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Abstract

Dynamin is a large GTPase most-known for catalyzing membrane fission during

endocytosis. Growing evidence suggests that the function of dynamin is not restricted

to membrane but also required at sites where endocytosis-independent actin

remodeling occurs: including podosome, invadopodium, and lamellipodium. Although

podosome has been shown to regulate NMJ development, and dynamin has been shown

enriched at muscle podosomes. Whether and how dynamin regulates NMJ

development remained unclear. In this study, we address this question from molecular,

cellular, and organismal levels. We revealed that the ubiquitously expressed isoform,

dynamin-2, is an actin-bundler with its activity regulated by GTP hydrolysis. It

assembles around podosomes to regulate their growth, turnover, and function. On the

organismal level, we uncover the impact of dynamin-2 in postsynaptic cytoskeleton

and electrophysiological properties. To summarize, our study revealed a novel role of

dynamin-2 in actin remodeling, which facilitates the process of postsynaptic NMJ

development.

Keywords: dynamin-2, NMJ morphogenesis, podosome, actin-bundling protein
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Chapter 1-Introduction
1.1 Dynamin, a well-known catalyzer for membrane fission

Dynamin is a large GTPase that plays an essential role in the late step of
membrane fission events during clathrin-mediated endocytosis and is critical for
synaptic vesicle recycling (Antonny et al., 2016; Ferguson and De Camilli, 2012;
Hinshaw, 2000). The function of mammalian dynamin in synaptic membranes was
initially uncovered when the Drosophila melanogaster shibire, whose mutation
resulted in synaptic vesicle depletion in neuron, was mapped to the mammalian
dynamin (DNM) (Obar et al., 1990; van der Bliek and Meyerowitz, 1991). After
decades of study, the function and mechanism of dynamin on synaptic vesicle
recycling at the presynaptic membrane has been well characterized and appreciated;
however, the function of dynamin at the postsynaptic membrane has less been
explored.

Dynamin is a multidomain protein that composed of five functional domains: a
G domain that capable of binding and hydrolyzing GTP, a stalk region consisting of
middle domain and GTPase effector domain (GED) that mediates dynamin self-

assembly and further oligomerization, a pleckstrin homology (PH) domain that binds
1
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phosphoinositide PI(4,5)P», and a proline and arginine rich domain (PRD) that binds

SH3 domain-containing proteins (Figure 1A) (Antonny et al., 2016; Chappie et al.,

2010; Chappie et al., 2011). Dynamin forms dimers through the stalk regions, and

two dynamin dimers form a tetramer that could further assemble into polymers on

membrane tubules with GTPase facing outward and PH domain binding to the

membrane (Figure 1B). Upon GTP hydrolysis, dynamin undergoes conformational

change thus triggers membrane scission by constriction or tilting mechanism

(Antonny et al., 2016).

There are three dynamin isoforms in mammals, including two tissue-specific

isoforms, Dynl and Dyn3, and one ubiquitously expressed isoform, Dyn2 (Ferguson

and De Camilli, 2012). Dynl1 is highly expressed in neuronal tissues, whereas Dyn3

is primarily expressed in the brain and testis. Mice lacking Dyn1l showed abnormal

clathrin-coated pits accumulation in neuronal synapses (Ferguson et al., 2007), and

this impaired presynaptic vesicle recycling phenotype was even more severe in Dyn1

and Dyn3 double knockout mice (Raimondi et al., 2011). Despite its ubiquitous

expression and essential function in mouse embryo development, Dyn2 has been

found related to two tissue-specific autosomal-dominant human congenital diseases,

2
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1.e., Charcot-Marie-Tooth (CMT) neuropathy and centronuclear myopathy (CNM)

(Bitoun et al., 2005; Romero, 2010; Zhao et al., 2018; Zuchner et al., 2005). The

CMT-Dyn2 mutant proteins are hypoactive and cause defects in endocytosis and

peripheral neuron myelination, whereas CNM-Dyn2 mutant proteins are hyperactive

and elicit fragmentation of muscular plasma membrane invagination and defective

triad structures in mice (Chin et al., 2015; Cowling et al., 2011; Gibbs et al., 2014;

Sidiropoulos et al., 2012).

1.2 The potential function of dynamin at postsynaptic NMJ

Previously our lab utilized transgenic Drosophila with Dyn2 expression to

investigate the effects of Dyn2 mutants on muscle structure. We demonstrated that

CNM-Dyn2 mutants caused T-tubule fragmentation due to hyper self-assembly

properties and slower dissociation rate (Chin et al., 2015). Interestingly, we also

observed an enrichment of Dyn2 in the postsynaptic neuromuscular junction (NMJ).

It has been reported that Dyn2 is required for proper structured NMJ and that muscle-

specific Dyn2-deficient mice have disorganized AChR clustering and enlarged

neuromuscular endplates (Tinelli et al., 2013). Also, a CNM-Dyn2 mutant, S619L,

3
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has been reported to cause dispersed AChR clusters and impaired motor behavior in

zebrafish, pointing to an important role of Dyn2 in postsynaptic NMJ (Gibbs et al.,

2013). However, whether and how Dyn2 involves in the development of

postsynaptic NMJ remains unclear.

Postsynaptic NMJ is an elaborated structure that comes from a series of

morphological transitions including prepatterning and plague-to-pretzel transition of

AChR clusters. The prepatterning occurs during E12.5 to E14.5 of the early mouse

embryogenesis with postsynaptic apparatus developing in the absence of motor

neuron innervation (Lin et al., 2001; Shi et al., 2012; Yang et al., 2001). These

aneurally formed AChR clusters have been shown to confine the innervation of

motoneurons (Ferraro et al., 2012; Wu et al., 2010; Yang et al., 2001). After birth,

the cluster undergoes a plague-to-pretzel morphology transition to perfectly align

with motor neuron axon terminals (Lin et al., 2001; Shi et al., 2012; Yang et al.,

2001). This process requires both the motor neuron inputs and the extracellular

matrix (ECM), as well as muscle-intrinsic machinery (Bernadzki et al., 2014;

Bezakova and Ruegg, 2003; Marques et al., 2000; Shi et al., 2012). Interestingly, in

an in vitro culture system that grows myotubes aneurally to recapitulate the plaque-

4
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to-pretzel morphological transition of AChR clusters, Dyn2 was found enriched in

the perforated region of AChRs clusters where an actin-based structure called

podosome was located at (Proszynski et al., 2009).

1.3 Podosome and its role during NMJ development

Podosomes are dynamic structures involved in cell migration and extracellular

matrix degradation. They comprise an actin-rich protrusive core that grows

vertically utilizing actin polymerization machinery and surrounded by an adhesive

ring of integrins and integrin-associated proteins (Figure 2) (Linder and

Aepfelbacher, 2003; Linder and Kopp, 2005). Unlike the podosomes in motile cells

that facilitate cell motility, bone adsorption, and cancer cell metastasis (Linder, 2007;

Linder and Aepfelbacher, 2003; Linder and Wiesner, 2016; Luxenburg et al., 2007),

podosomes present in postsynaptic apparatus have been shown to play a key role in

postsynaptic maturation through promoting NMJ development by redistributing

AChR and ECM components in cultured myotubes and mice (Bernadzki et al., 2014;

Chan et al., 2020; Kishi et al., 2005; Proszynski and Sanes, 2013). Yet, how these

podosomes are regulated and affect NMJ development and why a membrane fission

5
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GTPase, Dyn2, is enriched at postsynaptic podosomes remained ill-defined.

1.4 A tale of dynamin and actin filaments

On top of its ability to catalyze membrane fission, dynamin has also been found

to localize and function as an actin remodeling protein at many actin structures,

including dorsal membrane ruftles, lamellipodia, and podosomes (Ferguson and De

Camilli, 2012; Menon and Schafer, 2013). Dynamin functions as an actin

remodeling protein through interacting with actin polymerization regulators such as

cortactin or directly bundling actin filaments (Gu et al., 2010; Mooren et al., 2009).

Depleting Dyn2 resulted in disorganization of podosomes, while overexpression of

the GTPase defective mutant, K44 A, lead to a delay of podosome turnover (Destaing

et al., 2013; Ochoa et al., 2000). Previously we discovered the mechanical property

and function of podosome in myocytes are regulated by Dyn2 (Chuang et al., 2019).

Moreover, we discovered that Dyn2 forms spirals around actin filaments and

enhance podosome stiffness. Although a recent study reported that the homolog of

dynamin in Drosophila, shibire, also binds and bundles actin filaments (Zhang et al.,

2020), it remains largely unclear which biochemical activities of dynamin is required

6
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for its actin rearrangement ability, especially its remodeling ability to podosomes.

Here we hypothesized that Dyn2 might play a distinct role at postsynaptic NMJ

comparing to its membrane fission role at the presynapse.

In this study, we investigated the molecular and physiological function of Dyn2

on biochemical, cellular, and organismal levels. We demonstrate that Dyn2 is an

actin-remodeling protein that bundles both linear and branched actin filaments, and

the bundling activity is regulated by GTP hydrolysis. At the cellular level, we

discovered that Dyn2 regulates podosome maturation and turnover by its GTP

hydrolysis-dependent actin-bundling activity. Dyn2 forms belt-shaped structures

around the actin core as podosomes mature. We revealed that GTPase activity, actin-

binding, and self-assembly are crucial to podosome morphology and functional.

Most importantly, overexpression of the hyper self-assembly CNM-Dyn2 mutant in

myotubes delayed podosome turnover and lead to aberrant AChR clustering. At the

organismal level, expressing this mutant in Drosophila disorganized its postsynaptic

cytoskeleton and electrophysiological properties. Our results suggested a novel role

of Dyn2 in actin remodeling, which facilitates the process of postsynaptic NMJ

development.
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Chapter 2-Material and Methods

2.1 Drosophila stocks
Fly stocks and GAL4 lines were obtained from the
Bloomington Drosophila Stock Center and maintained on normal food medium. The
parental strain ZH-51D was used to generate transgenic flies by injecting the pUAST-
based constructs into Drosophila embryos, thereby integrating them into the attP

(second chromosome) landing site.

2.2 Dissecting of Drosophila larval body wall muscle
Third-instar larvae were dissected in Ca>*-free buffer (128 mM NaCl, 2 mM KCl,
4 mM MgCl, 5 mM HEPES, 35.5 mM sucrose and 5 mM EGTA) and fixed in either
4% formaldehyde for 20 min or Bouin’s fixative (Sigma-Aldrich) for 2 min, and then
rinsed in 0.1 M phosphate buffer (pH 7.2) containing 0.2% Triton X-100. After
blocking, samples were incubated overnight with indicated primary antibody at 4 °C.
After further staining with secondary antibodies, samples were mounted in

Fluoromount-G (-01, SouthernBiotech).

doi:10.6342/NTU202100043



2.3 Cell culture

Mouse-derived C2C12 myoblasts (ATCC, CRL-1772) were cultured in growth

medium containing DMEM supplemented with 2 mM L-glutamine, 1 mM sodium

pyruvate, antibiotics, and 10% FBS (Gibco). To induce cell differentiation, growth

medium was replaced with differentiation medium containing DMEM supplemented

with 2 mM L-glutamine, 1 mM sodium pyruvate, antibiotics, and 2% horse serum

(Gibco) at 90% confluency. This time-point was considered as day 0 of differentiation.

c-SrcY527F transformed NIH3T3 cells were cultured in DMEM, 10% FBS and 200

ug/ml Hygromycin B as previously described (Pan et al., 2011).

For immunostaining and time-lapse imaging, coverslips, Permanox slides

(#160005, Thermo Fisher Scientific), or glass-bottom dishes (#P35G-1.5-14-C,

MatTek) were coated with 10 pg/ml of laminin (#23017-015, Invitrogen) and

incubated overnight at 37 °C prior to seeding. The laminin solution was aspirated

completely before plating cells. Cells were seeded at 80% confluency one day before

differentiation. After differentiation, cells cultured on laminin-coated coverslips or

Permanox slides were ready for immunostaining, and cells cultured on laminin-coated

glass-bottom dishes were ready for time-lapse imaging.

9
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2.4 Transfection, lentiviral and adenoviral infection

For transfection, cells at 70% confluency were transfected with target DNA using

Lipofectamine 2000 (#11668-027, Invitrogen), as recommended by the manufacturer.

For Dyn2 knockdown experiments, lentiviruses with or without (pLKO empty vector)

targeting shRNA sequences [5’- GCCCGCATCAATCGTATCTTT-3’ (#1) and 5°-

GAGCTCCTTTGGCCATATTAA-3’ ] were prepared and used. C2C12 myoblasts

at 50% confluency were infected with viruses and selected with 2 pg/ml puromycin

for three days. Cells surviving after selection were pooled together to reach 90%

confluency for differentiation. For adenoviral infection, prior to the day of infection,

day 3-differentiated myotubes were first trypsinized using pre-warmed 1x trypsin

with the amount just enough to cover the cell surface for 1 min, follow by using

dropper to resuspend the cells in growth medium. Suspended myotubes were diluted

2 times in growth medium and then placed onto either laminin-coated coverslips,

gelatin-FITC coated coverslips, or laminin-coated Permanox slides and culture

overnight for attachment. On the next day, the day 4-differentiated myotubes are ready

for viruse infection in the presence of differentiation medium containing 10 ng/ml

tetracyclin overnight. Plasmids used in this study are listed in Table 1.
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2.5 Immunofluorescent staining

To visualize synaptic podosomes, C2C12-differentiated myotubes were fixed with

4% paraformaldehyde in PBS at 37 °C for 2 min and continued fixation at room

temperature for 5 min. After washing with PBS, cells were permeabilized in PBS plus

0.1% saponin for 15 min under room temperature and treated with PBS plus 2% BSA

and 5% normal donkey serum for a 1 hr blocking. For visualizing AChR clusters in

myotubes, cells were fixed with 3% paraformaldehyde plus 0.1% glutaraldehyde in

PBS at 37 °C for 2 min and continued fixation at room temperature for 5 min. After

washing with PBS, cells were incubated with 0.2% NaBH4 (#452882, Sigma-Aldrich)

for 10 min, twice. Cells were then washed and permeabilized in PBS plus 0.5% triton

for 30 min, and treated with PBS plus 2% BSA and 5% normal donkey serum for

blocking. Cells were then stained with the indicated primary and secondary antibodies.

Antibodies used in this study are listed in Table 2.

The transversus abdominis (TVA) muscles were dissected from 4-week-old wild-

type mice and fixed in 4% paraformaldehyde, as previously described (Au - Murray et

al., 2014). To visualize NMJs in mouse TVA muscle, after being permeabilized in 2%

Triton X-100 and blocked in 4% BSA plus 1% Triton in PBS, the TVA muscles were
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washed in PBS and stained using the indicated antibodies. After washing in PBS, all

samples were mounted in Fluoromount-G (-01, SouthernBiotech).

2.6 Fluorescence microscopy

For fixed samples, images were collected using an LSM700 confocal microscope

with a 63x%, 1.35-NA oil-immersion objective (Carl Zeiss), an LSM780 confocal

microscope (Carl Zeiss), or a TSC SP8 X STED 3X (Leica) system with a 100x oil

objective 1.4 NA (STED microscopy), acquired with the excitation laser at 488 or 594

nm and the depletion laser at 592 or 660 nm using Hybrid Detector (Leica HyD).

For time-lapse microscopy, cells were seeded on laminin-coated glass-bottom

dishes and transfected with target DNA. After 5 days of differentiation, the

differentiation medium was replaced with imaging medium (phenol-red free DM with

20 mM HEPES, pH 7.4, 50 pg/ml ascorbic acid, and 10% FBS). Cells were imaged

with a Zeiss inverted microscope Axio Observer Z1 at 37 °C.

To image reconstituted actin bundles, 1 uM F-actin solution (20% rhodamine-

labeled) was applied to chambers loaded with acid-washed coverslips. Actin

polymerization buffer containig Dyn2 and GTP with a final concentration of 0.2 uM
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Dyn2 and 0.2 mM GTP was added afterward and imaged under a LSM780 confocal

microscope (Carl Zeiss) at room temperature. Another way of visualizing actin

bundles is to use fluorescence-conjugated phalloidin to stain the actin filaments. To

do this, 1 uM F-actin solution was diluted 20 times in cold staining solution which

contains 10 mM HEPES pH7.4, 100 mM KCl, ImM MgCl,, 0.1 mM EDTA, 1 mM

DTT, 0.002% BSA, 0.5% Methylcellulose, 3 mg/ml glucose, and freshly added

50 ul/ml fluorescence-conjugated phalloidin. For imaging under confocal, the actin

solution was then placed on acid-washed slides and covered with acid-washed

coverslips.

2.7 Matrix degradation assay

To make FITC-gelatin-coated coverslips, acid-washed coverslips were first coated

with 0.01% poly-D-lysine (#P7280, Sigma-Aldrich) for 1 h at room temperature and

washed three times with PBS. We added 0.5% glutaraldehyde (#G5882, Sigma-

Aldrich) to coverslips on ice for 15 min and washed with cold PBS. Pre-warmed

coating solution composed of 0.1 mg/ml FITC-gelatin (#G-13187, Invitrogen) and 10

pug/ml laminin (#23017-015, Invitrogen) were added to the coverslips, which were
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then placed in the dark for 10 min at room temperature. After washing with PBS, 5

mg/ml NaBH4 (#452882, Sigma-Aldrich) was added for 15 min to inactivate residual

glutaraldehyde. The FITC-gelatin-coated coverslips were washed with PBS and

stored in 70% ethanol. Remove all the ethanol and wash the coverslips with PBS prior

to use.

Day 3-differentiated C2C12 myotubes were plated on FITC-gelatin-coated

coverslips with or without adenovirus induction. After 16 h, the cells were fixed,

stained for F-actin and HA-Dyn2, and imaged by confocal microscopy. The

thresholding feature in Metamorph software (Molecular Devices) was used to analyze

matrix degradation areas and cell-containing areas.

2.8 TEM of Drosophila NMJs

Larval fillets were dissected in calcium-free HL-3 medium (70 mM NaCl, 5 mM

KCl, 10 mM MgCl, 10 mM NaHCOs3, 5 mM HEPES, 115 mM sucrose, 5 mM

Trehalose, pH 7.2) at room temperature and were fixed for 12 h in 4%

paraformaldehyde/1% glutaraldehyde/0.1 M cacodylic acid (pH 7.2) solution and

then rinsed with 0.1 M cacodylic acid (pH 7.2) solution. They were subsequently fixed

14

doi:10.6342/NTU202100043



in 1% Os04/0.1 M cacodylic acid solution at room temperature for 3 h. The samples

were subjected to a series of dehydration steps, i.e., from 30% to 100% ethanol. After

the 100% ethanol dehydration step, the samples were incubated in propylene, a

mixture of propylene and resin, and then in pure resin(Van Audenhove et al., 2015).

Lastly, they were embedded in 100% resin. The images of type Ib boutons were

captured using a Tecnai G2 Spirit TWIN system (FEI Company) and a Gatan CCD

Camera (794.10.BP2 MultiScan) at >4,400x magnification. We identified type Ib

boutons by the multiple layers of subsynaptic reticulum, and the size and layers of

SSR of type Ib boutons were measured using Image J (NIH) accordingly to previous

reports (Budnik et al., 1996; Lee and Schwarz, 2016). In brief, SSR thickness was

measured in ImagelJ as follows: (1) the center of mass was determined by drawing a

region of interest around the periphery of a bouton; (2) four lines were drawn 90

degrees apart from one another emanating from the center of mass; (3) SSR thickness

was then determined based on the average length between SSR edge and bouton edge

along each line. SSR layers were determined by the plot profile feature in Imagel

across the segment of SSR on each line.

15

doi:10.6342/NTU202100043



2.9 Electrophysiology of Drosophila NMJ

Evoked excitatory junctional potential (EJP) was recorded as previously

described (Peng et al., 2019). Briefly, third instar larvae were dissected in calcium-

free HL3 buffer at room temperature, followed by incubation in 0.5 mM Ca*" HL3

solution for 5-10 min prior to recording. The mean resistance value for the recording

electrode was ~40 MQ when 3 M KCl solution was used as the electrode solution. All

records were obtained from muscle 6 in the A3 hemisegment. Resting membrane

potentials of muscles were held at less than —60 mV. EJPs were amplified using an

Axoclamp 900A amplifier (Axon Instruments) under bridge mode and filtered at 10

kHz. EJPs were analyzed using pClamp 10.6 software (Axon Instruments). Averaged

EJP amplitude was calculated from the amplitudes of 80 EJPs in one consecutive

recording. Miniature EJP recordings were performed in HL3 solution containing 0.5

mM Ca* and 5 pM tetradotoxin (TTX) and also analyzed using pClamp 10.6

software.
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2.10 Image analysis

Immunostained images were analyzed in Metamorph (Molecular Devices) and

ZEN (Carl Zeiss) software. Podosome diameter and height were analyzed manually

in xz orthogonal view in ZEN. Cell area and Drosophila NMJ area were selected

manually and the area and signal intensity were measured in Metamorph. Matrix

degradation area as well as GIuRITA and AChR cluster area were selected using

threshold features in Metamorph and quantified automatically using the same

software. Spectrin thickness was quantified by drawing a line across the center of a

bouton and analyzing the width between two edges of the spectrin signal at one side

of the bouton. Ghost bouton index was defined as the percentage of ghost bouton

number divided by total bouton number in the same synapse, whereas NMJ branch

points were analyzed by counting axonal branches with more than two type Ib boutons.

For all immunostained Drosophila NMJ image analysis, only NMJ in muscle 6/7 in

A2 or A3 hemisegments were examined.

2.11 Dynamin expression and purification

For the expression of Dyn2, human Dyn2 was constructed into pIEX6 vector
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(Novagen) and transfected into Sf9 insect cell for 48 hours at 28°C. Dyn?2 transfected

insect cells were harvested by transferring the cells into 50 mL centrifuge tubes and

centrifuged at 3500 rpm for 5 minutes. Finally, insect cells pellets were stored at -80°C

refrigerator for long term storage.

For Dyn2 purification, GST-SH3 proteins were inducted and purified from BL21

and then incubated with glutathione beads. Subsequently, Dyn2 was purified from

insect cells by GST-SH3 affinity column. Finally, Dyn2 was eluted , dialysis into buffer

composed of 20 mM HEPES, pH 7.4, 150 mM, 1 mM DTT, 1 mM EGTA with 10%

glycerol and was snap-frozen and stored at -80°C.

2.12 F-actin bundle sedimentation assay

Dynamin proteins were expressed in Sf9 cells, purified as previously described,

then snap-frozen in buffer containing 20 mM HEPES, 150 mM KCI, 1 mM EGTA, 1

mM DTT and 10% glycerol (Liu et al., 2011). The actin bundling assay was performed

as described previously (Chuang et al., 2019; Lin et al., 2019). Briefly, 10 uM purified

rabbit skeletal muscle actin (#AKL99-C, Cytoskeleton) was diluted in general actin

buffer (5 mM Tris pH 7.4, 0.2 mM ATP, 0.2 mM CaCl,, and 0.5 mM DTT) and
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incubated at 4 °C for 1 h and then centrifuged at 20,000 g for 15 min to remove

aggregated proteins. The G-actin was polymerized in actin polymerization buffer

comprising 2.5 mM Tris pH 7.4, 0.1 mM CacCly, 0.25 mM DTT, 50 mM KCl, 2 mM

MgClp, and 1 mM ATP for 1 h at room temperature to generate actin filaments. To

reconstitute branched actin, 160 nM WASP VCA domain protein (#VCGO03,

Cytoskeleton) and 60 nM Arp2/3 protein complex (#RPO1P, Cytoskeleton) were also

added to the actin polymerization buffer. To generate Dyn2-actin bundles, 5 pM

polymerized F-actin was incubated with the indicated concentrations of Dyn2,

resulting in a final KCIl concentration of 75 mM. After 30-min incubation at room

temperature, the mixture was centrifuged at 14,000 g for 20 min at room temperature.

Protein in supernatants and pellets was solubilized in SDS sample buffer and

subjected to SDS-PAGE. Proteins were visualized by Coomassie blue staining, and

band intensities were quantified using Imagel. The actin bundling activity is

calculated by analyzing the proportion of sedimented actin in the presence of dynamin.
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2.13 Transmission electron microscopy

To visualize actin bundles with negative stain TEM, 5 uM filamentous actin was

incubated with or without 1 uM Dyn2 at room temperature for 30 min. The mixture

was then diluted 2 to 5-fold and adsorbed 6 pl onto carbon-coated grids for 30 sec

and stained with 2% uranyl acetate for 30 sec. Airdry the grid before observation. For

CryoEM sample preparation, 10 uM G-actin was polymerized in actin polymerization

buffer for 30 min at room temperature, and then diluted in actin polymerization buffer

to reach 1 pM and incubate another 30 min at room temperature. Dyn2 was first

centrifuged at 20,000 g for 15 min to remove aggregated proteins. 0.5 uM filamentous

actin was then incubated with 1 uM Dyn2 on ice for 30 min. Add 3 pl actin solution

to the grid wait for 2 to let water volatilize and repeat this step for 3 times before

putting onto Vitrobot. CryoEM samples were imaged under Tecnai F20.

For negative stain TEM, images were collected using a Hitachi H-7650 electron

microscope at 75 kV and a nominal magnification of 120,000. To image Dyn2-actin

bundles upon addition of GTP, the actin mixture was placed on parafilm before GTP

addition. GTP was added to the actin mixture with a final concentration of 1 mM. The

carbon-coated grids were placed on top of the mixture one min before being subjected
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to 2 % uranyl acetate staining. Negative-stained samples of actin bundles in the

presence of other nuceotides were prepared and captured by TEM as described above.

2.14 Quantification and statistical analysis
Quantitative data are expressed as mean + SD of at least three independent
experiments. All data were analyzed with one-way ANOVA followed by Dunnett’s or
Tukey’s (Figures 5D, 5F. S5G and S5H) multiple comparisons test, Student’s 7 test,
or Pearson correlation analysis. Statistical significance was defined using GraphPad
Prism 8.0. P < 0.05 was considered statistically significant, indicated as *, P < 0.05;

** P<0.01; or *** P<0.001.

Chapter 3-Results
3.1 Dyn2 is enriched at postsynaptic NMJ

According to literatures, Dyn2 has been shown to regulate NMJ morphology
and function in living organisms. Patients with CNM-Dyn2 mutations were found
to show abnormal neuromuscular transmissions (Gibbs et al., 2013). Mice lacking

Dyn2 exhibit enlarged neuromuscular endplates while zebrafish carrying CNM-
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Dyn2 mutations display dispersed AChR clusters (Gibbs et al., 2013; Tinelli et al.,

2013). However, how exactly does Dyn2 involve in NMJ development remained

unclear.

To address this question, here we used the MHC-Gal4 promoter to specifically

express human Dyn2 in Drosophila’s muscle cells and utilized presynaptic and

postsynaptic markers to visualize the localization of Dyn2 in third instar larvae. We

firstly found that Dyn2 was enriched at postsynaptic NMJ and colocalized with the

postsynaptic NMJ compartments, including the subsynaptic reticulum (SSR)

scaffolding protein, discs large (DLG), and the actin cytoskeleton-associated protein,

spectrin (Figure 3A).

3.2 Dyn2 affects postsynaptic cytoskeletal organization

Due to the considerable colocalization between Dyn2 and spectrin, we next

examine whether Dyn2 is involved in postsynaptic cytoskeleton organization. To

2WT

examine if the membrane fission activity is involved, we expressed Dyn2™" and two

2A618T

disease-associated mutants including Dyn , @ hypermorphic CNM mutant that

2G537C

has hyper self-assembly activity, and Dyn , @ hypomorphic Charcot-Marie-
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Tooth neuropathy mutant that has membrane fission defect. The expression of Dyn2
in postsynaptic NMJ was confirmed by immunofluorescence staining and western
blot (Figure 3B, C). We found that overexpression of Dyn2"T does not affect the
distribution of spectrin, which generally appeared as a sharp enrichment at the
periphery of the presynaptic motor neuron labeled with an anti-HRP antibody
(Figure 4A). Interestingly, in larvae expressing the hyper-assembly mutant,
Dyn22%18T " but not the membrane fission defective mutant, Dyn29%7C, the
distribution of spectrin became disorganized. We could see a clear difference under
line scan of a single bouton that spectrin formed two abrupt peaks at the outer edge
of HRP in control, Dyn2%VT, and Dyn29>7C expressing larvae but not in Dyn2A%18T
expressing larvae (Figure 4A). The quantification result showed that the thickness
of spectrin was significantly increased in Dyn24°!®T expressing larvae (Figure 4B),
while overall protein expression of a-spectrin remained constant among expression
of different Dyn2 proteins (Figure 3C). Comparing the spectrin intensity of Dyn2V?"

and Dyn2218T expressing larvae alone showed a significant reduction effect from

Dyn2A%8T flies in spectrin intensity (Figure 4C). These results suggest that Dyn2
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may partake in regulating postsynaptic cytoskeletal organization through a

membrane fission-independent manner.

We next extend our observations to other NMJ compartments. Unlike the

disrupted pattern of spectrin in Dyn246!8T

-expressing NMJs, other NMJ components
or maturation phenotypes were not significantly affected, including the SSR marker
DLG, active zone marker Brp, ghost bouton number, as well as NMJ branch points

(Figure 5A-D). These results showed that the proper assembly of Dyn2 is critical

for the cytoskeleton organization at postsynaptic NMJ.

3.3 CNM-Dyn2 interfere electrophysiological activity of Drosophila

larval NMJ

In Drosophila, a-and B-spectrins are highly associated with postsynaptic

plasma membrane and are critical for NMJ development. Spectrins form complex

with actin filaments to establish cytoskeleton network that involved in postsynaptic

subsynaptic reticulum (SSR) formation (Pielage et al., 2006). It has been shown that

RNAIi knockdown of a- or B-spectrin altered cytoskeleton organization as well as

SSR membrane organization and synaptic transmission (Pielage et al., 2006). Next,
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we examined the ultrastructure of SSR using transmission electron microscopy

(Figure 6A) (Van Audenhove et al.). We observed that expression of Dyn2™" or

Dyn2A%18T did not cause significant change in bouton SSR area and thickness

(Figure 6B, C). However, expression of Dyn24°1%T led to the reduction of the SSR

density, resulting in loose membrane structure (Figure 6A, D). To assess whether

the structural change may also alter synaptic transmission, we performed

electrophysiology analysis. Expression of Dyn2”6!8T but not Dyn2WT increased the

amplitude of miniature excitatory junction potential (mEJP) (Figure 7A), while the

mEJP frequency was not altered under these manipulations (Figure 7B). As a result,

expression of Dyn2A618T

caused larger evoked EJP than those in control or
expression of Dyn2W! (Figure 7C), meanwhile quantal content (QC) among
different genotypes was similar (Figure 7D). The large mEJP size could be a
consequence from the increment of either the level or activity of postsynaptic
glutamate receptors, or both. However, we noted that there was no observable
difference regarding the morphology or distribution of Glutamate receptor IIA

(GIuRIIA) clusters (Figure 8A), the major subunit of glutamate receptors (Marrus

et al., 2004). Neither the cluster area, intensity, nor the cluster size of GIuRIIA was
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altered by expression of Dyn24°'8T (Figure 8B-D). Hence, above ultrastructural and
electrophysiological results suggest that the hyper self-assembly activity of

2ASI8T can alter actin-dependent cytoskeleton organization thus cause abnormal

Dyn

SSR structure and electrophysiological function of postsynaptic compartment in

Drosophila NMJ.

3.4 Dyn2 forms belt-shaped structures around the actin core of

podosomes

In addition to demonstrating the structural effect of Dyn2 in vivo, we also

wanted to ask how Dyn2 regulates the development of NMJ. It has been reported

that one of the CNM-Dyn2 mutant, S619L, causes aberrant AChR cluster

distribution in zebrafish (Gibbs et al.,, 2013), and the plaque-to-pretzel

morphological maturation of AChR clusters in mice is regulated by an actin-

enriched structure called podosome (Chan et al., 2020; Proszynski et al., 2009;

Proszynski and Sanes, 2013). Since dynamin was reported to enriched at synaptic
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podosomes (Proszynski et al., 2009), we thus hypothesize that Dyn2 may partake in

ACHhR clusters morphogenesis through regulating podosomes.

To explore the function of Dyn2 at muscle podosomes, we first examine the

localization of endogenous Dyn2 in mice NMJ and in myotubes. We found that

endogenous Dyn2 not only enriched in the NMJ of young-adult mouse (Figure 9A,

B) but also enriched in cultured myotubes (Figure 9C), in line with precious report

(Proszynski et al., 2009). After confirming the enrichment of Dyn2 in the

postsynapse, we differentiated myotubes from C2C12 myoblasts on laminin-coated

glass coverslip to develop postsynaptic apparatus aneurally at the contacting surface.

However, although podosomes could be found under this culture condition, the

AChR clusters looked less organized (Figure 10). We thus seek help from Dr.

Prosynski in Nenki Institute who developed the aneural culturing system to improve

our culture condition (P¢zinski et al., 2020). With his suggestions including

optimized fixation method as well as switching glass coverslip to Permanox plastic

slides, we were then able to promote the formation of AChR clusters in C2C12-

derived myotubes as reported (Kummer et al., 2004; Proszynski et al., 2009)

(Figure 11A). Consistent with the previous report (Proszynski et al., 2009),
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podosomes were found present in the perforated region of AChR clusters. We then

used immunostaining and z-sectioning confocal microscopy to determine the spatial

distribution of the endogenous Dyn2 at synaptic podosomes of myotubes. Podosome

i1s an actin-based protrusive structure composed of an actin core, an actin cable

network, and an adhesive ring (Linder and Aepfelbacher, 2003; Linder and Wiesner,

2016; Luxenburg et al., 2007). The actin core is enriched with branched actin

polymerization machinery with actin cable network emanates from the actin core to

bridge with the adhesive ring composed of integrin and adaptor proteins (Figure 2).

By co-staining with phalloidin and the specific podosome scaffold protein,

Tks5 (Seals et al., 2005), we observed that Dyn2 is highly enriched at the edge of

the actin core (Figure 12A). The orthogonal view of a single podosome from a

reconstructed z-stack image showed that Dyn2 forms a belt-shaped structure in the

middle region of the podosome, and is tightly associated with the actin core (Figure

12A). The belt-shaped Dyn2 distribution was further confirmed by stimulated

emission depletion (STED) microscopy (Figure 12B, C). In contrast, the actin

polymerization machinery, Arp2/3 and cortactin, were mostly in the core and only

partially colocalized with Dyn2-enriched belt (Figure 13A), whereas both the actin
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cable network labeled by myosin IIA and the adhesive ring labeled by vinculin were

located outside of the Dyn2-enriched belt, with myosin ITA closely located outside

the Dyn2 belt (Figure 13A-C). Therefore, despite the direct interaction between

Dyn2 and cortactin (McNiven et al., 2000), their differential localization at

podosome and limited colocalization between Dyn2-belt and cortactin suggests that

Dyn2 may play an direct role in the podosome formation through actin bundling

activity.

3.5 Dyn2 is required for podosome growth

While Dyn2 localizes distinctly to the outer edge of actin core in podosome, we

noticed that not every podosome is decorated with a Dyn2 belt: some podosomes are

partially surrounded by Dyn2, and some have no Dyn2 belt (Figure 12A, B). To

investigate the role of belt-like Dyn2 enrichment in podosomes, we quantified the

height of podosome cores after categorizing them into three groups — podosomes

equipped with full, partial, or no Dyn2 belt. Statistical analysis showed that there

was no significant difference in the population percentage of these three types of

podosomes (Figure 14A). Interestingly, podosomes with Dyn2 belt have higher and
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larger actin core (2.83 £ 0.20 um in height and 1.46 £ 0.25 um in width) than those

with partial Dyn2 surrounding (2.19 + 0.22 um in height and 1.02 + 0.19 pm in

width) or no Dyn2 surrounding (1.65 = 0.28 um in height and 0.79 = 0.17 um in

width) (Figure 14B, C).

To investigate the importance of Dyn2 on podosome growth, we downregulated

Dyn2 by lentiviral shRNAs in C2C12-derived myotubes (Figure 15A) and then

examined the morphogenesis of podosomes. In the projected z-stack images, the

enrichment of Dyn2 at the actin cores was evident in control cells (Figure 15B).

Strikingly, Dyn2 knockdown abolished Dyn2 enrichment and significantly reduced

both the height and width of the podosome cores (Figure 15C), but not the density

of podosomes (Figure 15D). These findings showed that Dyn2 contribute to the

growth but not initiation of podosomes.

3.6 Dyn2 regulates podosome turnover

Next, we performed live-cell imaging to investigate the temporal distribution

of Dyn2 together with other critical podosome components in myotubes. Consistent

with the kinetics of podosome components in other cell types (Luxenburg et al.,
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2012), F-actin and cortactin accumulated synchronously during the initiation of

synaptic podosome (Figure 16A), whith the recruitment of Tks5 slightly lagged

behind (Figure 16B). This result supports the role of cortactin in podosome initiation

and Tks5 in podosome maturation. On the other hand, Dyn2-belt appeared only for

a short period of time (Figure 16C). Distinct from the short-lived podosome in

macrophage and osteoclasts which is less than 15 min (Destaing et al., 2002; Guiet

et al., 2012), the lifespan of podosomes in myotubes is heterogeneous, with more

than 85 % had a lifetime longer than 15 min (Figure 17A) and more than 30% had

a lifespan longer than one hour. By tracking the time course of individual podosomes

(Figure 17B), we found that the time of Dyn2 enrichment covers ~ 48 % of the

podosome lifespan (Figure 17C). Moreover, by analyzing the accumulation of

Dyn2 on each podosome, we found there was a high correlation (Pearson’sr=10.753)

between Dyn2 enrichment at podosome and the podosome lifespan (Figure 17B, D).

The transient appearance of Dyn2 enrichment explained why only part of the

podosomes possessed Dyn2 belt at a given time (Figure 14A). We also noticed that,

after Dyn2 belt disappeared, the actin core gradually dissembled and eventually

vanished (Figure 16C), suggesting a regulatory role of Dyn2 in podosome turnover.
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To wvalidate whether Dyn2 regulate podosome turnover, again Wwe

downregulated Dyn2 in myotubes and performed live-cell imaging to analyze the

podosome lifespan. Consistent with the defect in podosome growth, podosome

lifespan was also significantly diminished in Dyn2-depleted myotubes (Figure 18A,

B), with majority of the lifespan fall within 30 min. On the flip side, treatment of the

dynamin GTPase inhibitor, dynasore, caused accumulation of Dyn2 at podosomes

(Figure 19A). This manipulation produced elongated actin core in a time-dependent

manner (Figure 19B), suggesting that Dyn2 is important for podosome core

maturation, and the GTP hydrolysis-induced disassembly of Dyn2 is likely required

for podosome turnover. However, we noted that prolonged dynasore incubation led

to the accumulation of Dyn?2 at plasma membrane and the reduction of podosome in

myotubes, which might be due to indirect effect from the bloackage of dynmin-

mediated endocytic pathways (Figure 19C).

Taken together, these results demonstrate that Dyn2 indeed plays an essential

role in podosome growth and turnover.
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3.7 Actin binding, self-assembly, and GTP hydrolysis activity of

Dyn2 are involved in podosome growth

To understand which biochemical activity of Dyn2 regulates podosome growth,

we utilized adenovirus to transiently overexpress different dominant-negative

mutants of Dyn2 in wild-type or Dyn2-depleted myotubes. These mutants included

a hyper-assembly CNM mutant A618T, a membrane fission defective CMT mutant

G537C, a mutant with lower actin binding ability K/E or with higher actin binding

activity E/K, as well as a GTP binding defective mutant K44A(Chin et al., 2015; Gu

et al., 2010; Kenniston and Lemmon, 2010) (Figure 20A, B).

Overexpression of Dyn2%T and the membrane fission defective mutant,

Dyn2937€ were able to form normal belt-like enrichment in wild type myotubes

(Figure 22A). The cells expressing both proteins displayed normal podosome

morphology and density (Figure 22B-D), and both of them could rescue the size of

podosome actin cores in Dyn2-depleted myotube (Figures 23 & 23B-C).

However, when the mutant proteins altering the activity of either GTP

hydrolysis, actin binding, or self-assembly were expressed, the morphology of

podosomes became aberrant. Firstly, expression of Dyn2¥* led to the most
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dramatic impact on podosomes, including reduction in podosomes density and size

(Figure 21B-D), which phenocopied the effect of prolonged dynasore treatment

(Figure 19C). Similarly, expression of the Dyn2¥E mutant also exhibited reduced

podosome width (Figure 21D). In Dyn2-depleted myotubes, neither Dyn2*E nor

K44A could rescue the size of podosome cores (Figure 23B, C). On the contrary,

2E/K 2A618T

both hyper actin-binding Dyn and hyper self-assembly Dyn mutants did
not affect typical enrichment around the actin core (Figure 21A), and both of them
showed a rescuing ability to podosome height in Dyn2-depleted myotubes (Figure
23B). In wild type myotubes, the height of the podosome in the Dyn246!8T.
expressing myotubes was increased when compared to Dyn2%T-expressing cells

(2.43 £ 0.84 pm and 1.94 + 0.67 um, respectively) (Figure 21C), suggesting that

hyper self-assembly ability of Dyn2 can result in abnormal podosome morphology.

3.8 Actin binding, self-assembly, and GTP hydrolysis activity of

Dyn2 are involved in podosome turnover

To examine the effect of Dyn2 on podosome turnover, we co-expressed

LifeAct-GFP and mCherry-tagged Dyn2 mutants to measure the lifespan of
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2G537C 2K/E

podosomes. While overexpressing Dyn -mCherry, Dyn2®*-mCherry, and

2E/K

Dyn2®*-mCherry do not cause significant alteration in podosome lifespan,

2A618T

overexpression of Dyn -mCherry result in prolonged Dyn2-belt and abnormal

podosome lifetime, resulting a drastic increase of the long-lived podosomes ( > 2 hr)

2WT belt in muscle

(Figure 24A). Moreover, unlike the temporal enrichment of Dyn
podosome (Figure 16C), Dyn24°!%T_belt was very stable throughout the lifetime of
podosomes (Figure 24B). Figure 24B shows one example of podosomes that is
decorated with Dyn22!8T belt for more than 10 hr and has a lifetime longer than 15
hr. This result suggests that the CNM-associated, hyper-assembly mutant Dyn24618T
results in the delay of podosome turnover.

Unfortunately, we were unable to analyze the effect of Dyn2X**A-mCherry on
podosome lifetime in myotubes due to its strong dominant-negative effect on
myoblast differentiation (Chuang et al., 2019), which prevented us from getting
myotubes expressing Dyn2¥**A-mCherry. For this reason, we then analyzed the
effect of Dyn2 mutants on podosome rosettes in cSrc-transformed NIH3T3

fibroblasts. Similar to the enrichment of Dyn2 around podosomes in myotubes,

Dyn2 also found enriched around the podosome resettes in cSrc-transformed
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NIH3T3 fibroblasts (Figure 25A). Akin to the phenotype in myotubes, we observed

an increase in podosome height and lifespan in Dyn2°"¥T_expressing cells (Figures

25B). Intriguingly, we also observed a notable decrease in podosome size (Figures

25B, C) and lifespan (Figures 26 & 27) in Dyn2*¥E- and Dyn2X4*A-expressing cSrc-

transformed NIH3T3 fibroblast.

In sum, these results showed that the actin binding, self-assembly, and GTP

hydrolysis, but not the membrane fission activity of Dyn2 are required for the growth

and turnover of podosome.

3.9 Dyn2 is required for podosome-mediated ECM degradation

Podosome is featured by its ECM degradation ability (Linder, 2007). To assess

the functionality of podosomes in the situation when specific activity of Dyn2 is

perturbed, we performed ECM degradation assay in wild type and Dyn2-depleted

myotubes expressing different Dyn2 mutants. In Dyn2-depleted myotubes, only

Dyn2%E and Dyn2¥4** could not restore the ECM degradation ability (Figure 28A,

B). In wild-type myotubes, only expression of Dyn22%18T (6.82 + 4.85 %) but not

other mutants resulted in a significant difference in the degradation area compared
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with Dyn2W%T (4.13 + 2.71 %) (Figure 29A, B). Since the podosome density in

2A6 18T

Dyn -expressing myotubes remained unchanged (Figures 21B & 23A), the

increase in the ECM degradation may be a result from delayed turnover of
podosomes (Figure 24). Our results demonstrate that Dyn2 promotes podosome
maturation and turnover, and that podosome surrounded by CNM-associated

2A618T

Dyn exhibit a greater ECM degradation activity.

3.10 Dyn2 regulates AChR cluster perforation through podosome

It has been shown that the perforation/maturation of AChR cluster is linked to

the activity of podosome (Proszynski et al., 2009; Proszynski and Sanes, 2013). We

therefore examined the contribution of Dyn2 to AChR distribution by staining the

myotubes with Alexa488-conjugated bungarotoxin (BTX). The overall actin

cytoskeleton organization in day-5 differentiated myotube was not altered by

expressing different Dyn2 mutants. However, the area of the AChR cluster was

smaller and with less cluster area remained in Dyn24%'¥T but not Dyn2%T and

2G537C

Dyn -expressing myotubes, compared to the control cells (Figure 30A-C).

2A6 18T

We reasoned that decreased AChR area in Dyn -expressing myotubes might be
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due to prolonged podosome lifespan and excessive ECM degradation that lead to
hyper AChR cluster perforation. Thus we also examined the effect of Dyn24¢!8T
expression on myotubes during initial plaque-to-pretzel transition. In agreement

with our hypothesis, we found much more AChR cluster perforation in Dyn2A%18T.

2WT

expressing day-4 myotubes, compared to control, Dyn 20337C

and Dyn myotubes
(Figure 31). This result shows that proper self-assembly of Dyn2 is critical for

podosomes to regulate the plaque-to-pretzel transition during AChR cluster

maturation.

3.11 Dyn2 remodels actin cytoskeleton through actin bundling

activity

Although Dynamin has been shown to regulate many actin structures like

podosomes through interacting with actin polymerization regulators or directly

bundling actin filaments (Ferguson and De Camilli, 2012; Gu et al., 2010; Menon

and Schafer, 2013; Mooren et al., 2009), it remains unclear which biochemical

activities of Dynamin is required for its actin remodeling ability.

To better understand how Dyn2 regulates actin cytoskeleton. we reconstituted
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actin filaments in vitro followed by co-sedimentation assay and imaging to directly

investigate how Dyn2 remodels actin filaments. Consistent with previous reports

(Chuang et al., 2019; Gu et al., 2010), we observed that Dyn2 has prominent F-actin

bundling activity that is comparable with Dynl (Figure 32A, B) and the bundling

activity increases in a dose-dependent manner (Figure 32C, D).

3.12 Actin bundling activity of Dyn2 is regulated by GTP hydrolysis

Next we wanted to understand how Dyn2’s assembly on actin filaments is

regulated. It is known that GTP hydrolysis induces conformational change of Dyn2

and its disassociation from the membrane templates (Bashkirov et al., 2008; Chin et

al., 2015; Pucadyil and Schmid, 2008). To test whether the assembly of Dyn2 on

actin bundles is affected by GTP analogs and also disassociates after GTP hydrolysis,

we added GTP, GDP, or the non-hydrolyzable GTP analog, GTPyS. Similar to its

assembly on mebrane, the presence of GTP reduced the amount of Dyn2-bundled

actin. (Figure 33A). Addition of GDP also reduced the bundling, which later found

to be an effect of disorganized Dyn2 ring assembly (Figure 35A). However, we also

noticed that in the presence of GTPyS, the bundled actin reduces (Figure 33A),
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suggesting that Dyn2 were disassembled upon GTPyS addition. We hypothesized

that Dyn2 may still hydrolyze GTPyS, thus we test the actin bundling activity with

different incubation time. With 30 min of incubation, both GTP and GTPyS seemed

to reduce the amount of bundled actin. Interestingly, when we shorten the incubation

time to 5 min, there seemed to be less reduction in the GTPyS group (Figure 33B),

raising the possibility that Dyn2 hydrolyze GTPyS slower than GTP. Indeed, GTPyS

has been reported to be a slowly-hydrolyzable GTP analog (Jameson, 2014). We thus

replace GTPyS with GMPPCEP, a less controversial, non-hydrolyzable GTP analog.

As expected, Dyn2-actin bundles were significantly reduced upon the addition of

GTP, but not the non-hydrolyzable GTP analog, GMPPCP (Figure 34A, B). The

Dyn2-mediated actin bundling and the disassembly induced by GTP could be

observed in real-time by imaging the dynamics of rhodamine-labeled actin under

fluorescence microscopy (Figure 34C).

To visualize in more detail of how Dyn2-actin bundle responds to GTP addition,

we utilized negative stain TEM to image the Dyn2-actin bundle with or without

nucleotides. We found that distinct from the aligned and bundled actin filaments

surrounded by ordered Dyn2 rings in the absence of GTP, the Dyn2 rings were
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disassembled and the actin bundles became dispersed upon the addition of GTP, but

not GMPPCP (Figure 35A). We also analyzed the effect of other GTP analogs

including GDP and GDP: AlF4~, which act as a transition state analog during GTP

hydrolysis. We found that actin bundles remained intact, yet Dyn2 assembles less

orderly in the presence of GDP, which might be the reason for less actin bundles

observed after sedimentation (Figure 33A). The width of minimum actin bundle was

slightly bigger than twice of the width of single actin filaments, suggesting that the

minimum actin bundles were composed of two actin filaments. Additionally, the

actin bundles dissociated and became dispersed in the presence of GTPyS, similar

to the result observed in GTP addition. This result is consistent with our co-

sedimentation data that bundled actin was reduced in the presence of GTPyS (Figure

33), in line with the report that GTPyS can be slowly hydrolyzed by Dynamin

(Jameson, 2014).

Together, these results indicate that Dyn2 has prominent bundling activity

towards filamentous actin, which is terminated by GTP hydrolysis.

41

doi:10.6342/NTU202100043



3.13 Dyn2 oligomers assemble around actin filaments

To understand how Dyn2 assembles on actin filaments and whether the way it

assembles on actin is similar to how it assembles on membrane, we purified

truncated mutant protein lacking the PRD domain (Dyn22PRP), the domain that is

not essential for Dyn2’s assembly on membrane. Similar to the domain requirement

for Dyn2 assembly on the membrane, Dyn2APRD

still has prominent actin bundling
ability (Figure 36A, B), and the size of actin-Dyn24"RP bundles was comparable to
that of actin-Dyn2%VT bundles (Figure 36C).

The structure of Dyn2 on membrane has been well-described by CryoEM
(Kong et al., 2018). The greatest advantage of CryoEM compared with TEM is that
it does not involve chemical fixation or staining, which made the specimen remained
in native physiological environment. With the goal to get 3D reconstruction of Dyn2-
actin bundles to see how Dyn2 assembles on actin filaments under native conditions,
we tried different conditions to get the smallest unit of Dyn2-actin bundles with least
protein aggregates in the background. First, we test whether extracting different

fractions of bundled actin after sedimentation, or using sonication or freeze-and-

thaw to physically disrupt bundled actin could provide or generate smaller actin
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bundles. However, neither of these methods worked. The collected fractions from

actin solution after centrifugation showed different amount instead of the size of

bundled actin (Figure 37). On the other hand, sonication did not cause significant

effect on the bundles, while freeze-and-thaw caused fragmentation but not

separation of actin bundles (Figure 37).

Next, we tried modifying the ratio of Dyn2 versus actin, as well as the

incubation temperature and time to see whether reducing Dyn2 concentration and

reaction speed could get smaller bundles. We found that reducing Dyn2

concentration and lower the temperature could generate small actin bundles under

negative stain TEM (Figure 38A). However, when the same sample was used for

CryoEM, we found that most of the Dyn2 did not attach to the filaments but formed

aggregates, resulting a noisy background with most of the filamentous actin

unbundled (Figure 38B, C). There were two concerns, one is the bundled actin were

lost on Vitrobot (the machine for cryo-fixation) due to brief and vertical incubation,

the other is the quality of Dyn2. To solve this issue, we came up with two

adjustments: to remove the Dyn2 aggregates prior to use via centrifugation and to

horizontally incubate the sample solution on grid before putting it on to Vitrobot. We
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successfully remove the Dyn2 aggregates in the background and also increased the

density of actin filaments on grids (Figure 38D, E). Unfortunately, we see very few

Dyn2 attached to the actin filaments. We then think from another angle—increase

Dyn2 concentration while reducing the density of actin filaments. To achieve this,

we first polymerize the actin, dilute the filaments five times during the half way of

polymerization and then add Dyn2 to induce actin bundling. Finally, this method

successfully captured the small Dyn2-actin bundles under negative stain TEM

(Figure 39A, B). and under CryoEM (Figure 39C). Although we failed to get a clear

2D classified image of Dyn-actin bundles by CryoEM due to low sample number

and heterogeneity of each bundle (Figure 39D), we could see from the classification

results of single actin filaments (Figure 39E) and side-by-side actin filaments

(Figure 39F) that the organization of small Dyn2-actin bundles looked completely

different from actin-only structures. Fortunately, we could still collect tomographic

micrographs under negative stain TEM. We observed some partially packed Dyn2-

actin bundles which may represent the intermediate stage of the bundling process

(Figure 40A). Furthermore, the 3D tomography clearly shows that Dyn2 assembles

around actin filaments to form a packed actin bundle (Figure 40B).
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3.14 CNM-associated Dyn2 mutant proteins are insensitive to GTP

hydrolysis

Given that only CNM-Dyn2 but not CMT-Dyn2 mutations lead to abnormal

NMJ organization and podosome function, we then examined whether these disease-

assiciated Dyn2 mutant proteins behave differently on actin bundles. We purified the

membrane fission defective CMT-Dyn2 mutant protein, G537C, and the hyper self-

assembly CNM-Dyn2 mutant protein, A618T, to analyze their actin bundling

activities. We found both Dyn24%!8T and Dyn29%37C have comparable actin bundling

2WT 2G537C

activities; however, while actin filaments bundled by Dyn and Dyn

2A618T were resistant to GTP

dissociated upon GTP hydrolysis, those bundled by Dyn
addition and remained bundled (Figure 41A, B). Importantly, both the CMT mutant,
Dyn2%%7€ and CNM-associated Dyn2 mutants, A618T, R465W and S619L, showed
prominent actin-bundling activity (Figure 42A-C). Like Dyn2%8T the Dyn2R465W

and Dyn2%"°L-bundled actin filaments were also insensitive to GTP hydrolysis

(Figure 42D, E).
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Altogether, these results indicate that the assembly and the sensitivity to GTP

hydrolysis of Dyn2 play a decisive role in actin organization, and these biochemical

features are critical for the regulation of actin cytoskeleton.

3.15 Dyn2 bundles both linear and branched actin filaments

Since branched actin exists in most of the actin-based structure that Dyn2 was

found to locate at (Ferguson and De Camilli, 2012; Menon and Schafer, 2013), we

thus repeated the actin sedimentation assays with branched-actin reconstituted by

Arp2/3 complex and the VCA domain of neural Wiskott-Aldrich syndrome

protein (N-WASP) to examine the bundling ability of Dyn2 on branched actin. We

found that Dyn2 has prominent bundling activity on branched actin that is also GTP

hydrolysis-dependent (Figure 43A, B). The bundled branched-actin looked spiky

compared with the bundled linear actin (Figure 43C). Disassembly of these

branched-actin bundles is also regulated by GTP hydrolysis (Figure 44A-C).

Moreover, similar to linear actin bundles, CNM-associated Dyn2 mutants including

A618T, R465W and S619L, also showed GTP insensitivity on branched actin

bundles (Figure 45A-D).
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Chapter 4-Discussion
4.1 Dyn2 regulates NMJ development

In this study, we reveal that Dyn2 plays critical roles in regulating postsynaptic
actin organization to facilitate NMJ development. We provide, to our knowledge, the
first evidence of Dyn2 enrichment and direct function at NMJs. In living organism,
we found that Dyn?2 is enriched at postsynaptic NMJ in mice and Drosophila and is
involved in regulating postsynaptic cytoskeleton organization of Drosophila larvae.
In cultured myotubes, we found that Dyn2 regulates podosome maturation and
mediates AChR cluster morphogenesis.

We demonstrate that Dyn2 contributes to the maintenance of postsynaptic
spectrin organization and proper electrophysiological activities. Disruption of
postsynaptic spectrin has been reported to lead to NMJ abnormality, including
aberrant SSR integrity, active zone spacing, glutamate receptor clustering, and
electrophysiological activities (Blunk et al., 2014; Pielage et al., 2006; Proszynski et

2A618T

al., 2009). Similarly, when we express Dyn in the muscle cells, the

organization of postsynaptic spectrin became disorganized, showing a milder

phenotype than spectrin knockdown flies.
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CNM-associated Dyn2 mutations such as A618T are hypermorphic alleles

resulted from their loss of autoinhibitory regulation thus enhanced self-assembly

abilities (Faelber et al., 2013; Hohendahl et al., 2016). Here we demonstrated that

with hyper-assembly activity, CNM-Dyn2 is resistant to GTP hydrolysis-induced

disassembly thus becomes hyperactive. Furthermore, it is known that podosomes

plays essential role in postsynaptic NMJ morphogenesis via mediating AChR

perforation. Our data showed that CNM-Dyn2 could cause excessive podosome-

mediated matrix degradation and reduced AChR clusters. Taken together, our

finding elaborately supports and explains previous findings of NMJ abnormalities in

CNM-Dyn2 expressing mouse or zebrafish, supporting that Dyn2 has versatile and

critical functions in muscle development and disease.

4.2 Dyn2 promotes podosome growth through its actin bundling

activity

The essential role of Dyn2 in actin organization has been demonstrated in

several studies (Bruzzaniti et al., 2005; Destaing et al., 2013; Ochoa et al., 2000). It

was generally assumed that Dyn2 functions to promote actin polymerization due to
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its abilities to remove capping proteins and directly interact with cortactin, Nck, and

profilin (Gu et al., 2010; Mooren et al., 2009; Schafer, 2004). Here we discover a

regulatory function of Dyn2 in controlling podosome growth and turnover through

its direct interaction with actin. Based on our data, we propose that Dyn?2 is recruited

to the podosome to bind and assemble around the actin core for strengthening the

podosome and finally license the turnover of podosome through GTP hydrolysis-

induced disassembly (Figure 46A). According to our previous lab member, Tsung-

Lin Hsieh’s work on Src-mediated phosphorylation on Dyn2 (Lin et al., 2020), we

learned that Src kinase phosphorylates Dyn2 at residue Y597 to mediate its targeting

to podosome. Hsieh reported that myotubes expressing the phosphor-deficient Dyn2

mutant reduced the targeting of Dyn2 to podosomes. He also found that the phospho-

mimetic Dyn2 mutant protein showed a slower dissociation rate in the presence of

GTP on actin bundles, and had less affinity for liposomes composed of plasma

membrane-like lipid components, raising the possibility that Src controls the

translocation of Dyn2 from plasma membrane to podosomes.

Together, we propose that upon phosphorylation, Dyn2 oligomerizes around

the actin core and forms a belt to facilitate the growth and strengthen the stiffness of
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the podosome. Once Dyn2 oligomers undergo GTP hydrolysis-induced disassembly,

the podosome proceeds to dissolve. The actin-remodeling activity of Dyn2 partakes

in organizing postsynaptic NMJ structure via regulating synaptic podosome turnover

and postsynaptic cytoskeleton organization.

4.3 Dyn2, a novel regulator for podosome turnover

Many actin polymerization machinery and motor protein have been discovered

to mediate podosome initiation and maturation (Cervero et al., 2018; Labernadie et

al., 2014; van den Dries et al., 2014; van den Dries et al., 2013); however, it is unclear

how the actin core of podosome remains its cylindrical shape under mechanical

stress during protrusion. Given that Dyn2 assembles at the edge of actin core and is

required for the maturation of podosome, we hypothesize that Dyn2 functions as a

molecular girdle to maintain its structure while podosome encounters physical strain.

By contrast to the understanding of podosome formation, relatively little is known

about how podosome turnover is regulated. To date, only myosin II, Supervillin and

fascin have been reported to regulate podosome turnover. Myosin I and Supervillin

enable podosome turnover by increasing the actomyosin contractility, whereas
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fascin facilitates podosome disassembly by inhibiting Arp2/3-mediated actin

branching. Here we reveal that the GTP hydrolysis-induced Dyn2 disassembly is

a key regulator for podosome turnover in both C2C12-derived myotubes and c-Src

transformed NIH3T3 fibroblasts. Mutations had aberrant sensitivity to GTP

hydrolysis on actin could in turn alter podosome lifespan and perturb its turnover.

These observations demonstrate Dyn2 as a novel regulator not only for the formation

also for the turnover of podosomes in different cell types.

4.4 Dyn2 is a bundling protein for actin filaments

The structure of dynamin oligomers around membrane template has been

beautifully solved: it binds to membrane via PH domain and self-assembles into

helixes with its stalk region (Antonny et al., 2016; Kong et al., 2018). Interestingly,

our negative stain TEM images also revealed similar ring-like Dyn2 oligomers

surrounding actin filaments. Although we failed to get clear 3D reconstructed image

from our preliminary CryoEM data, the native CryoEM image and its 2D

classification results (Figure 39) supported our hypothesis that actin filaments were

packed inside the Dyn2 oligomers. Similar to Dyn2 spirals on lipid templates, these
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Dyn2 oligomers on actin filaments are also responsive to GTP hydrolysis, which

induces its disassembly. Altogether, these data demonstrate that Dyn2 is a unique

actin binding protein that aligns and packs actin filaments together by forming ring-

like oligomers around them. But how exactly does Dyn2 assemble around actin?

Given the actin binding sequence is located at the stalk region of Dyn2 (Gu et al.,

2010), the binding and assembly of Dyn2 around actin might be different from its

assembly around membrane template. Further structural study of Dyn2 and actin

complex is needed.

In summary, we revealed that Dyn2 is an actin bundler that controls podosome

dynamics and postsynaptic cytoskeleton organization during NMJ development.

There are still many interesting questions remained regarding how Dyn2 binds and

assembles on actin filaments, how Dyn2 affect the kinetics for branched actin

assembly, and whether Dyn2 contribute to synaptic maturation in synapses other

than NMJ. Our results suggest a differential function and localization of dynamin at

pre-and postsynaptic membranes (Figure 46B) and paved the way for further studies

in synapse development, podosome kinetics, and mechanical properties.
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Chapter 5-Figures

Figure 1. Structure and assembly of Dyn

(A) Domain structure of Dyn. (B) Crystal structure of the Dyn dimer and tetramer,
showing the interfaces required for assembly. Below shows a schematic diagram

revealing how Dyn tetramers further assemble into a helical structure on the membrane.
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Figure 2. Structure of podosome

Podosomes are actin-enriched structures comprising an actin core, a radial actin cable

network, and an integrin-based adhesive ring. The actin core is enriched with branched

actin polymerization machinery including cortactin and Arp2/3 complex. The cable

network contains myosin IIA and emanates from the actin core to link with the adhesive

ring composed of integrin and adaptor proteins
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Figure 3. Dyn2 enriched at Drosophila postsynaptic NMJ

(A) HA-Dyn2"T was enriched at Drosophila NMJ. Distribution of HA-Dyn2"" DLG,

and a-spectrin are shown by immunostaining. (B) Immunostaining of third-instar larval

NMJs with anti-a-spectrin and anti-HA antibodies was performed as described in

Methods. Images were taken from z-stack confocal microscopy and presented as z-stack

projections. (C) Immunoblotting analysis of Drosophila third instar larvae shows the

expression levels of a-spectrin, tubulin, and HA-Dyn2. Scale bars, 10 pm.
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Figure 4. Dyn2 affects postsynaptic cytoskeletal organization in Drosophila

(A) Immunostaining with anti-a-spectrin and HRP antibodies showed the distribution of

a-spectrin and horseradish peroxidase (HRP) in third-instar larval NMJs. The enrichment

of a-spectrin and HRP around single bouton was shown by line scan analysis. Images

were taken by z stack confocal microscopy and are presented as z stack projections. Scale

bar, 10 um. (B) Thickness of a-spectrin. Each dot represents the spectrin thickness in one

bouton. For each mutant, at least 5 NMJs were analyzed. (C) Intensity of a-spectrin. Each

dot represents the spectrin intensity in one NMJ. For each mutant, 9 NMJs were analyzed.
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Figure 5. Effects of Dyn2 at Drosophila postsynaptic NMJ

(A-B) Distribution of DLG (A), Brp (B) and HRP in third-instar larval NMJs in indicative

Dyn2 mutant expressing flies. (C-D), Quantification of ghost bouton index and number

of branch points per NMJ in wild type and flies expressing indicative Dyn2 mutants. ns,

not significant.
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Figure 6. Dyn2 affects postsynaptic SSR density in Drosophila

A) TEM images of NMJ boutons from wild-type and Dyn2WVT- and Dyn24¢!8T.
g Yp Y. yn

expressing Drosophila. Boxed areas (within yellow dashed lines) are magnified and

shown alongside. Scale bar, 500 nm. The SSR is pseudo-colored in green, and parameters

of SSR morphology were quantified and are shown in (B-D). All data in this work are

expressed as mean+SD of at least three independent experiments.ns, not

significant; **p < 0.01; ***p <0.001.
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Figure 7. Dyn2 affects electrophysiological activities in Drosophila

(A) Representative traces and quantification of the mEJP amplitude of wild-type

2WT 2A618T 2G537C

and Drosophila expressing Dyn2"", Dyn ,and Dyn in their body wall muscle.

(B) Quantification of the mEJP frenquency of wild-type and Drosophila expressing

Dyn2%T, Dyn226!8T and Dyn25337C in their body wall muscle. (C) Representative traces

and quantification of the EJP amplitude of wild-type and Drosophila expressing

2WT 2A618T 2G537C

Dyn2™", Dyn , and Dyn in their body wall muscle (D) Quantification of the

quantal content of wild-type and Drosophila expressing Dyn2WVT, Dyn2418T  and

2G537C

Dyn in their body wall muscle. ns, not significant; *p < 0.05.
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Figure 8. Dyn2 did not affect GluRIIA distribution

(A) Distribution of GIuRIIA and HRP in third-instar larval NMJs in Dyn2%" and

Dyn2A%18T expressing flies. (B-D) Quantification results of GIuRIIA distribution. (B)

GIuRIIA area is normalized to HRP area and presented as percentages. (C) GIuRIIA

intensity is normalized to HRP intensity. At least 12 NMJs were analyzed in each mutant

and each dot represents the normalized area and intensity in one NMJ. (D) Size of

GIuRIIA clusters. At least 90 clusters in each mutant were analyzed. ns, not significant.

Scale bars, 10 um.
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Figure 9. Endogenous Dyn2 is enriched at mouse postsynaptic NMJ

(A-B), Transverse abdominis (TVA) muscles from 4-week-old mice were isolated, fixed,

and stained to visualize endogenous Dyn2. Postsynaptic AChRs were labeled by Alexa-

488 bungarotoxin (BTX) and presynaptic neuron was labeled by synaptophysin. The

boxed area is amplified to show the z-projection and orthogonal view of part of the NMJ.

Scale bar, 10 um. (B), Line scan analysis of Dyn2, BTX, and synaptophysin intensity

along the yellow line in B. was plotted. (C) Day 6-differentiated myotubes cultured on

Permonox slides were stained to visualize endogenous Dyn2, F-actin, and AChR (labeled

by Bungarotoxin) under z-stack confocal microscopy. Scale bar, 10 um.
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Figure 10. AChR clustering and perforation in C2C12 myotubes on laminin-coated

glass coverslips

Myoblasts were seeded on laminin-coated glass coverslips and subjected to

differentiation. Day 5-differnetiated myotubes were fixed and stained to visualize AChR

cluster and synaptic podosomes. Images were acquired from z-stack confocal microscopy.

Boxed areas were magnified and shown in lower panels. Scale bar, 10 pm.
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Figure 11. AChR clustering and perforation in C2C12 myotubes

Myoblasts were seeded on laminin-coated Permanox slides and subjected to

differentiation. Day 3- to Day 6-differnetiated myotubes were fixed and stained to

visualize AChR cluster and synaptic podosomes. Images were acquired from z-stack

confocal microscopy. Boxed areas were magnified and shown in lower panels. Scale bar,

10 pm.
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Figure 12. Dyn2 formed belt-shaped structure around some podosome core

(A-B) Dyn2 forms belt-like structures around the actin cores of podosomes.
Differentiated myotubes were fixed and stained to visualize endogenous F-actin, Dyn2,
and Tks5. Images were acquired from z stack confocal microscopy. Boxed areas in A
were magnified and shown in lower panels to display the z projection and orthogonal
view of a single podosome. Arrowhead, podosome with a Dyn2 belt; open arrow,
podosome with partial Dyn2 belt; arrow, podosome without a Dyn2 belt. Scale bar in A,
2 um, Scale bar in B, 10 um. (C) Z-projection and orthogonal view of a single podosome

from STED microscopy. Scale bars, 10 um.
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Figure 13. Dyn2-belt localize in between podosome core and the radical actin cables

(A) Dyn2 localizes differently from other podosome components. Differentiated

myotubes were fixed and stained to visualize endogenous F-actin, Dyn2, Arp2, cortactin,

vinculin, and myosin IIA. Scale bar, 2 um. (B) 3D reconstructed image of single

podosome in myotubes derived from z-stack confocal microscopy. (C) Line scan analysis

of the Dyn2 and Myosin IIA intensity along the white line in B was plotted.
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Figure 14. Level of Dyn2 enrichment correlates with podosome size

(A) Population of podosomes with different levels of Dyn2 belts. (B-C) Level of Dyn2-

belt decoration is correlated with podosome height and width. Podosomes were grouped

into three categories according to the amount of Dyn2 surrounding the actin core. Each

dot represents one podosome. At least 40 podosomes in 10 cells were analyzed. The

representative images are shown in the lower panels, with Dyn2 in green and F-actin in

red. **p < 0.01; **p <0.001.
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Figure 15. Dyn2 is required for podosome growth

(A) A Knockdown efficiency of DNM2 shRNA. Dyn2 was depleted by two lentiviral

shRNAs and selected with puromycin for 3 days followed by 3 days of differentiation.

Cells were subjected to immunoblotting, and the knowkcodown efficiency was quantified

and labeld on the bottom of the gel. (B) Podosomes in Dyn2-depleted myotubes.

Podosomes were labeled with the podosome marker Tks5. Day-5-differentiated myotubes

were fixed and stained to visualize endogenous F-actin, Dyn2, and Tks5. Images were

acquired by z stack confocal microscopy. Insets represent enlarged views of z projection

(upper) and orthogonal views (lower) of a single podosome. Scale bars, 2 um. (C) Height

and width of podosomal actin cores are reduced in Dyn2-depleted myotubes. Each dot

represents one podosome. (D) Podosome density in Dyn2-depleted myotubes. Each dot

represents one myotube.
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Figure 16. Dyn2 forms belt-shaped structure as podosome matures

(A-C) Snapshots of time-lapse images of a single podosome showing the temporal

distribution of Cortactin, Dyn2, and Tks5 in myotubes. Myotubes expressing Lifeact-GFP

and Cortactin-mCherry (A), Lifeact-RFP and Tks5-EGFP (B), or Lifeact-GFP and

Dyn2¥T-mCherry (C) were imaged by inverted fluorescence microscopy at 37°C with

1 min frame intervals. Scale bars in A, C, 5 um. Scale bar in B, 2 um.
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Figure 17. The correlation of Dyn2 enrichment and podosome lifespan

(A) Frequency distribution of podosome lifespan in myotubes (n = 37 podosomes). (B)

Time course of individual podosomes were plotted from short to long in cyan. Regions

colored in magenta represent the appearance of Dyn2. (C) Percentage of Dyn2

appearance during podosomes lifespan in myotubes. Each dot represents one podosome.

(D) Correlation between podosome lifespan and Dyn2 enrichment.
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Figure 18. Dyn2 is required for podosome turnover

(A-B) Podosomes in Dyn2-depleted myotubes have shorter lifespans. Podosome lifespan

was quantified by the duration of the podosome core, as labeled by Lifeact-GFP, and the

data were divided into five cohorts as shown. Scale bars, 2 pm.
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Figure 19. Dyn2 GTPase activity is involved in podosome growth and turnover

(A-B) Acute treatment of 100 uM dynasore increases podosome height in myotubes. Day

4-differentiated myotubes were fixed and stained to visualize endogenous F-actin and

Dyn2 after 2 or 4 hrs of dynasore treatment. Scale bar, 10 pm. The height of podosome

was quantified from the orthogonal images on the right panel, analyzed and shown as in

B. Each dot represents one podosome. (C) Prolonged treatment of 100 uM dynasore

reduced podosome number. In each condition, at least 40 podosomes in 10 different cells

were analyzed. 12 h of 100 uM dynasore treatment showed disruptive effects on muscle

podosomes. Scale bar, 10 pm. ***P < (0.001.
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Figure 20. Mutations used in this study

(A) Domain structure of Dyn2 and the mutations used in this experiment. (B) References

of Dyn2 mutants and their biochemical properties.
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Increased 2015, Kenniston &
Lemmon, 2010); in
this study
G537C Normal Decreased Decreased Normal Decreased | (Chinetal., 2015),
in this study
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2019, Gu, et al.,
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2010, Sundborger,
Fang et al., 2014)
ND: not determined
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Figure 21. Effects of mutant Dyn2 on podosome morphology in wild type myotubes

(A) Subcellular localization of different HA-tagged Dyn2 mutants in wild-type myotubes.

Scale bar, 10 um. (B) Podosome density in myotubes. Each dot represents the podosome

density in one cell. (C-D) Morphological effects of different HA-tagged Dyn2 mutants

on podosome in wild type myotubes. Each dot represents one podosome (n = 22~109

podosomes per mutant). ns, not significant; **p < 0.01; ***p < 0.001.
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Figure 22. Rescuing effects of mutant Dyn2 on podosome morphology in Dyn2-

depleted myotubes

Rescuing effects of different HA-tagged Dyn2 mutants in Dyn2 knockdown myotubes.

Endogenous Dyn2 was stained in control cells. HA-tagged Dyn2, F-actin, and Tks5 were

stained and imaged under z stack confocal microscopy after 16 h of induction. Scale bar,

10 pm.
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Figure 23. Dyn2 is essential for podosome growth

(A) Podosome density in myotubes. Each dot represents the podosome density in one cell.

(B-C) Height and width of podosomes. Each dot represents one podosome (n = 16 to ~32

podosomes per mutant). For each mutant, 6 to ~9 cells were analyzed. ns, not

significant; **p < 0.01; **p < 0.001.
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Figure 24. Dyn2 is essential for podosome turnover

(A) Frequency distribution of podosome lifetime in myotubes expressing different Dyn2

mutants. Myoblasts were transfected with Lifeact-GFP and Dyn2-mCherry to visualize

F-actin and Dyn2, respectively. Myotubes were imaged by inverted fluorescence

microscopy at 37°C with 2 min frame intervals. Lifespans of individual podosomes were

tracked and measured manually. For each condition, at least 68 podosomes for each

mutant were analyzed. ns, not significant; **p < 0.01; ***p < 0.001. (B) Snapshots of the

2A6 18T

time-lapse imaging of single podosomes with Dyn -mCherry surrounding.

Myoblasts were transfected with Lifeact-GFP and Dyn2*°"®T-mCherry to visualize F-

actin and Dyn24618T

, respectively. Myoblasts were then seeded on laminin-coated glass-
bottom dish, subjected to differentiation for 5-7 days and imaged with inverted
fluorescence microscope at 37°C with 2 min frame intervals. Arrowhead at t = 10 min:

appearance of podosome core; Arrowhead at t = 40 - 840 min: appearance of Dyn2 belt;

Arrowhead at t = 910 min: disassembly of Dyn2 belt. Scale bar, 2 um.
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Figure 25. Dyn2 is essential for podosome growth in c-Src transformed NIH3T3 cells

(A) Confocal microscopy images of Dyn2 distribution at podosome rosette. c-Src

transformed NIH3T3 fibroblasts were stained and imaged with z-stack focal sectioning.

Scale bars, 10 um. (B-C) Effects of different Dyn2-mCherry mutants on the morphology

of podosome rosette in c-Src-transformed NHI3T3 cells. Each dot represents one

podosome rosette (n = 26~38 podosomes rosette per mutant).
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Figure 26. Dyn2 is essential for podosome turnover in c-Src transformed NIH3T3

cells

Effects of different Dyn2-mCherry mutants on the lifespan of podosome rosette in c-Src-

transformed NHI3T3 cells. c-Src-transformed NHI3T3 cells were transfected with

Lifeact-GFP and Dyn2-mCherry to visualize F-actin and Dyn2, respectively and imaged

by inverted fluorescence microscopy at 37°C. Scale bars, 10 pm.
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Figure 27. Dyn2 regulates podosome lifespan in c-Src transformed NIH3T3 cells

Frequency distribution of podosome lifetime in c-Src-transformed NHI3T3 cells

expressing different Dyn2 mutants. Lifespans of individual podosomes were tracked

and measured manually.
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Figure 28. Dyn2 regulates podosome-mediated matrix degradation

(A) Rescue effects of HA-tagged Dyn2 mutants on the ECM degradation activities of

Dyn2-depleted myotubes. HA-tagged Dyn2 and F-actin in day-4 Dyn2 knockdown (KD)

myotubes were stained and imaged under confocal microscopy after 16 h of induction

and culturing on gelatin-fluorescein isothiocyanate (FITC)-coated coverslips. Dashed

lines indicate cell boundaries. Scale bar, 10 um. (B) Quantification of degraded area

versus cell area. Each dot represents the percentage of degraded area in each cell. For

each mutant, at least six cells were analyzed. ns, not significant; ***p <0.001.
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Figure 29. Expressing Dyn2 hyper self-assembly mutant perturbs matrix

degradation activity in wild type myotubes

(A) Effects of HA-tagged Dyn2 mutants on the ECM degradation activities in wild type

myotubes. HA-tagged Dyn2 and F-actin in Day 4 myotubes were stained and imaged

under confocal microscopy after 16 h of induction and culturing on gelatin-FITC coated

coverslips. Dashed lines indicate cells boundaries. Scale bar, 10 um. (B) Quantification

of gelatin-FITC degraded area of HA-tagged Dyn2 mutants expressing wild-type

myotubes. Each dot represents the percentage of degraded area in each cell. For each

mutant, at least 15 cells were analyzed. ns, not significant; *p <0.05.
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Figure 30. Dyn2 mediates AChR cluster organization

(A) HA-tagged Dyn2, F-actin, and AChR (labeled by bungarotoxin) in day-6-

differentiated myotubes cultured on Permanox slides were stained and imaged under z

stack confocal microscopy after 16 h of induction. Dashed lines indicate cells expressing

HA-tagged Dyn2 mutants. Scale bar, 10 um. (B-C) Quantification of individual AChR

area or total AChR area versus cell area. All data in this work are expressed as mean + SD

of at least three independent experiments. ns, not significant; «p < 0.05; =«p < 0.01.
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Figure 31. Expressing Dyn2 hyper self-assembly mutant perturbs AChR perforation

HA-tagged Dyn2, F-actin, and AChR (labeled by Bungarotoxin) in Day 4-differentiated

myotubes cultured on Permanox slides were stained and imaged under z-stack confocal

microscopy after 16 h of induction. Scale bar, 10 pm.
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Figure 32. Dyn2 bundles in vitro reconstituted actin filaments

(A-B) Both Dynl and Dyn2 bundle actin filaments. Reconstituted F-actin (5 uM) was

incubated with Dyn at indicated concentrations for 30 min and subjected to 20 min of

centrifugation at 14,000 x g. S, supernatant; P, pellet. (C) Dyn2 bundles actin filaments.

Reconstituted F-actin (5 uM) was incubated with Dyn2 at indicated concentrations for

30 min and subjected to 20 min of centrifugation at 14,000 x g. S, supernatant; P, pellet.

(D) Dyn2 (1 uM) shows significant actin-bundling activity. The percentage of sedimented

actin was quantified in ImageJ as the ratio of actin in the pellet versus total actin. ns, not

significant; ***p < 0.001.
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Figure 33 GTP, GDP, and GTPyS addition reduced Dyn2-bundled actin

(A) Reconstituted F-actin (5 uM) was incubated with 1 puM Dyn2 for 30 min and

subjected to addition of indicated nucleotides for 30 min then followed by centrifugation

at 14,000 x g. S, supernatant; P, pellet. (B) Reconstituted F-actin (5 uM) was incubated

with 1 uM Dyn2 for 30 min and subjected to addition of either GTP or GTPyS for

indicated incubation time then followed by centrifugation at 14,000 % g. S, supernatant;

P, pellet.
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Figure 34. GTP hydrolysis reduced Dyn2-bundled actin

(A-B) F-actin sedimentation assay and quantification result of Dyn2-bundling activity.

Reconstituted F-actin (5 pM) was incubated with 1 uM Dyn2 for 30 min followed by

15 min of incubation with 1 mM GTP or GMPPCP. (C) Real-time visualization of the

actin-bundling activity of Dyn2 under confocal microscopy. Scale bar, 10 um. ns, not

significant; ***p < 0.001.
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Figure 35. GTP hydrolysis induced disassembly of Dyn2-bundled actin

(A) TEM images of negative-stained actin-Dyn2 bundles in the presence of different

GTP analogs. Scale bar, 100 nm. (B) Quantification of width of single actin filament

and minimum actin bundles.
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Figure 36. PRD domain of Dyn2 is not required for its actin bundling activity

(A) TEM image of negative-stained actin filaments bundled by Dyn22"*P. Scale bar,

100 nm. (B) Reconstituted F-actin (5 uM) was incubated with Dyn22PRP with indicated

concentrations and subjected to centrifugation at 14,000 x g. S, supernatant; P, pellet. (C)

Quantification of width of minimum actin bundles.
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Figure 37. Physical interruption failed to generate single actin bundles

Results of fractionation and different physical interruptions on Dyn2-bundled actin
filaments (20% rhodamine labeled). Fractions 1 to 4 represent the top to bottom fraction
of Dyn2-actin solution after centrifugation at 14,000 x g. The rhodamine labeled actin

filaments were imaged under confocal microscopy. Scale bars, 20 pm.
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Figure 38. Reducing temperature and Dyn2 concentration generated small actin

bundles

(A) Negative stained TEM of actin bundles showed results from different incubation

temperature and ratio between actin and Dyn2. Scale bars, 50 nm. (B-E) Removing

Dyn2 aggregates prior to use and increasing the adsorption time provides better images

(D-E compared with B-C) under CryoEM. Scale bars, 100 nm.
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Figure 39. Small actin bundles can be visualized under negative stain and CryoEM

(A-B) Negative stain TEM images of small actin bundles. Scale bar in A, 200nm. Scale

bar in B, 100nm. (C) CryoEM images of actin filaments bundled by Dyn2. Scale bar,

100nm. (D) Examples of 2D classification results from 25classes of small Dyn2- actin

bundles. Box size: 500*500px. (E) Examples of 2D classification results from 60 classes

of single actin filaments. Box size: 100*100px. (F) Examples of 2D classification results

from 30 classes of side-by-side actin filaments. Box size: 100*100px.
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Figure 40. Actin filaments packed inside the Dyn2 helix

(A) Negative stain TEM images of partially packed Dyn2 bundled actin filaments. (B)

Upper, schematic diagram and EM tomography of partially packed actin-Dyn2 bundles.

Lower, 3D tomography from negative stain TEM showing that actin filaments were

packed inside the Dyn2 helix. Scale bars, 100 nm.
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Figure 41. Actin filaments bundled by hyper self-assembly Dyn2 mutant was less

sensitive to GTP

(A) F-actin sedimentation assay and quantification result (B) of actin bundling activity of

CNM-Dyn2 mutant, A618T, and CMT-Dyn2 mutant, G537C. ns, not significant; *p <

0.05; **p <0.01; **p < 0.001.
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Figure 42. Actin filaments bundled by CNM-Dyn2 mutant were less sensitive to GTP

(A-B) F-actin sedimentation assay and quantification of Dyn2 bundling activity in the

absence of GTP. (C) TEM images of negative-stained actin-Dyn2 bundles. Scale bar, 100

nm. (D-E) F-actin sedimentation assay and quantification of Dyn2 bundling activity in

the presence of GTP. *p < 0.05; **p <0.01; **p <0.001.
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Figure 43. Dyn2 bundles branched actin

(A-B) Branched F-actin sedimentation assay and quantification result of Dyn2-bundling

activity. Concentrations of individual components were 5 uM actin, 1 uM Dyn2, 30 nM

Arp2/3 complex, 80 nM VCA, and 1 mM GTP. (C) Morphology of Dyn2-bundled linear

and branched actin under confocal microscopy. ns, not significant; *p < 0.05.
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Figure 44. GTP hydrolysis regulates disassembly of branched-actin bundles

(A-B) Branched F-actin sedimentation assay and quantification result of Dyn2-bundling

activity. Concentrations of individual components were 5 uM actin, 1 uM Dyn2, 30 nM

Arp2/3 complex, 80 nM VCA, and 1 mM GTP or GMPPCP. (C) Negative stain TEM

images of branched actin in the presence of Dyn2, GTP, and GMPPCP. Scale bar, 100

nm. ns, not significant; *p < 0.05.
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Figure 45. branched-actin bundled by CNM-Dyn2 were less sensitive to GTP

hydrolysis

(A-B) Branched-actin sedimentation assay and quantification of wild-type and CNM-

Dyn2 bundling activity in the absence of GTP. (C-D) Branched-actin sedimentation assay

and quantification of wild-type and CNM-Dyn2 bundling activity in the presence of GTP.

ns, not significant; ***p < 0.001.
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Figure 46. Working model of Dyn2 in podosome turnover and its distinct role in pre-

and postsynaptic NMJ

(A) Dyn2 functions as a molecular girdle and a checkpoint for podosome growth and

turnover, respectively. (i and ii) Interactions between ECM and integrins initiate

podosome formation. Actin polymerization proteins such as the Arp2/3 complex and

cortactin drive podosome initiation. Tks5 is recruited to the nascent podosome and

promotes podosome maturation. (iii) Phosphorylated Dyn2 is recruited to the podosome

to bundle the actin core and facilitate its growth. Dyn2 forms a belt-like structure around

the actin core to enhance the function of the podosome. (iv and v) GTP hydrolysis triggers

Dyn2 dissociation from the podosome and induces its turnover. (B) Distinct roles of Dyn

at pre- and postsynaptic NMJs. At the presynaptic membrane, Dyn functions as a

membrane scission catalyzer to facilitate synaptic vesicle recycling. At the postsynaptic

membrane, Dyn functions as a molecular girdle at synaptic podosomes and regulates actin

organization during NMJ development.
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Table 1. Plasmids used in this study

Plasmid vector source
Dyn2 pIEx-6 Schmid lab*
Dyn2A618T pIEx-6 (Chin et al., 2015)
Dyn26537¢ pIEx-6 (Chin et al., 2015)
Dyn2R465W pIEx-6 (Chin et al., 2015)
Dyn25619L pIEx-6 (Chin et al., 2015)
Dyn2Y>7E pIEx-6 In this study
Dyn2Y>97F pIEx-6 In this study
Dyn2-mCherry pmCherry-N1 Addgene 27689
Dyn22618T_mCherry pmCherry-N1 (Chin et al., 2015)
Dyn2937C-mCherry pmCherry-N1 (Chin et al., 2015)
Dyn2X*A.mCherry pmCherry-N1 In this study
Dyn2¥E-mCherry pmCherry-N1 In this study
Dyn2¥%-mCherry pmCherry-N1 In this study
Dyn2Y>*"-mCherry pmCherry-N1 In this study
Dyn2Y**”E.mCherry pmCherry-N1 In this study
Lifeact-GFP pEGFP Schmid lab*
Tks5-GFP pEGFP Schmid lab*
Cortactin-mCherry Addgene 27676
Dyn2 pADtet Schmid lab*
Dyn2K444 pADtet Schmid lab*
Dyn26337¢ pADtet (Chin et al., 2015)
Dyn2A618T pADtet (Chin et al., 2015)
Dyn2®E pADtet (Chin et al., 2015)
Dyn2F/& pADtet (Chin et al., 2015)

“Dr. Sandra Schmid in the Department of Cell Biology, University of Texas

Southwestern Medical Center, Dallas, TX 75390, USA
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Table 2. Antibodies used in this study

REAGENT or RESOURCE SOURCE IDENTIFIER

Goat polyclonal anti-Dynamin-2 Santa Cruz Cat#sc-6400; RRID:
AB 639943

Rabbit polyclonal anti-Tks5 Santa Cruz Cat#sc-30122; RRID:
AB 2254551

Rabbit polyclonal anti-Cortactin Santa Cruz Catf#sc-11408; RRID:
AB 2088281

Mouse monoclonal anti-Arp2 Abcam Cat#ab49674; RRID:

AB 867730

Mouse monoclonal anti-Vinculin

Sigma-Aldrich

Cat#V4505; RRID:
AB 477617

Rabbit polyclonal anti-Myosin I1A

Sigma-Aldrich

Cat#M8064; RRID:

AB 260673
Mouse monoclonal anti-HA Biolegend Cat#901513; RRID:
AB 2565335
Rabbit polyclonal anti-HA Santa Cruz Cat#sc-805; RRID:

AB 631618

Mouse monoclonal anti-Discs large

Developmental Studies

Hybridoma Bank

Cat#4F3 anti-discs large;
RRID: AB 528203

Mouse monoclonal anti-alpha spectrin

Developmental Studies

Hybridoma Bank

Cat#3A9 (323 or M10-
2); RRID: AB 528473

Mouse monoclonal anti-Brunchpilot

Developmental Studies

Hybridoma Bank

Cat#nc82; RRID:
AB 2314866

Mouse monoclonal anti-Glutamate

Developmental Studies

Cat#8B4D2 (MH2B);

receptor subunit, DGluR-11A Hybridoma Bank RRID: AB 528269

Rhodamine-conjugated rabbit Jackson Cat#323-025-021;

polyclonal anti-horseradish peroxidase | ImmunoResearch RRID: AB 2340257
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Rabbit monoclonal anti-Synaptophysin | Invitrogen Cat#MAS5-14532; RRID:
AB 10983675

Alexa Fluor 488-conjugated donkey Invitrogen Cat#A-11055; RRID:

polyclonal anti-goat IgG AB 2534102

Alexa Fluor 594-conjugated donkey Invitrogen Cat#A-11058; RRID:

polyclonal anti-goat IgG AB 142540

Alexa Fluor 594-conjugated donkey Invitrogen Cat#A-21207; RRID:

polyclonal anti-rabbit IgG AB 141637

Alexa Fluor 594-conjugated donkey Invitrogen Cat#A-21203; RRID:

polyclonal anti-mouse IgG AB 141633

Alexa Fluor 405-conjugated donkey Abcam Cat#ab175659;

polyclonal anti-mouse IgG
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