochondrial volume was decreased in dfmr1 mutants’ 

brains compared to controls (Fig. 5.1E-F). These findings match recent studies that revealed small 

mitochondria with decreased aspect ratios in the brains of Fmr1-/y mice during development and synaptic 

maturation (Licznerski et al., 2020; M. Shen et al., 2019).  

Considering that mitochondrial network morphology and bioenergetic capacity are intimately 

intertwined, we next measured ATP levels in dfmr1 mutants and wild type conspecifics as a direct 

physiologic readout of mitochondrial function. Consistent with the observed defects in mitochondrial 

morphology, we found that ATP levels were diminished in the dfmr1 mutant flies compared to wild-type 

controls (Fig. 5.1H). Given that the ability of mitochondria to generate ATP is dependent on the redox state 

of the cofactor NAD+, the diminution of ATP levels that we observed corresponds with our previous 

discovery (Weisz et al., 2018), which we have confirmed herein, that the NAD+/NADH ratio is significantly 

decreased in dfmr1 mutants (Fig. 5.1G). Our findings are also consistent with several reports of diminished 

cytosolic ATP levels in murine models of FXS (D’Antoni et al., 2020; Licznerski et al., 2020; M. Shen et al., 

2019). Collectively, it appears that the mitochondria of dfmr1 mutant flies are characterized by aberrant 

mitochondrial network morphology, decreased ATP levels, and a diminished NAD+/NADH ratio.  

 

Genetic reduction of insulin signaling ameliorates mitochondrial volume and function in dfmr1 mutants 

 

Once we established that the dfmr1 mutants exhibit several robust hallmarks of mitochondrial dysfunction, 

we then sought to better understand the contribution of mitochondrial dysfunction to FXS pathophysiology.  
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Figure 5.2: Genetic reduction of insulin signaling augments mitochondrial volume and function in dfmr1 

mutant flies. A-D, Mitochondria in the insulin producing cells (IPCs) of the brain were labeled by expressing a 

genetically encoded UAS-mitoGFP construct in conjunction with the dilp2-Gal4 driver. (A) Two representative 

maximum-intensity projections of GFP-labeled mitochondria in the IPC processes of iso31Bw- wild type, dilp2/+ 

heterozygous mutant, dfmr1 homozygous mutant, and dilp2/+, dfmr1 double mutant flies. Scale bars: 5 m. Images 

are oriented with the dorsal side on the left and the ventral side on the right. Sample number (N) per genotype= 8 

brains. Brown-Forsythe and Welch ANOVA with Dunnet’s T3 multiple comparisons test revealed that genetic reduction 

of insulin signaling significantly improved (B) average mitochondrial length and (C) average volume per mitochondrion. 

(D) Total mitochondrial volume was not significantly increased in dilp2/+, dfmr1 double mutants but showed a trend 

towards improvement (p=0.084). Values represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001, ****p< 0.0001. E, 

Quantification of the NAD+/NADH ratio. Each sample contained 10 fly bodies. Sample number (N) per genotype= 3. 

One-way ANOVAs revealed a significant group effect for the NAD+/NADH ratio (p=0.0003). Post hoc Tukey tests 
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indicated while dfmr1 mutant flies had a significantly lower NAD+/NADH ratio than their iso31Bw- and dilp2/+ 

heterozygous mutant conspecifics, dilp2/+,dfmr1 double mutant flies had a significantly improved NAD+/NADH ratio. 

Values represent mean ± SEM. *p≤0.05, **p≤0.01, ***p≤0.001. F, Quantification of ATP levels relative to protein 

content. Each sample contained 5 fly bodies. Sample number (N) per genotype: iso31Bw-=6, dilp2/+=5, dfmr1=6, 

dilp2/+, dfmr1=5. One-way ANOVAs revealed a significant group effect for the ATP levels (p<0.0001). Post hoc Tukey 

tests indicated while dfmr1 mutant flies had a significantly lower ATP levels than their iso31Bw- and dilp2/+ mutant 

conspecifics, dilp2/+, dfmr1 double mutant flies had a significant boost in ATP levels. Values represent mean ± SEM. 

*p≤0.05, **** p≤0.0001. 

 

For these experiments, we introduced one copy of a null allele of the dilp2 gene, which encodes the most 

abundant Drosophila insulin-like peptide, into the dfmr1 mutant background. We were particularly interested 

in reduction of dilp2 gene dosage because we have previously demonstrated that this precise genetic 

manipulation restores behavioral and cognitive function in the dfmr1 mutants (Monyak et al., 2017). As an 

initial indication of mitochondrial health, we conducted TEM experiments on longitudinal sections of isolated 

thoraces to visualize the impact of genetic reduction of insulin signaling on mitochondrial ultrastructure in 

dfmr1 mutant flies as well as wild-type controls. We selected the thorax for TEM analysis because this 

tissue has a distinctive structure of mitochondria aligned along myofibrils to support the high energy demand 

of flight (Clark et al., 2006). Encouragingly, we observed that in contrast to the small, irregularly shaped 

mitochondria present in micrographs from dfmr1 mutants, elimination of one copy of the dilp2 gene in dfmr1 

mutants restored mitochondrial ultrastructure (Fig. S5.1).  

To quantitatively assess the impact of genetic reduction of IS on the mitochondrial network of dfmr1 

mutants, we generated dilp2/+, dfmr1 double mutant flies in which mitochondria in the IPCs were labeled 

with GFP (dilp2-Gal4>UAS-mitoGFP). Congruent with our TEM findings, we observed that the average 

length and volume per mitochondrion in the IPCs of dilp2/+, dfmr1 double mutant flies was significantly 

increased relative to dfmr1 single mutants (Fig. 5.2A-C). Additionally, the total mitochondrial volume of 

dilp2/+, dfmr1 double mutants was indistinguishable from that of iso31Bw- control flies (Fig. 5.2D). Taken 

together, the results of our TEM and confocal microscopy studies clearly demonstrate that genetic reduction 

of IS ameliorates brain and peripheral mitochondrial network morphology. 
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Given that normalization of IS substantially improved mitochondrial ultrastructure and network 

morphology in the dfmr1 mutant flies, we postulated that constitutive elimination of one allele of the dilp2 

gene would also ameliorate mitochondrial function in dfmr1 mutants. As predicted, we found that dfmr1 

mutants that carried one null allele of the dilp2 gene had a significantly higher whole-body NAD+/NADH 

ratio and ATP levels than their dfmr1 mutant counterparts (Fig. 5.2E-F). The rescue of mitochondrial defects 

by a manipulation that restores circadian rhythmicity and memory in dfmr1 mutant flies suggests that these 

processes are mechanistically linked. Thus, our results indicate that restoration of mitochondrial function is 

a potential mechanism by which normalization of insulin signaling improves behavior and cognition in the 

Drosophila model of FXS. 

 

Elevated IS inhibits mitochondrial function by repression of Spargel/ PGC-1 expression in dfmr1 mutants 

 

One intriguing candidate that integrates cellular energy metabolism with mitochondrial biomass and 

function is PGC-1 expression. Diminished PGC-1 expression is a compelling explanation for the 

bioenergetic defects in FXS because the PGC-1 family of proteins are transcriptional coactivators that 

strongly induce mitochondrial biogenesis and function (Merzetti & Staveley, 2015). Alignment of the 

Drosophila Srl protein with its three mammalian homologs revealed a high degree of sequence identity, 

particularly with respect to functional domains (Merzetti & Staveley, 2015). Similar to its mammalian 

counterpart, Srl is a transcriptional coactivator that has been shown to modulate mitochondrial biogenesis 

and energy metabolism (Merzetti & Staveley, 2015; Mukherjee et al., 2014). Thus, we can leverage the 

Drosophila model system to circumvent the functional redundancy present in mammalian models and 

identify possible roles of PGC-1 /Srl in FXS pathogenesis. Remarkably, flies with loss-of-function 

mutations in Srl have several phenotypic commonalities with dfmr1 mutants including, similar deficits in 

energy stores; fragmented mitochondria; locomotor impairment; decreased female fecundity; and 

shortened lifespan (Mukherjee et al., 2014; Ng et al., 2017; Tiefenböck et al., 2010; Weisz et al., 2018; Y. 
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Q. Zhang et al., 2001). The robust phenotypic overlap between dfmr1 and Srl loss-of-function suggests that 

these genes act in a common pathway to modulate mitochondrial function, behavior, and cognition.  

Figure 5.3: Diminished Spargel expression in the heads of dfmr1 mutants is restored by normalization of IS. A, 

Western analysis of Spargel expression in extracts from iso31Bw- and dfmr1 mutant fly heads. An antibody to PGC-1α 

was used to detect Spargel expression (top). β-Tubulin was used as a loading control (bottom). See Fig. S5.3 for full 

blots. B, Quantification of the intensity of Spargel relative to β-Tubulin. An unpaired t-test revealed that Spargel levels 

are diminished in dfmr1 mutant heads compared to iso31Bw- controls (p = 0.0074). Sample number (N) per genotype 

= 5. Each sample contained 10 fly heads. Values represent mean ± SEM. **p ≤ 0.01. C, Western analysis of Spargel 

expression in extracts from iso31Bw- wild type, dilp2/+ heterozygous mutant, dfmr1 homozygous mutant, and dilp2/+, 

dfmr1 double mutant fly heads. See Fig. S5.4 for full blots. D, An unpaired t-test indicated that dilp2/+, dfmr1 double 

mutant flies have higher Spargel expression than dfmr1 single mutants (p = 0.0088). Sample number (N) per genotype 

= 3. Each sample contained 10 fly heads. Values represent mean ± SEM. **p ≤ 0.01. 

 

To measure Srl protein levels in the heads of dfmr1 mutant and wild-type flies, we first validated 

that the mouse monoclonal antibody that specifically recognizes endogenous forms of PGC-1 cross-reacts 

with the Drosophila Srl protein (Fig. S5.2). As predicted by the convergence of loss-of-function phenotypes 

and the expected effects of known cellular signaling defects, we observed that Srl protein levels are 

diminished in the heads of dfmr1 mutants compared to wild-type controls (Fig. 5.3A-B; Fig. S5.3). This 
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finding is congruent with a previous report that PGC-1 transcript levels are significantly down-regulated in 

an unbiased transcriptomic analysis of hippocampal neurons in Fmr1-/y mice (Sawicka et al., 2019).  

To determine whether elevated IS contributes to decreased Srl expression, we measured Srl levels 

in the heads of dfmr1 mutants that carried a null allele of dilp2. We observed that genetic reduction of IS 

restored Srl expression in the heads of dfmr1 mutants to wild-type levels (Fig. 5.3C-D; Fig. S5.4). As another 

independent manipulation of IS, we acutely administered a highly specific PI3K inhibitor, LY294002, for 5 

days post-eclosion and quantified Srl expression in the heads of dfmr1 mutants and wild-type controls. 

Similar to our findings with genetic reduction of IS, we observed that pharmacologic reduction of IS boosts 

Srl expression in the heads dfmr1 mutants (Fig. S5.5). 

 

Pan-neuronal augmentation of Spargel expression rescues circadian rhythmicity in the dfmr1 mutants 

 

 Next, we queried whether elevation of Srl expression is sufficient to improve behavioral defects in 

the dfmr1 mutant flies. To genetically boost Srl expression in dfmr1 mutants, we used enhancer promoter 

(EP) induced overexpression of the Srl locus in the central nervous system. We obtained flies that contain 

a UAS element upstream of the endogenous Srl gene, termed SrlEY05931, and made recombinants in the 

dfmr1 mutant background. The resultant progeny were crossed to dfmr1 mutants that expressed the elav- 

Gal4 pan-neuronal driver to generate dfmr1 mutant flies that expressed the SrlEY05931 transgene in 

conjunction with the elav-Gal4 pan-neuronal driver. We then utilized the well-established Drosophila Activity 

Monitor (DAM) System to record the locomotor activity of these flies in free-running conditions. 

Visual inspection of free-running rest:activity rhythms revealed that dfmr1 mutant flies that 

contained the elav-Gal4 driver in conjunction with the SrlEY05931 transgene had more rhythmic patterns of 

locomotor activity compared to dfmr1 mutants that contained the elav-Gal4 driver alone (Fig. 5.4A). To 

quantify circadian rhythmicity, we calculated fast Fourier transform (FFT) values for flies of each genotype. 

Conventionally, a fly with an FFT value that is above 0.04 is considered strongly rhythmic. In contrast, flies 
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Figure 5.4: Pan-neuronal augmentation of Spargel rescues circadian rhythmicity in dfmr1 mutant flies. A-E, 

Circadian behavior was evaluated by comparison of actogram appearance, the average fast Fourier transform (FFT) 

values, and percentage of rhythmic flies to ascertain whether augmentation of Spargel expression improves circadian 

behavior in dfmr1 mutant flies. Sample number (N) per genotype: (elav-Gal4; dfmr1) = 16-27; (SrlEY05931, dfmr1) = 46, 

(elav-Gal4>SrlEY05931, dfmr1) = 27, dfmr1 = 32, (SrlGR; dfmr1) = 32, (elav-Gal4>SrlGR; dfmr1) = 13, iso31Bw- = 29. (A) 

Representative actograms from flies of the genotypes indicated. In contrast to the free-running rest:activity rhythms of 

dfmr1 mutants that contain the elav-Gal4 transgene alone, dfmr1 mutants that contain the SrlEY05931 or SrlGR transcript 

in conjunction with the elav-Gal4 driver display consolidated, rhythmic behavior. (B, C) The average fast Fourier 
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transform (FFT) was calculated for genetic combinations. One-way ANOVAs revealed a significant group effect for FFT 

values (p < 0.0001). Post hoc Tukey tests indicated that dfmr1 mutant flies that expressed the (B) SrlEY05931 or (C) SrlGR 

construct in conjunction with the elav-Gal4 driver had significantly higher FFT values compared to dfmr1 mutant flies 

that contained either transgene alone. Values represent mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

(D, E). The percentages of strongly rhythmic (FFT ≥ 0.04), weakly rhythmic (0.04 > FFT ≥ 0.01), and arrhythmic (FFT 

< 0.01) flies of each genotype are shown in green, red, and blue, respectively. The percentage of strongly rhythmic 

flies is increased in dfmr1 mutants that contained the (D) SrlEY05931 or (E) SrlGR construct in conjunction with the elav-

Gal4 driver compared to either construct alone. 

 

with FFT values between 0.01 and 0.04 are considered weakly rhythmic and those with FFT values below 

0.01 are designated as arrhythmic. Congruent with their actogram appearance, on average, flies that pan-

neuronally expressed the SrlEY05931 transgene had higher FFT values than their dfmr1 mutant counterparts 

that contained the elav-Gal4 driver or SrlEY05931 transgene alone (Fig. 5.4B). When we stratified the dataset 

into categories based on the percentage of rhythmic flies, we observed that in contrast to dfmr1 mutants 

that expressed only the elav-Gal4 driver or SrlEY05931 construct, all dfmr1 mutant flies that contained both 

the elav-Gal4 driver and the SrlEY05931 construct were strongly rhythmic (Fig. 5.4D).  

To independently corroborate our findings, we obtained a UAS-Spargel genomic rescue fragment 

(SrlGR) to elevate Srl expression in dfmr1 mutants. Similar to what we observed with the SrlEY05931 construct, 

pan-neuronal expression of SrlGR in dfmr1 mutants also resulted in more consolidated, rest: activity patterns 

than dfmr1 mutant conspecifics that contained only the elav-Gal4 driver alone (Fig. 5.4A). Moreover, pan-

neuronal expression of SrlGR in dfmr1 mutants increased the average FFT value and percentage of strongly 

rhythmic flies relative to dfmr1 mutant flies that contained either transgene alone (Fig. 5.4C,E). The ability 

of two distinct genetic manipulations that augment Srl expression to ameliorate circadian behavior in dfmr1 

mutants strongly suggests that elevation of Srl expression is sufficient to restore circadian rhythmicity. 

Notably, we did observe a significant increase in circadian rhythmicity for dfmr1 mutant flies that contained 

the SrlEY05931 or SrlGR transgene alone compared to dfmr1 mutants that contained only the elav-Gal4 driver 

(Fig. 5.4). We believe that this is likely due to leaky expression of the UAS constructs whereby Srl 

expression is moderately increased, albeit not as highly as when the elav-Gal4 driver is present. Therefore, 

the rescue of circadian rhythmicity by elevation of Srl expression in dfmr1 mutants appears to occur in a 

dose-dependent manner. 
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Consistent with the known role of Srl as a modulator of mitochondrial biogenesis, in follow up TEM 

experiments, we observed that pan-neuronal expression of SrlGR in dfmr1 mutants substantially improved 

thoracic mitochondrial ultrastructure compared to dfmr1 mutants that contained the elav-Gal4 driver alone 

(Fig. S5.6). The ability of pan-neuronal expression of SrlGR to restore mitochondrial ultrastructure in the 

thorax of dfmr1 mutants suggests that this rescue occurs in a cell-non-autonomous manner. Much like our 

circadian results, the rescue of mitochondrial ultrastructure by augmentation of Srl expression appears to 

be dose-dependent, as mitochondrial ultrastructure was modestly improved in dfmr1 mutants that caried 

the SrlGR construct alone. Given that proper mitochondrial ultrastructure is essential to support energy 

production, we believe that elevation of Srl expression likely ameliorates mitochondrial function in dfmr1 

mutants and thereby restores circadian behavior.  

 

Genetic manipulation of Spargel expression phenocopies the dfmr1 mutant circadian defect 

 

 As further confirmation that Srl is indeed a major contributor to FXS pathophysiology, particularly 

with respect to circadian behavior, we next tested whether Srl loss-of-function in a wild-type genetic 

background phenocopies dfmr1 loss-of-function. For these experiments, we used the daughterless-Gal4 

(da-Gal4) driver to ubiquitously express a UAS-SrlRNAi transgene in an otherwise wild-type genetic 

background. When we assayed circadian behavior, we observed that in contrast to the empty vector control 

(UAS-CtrlRNAi), ubiquitous knockdown of Srl expression in wild-type flies significantly disrupted free-running 

locomotor activity rhythms, diminished FFT values, and increased the percentage of flies that were 

arrhythmic or weakly rhythmic (Fig. 5.5A, B, E). Considering that pan-neuronal elevation of Srl expression 

was sufficient to rescue the circadian behavioral defect in dfmr1 mutants, we hypothesized that Srl 

knockdown exclusively in the CNS would also mimic the dfmr1 mutant phenotype. As expected, we 

observed that pan-neuronal knockdown of Srl expression in the wild-type genetic background recapitulated 

the circadian phenotype that we observed with the da-Gal4 driver (Fig. 5.5A, C, F).  
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Figure 5.5: Modulation of Spargel expression in wild-type flies phenocopies the circadian defect observed in 

dfmr1 mutant flies. A–G, Circadian behavior was evaluated by comparison of actogram appearance, the average fast 

Fourier transform (FFT) values, and percentage of rhythmic flies for genetic combinations to ascertain whether 

overexpression or knockdown of Spargel impacts circadian behavior in wild type flies. Sample number (N) per 

genotype: (da-Gal4;+) = 15, (da-Gal4>UASCtrlRNAi) = 16, (da-Gal4>UAS-SrlRNAi) = 49, (elav-Gal4;+) = 58-84, (elav-

Gal4>UAS-CtrlRNAi) = 88, (elav-Gal4>UAS-SrlRNAi) = 115, (SrlGR; +) = 49, (elav-Gal4>SrlGR) = 53, iso31Bw- = 73, dfmr1 

= 32. (A) Representative actograms from flies of the genotypes indicated. While control flies in the top row (da-

Gal4>UAS-CtrlRNAi), (elav-Gal4>UAS-CtrlRNAi), and (elav-Gal4;+) display consolidated, rhythmic rest: activity patterns, 

both Spargel loss-of-function (da-Gal4 or elavGal4 > UAS-SrlRNAi) and gain-of-function (elav-Gal4>SrlGR) disrupt 

rest:activity patterns. (B–D) The average fast Fourier transform (FFT) was calculated for genetic combinations. One-
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way ANOVAs revealed a significant group effect for FFT values (p < 0.0001). Post hoc Tukey tests indicated that wild-

type flies that expressed a UAS-SrlRNAi construct in conjunction with (B) da-Gal4 or (C) elav-Gal4 had significantly lower 

FFT values compared to wild-type flies that contained either Gal4 driver alone or a UAS-CtrlRNAi fragment. Similarly, 

(D) wild-type flies that pan-neuronally expressed a SrlGR over-expression construct (elav-Gal4>SrlGR) had significantly 

lower FFT values than wild type flies that contained the elav-Gal4 or SrlGR transgene alone. There was no significant 

difference between the FFT values of the elav-Gal4> SrlGR flies and those of dfmr1 mutants. Values represent mean ± 

SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (E–G) The percentages of strongly rhythmic (FFT ≥ 0.04), 

weakly rhythmic (0.04 > FFT ≥ 0.01), and arrhythmic (FFT < 0.01) flies of each genotype are shown in green, red, and 

blue, respectively. The percentage of weakly rhythmic and arrhythmic flies is increased in genetic combinations that 

result in (E, F) Spargel loss-of-function (da-Gal4 or elav-Gal4>UAS-SrlRNAi) and (G) gain-of-function (elav-Gal4>SrlGR) 

compared to flies that contain each transgene alone. 

 

 The ability of Srl loss-of-function to phenocopy the circadian defect that we observe in the dfmr1 

mutants prompted us to conduct the inverse experiment to query whether pan-neuronal over-expression of 

Srl also impacts circadian behavior. Indeed, we observed that targeted over-expression of the SrlGR in the 

CNS alone results in significantly altered rest:activity rhythms, diminished FFT values, and an increased 

percentage of weakly rhythmic and arrhythmic flies (Fig. 5.5A,D,G). While it is counterintuitive that both 

loss and gain of function manipulations of Srl expression have the same impact on circadian behavior, we 

postulate that the maintenance of circadian rhythmicity is particularly sensitive to Srl dosage. In this way, 

both too much and too little Srl expression are detrimental to circadian behavior. Taking the loss- and gain- 

of function experiments together, it is clear that we have identified a novel role for Srl as a modulator of 

circadian behavior. This finding is particularly exciting because it positions Srl at the intersection of 

metabolism, mitochondrial function, and behavior. 

 

IV. Discussion 

 

While the causal gene was first cloned and identified nearly three decades ago, there is still much 

to be learned about the molecular underpinnings of FXS. Our incomplete understanding of the precise 

mechanisms that underlie FXS pathogenesis has precluded the identification of effective therapeutic 

approaches to ameliorate the quality of life of affected individuals. Despite the advancement of several 

compounds to clinical trials, findings at the bench have had mixed success at the bedside. Rather, it has 
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become evident that the FXS field would benefit from the optimization of preclinical clinical strategies to 

identify therapeutic candidates and paradigms to predict their clinical efficacy.  

One promising route to identify treatments for FXS has been the identification of conserved 

signaling pathway defects, such as IS, that can be targeted therapeutically (Weisz et al., 2015). Our studies 

in the Drosophila model of FXS pioneered the contribution of dysregulated IS to FXS pathogenesis (Monyak 

et al., 2017). In subsequent follow-up studies, we encountered a metabolic paradox whereby dfmr1 mutant 

flies have decreased energy stores and are more sensitive to starvation despite elevated IS in the brain 

and hyperphagia (Weisz et al., 2018). Pursuit of an explanation for our discordant metabolic findings lead 

to our discovery that mitochondria in the dfmr1 mutants have ultrastructural and functional defects (Weisz 

et al., 2018). Studies by other groups further support the notion that mitochondrial dysfunction is a robust, 

evolutionarily conserved component of FXS pathophysiology (D’Antoni et al., 2020; Griffiths et al., 2020; 

Licznerski et al., 2020; M. Shen et al., 2019). 

The studies described herein integrate biochemical and physiologic methodologies with behavioral 

testing to provide a more comprehensive understanding of the contribution of mitochondrial dysfunction to 

FXS pathogenesis. We demonstrate that mitochondrial volume is diminished in the IPCs of dfmr1 mutants 

and that ATP levels are decreased compared to wild-type conspecifics. Strikingly, we report that genetic 

reduction of IS is sufficient to correct morphologic defects in the mitochondria of dfmr1 mutants as well as 

augment the NAD+/NADH ratio and ATP levels. As such, our findings indicate that the defect in IS that 

modulates behavior and cognition in preclinical models of FXS is mechanistically linked to the observed 

mitochondrial defects. Further, we present evidence that dysregulated IS down-regulates the expression of 

the mitochondrial master regulator PGC-1/Srl in the dfmr1 mutants. This result led to the exciting discovery 

that pan-neuronal augmentation of Srl expression is sufficient to mitigate circadian behavior in dfmr1 

mutants. Moreover, genetic manipulation of Srl expression in wild-type flies is sufficient to disrupt circadian 

behavior. Thus, in addition to implicating Srl in FXS pathogenesis, our findings reveal novel role of Srl in 

the regulation of circadian behavior. Future studies will be necessary to elucidate the precise mechanisms 
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by which dysregulated IS impinges on PGC-1 expression in the brain. Additionally, it would be interesting 

to determine the extent to which mitochondrial phenotypes are present in female dfmr1 mutants. 

Notably, diminished PGC-1 expression has been reported in other syndromic forms of intellectual 

disability (ID) and autism, including Down Syndrome and Rett Syndrome (Valenti et al., 2014; Valenti & 

Vacca, 2023). The convergence of multiple distinct genetic forms of ID and autism on decreased PGC-1 

expression suggests shared mechanistic underpinnings. Therefore, in a broader sense, further exploration 

of the precise mechanisms by which PGC-1 expression is compromised in ID and autism will expand our 

understanding of the contribution of reduced PGC-1 expression to behavioral pathology. Such studies 

have the potential to uncover novel treatments for FXS and other syndromic forms of ID and autism.   

 

V. Methods 

Fly genetics and husbandry 

Fly strains that contain the dfmr13 allele are described in Dockendorff et al. (Dockendorff et al., 2002). Fly 

strains that contain the dilp2 mutation were obtained from the Bloomington Stock Center (stock number 

30881). The elav-Gal4 and daughterless-Gal4 drivers were derived from the Bloomington Stock Center 

(stock numbers 8765 and 95282). Flies that contain the UAS-mitoGFP construct were obtained from the 

Bloomington Stock Center (stock number 8442). The spargel-shRNA and shRNA empty vector control lines 

were obtained from the Vienna Drosophila Resource Center (stock numbers 330271 and 60200). Stocks 

that contain the srlEY05931 allele were Bloomington Stock Center (stock number 20009). Stocks that 

contained the UAS-SpargelGR were obtained from Hugo Stocker. All fly strains were outcrossed to w1118 

(iso31Bw-) flies as described in Monyak et al. (Monyak et al., 2017). Flies were cultured on a standard 

cornmeal-molasses medium and maintained in the presence of stringent 12 hours light: 12 hours dark (LD) 

cycles at 25°C.  
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Mitochondrial morphology in IPCs 

We expressed the UAS-mitoGFP reagent described in Rizzuto et al. (Rizzuto et al., 1996) under the control 

of the dilp2-Gal4 to directly visualize mitochondria in the insulin producing cells (IPCs). Brains were 

dissected from 4 to 8 days old male flies in 1x PBS and fixed with 4% paraformaldehyde (PFA) in PBS for 

20 minutes at RT. Brains were then washed 3 times for 10 minutes in PBS-T (PBS +0.2% Triton-X 100) 

and mounted on slides in glycerol +2% N-Propyl gallate. Images were acquired with a Perkin Elmer 

UltraView Vox spinning disk confocal on a Nikon Eclipse Ti Microscope. Experiments were imaged on either 

a Hamamatsu EMCCD C9100-50 camera or a Hamamatsu CMOS ORCA-Fusion (C11440-20UP). The 

EMCCD camera was used with Volocity Software [Quorom Technologies/PerkinElmer] and the CMOS 

camera was used with VisiView (Visitron). Z-stacks encompassing mitoGFP signal were collected at 200-

nm step-size. Images were analyzed using ImageJ (NIH). For each brain, a 50µm long region 

encompassing the IPCs was cropped for analysis. Mitochondria were manually measured to determine 

their number and size. Mitochondrial signal was converted to a binary mask using the Pixel classification 

module of Ilastik, a machine-learning based image segmentation program (Berg et al., 2019). We then used 

the 3D objects counter function in ImageJ to identify mitochondria and measure the volume per 

mitochondrion and total mitochondrial volume. 

 

NAD+/NADH quantification 

The concentrations of nicotinamide nucleotides were measured using the NAD+/NADH Quantification 

Colorimetric Kit (Abcam, Waltham, MA) as described in Balan et al. (Balan et al., 2008). Briefly, adult male 

flies aged 5 to 7 days were collected on dry ice. Fly heads were removed prior to homogenization and the 

decapitated fly bodies were pooled in groups of 10. The samples were homogenized in 400 L of the 

NADH/NAD Extraction Buffer supplied in the kit and the homogenate was centrifuged at 18407 x g for 5 

minutes at 25C to remove debris. The cycling reaction was carried out as per the manufacturer’s 

instructions for 2 hours and the nicotinamide nucleotide concentrations were determined in duplicate. The 

protein concentration of each sample was measured with the Pierce BCA Protein Assay Kit (Thermo 
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Scientific, Rockford, IL). The concentration of nicotinamide nucleotide contained in each sample was then 

normalized to its respective protein content. 

 

ATP measurement 

ATP levels were measured using the ATP Determination Kit (Molecular Probes, Eugene, Oregon) as 

described in Tennessen et al.(Tennessen et al., 2014). Adult male flies aged 5 to 7 days were collected on 

dry ice. Fly heads were removed prior to homogenization and the decapitated fly bodies were pooled in 

groups of five. The samples were homogenized in 100L of ATP homogenization buffer [6M guanidine 

HCL, 100 mM Tris (pH7.8), 4 mM EDTA]. An aliquot was boiled at 100C for 5 minutes and centrifuged for 

3 minutes at maximum speed at 4C. 10 L of the supernatant was transferred to a 1.5mL microfuge tube 

and diluted 1:10 with 90 L dilution buffer [25mM Tris (pH 7.8, 100 M EDTA]. Subsequently, 10 L of the 

diluted supernatant was transferred to another 1.5 ml tube that contained 740 L of dilution buffer such that 

the final dilution was 1:750. The diluted homogenate was centrifuged at 20,000 x g for 3 minutes. To prepare 

a series of low-concentration ATP standards, the 5mM ATP stock solution provided with the kit was diluted 

with ddH2O to reach final concentrations of 0, 0.01, 0.05, 0.1, 0.5, and 1 M. Next, 10 L of each standard 

or sample was transferred in duplicate to a white, opaque 96 well plate. The reaction was started by adding 

100L of the reaction mixture with a multichannel pipette. Luminescence was measured three times 

sequentially using a plate reader and the values were averaged. The protein concentration of each sample 

was measured with the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL). The concentration 

of ATP contained in each sample was then normalized to its respective protein content. 

 

Transmission electron microscopy 

Tissues for electron microscopic examination were prepared as described in Weisz et al. (Weisz et al., 

2018). Thora fixed with 2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.1M sodium cacodylate buffer, 

pH 7.4, overnight at 4C. After subsequent buffer washes, the samples were post-fixed in 2.0% osmium 

tetroxide for 1 hour at room temperature, and then washed again in buffer followed by dH2O. After 
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dehydration through a graded ethanol series, the tissue was infiltrated and embedded in EMbed-812 

(Electron Microscopy Sciences, Fort Washington, PA). Thin sections were stained with lead citrate and 

examined with a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera and AMT 

Advantage image capture software. 

 

Western blotting 

Adult male flies aged 5-7 days were snap frozen and heads were separated into groups of 10 on dry ice. 

Protein extracts were prepared from the heads using extraction buffer (20 mM Hepes (pH 7.5), 100 mM 

KCl, 5% glycerol, 100 µM NA3VO4, 10 mM EDTA, 0.1% Triton X, 1 mM DTT, and (Phosphatase/protease 

inhibitors) 4X LDS (Invitrogen) and 10X Reducing Agent (Invitrogen) were added before samples were 

incubated at 70C for 10 minutes to denature and reduce. Samples were separated on a 4-12% Bis-Tris 

gel (Invitrogen) and transferred to a PVDF membrane (Immobilon-P, Millipore, St. Louis, MO). Enhanced 

chemiluminescence (SuperSignal West Pico; Thermo Scientific) was used for antibody detection. The 

following primary antibodies were used: anti-PGC-1 1:1000 (Millipore, St. Louis, MO), anti-β-tubulin E7 

1:20,000 (Developmental Studies Hybridoma Bank, Iowa City, IA). The relative intensity of PGC-1 to β-

tubulin was determined using ImageJ (NIH). 

 

Circadian behavior 

Circadian analysis was performed as described in Dockendorff et al., 2002. Male flies were collected 0-3 

days post eclosion and entrained to a stringent 12 hours light: 12 hours dark cycle for three days at 25°C. 

Flies were then placed in individual tubes containing 5% sucrose, 2% agar, and loaded into monitors 

(Trikinetics, DAM2 system, Waltham, MA) that were placed in an incubator in constant darkness at 25°C. 

The activity of these flies, as indicated by beam breaks, was measured from days 2 to 6. Data were collected 

in 5-minute bins and analyzed with ClockLab software (Actimetrics, Wilmette, IL). Rhythmicity was 

determined by a fast fourier transform (FFT) analysis. 
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Statistics 

The Prism software package (GraphPad Software, v9.5.1) was used to generate graphs and perform 

statistical analyses. Unpaired t-tests were used to evaluate pairwise comparisons. Multiple comparisons 

were investigated using one-way analysis of variance (ANOVA) with post hoc Tukey tests. Multiple 

comparisons were investigated for datasets with variable standard deviations using Brown-Forsythe and 

Welch ANOVA with Dunnett’s T3 multiple comparisons test. 
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CHAPTER 6: FMRP GRANULES GUIDE MITOCHONDRIAL FISSION VIA LOCAL 

TRANSLATION IN NEURONS 
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FMRP granules guide mitochondrial fission via local translation in neurons. 
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I. Summary 

Mitochondrial homeostasis is maintained in neurons by network remodeling and local translation, 

but it is not understood how translation is coupled to mitochondrial dynamics. The Fragile X Messenger 

Ribonucleoprotein (FMRP) is a critical regulator of translation, whose absence causes Fragile X Syndrome. 

Loss of FMRP disrupts mitochondrial health in neurons, resulting in fragmented networks with impaired 

metabolism. However, the mechanism by which FMRP supports mitochondrial homeostasis in neurons is 

unknown. Here, we utilize super-resolution microscopy, cryo-electron tomography, and live-imaging in 

primary rodent neurons and human iPSC-derived neurons to describe how condensates of FMRP, 

ribosomes, and nuclear-encoded mRNAs remodel mitochondria by locally promoting mitochondrial fission. 

This process involves precise localization of FMRP granules along mitochondria and depends on contacts 

with endolysosomes and the activity of the GTPase Rab7. FMRP-associated fission depends on protein 

synthesis, coincides with local translation of Mitochondrial Fission Factor, and is spatially coordinated with 

the endoplasmic reticulum (ER) and mitochondrial DNA replication. Knockout or knockdown of FMRP 

dysregulates mitochondrial organization, resulting in the irregular distribution of mitochondrial nucleoids 

throughout neurons. Thus, FMRP-associated translation functions synergistically with endolysosomes, the 

ER, and mitochondrial DNA replication to locally direct mitochondrial fission, ensuring even distribution of 

DNA throughout mitochondrial networks in neurons. 
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II. Introduction 

Neurons have extended axons and dendrites that rely on local protein synthesis to support cellular 

function. RNAs, RNA-binding proteins, and ribosomes form phase-separated granules that are transported 

to specific sub-cellular regions to enable local translation in neurons (Broix et al., 2021; Fernandopulle, 

2021). The Fragile X Mesenger Ribonucleoprotein (FMRP) is a component of RNA granules known to play 

critical roles in RNA localization and translational control in neurons (Antar et al., 2005; Darnell et al., 2011; 

Dictenberg et al., 2008; Goering et al., 2020). FMRP loss-of-function mutations cause Fragile X Syndrome, 

a devastating neurodevelopmental disorder (De Boulle et al., 1993; Grønskov et al., 2011; Pieretti et al., 

1991; Quan et al., 1995). Recent work has revealed that loss of FMRP function alters mitochondrial 

metabolism and network organization (Bülow, Wenner, et al., 2021; Geng et al., 2023; Kuzniewska et al., 

2020; Licznerski et al., 2020; M. Shen et al., 2019; Weisz et al., 2018). Multiple mechanisms focusing on 

the bulk regulation of proteins affecting mitochondrial function or dynamics have been proposed to explain 

the variety of alterations observed in these models (Geng et al., 2023; Licznerski et al., 2020; M. Shen et 

al., 2019), but FMRP regulates neuronal RNA transport, translation, and mitochondrial function in a spatially 

controlled, compartment-specific manner (Bülow, Wenner, et al., 2021; Hale et al., 2021; Jung et al., 2023). 

Thus, the mechanisms by which FMRP granules locally promote mitochondrial network integrity in neurons 

are unclear. 

 

III. Results 

 

FMRP preferentially associates with the ends and midzone of mitochondria in mammalian neurons  

 

We examined the spatial relationship between EGFP-tagged FMRP (EGFP-FMRP) and 

mitochondria with confocal microscopy in primary rat hippocampal neurons and mouse cortical neurons. 

EGFP-FMRP was densely packed in the cell body and overlapped with mitochondria, as previously reported  
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Figure 6.1: FMRP granules associate with the ends and midzone of mitochondria in neurons. A, Confocal image 

showing the association of EGFP-FMRP with mitochondria in a DIV8 rat hippocampal neuron. The EGFP-FMRP 

brightness is increased in the insets. Arrowheads indicate individual FMRP granules associated with mitochondria. B, 

DNA-PAINT images of EGFP-FMRP and TOM20-marked mitochondria in rat hippocampal neurons. Left: DNA-PAINT 

localizations. Right: example segmentation for individual mitochondria and nearby FMRP granules from high-density 

DNA-PAINT localizations. C, Histogram showing distance to nearest mitochondrion for EGFP-FMRP clusters. n=1199 

clusters. D, EGFP-FMRP clusters from DNA-PAINT are larger when contacting mitochondria n=599 clusters with 

contact, 600 clusters without contact. Line and bars are median ± interquartile range.  ****p < 0.0001, two-tailed Mann-

Whitney test. E,F, Representative kymograph and time series depicting the localization of an EGFP-FMRP granule to 
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the ends and midzone of an axonal mitochondrion in a DIV7 mouse cortical neuron. G, Trajectory depicting EGFP-

FMRP granule location along mitochondria over time for (F), where mitochondrial length is normalized from 0 to 1. H, 

Histograms depicting the location of EGFP-FMRP granules along mitochondria in rat hippocampal neurons, where 

mitochondrial length is normalized from 0 to 1. n=121 granules from 24 axons and 250 granules from 30 dendrites. I, 

Duration of FMRP-mitochondria contacts in rat hippocampal neurons. n=72 contacts from 15 axons, 178 contacts from 

14 dendrites. J, Time series and corresponding kymograph showing co-transport of FMRP with mitochondria in an 

axon of a DIV10 rat hippocampal neuron. K, Motility of FMRP when in contact with mitochondria. n=72 contacts from 

15 axons, 178 contacts from 14 dendrites. Scale bars: 5 µm (A, E, J); 1 µm (A inset, B, F).  

 

(Geng et al., 2023), but interactions between single mitochondria and FMRP granules could only be clearly 

resolved in neurites (Fig. 6.1A). To investigate the nanostructure of this interaction, we visualized EGFP-

FMRP and TOM20-labelled mitochondria using multicolor DNA Point Accumulation in Nanoscale 

Topography (DNA-PAINT) super-resolution microscopy (Jungmann et al., 2014). EGFP-FMRP was found 

in circular clusters that frequently localized either at or adjacent to mitochondrial ends, or at the 

mitochondrial midzone (Fig. 6.1B). Approximately half of EGFP-FMRP clusters (599 of 1199) overlapped 

with mitochondria, mirroring the localization of endogenous FMRP in both rat hippocampal neurons and 

human iPSC-derived neurons (i3Neurons; Extended Data Fig. 6.1A-E) (C. Wang et al., 2017). We measured 

the distance between EGFP-FMRP and mitochondria for clusters without mitochondrial overlap and found 

that most EGFP-FMRP clusters (~76%) were less than 1 µm from mitochondria (Fig. 6.1C), indicating that 

FMRP is spatially clustered in proximity to mitochondrial membranes, even without direct contact. EGFP-

FMRP clusters in contact with mitochondria were significantly larger than those not in contact (32,166 nm2 

median area with contact vs. 18,175 nm2; Fig. 6.1D). FMRP granules are known to form through liquid-

liquid phase separation (Tsang et al., 2019), but mitochondrial contacts do not appear to alter the phase-

separated condensate properties of FMRP granules, as we saw no significant difference in cluster circularity 

or in the rate of fluorescence recovery after photobleaching (FRAP) of EGFP-FMRP on or away from 

mitochondria (Extended Data Fig. 6.1F-I).  

We tracked the movement of FMRP and mitochondria over time with live-cell imaging and observed 

a surprising behavior, in which FMRP granules quickly shuttle between the ends or midzone of mitochondria 

(Fig. 6.1E-G and Video S6.1). This dynamic association of FMRP with mitochondria was observed in both 

axons and dendrites, and was similar across observations in both rat hippocampal and mouse cortical 
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neurons (Fig. 6.1H, Fig. S6.2A-D, and Video S6.2). The duration of FMRP-mitochondria contacts was highly 

variable, with contacts lasting anywhere from a few seconds to longer than the 5-min recording period (Fig. 

6.1I). Contacts were substantially longer in dendrites, where associations between FMRP and mitochondria 

could persist for over 30 mins (Fig. 1I, Fig. 6.2E). FMRP granules were also observed to undergo long-

distance co-transport with mitochondria in neurons (Fig. 6.1J and Video S6.3). Co-transport was more 

frequent in axons than dendrites, but most FMRP-mitochondria interactions did not cause net displacement 

of FMRP in either compartment (Fig. 6.1K). The association of FMRP with mitochondria was not dependent 

on mitochondrial motility or interactions with the microtubule cytoskeleton, as nocodazole-induced 

microtubule depolymerization reduced mitochondrial transport without altering the frequency of FMRP-

mitochondria contacts (Fig. S6.2F-G). Combined, these results reveal that FMRP granules dynamically 

associate with both mitochondrial ends and midzones, and traffic together throughout axons and dendrites.  

 

FMRP marks sites of mitochondrial fission in neurons 

 

Further tracking of FMRP-mitochondria dynamics in rat and mouse neurons revealed that FMRP granules 

mark sites of mitochondrial fission (Fig. 6.2A-E, Fig. S6.3A-B). FMRP granules were recruited to and 

retained at the mitochondrial midzone, where fission subsequently occurred within minutes (Fig. 6.2A-C 

and Video S6.4). These FMRP-associated fission events preferentially occurred near the mitochondrial 

midzone, although we noted a predominance of midzone fission in neurons, independent of FMRP 

association (Fig. 6.2F). EGFP-FMRP granules frequently overlapped with mitochondrial fission sites, 

although we also observed events in which FMRP granules were positioned sub-micron distances from the 

fission site, without direct contact (Fig. S6.3B). Upon completion of fission, most FMRP granules remained 

either in direct contact or adjacent to one of the newly formed mitochondrial ends for at least 1 min (Fig. 

6.2D, Fig. S6.3C). These data suggest that the recruitment of FMRP granules to mitochondrial midzones  
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Figure 6.2: FMRP association with mitochondria precedes mitochondrial fission. A-B, Representative kymograph 

and time series from a DIV7 mouse cortical neuron depicting the localization of an EGFP-FMRP granule (arrowhead) 

to the mitochondrial midzone, followed by mitochondrial fission. C, Trajectory depicting EGFP-FMRP granule 

localization along mitochondria before fission for (B), where mitochondrial length is normalized from 0 to 1. D, 

Representative time series from a DIV13 rat hippocampal neuron showing an EGFP-FMRP granule that marks a 

mitochondrial fission site and remains at the newly formed mitochondrial end. E, Percent of mitochondrial fission events 

marked by EGFP-FMRP in axons and dendrites of rat and mouse neurons. n=8 fission events from 36 rat axons, 98 

fission events from 43 rat dendrites, 10 fission events from 17 mouse axons, and 18 fission events from 16 mouse 

dendrites. F, Position of fission relative to total mitochondrial length for events contacting or not contacting EGFP-

FMRP. n=56 fission events from 17 hippocampal neurons. Line and bars are mean ± s.d. G, Representative time series 

showing Halo-FMRP and EGFP-DRP1 at a mitochondrial fission site in a DIV9 rat hippocampal neuron. H, Percent of 

mitochondrial fission events marked by Halo-FMRP and EGFP-DRP1. n=32 events from 9 rat hippocampal neurons. I, 

Halo-FMRP is recruited to fission sites before EGFP-DRP1. n=10 fission events. *p < 0.05, paired t-test. Scale bars: 1 

µm. 

 

may guide or initiate fission events while the persistent association of FMRP granules with mitochondrial 

ends may be the result of a previous fission event. 
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FMRP granules were found at 40-60% of mitochondrial fission sites in both axons and dendrites 

(Fig. 6.2E). In contrast, FMRP granules were not prominently localized to mitochondria in HeLa cells, and 

only 12% of fission events occurred in proximity to FMRP (Fig. S6.3D-F), suggesting that the correlation 

between FMRP granule association and mitochondrial fission might be neuron-specific. We confirmed the 

presence of FMRP at mitochondrial fission sites in neurons by co-localization with dynamin-related protein 

1 (DRP1), a GTPase with a critical role in mitochondrial fission(Smirnova et al., 2001). Live-cell imaging of 

EGFP-tagged DRP1 and Halo-tagged FMRP revealed that all mitochondrial fission events with Halo-FMRP 

present also had EGFP-DRP1 (Fig. 6.2G-H), and that EGFP-DRP1 was recruited to fission sites after Halo-

FMRP (Fig. 6.2I). These data suggest that FMRP granules dictate sites of mitochondrial fission upstream 

of DRP1, and in a neuron-specific manner.  

 

Endolysosomal vesicles contribute to FMRP-mitochondria dynamics 

 

We hypothesized that endolysosomal vesicles contribute to the dynamic interplay of FMRP and 

mitochondria. Early endosomes, late endosomes, and lysosomes recruit RNA granules to mitochondria to 

sustain mitochondrial function in the distal processes of neurons(Cioni et al., 2019; Liao et al., 2019; 

Schuhmacher et al., 2023). In other contexts, lysosomes closely regulate mitochondrial fission through 

Rab7 GTPase activity(Y. C. Wong et al., 2018). To test this hypothesis, we expressed fluorescently-tagged 

LAMP1 and Rab7 constructs to mark late endosomes/lysosomes and tagged Rab5 to mark early 

endosomes in rat hippocampal neurons. All three markers localized to vesicular structures that associated 

with FMRP granules at the ends of mitochondria (Fig. 6.3A-C). Strikingly, live-imaging revealed sustained 

contacts in which a LAMP1-positive vesicle was situated directly between an FMRP granule and a 

mitochondrial end (Fig. 6.3D and Video S6.5). The organization and persistence of these contacts suggest 

that endolysosomal vesicles tether FMRP granules to mitochondrial ends, filling the sub-micron gap 

observed between FMRP granules and mitochondria by DNA-PAINT (Fig. 6.1).    
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Figure 6.3: Endolysosomes contribute to FMRP-associated mitochondrial fission through Rab7 GTP 

hydrolysis. a-c) Examples of FMRP associating with endosomal markers (a) LAMP1, (b) Rab7, and (c) Rab5 at 

mitochondrial ends in DIV10 rat hippocampal neurons. d, Time series showing a LAMP1-positive vesicle tethering an 

FMRP granule to a mitochondrial end in a DIV10 rat hippocampal neuron. e, Time series showing a LAMP1-positive 

vesicle contacting an FMRP granule and mitochondria at a fission site in a DIV10 rat hippocampal neuron. The fission 

site is indicated by arrowheads. f, Percent of mitochondrial fission events marked by EGFP-FMRP and LAMP1-Halo, 

Halo-FMRP and GFP-Rab7, or Halo-FMRP and RFP-Rab5. n=44 fission events from 8 neurons, 39 fission events from 

10 neurons, and 29 fission events from 17 neurons, respectively. g-h, Frequency of mitochondrial fission events with 

EGFP-FMRP (g) or without EGFP-FMRP (h) upon expression of wildtype (WT) or dominant negative (T22N) Rab7. 

n=6-7 neurons from 3 biological replicates. Line and bars are mean ± s.d. for biological replicates. **p < 0.01, two-tailed 

unpaired t-test. i, Percent of mitochondrial fission events marked by EGFP-FMRP upon expression of WT or T22N 

Rab7. n=3 biological replicates. Line and bars are mean ± s.d. ***p < 0.001, two-tailed unpaired t-test. Scale bars: 1 

µm. 

 

FMRP granules were also found to contact LAMP1 vesicles at sites of mitochondrial fission (Fig. 

6.3E and Video S6.6). Approximately half of all fission events were co-positive for both LAMP1 and FMRP 

(Fig. 6.3F), indicating a preferential co-occurrence of lysosomes and FMRP granules at fission sites. We 

also investigated the association of Rab7 and Rab5 with FMRP granules at mitochondrial fission sites. 

A 

B 

C 

D E 

F 
G H I 



164 
 

Rab7-positive vesicles associated with FMRP granules at 36% of fission sites, while Rab5-positive vesicles 

were only present with FMRP at 17% of fission sites (Fig. 6.3F). Thus, late endosomes/lysosomes likely 

play a greater role with FMRP at fission sites than early endosomes. As lysosomal Rab7 GTP hydrolysis 

regulates mitochondrial fission (Y. C. Wong et al., 2018), we tested whether fission at FMRP granules is 

also Rab7-dependent with a dominant-negative mutant Rab7 (T22N) construct. Expression of Rab7 T22N 

in rat hippocampal neurons significantly reduced the rate of mitochondrial fission at FMRP granules and 

resulted in a reduced fraction of FMRP-positive fission events (Fig. 6.3G-I), indicating that Rab7 activity is 

critical for mitochondrial fission associated with FMRP granules.  

 

Mitochondria-associated FMRP granules are sites of protein synthesis  

 

Next, we used correlative light and electron microscopy to identify EGFP-FMRP-positive target 

areas in rat hippocampal neurons and used cryo-electron tomography (cryo-ET) to reconstruct regions 

around mitochondria and EGFP-FMRP granules (Fig. S6.4). Tomographic reconstruction revealed two 

mitochondria with ends in close proximity to EGFP-FMRP fluorescence, with endoplasmic reticulum (ER) 

tubules wrapped around the region in between (Fig. 6.4A-B and Video S6.7). This orientation of 

mitochondria and the ER is consistent with the products of a fission event mediated by constriction of the 

ER (J. R. Friedman et al., 2011; Lewis et al., 2016).  

We observed accumulations of electron-dense particles in the vicinity of this apparent fission event, 

which were identified as ribosomes by performing sub-tomogram averaging to a resolution of 27 Å (Fig. 

6.4C). Ribosome structures with clearly resolved subunits were mapped back to the original tomogram, 

revealing large clusters alongside the mitochondria, with both the ER and vesicles nearby (Fig. 6.4D-E). 

The overlap of EGFP-FMRP fluorescence with many of the ribosomes supports previous findings indicating 

that ribosomes colocalize with FMRP granules in neurons (Antar et al., 2005; El Fatimy et al., 2016). 

Ribosomal arrangements observed within the granule include potential polysomes, with many ribosomes  
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Figure 6.4: Correlative fluorescence microscopy and cryo-ET reveals ultrastructural features of EGFP-FMRP 

granules and mitochondria in neurons. A, A slice from a tomogram of two mitochondria in a DIV6 rat hippocampal 

neuron with EGFP-FMRP fluorescence overlaid. B, Segmentation of the tomogram from (A). C, Reconstructed 

ribosome from sub-tomogram averaging. D-E, Zoomed-in views of (B) showing: ribosomes clustered near the ER and 

mitochondria (D) and ribosomes clustered near vesicles (E). F, Segmentation of a tomogram showing a constricted 

mitochondrion in a DIV6 rat hippocampal neuron. G-H, Zoomed-in views of (F) showing: ribosomes clustered near the 

ER and vesicles (G) and the ER wrapping around a constricted mitochondrion with microtubules in the vicinity (H). I, A 

slice from tomographic reconstruction of two mitochondria and a nearby FMRP granule in a DIV6 rat hippocampal 

neuron with Mito-DsRed2 (magenta) and EGFP-FMRP fluorescence (yellow) overlaid. For the full tomogram movies of 

(B) and (F), see Video S6.7 and Video S6.8, respectively. Scale bars: 50 nm. 

 

held together along a single mRNA to sequentially synthesize a specific protein (Fig. S6.5A) (Brandt et al., 

2010). We validated the overlap of mitochondria-associated FMRP granules with ribosomes and sites of 

active protein synthesis in rat hippocampal neurons via immunocytochemistry of ribosomal protein RPS3A 

and puromycin-labelled polypeptides (Fig. S6.5B-E). Enriched puromycin signal was present on ~50% of 
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mitochondria-associated FMRP granules and significantly attenuated upon treatment with the protein 

synthesis inhibitor cycloheximide (CHX; 50 µM for 30 minutes; Fig. S6.5F). Most FMRP granules 

overlapping RPS3A or puromycin-enrichment were found in close contact with mitochondria (Fig. S6.5C, 

E), indicating that protein synthesis at FMRP granules preferentially occurs in association with 

mitochondria. However, the association of FMRP with mitochondria did not require active protein synthesis, 

as treatment with cycloheximide or puromycin (50 µM for 30 minutes) had no effect on FMRP-mitochondria 

contacts (Fig. S6.5G-H). These results suggest that ribosomes are actively engaged in translation at or 

near FMRP granules, synthesizing proteins proximal to mitochondria. 

Further analysis of our cryo-ET data-sets revealed several features of interest. In one tomogram, 

we noted a likely intermediate step of fission, with the ER wrapped around a constricted mitochondrion (Fig. 

6.4F and Video S6.8). EGFP-FMRP fluorescence was less than 1 µm from the mitochondrial constriction 

site, but not directly covered by the tomogram (Fig. S6.4C). Ribosome clusters were localized near the 

mitochondrial constriction site, as were tubular ER and vesicles (Fig. 6.4G). Strikingly, several microtubules 

abutted the mitochondrion and the ER, running perpendicular to the site of mitochondrial constriction (Fig. 

6.4H). Similarly, a single microtubule can be seen along the contour of both mitochondrial membranes in 

Fig. 6.4B, making close contacts with mitochondria and the ER. Previous work examining possible 

mitochondrial fission events at axon branch points has shown a similar orientation of microtubules at these 

sites (Nedozralova et al., 2022), suggesting that microtubules may scaffold mitochondrial fission events in 

neurons. In imaging experiments in which we co-expressed Mito-DsRed2 as a marker for mitochondria, we 

observed that EGFP-FMRP fluorescence overlapped a cluster of ribosomes near labelled mitochondria 

(Fig. 6.4I). In this tomogram, two vesicles can be seen in close contact with mitochondria and each other, 

filling the ~400 nm gap between a mitochondrion and the FMRP granule. This arrangement further suggests 

that vesicles facilitate contacts between FMRP granules and mitochondria, positioning ribosome-rich FMRP 

granules sub-micron distances from mitochondria.  
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MFF is translated at mitochondria-associated FMRP granules 

 

Together, these observations suggest that local protein synthesis may facilitate FMRP-associated 

mitochondrial fission. To test this possibility, we treated rat hippocampal neurons with the protein synthesis 

inhibitor cycloheximide (50 µM for 30 minutes) and tracked mitochondrial dynamics over time in dendrites. 

We observed significantly fewer FMRP-positive mitochondrial fission events with CHX treatment, with no 

significant effect on the frequency of FMRP-negative fission events, resulting in decreased fraction of fission 

events marked by FMRP (Fig. 6.5A-C). This dependence of FMRP-associated mitochondrial fission on 

protein synthesis, and the observed ribosomal clustering, suggests that one or more proteins is translated 

at or near FMRP granules to drive fission.  

Mitochondrial Fission Factor (MFF) is a fission adaptor that drives midzone fission in mammalian 

cells (Kleele et al., 2021; Otera et al., 2010). Mff mRNA is present in datasets for RNAs interacting with 

FMRP in mouse CA1 pyramidal neurons and cerebellar granule neurons (Sawicka et al., 2019). To explore 

whether MFF promotes fission at mitochondria-associated FMRP granules, we investigated the dynamics 

of MFF, mitochondria, and FMRP in hippocampal neurons. Both endogenous MFF and a GFP-tagged MFF 

(GFP-MFF) construct form puncta that are highly enriched at mitochondrial ends, marking the ends of nearly 

every mitochondrion in neurons (Fig. S6.7). All mitochondrial fission events observed were positive for 

GFP-MFF, with 56% co-positive for Halo-FMRP (Fig. 6.5D-E and Video S6.9). For these co-positive events, 

we found that FMRP was generally recruited to fission sites prior to the appearance of MFF (Fig. 6.5F), 

consistent with FMRP functioning upstream of MFF at fission sites.  

Next, we performed single-molecule fluorescence in situ hybridization (FISH) (A. Raj et al., 2008) 

combined with immunocytochemistry for FMRP and mitochondria in i3Neurons. We found that ~20% of 

MFF mRNA puncta colocalized with FMRP on mitochondria (Fig. 6.5G). For comparison, we also performed 

FISH for a select number of RNAs that encode proteins related to dynamic mitochondrial function and are 

present in datasets of RNAs that bind FMRP or RNAs that display altered transport in the absence of FMRP 

(Ascano et al., 2012; Darnell et al., 2011; Jung et al., 2023; Maurin et al., 2018; Sawicka et al., 2019).  
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Figure 6.5: MFF is translated at FMRP granules to locally promote mitochondrial fission. A-B, Frequency of 
mitochondrial fission events with EGFP-FMRP (A) or without EGFP-FMRP (B) upon acute inhibition of protein synthesis 
with cycloheximide (CHX) in rat hippocampal neurons. n=4 biological replicates, 15 neurons. Line and bars are mean 
± s.d. for biological replicates. *p < 0.05, two-tailed unpaired t-test. C, Percent of mitochondrial fission events marked 
by EGFP-FMRP upon treatment with DMSO or CHX. n=4 biological replicates. Line and bars are mean ± s.d. **p < 
0.01, two-tailed unpaired t-test. D, Time series showing Halo-FMRP and GFP-MFF at a site of mitochondrial fission in 
a DIV10 rat hippocampal neuron. E, Percent of mitochondrial fission events marked by Halo-FMRP and GFP-MFF. 
n=18 events from 9 neurons. F, Quantification of how long Halo-FMRP and GFP-MFF puncta are present at fission 
sites before fission occurs. n=7 fission events. *p < 0.05, two-tailed paired t-test. G, Representative image showing co-
localization between MFF mRNA and FMRP along mitochondria in DIV21 i3Neurons. Arrows indicate MFF mRNA 
overlap with FMRP on mitochondria. H, Co-localization of signal from puromycin-MFF PLA with EGFP-FMRP along a 
mitochondrion and between the ends of two mitochondria in a DIV7 rat hippocampal neuron. I, Percent of EGFP-FMRP 
granules that contain puromycin-MFF PLA signal. n=17 neurons, 3 biological replicates. *p < 0.05, two-tailed unpaired 
t-test. Line and bars are mean ± s.d. for biological replicates. J, Schematic of SunTag-based nascent polypeptide 
labeling to visualize MFF synthesis. K-L, Time series and corresponding line scans showing that mitochondrial fission 
follows synthesis of AID-SunTag-MFF at a Halo-FMRP granule in a DIV10 rat hippocampal neuron. Scale bars: 5 µm 

(G); 1 µm (D, H, K). 
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Specifically, we chose RNAs for proteins that control mitochondrial fission, fusion, microtubule-based 

transport, ATP synthesis, and mitophagy (Fig. S6.6A-J). For most of these RNAs, we observed a similar 

extent of colocalization with mitochondria-associated FMRP as MFF (Extended Data Fig. 6.6K), indicating 

that a subset of RNAs is present in mitochondria-associated FMRP granules. We then treated rat 

hippocampal neurons with puromycin and carried out a proximity ligation assay (PLA) between MFF and 

puromycin to allow for detection of newly synthesized, puromycin-labelled MFF protein (tom Dieck et al., 

2015; H. Yang et al., 2022). PLA signal for newly synthesized MFF overlapped with FMRP granules along 

mitochondria and immediately between mitochondria (Fig. 6.5H), which we interpret as representing FMRP 

granules pre- and post-fission, respectively. Overall, FMRP granules were ~7 times more likely to have 

signal for newly synthesized MFF when contacting mitochondria (Fig. 6.5I). To directly test if FMRP-

associated translation of MFF coincides with mitochondrial fission, we used nascent polypeptide imaging 

based on the SunTag system to visualize MFF protein synthesis in real time (Tanenbaum et al., 2014; B. 

Wu et al., 2016). We designed a construct with 24 copies of the SunTag epitope fused to the MFF coding 

sequence and 3’ UTR (Fig. 6.5J). As the protein is translated, single-chain antibody fragments fused to 

super-folder GFP (scFv-sfGFP) bind to the SunTag epitope and produce a fluorescent punctum. We 

included an N-terminal auxin induced degron (AID) as a means to degrade preexisting protein prior to 

imaging and reduce background fluorescence. The AID-SunTag-MFF construct was expressed in rat 

hippocampal neurons alongside COX8A-BFP to mark mitochondria and Halo-FMRP. AID-SunTag-MFF 

puncta appeared along mitochondria, where they colocalized with Halo-FMRP, providing further evidence 

that MFF is translated at mitochondria-associated FMRP granules (Fig. 6.5K, L). Following translation of 

AID-SunTag-MFF, mitochondrial fission occurred within the immediate vicinity (Fig. 6.5K, L), suggesting 

that MFF is translated in proximity to FMRP granules to locally promote mitochondrial fission in neurons. 
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FMRP plays an essential role in mtDNA organization in neurons 

 

Our findings link FMRP-associated mitochondrial fission to local enrichment of MFF and to the ER. 

As MFF- and ER-dependent fission have both been linked to the replication of mitochondrial DNA (mtDNA) 

(Kleele et al., 2021; Lewis et al., 2016), we looked for a possible connection between FMRP granule 

localization and mtDNA. We expressed fluorescent constructs marking either all nucleoids (EGFP-TFAM) 

or replicating nucleoids (EGFP-TWINKLE and GFP-POLG2) in rat neurons. We observed close 

associations of FMRP granules with each nucleoid marker (Fig. 6.6A-C). Nucleoids remained associated 

with individual FMRP granules for several minutes, but could also associate with multiple, distinct FMRP 

granules during mitochondrial network remodeling (Fig. 6.6A). Overall, the spacing between nucleoids and 

FMRP granules was similar across markers, but POLG2 and TWINKLE were positioned slightly closer to 

FMRP granules than TFAM, suggesting a closer association of FMRP with replicating mtDNA (Fig. 6.6D). 

Further, we observed that FMRP granules were spatially linked to nucleoids during mitochondrial fission 

(Fig. 6.6E). Approximately half of FMRP-associated fission events were linked to nucleoids, regardless of 

marker (Fig. 6f; 48% for EGFP-TWINKLE vs 52% for GFP-POLG2 vs 57% for EGFP-TFAM). Thus, FMRP 

granules are spatially organized in proximity to mtDNA, including during mtDNA replication and 

mitochondrial fission.  

We hypothesized that recruitment of FMRP granules to the mitochondrial midzone promotes 

localized control of mitochondrial fission, and that this in turn promotes the even distribution of mtDNA 

throughout mitochondria in neuronal processes. Thus, we would predict that loss of FMRP function would 

dysregulate mtDNA organization within neurons. To test this idea, we cultured cortical neurons from wild-

type (WT) mice and Fmr1 KO mice, which lack FMRP. Upon visualization of mitochondria with Mitotracker 

Deep Red and DNA with SYBR Green in WT neurons, we found a relatively uniform distribution of nucleoids 

within mitochondria, with the number of nucleoids per mitochondrion scaling linearly with mitochondrial 

length (Fig. 6.6G-H). In contrast, nucleoid density per mitochondrion was more variable and did not 

correlate as closely with mitochondrial length in Fmr1 KO neurons (R2 = 0.3397 for Fmr1 KO vs 0.6166 for 

WT) due to the increased abundance of small mitochondria with multiple nucleoids and mitochondria with  
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Fig. 6.6: FMRP promotes mitochondrial DNA homeostasis in neurons. A, Time series depicting associations 

between replicating nucleoids (EGFP-TWINKLE) and Halo-FMRP in a DIV9 rat hippocampal neuron. Nucleoids near 

FMRP are indicated with cyan (TWINKLE) and yellow (FMRP) arrowheads. B-C, DIV9 rat hippocampal neurons 

expressing Halo-FMRP, Mito-DsRed2, and GFP-POLG2 or EGFP-TFAM. Nucleoids near FMRP are indicated with 

cyan (POLG2/TFAM) and yellow (FMRP) arrowheads. D, Cumulative frequency of distance to nearest FMRP granule 

for TWINKLE, POLG2, and TFAM in rat hippocampal neurons. n=250 TWINKLE puncta from 15 neurons, 285 POLG2 

puncta from 14 neurons, and 381 TFAM puncta from 15 neurons. **p < 0.01, ***p < 0.001, Kruskal-Wallis test with 

Dunn’s multiple comparisons test. E, Time series from a DIV9 rat hippocampal neuron showing FMRP at a 

mitochondrial fission site that is linked to a TWINKLE-positive nucleoid. Arrowheads indicate the fission site. F, Percent 

of mitochondrial fission events marked by Halo-FMRP and EGFP-TWINKLE, Halo-FMRP and GFP-POLG2, or Halo-

FMRP and TFAM-GFP. n=53 fission events from 11 neurons, 35 fission events from 7 neurons, and 39 fission events 
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from 7 neurons, respectively. G, Maximum-intensity projections of Mitotracker Deep Red-labelled mitochondria and 

SYBR Green-labelled DNA in DIV8 wild-type (WT) or Fmr1 KO mouse cortical neurons. H-I, Heatmap of mitochondrial 

DNA (mtDNA) puncta per mitochondrion vs mitochondrial length (H) and distribution of mtDNA puncta density (I) in WT 

and Fmr1 KO neurons. n=692 WT mitochondria and 1035 Fmr1 KO mitochondria. J-K, Percent of mitochondria lacking 

mtDNA (J) and standard deviation of mtDNA puncta per micron mitochondria (K) for 20 WT and Fmr1 KO neurons. 

Line and bars are mean ± s.d. ****p < 0.0001, two-tailed unpaired t-test (j) or two-tailed Mann–Whitney test (K). L, 

Model for local control of mitochondrial fission by FMRP granules. i-ii, FMRP granules are localized to the mitochondrial 

ends or midzone, with endo-lysosomes contributing to this localization. iii, MFF mRNA within the FMRP granule is 

translated at the mitochondrial midzone. iv, Newly-synthesized MFF facilitates mitochondrial division, ensuring even 

segregation of mtDNA between daughter mitochondria. Scale bars: 5 µm (A, G); 1 µm (A inset, B, C, E, G inset). 

 

few or no nucleoids (Fig. 6.6G-K). To examine whether FMRP maintains mtDNA organization in human 

neurons, we used CRISPR interference (CRISPRi) in i3Neurons to knock down FMRP protein to 38% of its 

wild-type level (FMR1 KD; Fig. S6.8A-B). FMR1 KD i3Neurons display fragmented mitochondrial networks, 

phenocopying FMRP loss-of-function in mouse neurons (Fig. S6.8C-E). FMR1 KD neurons also exhibited 

a less uniform distribution of DNA throughout mitochondria than WT controls (Fig. S6.8F-J), and more 

variable nucleoid density per mitochondrion that did not correlate as strongly with mitochondrial length (R2 

= 0.2855 for Fmr1 KO vs 0.6214 for WT). 

 

IV. Discussion 

 

Here we define a mechanism by which local protein synthesis at FMRP granules regulates 

mitochondrial fission dynamics in neurons. We propose that FMRP granules serve as platforms for local 

translation of MFF at the mitochondrial midzone to enable regulated control of mitochondrial fission (Fig. 

6.6L). Synthesis of MFF at the mitochondrial midzone would provide the advantage of locally increasing 

protein concentration without affecting other nearby mitochondria, enabling organelle-specific control of 

mitochondrial fate throughout neurons. Our data indicate that multiple factors converge to orchestrate this 

highly precise, yet dynamic positioning of FMRP granules around mitochondria. Endolysosomal vesicles 

were frequently found juxtaposed with FMRP granules and mitochondria. Such vesicles influence the 

nanoscale spacing of ribosome-rich FMRP granules around mitochondria, and functionally contribute to 
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mitochondrial fission through Rab7 GTP hydrolysis. Thus, we propose that the roles for endolysosomes in 

RNA granule organization (Cioni et al., 2019; Liao et al., 2019; Schuhmacher et al., 2023) and mitochondrial 

fission (Y. C. Wong et al., 2018) are part of the same process that maintains mitochondrial form in neurons. 

We also find clusters of ribosomes in close association with FMRP, the ER, and mitochondrial structures 

that resemble fission intermediates, suggesting that local protein synthesis is coordinated with ER-mediated 

mitochondrial fission in neurons. Recent ultrastructural characterization of axon branches supports this idea 

by revealing that the ER, ribosomes, vesicles, and microtubules are locally concentrated at mitochondrial 

constrictions during fission (Nedozralova et al., 2022). Further, our live-imaging reveals that FMRP granules 

are spatially coordinated with mtDNA and dynamically enriched at sub-organellar regions of mitochondria 

on a timescale of seconds to minutes. We envision that FMRP granules, the ER, and vesicles form inter-

organelle contacts with mitochondria that function synergistically with intramitochondrial factors to enable 

precise spatiotemporal control of translation and mitochondrial dynamics throughout axons and dendrites.  

Studies investigating mitochondria in models of Fragile X Syndrome have repeatedly found that 

mitochondrial function and dynamics are compromised in neurons upon loss of FMRP, but it has been 

unclear how FMRP granules direct translation to promote mitochondrial homeostasis. We anticipate that a 

mitochondrion could carry or recruit an FMRP granule with mRNAs encoding multiple proteins, and locally 

synthesize those proteins when and where they are needed. This idea is supported by our observations 

that many nuclear-encoded transcripts related to mitochondrial form and function overlap with FMRP on 

mitochondria and that FMRP granules are actively transported with mitochondria. Disrupting this 

mechanism via FMRP loss-of-function would dysregulate many mitochondrial pathways, and differentially 

affect individual mitochondria depending on the local organization of RNAs and ribosomes. Our data 

demonstrate that mitochondrial DNA organization is disrupted upon loss or reduction of FMRP levels. We 

propose that translation at FMRP granules is locally orchestrated with mitochondrial DNA replication and 

mitochondrial fission to ensure that DNA is evenly distributed throughout the mitochondrial network. 

However, mitochondrial DNA homeostasis depends on efficient control of mitochondrial fusion (Silva 

Ramos et al., 2019), which is also regulated by FMRP (M. Shen et al., 2019), suggesting that FMRP 

granules regulate multiple aspects of mitochondrial dynamics to ensure proper mtDNA organization in 
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neurons. Since mtDNA encodes proteins critical for mitochondrial respiration, disrupting DNA organization 

could cause some of the known metabolic phenotypes in animals lacking FMRP. Therefore, our 

characterization of FMRP-mitochondria interactions provides a framework to understand the local 

regulation of mitochondrial function by FMRP and the diverse mitochondrial phenotypes observed in models 

of Fragile X Syndrome. 

 

V. Methods 

Plasmids 

The following plasmids were used: mito-DsRed2 (gift from T. Schwarz, Harvard Medical School), EGFP-

FMRP (gift from G. Bassell, Emory University), GFP-POLG2 (gift from W. Copeland, National Institutes of 

Health), Halo-FMRP (subcloned from EGFP-FMRP into pFN21A-HaloTag-CMV vector from Promega), 

COX8A-BFP (Goldsmith et al.(Goldsmith et al., 2022)), LAMP1-Halo (Gallagher and Holzbaur(Gallagher & 

Holzbaur, 2023)), GFP-MFF (Addgene, 49153), GFP-RAB7 (Addgene, 12605), GFP-RAB7 T22N 

(Addgene, 12660), RFP-RAB5 (Addgene, 14437), EGFP-DRP1 (subcloned from pcDNA 3.1-Drp1 

[Addgene, 34706] into pEGFP-C1 vector), pCRISPRia-vs2 ((Horlbeck et al., 2016); Addgene 84832), PGK 

4xMito-mEmerald (Addgene, 200430), pUbC-OsTIR1-myc-IRES-scFv-sfGFP (Addgene, 84563), AID-

SunTag-MFF (subcloned from GFP-MFF, MFF cDNA clone [Transomic BC000797], and pUbC-FLAG-

24xSuntagV4-oxEBFP-AID-baUTR1-24xMS2V5-Wpre [Addgene, 84561] into pEGFP-N1 vector with 

EGFP removed), EGFP-TWINKLE (subcloned from TWINKLE-APEX2-V5 [Addgene, 129705] into pEGFP-

N1 vector), and EGFP-TFAM (subcloned from pCellFree_G03 TFAM into pEGFP-N1 vector). 

Antibodies 

The following antibodies were used for immunocytochemistry (ICC), western blot (WB), proximity ligation 

assay (PLA), and DNA-PAINT: anti-FMRP (Millipore, MAB2160) at 1:500 for ICC and WB, anti-HSP60 

(Sigma-Aldrich, SAB4501464) at 1:100 for ICC, anti-puromycin (Millipore, MABE343) at 1:250 for PLA, anti-

puromycin Alexa Fluor 647 conjugate (Millipore, MABE343-AF647) at 1:250 for ICC, anti-MFF (Proteintech, 

17090-1-AP) at 1:1000 for ICC and PLA, anti-RPS3A (ThermoFisher, 14123-1-AP) at 1:500 for ICC, anti-
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Neurofilament Heavy Chain (Aves Labs, NHF) at 1:2,000, anti-α/β tubulin (Cell Signaling, 2148S) at 1:1000 

for WB, anti-TOM20 (Proteintech, 11802-1-AP) at 1:100 for DNA-PAINT. The following secondary 

antibodies were used: Alexa Fluor 488 goat anti-rabbit IgG (H + L) (Invitrogen, A11034) at 1:1000 for ICC, 

Alexa Fluor 594 goat anti-mouse IgG (H + L) (Invitrogen, A11032) at 1:1000 for ICC, Alexa Fluor Plus 647 

goat anti-mouse IgG (H + L) (Invitrogen, A32728), at 1:1000 for ICC, IRDye 680RD donkey anti-rabbit IgG 

(LI-COR, 926-68073) at 1:20,000 for WB, IRDye 800CW donkey anti-mouse IgG (LI-COR, 926-32212) at 

1:20,000 for WB, docking-strand-conjugated secondary anti-rabbit antibody (docking strand 2, Massive 

Photonics) at 1:100 for DNA-PAINT, and docking-strand conjugated GFP nanobody (docking strand 3, 

Massive Photonics, Germany) at 1:100 for DNA-PAINT. 

Human iPSC and i3Neuron culture 

Human WTC11 iPSCs that harbor a doxycycline-inducible NGN2 transgene at the AAVS1 locus 

and stably express dCas9-BFP-KRAB were a gift from M.Ward at the National Institutes of Health and have 

been previously described(Fernandopulle et al., 2018). iPSCs were cultured on dishes coated with hESC-

qualified Matrigel (Corning) and fed daily with Essential 8 medium (ThermoFisher). iPSCs were 

differentiated into i3Neurons following a previously described protocol (Fernandopulle et al., 2018). 

Following differentiation, i3Neurons were cryo-preserved in i3Neuron media (BrainPhys Neuronal Medium 

[StemCell] supplemented with 2% B27 [Gibco], 10ng/mL NT-3 [PeproTech], 10ng/mL BDNF [PreproTech], 

and 1µg/mL Laminin [Corning]) with 10% DMSO added. i3Neurons (180,000 to 200,000 cells) were plated 

on 35-mm glass-bottom imaging dishes (MatTek, P35G-1.5-20-C) that were precoated with poly-L-ornithine 

(Sigma-Aldrich, P3655) overnight at 37°C. i3Neurons were cultured for 21-22 days in 5% CO2 at 37°C prior 

to fixation or transfection. Every 3-4 days, 40% of the media was replaced with fresh culture media. 

Generation of FMR1 CRISPRi iPSCs 

Human iPSCs and i3Neurons with knockdown of FMRP via CRISPR interference (CRISPRi) were 

made using previously described methods for gene knockdown in this system (Aiken & Holzbaur, 2023; 

Tian et al., 2019). Briefly, the FMR1-targeting guide RNA sequence GGCGGGCCGACGGCGAGCGC was 

flanked with BlpI and BstXI cut sites and ligated into BlpI/BstXI-digested pCRISPRia-vs2 using NEB Quick 
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Ligase (New England Biolabs; M2200S). Guide incorporation was verified by sequencing. The sgRNA guide 

plasmid was then packaged into lentivirus and transduced into iPSCs. HEK293T cells were transfected with 

sgRNA plasmid, psPAX2 (HIV pol+gag), and pCMVVsv-g. Eight hours after transfection, media was 

replaced with fresh media supplemented with ViralBoost (Alstem; VB100). Forty hours later, HEK293T 

media was collected, filtered, and centrifuged with Lentivirus Precipitation Solution (Alstem; VC100) to 

isolate viral pellet. The virus-containing pellet was resuspended in E8 media with ROCK inhibitor, aliquoted, 

and frozen at -80C. Resuspended virus was then added to iPSCs and incubated together for two days. 

Virus-infected iPSCs were then selected for with puromycin (Takara; 631305) for four days, with fresh 

media added each day. iPSCs were then collected, cryo-preserved, and differentiated into i3Neurons as 

described above.  

Primary neuron culture 

Embryonic day 18 Sprague Dawley rat hippocampal neurons were obtained from the Neurons R 

Us Culture Service Center at the University of Pennsylvania. Cells (live imaging, 220,000 cells on 20-mm 

glass; fixed imaging, 150,000 cells on 20-mm glass; proximity ligation assay, 110,000 cells on 7-mm glass) 

were plated in 35-mm glass-bottom dishes (MatTek, P35G-1.5-20-C or P35G-1.5-7-C) that were precoated 

with 0.5 mg/ml poly-L-lysine (Sigma-Aldrich, P1274). Cells were initially plated in Attachment Media (MEM 

supplemented with 10% horse serum, 33 mM D-glucose, and 1 mM sodium pyruvate). After 5 hours, 

Attachment Media was replaced with Maintenance Media (Neurobasal [Gibco] supplemented with 33 mM 

D-glucose, 2 mM GlutaMAX (Invitrogen), 100 units/ml penicillin, 100 mg/ml streptomycin, and 2% B-27 

[ThermoFisher]). On the following day, cytosine arabinoside (1 µM) was added to the cultures to prevent 

proliferation of non-neuronal cells. Neurons were maintained at 37°C in a 5% CO2 incubator for 6-12 days 

prior to transfection or fixation.   

 Fmr1 KO (Strain #003025) and C57BL/6J (Strain #000664) mice were obtained from The Jackson 

Laboratory. All experiments followed protocols approved by the Institutional Animal Care and Use 

Committee at the University of Pennsylvania. Mouse cortex from C57BL/6J (WT) embryos of either sex or 

a mixture of hemizygous male Fmr1 KO and homozygous female Fmr1 KO embryos was dissected in 1X 
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HBSS (Gibco) at day 15.5. Cortical neurons were isolated by digestion with 0.25% Trypsin and trituration 

through a pipette tip. Cells were plated and cultured as described for rat hippocampal neurons, except that 

Attachment Media and Maintenance Media were supplemented with 37.5 mM NaCl.  

HeLa cell culture 

HeLa-M (A. Peden, Cambridge Institute for Medical Research) cells were maintained in DMEM 

(Corning, 10- 017-CM) supplemented with 1% GlutaMAX (ThermoFisher, 35050061) and 10% Fetal Bovine 

Serum. Cells were maintained at 37°C in a 5% CO2 incubator. Cells were routinely tested for mycoplasma 

contamination with a MycoAlert detection kit (Lonza, LT07). Cells were authenticated by STR profiling at 

the DNA Sequencing Facility at the University of Pennsylvania. 

Transfection 

Rat hippocampal neurons and mouse cortical neurons were transfected after 6-12 days in vitro 

(DIV).  Neurons were transfected with 0.5–1.5 µg total of plasmid DNA using 4 µL Lipofectamine 2000 

Transfection Reagent (ThermoFisher). Neurons were incubated with lipid:DNA complexes for 45 minutes 

before replacing with conditioned media. Primary rodent neurons were incubated for 18-24 hours before 

fixation or live imaging. i3Neurons (DIV18) were transfected with 1 µg of plasmid DNA using 4 µL 

Lipofectamine Stem (ThermoFisher). Neurons were then incubated with lipid:DNA complexes for 90 

minutes before replacing with conditioned media. i3Neurons were incubated for 72 hours before fixation or 

live imaging. HeLa cells were plated on uncoated 35 mm glass-bottom dishes (MatTek, P35G-1.5-20-C), 

transfected with 1.5 µg total of plasmid DNA using FuGene 6 (Promega), and incubated for 24 hours before 

live imaging. 

Live imaging 

For experiments using live-cell imaging of rat and mouse neurons, cells were imaged at 37°C in 

Hibernate E medium (BrainBits) supplemented with 2% B27 and 33 mM D-glucose. Neurons expressing 

Halo-tagged constructs were labelled with 100 nM Janelia Fluor 646-Halo ligand (Promega, GA1121) for 

15 minutes followed by a 30 min washout prior to imaging. For experiments involving translational inhibition 

with cycloheximide or puromycin, neurons were treated with 50 µM cycloheximide (Sigma-Aldrich, 01810), 
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50 µM puromycin, or equivalent volume DMSO for 30 minutes prior to imaging and during image acquisition. 

For experiments involving microtubule depolymerization with nocodazole, neurons were treated with 2 µM 

nocodazole (Sigma-Aldrich, M1404-10MG) or equivalent volume DMSO for 30 minutes prior to imaging and 

during image acquisition. For experiments examining mitochondrial DNA, neurons were treated with 

1:10,000 MitoTracker Deep Red FM (Thermo Fisher Scientific, M22426) and 1:200,000 SYBR Green I 

(ThermoFisher, S7563) for 30 minutes prior to imaging. For live-cell imaging of HeLa cells, the culture 

media was replaced with Leibovitz’s L-15 media (Gibco, 11415064) supplemented with 1% Glutamax and 

10% fetal bovine serum. For live-cell imaging of i3Neurons, cells were imaged in Hibernate A medium (Brain 

Bits) supplemented with 2% B27, 10 ng/mL BDNF and 10 ng/mL NT-3. For FRAP experiments, single 

EGFP-FMRP granules were photobleached in hippocampal neurons using the 488-nm laser line for 8 

photobleaching cycles with 9 ms per pixel. One pre-FRAP timepoint was collected and images were 

captured every second post-bleaching for 240 seconds. For SunTag experiments, hippocampal neurons 

were transfected with AID-SunTag-MFF, pUbC-OsTIR1-myc-IRES-scFv-sfGFP, COX8A-BFP and Halo-

FMRP following the above protocol. 3-Indoleacetic acid (Sigma, I2886) was diluted in ethanol and added 

to neuron cultures overnight at a final concentration of 500 µg/mL to degrade pre-existing proteins 

containing auxin-induced-degron. 

All live-cell imaging experiments were performed using a Perkin Elmer UltraView Vox spinning disk 

confocal on a Nikon Eclipse Ti Microscope, which is surrounded by a 37°C imaging chamber. All samples 

were given several minutes to equilibrate before imaging, with each dish imaged for a maximum of one 

hour. Videos were acquired at 1 frame/second for 5 minutes, 3 frames/second for 15 minutes, or 5 

frames/second for 30 minutes. Experiments were imaged on either a Hamamatsu EMCCD C9100-50 

camera or a Hamamatsu CMOS ORCA-Fusion (C11440-20UP). The EMCCD camera was used with 

Volocity Software [Quorom Technologies/PerkinElmer] and the CMOS camera was used with VisiView 

(Visitron). 
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DNA-PAINT super-resolution microscopy 

Hippocampal neurons were plated in Lab-Tek II 8-well chambered coverglass (ThermoFisher, 

155409) at a density of 10,000-15,000 cells per well. Chambers were precoated with poly-L-lysine and 

neurons were cultured as described above. Neurons in each well were transfected with 125 ng EGFP-

FMRP following the above protocol and incubated for 24 hours. Neurons were fixed for 10 min using warm 

PBS with 4% paraformaldehyde and 4% sucrose. Blocking buffer (PBS containing 10% donkey serum, 

0.1% Saponin, and 0.05 mg/mL sonicated salmon sperm single-stranded DNA [Stratagene, La Jolla, 

California]) was then added for one hour at 25°C before incubation with rabbit anti-Tom20 (see above) in 

blocking buffer for 1 h at 25°C. Neurons were then washed once with PBS and three times for 5 minutes in 

1X Wash Buffer (Massive Photonics, Germany) before incubating with docking-strand-2-conjugated 

secondary anti-rabbit antibody and docking-strand-3-conjugated GFP nanobody. Neurons were then 

washed three times for 7 minutes with 1X Wash Buffer and twice with PBS. 

Hippocampal neurons were imaged on a Nanoimager microscope (ONI, Oxford, UK) equipped with 

a 100x oil immersion objective (NA 1.45), 405-, 488-, 561- and 640-nm lasers, 498-551- and 576-620-nm 

band-pass filters in channel 1, 666-705-839 nm band-pass filters in channel 2, and a 840 Hamamatsu Flash 

4 V3 sCMOS camera. Imager strands 2 and 3 conjugated to either Cy3B or ATTO655 were added at a 

concentration of 0.25 nM in Imaging Buffer (Massive Photonics, Germany). Images were collected at HiLo 

illumination angle with 100 ms exposure using a laser program alternating between 100 frames collected 

of the TOM20 channel and 200 frames for the EGFP-FMRP channel, repeated for a total of 25,000 frames. 

Localizations were generated and drift corrected by Nanoimager operating and analysis software (ONI) and 

exported as csv files for downstream processing with the following localization filter parameters: 300 photon 

minimum, 30 nm maximum localization precision in X and Y directions, 10-250 nm sigma in X and Y 

direction. 

Correlative light and electron microscopy and cryo-electron tomography 

Cryo-EM grids (Quantifoil 2/2, LF, 200 mesh) were glow-discharged, placed in 35-mm glass-bottom 

dishes (MatTek, P35G-1.5-20-C), and coated with poly-L lysine as described above. Rat hippocampal 
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neurons were plated at a density of 70,000-150,000 cells across 3-4 grids and cultured as described above. 

Cells were transfected with EGFP-FMRP and/or mito-DsRed2 at DIV5. Twenty-four hours post-transfection, 

grids were supplemented with 10 nm colloid gold beads and blotted from the back side before plunge-

freezing using a Leica EM GP2 robot. Cryo-grids were imaged with a Leica EM Cryo-CLEM Cryo Light 

Microscope or Zeiss LSM900 Airyscan2 cryo-confocal microscope. Z-stack images were collected for 

individual cells with both bright-field and fluorescence channels, from which maximum intensity projection 

images were produced for subsequent correlative imaging.  

Grids were transferred to a Titan Krios transmission electron microscope (Thermo Fisher) for 

tomography, which was operated at 300 kV acceleration voltage, equipped with a post-column BioQuantum 

energy filter and a K3 direct electron detector (Gatan). Full-grid montages were captured at 82× 

magnification to identify cells of interest. Each cell was further imaged at 470× magnification to obtain maps 

covering a grid square, which were used for correlation with fluorescence images using CorRelator(J. E. 

Yang et al., 2021) program. The regions of interest were located by the EGFP fluorescence signal overlaid 

on cryo-EM maps, and the candidate targets were further imaged at 4800× and 19500× magnifications, at 

which features of mitochondria could be clearly recognized. The targets for data collection were selected 

at the interface between the EGFP fluorescence spot and nearby mitochondria. Tilt series were collected 

at 33000× magnification, with a calibrated pixel size of 2.65 Å, following the dose-symmetric scheme, 

spanning from -60° to 60° with 3° increment. Images were recorded with an electron dose rate of 40 e-

/pixel/s. Each tilt was exposed for 0.45 s, which was fractionated into 5 movie frames, resulting in an 

accumulative dose of 105 e-/Å2 for each tilt series. To boost the contrast of cellular features, the Volta phase 

plate was used during data collection. The defocus range of the images was -1 to -3 μm. 

Immunocytochemistry 

Hippocampal neurons and i3Neurons were fixed for 10 min using warm PBS with 4% 

paraformaldehyde and 4% sucrose. Cells were washed three times with PBS, permeabilized with 0.2% 

Triton X-100 in PBS for 15 minutes, and washed three times with PBS. Cells were blocked for 1 hour in 

blocking solution (5% goat serum and 1% BSA in PBS) and incubated overnight at 4C with primary 
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antibodies diluted in blocking solution. Cells were then washed three times with PBS, incubated with 

secondary antibodies diluted in blocking solution, and washed three more times. Neurons were imaged 

using the spinning disk confocal setup described above, with Z-stacks collected at 200-nm step-size.  

Puromycylation assay 

Hippocampal neurons were transfected with mito-DsRed2 and EGFP-FMRP following the above 

protocol. After 24 hours, neurons were treated with 2 µM puromycin for 10 min then fixed and permeabilized 

according to the immunocytochemistry protocol. Neurons were incubated with anti-puromycin Alexa Fluor 

647 conjugate (see above) for 16 hours at 4°C, washed 3 times with PBS, and imaged using a Perkin Elmer 

UltraView Vox spinning disk confocal, as described above, with Z-stacks collected at 200-nm step-size. 

Puromycin enrichment for EGFP-FMRP was defined as overlap with a puromycin-positive puncta. For 

experiments involving translational inhibition with cycloheximide, neurons were treated with 50 µM 

cycloheximide or equivalent volume DMSO for 30 minutes prior to the addition of puromycin.  

Single-molecule RNA FISH 

Custom single-molecule RNA-FISH probes with Quasar 670 dye were designed against the human 

mRNA coding sequences for each gene using the Stellaris Probe Designer (Biosearch Technologies). The 

pre-designed human GAPDH with Quasar® 670 Dye (Biosearch Technologies, SMF-2019-1) was used as 

a control. DIV21 i3Neurons were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature 

and washed three times with PBS. Neurons were stored in 70% ethanol at 4°C for up to two weeks. Neurons 

were then washed with Wash Buffer (2X SSC [20X SSC (Corning 46-020-CM)] and 10% formamide diluted 

in Nuclease-free water [ThermoFisher, BP561-1]) for 5 minutes. Pools of Quasar 670-conjugated FISH 

probes at 250 nM were combined with anti-FMRP and anti-HSP60 antibodies (see above) in Hybridization 

Buffer (2X SSC solution containing 5% dextran sulfate [Sigma-Aldrich, D8906], and 10% formamide diluted 

in Nuclease-free water) and hybridized to cells for 16 hours at 37°C. Neurons were then washed in Wash 

Buffer for 30 min at 37°C to remove unbound probes and incubated in Wash Buffer with secondary 

antibodies (see above) for 30 min at 37°C. Neurons were then washed 3 times in 2X SSC buffer for 5 

minutes and mounted in GLOX Buffer (2X SSC solution containing 10 mM Tris-HCl pH 8.0, 0.4% glucose, 
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0.5 mg/mL glucose oxidase [Sigma-Aldrich, G0543], and 470 U/mL catalase [Sigma-Aldrich, C3155]). 

Neurons were imaged using a Perkin Elmer UltraView Vox spinning disk confocal, as described above, with 

Z-stacks collected at 200-nm step-size.  

Proximity Ligation Assay 

Hippocampal neurons were transfected with COX8A-BFP and EGFP-FMRP following the above 

protocol. After 24 hours, neurons were treated with 2 µM puromycin for 10 min, fixed in PBS containing 4% 

paraformaldehyde and 4% sucrose for 10 min at room temperature, washed 3 times in PBS, permeabilized 

for 15 minutes in PBS with 0.2% Triton X-100, and washed with PBS. Newly synthesized proteins were 

detected using Duolink In Situ PLA Mouse/Rabbit kit with red detection reagents (Sigma-Aldrich, 

DUO92101-1KT) according to manufacturer’s protocol with a mouse anti-puromycin antibody in 

combination with a rabbit anti-MFF antibody (see above for details). Neurons were imaged using a Perkin 

Elmer UltraView Vox spinning disk confocal, as described above. Z-stacks were collected at 200-nm step-

size. PLA puncta were then manually counted and scored for overlap with EGFP-FMRP or COX8A-BFP.  

Immunoblotting 

Neurons were washed twice with ice-cold PBS and lysed with ice-cold RIPA buffer (50mM Tris-

HCl, 150mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2x Halt Protease and 

Phosphatase inhibitor). Cells were snap frozen in liquid nitrogen and incubated in RIPA buffer for 30 min 

on ice. Samples were then centrifuged for 10 min at 17,000 x g. The protein concentration of the 

supernatant was determined by BCA assay, then samples were denatured in sample buffer containing SDS 

at 95° C. Samples were analyzed by SDS-PAGE and transferred onto PDVF Immobilon FL membranes 

(Millipore). After drying for 1 hour, membranes were rehydrated in methanol and stained for total protein 

(LI-COR REVERT Total Protein Stain). Following imaging of total protein, membranes were de-stained with 

0.1M NaOH supplemented with 30% Methanol, blocked for 1 hour in EveryBlot Blocking Buffer (Bio-Rad), 

and incubated overnight at 4 °C with primary antibodies diluted in Blocking Buffer with 0.2% Tween-20. 

Membranes were washed three times for 5 min in 1xTBS Washing Solution (50 mM Tris-HCl pH 7.4, 274 

mM NaCl, 9 mM KCl, 0.1% Tween-20), incubated in secondary antibodies diluted in Blocking Buffer with 
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0.01% SDS for 1 h, and washed three times for 5 min in Washing Solution. Membranes were imaged using 

an Odyssey CLx Infrared Imaging System (LI-COR). Band intensities were measured in Image Studio (LI-

COR). 

Fraction of FMRP on mitochondria 

To quantify the number of endogenous FMRP granules contacting mitochondria in i3Neurons and 

rat hippocampal neurons, we generated max projections of the mitochondria and FMRP channels in 

ImageJ. Regions containing only neurites were selected from these max projections. We then converted 

the area for FMRP and mitochondria to binary masks using the Pixel classification module of Ilastik, a 

machine-learning based image segmentation program (Berg et al., 2019). The masked images of FMRP 

and mitochondria were then overlayed and scored for overlap in ImageJ. To quantify the number of EGFP-

FMRP granules contacting mitochondria, granules were manually counted and scored for overlap with 

mitochondria. For presentation purposes, sections of individual neurons were “straightened” using the 

Straighten command in ImageJ. 

DNA-PAINT 

Mitochondria localizations were Voronoi-segmented and clustered based on a minimum Voronoi 

area of 5,476 nm2 and minimum of 15 localizations using a custom-made MATLAB code. Mitochondria 

clusters with area less than 0.110 µm2 were considered non-specific background clusters and discarded. 

FMRP localizations were Voronoi-segmented and clustered based on a minimum Voronoi area of 548 nm2 

and minimum of 10 localizations. FMRP clusters with area less than 0.018 µm2 were considered non-

specific background clusters and discarded. Images surrounding mitochondria in neuronal processes were 

cropped and used for downstream analysis. 

A custom colocalization analysis was performed using MATLAB (Github: 

https://github.com/LakGroup/Data_Analysis_Software_Fenton_etal) on the Voronoi-segmented data. The 

mitochondria channel was used as ‘reference’ channel, and the FMRP channel as the ‘colocalization’ 

channel. The colocalization analysis determined the overlap between the reference and colocalization 

clusters, and they were considered to colocalize when there is overlap between them. This analysis split 
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the data of the colocalization (FMRP) channel into two subsets: FMRP that is localized within a 

mitochondrion, and FMRP that is localized outside mitochondria. In practice, an initial search was 

performed to find reference clusters with colocalization clusters in their vicinity, without limiting the number 

of colocalization clusters associated with a reference cluster, and without limiting the number of reference 

clusters a colocalization cluster was associated with. This was performed to speed up calculations, and 

achieved by making a low-resolution polygon out of the reference clusters, and then isometrically enlarging 

them with 5 pixels (i.e., 585 nm). Any colocalization cluster found within this region was then associated to 

a reference cluster and considered in further steps of the colocalization analysis. The second step in this 

colocalization analysis described the reference clusters that have colocalization clusters associated to them 

as high definition alphaShape objects (a polytope that is a subset of the Delaunay Triangulation of the 

clusters and includes all localizations in the cluster, but also describe holes present in the clusters). The 

individual localizations of any colocalization cluster that were associated to a reference cluster were then 

evaluated to be inside or outside that reference cluster. Colocalization clusters with localizations inside a 

reference cluster were considered colocalized, whereas colocalization clusters without localizations inside 

a reference cluster were not. This separated the colocalization clusters in two groups on which the different 

metrics (area, distance to mitochondrion, and circularity) were calculated.  

The area of the individual FMRP clusters was calculated from their alphaShape rendering, as well 

as their perimeter. The circularity of the clusters was then obtained by applying the following formula: 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =  
4×𝜋×𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2, which is 1 for a perfect circle and near 0 for highly non-circular shapes. To 

measure the distance from FMRP to mitochondria for FMRP clusters that do not make mitochondrial 

contact, we determined which 10 mitochondrial clusters were closest to the FMRP cluster and then 

calculated the border-to-border distance (FMRP to mitochondrion) between these. The lowest distance 

between any of these results is reported. 

FMRP-mitochondria contact analysis over time 

FMRP-mitochondria contacts were determined by manually drawing a line along the length of an 

axon or dendrite from a confocal video. A kymograph was then generated using the Multiple Kymograph 
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plugin for ImageJ. Tracks of individual FMRP granules in contact with mitochondria were manually traced 

in ImageJ to determine contact duration and displacement. Motile FMRP granules (anterograde or 

retrograde) were defined by a net displacement ≥5 µm while non-motile granules were defined by a net 

displacement ˂5 µm. 

Normalized position along mitochondria 

The positioning of FMRP granules or MFF puncta along mitochondria was measured by manually 

drawing a line along the length of an axon or dendrite from a confocal video. A kymograph was then 

generated in ImageJ and used to determine the ends of each mitochondrion. The location of each FMRP 

granule or MFF puncta in contact or within 1 micron distance from each mitochondrion was recorded and 

used to determine the distance to both mitochondrial ends. The distance from the proximal mitochondrial 

end was then divided by the mitochondrial length to determine the relative position along the mitochondrion, 

with ends normalized to 0 and 1. 

Determination of fission events 

Mitochondrial fission was defined as any event that showed clear division of a single mitochondrion 

into two distinct mitochondria that display uncoupled movement following division. A fission event was 

considered positive for a marker if the relevant marker was within 500 nm distance of the fission location in 

the frame before fission occurs. To determine when a marker appeared at a fission site before fission, a 

circular region of interest (ROI) with 1 µm radius was drawn around the fission site. The number of seconds 

preceding fission while each marker remained within the ROI was reported. Fission events in which both 

FMRP and DRP1 or MFF puncta are present in the ROI at the beginning of the recording were excluded 

from analysis. The position of mitochondrial fission was measured by manually drawing a line along the 

length of the mitochondrion in the frame before fission. 

To measure fission rates, regions of rat hippocampal neuron dendrites were selected in which 

individual mitochondria were easily resolvable and did not leave the focal plane. The dendritic mitochondrial 

network was then segmented using Ilastik to determine total mitochondrial area. To account for changes in 

mitochondrial density over time, the final mitochondrial area was determined by averaging the areas in the 
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region of interest for the first and last frames of the video. Fission rates are indicated as the number of 

fission events occurring over 30 minutes per square micron of mitochondria.  

FISH 

To quantify the number of mRNA puncta in contact with FMRP granules and mitochondria we 

generated max projections of each channel in ImageJ. Regions containing only neurites were selected from 

these max projections. We then converted each channel to a binary mask using Ilastik, as described above. 

The masked images for mRNA puncta and FMRP were then overlayed and scored for overlap in ImageJ. 

For mRNA puncta that overlap with FMRP, the segmented FMRP granule was scored for overlap with 

mitochondria. For presentation purposes, sections of individual neurons were “straightened” using the 

Straighten command in ImageJ. 

FRAP 

The mean fluorescence intensity was measured for each ROI containing an EGFP-FMRP granule. 

The ROI was moved if/when each granule moved out of the initially determined ROI. The intensities of the 

ROIs were normalized such that the pre-bleached intensity is 1 and the first photobleached frame is 0.  

Tomogram reconstruction and subtomogram averaging 

The movie frames of each tilt angle were aligned to correct the beam-induced motion and 

assembled into tilt-series stacks in Warp (Tegunov et al., 2021). Initial tilt-series alignment was performed 

with EMAN2 (Chen et al., 2019) software and the tomograms were reconstructed with a binning factor of 

4. The ribosome particles were manually picked with e2spt_boxer.py and an initial model was calculated 

using e2spt_sgd.py which clearly resolved the features of large and small subunits of the ribosome. The 

particle orientations were refined stepwise using e2spt_refine.py with particles at 4× and 2× binning levels. 

To achieve the best possible resolution, we made use of the multiparticle refinement approach of Warp-

Relion-M pipeline (Burt et al., 2021). The tilt series were re-aligned with autoalign_dynamo using the 10 nm 

gold beads as fiducials. Tomograms were reconstructed using Warp with deconvolution filter applied to 

facilitate visualization and particle picking in IMOD (Kremer et al., 1996). A total of 378 particles were picked 

from 3 tomograms. Subtomograms were first reconstructed with a binning factor of 4. A round of 3D 
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refinement in Relion-3.1 (Scheres, 2012) produced a reconstruction at 30 Å resolution, estimated by the 

Fourier shell correlation cut-off of 0.143. The unbinned subtomograms were then reconstructed and fed to 

M for multiparticle refinement (Tegunov et al., 2021), which resulted in a density map at 27 Å resolution 

(Fig. 6.4B,F). 

Tomogram postprocessing, segmentation, and annotation 

Due to multiple steps of transfer, the sample got some surface contamination by crystalline ice. 

These dense features produced some smeared artifacts in multiple slices of the tomogram. To remove 

these artifacts, a mask covering the ice density was created in IMOD which was used to reproject the 

density to tilt-series images for signal subtraction using the Masktorec program(Fernandez et al., 2016). 

Clean tomograms were reconstructed with the signal-subtracted tilt images and contrast-enhanced with the 

nonlinear anisotropic diffusion filter in IMOD. The tomogram was segmented manually using IMOD and the 

density for each feature was cropped out using the imodmop function to facilitate 3D visualization and 

analysis. The subtomogram average map of the ribosome was placed back into the tomogram according 

to the original particle position and angular information using ArtiaX(Ermel et al., 2022). The figures were 

rendered with either IMOD or Chimerax (Goddard et al., 2018). 

Postprocessing of correlation 

The bright-field light microscopy images were first correlated with the 470× cryo-EM map using the 

hole centroid as fiducials. The same transformation matrix was applied to the fluorescence channel images. 

For registration of other cryo-EM images at higher magnifications, the correlation was performed solely 

between EM images at adjacent magnifications, from which the transformation matrix was derived and 

applied to fluorescence images for stepwise correlation. The ice contamination served as fiducials for 

correlating EM images between 470× and 4800× magnifications, and the 10 nm gold colloid beads were 

used for higher magnifications. The tomogram slices were extracted and correlated with the 19500× EM 

images using the structural features as fiducials, which allowed the annotation of tomogram features with 

fluorescence signals. 
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CHAPTER 7: DISCUSSION 

I. Regulation of mitochondrial transport complexes 

My finding that TRAK2 links kinesin-1 and dynein-dynactin within a single complex indicates that the 

regulation of directional transport occurs through the formation of this co-complex. While I was the first to 

demonstrate the formation of a multi-motor TRAK2 co-complex, this result has been independently 

validated for both TRAK1 and TRAK2 using purified proteins (Canty et al., 2023). The experiments in Canty 

et al. align nicely with my key findings that TRAK2 activates kinesin-1 and dynein-dynactin, but there are 

slight differences between the studies and details that are important to consider. For instance, all TRAK-

kinesin-dynein co-complexes examined thus far move exclusively toward the microtubule plus-end 

(Chapter 2) (Canty et al., 2023). Canty et al. went on to show that adding excess kinesin-1 stalk during in 

vitro motility experiments reduced the amount of TRAK-dynein motility. They concluded that kinesin-1 

binding to TRAK prevents dynein from being activated, meaning that dynein is always an inactive passenger 

within a multi-motor complex, while kinesin is excluded during dynein-mediated transport. This model does 

not fully agree with my experiments showing that knockdown of kinesin-1, dynein, or dynactin negatively 

influences TRAK2 transport by the opposing motor.  

However, my experiments examined full-length TRAK2 in cell lysate, while Canty et al. examined 

purified TRAK fragments lacking the C-terminal half of the protein (Canty et al., 2023). I anticipate that the 

inclusion of the C-terminal half of TRAK2 in my experiments could explain these differences in results. 

Several dynein activating adaptors contain regions that fold back on the coiled-coil region that binds dynein-

dynactin to prevent the formation of active motor complexes (Ali et al., 2023; K. Singh et al., 2023; Terawaki 

et al., 2015). TRAK2 also folds back on itself in a head-to-tail manner that regulates motor binding 

(van Spronsen et al., 2013). The association of kinesin-1 or dynein-dynactin could bias TRAK2 to remain 

in an open conformation that is more likely to interact with the opposing motor. Such a mechanism has 

recently been demonstrated for HOOK3, a motor adaptor that forms a co-complex with the kinesin KIF1C 

and dynein-dynactin (Kendrick et al., 2019), and displays co-dependence for these opposing motors (Ali et 

al., 2023). KIF1C binding to HOOK3 relieves the folded-back autoinhibited state to allow HOOK3 to bind 
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and activate dynein-dynactin (Ali et al., 2023). Thus, it is possible that assays with full-length TRAK2 display 

motor co-dependence because they are sensitive to this form of autoinhibition, while experiments with 

truncated fragments (those ending near the Spindly motif) circumvent this regulatory feature entirely. 

Currently, it is not clear how often multi-motor co-complexes form and associate with mitochondria 

within cells. From my work and others, the fraction of TRAK-motor complexes that form with both kinesin 

and dynein is considerably lower than those containing a single motor. While this result argues that multi-

motor complexes do not occur frequently, additional factors on the mitochondrial surface could favor co-

complex formation as a means to control mitochondrial transport. Future super-resolution imaging 

experiments that map the distribution of TRAKs and motors on mitochondria will be needed to decipher the 

frequency of co-complex formation. Such experiments could address many critical questions regarding the 

composition and organization of mitochondrial transport complexes. For example, where do motor 

complexes reside on mitochondria? A recent study examining mitochondrial transport in C. elegans 

reported that kinesin-1 localizes to the leading edge of axonal mitochondria in order to drive anterograde 

transport (Y. Wu et al., 2024). In this system, the polarized localization of kinesin-1 is driven by RIC-7, a 

mitochondria-associated protein that is necessary for mitochondrial transport in C. elegans (Rawson et al., 

2014). These results suggest that spatial clustering of motor complexes could be an essential part of 

mitochondrial transport in neurons. However, this polarized localization has not been demonstrated outside 

of C. elegans and RIC-7 has no obvious homolog in vertebrates (Rawson et al., 2014; Y. Wu et al., 2024), 

making it unclear whether a similar transport mechanism exists in humans.  

MIRO proteins are known to oligomerize in vitro (Chapter 3) (K. P. Smith et al., 2020) and form 

nanoclusters on the mitochondrial surface (Modi et al., 2019). The role for MIRO clustering on mitochondria 

and its relevance for mitochondrial transport remains unexplored. One possibility is that MIRO clusters 

facilitate the clustering of TRAK proteins together into larger structures that favor efficient transport by 

recruiting multiple motors. This notion of motor clustering is supported by evidence of dynein clustering on 

phagosomes to drive retrograde transport (Rai et al., 2016). Additionally, recent structural work has 

revealed that multiple copies of activating adaptors can scaffold the dynein-dynactin complex (Chaaban & 
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Carter, 2022). Thus, clustering of MIRO and TRAK proteins has the potential to regulate mitochondrial 

transport by locally concentrating multiple contact points between the mitochondrial surface and 

microtubule motors. It will be important to determine how MIRO/TRAK proteins organize into clusters over 

time, how clustering affects the stoichiometry of motor complexes, and what the impact of clustering is on 

mitochondrial transport in cells. 

Another point of consideration is how motor complexes are coordinated across a whole 

mitochondrion. While MIRO proteins exist as discrete clusters on mitochondria, each individual 

mitochondrion contains many clusters spread across its entire surface (Modi et al., 2019), raising the 

possibility that multiple TRAK-MIRO-motor complexes are active at different locations on a single 

mitochondrion. Some form of cross-organelle communication is likely at play considering that it would be 

inefficient to regulate individual motor complexes without also coordinating motor activity across multiple 

contact points with microtubules. Further, MIRO clusters across mitochondria are dedicated to many 

mitochondrial functions, such as regulation of Ca2+ influx, cristae morphology, ER contacts, and actin-based 

tethering, as MIRO is a near-ubiquitous regulator of mitochondrial biology (Covill-Cooke et al., 2024; 

Eberhardt et al., 2020). These different MIRO functions are probably coordinated across distant MIRO 

clusters for each mitochondrion to synergistically facilitate mitochondrial dynamics. For example, 

mitochondria-ER contacts and actin-based tethering are thought to simultaneously promote mitochondrial 

fission (Chakrabarti et al., 2018; Coscia et al., 2023; Kleele et al., 2021; Manor et al., 2015). Cells also 

seem to tightly control the association of MIRO with TRAK proteins or MYO19 to efficiently coordinate actin- 

and microtubule-based dynamics (López‐Doménech et al., 2018; Oeding et al., 2018). Mechanistically, it is 

unclear how this sort of cooperation of MIRO complexes across mitochondria would occur. However, one 

hint is that many MIRO interactors share a common binding interface on MIRO, a conserved hydrophobic 

pocket on the first ELM (Covill-Cooke et al., 2024). Thus, the availability of this MIRO interface for effector 

binding is a general feature of MIRO that could be tightly regulated in different clusters across mitochondria 

to simultaneously drive diverse mitochondrial functions.  
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Several other proteins deserve mention here for their role in the regulation of mitochondrial 

transport. Two Metaxin proteins (MTX1 and MTX2) were recently shown to be required for mitochondrial 

transport in C. elegans and human iPSC-derived neurons (Y. Zhao et al., 2021). MTX2 interacts with TRAK, 

MIRO, kinesin-1, and dynein, suggesting it is a core component of the anterograde and retrograde 

TRAK/MIRO transport complexes (Y. Zhao et al., 2021). In contrast, MTX1 seems to exclusively mediate 

mitochondrial transport toward the microtubule plus-end in C. elegans neurons by forming a complex with 

MTX2, MIRO, kinesin-1, and KLC (Y. Zhao et al., 2021). A distinct complex comprising MTX2, MIRO, and 

TRAK was proposed to mediate dynein-based mitochondrial transport in C. elegans neurons (Y. Zhao et 

al., 2021). These observations suggest that the presence of MTX1 in a mitochondrial transport complex 

excludes the association of TRAK proteins to specifically enable kinesin-based transport. This notion of 

distinct complexes containing either MTX1 and KLC or TRAK is intriguing with regard to previous 

observations that TRAK proteins and KLC do not interact in co-immunoprecipitation experiments (Glater et 

al., 2006; van Spronsen et al., 2013) and share the same binding site on kinesin-1 (Tan et al., 2023), yet 

certain KLC isoforms still localize to mitochondria (Khodjakov et al., 1998). I anticipate that binding of MTX1 

and KLC to kinesin-1/MIRO/MTX2 physically excludes the binding of TRAK proteins. However, the 

interaction interface between Metaxins and these other proteins has not been defined, and will need to be 

investigated more thoroughly with biochemical and structural experiments.  

Given the clear evidence for TRAK proteins in kinesin-based mitochondrial transport (Glater et al., 

2006; Henrichs et al., 2020; López‐Doménech et al., 2018; Stowers et al., 2002; van Spronsen et al., 2013), 

it is still not fully clear why there would be two separate complexes linking kinesin-1 to mitochondria. One 

advantage of the TRAK-motor complex is the potential to quickly recruit or activate dynein within the same 

motor complex, allowing a mitochondrion to rapidly switch between transport in different directions along 

the microtubule, as seen occasionally for axonal mitochondria (Hollenbeck & Saxton, 2005; Misgeld & 

Schwarz, 2017). In this way, TRAK-mediated transport could ultimately serve as a means to facilitate 

bidirectional transport. Conversely, MTX1-mediated mitochondrial transport would likely be biased away 

from transient dynein activation due to the lack of TRAK proteins in this complex, meaning that this complex 

could serve as a way to promote kinesin-based transport without any directional switching. The presence 
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of different adaptor complexes also allows for additional layers of regulation by upstream regulators. For 

example, the function of TRAK proteins is dictated by post-translational modifications, such as 

phosphorylation and O-GlcNAcylation (Chung et al., 2016; Pekkurnaz et al., 2014). MTX1 function could 

also be sensitive to post-translational modification, but in different ways than TRAK proteins, although this 

possibility remains unexplored. Thus, the combination of these two complexes could fine-tune the 

placement of mitochondria throughout neurons by ensuring that certain mitochondria move unidirectionally 

while others move bidirectionally in response to different signals.  

 

II. Mutant kinesin-1 in neurodegeneration 

The work described in Chapter 4 demonstrates that ALS-associated mutations in the kinesin-1 isoform 

KIF5A create a hyperactive motor protein that is toxic to neurons. While our study was the first to establish 

that these mutations impair KIF5A autoinhibition, cause distal accumulation, alter mitochondrial 

organization, and decrease neuron survival through a toxic gain of function, several other studies have also 

characterized the effects of these KIF5A mutations. Importantly, these studies include experiments similar 

to those described in Chapter 4 and come to the same conclusions that KIF5AΔExon27 accumulates distally 

to form aggregates in cells, undergoes reduced autoinhibition in vitro, and has toxic effects on neurons 

(Nakano et al., 2022; Pant et al., 2022; Soustelle et al., 2023). Further, expression of human KIF5AΔExon27 

in Drosophila results in irregular mitochondrial distribution, altered neuromuscular junction morphology, 

impaired motor neuron neurotransmission, reduced locomotor function, motor neuron loss, and premature 

lethality (Pant et al., 2022; Soustelle et al., 2023). Human KIF5AΔExon27 also induces neuronal death when 

expressed in C. elegans (Soustelle et al., 2023), confirming the toxicity of the mutation across multiple 

animal and cell model systems. Together, these studies make a powerful argument for a toxic gain-of-

function role of KIF5AΔExon27.  

Still, many unanswered questions remain as to how the KIF5AΔExon27 mutation relates to the 

pathogenesis of ALS. Foremost among them is the question of which cellular and molecular phenotypes 

lead to neuron death. Mitochondrial dynamics are disrupted in neurons expressing mutant KIF5A, and 
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disrupted mitochondrial dynamics are thought to contribute to ALS pathology. However, kinesin-1 is 

responsible for the transport of many other cellular cargos, suggesting that neuronal dysfunction and death 

could stem from the combined dysregulation of multiple organelles, not just mitochondria.  

Alternatively, intracellular trafficking defects associated with KIF5AΔExon27 could have minor 

consequences compared to other features of this mutant. All studies examining KIF5AΔExon27 thus far have 

reported that the motor accumulates distally in cells and forms large inclusions or aggregates (Nakano et 

al., 2022; Pant et al., 2022; Soustelle et al., 2023). Such propensity to aggregate may be central to the 

development of ALS pathology, as protein aggregation is a hallmark characteristic of ALS (Blokhuis et al., 

2013). Then again, perhaps the multimerization of KIF5AΔExon27 is intrinsically linked to its autoinhibition. 

Motile KIF5AΔExon27 complexes appear brighter than KIF5AWT and KIF5AΔC-term complexes in single-molecule 

experiments (Fig. 4.3) (Nakano et al., 2022; Pant et al., 2022), suggesting that KIF5AΔExon27 complexes 

contain multiple kinesin-1 dimers. The observation that the ΔExon27 mutation induces longer run lengths 

without affecting velocity is also consistent with a study showing that artificial scaffolds containing two 

kinesin-1 dimers produce longer run lengths than single kinesin-1 dimers, but move at the same speed 

(Rogers et al., 2009). KIF5A multimerization at the C-terminus could favor motor activation by sterically 

blocking the head-tail interactions that enable kinesin-1 autoinhibition (Coy et al., 1999; D. S. Friedman & 

Vale, 1999; Tan et al., 2023; Weijman et al., 2022). Thus, the presence of multiple kinesin-1 dimers within 

a complex could explain the altered motile properties of KIF5AΔExon27. Ultimately, a more thorough 

examination of intracellular transport, protein aggregation, and the links between the two is needed to 

understand how the properties of KIF5AΔExon27 could lead to ALS pathology. 

Mutations in KIF5A have been linked to other neurodegenerative diseases, such as hereditary 

spastic paraplegia and Charcot-Marie-Tooth disease (Crimella et al., 2012; Y.-T. Liu et al., 2014). These 

diseases are peripheral neuropathies that progressively cause muscle weakness and wasting, similar to 

ALS. Unlike the mutations examined here, the vast majority of KIF5A mutations associated with HSP and 

CMT occur in the motor domain (Y.-T. Liu et al., 2014; Nicolas et al., 2018). One study examining the effect 

of an HSP-associated motor domain mutation on KIF5A-dependent neurofilament transport found 
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decreased transport flux, suggesting a reduction in KIF5A activity (L. Wang & Brown, 2010). Perhaps the 

molecular phenotype of KIF5A, either loss- or gain-of-function, correlates with disease pathogenesis.  

Future studies that systematically assess the effects of each disease-associated KIF5A mutation on motor 

function and cellular homeostasis will be needed to understand the reason these mutations cause a variety 

of neurodegenerative diseases.  

 

III. Mitochondrial dysfunction in Fragile X Syndrome 

 

Mitochondrial network abnormalities have repeatedly been observed across numerous animal and cell 

models of Fragile X Syndrome. Many studies characterizing mitochondrial defects in neurons lacking FMRP 

utilize therapeutic approaches that specifically target a single mitochondrial function or pathway of interest, 

such as ATP synthesis, mitochondrial fusion, or insulin signaling; these studies then examine the 

effectiveness of their strategy by assessing that particular mitochondrial phenotype and a functional 

readout, such as action potential frequency or behavioral test (Licznerski et al., 2020; Monyak et al., 2017; 

M. Shen et al., 2019). However, one pressing question is whether treatments that rescue specific 

phenotypes, such as mitochondrial ultrastructure or respiratory function, are sufficient to rescue all defects 

arising from a lack of FMRP. For example, is modulation of insulin signaling sufficient to restore 

mitochondrial DNA homeostasis, mitochondria-ER contacts, rates of fission, and rates of fusion? Is 

restoration of mitochondrial form and function sufficient to reverse non-mitochondrial phenotypes, such as 

synaptic defects, in animals lacking FMRP? Our finding that genetic manipulation of insulin signaling or 

PGC1-α is sufficient to restore both mitochondrial morphology and behavioral deficits in dFMRP mutant 

flies (Chapter 5), suggests that mitochondrial dysfunction may be upstream of synaptic dysfunction in this 

model. This notion is supported by prior studies showing that other mitochondria-specific treatments 

ameliorate behavioral and synaptic phenotypes in animal models of Fragile X Syndrome (Licznerski et al., 

2020; M. Shen et al., 2019). However, FMRP binds and regulates the translation of hundreds of RNAs that 

are not directly related to mitochondria, including many genes that are directly related to synaptic biology 

(Ascano et al., 2012; Darnell et al., 2011; Jung et al., 2023; Miyashiro et al., 2003; Sawicka et al., 2019), 
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and the effects of FMRP on these pathways must be thoroughly examined in the context of altered 

mitochondrial function. Experimental testing of such possibilities would be difficult, time-consuming, and 

require comprehensive knowledge of the many mitochondrial and non-mitochondrial pathways affected by 

FMRP.  

How then could any approach be sufficient for full phenotypic rescue in Fragile X Syndrome? Such 

a strategy must address all aspects of FMRP biology, which is likely only accomplishable through restoring 

the function of FMRP itself. Fortunately, there is some promise for restoring FMRP expression in Fragile X 

Syndrome. A recent study found that activating DNA repair pathways is sufficient to remove the CGG repeat 

expansion and restore FMRP expression in stem cells from Fragile X patients (H.-G. Lee et al., 2023). 

Another recent study shows promise for the use of anti-sense oligonucleotides in restoring FMRP 

expression (Shah et al., 2023). It will be interesting to see how these kinds of approaches targeting re-

expression of FMRP translate to clinical trials in humans, and how advances in gene therapy aid these 

efforts.  

 

IV. Local translation as a means to control neuronal mitochondria 

The findings presented in Chapter 6 reveal a novel mechanism by which local translation is directly linked 

to the control of mitochondrial dynamics in neurons. This work provides an explanation for the close link 

between FMRP and mitochondrial morphology, but also raises many new questions about the specifics and 

generalizability of this mechanism. For example, why might neurons use local protein synthesis for 

mitochondrial fission? Local translation provides a means to modify the proteome in a way that is both 

spatially and temporally precise. Generally, it is thought that local translation enhances cellular processes 

by increasing local protein concentration within a spatially restricted region where a protein will carry out its 

function (Rangaraju et al., 2017). Over time, however, newly translated proteins will diffuse and spread out, 

raising the question of how precisely local translation can be matched to a specific cellular function. To my 

knowledge, the work described in Chapter 6 is the most direct link between local translation and function, 

as this mechanism: (1) occurs specifically at subregions of individual mitochondria, (2) involves rapid 
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recruitment of FMRP granules on a timescale of seconds to minutes, and (3) has an immediate functional 

outcome of mitochondrial fission.  

A natural question is whether this kind of mechanism can be generalized to the translation of other 

proteins and mitochondrial functions. I intentionally selected the mRNAs for KIF5A, TRAK1/2, DHC, and 

p150Glued in FISH experiments with the idea that components of the mitochondrial transport machinery could 

be locally translated to efficiently control the transport of mitochondria in neurons. This idea is supported 

by data showing that dynein cofactors p150Glued and LIS1 are locally translated to promote retrograde 

transport of other organelles, such as signaling endosomes in distal parts of axons (Villarin et al., 2016). 

Intriguingly, a recent study examining the spatial organization of RNAs in individual cultured mouse 

hippocampal neurons found that KIF5A is the most abundant transcript in axons, while TRAK2 is the 

eleventh most abundant (G. Wang et al., 2020). Another study examining mRNA abundance in mouse 

retinal ganglion cells in vivo classified the mRNAs for KIF5A, DHC, and p150Glued as having high abundance 

in axons (Jung et al., 2023). The high abundance of these RNAs strongly suggests that axonal functions 

related to these genes occur through local translation. Given my results that FMRP colocalizes with these 

RNAs on mitochondria and that reducing FMRP expression in neurons results in mitochondrial transport 

abnormalities (Yao et al., 2011), I propose that FMRP granules locally control the translation of the 

mitochondrial transport machinery to facilitate proper mitochondrial network organization in neurons. In 

theory, mitochondrial transport proteins could be translated at FMRP granules that are stably docked on 

specific mitochondria to selectively influence the transport of individual mitochondria, similar to how FMRP-

associated MFF translation is matched to the fission of single mitochondria. Testing this theory however, 

will require experiments that directly visualize translation of TRAKs and motors while simultaneously 

tracking mitochondrial dynamics with high spatiotemporal resolution.  

Another mitochondrial process that may utilize a similarly direct form of local translation in neurons 

is mitophagy, the clearance of damaged mitochondria. Mitophagy depends on PTEN-induced kinase 1 

(PINK1), which acts as a molecular sensor for damaged mitochondria (Matsuda et al., 2010; Narendra et 

al., 2010). The mRNA for PINK1 was recently shown to associate with mitochondria for transport into axons 
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and dendrites of mouse neurons, where it is then translated locally to support mitophagy (Harbauer et al., 

2022). PINK1 genetically interacts with FMRP in pathways affecting mitochondrial morphology in flies 

(Geng et al., 2023), and we find PINK1 mRNA in mitochondria-associated FMRP granules (Chapter 6). 

Together, these findings suggest that FMRP plays a role in the translational control of PINK1 to coordinate 

the degradation of damaged mitochondria in distal parts of neurons. Even so, it is yet to be seen whether 

PINK1 translation occurs adjacent to certain mitochondria to initiate a highly localized induction of 

mitophagy, or whether PINK1 translation occurs throughout neurons as a more general way to maintain 

PINK1 levels in axons and dendrites.  

More recent work from the Harbauer lab indicates that insulin signaling regulates the local 

translation of PINK1 to control mitophagy in axons (Hees & Harbauer, 2023). In this work, increased insulin 

signaling decreased the association of PINK1 mRNA to modulate PINK1 translation, and thus PINK1-

dependent mitophagy in neurons (Hees & Harbauer, 2023). One takeaway from this study is that insulin 

signaling feeds into the regulation of local translation. Given our results that insulin signaling modulates 

mitochondrial abundance and morphology in the absence of FMRP (Chapter 5), and that FMRP granules 

facilitate local translation to efficiently promote mitochondrial dynamics in neurons (Chapter 6), I anticipate 

that insulin levels locally regulate translation to more broadly control mitochondrial dynamics in neurons. 

Protein synthesis, mitochondrial DNA replication, and fission are energetically demanding processes that 

require the coordinated action of many ATP-consuming enzymes. Thus, a neuron would benefit greatly 

from the ability to sense metabolites levels and facilitate translation-dependent mitochondrial dynamics only 

when local energy supply is sufficient. Our results suggest that insulin and FMRP are two major contributors 

to this form of regulation, but there are likely other factors, such as the local abundance of amino acids, that 

feed into translation-dependent control of mitochondria in neurons. Further work will be needed to 

understand how local control of metabolism and signaling cooperate with translation and other pathways 

to determine the spatiotemporal organization of mitochondria in neurons.  

An additional point of consideration for the localized function of FMRP granules is how the 

composition of each granule relates to its function. FMRP is known to associate with other RNA-binding 
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proteins, ribosomes, and hundreds of mRNAs, yet studies examining the overlap of these factors in neurons 

revealed only partial colocalization with FMRP (Antar et al., 2004, 2005; El Fatimy et al., 2016), suggesting 

that different FMRP granules are compositionally distinct. Similarly, my experiments show that some FMRP 

granules mark sites of mitochondrial fission in neurons, but many FMRP granules do not exhibit this 

behavior or associate with mitochondria, indicating that there is some degree of selectivity for which FMRP 

granules regulate fission. These observations raise the possibility that individual FMRP granules are 

dedicated to regulating distinct functions within neurons. One appealing idea is that many RNAs related to 

one particular cellular function could be concentrated together within a granule and synthesized at the same 

time and place to carry out that function. For example, an FMRP granule that is designated for a role in 

mitochondrial fission could contain mRNAs for MFF and other fission-related proteins, such as Spire1C 

(Manor et al., 2015) or INF2 (Korobova et al., 2013), then initiate simultaneous synthesis of these proteins 

near the mitochondrial midzone to efficiently promote fission. Whether RNAs can be grouped according to 

function in this manner is not known, but it will be important to determine the contents of each RNA granule 

and how frequently certain RNAs are contained within the same granule. Future studies performing high-

throughput spatial transcriptomics in neurons will be needed to shed light on the spatial association between 

many RNAs. Recently developed technology such as multiplexed error-robust fluorescence in 

situ hybridization (MERFISH) could address this question, as this technique has already been used to 

simultaneously examine the localization of thousands of RNA species in cultured neurons (G. Wang et al., 

2020; Xia et al., 2019). Combining MERFISH with staining for RNA-binding proteins would provide a wealth 

of information regarding the composition of RNA granules that could be used to define which RNAs tend to 

associate in the same granules, providing critical insight into the relationship between RNA granule 

composition and function.  

 

V. Mitochondrial DNA organization in neurons 

One major finding of Chapter 6 is that FMRP granules are critical for the organization of mitochondrial DNA 

in neurons. Our data suggest that the distribution of mtDNA is facilitated by the precise spatiotemporal 
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coordination of organelles and local protein synthesis around a mitochondrion during fission. However, it is 

not clear how mtDNA replication, which happens inside mitochondria, is coordinated with the outer 

mitochondrial surface and other nearby organelles. Perhaps protein complexes that span both 

mitochondrial membranes link the organization of the mitochondrial matrix and outer surface to coordinate 

nucleoid-associated fission. One complex that could potentially perform this role is the MItochondrial 

contact site and Cristae Organizing System (MICOS), which spans the inner mitochondrial membrane and 

establishes mitochondrial cristae architecture by forming contacts between the inner and outer 

mitochondrial membranes (Colina-Tenorio et al., 2020).  MICOS clusters are localized to cristae junctions 

and regions of mitochondria surrounding nucleoids, while depletion of the MICOS complex severely alters 

mitochondrial DNA organization (H. Li et al., 2016; J. Qin et al., 2020; Stephan et al., 2020). MICOS is also 

reported to interact with MIRO proteins on the outer mitochondrial membrane to regulate the formation of 

ER-mitochondria contact sites (Modi et al., 2019; J. Qin et al., 2020). Given these findings and the known 

role for ER-mitochondria contacts in mitochondrial division, it is conceivable that MICOS and MIRO could 

facilitate spatial coordination between mitochondrial DNA and other organelles. Another protein that could 

potentially fill this role is ATAD3A, a AAA-ATPase which resides in the inner mitochondrial membrane and 

has been shown to bind TFAM within the mitochondrial nucleoid and MFF on the outer mitochondrial 

membrane (T. Ishihara et al., 2022). Future studies will be required to elucidate the precise signaling by 

which intramitochondrial DNA organization is matched to mitochondrial contacts with other organelles.  

There are still many open questions as to how the amount and distribution of mitochondrial DNA is 

controlled in neurons. A recent study from the Holzbaur lab used proteomics to characterize the cargos 

degraded by autophagy in neurons and found that mitochondrial DNA is a major cargo for neuronal 

autophagy (Goldsmith et al., 2022). This work indicates that autophagic turnover of mitochondria occurs 

continuously to control levels of mitochondrial DNA. A recent pre-print indicates that levels of mitochondrial 

DNA are kept low in axons (Hirabayashi et al., 2024). This work shows that most axonal mitochondria lack 

DNA and suggests that mitochondria lacking DNA are selectively trafficked into, and further along, axons 

than those with DNA (Hirabayashi et al., 2024). Combined, these results reveal that translational control of 

mitochondrial fission is just one of many pathways that regulate mitochondrial DNA homeostasis in neurons. 
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It is not fully clear why neurons would need to have such tight control over the amount and organization of 

mtDNA in axons and dendrites.  

 

VI. Concluding remarks 
 

The work described in this thesis sheds light on multiple aspects of neuronal homeostasis and points to a 

model of neuron cell biology in which accurate spatiotemporal regulation of the mitochondrial network is 

key. I demonstrated new mechanisms by which mitochondrial organization can be fine-tuned at the level of 

individual mitochondria or single motor-adaptor complexes and showed how this fine control of 

mitochondrial organization is disrupted in disease states. Defining these mechanisms, however, is just a 

starting point to decipher mitochondrial biology in neurons, as there are many additional layers of regulation 

yet to be understood. 

I think we should consider the many unanswered questions in neuronal cell biology to be like solving 

a jigsaw puzzle. Just as each piece of the puzzle reveals a small part of a bigger picture, each study of 

mitochondrial dynamics, microtubule motors, and neurological disease reveals new pieces of information 

about how neuronal homeostasis is maintained. Ultimately, as these different avenues of study advance, I 

believe that they will converge to a single, complete picture of neuronal homeostasis that accurately 

describes the organization and function of all parts of the neuron. Getting to this endpoint will be extremely 

difficult, if not impossible, but working toward this goal will continue to reveal interesting and unexpected 

biology, and will likely lead to the discovery of therapeutic approaches that will help treat individuals affected 

by many neurological diseases.  
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Figure S2.1: Motility of kinesin-1 and dynein on dynamic microtubules. A, Motility of 1 nM purified KIF5B(1–560)-

Halo on dynamic microtubules. Left panel shows full kymograph of dynamic microtubule channel. Middle panel shows 

full kymograph of KIF5B 1-560 channel. B, Same as (A) but for KIF5C(1-560)-Halo present in COS-7 cell lysate. C, 

Same as (A) but for Halo-HOOK1(1-554) present in COS-7 cell lysate. D, Quantification of transport direction along 

dynamic microtubules for KIF5B 1-560, KIF5C 1-560, and HOOK1 1-554 constructs. The bars represent the mean (n 

= 170 runs from 2 experiments for purified KIF5B 1-560, 1060 runs from 3 experiments for lysate KIF5C 1-560, and 

678 runs from 2 experiments for lysate HOOK1 1-554).  
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Figure S2.2: Halo-TRAK2 motility on dynamic microtubules. A, Halo-TRAK2 motility on dynamic microtubules. The 

left panel shows three examples of 3-minute kymographs of the dynamic microtubule channel. The microtubule plus-

end is evident from the greater growth and catastrophe rate at the right of each kymograph. The middle panel shows 

corresponding 3-minute kymographs of the Halo-TRAK2 channel for the same microtubules. The right panel shows a 

merge of the other two channels. B, Same as (A) but in the presence of exogenously expressed HA-LIS1.  

 

 

 

 

A 
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Figure S2.3: The bidirectional motility of TRAK2 is consistent with diffusion. A, Mean-squared displacement 

(MSD) analysis of unidirectional TRAK2 movement to the microtubule plus-end is processive (MSD=v2t2). B, MSD 

analysis of unidirectional TRAK2 movement to the microtubule minus-end is processive (MSD=v2t2). C, MSD analysis 

of TRAK2 bidirectional motility fits a diffusive state (MSD=2Dt). Error bars indicate s.e.m. (n = 15 events per condition). 

D, Western blot verification of siRNA knockdown in Halo-TRAK2 cell lysates used for single-molecule experiments. 

Blots were probed for Halo-TRAK2, kinesin heavy chain (KHC), dynein heavy chain (DHC), and p150Glued. Relative 

protein levels from total protein stain are shown for each condition. E, Quantification of protein levels for KHC, DHC, 

and p150 in siRNA knockdown experiments. The level of each protein is normalized to the level of the control siRNA 

condition for each replicate. Data are mean ± s.d. with points shaped according to experimental replicate, (n = 3 

independent experiments). F, Distribution of run displacement for TRAK2 diffusive movement upon knockdown with a 

control, KIF5B, dynein heavy chain (DHC), or p150 siRNA (n = 60, 52, 70, and 73 events, respectively). Negative 

displacement indicates movement to the microtubule minus-end. The red line represents a fit to a Gaussian distribution. 

G, Normalized frequency of TRAK2 diffusion upon motor knockdown. Data points represent the frequency of TRAK2 

motility per video normalized to the average frequency of control events and are shaped according to experimental 

replicate, with smaller points representing diffusive frequency per video. The center line and bars represent mean ± 

s.d., (n = 19 videos for control siRNA, 19 videos for KIF5B siRNA, 21 videos for DHC siRNA, and 23 videos for p150 

siRNA, 3 independent experiments). ns, not significant (one-way ANOVA with Dunnett’s multiple comparisons test). 
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Figure S2.4: TRAK2 increases KIF5C processivity. A, Inverse cumulative distribution functions (CDF) of run lengths 

for KIF5C transport to the microtubule plus-end in the presence or absence of exogenous TRAK2. The curves represent 

single exponential decay fits, with the decay constants for each indicated above (n = 115 events without TRAK2 and 

1659 events with TRAK2) ****, p < 0.0001 (two-tailed Mann-Whitney U test). B, Histogram of velocity distributions for 

KIF5C transport to the microtubule plus-end in the presence or absence of exogenous TRAK2. The values are mean 

± s.d.  

 

 

 

 

Figure S2.5 Overexpression of LIS1 in samples from single-molecule experiments. A, Representative Western 

blot showing the expression of Halo-TRAK2 and LIS1 in cell lysates used for single-molecule experiments. Relative 

protein levels from total protein stain are shown for each condition. B, Quantification of LIS1 intensity in cell lysates 

normalized to total protein levels. Bars represent mean ± s.d. from 3 independent experiments. 

 

 

 

A B 

A B 



206 
 

 

Figure S2.6: TRAK1 interacts with TRAK2, but depletion of endogenous TRAK1 does not alter TRAK2 transport 

in single-molecule experiments. A, Immunoprecipitation using a Halo antibody of extracts from COS-7 cells 

transfected with HA-TRAK1 and Halo-tagged TRAK2 or negative control Optineurin (OPTN). B, Quantification of co-

immunoprecipitation of HA-TRAK1 with Halo-tagged constructs. Bars represent the mean with data points color-coded 

according to experimental replicate (n = 2 experiments). C, Western blot verification for siRNA knockdown of TRAK1. 

Relative protein levels from total protein stain are shown for each condition. D, Quantification of TRAK1 knockdown. 

Bars represent the mean with data points color-coded according to experimental replicate (n = 2 experiments). E, 

Representative kymographs showing how siRNA knockdown of TRAK1 affects TRAK2 motility along MTs. F, 

Normalized frequency of TRAK2 motile events with control siRNA or TRAK1 siRNA. Data points are shaped according 

to experimental replicate, with smaller points representing TRAK2 frequency per video. The center line and bars 

represent the mean ± s.d., (n = 8 videos per condition, 2 experiments). G-J, Inverse cumulative distribution functions 

(CDF) of run length and histogram distributions of velocity for TRAK2 transport to either microtubule end (n = 194 plus-

end events with control siRNA, 156 plus-end events with TRAK1 siRNA, 17 minus-end events with control siRNA, and 

15 minus-end events with TRAK1 siRNA). The curves in G,I, represent single exponential decay fits with decay 

constants indicated above. In H,J, the mean ± s.d. is shown. K, Representative kymographs showing how siRNA 

knockdown of TRAK1 affects TRAK2 motility along MTs when HA-LIS1 is expressed. L, Same as (F) but with HA-LIS1 

expressed (n = 8 videos with control siRNA and 8 videos with TRAK1 siRNA, 2 independent experiments). M-P, Same 

as (G-J), but with HA-LIS1 expressed (n = 103 plus-end events with control siRNA, 153 plus-end events with TRAK1 

siRNA, 54 minus-end events with control siRNA, and 49 minus-end events with TRAK1 siRNA). 
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Figure S2.7: Dynein-dynactin promotes plus-end-directed TRAK2 transport in the absence of exogenous LIS1. 

A, Representative kymographs showing how siRNA knockdown of KIF5B, dynein heavy chain (DHC), or p150Glued 

(p150) affects TRAK2 motility along MTs. Blue and yellow arrows indicate plus-end and diffusive TRAK2 movement, 

respectively.  B, Normalized frequency of TRAK2 transport to the MT plus-end upon motor knockdown. Data points 

represent the frequency of TRAK2 motility per video normalized to the average frequency of control siRNA events. The 

center line and bars represent mean ± s.d., (n = 19 for control siRNA, 21 for KIF5B siRNA, 25 for DHC siRNA, and 23 

for p150 siRNA, 3 independent experiments). Exact p-values are shown when p > 0.05; *, p = 0.0319; **, p = 0.0011 

(one-way ANOVA with Dunnett’s multiple comparisons test). C-D, Inverse cumulative distribution functions (CDF) of 

run length and histogram distributions of velocity for TRAK2 transport to the microtubule plus-end (n = 177 events for 

control siRNA, 22 events for KIF5B siRNA, 351 events for DHC siRNA, and 153 events for p150 siRNA). The curves 

in (C) represent single exponential decay fits with decay constants indicated above. The values in (D) are mean ± s.d. 

E, Same as (B) but for TRAK2 transport to the microtubule minus-end. Exact p-values are shown when p > 0.05 (one-

way ANOVA with Dunnett’s multiple comparisons test). F-G, Same as (C-D) but for TRAK2 transport to the microtubule 

minus-end (n = 8 events for control siRNA, 6 events for KIF5B siRNA, 5 events for DHC siRNA, and 4 events for p150 

siRNA). 

 

A 

B 

E 

C D 

F G 



208 
 

 

 

Supplementary Figure S2.8: LIS1 promotes minus-end-directed transport of kinesin-1 in the presence of 

TRAK2. Representative kymographs show unidirectional KIF5C transport toward the microtubule plus-end in the 

presence of TRAK2 alone and instances of minus-end-directed KIF5C transport in the presence of TRAK2 and LIS1. 

Minus-end-directed KIF5C runs are indicated with red arrows.  

 

 

 

Figure S2.9: TRAK2-p25 co-complexes move processively toward either microtubule end. A, Example still 

showing co-localization of TRAK2 and the p25 subunit of dynactin on a microtubule. Scale bar is 5 µm. B, 

Representative kymographs showing processive co-migration of TRAK2 with p25. C, Fraction of occurrence for plus-

end-directed, minus-end-directed, and diffusive movement of TRAK2-p25 co-complexes. Data points are shaped 

according to experimental replicate. The center line and bars are the mean ± s.d. from 3 independent experiments. 
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Figure S2.10: TRAK2-KIF5C-DHC co-complexes move processively toward the microtubule plus-end. A panel 

of representative kymographs show unidirectional co-complex transport toward the microtubule plus-end. Kymographs 

are oriented with the microtubule plus-end on the right, as shown by the trajectories of complexes containing KIF5C 

alone. 
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Supplemental videos for Chapter 2 

 

Video S2.1: TRAK2 moves processively to the microtubule plus-end. Representative video showing a 

single TMR-Halo-TRAK2 particle (red) moving toward the dynamically growing plus-end of a surface-

attached dynamic MT (cyan). The MT plus-end (right) is evident by the faster growth rate. Scale bar is 5 

µm. Stopwatch shows time in minutes: seconds.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM4_ESM.mov  

Video S2.2: KIF5C displays infrequent movement along microtubules when expressed alone. 

Representative video showing a single Myc-KIF5C-Halo-TMR particle (red) moving along a surface-

attached dynamic MT (cyan). Scale bar is 5 µm. Stopwatch shows time in minutes: seconds.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM5_ESM.mov  

Video S2.3: TRAK2 induces robust KIF5C movement along microtubules. Representative video 

showing many Myc-KIF5C-Halo-TMR particles (red) moving along a surface-attached dynamic MT (cyan) 

when HA-TRAK2 is co-expressed. Scale bar is 5 µm. Stopwatch shows time in minutes: seconds.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM6_ESM.mov  

Video S2.4: TRAK2 moves processively to the microtubule minus-end in the presence of exogenous 

HA-LIS1. Representative video showing a single TMR-Halo-TRAK2 particle (red) moving toward the minus-

end of a surface-attached dynamic MT (cyan) when HA-LIS1 is expressed. The MT plus-end (right) is 

evident by the faster growth rate. Scale bar is 5 µm. Stopwatch shows time in minutes: seconds.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM7_ESM.mov  

Video S2.5: TRAK2 switches directions during processive movement. Representative video showing 

a single TMR-Halo-TRAK2 particle (red) reversing direction while moving processively along a microtubule 

(cyan). Scale bar is 5 µm. Stopwatch shows time in minutes: seconds.  

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM8_ESM.mov  

Video S2.6: TRAK2, kinesin-1, and dynein co-migrate as a complex. Representative video with JF646- 

SNAP-TRAK2 (top channel, cyan), Myc-KIF5C-Halo-TMR (second channel, red), DHC-GFP (third channel, 

green), and merge (bottom channel) showing these components comigrating as a single complex along an 

unlabeled microtubule. Scale bar is 2 µm. The movie is 36 seconds of real time. 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-

7/MediaObjects/41467_2021_24862_MOESM9_ESM.mov  

 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM4_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM4_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM5_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM5_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM6_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM6_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM7_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM7_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM8_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM8_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM9_ESM.mov
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-021-24862-7/MediaObjects/41467_2021_24862_MOESM9_ESM.mov
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APPENDIX B: SUPPLEMENT TO CHAPTER 3 

 

 

 

 

Figure S3.1: Sequence conservation and coiled coil-prediction. A, Per-amino acid sequence conservation and 

coiled-coil prediction scores for the 1-532 amino acid region of TRAK. Numbering is according to human TRAK1. 

Insertions or deletions in other sequences relative to human TRAK1 are not shown. A diagram on top shows domains 

and interactions within this region of TRAK (see also Fig. 3.1A). Sequence conservation scores (calculated with the 

program Scorecons, see Methods) are based on an alignment of 183 vertebrate TRAK sequences (93 TRAK1 and 90 

TRAK2). The coiled-coil prediction (calculated with the program prabi, see Methods) used a 28-amino acid window. B, 

Per-amino acid sequence conservation of MIRO. Numbering is according to human MIRO1. Insertions or deletions in 

other sequences relative to human MIRO1 are not shown. The diagram on top shows MIRO1’s domains (see also Fig. 

3.1A). The sequence conservation scores are based on an alignment of 188 vertebrate MIRO sequences (94 MIRO1 

and 94 MIRO2). 
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Figure S3.2: Interaction of TRAK1 and MIRO1 by glycerol gradient cosedimentation. SDS-PAGE analysis of 

glycerol gradient cosedimentation of MIRO1 constructs, TRAK1 constructs, and TRAK1 with MIRO1 constructs (as 

indicated). Glycerol gradient fractions are indicated above each lane. Gels framed in red are also shown in Fig. 3.1. 
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Figure S3.3: Mass photometry analysis of MIRO1 and TRAK1 constructs. A, 12% SDS-PAGE of MIRO1 constructs 

MIRO11-591, MBP-MIRO11-180, and MIRO1177-591 (as indicated). B-E, Mass photometry analysis of the MIRO1 constructs 

and TRAK199-532 (theoretical masses shown in parentheses). MIRO11-591 and MIRO1177-591, which include the EF-

hands, were analyzed in the presence or the absence of Ca2+. Buffer conditions for the experiments with Ca2+ (red 

curve) are: 20 mM HEPES, 100 mM NaCl, 100 µM CaCl2, 50 µM MgCl2, 50 µM GTP. Buffer conditions for experiments 

without Ca2+ (black curve) are: 20 mM HEPES, 100 mM NaCl, 1 mM EGTA, 50 µM MgCl2, 50 µM GTP. The measured 

masses were binned (bin width = 1 kDa), and the graphs show the Gaussian fits of the distribution of masses normalized 

to the bin with the highest number of counts for each experiment. Masses were determined by ratiometric contrast, with 

calibrations to bovine serum albumin, b-amylase, and thyroglobulin standards (see Methods). 
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Figure S3.4: Design of GCN4-TRAK1 constructs. A, Coiled-coil heptad prediction (calculated with the program 

Waggawagga (see Methods)) for the 312-353 region of human TRAK1. B, TRAK1 amino acids in the dashed box were 

replaced with a 30-amino acid GCN4 leucine zipper (gray), ensuring the heptad prediction was in register for both 

proteins at the point of linkage. A domain diagram of the resulting GCN4-TRAK1342-431 dimeric construct is shown at 

the bottom (domains colored as in Fig. 3.2A, B). Diagonal lines indicate the predicted region of coiled coil, which 

encompasses GCN4 and a short portion of TRAK1 (342-353). A shorter GCN4-TRAK1342-393 construct was also 

obtained (see Fig. 3.2C). 
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Figure S3.5: SDS-PAGE analysis of proteins used in this study. SDS-PAGE (15%) analysis of MIRO1 and TRAK1 

constructs (numbered as indicated, MW in parentheses). 
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APPENDIX C: SUPPLEMENT TO CHAPTER 4 

 

Figure S4.1: Mutant KIF5A can homo/hetero dimerize with other forms of KIF5A suggesting a gain of function 

toxicity. A, SKNAS were transfected with either V5-KIF5A and HA-KIF5A wild-type or ∆Exon27 mutant, then the V5-

KIF5A was immunoprecipitated and the lysate probed for V5- and HA-tagged protein. The blot is representative of N=2 

biological replicates. B, HEK293FT cells were transfected with GFP-KIF5A WT alone or co-transfected with HA-KIF5A 

Wild-Type, ∆Exon27, or Dynein Light Intermediate Chain (LIC, negative control). The GFP-KIF5A was 

immunoprecipitated and the lysate probed for GFP- and HA-tagged protein. 

 

 



217 
 

 

Figure S4.2: Extended pathway analysis information from KIF5A∆Exon27 interaction experiments. A, Extended list 

of enriched GO terms for ≥4x increased + unique KIF5A∆Exon27 protein interactions. B, Extended list of enriched GO 

terms for ≥4x increased + unique KIF5A∆Exon27 RNA interactions. 
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Figure S4.3: KIF5A NIL iPSC characterization. A, KIF5AR1007K mutant and isogenic control iPSC lines stained for the 

pluripotent markers Oct4 and Sox2. Inset: DAPI staining of iPSC lines. Scale bar = 50µm. B, Karyotyping analysis of 

the lines shown in (A). C-F, Expression of wild-type and ALS mutant forms of KIF5A in DIV15 KIF5AR1007K mutant and 

isogenic control iMNs. Using a pan-KIF5A antibody that recognizes both forms of the protein, capillary western blotting 

(C) shows a non-significant difference in total KIF5A protein levels (D). Blotting the same samples in (C) with a lab 

generated, mutant specific antibody (not shown), raised against the mutant C-terminus of KIF5A, confirms that the 

mutant protein is present in the KIF5AR1007K cells. Blotting KIF5AR1007K with an antibody for wild-type KIF5A reveals a 

reduction in wild-type protein levels compared to isogenic controls. Using a lab generated, KIF5A antibody that 

specifically recognizes the wild-type forms of the protein, capillary western blotting (E) shows a significant reduction in 

wild-type KIF5A protein levels (F). 
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Figure S4.4: Extended pathway analysis information from KIF5AR1007K splicing analysis from RNAseq 

experiments. A, Extended list of enriched GO terms for genes with decreased exon skipping in KIF5AR1007K iMNs. B, 

Extended list of enriched GO terms for genes with increased exon skipping in KIF5AR1007K iMNs. 
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Supplemental tables for Chapter 4 

 

Table S4.1: List of protein and RNA interactors identified in this study, related to Figure 4.4. 

https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc2.xlsx  

 

Table S4.2: List of genes with expression changes identified in KIF5A iMNs, related to Figure 4.5. 

https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc3.xlsx  

 

Table S4.3: List of genes with splicing changes identified in KIF5A iMNs, related to Figure 4.6. 

https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc4.xlsx  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc2.xlsx
https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc3.xlsx
https://ars.els-cdn.com/content/image/1-s2.0-S2211124722003461-mmc4.xlsx
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APPENDIX D: SUPPLEMENT TO CHAPTER 5 

 

 

Figure S5.1: Genetic reduction of IS improves mitochondrial ultrastructure in flight muscle of dfmr1 mutant 

flies. Longitudinal sections of indirect flight muscle were prepared from isolated thoraces for transmission electron 

microscopy experiments: Electron micrographs of Drosophila flight muscle at 20,000x magnification. The genotype of 

each fly is denoted above its corresponding panel, from left to right: iso31Bw- control, heterozygous dilp2/+ single 

mutant, homozygous dfmr1 single mutant, and dilp2/+, dfmr1 double mutant. Scale bar indicates 800 nm. Mitochondria, 

M, are aligned between rows of myofibrils, F. The mitochondria of the dfmr1 mutants appear smaller and contain 

ultrastructural defects, particularly dispersions of cristae compared to iso31Bw- controls. In contrast, the mitochondria 

of the dilp2/+, dfmr1 double mutants appear larger and have ultrastructure that more closely resembles that of iso31Bw- 

conspecifics than that of dfmr1 single mutants. 

 

 

 

 

 

 

 

 

 

 

 



222 
 

 

 

 

Figure S5.2: Spargel antibody validation. A, Western analysis of Spargel expression in head extracts from wild type 

flies that either contained the elav-Gal4 driver alone (elav-Gal4/+); the elav-Gal4 transgene and a UAS-CtrlRNAi 

construct (elav-Gal4 > UAS-CtrlRNAi); or the elav-Gal4 transgene and a UAS-SrlRNAi construct (elav-Gal4 > UAS-Srl 
RNAi). An antibody to PGC-1α was used to detect Spargel expression (top). β-Tubulin was used as a loading control 

(bottom). B, Quantification of the intensity of Spargel relative to β-Tubulin. A one-way ANOVA revealed a significant 

group effect for Spargel expression relative to β-Tubulin (p=0.0116). Post hoc Tukey tests indicated that the elav-

Gal4>UAS-SrlRNAi flies had significantly lower Spargel levels than elav-Gal4/+ and elav-Gal4>UAS-CtrlRNAi controls. 

Sample number (N) per genotype: (elav-Gal4/+) = 1, (elav-Gal4>UAS-CtrlRNAi) = 4, and (elav-Gal4>UAS-SrlRNAi) = 4. 

Each sample contained 10 fly heads. Values represent mean ± SEM. *p≤0.05. As predicted, we observed a strong 

band of the correct size whose expression relative to β -Tubulin decreased when we pan-neuronally expressed a UAS-

SrlRNAi construct (elav-Gal4>UAS-SrlRNAi) compared to flies that pan-neuronally expressed the VDRC library control 

RNAi construct (elav-Gal4>UAS-CtrlRNAi) or elav-Gal4 driver alone. 
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Figure S5.3: Western blot validation of reduced Spargel expression in dfmr1 mutant flies. Western analysis of 

Spargel expression in extracts from iso31Bw- and dfmr1 mutant fly heads. An antibody to PGC-1α was used to detect 

Spargel expression (top). β-Tubulin was used as a loading control (bottom).  

 

 

 

 

Figure S5.4: Diminished Spargel expression in the heads of dfmr1 mutants is restored by normalization of IS. 

Western analysis of Spargel expression in extracts from iso31Bw- wild-type, dilp2/+ heterozygous mutant, dfmr1 

homozygous mutant, and dilp2/+, dfmr1 double mutant fly heads.  
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Figure S5.5: Pharmacologic reduction of IS boosts Spargel expression in the heads dfmr1 mutants. A, 

Representative western analysis of Spargel expression in extracts from iso31Bw- and dfmr1 mutant fly heads that 

treated with either 5µM LY294002 or ethanol vehicle for 5 days post eclosion. An antibody to PGC-1α was used to 

detect Spargel expression (top). β-Tubulin was used as a loading control (bottom). B, Quantification of the intensity of 

Spargel relative to β-Tubulin. Results from three independent experiments were pooled together. An unpaired t-test 

indicated that dfmr1 mutants treated with vehicle had lower Spargel expression than iso31Bw- controls treated with 

vehicle (p=0.0079). An unpaired t-test indicated that dfmr1 mutant flies that were treated with LY294002 have higher 

Spargel expression than dfmr1 mutants that were treated with vehicle (p=0.0239). Sample number (N) per condition: 

iso31Bw- (vehicle)=10, iso31Bw- (LY294002)=10, dfmr1 (vehicle)=9, dfmr1 (LY294002)=11. Each sample contained 

10 fly heads. Values represent mean ± SEM. *p≤0.05, **p≤0.01. 
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Figure S5.6: Pan-neuronal expression of SrlGR in dfmr1 mutants improves flight muscle mitochondrial 

ultrastructure. Longitudinal sections of indirect flight muscle were prepared from isolated thoraces for transmission 

electron microscopy experiments: Electron micrographs of Drosophila flight muscle at 7,500x magnification (top) and 

20,000x (bottom). The genotype of each fly is denoted above its corresponding panel, from left to right: (elav-Gal4; 

dfmr13), (SrlGR; dfmr13), and (elav-Gal4>SrlGR; dfmr13). Scale bar indicates 2 microns for 7,000x magnification panels 

and 800 nm for 20,000x magnification panels. Mitochondria, M, are aligned between rows of myofibrils, F. The 

mitochondria of the dfmr1 mutants that contain the elav-Gal4 driver alone appear to be small and sparsely distributed 

along the adjacent myofibrils. These mitochondria also contain ultrastructural defects, particularly dispersions of cristae. 

In contrast, the mitochondria of the dfmr1 mutants that contain the SrlGR construct in conjunction with the elav-Gal4 

driver appear to be larger and fill the majority of the space between myofibrils. These mitochondria also contain more 

densely packed cristae that are free of dispersions. The mitochondria of dfmr1 mutants that contain the SrlGR construct 

alone have an intermediate phenotype, whereby there appears to be some modest improvement in mitochondrial 

ultrastructure. However, these mitochondria are more variable in size with large gaps between the myofibrils and areas 

of dispersed cristae. Given that UAS elements are known to have leaky expression even in the absence of a Gal4 

driver, we believe that the rescue of mitochondrial ultrastructure by the SrlGR construct alone likely results from low 

levels of leaky expression SrlGR. The concordance between the dose-dependent rescue of circadian behavior and that 

of mitochondrial ultrastructure by SrlGR provides further evidence that these phenotypes are mechanistically linked. 
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APPENDIX E: SUPPLEMENT TO CHAPTER 6  
 

 

Figure S6.1: Mitochondrial association does not affect the liquid-like properties of FMRP granules. A, Maximum-

intensity projection of DIV21 i3Neuron culture stained for FMRP, HSP60, and Neurofilament (NF-H). Arrows indicate 

FMRP near mitochondria. B, Straightened images of DIV21 i3Neuron and DIV8 rat hippocampal neuron cultures stained 

for FMRP and HSP60. C, Percent of FMRP granules contacting mitochondria in neurites. n=3 biological replicates, 15 
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technical replicates. Line and bars are mean ± s.d. for biological replicates. D, Representative images of segmented 

DNA-PAINT clusters for TOM20-marked mitochondria and EGFP-FMRP in rat hippocampal neurons. E, Histogram 

showing FMRP-mitochondria overlap for EGFP-FMRP clusters contacting mitochondria. n=599 clusters. F, Measure of 

circularity for DNA-PAINT clusters of EGFP-FMRP when contacting or not contacting TOM20 signal. n=599 clusters 

with contact and 600 clusters without contact. p=0.3322, two-tailed Mann-Whitney test. Circles are individual clusters, 

line and bars are mean ± s.d. G, Representative images showing fluorescence recovery of EGFP-FMRP following 

photo-bleaching in dendrites of DIV12 rat hippocampal neurons. H-I, FRAP quantification for EGFP-FMRP granules in 

axons or dendrites. n=7 axon granules with contact, 6 axon granules without contact, 9 dendrite granules with contact, 

and 6 granules without contact. Circles and bars are mean ± s.e.m. Scale bars: 5 µm (A); 1 µm (A inset, B, G); 500 nm 

(D). 

 

 

 

 

 

Figure S6.2: Characterization of FMRP-mitochondria dynamics in live neurons. A-C, Representative time series 

and kymographs depicting the dynamic localization of a FMRP granules along axonal mitochondria in DIV7 mouse 

cortical neurons (A,B) or a DIV10 rat hippocampal neuron (C). D, Representative time series depicting stable placement 

of FMRP at the midzone, end, and near the end of dendritic mitochondria in DIV10 rat hippocampal neurons. E, Time 

series showing an FMRP-mitochondria contact that persists over 30 minutes in the dendrite of a DIV12 rat hippocampal 

neuron. F, Kymographs showing FMRP-mitochondria contacts in axons of DIV8 rat hippocampal neurons upon DMSO 

or nocodazole treatment. G, Percent of EGFP-FMRP granules contacting mitochondria in axons upon DMSO or 

nocodazole (Noco) treatment. n=18 axons, 3 biological replicates. Line and bars are mean ± s.d.  for biological 

replicates. p=0.7758, two-tailed unpaired t-test. Scale bars: 10 µm (E); 1 µm (A, B, C, D, E inset).  
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Figure S6.3: Mitochondrial fission sites are marked by FMRP in neurons, but not in HeLa cells. A-B, 

Representative time series showing EGFP-FMRP granules near sites of mitochondrial fission in dendrites of DIV10 rat 

hippocampal neurons. Fission sites are indicated by arrowheads. C, EGFP-FMRP granules are retained near daughter 

mitochondria 1 minute after fission has occurred. n=26 fission events. D, EGFP-FMRP and Mito-DsRed2 localization 

in HeLa cells. E, Representative time series showing that EGFP-FMRP is not present at a mitochondrial fission event 

in a HeLa cell. The fission site is indicated by arrowheads. F, Percent of mitochondrial fission events marked by EGFP-

FMRP in HeLa cells. n=50 fission events from 14 HeLa cells. Scale bars: 10 µm (A); 1 µm (B, D, E). 

 

 

A B 

C 

D E F 



229 
 

 

 

Figure S6.4: Selection of target regions for cryo-ET data collection. A, Overlay of cryogenic fluorescence image 

(background) and cryo-electron microscopy images (inset) of a DIV6 rat hippocampal neuron expressing EGFP-

FMRP cultured on an electron microscopy grid.  B-C, Low magnification cryo-electron microscopy images 

(background) and slices from tomograms (inset) with EGFP-FMRP fluorescence (yellow) overlaid. Examples 

correspond to Fig. 6.4A-B (B) and Fig. 6.4F (C). D, Tomogram corresponding to Fig. 6.4F. E, Low magnification cryo-

electron microscopy image corresponding to Fig. 6.4I with EGFP-FMRP and Mito-DsRed2 fluorescence overlaid. 

Scale bars: 20 µm (A); 1 µm (E); 500 nm (B, C); 50 nm (D). 
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Figure S6.5: Mitochondria-associated FMRP granules are sites of protein synthesis. A, Polysomes found in 

tomograms with putative mRNA paths depicted to the right of each example. B, Maximum-intensity projection of a 

DIV10 rat hippocampal neuron expressing EGFP-FMRP and Mito-DsRed2, and stained for ribosomal subunit RPS3A. 

Arrows indicate ribosomal overlap with mitochondria-associated EGFP-FMRP. C, Percent of EGFP-FMRP granules 

contacting mitochondria with or without RPS3A overlap. Line and bars are mean ± s.d. n=3 biological replicates. D, 

Maximum-intensity projection and line scans of a DIV8 rat hippocampal neuron expressing EGFP-FMRP and Mito-

DsRed2, and stained for puromycin to label newly synthesized proteins. E, Percent of EGFP-FMRP granules contacting 

mitochondria when there is or is not puromycin enrichment. n=4 biological replicates. Line and bars are mean ± s.d. F, 

Analysis of puromycin enrichment at EGFP-FMRP granules upon inhibition of protein synthesis with cycloheximide 

(CHX). n=3 biological replicates, 20 neurons. Line and bars are mean ± s.d.  for biological replicates. G, Straightened 

images of EGFP-FMRP and Mito-DsRed2 in axons from DIV11 rat hippocampal neurons treated with DMSO, CHX, or 

puromycin. H, Percent of EGFP-FMRP granules contacting mitochondria in axons upon DMSO, CHX, or puromycin 

treatment. n=20 axons, 3 biological replicates. Line and bars are mean ± s.d.  for biological replicates. p values: DMSO 

vs. CHX, p=0.9845; DMSO vs. Puro, p=0.8644; CHX vs Puro, p=0.7784; ordinary one-way ANOVA with Tukey’s 

multiple comparisons test. Scale bars: 10 µm (D), 5 µm (B, G), 1 µm (B inset, D inset). 
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Figure S6.6: FISH analysis of RNA colocalization with mitochondria and FMRP. A-J, Representative images 

showing RNA FISH combined with immunostaining for FMRP and HSP60 (mitochondria) in DIV21 i3Neurons. Arrows 

indicate mRNA puncta that overlap with mitochondria-associated FMRP granules. K, Percent of RNA puncta 

overlapping mitochondria-associated FMRP in DIV21 i3Neurons. Associated mitochondrial processes are labeled 

below each gene. Line and bars are mean ± s.d. n=3 biological replicates. Scale bars: 5 µm.  

 

 

 

 

 

 

 

Figure S6.7: MFF marks mitochondrial ends in neurons. A, Representative images showing endogenous MFF and 

GFP-MFF at the ends of mitochondria in DIV9 rat hippocampal neurons. Scale bars are 1 micron. B, Quantification of 

MFF presence at mitochondrial ends. n=14 neurons. Line and bars are mean ± s.d. C, Normalized quantification of 

GFP-MFF location along mitochondria, where the length of the mitochondria is normalized from 0 to 1. n=168 puncta 

from 11 rat hippocampal neurons. D, Images and corresponding kymographs showing GFP-MFF co-trafficking with 

mitochondrial ends in a DIV10 rat hipp ocampal neuron. Scale bars: 1 µm (A); 5 µm (D). 
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Figure S6.8: FMRP knockdown in i3Neurons produces shortened mitochondrial networks with disorganized 

mitochondrial DNA. A, Representative western blot showing levels of FMRP in wild-type (WT) or FMR1 KD i3Neurons. 

B, Quantification of FMRP knockdown in i3Neurons. Bars represent mean ± s.d. from three independent experiments. 

C, Representative images showing Mito-mEmerald-labelled mitochondria in straightened axons or dendrites of DIV21 

WT or FMR1 KD neurons. D, Cumulative frequency of mitochondrial length in axons of WT or FMR1 KD neurons. 

n=165 mitochondria from 16 WT axons and 149 mitochondria from 16 FMR1 KD axons. *p < 0.05, two-tailed Mann-

Whitney test. E, Cumulative frequency of mitochondrial length in DIV21 dendrites of WT or FMR1 KD neurons. n=159 

mitochondria from 9 WT dendrites and 183 mitochondria from 8 FMR1 KD dendrites. ****p < 0.0001, two-tailed Mann-

Whitney test. F, Representative maximum-intensity projections with insets of mitochondria labeled with Mitotracker 

Deep Red and DNA labeled with SYBR green in DIV21 wild-type (WT) or Fmr1 KD i3Neurons. G-H, Heatmap of 

mitochondrial DNA (mtDNA) puncta per mitochondrion vs mitochondrial length (G) and distribution of mtDNA puncta 
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density (H) in WT and Fmr1 KD i3Neurons. n=1006 WT mitochondria and 1154 Fmr1 KO mitochondria. I-J, Percent of 

mitochondria lacking mtDNA (I) and standard deviation of mtDNA puncta per micron mitochondria (J) for 18 WT and 

Fmr1 KD i3Neurons. Line and bars are mean ± s.d. **p < 0.01, two-tailed unpaired t-test. Scale bars: 5 µm (C, F); 1 µm 

(F inset). 

 

 

Supplemental videos for Chapter 6 

 

Video S6.1: FMRP-mitochondria dynamics in a mouse axon. Dynamics of EGFP-FMRP (yellow) and 

Mito-DsRed2-labelled mitochondria (magenta) in the axon (top) of a mouse cortical neuron. Time = min:sec. 

Scale bar: 5 µm.  

https://upenn.box.com/s/kmnk3xvvx0t3jli9qh01k3yvq40flw4g 

Video S6.2: FMRP-mitochondria dynamics in a rat axon. Dynamics of EGFP-FMRP (yellow) and Mito-

DsRed2-labelled mitochondria (magenta) in the axon of a rat hippocampal neuron. Time = min:sec. 

https://upenn.box.com/s/wlnpc3ubhszh6ox7bnkysyc0y4yyk8ih  

Video S6.3: FMRP-mitochondria co-transport. Co-transport of EGFP-FMRP (yellow) and Mito-DsRed2-

labelled mitochondria (magenta) in the axon of a rat hippocampal neuron. Time = min:sec. Scale bar: 5 µm. 

https://upenn.box.com/s/fbsutu3wqr18ahv1owwzdt3zij24w814  

Video S6.4: FMRP granules mark sites of mitochondrial fission. An EGFP-FMRP granule (yellow) is 

recruited to the midzone of a Mito-DsRed2-labelled mitochondria (magenta), where it marks a site of fission 

in the axon of a mouse cortical neuron. Time = min:sec. Scale bar: 1 µm.  

https://upenn.box.com/s/6wr5ztljfldrvq4fli0d4p2bf5o45o6u  

Video S6.5: Lysosome-FMRP-mitochondria contacts. A LAMP1-Halo vesicle (cyan) forms stable 

contacts with a Halo-FMRP granule (yellow) and the end of a Mito-DsRed2-labelled mitochondria (magenta) 

in the dendrite of a rat hippocampal neuron. Left (mitochondria and FMRP), middle (mitochondria and 

LAMP1), right (merge). Time = min:sec. Scale bars: 1 µm.  

https://upenn.box.com/s/1vqk4sahlo2rpiz67mg43gjsl9o93hqm 

Video S6.6: Lysosome-associated FMRP granules mark sites of mitochondrial fission. Halo-FMRP 

(yellow) and LAMP1-Halo (cyan) mark a site of fission for Mito-DsRed2-labelled mitochondria (magenta) in 

the dendrite of a rat hippocampal neuron. Left (mitochondria and FMRP), middle (mitochondria and 

LAMP1), right (merge). Time = min:sec. Scale bars: 1 µm.  

https://upenn.box.com/s/k053al3v3hrdrxagdpmyjrpmiwi7vda9 

 

https://upenn.box.com/s/kmnk3xvvx0t3jli9qh01k3yvq40flw4g
https://upenn.box.com/s/wlnpc3ubhszh6ox7bnkysyc0y4yyk8ih
https://upenn.box.com/s/fbsutu3wqr18ahv1owwzdt3zij24w814
https://upenn.box.com/s/6wr5ztljfldrvq4fli0d4p2bf5o45o6u
https://upenn.box.com/s/1vqk4sahlo2rpiz67mg43gjsl9o93hqm
https://upenn.box.com/s/k053al3v3hrdrxagdpmyjrpmiwi7vda9
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Video S6.7: Lysosome-associated FMRP granules mark sites of mitochondrial fission. Halo 

Tomogram and segmented reconstruction of an EGFP-FMRP target in a rat hippocampal neuron.  

https://upenn.box.com/s/1a41ig450shx6vslh2ntqbkfegngx3w2  

Video S6.8: Lysosome-associated FMRP granules mark sites of mitochondrial fission. Halo 

Tomogram and segmented reconstruction near an EGFP-FMRP target in a rat hippocampal neuron.  

https://upenn.box.com/s/2732m3hajeanlxcumhw9yzm1thrv5xt9 

Video S6.9: Lysosome-associated FMRP granules mark sites of mitochondrial fission. Halo Halo-

FMRP (yellow) and GFP-MFF (cyan) mark a site of fission for Mito-DsRed2-labelled mitochondria 

(magenta) in the dendrite of a rat hippocampal neuron. Left (mitochondria and FMRP), middle (mitochondria 

and MFF), right (merge). Time = min:sec.  

https://upenn.box.com/s/k1h9vnn6g7bpz9tcm07dehgqmvbvacx3 

 

 

 

 

 

 

 

 

 

https://upenn.box.com/s/1a41ig450shx6vslh2ntqbkfegngx3w2
https://upenn.box.com/s/2732m3hajeanlxcumhw9yzm1thrv5xt9
https://upenn.box.com/s/k1h9vnn6g7bpz9tcm07dehgqmvbvacx3
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