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Synopsis
Eukaryotic cells are compartmentalized into functionally specialized organelles, such
as the endosomal system, endoplasmic reticulum, and the Golgi network. These organelles
maintain their own unique protein and lipid composition ensuring their identity as well as
ability to perform distinct functions. Maintenance of the organellar identity is regulated by
transporting lipids and proteins using vesicles as transport carriers between organelles via
vesicular transport pathways. Formation of vesicles at the donor compartment via fission

process and fusion to the acceptor compartment is necessary to continue vesicular transport.

Vesicle generation via membrane fission is a thermodynamically unfavourable process
and requires specialized protein machinery (membrane fission catalysts; MFCs) to catalyze
fission process. Till date, dynamin, a large multi-domain GTPase, is the best characterized
MFC and catalyzes fission at plasma membrane and trans-Golgi network. It has been the best
source of insights into protein catalysed membrane fission. However, dynamin knockdown
does not perturb vesicular transport from intracellular organelles, indicating that multiple
MFCs must exist to catalyze fission at various organelles.

Discovering the identities of novel MFCs has been difficult due to lack of high-
throughput assays to detect membrane fission. Our lab has developed a tubular template system
(Supported Membrane Tubes; SMrT) which allows easy and reliable detection of membrane
fission. In this study, we have utilized the SMrT template to characterize a putative fission
catalyst Eps15 homology domain protein 1 (EHD1). EHDL is required for the exit of a large
variety of receptors from endocytic recycling compartment (regulates receptor recycling to
plasma membrane) and has been proposed to function as membrane fission catalyst. We have

characterized bacterially expressed EHD1 and studied its ability to catalyze membrane fission.

Chapter 1 introduces vesicular transport and the requirement of protein machinery for
membrane fission and fusion process. Regulation of recycling pathway by endocytic recycling
compartment and EHD1’s role in receptor recycling and functioning of various cellular
processes and embryonic development and proposed function of EHD1 as membrane fission

catalyst, is also introduced here.
Chapter 2 describes methods and materials used in the following chapters

Chapter 3 discusses the purification of bacterially expressed EHD1. We characterized
EHD1 membrane binding and ATPase activity. Further, the chapter discusses the role of ATP
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binding on EHD1 oligomerization on SMrT templates and membrane deformation. We show
that EHD1 can catalyze membrane fission in ATP hydrolysis-dependent manner and is
sensitive to tube dimensions. Further, we have discussed the role of different lipids on EHD1’s

ability to catalyze membrane fission.

Chapter 4 explores the effect of mutations in EHD1 on membrane binding and fission.
We find that the protein regions proposed to be involved in membrane binding based upon
EHD2 (EHD paralog) structure, are conserved in EHD1 and is required for binding.
Additionally, we find that N-terminus of EHDL1 is required for EHD1 assembly mediated
membrane deformation and N-terminus fusion of GST or GFP renders the protein inactive.

In chapter 5, we explore the mechanism of EHD1 catalysed membrane fission. We
find that EHD1 catalysed fission via a different mechanism than that is known for dynamin.
Dynamin binding and oligomerization on membranes leads to constriction formation on SMrT
template and fission occur in the constricted region in GTP-hydrolysis-dependent manner.
Whereas EHD1 upon assembly leads to expansion of SMrT templates and due the membrane
expansion, adjacent region undergoes constriction formation. In other words, dynamin
assembly directly leads to constriction of SMrT template, whereas constriction in the case of
EHD1 assembly is generated because of an indirect effect of tube dimension expansion in the

adjacent region.



Chapter. 1
Introduction.



13

1. Introduction

1.1 Vesicular transport and requirement of protein assisted membrane fission.

The eukaryotic cell is a highly compartmentalized system, consisting of organelles with
distinct protein and lipid composition defining their identity. This organellar identity is
maintained by vesicular transport of proteins and lipids. The vesicle-like carriers are
characteristic of the vesicular transport and are generated at the donor compartment via the
process of membrane fission and ultimately fuse with the acceptor membrane via the process
of membrane fusion. Both membrane fission and fusion process are essential for the

information transfer from one compartment to the other.

Membrane fusion and fission both are energetically intensive processes and require
assistance from protein machinery (Chernomordik and Kozlov, 2005; Kozlovsky and Kozlov,
2003; Kozlovsky et al., 2002; Mattila et al., 2015). The identity of protein(s) required for fusion
and the mechanism of how membrane fusion occurs is well understood owing to the well-
established in vivo and in-vitro assays (Jahn et al., 2003; Sudhof and Rothman, 2009).
Membrane fission, like fusion, is an energetically unfavourable process and requires proteins
machinery to catalyze the process. However, protein catalysed fission has remained less well
studied for the following reasons; a) unlike fusion, which appears to use conservative sets of
proteins to catalyze fusion at various compartments, fission is proposed to be catalysed by
distinct, compartment-specific proteins (see below). b) Existing assays to detect fission are
tedious (pulling a membrane tube from membrane reservoir source such as giant unilamellar
vesicles (GUVs) or supported membrane with excess reservoir (SUPER) templates (Morlot
and Roux, 2013; Pucadyil and Schmid, 2008). These assays also plagued with indirect read-
out e,g, electron microscopy based detection of generation of small diameter vesicle from large
liposomes upon addition of protein of interest is used as the proxy for membrane fission
(Pucadyil and Schmid, 2009).

Dynamin, a large multi-domain GTPase is the only protein shown to catalyze fission in
an in-vitro system and has been sole the source of protein catalysed membrane fission
(Bashkirov et al., 2008; Dar et al., 2015; Pucadyil and Schmid, 2008; Roux et al., 2006).
However, dynamin is involved in catalyzing fission at the plasma membrane, and trans-Golgi

network (Schmid and Frolov, 2011) and perturbation of its function does not affect vesicular
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transport between other membrane compartments (Cai et al., 2012), outlining the presence of

yet unidentified proteins fission catalysts in cells.
1.2 Endocytic recycling and role of endocytic recycling compartment (ERC)

Endocytosis-mediated internalization of receptors helps in the various cell processes
such as nutrient uptake, cell signaling and synaptic vesicle recycling. Receptor recycling
pathways replenish the receptor pools depleted by the endocytic processes. It occurs via fast
and slow recycling pathways (Maxfield and McGraw, 2004). The fast recycling occurs from
sorting endosomes (SE), which are peripheral structures and receive receptors internalized via
different endocytic pathways and also function as a sorting station. SEs separates recycling
receptors from receptor destined for degradation, recycling receptors following slow recycling
(predominant pathway) transit to endocytic recycling compartment (ERC) (Grant and
Donaldson, 2009; Maxfield and McGraw, 2004).

ERC is a long-lived, perinuclear compartment which regulates recycling of receptors
to the plasma membrane (Hopkins et al., 1994; Maxfield and McGraw, 2004). It has Rab11 (a
small GTPase) and MICAL-L1 (molecules interacting with CasL-like proteinl) as marker
proteins and require microtubules to maintain the compartment architecture (Caplan et al.,
2002; Sharma et al., 2009; Xie et al., 2016). As mentioned earlier, ERC receives receptors from
SEs, which are then returned to the plasma membrane. In this manner, ERC functions as a
transit station for a fairly large variety of receptor, reflecting its general role in receptor
recycling (Grant and Caplan, 2008; Maxfield and McGraw, 2004; Xie et al., 2016). Also, ERC
is also involved in proteins via retrograde and anterograde transport (van 1Jzendoorn, 2006;

Taguchi, 2013), reflecting its importance in intracellular transport.

The exit of the receptors from ERC is severely affected in the absence of EHD1, a

member of C-terminal EH domain containing protein (EHDs).
1.3 EHD1 mediated regulation of endocytic recycling at ERC.

C-terminal EHD proteins have four paralogs in mammals and one ortholog in
Drosophila melanogaster and Caenorhabditis elegans. Mammalian paralogs share high
sequence similarity (70-86%), localize to different compartments and are proposed to be
involved in the transport from the respective compartment (Daumke et al., 2007; Grant and
Caplan, 2008). Similarly, the invertebrate orthologues are involved in intracellular vesicular

transport.
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1.3.1 EHD1 discovery and effect on receptor recycling from ERC.

EHDL1 function was first discovered in a mutagenesis screen in C. elegans aimed at
identifying novel regulators of endocytic transport. Genetic loci which affected the endocytosis
were termed as receptor-mediated endocytosis (rme) and one such protein, RME-1, localized
to the basolateral endosome pool in the intestinal epithelial cell. Its depletion affected
basolateral uptake of fluid phase markers (BSA and GFP) and led to intracellular accumulation
in the form of large vacuoles without affecting endocytic uptake or bulk membrane transport
from the apical surface in the intestinal epithelial cells. RME-1 mutants also showed severe
defect on endocytosis of yolk protein (YP170) in oocytes. This defect was due to the
accumulation of the cognate receptor in an enlarged compartment (vacuoles) resulting in
decreased plasma membrane pool. Intracellular receptor accumulation phenotype in the
absence of EHD1 was akin to the phenotype earlier observed upon pharmacological inhibition
receptor recycling in mammalian cells, strengthening the hypothesis that RME-1 is involved in
the exit of recycling receptors from endosomes than it being directly involved in receptor
endocytosis (Grant et al., 2001).

RME-1’s role in receptor recycling was further supported by study addressing the
function of the mouse orthologue of RME-1 (mRME-1, subsequently termed as Epsl5
homology domain protein 1 (EHD1) in mammalian cells (Lin et al., 2001). Fairly well
characterized endocytic uptake and itinerary of receptors to degradative and recycling
pathways made mammalian cells an ideal system to study the roles of proteins involved in
vesicular transport. Receptors destined for degradation are separated at the sorting endosomes
and are transported to lysosomes, whereas recycling receptors (e.g. transferrin) are sorted to
ERC (Lin et al., 2001; Maxfield and McGraw, 2004; Yamashiro et al., 1984). EHD1 co-
localized with recycling receptor (transferrin) to ERC (Lin et al., 2001).

Effects of EHD1 depletion/function perturbation on the transport of receptors following
degradative (e.g. EGFR) and recycling (e.g. transferrin, Tf) pathways were studied using the
pulse-chase method. At a steady state (incubation for 15-20 min) Tf predominantly localizes
to ERC (YYamashiro et al., 1984). EHD1 knock-down or functional perturbation (via over-
expression of dominant negative mutant (EHD1 G429R)) showed receptor accumulation at
ERC at the end of 30 min whereas control cells showed barely any presence of Tf. This
evidence along with the previous studies strengthened the EHD1 role in receptor exit from
ERC (Lin et al., 2001). EHDL1 since has been established as a general regulator of recycling of
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receptors such as MHC-1, CFTR, Pl-integrin, LDLR, CD59, EGFR, GLUT4, AMPA,
L1/NgCAM and TrkA receptor (Cai et al., 2011, 2012; Grant and Caplan, 2008; Hao et al.,
2002; Jovi¢ et al., 2007; Lasiecka et al., 2010; Park et al., 2004; Picciano et al., 2003). All these
receptors show accumulation at ERC upon EHD1 depletion. Additionally, EHD1 depletion
also has structural effect on ERC and leads to its extensive tubulation and enlargement. (Cai et
al., 2013; Lee et al., 2015)

1.3.2 Effect of EHD1 function on cellular processes

Perturbation of recycling process in the absence of EHD1 not only decreases the
receptor pool at the plasma membrane but also adversely affects various processes in neuronal
and non-neuronal cells alike and manifests deleteriously effects during the embryonic
development. For example, B1-integrin, which is required for the polarized cell migration, is
transported from trailing to the leading edge of a migrating cell. During migration, integrin is
disassembled from focal adhesions at the trailing edge and transported to the ERC. It’s transport
to the plasma membrane to the leading edge is regulated by EHD1. EHD1 null mouse
embryonic fibroblasts (MEFs) show extensive intracellular accumulation of B1-integrin,
decreased filopodial extension and delayed dynamics of focal adhesions (increased lifetime)
leading to considerable slowing down of cell migration (Jovi¢ et al., 2007). Macrophage and
muscle development are also affected in case of EHD1 knockdown. Macrophage development,
proliferation, and functional specification are specified by signaling from colony stimulating
factor-1 (CSF-1)-CSF-1R interaction. CSF-1R traverses through ERC, and its numbers on the
plasma membrane are reduced in the case of EHD1 knockdown (Cypher et al., 2016).

In neuronal cells, EHD1 function inhibition perturbs various aspects of neuronal
development and function. For example, over-expression of EHD1 dominant negative mutant
(G429R) in hippocampal neurons affects delivery and subsequent insertion of AMPA receptor
to post-synaptic membranes during signal induced memory consolidation. Increased AMPA
receptor density is essential for the establishment of long-term potentiation (LTP; the hallmark
of synaptic plasticity) in neurons (a process which is marked by increased signal processing
capacity of post-synaptic membranes and is a required step for of synaptic plasticity). AMPA
receptors pool is localized at ERC (marked by co-localization with transferrin) and is delivered
to the post-synaptic membrane upon stimulation. In the case of EHD1 knockdown, AMPA gets
accumulated to ERC (Park et al., 2004).
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During the neuron development, EHD1 regulated recycling is instrumental for growth
cone migration, adhesion, and maturation. The growth cone is a highly specialized motile
structure positioned at the distal end of the axon extended from the cell body to make
connections with rest of neurons. Growth cone adhesion and migration in space are essential
for axonal growth and formation of proper connections between neurons (Kalil and Dent, 2005;
Tanaka and Sabry, 1995). Neural cell adhesion molecule L1 (NgCAMY/L1) in such cell
adhesion molecule is required for growth cone adhesion and migration (Kamiguchi and
Lemmon, 1997). NgCAM/L1 is endocytosed from the cell body and transported to Tf and
EHD1 positive compartment. EHD1 mutation leads to abrupt transport of NgCAM to the
growth cone (Lasiecka et al., 2010; Yap et al., 2010).

EHD1 absence also affects neurite formation in the cultured neurons as well as in spinal
cord cells post injury. Neurite formation is a signal dependent process involving activation
using nerve growth factor/TrkA receptor interaction. TrkA receptor is transported from ERC
to the plasma membrane upon stimulation (by NGF), a process which is perturbed in the
absence of EHD1 (Kobayashi and Fukuda, 2013; Wu et al., 2016).

Recently cells with EHD1 knockdown are shown to be arrested at the cytokinesis step
of cell division which involves separation of nascent daughter cells by formation of an
ingressing furrow requires membrane deposition via exocytotic and recycling pathways. In the
absence of EHD1 and its interacting partner MICAL-L1, cells are arrested at the cytokinetic
step and show multinucleated phenotype (Reinecke et al., 2015).

1.3.3 EHD1 mediated regulation of embryonic development

The wide range of effects of EHD1 regulated vesicular transport becomes evident in
EHD1 knockout mouse models. EHD1 knockout mouse manifests genotype dependent partial
to complete embryonic lethality. In the case of partial lethality, surviving littermates showed
lower muscle mass, micro-opthalmia, and male sterility. Decreased muscle mass was caused
by the inability of myocytes to fuse and form fully grown muscle. Defective spermatogenesis
due to defective vesicular transport at the step of maturation of spermatozoa led to male sterility
(Demonbreun et al., 2015; Doherty et al., 2008; Mate et al., 2012; Posey et al., 2011, 2014;
Rainey et al., 2010).

In the case of more severe, complete lethality of EHD1 null embryos, it was observed
that absence of EHD1 caused severe developmental defects as early as 9.5 dpc (days post

coitum) and led to abrupt somitogenesis (somites formation), and neural tube closure defect.
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Neural tube closure defect occurred because of aberrant sonic hedgehog signalling (SHH)
generated due to defect in primary cilium formation. The primary cilium is hub of SHH
signaling in neural epithelium cells. The formation of cilium necessitates the transport of
regulator protein smoothened (smo) from recycling endosomes to cilium body, a process which
is perturbed in EHD1 null background (Bhattacharyya et al., 2016; Lu et al., 2015).

Although diverse examples of EHD1 functional perturbation appear disparate and
unrelated, EHD1 mediated regulation of vesicular transport from ERC has been proposed to be

the main reason for the perturbation of the cellular processes.
1.4 EHD structure and domain architecture:

EHD paralogs are high sequence similarity (70-83%) similar to each other in mammals
(Daumke et al., 2007; Hoernke et al., 2017; Melo et al., 2017). Domain architecture and
structure of EHD2 and 4 shows similar domain architecture and orientation indicating the
conservation of protein structure among four paralogs. EHD proteins possess dynamin-like G-
domain flanked by two helical domains and C-terminal EH domain which is connected to the
rest of the protein via a flexible linker. Despite being similar to dynamin, EHD’s G-domain
binds and hydrolyses ATP. The crystallographic unit of EHD proteins is a dimer and
dimerization occurs via unique, conserved and largely hydrophobic dimerization interface
present in the G-domain. In the structure of the dimer, EH domains of the cognate monomer
are present on the G-domain of the adjacent monomer is a criss-cross fashion. EH domains
bind to NPF motifs, and the binding site of the domain is occupied by GPF motif present in the
linker domain (Daumke et al., 2007) (Fig. 1-4-1).

EHD proteins are shown to tubulate liposomes containing sufficient negative charge
(Daumke et al., 2007; Melo et al., 2017; Pant et al., 2009). This function has been attributed to
the oligomerization property of EHD proteins. Based upon similarity to dimerization interface
used by other proteins (such as BDLP), it is proposed that EHD proteins oligomerize using an
interface formed by G-domain and helical domains. Dimeric units interact using this surface to
form an oligomer and EH domains support oligomer formation by interacting with NPF motif

of the unstructured loop of G domain in the adjacent dimeric unit (Daumke et al., 2007).

EHD proteins are present in closed and open conformation. EHD2 bound to AMP-PNP
(non-hydrolysable ATP analog), and AN-EHD4 bound ATP,S represents a closed and open
conformation, respectively. These conformations differ mainly in the orientation of the helical

domain on the G-domain in the crystallographic dimeric unit. As mentioned earlier, AMP-PNP
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bound EHD proteins have G and helical domain aligned parallel to the crystallographic axis
where the membrane binding helical loop is separated by a short distance (~30 A). However,
open conformation of ATP,S-bound AN-EHD4 shows ~50° rotation of helical domain away
G-domain resulting into the separation of the helical loops by 130A (Fig. 1-4-1). This rotation
reorients membrane binding helical loop leading to an exposition of new membrane binding
residues in the protein. EHD proteins contain two membrane binding sites, N-terminus
unstructured region and helical loop present at the tip of the protein. N-terminus region is
unstructured and binds to the hydrophobic pocket in G domain while the protein is in solution.
However, it assumes an intermediate helical structure when EHD interacts with the membrane.
In the open conformation the disordered KPFxxxXNPF loops occupies the hydrophobic pocket
in G-domain and opens up a new oligomerization interface involving disordered NPF motif
and region of the helical domain. The reoriented helical domains display membrane binding
residues, such that the residues on either monomer are parallel and facing each other (Hoernke
etal., 2017; Melo et al., 2017).

1. 5. Understanding EHD1 function in the recycling of receptors from ERC.

The diverse effects of EHD1 on cellular processes via regulation of recycling from ERC
compartment outline the importance EHD1 in cellular physiology, leading to the search for
EHD1 function at ERC. Based on the presence of dynamin-like G-domain, membrane
tubulation property and membrane stimulated nucleotide hydrolysis (ATPase) activity, EHD
proteins are categorized as dynamin superfamily members (Daumke et al., 2007; Lee et al.,
2005; Pant et al., 2009). Based upon the similarity to dynamin, EHD1 has been postulated to
work like dynamin to catalyze membrane fission (Daumke et al., 2007; Grant and Caplan,
2008; Grant and Donaldson, 2009).

In a microscopy-based assay utilizing SMrT template as a model membrane system
(Dar et al., 2015) EHD1 has been identified as a potential membrane fission catalyst (Sukrut
Kamerkar). In the following study, we have performed biochemical characterization of
recombinant EHD1 and have established that EHD1 catalyzes membrane fission and does so

by a novel mechanism.
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Figure 1-4-1. The structure of EHD proteins in close and open conformation. (a) Top
panel. Domain architecture of EHD2. Lower panel. The structure of EHD2 dimer in the
presence of AMP-PNP. The right monomer is coloured as shown in the domain. The structure
shows the position of a different domain. Note helical domain is positioned just below the G-
domain and the membrane binding sites in the helical loop are close to each other (Daumke et
al., 2007). (b) Top panel: Domain architecture of EHD4 (similar to EHD2). Lower panel:
Structure of EHD4 dimer bound to ATP,S. Similar to a, one monomer is coloured in the same
manner as the domain to denote the relative position of the protein in the dimer. Note the hinge
and localization of helical domain away from each other and orientation of membrane binding

sites (Melo et al., 2017).
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Materials and Methods
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2.1 Cloning, protein expression, and purification

Human EHD1 was amplified from cDNA (GE, Dharmacon; BC104799) was cloned
pPET15b vector downstream to the 6xHis-thrombin cleavage site, (His-EHD1; EHD1) and
between the 6xHis-TEV site and strep sequence (His-EHD1-Strep; EHD1-strep). N-terminus
fusion mMEGFP-EHD1 was generated by cloning the GFP between 6xHis and N-terminus of
EHD1 in WT 6xHis-EHD1. GST-fused EHD1 was generated by cloning EHD1 downstream
to GST sequence in pGEXA4T-1vector. EHD1 EHD1(A2-9), EHD1 K328A and EHD1 F322A
were generated via site-directed mutagenesis to delete/mutate respective sequence in EHD1

clone. All the clones were confirmed using DNA sequencing.

Proteins were expressed in BL21(DE3) in auto-induction medium (Formedium, UK)
at 18 °C for 24 hours, harvested and frozen at -80 °C before use. For purification of EHD1,
GFP-EHD1, EHD1 mutants (EHD1 EHDI1(A2-9), K328A and F322A), frozen bacterial
pellets were resuspended in lysis buffer (20 mM HEPES (pH 7.4), 300 mM KCI, and 20 mM
Imidazole, supplemented with 1 mM PMSF and 2 mM 2-Mercaptoethanol) and lysed using
sonication in ice-water mix. The lysate was spun at 18,500 g to remove debries and
supernatant was incubated with pre-equilibrated HisPur Cobalt Resin (Thermo Scientific) for
an hour at 4 oC (batch purification). Beads were then collected in the PD-10 column and
washed with 100 ml of cold lysis buffer. Proteins were eluted in 20 mM HEPES (pH 7.4), 300
mM KCI, and 200 mM Imidazole.

For GST-EHD1 purification bacterial pellets were resuspended in GST-lysis buffer
(20 mM HEPES (pH 7.4) 300 mM KCI supplemented with one mM DTT) and processed as
his-EHD1 purification. The supernatant was incubated with GST-beads (GE Lifesciences) for
an hour at 4 °C, collected in PD10 column and washed with 100 ml ice-cold GST-lysis buffer.
Protein was eluted with 50 mM Tris (pH 8.0), 300 mM KCI, 15 mM reduced glutathione.

EHD1-strep was purified in a similar manner as EHD1, and the elution of the HisPur
beads was loaded onto StrepTrap column (GE Lifesciences) and washed with 70 ml of lysis
buffer. EHD1 was eluted with 20 mM HEPES (pH 7.4), 300 mM KCI and 2.5 mM
Desthiobiotin.

Purified proteins were dialyzed against storage buffer (20 mM HEPES (pH 7.4), 300
mM KClI, 10% v/v glycerol, ImM EDTA and one mM DTT) overnight at 4 °C, flash frozen

in liquid N2 and stored at -80 °C until use.
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For fluorescently label the proteins, purified proteins were dialyzed overnight against
HKS (20 mM HEPES (pH 7.4), 150 mM KCI) supplemented with 1mM EDTA and spun down
100,000g to remove aggregates. EHD1 was incubated with thiol reactive BODIPY® FL

lodoacetamide (Molecular probes, D6003) in 1:10 protein: dye molar excess ratio for one hr at

room temperature and the reaction was stopped by addition of 1 mM DTT. Free dye was
removed by dialyzing the protein again in HKS supplemented with 1 mM DTT and 1 mM
EDTA overnight 4°C and judged by the absence of free dye band close to dye front on SDS-
PAGE.

2.2 Liposome preparation

Liposomes of varying DOPS/DOPA content were made using the combination of
DOPC, DOPS, and DOPA (Avanti Polar Lipids). For each lipid composition, required amount
of each lipid was aliquoted in cleaned glass tubes to the final concentration of 1mM. Lipids
were dried by rotary evaporation and followed by drying in vacuum at 50 °C for half an hour.
Required volume of HKS was added post-drying and lipids were hydrated at 50 °C water-bath
for half an hour with intermittent vortexing. Liposomes were extruded to 100 nm size using

extrusion apparatus (Avanti Polar lipids).
2.3 Lipid co-sedimentation assay, ATPase activity, estimation of Km.

Liposome-cosedimentation assay was used to as described by Lee et al, 2015, with
few modifications. Briefly, EHD1 was dialyzed overnight against HKS (20 mM HEPES (pH
7.4), 150 mM KCI, supplemented with ImM DTT and 1mM EDTA) at 4 °C and spun at
100,000 g for 20 minutes at 4 °C. The supernatant was collected, and concentration was
estimated using absorption at 280 nm. For all binding assay, 1 uM EHD1 was incubated with
100 fold excess of liposomes of different PS mol % in reaction buffer in a final volume of 100
ul reaction volume (supplemented with 1 mM MgCl, and 1 mM DTT) in Beckman TLA100.3
ultracentrifuge tubes for 20 minutes at RT. The reaction was spun at 100,000 g for 30 minutes
at 20 °C. The supernatant was collected, and 5x laemilli buffer was added to final 1x
concentration. Pellet was resuspended in 100 ul of 1x laemilli buffer, and 20 pl of supernatant
and pellet for each lipid composition was run on SDS-PAGE and stained with coomassie to
estimate relative proportion of EHD1 in supernatant and pellet. Estimation of percent bound

protein in each condition was done as described in (Lee et al., 2015).

To estimate basal and stimulated ATPase activity, two vials containing EHD1(2x) and

ATP: Mg?* (basal) (2x) or with 100 pM liposomes (2x) solution were prepared and incubated
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at 37 °C for 5 min. A 10ul aliquot from each vial was taken and added to a well containing 5
ul of 0.5 M EDTA (0 min reading). Rest of the solution were mixed to attain a final
concentration of 1 pM EHD1, ImM ATP and 1 mM Mg*and 100 uM liposomes (1x) and
incubated at 37 °C. 20 pl aliquots were taken at a definite time interval or at 10 min (end-point
assay) and added to 5 pl of 0.5 M EDTA solution to stop the reaction.

Estimation of ATPase activity was done by detecting the release of inorganic phosphate
for each time point by malachite green assay adapted from (Baykov et al., 1988) with few
modifications. Briefly, 400 ul of malachite green (Sigma, 229105) solution (in 3N H2SO4) was
mixed with 100 pl of 7.5% Ammonium molybdate (Sigma, 244252) solution and 8 ul of 11%
Tween-20 solution. 50 ul of reconstituted solution was added to each well, incubated for 10
minutes at RT and plate was read at 630 nm. The phosphate standard 0-200 uM was used to
convert OD@ 630 to phosphate released. Pi released was plotted against the time to estimate

the ATPase activity of EHD1 under various conditions.

To estimate basal and lipid stimulated km, EHD1 (1 uM) was incubated with varying
concentration of ATP was in the absence (basal) or presence (lipid stimulated) of 100 fold
excess of 100 mol% PS liposomes. The ATPase activity was estimated as described above and
plotted against the ATP concentration and fit to Michaelis-Menten equation using GraphPad

Prism (6.0) to calculate Km.
2.4 PEGylation of Glass Coverslips

Glass coverslips were passivated by covalent attachment of polyethylene glycol
(PEG) as described in Dar et al., 2015. Briefly, glass coverslips were cleaned with 3 N NaOH
for 5 min and rinsed with water. Clean coverslips were treated with piranha solution (conc.
H2S04: 30% H20. = 3:2 v/v) for 1 hr at room temperature, rinsed with water and dried on a
heat block set at 90°C. Dried coverslips were silanized with neat 3-
glycidyloxypropyltrimethoxysilane (Sigma) for 5 hrs under vacuum. Silanized coverslips were
rinsed with acetone, air-dried and placed in a glass beaker containing PEG400 (Sigma) or
molten PEG8000 (USB) maintained at 90°C for 48-60 hrs. Coverslips were rinsed extensively
with water and stored dry in a closed container. Coverslips were sequentially cleaned with 1%
SDS, water, methanol and water in between experiments and could be used 4-5 times without
significant loss in surface passivation.
2.5 Supported Membrane Tubes preparation (SMrT)
SMrT templates were prepared as described in (Dar et al., 2015). Briefly, Lipid stocks
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(Avanti Polar Lipids) were aliquoted into glass vials in required proportions, diluted to a final
concentration of 1 mM total lipid in chloroform and stored at -80 °C. p-Texas Red-DHPE
isomer was separated from a mixed isomer stock of Texas Red DHPE (Invitrogen) using thin
layer chromatography on silica gel plates (Sigma) against 100% methanol as described earlier
(Jung et al., 2009).

Lipid stocks were brought to room temperature before use. A small aliquot (~1-5 nmol
total lipid) was spread on a freshly cleaned PEGylated coverslip and kept under high vacuum
for 5 min to remove all traces of chloroform. A ~35 ul flow cell (Bioptechs) was assembled by
placing a 0.1 mm silicone spacer between the PEGylated coverslip and an ITO-coated slide.
The flow cell was filled with filtered and degassed PBS left undisturbed for 10 min at room
temperature. For experiments involving fluorescently-labeled dynamin, PEG8000-coated glass
coverslips were used and the hydration buffer contained 1% (w/v) BSA (Sigma).

Supported membrane tubes (SMrT) were created by extrusion of the large vesicles,
formed during hydration, to narrow membrane tubes by flowing excess PBS at high (~30 mm/s
particle velocity inside the chamber) flow rates. SMrT templates were judged ready for
experiments when the entire membrane reservoir was extruded into tubes that remained pinned

at discrete sites to the surface.

2.6 Tube scission assay and binding of fluorescent proteins to SMrT templates

SMIT templates were first equilibrated in filtered and degassed HKS (20 mM HEPES
(pH 7.4), 150 mM KCI) containing an oxygen scavenger cocktail of 0.2 mg/ml glucose oxidase
(Sigma, G-2133), 0.035 mg/ml catalase (Sigma, C-40), 4.5 mg/ml glucose (Sigma) and 1 mM
DTT and 1 mM MgCl.. EHD1, previously dialyzed overnight against pre-chilled HKS
(containing 1 mM DTT and 1 mM EDTA) and spun at 100,000g for 20 min to remove
aggregates, was reconstituted in HKS to a final concentration of 1 pM with oxygen scavenger
cocktail, 1 mM MgCl..

EHD1 (1uM) solution in oxygen scavenger cocktail was flowed onto SMrT templates in
absence or presence of ATP,S or ADP at 25/37 oC at a low flow rate of ~ 1 mm/sec to minimize
focus drifts, and the movie was collected via stream acquisition using Metamorph software.

EHD1 catalyzed membrane fission in the presence of ATP, and the bulk fission kinetics
was analyzed by estimating the time-of-cut for all events occurring in a single field. For each
field data were ordered in an ascending fashion and subtracted by the time of the first cut. This
operation normalized the difference in the time of arrival of EHD1 across different experiments

into the field of view. Data for three fields were pooled and arranged in ascending order and
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plotted as cumulative frequency. The rate of fission was calculated using linear part of the plot
for the conditions.

To see EHD1 distribution on SMrT templates, BODIPY -conjugated proteins were mixed
with unlabeled protein (0.5+0.5 uM) to a final concentration of 1uM and added to the SMrT
templates in absence or presence of various nucleotides (ATPyS, ADP or ATP) and incubated
for 10 minutes at 25 °C, washed with 200 ul of HKS (pH 7.4) and imaged for both membrane
and protein channel (Texas Red and FITC channel) respectively.

2.7 Fluorescence microscopy

Fluorescence imaging was carried out on an Olympus IX71 inverted microscope
equipped with a 100X, 1.4 NA oil-immersion objective. Fluorescent probes were excited with
a stable LED light source (Thor Labs), and f