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Summary 
Eps15-homology domain containing protein 2 (EHD2) is a dynamin-related ATPase which is 

thought to localize to the neck of caveolae and participate in their stabilization at the plasma 

membrane. Similar to other members of the dynamin family, EHD2 oligomerizes upon 

recruitment to artificial lipid bilayers and induces membrane tubulation. X-ray crystallography 

and cryo-Electron Tomography (cryo-ET) studies indicated that EHDs exist as open dimers in 

solution and as closed oligomers on membranes, and that the transition between the two states is 

triggered by membrane curvature. However, structural and mechanistic details about how EHD2 

restricts caveolae mobility, the regulatory roles of specific domains in oligomeric assembly and 

the coordination of the ATP hydrolysis cycle with conformational changes in EHD2 have 

remained obscure.  

To address these open questions, full-length (FL) and N-terminally truncated (ΔN) EHD2 were 

reconstituted on tubular membranes. Cryo-Electron Tomography (cryo-ET) and Subtomogram 

Averaging (StA) yielded structures of membrane-bound oligomeric EHD2-FL and EHD2ΔN at 

an average resolution of 6.7 and 11 Å, respectively, and a model of the EHD2 oligomers was 

obtained by a flexible fitting and refinement approach. EHD2 in its closed conformation forms 

ring-shaped oligomers, which embrace the most highly curved regions of the membrane tubules, 

while adjacent membrane regions without an EHD2 coat bulge out, suggesting membrane 

curvature stabilization via a scaffolding and wedging mechanism. In the cryo-ET map, an N-

terminal sequence stretch projects towards the membrane. Its deletion did not abolish 

oligomerization and membrane tubulation but led to a tight compaction of adjacent EHD2 

oligomeric filaments, in line with a role of the N-terminus in coordinating membrane binding with 

proper spatial organization of the EHD2 filaments in their environment. A large-scale movement 

consisting of distancing and rotation of the EH domains from their position in the closed EHD2 

dimer, allows assembly via the G-interface, thereby explaining the auto-inhibition role of the EH 

domain. Biochemical and cryo-ET studies revealed that ATP binding is required for oligomeric 

assembly, whereas ATP hydrolysis appears to drive the disassembly. Finally, it was shown that 

the necks of caveolae are significantly narrower and more elongated in the absence of EHD2, 

supporting a role of EHD2 in the stabilization of caveolae at the plasma membrane. 

Results of this thesis refine our knowledge of the structural transition from EHD2 dimers in 

solution to ring-shaped filaments on membranes as a prerequisite to understand the cellular 

function of EHD2 in restricting caveolae to the plasma membrane.  
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Zusammenfassung 
Das „Eps15-homology domain containing protein 2 (EHD2)“ ist eine Dynamin-verwandte 
ATPase, von der man annimmt, dass sie am Hals von Caveolae lokalisiert ist und an deren 
Stabilisierung an der Plasmamembran beteiligt ist. Ähnlich wie andere Mitglieder der Dynamin-
Familie oligomerisiert EHD2 nach Anlagerung an artifizielle Lipiddoppelschichten und induziert 
Membrantubulation. Röntgenkristallographie- und Kryo-Elektronentomographie-Studien deuten 
darauf hin, dass EHDs in Lösung als offene Dimere und auf Membranen als geschlossene 
Oligomere vorliegen und dass der Übergang zwischen den beiden Zuständen durch Bindung an 
gekrümmte Membranen ausgelöst wird. Strukturelle und mechanistische Details darüber, wie 
EHD2 die Mobilität von Caveolae einschränkt und wie spezifische Domänen die 
Oligomerbildung regulieren und den ATP-Hydrolysezyklus mit Konformationsänderungen 
koordinieren, sind jedoch unklar. 

Um diese offenen Fragen zu klären, wurde EHD2 in voller Länge (FL) und N-terminal verkürzt 
(ΔN) auf Membranentubuli rekonstituiert. Strukturen von membrangebundenen EHD2-FL und 
EHD2ΔN-Oligomeren wurden mittels Kryo-Elektronentomographie (Kryo-ET) und 
Subtomogram Averaging mit einer durchschnittlichen Auflösung von 6,7 bzw. 11 Å gelöst, und 
ein Modell der Oligomere durch flexible Einpassung und Verfeinerung erstellt. EHD2 bildet in 
seiner geschlossenen Konformation ringförmige Oligomere aus, die die am stärksten gekrümmten 
Bereiche der Membrantubuli umschließen, während sich benachbarte Membranbereiche ohne 
EHD2-Hülle ausbeulen, was auf eine Stabilisierung der Membrankrümmung durch einen Gerüst- 
und Einkeilungsmechanismus hindeutet. In der Kryo-ET-Karte ragt ein N-terminaler 
Sequenzabschnitt in Richtung der Membran; seine Deletion hob die Oligomerisierung und 
Tubulation nicht auf, sondern führte zu einer engen Verdichtung benachbarter oligomerer EHD2-
Filamente. Dies steht mit einer Rolle des N-Terminus für der Koordinierung der Membranbindung 
mit der richtigen räumlichen Organisation der EHD2-Filamente in ihrer Umgebung in Einklang. 
Eine weitreichende Bewegung der EH-Domänen von ihrer Position im geschlossenen EHD2-
Dimer zu einer neuen Stelle an der Oberseite des Filaments ermöglicht die Assemblierung über 
eine Interaktionsfläche in der GTPase-Domäne und erklärt damit die Rolle der EH-Domäne in 
der Autoinhibition. Biochemische und Kryo-ET-Studien ergaben, dass ATP-Bindung für den 
Zusammenbau des Oligomers erforderlich ist, während ATP-Hydrolyse dessen Abbau zu steuern 
scheint. Schließlich wurde gezeigt, dass die Hälse der Caveolae in Abwesenheit von EHD2 
deutlich schmaler und länger sind, was die Rolle von EHD2 bei der Stabilisierung der Caveolae 
an der Plasmamebran unterstützt. 

Die Ergebnisse dieser Arbeit verfeinern unser Wissen zu den strukturellen Übergängen von 
EHD2-Dimeren in Lösung zu ringförmigen Filamenten auf Membranen als Voraussetzung, um 
die zellulären Funktion von EHD2 bei der Stabilisierung von Caveolae an der Plasmamembran 
besser zu verstehen.  
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1. Introduction 
 

1.1. Biological membranes in eukaryotes 
 

Biological membranes are defined by a double layer of lipid molecules, including phospholipids, 

glycolipids, and sterols, known as the phospholipid bilayer. Along with different types of lipids, 

membrane proteins and sugars are also important constituents. All these components are essential 

to maintain membrane structural integrity, organization and flow of material (Watson, 2015). 

Membranes not only define cell and organelle boundaries, but they also function as an essential 

medium for intracellular communication (Cheng & Smith, 2019). In fact, a complex system of 

intracellular membranes is responsible for sorting, processing, and transporting different types of 

cargoes, such as membranes themselves, but also proteins and other molecules (Figure 1). These 

are transported inside vesicles, in both the anterograde (from the endoplasmic reticulum towards 

the plasma membrane) and retrograde (from the plasma membrane to organelles) directions, to 

and from the plasma membrane or other cellular compartments (Watson, 2015). Membrane 

trafficking in both directions is a highly selective and controlled process which involves a myriad 

of proteins and signaling mechanisms (Cheng & Smith, 2019).  

Membranes are also fundamental for the vesicular transport of cargo between the cytoplasm and 

the extracellular space. Exocytosis consists of the fusion of vesicles with the plasma membrane 

and results in the release of the vesicular material into the extracellular space. The vesicular 

transfer of material in the opposite direction, namely the internalization of extracellular cargo, is 

termed endocytosis (Wu et al., 2016) (Figure 1). 

Cellular membranes normally adopt flat shapes and energy is needed to deform them into curved 

bilayers competent for the multiple cellular processes in which they are involved. There is a 

plethora of protein machineries specialized in promoting and executing membrane deformation 

activities (Bonifacino & Glick, 2004). In general, shape transformations of membranes can be 

divided into two classes: 1) reshaping is due to distortions of the membrane continuity and 

reconnections of its surface, and 2) the change in membrane shape results from bending and does 

not require disruptions nor re-connections of the membrane (Campelo et al., 2010). The first class 

refers to fission and fusion activities, which topologically transform the membrane. Some 

examples are the fusion of docked vesicles with the plasma membrane by synaptotagmin (Martens 

et al., 2007), the fusion of ER tubules by atlastin (Wang et al., 2016), or the fission of clathrin 

coated vesicles by dynamin (Praefcke & McMahon, 2004).  
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Figure 1. Biological membranes. Schematic representation of cellular membranes and trafficking. Arrows indicate 
trafficking of membranous vesicles. Electron micrographs from epoxy-embedded mouse embryonic fibroblasts show 
prominent membranous organelles involved in trafficking. PM: plasma membrane; Cav: caveolae; CCP: clathrin coated 
pit; ER: endoplasmic reticulum; Nu: nucleus; G: golgi; v: vesicles; M: mitochondria. Scale bars: 100 nm. 
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The second class of membrane deformation is often referred to as the generation of membrane 

curvature and it includes activities like flattening, tubulating, or squeezing. Proteins that belong 

to this class have the ability to bind to lipid bilayers and to bend them (Campelo et al., 2010). 

Membrane bending is particularly relevant in this study, and it is further introduced below. 

 

1.1.1. Membrane remodelling – generation of curvature  
 

Membrane curvature is an important parameter in defining the morphology of cells, organelles 

and local membrane subdomains (McMahon & Boucrot, 2015). Curvature can be dynamically 

modulated by several different mechanisms, including: 1) changes in lipid composition, 2) 

influence of integral membrane proteins that have intrinsic curvature or have curvature on 

oligomerization, 3) changes in cytoskeletal polymerization and pulling by motor proteins, 4) 

direct and indirect scaffolding of the bilayer, 5) active amphipathic helix insertion into a leaflet 

of the lipid bilayer, and 6) protein crowding originating from nonspecific and concentration-

dependent interactions between the membrane surface and proteins associated with it (Kozlov & 

Taraska, 2023; McMahon & Gallop, 2005). A schematic representation of some of these 

mechanisms is shown in Figure 2. 

 

 

 

Figure 2. Mechanisms of membrane deformation. Five mechanisms for membrane remodelling that generate 
positive or negative curvature, according to (McMahon & Gallop, 2005). 
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For the work presented in this thesis about the dynamin-related protein EHD2 (Eps15-homology 

domain-containing protein 2), the mechanisms of hydrophobic insertion and scaffolding are of 

special importance. 

Hydrophobic insertion, or wedging, is mediated by the embedding of amphipathic helices or of 

small hydrophobic loops and hairpins into the hydrophobic core of a lipid monolayer. This 

insertion creates a local structural asymmetry which causes bending (Kozlov & Taraska, 2023). 

These types of insertions generate curvature only locally, generally within a few nanometers 

around the embedded protein domains (Kozlov & Taraska, 2023). Some well-characterized 

examples of hydrophobic insertion are the ENTH domains of epsins (Kroppen et al., 2021), the 

ANTH domains of CALM (Miller et al., 2015), the N-BAR family of proteins (Gallop et al., 

2006), the small GTPases Sar1 (Joiner & Fromme, 2021) and Arf1 (Hooy et al., 2022) involved 

in the formation of COPII and COPI coats, respectively, or the C2A and C2B domains of 

synaptotagmin 1 (Martens et al., 2007).  

The scaffolding mechanism requires the binding of a hydrophilic domain which possesses an 

intrinsically curved shape to the lipid bilayer surface (Campelo et al., 2010; Kozlov & Taraska, 

2023). The attractive interactions established between the protein scaffold and the membrane 

surface must be stronger than the resistance of the bilayer to bend. The scaffold must be 

sufficiently rigid compared to the membrane and the energy of the protein-lipid interaction must 

be larger than the energy cost of the bilayer deformation (Campelo et al., 2010; Kozlov & Taraska, 

2023). Typically, the curvature originates from electrostatic interactions between oppositely 

charged groups, for example positively charged residues in the protein and the negatively charged 

phospholipids. Sometimes, the curvature may also be caused by binding to adaptor proteins 

anchored in the membrane (Campelo et al., 2010; Kozlov & Taraska, 2023). Scaffolding is a 

universally employed mechanism by a vast variety of proteins, some examples are: core subunits 

of retromers (Leneva et al., 2021), dimers of sorting nexins (SNXs) (Lopez-Robles et al., 2023), 

the homopentameric B subunits of Shiga toxins (StxB) (Delivery et al., 2021), COPI (Dodonova 

et al., 2015) and COPII (Hutchings et al., 2018) proteins, dynamin (Kong et al., 2018), ESCRT 

protein complexes (Pavlin & Hurley, 2020), or the intraviral protein Gag in HIV (Sundquist & 

Kra, 2012).  
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1.2. Endocytosis 
 

Endocytosis is described as the de novo generation of internal membranes from the plasma 

membrane. This mechanism allows the incorporation of plasma membrane lipids, integral 

proteins and extracellular molecules and fluid (Gary J. Doherty & Mcmahon, 2009). Endocytosis 

is a key cellular pathway involved in a multitude of essential and seemingly disparate processes 

such as mitosis, antigen presentation, nutrient uptake, transmembrane receptor internalization, 

recycling, extracellular milieu sensing, plasma membrane maintenance and composition and cell 

migration, among others (Gary J. Doherty & Mcmahon, 2009; Thottacherry et al., 2019). In 

addition, pathogens often exploit endocytic routes to integrate inside the cell (Gary J. Doherty & 

Mcmahon, 2009). Diverse endocytic systems operate in a cell (Figure 3). However, the 

prerequisite of a budding structure from the plasma membrane is common to all of them (Gary J. 

Doherty & Mcmahon, 2009). To date, the classification of endocytic mechanisms is based on 

whether clathrin is required for the budding process (Thottacherry et al., 2019). Thus, endocytosis 

can be clathrin-mediated, known as CME (clathrin-mediated endocytosis) or clathrin-

independent, CIE (clathrin-independent endocytosis). The activation of CME or CIE depends on 

the cellular type and context, on the cargo to be internalized and its destination, and on the proteins 

involved (Thottacherry et al., 2019). 

 

 

Figure 3. Endocytosis can be clathrin-mediated (CME) or clathrin-independent (CIE). Budding vesicles from the 
plasma membrane serve as the first event in endocytosis and it is common to all different pathways. The final destination 
of the cargo may differ depending on the cellular context. Some pathways are not yet fully understood. 
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1.2.1. Clathrin-mediated endocytosis 
 

Clathrin-mediated endocytosis (CME) is the cellular process which utilizes clathrin-coated 

vesicles that originate from the plasma membrane for the uptake of material inside the cell 

(McMahon & Boucrot, 2011). This is a versatile pathway due to the diverse types of cargoes 

which can be packaged, as well as the wide range of accessory adaptor proteins that participate in 

it (McMahon & Boucrot, 2011). Notably, CME is a universal process employed by all eukaryotic 

cells (Thottacherry et al., 2019).  

A complex and modular protein machinery can transiently cluster and assemble on the plasma 

membrane and shape it into clathrin-coated vesicles which contain the selected cargo (Kaksonen 

& Roux, 2018). This process can be divided in five stages (Figure 4). First, clathrin and clathrin-

adaptor proteins, including the AP2 (heterotetrameric adaptor protein) complex, CALM (clathrin 

assembly lymphoid myeloid leukemia protein) and epsins, bind to the lipids at the plasma 

membrane and to cargo molecules. Scaffolding proteins such as clathrin itself, EPS15 (epidermal 

growth factor receptor substrate 15) and intersectins, convey the clustering and formation of the 

clathrin cage. These protein assemblies, together with on-site actin polymerization, promote 

membrane bending and the formation of vesicles. BAR domain proteins (endophilins and 

amphiphysins) and the large GTPase dynamin cooperate for the constriction and scission of the 

vesicle neck. The clathrin vesicle is therefore released from the plasma membrane and trafficked 

to its destination within the cell. Upon arrival, the clathrin coat disassembles allowing fusion with 

the target membrane (Kaksonen & Roux, 2018; McMahon & Boucrot, 2011). 

 

 

 

Figure 4. Clathrin-mediated endocytosis. There are five main steps in CME which involve a complex machinery of 
diverse proteins. Figure adapted from (Kaksonen & Roux, 2018). 
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1.2.2. Clathrin-independent endocytosis 
 

Various mechanisms of clathrin-independent endocytosis (CIE) have been categorized based on 

the protein machineries which mediate the formation of plasma membrane invaginations and 

budding vesicles (Figure 3) (Sandvig et al., 2011). It is worth noting that the occurrence of one 

pathway or another is highly dependent on the cell-type and also on the context, for example 

specific cargo, lipid composition, cell polarization, cell density and signaling pathways (Sandvig 

et al., 2011).  

According to recent developments in the field, clathrin-independent endocytosis routes can be 

divided into those which are dependent on dynamin and those which do not require dynamin for 

vesicle scission (Sandvig et al., 2018; Thottacherry et al., 2019). Dynamin-dependent mechanisms 

include: caveolar endocytosis, FEME (Fast Endophilin A-Mediated Endocytosis) and 

phagocytosis. Pathways in which dynamin is not involved feature endocytosis regulated by the 

small GTPases ARF1 (ADP-ribosylation factor 1) and CDC42, Flotillin-mediated endocytosis, 

Galectin-3-based budding mechanisms, micropinocytosis, and ARF6-dependent endocytosis. 

Some of these pathways are not completely understood and some studies have provided 

conflicting results and conclusions. For example, it is not clear that the destination of caveolar 

cargo is the endosome, and caveolae have been seen as rather stable structures that do not account 

for a high internalization rate (Echarri & Del Pozo, 2015; Sandvig et al., 2018). Furthermore, 

although classically associated with dynamin, recent publications have contradicted this 

assumption and showed that dynamin-2 was absent from caveolae (Matthaeus et al., 2022), or 

that dynamin-2 could only be stably localized with the bulb of a subset of caveolae and was indeed 

not required for the fission of caveolae (Larsson et al., 2023).  

Given the significance of caveolae in this thesis, the subsequent sections provide a more detailed 

introduction to these plasma membrane nanodomains. 

 

 

1.3. Caveolae 
 

Caveolae, plasma membrane invaginations with diameters ranging from 70 to 100 nm, exhibit a 

distinct bulb shape which protrudes into the cytosol (Figure 5). They are highly abundant in 

adipocytes, endothelial cells, muscle cells, fibroblasts and astrocytes, but are scarce in other cell 

types (Echarri & Del Pozo, 2015; Matthaeus & Taraska, 2021; Parton, Del Pozo, et al., 2020). 
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Rich in cholesterol, sphingomyelin, and ceramides, caveolae create unique lipid environments, 

acting as reservoirs in the plasma membrane for these molecules (Hubert et al., 2020; Parton, 

Kozlov, et al., 2020).  

 

 

Figure 5. Caveolae. A) Electron micrograph of caveolae at the plasma membrane of mouse embryonic fibroblasts. B) 
Magnified view of the inlet highlighted in A. Scale bar: 500 nm. 

 

 

1.3.1. Functions of caveolae 
 

Two prominent cellular processes involving caveolae are mechanoprotection and control of lipid 

homeostasis (Matthaeus & Taraska, 2021; Parton, Del Pozo, et al., 2020; Parton, McMahon, et 

al., 2020; Sotodosos-Alonso et al., 2023). 

Caveolae can rapidly respond to mechanical forces and reorganize their morphology accordingly. 

They can be found at the plasma membrane as singles pits (more or less bent (Matthaeus et al., 

2022)) or they can form higher-order structures called rosettes, characterized by multiple caveolae 

connected to the plasma membrane through a single neck (Echarri & Del Pozo, 2015; Sotodosos-

Alonso et al., 2023). In general, caveolae undergo flattening when subjected to increased 

membrane tension and they invaginate at low tension, thus providing a tension-buffering system 

(Echarri & Del Pozo, 2015). Moreover, caveolae play a role in sensing shear stress in endothelial 

cells where they can interact with the endothelial nitric oxide synthase (eNOS) to regulate the 

production of nitric oxide and, in consequence, modulate vascular tone (Matthaeus et al., 2019; 

Rizzo et al., 1998). Furthermore, caveolae contribute to the intricate communication between cells 

and the extracellular matrix (ECM) at focal adhesions, where caveolin-1 participates in integrin-

dependent signaling (Echarri & Del Pozo, 2006). 
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The role of caveolae in lipid homeostasis is associated with their implication in clathrin-

independent endocytosis and in transcytosis. Although, to date, no caveolae-specific cargo has 

been identified, studies have shown evidence for caveolae involvement in the conventional 

endocytic pathway, but also in the possible migration of caveolae to the endoplasmic reticulum 

and to lipid droplets. Also, it has been proposed that caveolae can return to the plasma membrane 

in polarized cells (Echarri & Del Pozo, 2015; Parton, Del Pozo, et al., 2020; Parton, Kozlov, et 

al., 2020). The idea that the intracellular fate of caveolae are lipid droplets has been gaining 

attention lately due to their potential role in regulating lipid metabolism (Hubert et al., 2020; 

Matthaeus & Taraska, 2021; Morén et al., 2019; Sotodosos-Alonso et al., 2023). For example, 

cholesterol distribution in the Golgi and at the plasma membrane is highly dependent on caveolin-

1 expression and, in the absence of caveolin-1, cholesterol tends to accumulate in these 

compartments (and, in consequence, also in the ER and mitochondria), affecting proper cell 

functioning (Chaudhary et al., 2014; Hayer et al., 2010; Parton, Kozlov, et al., 2020). In fact, lipid 

accumulation within the caveolar membrane promoted caveolae detachment. This and other 

sources of enhanced caveolae mobility resulted in more abundant and larger lipid droplets, and in 

an increased fatty acid uptake (Matthaeus et al., 2020; Morén et al., 2019). One hypothesis is that 

caveolae may work as lipid sensors at the plasma membrane and respond to critical unbalances 

in the equilibrium of these molecules by detaching and being trafficked to lipid droplets. However, 

this transport mechanism and whether only caveolin-1 or whole vesicles are transferred to the 

lipid droplet is not completely understood (Hubert et al., 2020; Matthaeus et al., 2022; Morén et 

al., 2019; Sotodosos-Alonso et al., 2023). 

Despite being important in numerous fundamental cellular processes, the deletion of caveolin-1 

or Cavin1 is not lethal. Nevertheless, caveolin or cavin deficient mice suffer from impaired lipid 

metabolism and lipodystrophy, cardiomyopathies and muscular dystrophy (Matthaeus & Taraska, 

2021). 

 

1.3.2. Caveolar proteins 
 

Caveolae form as a result of the co-assembly at the plasma membrane of two distinct sets of 

proteins: caveolins (three orthologous in humans, CAV1-3) and cavins (Cavin1-4) (Matthaeus & 

Taraska, 2021; Parton, McMahon, et al., 2020). Several studies have shown that Caveolin-1 

oligomerizes while being transported through the secretory pathway and associates with 

cholesterol molecules (Fernandez et al., 2002; Hayer et al., 2010). Once at the plasma membrane, 

caveolin/cholesterol complexes can cluster phosphatidylserine and more cholesterol and form 

elongated invaginations by shaping and remodelling the membrane (Han et al., 2020; Porta et al., 
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2022). However, caveolin alone cannot generate the typical bulb shape and it is believed that 

Cavin proteins are responsible for sculpting the omega (Ω)-like configuration (Matthaeus & 

Taraska, 2021; Parton, McMahon, et al., 2020). Cavins are recruited from the cytosol and 

oligomerize into trimers (homo- and hetero-oligomers). These assemblies can surround the 

caveolar membrane by forming a scaffolding coat which results in structured caveolae (Figure 5 

and Figure 6) (Ludwig et al., 2016; Stoeber et al., 2016). Importantly, caveolae are tightly coupled 

to actin filaments, which play a role in their lateral movement and in internalization (Echarri & 

Del Pozo, 2015). Caveolins and cavins are essential for the formation of the special architecture 

of caveolae, however, other proteins play crucial roles for the appropriate function of these plasma 

membrane nanodomains (Matthaeus & Taraska, 2021; Parton, McMahon, et al., 2020). Figure 6 

displays a schematic representation of the proteins which localize to caveolae. 

 

 

 

Figure 6. Several proteins are involved in the caveolar system. Illustration showing one caveola and its most relevant 
components. Figure modified from (Matthaeus & Taraska, 2021). 

 

 

The F-BAR domain protein syndapin2, also known as Pacsin2, has been shown to be important 

for bending the membrane and for its stabilization (Hansen et al., 2011; Senju et al., 2011). The 

dynamin-related ATPase EHD2 is believed to oligomerize around the neck of caveolae and 

stabilize membrane curvature (Ludwig et al., 2013; Matthaeus et al., 2020; Morén et al., 2012). 

Moreover, the EHD2 binding partner EHBP1 can also associate with caveolae (Matthaeus et al., 

2022). In an analogy to clathrin-coated vesicles, dynamin has been proposed to be important for 

the process of caveolae detachment from the plasma membrane (Oh et al., 2012; Senju et al., 
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2011; Shajahan et al., 2004) and some studies could show co-localization of dynamin with CAV1 

(Larsson et al., 2023; Matthaeus et al., 2020; Shajahan et al., 2004). However, a recent study failed 

to localize dynamin to caveolae across multiple experimental systems but could not exclude a role 

for dynamin in caveolae depending on specific cellular triggers or compensation mechanisms 

(Matthaeus et al., 2022). In fact, this study reported that caveolae are dynamic structures that 

undergo reversible curvature changes. The bending degree has a direct impact on the subset of 

proteins which are recruited: cavins and caveolins were found at all caveolae, independently of 

curvature degree, including flat caveolae; EHD2 localizes at both low and highly curved caveolae; 

Pacsin2 and EHBP1 only associate intermittently with lowly curved caveolae and highly curved 

caveolae, respectively (Matthaeus et al., 2022). All in all, these studies show the high degree of 

complexity that governs caveolar architecture. In addition, there are many open questions 

regarding the specific function of some of the implicated proteins, such as EHD2, EHBP1 and 

Pacsin2. 

Also, structural information on these proteins is relatively scarce. Recently, the cryo-EM structure 

of detergent-solubilized full-length caveolin-1 was solved. The structure is composed by eleven 

subunits of caveolin-1 that assemble into a disc-like oligomer with a flat membrane-embedded 

surface. This study altered the classical model on how caveolins interact with the membrane and 

suggested that they induce membrane curvature in a unique way (Porta et al., 2022). A crystal 

structure of the minimal N-terminal domain HR1 of Cavin1 showed that this domain is required 

and sufficient for trimerization (Kovtun et al., 2014). Although the full-length structure of Pacsin1 

is known (Rao et al., 2010), to date, only the dimeric F-BAR domain of Pacsin2 was solved by 

X-ray crystallography (Plomann et al., 2010). A crystal structure of the bMERB domain of 

EHBP1 in complex with Rab8 is available (Rai et al., 2020). The dimeric structure of full-length 

EHD2 was solved by X-ray crystallography, but questions about oligomerization and membrane 

interaction remained unanswered (Daumke et al., 2007). All the structures mentioned above are 

shown in Figure 7.  

It is evident that more structural work is necessary for a complete understanding of the individual 

architecture and function of these proteins, ideally when present on caveolae. In addition, there is 

little information about how they interact with each other to form complexes that bind and 

remodel the membrane and establish networks with the actin cytoskeleton. To gain new insights 

into the structure of caveolar proteins, the work presented in this thesis focuses on the structure 

and function of the dynamin-related ATPase EHD2. The following sections provide a thorough 

introduction to EHD proteins, which belong to the dynamin family of proteins. 
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Figure 7. Available structures of caveolar proteins. A) Caveolin-1 forms disc-like oligomers of eleven subunits 
(PDB: 7SC0). B) The HR1 domain of Cavin1 is sufficient for trimerization (PDB: 4QKV). C) The F-BAR domain of 
Pacsin2 can dimerize (PDB: 3LLL). D) The bMERB domains of EHBP1 interact with Rab8 (light blue) (PDB: 6ZSI). 
E) The ATPase EHD2 is a dimer in solution (PDB: 2QPT). For each structure, one monomer is highlighted in purple, 
and the other monomers are shown in gray. Note that these structures are shown for illustrative purposes and are not 
accurately scaled. 

 

 

 

1.4. The dynamin family of proteins 
 

Proteins from the dynamin superfamily are multidomain mechano-chemical GTPases which are 

implicated in nucleotide-dependent membrane remodelling events. Considerably diverse proteins 

belong to this family since they share conserved structural elements: the amino-terminal G 

domain, which is followed by one or two helical domains, known as the bundle signaling element 

(BSE) and/or stalk domain (Faelber et al., 2013). At the C-terminus, dynamin-related proteins 

contain membrane-binding sites and/or protein-protein interaction domains (Figure 8). 
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Figure 8. Domain architecture of dynamin and dynamin-related proteins. Structure-based domain architecture of 
dynamin superfamily members. G: GTPase domain, B: bundle signaling element, PH: pleckstrin homology domain; 
PRD: proline- and arginine-rich domain; T: transmembrane domain; BI: B-insert; L4: Loop 4; EH: Eps15-homology 
domain. Figure modified from (Faelber et al., 2013). 

 

 

For dynamin, the pleckstrin homology (PH) domain mediates membrane binding, however, 

atlastin, mitofusins and BDLP have predicted transmembrane helices (Faelber et al., 2013). 

Others, such as MxA and DRP1 interact with membranes via a loop at the tip of the stalk. In the 

case of EHDs, membrane binding is mediated by ionic and hydrophobic interactions between 

residues within the stalk and the phospholipids of the membrane (Faelber et al., 2013). 

Furthermore, other domains and motifs present in these proteins are involved in specific functions 

to each member. For example, the proline- and arginine-rich domain (PRD) of dynamin is engaged 

in the recruitment to clathrin-coated vesicles since it can interact with Src-homology 3 (SH3) 

domains from Bin/Amphiphysin/Rvs (BAR)-domain containing proteins (Soulet et al., 2005). 

Another example is the EH domain of EHD proteins, which can bind to Asn-Pro-Phe (NPF) repeat 

motifs in binding partners (Naslavsky & Caplan, 2011). 

 

1.4.1. Cellular functions 
 

The membrane remodelling events in which dynamin and related proteins are involved include 

fusion and fission processed at a wide range of vesicles and organelles (Figure 9) (Daumke & 

Praefcke, 2016).  



Introduction 

16 
 

 

Figure 9. Members from the dynamin superfamily. Dynamin and dynamin related proteins are involved in 
membrane fusion and fission events in a wide variety of organelles and processes in the animal cell.  

 

 

Classical dynamins are involved in the scission of clathrin-coated vesicles at the plasma 

membrane, the cleavage furrow, the Golgi and at endosomes, but they also mediate other clathrin-

independent endocytic events at the plasma membrane (Praefcke & McMahon, 2004) (see Section 

1.2). In animal cells, the other members of the family are required for organellar division and 

fusion (Praefcke & McMahon, 2004). Dynamin-related protein 1 (Drp1) mediates the division of 

peroxisomes and mitochondria (Mcbride & Frost, 2016). OPA1 (optic atrophy 1) and mitofusins 

are involved in the fusion of the inner and outer mitochondrial membranes, respectively (Cao et 

al., 2017; Raymond Liu & Chan, 2017). Myxovirus resistance proteins (Mx proteins) are induced 

by interferons and confer resistance against RNA viruses by interacting with viral 

ribonucleoproteins (Haller et al., 2010). Atlastin tethers and fuses endoplasmic reticulum (ER) 

tubules and localizes transiently to newly formed three-way junctions at the ER (Wang et al., 

2016). GBP1 (guanylate binding protein 1) is recruited to pathogen-containing vacuoles during 

infection and it is supposed to restrict pathogenic growth and activate the inflammasome pathway 

(Meunier et al., 2014). Lastly, bacterial dynamin-like proteins (BDLPs) are suggested to facilitate 

membrane tethering and confer resistance against phage infection (Low et al., 2009). Plants 

contain many different dynamin proteins which are involved in similar events, such as scission of 



Introduction 

17 
 

clathrin-coated vesicles, the formation of the cell plate or chloroplast division (Praefcke & 

McMahon, 2004). The cellular functions of EHD proteins are introduced in Section 1.5.1. 

 

1.4.2. Oligomerization mechanism 
 

The stalk is the central assembly hub mediating oligomerization in members of the dynamin 

family (Chappie et al., 2010; Faelber et al., 2013, 2019; Reubold et al., 2005, 2015). In dynamin, 

two stalks assemble in a crisscross fashion via a highly conserved central interface (interface-2) 

to form stable dimers. One stalk dimer oligomerizes via two additional conserved interfaces 

(interfaces-1 and 3) with the neighboring stalk dimer (Chappie et al., 2010; Faelber et al., 2013, 

2019; Reubold et al., 2005, 2015) (Figure 10).  

 

 

 

 

 

Figure 10. Dynamin oligomerization. A) Crystal structure of the human dynamin tetramer (PDB:5A3F). Three highly 
conserved interfaces involving the stalk domain drive oligomerization. B) Schematic representation of dynamin helical 
filaments around membranes. C) The G domains in dynamin form nucleotide-dependent cross-bridges between 
filaments. Panels B and C are modified from (Reubold et al., 2015) and (Ganichkin et al., 2021), respectively. 
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Oligomerized dynamin forms helical filaments of fixed pitch during active constriction of 

membranes (Ganichkin et al., 2021). Furthermore, the dynamin filament has the ability to form 

nucleotide-dependent cross-bridges between neighboring turns (Ganichkin et al., 2021). This 

means that the G domains are oriented to the outside of the filament so that they form inter-

filament stabilizing interfaces (Kong et al., 2018; Jiwei Liu et al., 2021) (Figure 10). 

 

1.4.3. GTP hydrolysis – the power stroke 
 

Proteins of the dynamin family are considered as mechano-chemical enzymes because they use 

the energy of GTP hydrolysis to remodel membranes (Daumke & Praefcke, 2016). For all 

GTPases, efficient hydrolysis requires: 1) the correct positioning of a water molecules for a 

nucleophilic attack on the γ-phosphate, 2) neutralization of a negative charge that develops 

between the β- and γ-phosphates in the transition state, and 3) stabilization of the conformationally 

flexible switch regions within the catalytic core (Chappie et al., 2010). These conditions are 

achieved either through interaction with a GTPase-activating protein (GAP), in the case of Ras-

like GTPases, or through dimerization, in the case of dynamin and dynamin-related proteins 

(Chappie et al., 2010). 

In dynamin proteins, nucleotide hydrolysis has been shown to generate a mechanical movement 

of the helical domain. In the case of dynamin, the crystal structure of the non-hydrolysable GTP 

analog GMPPCP-bound form corresponds to the open conformation of the bundle signal element 

(BSE) (Chappie et al., 2011). However, when dynamin is in the apo state or bound to the transition 

state mimic GDP-AlF4 or to GDP, the BSE adopts a closed conformation (Chappie et al., 2011; 

Daumke & Praefcke, 2016; Faelber et al., 2011). During this transition, the BSE rotates 70º around 

the hinge region between this domain and the GTPase domain (Figure 11, panel A). This 

movement acts as a power stroke and is thought to trigger relative sliding of the helical filament 

around the membrane, leading to constriction and fission (Figure 11, panel B) (Antonny et al., 

2016; Chappie et al., 2011; Faelber et al., 2011, 2019; Ganichkin et al., 2021). 
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Figure 11. GTP hydrolysis is translated into a power stroke necessary for membrane remodelling. A) Comparison 
between GMPPNP- and GDP-AlF4--bound structures of a G domain-minimal BSE construct (PDB: 3ZYC and 2X2E, 
respectively). Dynamin undergoes a structural rearrangement of the BSE upon GTP hydrolysis. Figure modified from 
(Faelber et al., 2013). B) Schematic representation of the GTP hydrolysis-dependent constriction action of dynamin. 
Figure modified from (Daumke & Praefcke, 2016). 

 

 

Recently, the crystal and cryo-ET structures of fungal Mgm1 (OPA1 in animals) were solved and 

it was proposed that these proteins might undergo a similar power stroke (Faelber et al., 2019). 

Nevertheless, these large structural rearrangements are induced by nucleotide and or lipid binding 

and vary among the different members of the family (Daumke & Praefcke, 2016). Some 

prominent examples are shown in Figure 12. 
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Figure 12. Open and closed conformations of some members of the dynamin family of proteins. Conformational 
rearrangements are induced by GTP hydrolysis and/or the recruitment to membranes.  
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1.4.4. Membrane remodelling 
 

Previous sections have already briefly introduced that dynamin and dynamin-related proteins 

oligomerize via their stalk domain by forming different interfaces that generate a helical filament 

on the surface of lipid bilayers in vitro. As also stated above, in the cell, they carry out membrane 

remodelling activities, such as fusion or fission, in a nucleotide hydrolysis-dependent manner. It 

is worth noting that different proteins convey fundamentally different activities. The dynamin 

filament constricts the underlying membrane until it generates a fission intermediate. Later the 

insertion of hydrophobic residues from the membrane binding domain complete scission 

(Daumke & Praefcke, 2016; Ganichkin et al., 2021; Kong et al., 2018; Jiwei Liu et al., 2021). 

Similar fission mechanisms may also apply for MxA (Haller et al., 2010; Von Der Malsburg et 

al., 2011) or Drp1/DNM1L (Fröhlich et al., 2013; Ingerman et al., 2005). Two examples of 

membrane fusion in the dynamin family of proteins are atlastins and the bacterial BDLP. Atlastin 

has been proposed to promote tethering at opposing ER tubules by pulling membranes towards 

each other (Byrnes et al., 2013; Byrnes & Sondermann, 2011; Wang et al., 2016). Membrane 

fusion may be facilitated by the transmembrane regions and the C-terminal amphipathic helix 

(Tina Y. Liu et al., 2015). BDLP forms highly curved membrane tubules, probably by insertion of 

the paddle region. These tubules have been suggested to undergo membrane fusion upon 

conformational rearrangements that lead to dissociation of the protein coat (Low et al., 2009). 

Recently, Mgm1 (OPA1 in animals) was shown to remodel liposomes into membrane tubules 

where it was found to form helical filaments both in the outside (positive membrane curvature) 

and in the inside (negative membrane curvature) (Faelber et al., 2019). When assembled on the 

outside, Mgm1 forms left-handed helices that would expand the diameter of the tubule. 

Conversely, in the inside, Mgm1 forms right-handed helices that would result in constriction 

(Faelber et al., 2019). These different geometries might explain how Mgm1 can drive inner-

membrane fusion, scission or stabilization of cristae (Faelber et al., 2019). 

 

 

1.5. The EHD family of proteins 
 

Eps15-homology domain-containing proteins (EHDs) comprise a highly conserved (see 

Appendix E) family of mechano-chemical ATPases which are involved in the regulation of 

different membrane trafficking pathways (Naslavsky & Caplan, 2011). EHDs are exclusive to 

eukaryotes; there are four members in mammalians (EHD1-4) and one in C. elegans, D. 



Introduction 

22 
 

melanogaster, A. thaliana and in some parasites from the genera Trypanosoma, Plasmodium and 

Toxoplasma (Naslavsky & Caplan, 2011). EHDs oligomerize into helical or ring-like structures 

upon recruitment to membranes, where they are believed to stabilize membrane curvature 

(Daumke et al., 2007; Melo et al., 2022). 

 

1.5.1. Cellular functions 
 

EHD proteins have been associated with diverse cellular processes that require remodelling and/or 

preservation of specific membrane shapes, mainly: endocytic recycling, caveolae biogenesis, 

ciliogenesis, formation of T-tubules in skeletal muscles and membrane resealing after rupture 

(Figure 13) (Bhattacharyya & Pucadyil, 2020). The initial findings that allowed linking EHD 

proteins to endocytic pathways were rooted in the investigation of the C. elegans EHD1 ortholog 

RME-1. This protein was found to associate with endocytic organelles and defects in recycling 

pathways arose in RME-1 mutants (Grant et al., 2001). In the last twenty years, many authors 

have contributed to a better understanding of the cellular functions of EHDs. The most notable 

ones are briefly summarized, according to site or pathway, in the following.  

 

 

Figure 13. Schematic representation of the sites and pathways where EHDs play a role. The four mammalian 
paralogs are implicated in functions which require membrane remodelling and/or maintenance. Main functions have 
been described in endocytic recycling and sorting, caveolae biogenesis and consequent lipid homeostasis, ciliogenesis, 
membrane repair and T-tubule formation in muscle cells. Figure from (Bhattacharyya & Pucadyil, 2020). 
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With regard to endocytosis, many studies show the involvement of EHD1 in endocytic recycling 

(Bhattacharyya & Pucadyil, 2020). EHD1 has been localized to vesicular and tubular structures 

in the perinuclear area that partially coincide with markers of the endocytic recycling 

compartment (ERC), such as Rab8, Rab11 and MICAL-L1 (Grant & Caplan, 2008; Naslavsky & 

Caplan, 2011; Pant et al., 2009; Sharma et al., 2010; Zhang et al., 2012). Mutations or a deletion 

of EHD1 result in a delayed recycling of multiple receptors (Rapaport et al., 2006), (Lin et al., 

2001). Therefore, some studies suggest that EHD1 could regulate receptor sorting and/or release 

of vesicles from the ERC (Lee et al., 2015; Rapaport et al., 2006). Others observed that loss of 

EHD1 results in the confinement of proteins in tubular compartments (Cai et al., 2012), and that 

the addition of EHD1 induces the transformation of vesicles into tubules, followed by fission of 

these tubular structures (Cai et al., 2013). More recently, it was shown that EHD1 forms scaffolds 

on membrane tubes and catalyzes their fission (Deo et al., 2018). These findings support the idea 

that EHD1 could be involved in regulating vesicle fission and release (Bhattacharyya & Pucadyil, 

2020). Furthermore, EHD3 was shown to be involved in the regulation of retrograde trafficking 

to the Golgi (Naslavsky et al., 2009) and it has been suggested that EHD4 functions at early 

endosomes regulating recycling from them (Sharma et al., 2008). 

EHD proteins have been associated with various aspects of muscle development and muscle tissue 

specialization (Bhattacharyya & Pucadyil, 2020). Muscle maturation involves myoblast fusion to 

create syncytial myotubes, crucial for skeletal muscle development and regeneration in adulthood 

(Bhattacharyya & Pucadyil, 2020). Myoferlin is a membrane protein present at myoblast and 

myotube fusion sites and is essential for muscle regeneration (Katherine R. Doherty et al., 2005). 

EHD2 was shown to interact with myoferlin and facilitate its delivery to the cell surface 

(Katherine R. Doherty et al., 2008). In addition, EHD2 was also found accumulating at sites of 

injury in human myotubes being involved in the membrane repair process (Marg et al., 2012). 

Also, in skeletal muscle, EHD1 is localized to T-tubules, which are deep plasma membrane 

invaginations that are connected to the endoplasmic reticulum, and defects in its ATPase activity 

lead to an excessive number of T-tubules (Demonbreun et al., 2015). EHD3 appears to be crucial 

for the structural and functional specialization of membrane tubules in cardiomyocytes 

(Gudmundsson et al., 2012). 

Primary cilia are crucial organelles that regulate various signaling pathways. Defects in 

ciliogenesis are associated with human diseases termed ciliopathies (Bhattacharyya & Pucadyil, 

2020). EHDs are involved in intracellular ciliogenesis. This mechanism relies on the formation 

of the distal appendage vesicles (DAVs) and the ciliary vesicle (CV), which fuses with the plasma 

membrane to expose the cilia (Bhattacharyya & Pucadyil, 2020). EHD1 knock-out is lethal at the 

embryonic stage in mice due to ciliogenesis defects (Bhattacharyya et al., 2016). Depending on 

the tissue, EHD1 and/or EHD3 are recruited to DAVs during early steps of ciliogenesis where 
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they might be involved in recruiting the SNARE protein SNAP29, which mediated fusion of 

DAVs to form the CV (Lu et al., 2015). Furthermore, previously described binding partners of 

EHDs MICAL-L1 and Pacsins 1 and 2 are also required in early steps of ciliogenesis (Insinna et 

al., 2019; Xie et al., 2018).  

Caveolae have already been introduced in detail in Section 1.3. Several studies have shown that 

EHD2 localizes these plasma membrane invaginations, more specifically to their neck (Daumke 

et al., 2007; Ludwig et al., 2013, 2016; Matthaeus et al., 2022; Stoeber et al., 2012). There, EHD2 

has been proposed to play an important role in the stabilization of membrane curvature, by 

oligomerizing around the neck and restricting lateral diffusion and detachment (Hubert et al., 

2020; Matthaeus et al., 2020; Morén et al., 2012, 2019). Mutations in EHD2 that decrease 

membrane binding, impede oligomerization or affect nucleotide binding and hydrolysis, result in 

abnormal caveolae morphology (Daumke et al., 2007; Hoernke et al., 2017; Morén et al., 2012; 

Shah et al., 2014). A deletion of EHD2 results in increased caveolae mobility which leads to 

enlarged and more abundant lipid droplets, deposits of white fat around organs and bigger 

adipocytes (Matthaeus et al., 2020). Therefore, EHD2 is proposed to be a critical component for 

maintaining caveolae integrity and, consequently, to be a key regulatory player in lipid 

homeostasis (Hubert et al., 2020; Matthaeus et al., 2020). Interestingly, one study has shown that 

EHD1 and EHD4 are recruited to caveolae in the absence of EHD2, suggesting that they can act 

in compensation mechanisms (Yeow et al., 2017). 

Notwithstanding, these proposed cellular functions have yet to be fully understood in accordance 

with the biochemical and intrinsic properties of EHD proteins (Bhattacharyya & Pucadyil, 2020). 

 

1.5.2. Domain architecture of EHD proteins  
 

The first structure of an EHD protein was that of mouse EHD2 bound to the non-hydrolysable 

ATP analog AMPPNP. This crystal structure revealed that EHD2 is a dimer in solution and that 

each monomer is composed of a G domain, a helical domain and an EH domain (Figure 14) 

(Daumke et al., 2007). Although present in the crystallized construct, residues 1-18 could not be 

solved due to lack of electron density. However, because of the relevance of the N-terminus in 

EHD proteins (see Section 1.5.2.3) and in this thesis, it is highlighted in Figure 14. 
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Figure 14. Domain architecture of EHD proteins and crystal structure of mouse EHD2. A) Schematic 
representation of the domains present in EHD proteins. The numbering corresponds to mouse EHD2 residues. B) 
Crystal structure of mouse EHD2 bound to AMPPNP (PDB: 2QPT, (Daumke et al., 2007)). One monomer is colored 
according to A, and the other one is shown in gray. Although unsolved, the N-terminal residues (1-18) are highlighted 
in magenta; the structure and position of these residues is unknown in this structure. 

 

 

1.5.2.1. The G domain 

 

The G domain is the most highly conserved domain in members of the dynamin superfamily. 

Eight β-strands form the central β-sheet, which is surrounded by seven α-helices and two single-

turn helices (Daumke et al., 2007; Reubold et al., 2005). Five highly conserved motifs (G1-G5), 

including the phosphate binding loop (P-loop) and switch I and II, participate in nucleotide 

binding and hydrolysis (Daumke et al., 2007). The G1 motif tightly binds to the β-phosphate and 

contributes to the coordination of a Mg2+ ion crucial for nucleotide hydrolysis. Binding of 

magnesium is as well mediated by conserved residues of the G2 and G3 motifs. These two motifs 

contact the γ-phosphate and localize to the switch I and switch II regions, respectively (Daumke 

et al., 2007; Daumke & Praefcke, 2016). The switch regions undergo conformational changes 

upon nucleotide binding and hydrolysis. In other dynamins, an aspartate residue in the G4 motif 

is responsible for binding the guanine base of GTP (Daumke & Praefcke, 2016). However, the G 

domain in EHD proteins binds ATP since: 1) the conserved aspartate in G4 (D222 in EHD2) forms 

a hydrogen bond with an arginine residue (R536 in EHD2) located in the C-terminal tail of the 

EH domain, and 2) the amino group of the guanine cannot be accommodated in the nucleotide 

binding pocket because a methionine (M223 in EHD2), which directly follows the G4 motif, 

would sterically restrict this interaction (Daumke et al., 2007). At the distal side of the G domain, 

a unique and highly conserved motif, the KPF loop (residues 110-135 in EHD2), was shown to 

undergo conformational rearrangements depending on the opening state of the protein and to play 
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a role in oligomerization (Hoernke et al., 2017; Melo et al., 2017, 2022; Morén et al., 2012) (see 

Section 1.5.2.3). Some of the aforementioned structural details can be observed in Figure 14 and 

in Figure 15. Moreover, the G domain in EHD proteins contains a unique dimerization interface 

and it plays an essential role in oligomerization. For more details about dimerization and 

oligomerization in EHD proteins see Section 1.5.3. 

 

 

Figure 15. Nucleotide binding pocket of EHD2. The G domain in EHD proteins is highly conserved and includes the 
G1-4 motifs. Important elements in nucleotide binding, like the P-loop and the switch regions I and II are indicated. 
Despite being conserved, the G domain in EHD proteins binds ATP (and its analogs) because of several structural 
differences in comparison to other GTPases. In EHD2, Met223 sterically prevents the accommodation of a guanine, 
and D222 (recognizes the guanosine in other GTPases) forms a hydrogen bond with R536 in the EH domain.  

 

 

1.5.2.2. The helical and EH domains 

 

The helical domain is composed of two α-helices from the N-terminal region (residues 18-55 in 

EHD2) and five α-helices following the G domain (residues 285-400 in EHD2) (Figure 14, panel 

A). This domain mediates membrane binding via hydrophobic and positively charged residues at 

the tip of helices α9 and α11 (Figure 16, panel A) (Daumke et al., 2007; Shah et al., 2014). It also 

forms extensive contacts with the G domain, and it drives oligomerization by providing multiple 

assembly interfaces (Daumke et al., 2007; Melo et al., 2017, 2022). For more details about 

oligomerization in EHD proteins see Section 1.5.3.2. 

Following the helical domain, a 40-residue linker connects with the C-terminal EH domain 

(residues 440-543 in EHD2) (Figure 14, panel A). It comprises two perpendicular EF hands 
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(helix-loop-helix motifs) which are connected by a short β-strand (Figure 16, panel B) (Daumke 

et al., 2007). The EH domain is localized on top of the G domain and binds to a GPF motif present 

in the flexible linker (Figure 16, panel B) (Daumke et al., 2007). EH domains have been typically 

assigned to opposing monomers in the two EHD2 crystal structures (Figure 14, panel B) (Daumke 

et al., 2007; Shah et al., 2014), but to the monomer directly below in the cryo-ET EHD4ΔN 

structure (Melo et al., 2022). It has been proposed that the EH domains could act as autoinhibitory 

modules by sterically blocking G domain mediated oligomerization (Daumke et al., 2007). 

Additionally, the EH domain could mediate the interaction of EHD proteins with their binding 

partners. It has been suggested that, upon conformational rearrangements, the EH domain could 

be repositioned to make contacts with NPF motif-containing proteins (Daumke et al., 2007; 

Kieken et al., 2007; Melo et al., 2022; Naslavsky & Caplan, 2011; Shah et al., 2014). Some 

examples are interactions with proteins involved in endosomal trafficking such as Rabenosyn-5 

(Naslavsky et al., 2004), MICAL-L1 (Pant et al., 2009) and Pacsin1 and Pacsin2 (Giridharan et 

al., 2013; Sharma et al., 2010), among others, and caveolar proteins like Pacsin2 (Morén et al., 

2012; Senju et al., 2011) and EHBP1 (Guilherme et al., 2004), in the case of EHD2. 

 

 

 

Figure 16. The helical and the EH domains. A) Positively charged and hydrophobic residues at the tip of the helical 
domain mediate membrane binding. The numbers of the indicated residues correspond to mouse EHD2. The lipid 
bilayer is represented by the magenta lines. One monomer is colored according to Figure 14, A, the other one is shown 
in gray. B) Top panel: the EH domain and part of the linker that connects it to the helical domain (not shown). The EH 
domain sits on top of a G domain and interacts with the GPF motif present in the linker (residue numbers correspond 
to mouse EHD2). Bottom panel: inlet highlighted on the top panel showing the binding groove of the EH domain. 
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1.5.2.3. The N-terminus 

 

The N-terminal stretch of EHD2 has been defined as the short sequence comprising residues 1-

18 (Figure 14, panel A, and Figure 17, panel A). These residues are highly conserved (Figure 17, 

panel A) and have been proposed to have a regulatory role in previous studies (Hoernke et al., 

2017; Melo et al., 2017; Shah et al., 2014). It is known that the N-terminus folds back into a 

conserved hydrophobic pocket of the G domain (Figure 17, panel B) (Hoernke et al., 2017; Melo 

et al., 2017; Shah et al., 2014). Current models suggest that, upon recruitment to membranes, the 

N-terminal residues are displaced from this pocket, which becomes occupied by the peripheric 

KPF loop from the G domain (Figure 17, panels C and D). In turn, the N stretch could interact 

with the lipid bilayer and mediate membrane binding since EPR experiments showed that it can 

insert into liposomes (Hoernke et al., 2017; Melo et al., 2017; Shah et al., 2014). Furthermore, 

Shah and colleagues demonstrated an increased localization of N-terminally truncated EHD2 to 

caveolae in cells. Crystallographic studies using an EHD4 construct lacking the N-terminus 

(EHD4ΔN) presented an open conformation of the protein (Figure 17, panel C) and suggested 

that the absence of these residues had driven such conformational rearrangements (Melo et al., 

2017). Moreover, as it had been shown for EHD2, the deletion of the N-terminal stretch of EHD4 

resulted in increased membrane association in cells (Melo et al., 2017). At the same time, using 

biochemical and spectroscopy-based techniques, another study showed similar results for EHD2 

concerning its domain reorganization upon membrane binding (Hoernke et al., 2017). Together, 

these studies paved the way to propose a model in which EHDs exist in two states: a closed one, 

represented by the two AMPPNP-bound EHD2 crystal structures (PDB: 2QPT and 4CID) (Figure 

14, panel B and Figure 17, panel B, respectively) and an opened one, represented by the ATPγS- 

and ADP-bound EHD4ΔN structures (PDB: 5MVF and 5MTV) (Figure 17, panel C) (Hoernke et 

al., 2017; Melo et al., 2017).  

In an effort to further understand mechanistic aspects about EHDs, a recently published cryo-ET 

structure of membrane-bound EHD4ΔN confirmed that in the oligomerized structure, the G 

domain is close towards the membrane so that the N-terminus can exit its hydrophobic pocket, 

allowing the KPF loop to enter it (Figure 17, panel D) (Melo et al., 2022). Consequently, the N-

terminus could be free to insert into the membrane bilayer as proposed previously. 

 



Introduction 

29 
 

 

Figure 17. The N-terminal stretch of EHDs. A) Multiple sequence alignment of the N-terminal residues of several 
EHD proteins. The first 18 residues of mouse EHD2 were used as a reference. Identical and highly conserved residues 
are highlighted in yellow, residues with similar properties are highlighted in blue. mm: Mus musculus, hs: Homo 
sapiens, xl: Xenopus laevis, dr: Danio rerio, ce: Caenorhabditis elegans, dm: Drosophila melanogaster. B, C and D 
show three different EHD structures. The left panels correspond to the dimeric structures, where one monomer is 
colored according to the domain architecture of mouse EHD2 (Figure 14, A) and the other one is shown in gray. A side 
view (rotation of 90°) in a surface representation can be observed in the middle panels. On the right, a magnified view 
of the inlets indicated in the middle panels shows the hydrophobic pocket of the G domain, the KPF loop (in cartoons), 
and the N-terminal residues (in cartoons, if included in the structure). B) The crystal structure of mouse EHD2 structure 
is in the closed conformation (PDB: 4CID, (Shah et al., 2014)). The first eight residues of the N-terminus were solved 
and occupy the hydrophobic pocket of the G domain. Residues which could not be modeled are indicated by dashed 
lines. B) The crystal structure of N-terminally truncated mouse EHD4 is in the open conformation (PDB: 5MTV, (Melo 
et al., 2017)). The hydrophobic pocket of the G domain is occupied by the KPF loop. Residues 20 and 21 from the N-
terminus were included in the model and are highlighted in magenta. The magnified view in the right panel is slightly 
rotated (130° with respect to the dimerization axis, left panel) for better visualization. C) The cryo-ET structure of N-
terminally truncated and membrane-bound mouse EHD4 is in the closed conformation (PDB: 7SOX, (Melo et al., 
2022)). The hydrophobic pocket of the G domain is occupied by the KPF loop. The first residue of the second stretch 
of the helical domain (Q22) is highlighted in pink to show where the N-terminus would end.    
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This study also revealed that, when bound to the membrane, oligomeric EHD4ΔN is in the closed 

state (Figure 17, panel D) (Melo et al., 2022). Melo and colleagues proposed the following model: 

EHDs are in the open state in solution and in the closed state when oligomerized and bound to 

membranes (for more details about the oligomerization mechanism see Section 1.5.3.2). 

Nevertheless, this work was not conclusive about the exact role of the N-terminus in EHD proteins 

since full-length EHD4 could not be expressed for comparison and, consequently, the effect of 

the truncation could not be fully assessed. 

Furthermore, a study carried out using EHD1 also pointed out the relevance of the N-terminal 

residues. A deletion of residues 2 – 9 of EHD1 resulted in a significant defect in endocytic 

recycling and the typical EHD1 membrane bulging was less prominent (Deo et al., 2018). In 

accordance with the EHD2 and EHD4 studies, Deo and colleagues speculated that N-terminally 

truncated EHD1 scaffolds are unstable and that sustained self-assembly is not promoted. 

All in all, these investigations show the importance of the N-terminal residues in the domain 

arrangement of EHDs, in the interaction with the membrane and in the oligomerization 

mechanism. These aspects are further introduced in the following sections. 

 

1.5.3. Dimerization and oligomerization 
 

1.5.3.1. Dimerization in EHDs and in the dynamin family of proteins 

 

The G domain in EHDs contains a unique dimerization interface that is different from the 

canonical G-interface that drives dimerization in other GTPases (Daumke et al., 2007). EHD 

dimers are formed by interactions between highly conserved (see Appendix E) hydrophobic and 

charged residues from helices α6 of opposing monomers (Figure 18) (Daumke et al., 2007). 

Residue W238 is at the center of the interface and buried in a hydrophobic pocket. Mutations of 

this residue render the protein insoluble (Daumke et al., 2007).    
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Figure 18. Dimerization interface in EHD proteins. The crystal structure of mouse EHD2 is shown on the left. A 
magnified view of the dimerization interface is on the right. The dimerization interface involves hydrophobic and 
charged residues from helix α6 in the G domain. These residues are highly conserved (numbers correspond to mouse 
EHD2). The nucleotide binding pocket is not involved in dimerization in EHD proteins.  

 

 

All other members of the dynamin superfamily dimerize across the highly conserved G-interface 

which involves the nucleotide binding pockets (Figure 19) (Chappie et al., 2010). In these dimers, 

the active sites face each other, thereby sequestering the nucleotides from the solvent and 

reciprocally stabilizing the switch regions, while the BSEs (bundle signaling elements) extend in 

opposite directions from the dimer core. The formation of this interface is crucial for the GTPase 

activity (Chappie et al., 2010).  

 

 

Figure 19. Members of the dynamin family dimerize across the G-interface. The GTP binding pockets of opposing 
monomers face each other. The structure corresponds to the GG dimer of human dynamin 1 bound to GDP-AlF4 (PDB: 
2X2E, (Chappie et al., 2010)). BSE: bundle signaling element. 

 

 

In contrast, the ATP binding pockets in EHD proteins point in opposite directions within the dimer 

(Figure 20, panel A). Crystallographic studies previously suggested that the G-interface might 
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form in EHD proteins and that it could be involved in oligomerization (Daumke et al., 2007; Melo 

et al., 2017). The cryo-ET structure of oligomerized EHD4ΔN revealed that the canonical G-

interface is indeed assembled between the G domains of two adjacent dimers within the 

oligomeric filament (Figure 20, panel B) (Melo et al., 2022). The G-interface in EHD proteins is 

now referred to as interface-3 in the oligomeric assembly (Melo et al., 2022) (see next section). 

 

 

 

Figure 20. The G-interface in EHD proteins. A) Top view of the crystal structure of mouse EHD2 (the EH domains 
are not shown for a better visualization, PDB: 2QPT). The nucleotide binding pockets point to opposite directions and 
the canonical G-interface cannot be formed within one EHD dimer. B) Top view of the cryo-ET structure of an 
EHD4ΔN oligomeric filament (the EH domains are not shown for a better visualization, PDB: 7SOX). The formation 
of the G-interface involves the G domains of adjacent dimers within the filament. The G domains of two consecutive 
dimers are highlighted in two shades of orange. The blue dots represent the ATP binding pocket and the dashed lines 
the G-interface. 

 

 

1.5.3.2. Oligomerization in EHDs 

 

Electron microscopy of negatively stained samples of EHD2 showed that it can remodel 

liposomes into tubules and form ring-like oligomeric structures around them (Figure 21) (Daumke 

et al., 2007). Daumke and colleagues suggested that EHD2 dimers could oligomerize via the G-

interface (see previous section) and speculated that the EH domains might switch from the top 

site in the dimer to a lateral position (Daumke et al., 2007). Moreover, the formation of organized 

oligomers was proposed to be dependent on ATP binding (Morén et al., 2012; Shah et al., 2014). 
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Figure 21. EHD proteins oligomerize on the surface of lipid bilayers. A) Electron micrograph showing Folch 
liposomes. B) Electron micrograph showing that EHD2 remodels liposomes into tubules and forms oligomeric ring-
like structures around them in the presence of ATP. Scale bars: 200 nm. 

 

 

Later, the crystal packing of N-terminally truncated EHD4 in the open conformation (see Section 

28) was proposed to reflect an oligomerized EHD (Melo et al., 2017). Melo and colleagues 

suggested that, apart from the G-interface, oligomerization could be driven by an additional 

interface established between the KPF loop of one dimer (occupying the hydrophobic pocket in 

the G domain) and the helical domain of the opposing dimer (Melo et al., 2017). Moreover, the 

lack of electron density for the EH domains on top of the dimer further supported the idea that the 

EH domain might be flexible and switch positions upon oligomerization (Daumke et al., 2007; 

Melo et al., 2017). In this same study, an oligomerization model was proposed in which EHDs 

exist in a closed and autoinhibited state in solution but are in the active and open state when bound 

to membranes. In parallel, another study carried out with EHD2 found similar results about the 

open conformation representing the active membrane-bound and oligomerized state of an EHD 

protein (Hoernke et al., 2017).  

The models proposed in these investigations were mainly based on crystallographic structures 

and, evidently, the actual conformation of an EHD protein bound to the lipid bilayer remained 

unknown. Recently, new insights about the oligomerization mechanism in EHD proteins were 

provided by the cryo-ET structure of EHD4ΔN (Melo et al., 2022). This structure confirmed the 

previous hypothesis that oligomerization is driven by the formation of two interfaces: 1) contacts 

between the KPF loop and the helical domain of the adjacent dimer (termed interface-2), and 2) 

the G-interface between the nucleotide pockets of opposing monomers (termed interface-3) 

(Figure 22) (Melo et al., 2022). Unexpectedly, this study revealed that EHD4ΔN is in the closed 
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conformation in its oligomeric membrane-bound form (Figure 22, see also Figure 17, panel C) 

and a new model was proposed: ATP-bound dimers exist in solution in the open conformation and 

are recruited to flat membranes where they oligomerize via interface-2. Membrane curvature 

induces the transition to the closed conformation, that allows the membrane-binding site to insert 

into the bilayer and promote increased membrane bending. At high curvature, a stable helical 

filament (EHD2 may form ring-like structures as seen by negative stain electron microscopy 

(Figure 21, and (Daumke et al., 2007; Shah et al., 2014)) can be formed by engaging interface-3. 

In this state, the protein can further constrict the membrane generating tubes decorated with 

protein filaments (Figure 22) (Melo et al., 2022).  

 

 

 

Figure 22. EHD oligomerization model. 1) EHD dimers in the open conformation are recruited to flat membranes 
where they oligomerize via interface-2. Interface-1 corresponds to the dimerization interface. 2) Membrane curvature 
induces the transition to the closed conformation. The insertion of the tip of the helical domain in the bilayer generates 
bent membranes. A stable filament is formed via interface-3. 3) Further constriction of the membrane results in an 
elongated tube around which helical or ring-like filaments are organized. This model is based on the cryo-ET structure 
of EHD4ΔN and was proposed in (Melo et al., 2022). The open conformation corresponds to the crystal structure of 
EHD4ΔN (PDB: 5MTV). Since the EH domains were not solved in this structure, they are represented by circles in the 
proposed lateral position. The closed conformation corresponds to the cryo-ET structure of EHD4ΔN (PDB: 7SOX). 

 

 

Oligomerization, both in the open and closed conformations, requires the formation of interface-

2. For that, the KPF loop must be in the hydrophobic pocket of the G domain (Figure 23) (Melo 

et al., 2022). The interaction between the N-terminus and the hydrophobic pocket in the G domain 

(see Section 1.5.2.3) might happen in solution before recruitment to membranes or after 

disassembly of the filament. 
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Figure 23. The KPF loop occupies the hydrophobic pocket in the G domain for oligomerization. Oligomerization 
of EHD dimers is driven by the formation of interface-2 between the KPF loop in one dimer and the helical domain in 
the adjacent dimer. For these contacts to be established, the KPF loop must be buried in the hydrophobic pocket of the 
G domain. This conformation has been found both in the open state, here represented by the crystal structure of 
EHD4ΔN (PDB: 5MTV), and in the closed state, here represented by cryo-ET structure of EHD4ΔN (PDB: 7SOX). 

 

 

Contrary to previous speculations, in EHD4ΔN filaments the EH domains are placed above the G 

domains and do not adopt a lateral position (Figure 22). Although resolved at low resolution (13 

Å), the EH domains could be modeled in this structure and were found to be slightly displaced 

towards the periphery of the filament, consistent with the formation of a G-interface (Figure 24) 

(Melo et al., 2022). Moreover, there was electron density suggesting that the EH domains from 

adjacent dimers might contact each other (Figure 24) (Melo et al., 2022). 

Another important and interesting aspect that was revealed by the cryo-ET structure of EHD4ΔN 

is that the oligomeric filaments can assemble on membranes of different curvature (Figure 25). 

Depending on the degree of curvature, EHD4ΔN filaments vary in pitch, rise and subunits per 

turn (Melo et al., 2022). Melo and colleagues could show that the helical angle (deviation of the 

helical filament from a simple ring around the tube) increased as the tube radius decreased. This 

is possible because individual EHD4ΔN dimers adapt their orientation to generate filaments of 

different conformations in different tube diameters (Melo et al., 2022). EHD oligomers vary from 

the canonical oligomer architecture shared by several proteins of the dynamin family, like 

dynamin, DRP1, MxA and Mgm1/OPA1. As introduced in previous sections, the stalk is the 

central assembly hub in these proteins and the G domains are oriented to the outside of the 

filament. In opposition, the nucleotide-dependent interface (interface-3) in EHDs is oriented 

along the filament (Melo et al., 2022). 
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Figure 24. The EH domains are displaced towards the periphery. A) Upper panel: top view of the cryo-ET EHD4ΔN 
filament showing one tetramer. The EH domains sit on top of the G domains and do not adopt a lateral position in the 
filament. EH domains were assigned to the monomer directly below. Bottom panel: front view of the EHD4ΔN (colored 
cartoons) overlaid with the crystal EHD2 structure (gray cartoons). The EH domains are slightly displaced towards the 
periphery of the filament. They would clash in the oligomerization model based on the EHD2 structure. B) Upper panel: 
side view of the EH domains in the cryo-ET EHD4ΔN filament. Bottom panel: same view as in the upper panel showing 
the EHD4ΔN model fitted in the density. The contact between the EH domains of adjacent dimers is highlighted inside 
the dashed ellipse. Both bottom panels are modified from (Melo et al., 2022). 

 

 

Figure 25. EHD4ΔN filaments adapt to different membrane curvatures. A) The helical angle of the filament 
increases as the tube diameter decreases (higher membrane curvature). B) The angle between filaments increases in 
tubes of higher curvature (bottom). Figure modified from (Melo et al., 2022). 
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1.5.4. ATP hydrolysis in EHD proteins 
 

EHD proteins bind and hydrolyze ATP to ADP. Like other dynamin proteins, ATP hydrolysis is 

stimulated by membrane binding (Daumke et al., 2007). The ATPase activity in EHDs seems to 

be fundamental. It has been shown that the loss of ATP binding ability renders EHD2 completely 

cytoplasmatic and altered ATP hydrolysis rates affect both membrane binding and membrane 

remodelling (Daumke et al., 2007; Morén et al., 2012; Stoeber et al., 2012). For example, the 

hydrolysis mutant T94A generates distorted and enlarged caveolae and the nucleotide binding 

deficient mutant T72A cannot localize to caveolae (Daumke et al., 2007; Hoernke et al., 2017; 

Morén et al., 2012; Stoeber et al., 2012). Furthermore, the transfection of the ATPase deficient 

mutant F122A in EHD2 knock-out cells failed to recover the enlarged lipid droplet phenotype 

(Matthaeus et al., 2020). Remarkably, the absence of the EH domain was found to prevent ATP 

hydrolysis in EHD2 (Daumke et al., 2007; Morén et al., 2012). Also the deletion of the N-terminus 

results in an ATPase deficient EHD2 construct (Shah, 2013). Similar results were obtained when 

analogous residue mutations were investigated in EHD4 (Melo et al., 2017). It was also found 

that ATP hydrolysis in EHD1 is essential for endocytic recycling (Deo et al., 2018).  

 

 

 

Figure 26. The ATP hydrolysis of EHD2 is stimulated on membranes and is essential for its function in the cell. 
A) The intrinsic ATPase activity of EHD2 (open circles) is very low but it is stimulated in the presence of Folch 
liposomes (filled circles). Open and filled squares correspond to the T72A mutant, which cannot bind ATP. Open and 
filled triangles correspond to GTP measurements. Figure modified from (Daumke et al., 2007). B) Fluorescence 
micrographs of 3T3-L1 cells expressing GFP-tagged EHD2 variants and co-stained for endogenous caveolin-1. ATP 
binding and hydrolysis are necessary for membrane targeting. Figure modified from (Morén et al., 2012). 
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According to the importance of ATP hydrolysis, previous studies have suggested that ATP binding 

is involved in the formation of regular oligomers since it stabilizes the switch region thereby 

promoting oligomeric assembly (Melo et al., 2017, 2022). It has also been suggested that 

membrane binding only occurs when the protein is bound to ATP (Deo et al., 2018; Hoernke et 

al., 2017; Melo et al., 2017). Moreover, membrane remodelling/tubulation is believed to happen 

in an ATP-dependent manner (Daumke et al., 2007; Deo et al., 2018; Melo et al., 2017, 2022; 

Shah et al., 2014). In fact, Melo and colleagues showed that, in the absence of nucleotide, 

EHD4ΔN can bind to the surface of liposomes, but does not assemble into a filament nor forms 

tubules (Melo et al., 2022). In addition, only the nucleotide-bound EHD1 forms membrane 

remodelling scaffolds (Deo et al., 2018).  

For some time, it was unclear whether EHDs utilize the energy from ATP hydrolysis for 

membrane sculpting activities like other members of the dynamin family. However, several 

authors have hypothesized that ATP hydrolysis might be required for the disassembly of the 

protein filament and detachment from the membrane. This hypothesis has already been proposed 

for EHD4, EHD2 and EHD1 (Deo et al., 2018; Hoernke et al., 2017; Melo et al., 2022). 

Consequently, it was suggested that ATP has a dual role: ATP binding is required for membrane 

insertion and oligomeric assembly, and ATP hydrolysis is required for dissociation (Deo et al., 

2018; Hoernke et al., 2017; Melo et al., 2022). Together with the cryo-ET structure of EHD4ΔN, 

Melo and colleagues argued that ATP hydrolysis may act as an intrinsic timer to disassemble the 

EHD scaffold (Figure 27).  

 

 

 

Figure 27. ATP hydrolysis may lead to dissociation of the oligomeric filament. ATP hydrolysis destabilizes the G-
interface, since in ADP-bound dimers the interaction between the KPF loop and the switch I region is weakened. This 
has been suggested to drive disassembly. Figure modified from (Melo et al., 2022). 
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Since in the ADP-bound state, the interaction between the switch regions and the KPF loop is 

reduced (Melo et al., 2017), these authors hypothesized that oligomeric interfaces-2 and -3 must 

also be weakened in the ADP-bound state. This weakening is thought to lead to dissociation of 

the oligomer (Melo et al., 2022). Furthermore, ATP hydrolysis is expected to destabilize the G-

interface, which is also necessary for oligomerization (Melo et al., 2022). 

Despite the high conservation, EHDs exhibit quite different ATP hydrolysis rates. For example, 

EHD2 is a very slow ATPase (5.4 ± 0.2 h-1, (Daumke et al., 2007)), but the stimulated ATP 

hydrolysis rate is about 40 times higher in EHD1 (Deo et al., 2018) and 7 times higher in N-

terminally truncated EHD4 (Melo et al., 2017). This aspect highlights biochemical differences 

among EHD paralogs, which might be related to their diverse functions in the cell (see Section 

1.5.1). 

 

1.5.5. Membrane binding and remodelling 
 

EHDs interact with membranes via the amphipathic helices at the tip of the helical domain (see 

Section 1.5.2.2) and, possibly, via the amphipathic N-terminal stretch (see Section 1.5.2.3). 

Additionally, EHDs can remodel negatively charged liposomes into tubules by forming 

oligomeric filaments on their surface which act as scaffolds (see Section 1.5.3.2).  

Previous sections have introduced that, although ATP binding is essential for assembling into 

regular and organized oligomers, EHDs do not use the energy of ATP hydrolysis to perform their 

remodelling activities. Instead, the energy to deform a membrane was suggested to be drawn from 

the EHD2 assembly into membrane-bound oligomers (Hoernke et al., 2017). Investigations using 

EHD1 showed its preference for high-positive membrane curvature where it organizes into 

membrane-active scaffolds that bulge the underlying tube causing extension and thinning at 

intermediate regions of the tube (Deo et al., 2018). Furthermore, a significant fraction of the 

bulged and thinned tubes (below 25 nm in radius) underwent scission (Deo et al., 2018). These 

authors claimed that membrane bulging results from the underlying lipid bilayer adapting to the 

arc-shaped membrane binding surface of EHDs. 

This idea has been supported by the recent publication of the cryo-ET structure of EHD4ΔN (Melo 

et al., 2022). Although EHD4 did not show any scission capabilities, these authors highlighted the 

undulating appearance of the outer membrane layer of EHD4-coated tubes and the generation of 

membrane buckling resulting from the insertion of the helical tip region into the membrane (Melo 

et al., 2022). Melo and colleagues postulated that curved membranes facilitate the insertion of 

amphipathic regions in EHDs which, in turn, generate higher curvature by a wedging mechanism. 
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This deformation of the membrane is believed to promote assembly into helical or ring-like 

oligomers (Melo et al., 2022). Oligomeric filaments can adapt their orientation and geometry 

according to the underlying membrane curvature, and can further remodel the membrane into 

elongated tubules of varying shapes (Melo et al., 2022). These studies have emphasized the 

differences among EHDs regarding membrane remodelling: the low spontaneous membrane 

curvature of the EHD4 filament is in line with its reported cellular localization in 

macroendosomes or early endosomes. In contrast, EHD1 and EHD2 form assemblies around 

tubes of higher curvature, in accordance to their cellular localization on endocytic tubes and at 

the neck of caveolae, respectively (Melo et al., 2022). Hence, the preference of different EHD 

paralogs for specific membrane curvatures observed in vitro may reflect their specialized cellular 

localizations and functions (see Section 1.5.1). 
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2. Scope of the thesis 
 

Recent studies aimed to characterize the cellular function of EHD2 demonstrated that EHD2 can 

be found at caveolae of different invagination degrees, and that at highly curved caveolae, EHD2 

is required to stabilize membrane curvature at the neck, thereby confining these vesicles to the 

plasma membrane. However, structural details about how EHD2 performs this function have 

remained obscure. 

Over the past years, large efforts have been made to structurally and mechanistically characterize 

EHD proteins. Insights about their different conformations, activation mechanism and interaction 

with the membrane were revealed in several studies. Over the course of my thesis, my colleagues 

and I examined how lysine acetylation reduces membrane binding and remodelling in vitro, and 

alters the subcellular localization of EHD2: 

Lysine acetylation regulates the interaction between proteins and membranes. 
Okada AK, Teranishi K, Ambroso MR, Isas JM, Vázquez-Sarandeses E, Lee JY, Melo AA, Pandey P, 
Merken D, Berndt L, Lammers M, Daumke O, Chang K, Haworth IS, Langen R. (2021). 
Nature Communications. 9;12(1):6466.  
 

We also investigated the cryo-Electron Tomography of N-terminally truncated EHD4 in its 

membrane-bound oligomeric conformation: 

Cryo-electron tomography reveals structural insights into the membrane remodelling mode of dynamin-
like EHD filaments.  
Melo AA, Sprink T, Noel JK, Vázquez-Sarandeses E, van Hoorn C, Mohd S, Loerke J, Spahn CMT, 
Daumke O. (2022). 
Nature Communications. 10;13(1):7641. 
 

Still, details about the regulatory roles of specific domains in oligomeric assembly and in 

membrane curvature generation, as well as about the ATP hydrolysis cycle are scarce. The goal 

of the work carried out in this thesis was to deepen the current understanding of the EHD2 

structure, in the context of the membrane, and to provide a link between the structural findings 

and the reported physiological function of EHD2. To this end, full-length (FL) and N-terminally 

truncated (ΔN) EHD2 were reconstituted on tubular membranes to determine their membrane-

bound oligomeric structure using cryo-Electron Tomography and Subtomogram Averaging. The 

analysis and comparison of these two structures, together with biochemical assays and electron 

tomography of resin-embedded cells, have provided a better mechanistic understanding of the 

oligomeric assembly of EHD2 and its role at caveolae. A manuscript including the results of this 

thesis is in preparation.  
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3. Materials and Methods 
 

3.1. Materials  
 

3.1.1. Instruments 
Instruments used in this thesis are listed in Appendix A. 

 

3.1.2. Chemicals and reagents 
Chemicals used in this thesis are listed in Appendix B. 

 

3.1.3. Enzymes 
DNAse I (Roche, Mannheim, D), GST-PreScission Protease (expressed and purified in the 

laboratory). 

 

3.1.4. Bacteria strains 
Escherichia coli Rosetta 2 (DE3) and Escherichia coli BL21 (DE3). 

 

3.1.5. Eukaryotic cell lines 
Human Umbilical Vein Endothelial Cells (HUVEC) were purchased from Promocell. 

 

3.1.6. Media and buffers 
Buffers used in this thesis and their composition are listed in Appendix C. 

 

3.1.7. Software 
All software used in this thesis are listed in Appendix D. 
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3.2. Methods 
 

3.2.1. Protein expression and purification 
 

Mouse EHD2 constructs [full-length (residues 1-543) and ΔN (residues 19-543) were expressed 

in E. coli (BL21(DE3)-Rosetta2 strain) from a modified pET28 vector as N-terminal His6-tag 

fusions followed by a PreScission protease cleavage site (according to Daumke et al., 2007). Cells 

were grown shaking at 37 °C in TB (Terrific Broth medium, HP6.1, Roth). Protein expression 

was induced by the addition of 40 μM isopropyl-β- D-thiogalactopyranoside (IPTG) at an optical 

density of 0.6, followed by overnight incubation at 18 °C. Cells were harvested by centrifugation 

(4500 rpm, 20 min, 4 °C) and pellets were resuspended in Resuspension Buffer. Lysis was carried 

out using a microfluidizer. After centrifugation (20000 rpm, 40 min, 4 °C), cleared lysates 

corresponding to the soluble protein fraction were applied to a nickel-charged affinity resin (Ni-

NTA). The column was extensively washed with Washing Buffers 1 and 2 and the protein was 

eluted using Elution Buffer 1. For His-tag cleavage, 150 µg of PreScission protease were used per 

5mg of EHD2 construct. The protein sample was dialyzed overnight at 4 °C against Dialysis 

Buffer for imidazole removal and then re-applied to the Ni-NTA column. Despite cleavage of the 

His-tag, the protein bound unspecifically to the resin. Consequently, the column was washed with 

Washing Buffer 3 and the protein was eluted in two steps of increasing imidazole concentration 

using Elution Buffers 2 and 3. Concentrated protein was injected into a Superdex200 gel filtration 

column, previously equilibrated with SEC Buffer. A second run of size exclusion chromatography 

was performed as a polishing step. Fractions containing EHD2 were pooled, concentrated and 

flash-frozen in liquid nitrogen. 

 

3.2.2. Biochemistry and molecular biology 
 

3.2.2.1. Liposome preparation 

Folch fraction I bovine brain lipids were dissolved in chloroform at a concentration of 25 mg/ml. 

To form the liposomes, 50 µl of the lipid solution were mixed with 200 µl of a 

Chloroform/Methanol (3:1 v/v) mixture and dried under an Argon stream and inside a desiccator. 

The lipids were resuspended in Liposome Buffer and sonicated in a water bath for 30 seconds. 

Liposomes containing additional lipids were prepared as a 50% w/w mixture of Folch fraction 

and phosphatidylserine or phosphatidylethanolamine, or as a 70/30 % w/w mixture of Folch 

fraction and galactocerebrosides or cholesterol. When indicated, the resuspended and sonicated 
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lipids were extruded 11 times through a polycarbonate membrane of different pore sizes (800, 

400 and 200 nm). 

 

3.2.2.2. ATP hydrolysis assay 

The ATP hydrolysis activity of EHD2 constructs was determined in the absence and presence of 

1 mg/ml non-extruded Folch liposomes, using 100 µM ATP as substrate and ATPase Buffer. The 

reaction was incubated at 30 °C and 400 rpm and was initiated by adding the protein at a final 

concentration of 10 µM. At different time points, 12 µl aliquots were 2.5-fold diluted in HPLC 

buffer and incubated for 1 min at 80 °C to stop the reaction. ATP and ADP were separated using 

a reversed-phase Hypersil ODS-2 C18 column equilibrated with HPLC Buffer. Nucleotides were 

detected by absorption at 254 nm and quantified by integrating the corresponding peaks.   

 

3.2.2.3. Liposome co-sedimentation assay 

The binding of different EHD2 constructs to vesicles was determined using 10 µM protein and 1 

mg/ml Folch liposomes in Liposome Buffer. The reaction was incubated at room-temperature for 

20 min. Samples were spun at 70000 rpm for 30 min at 20 °C. The supernatant and pellet fractions 

were analyzed by SDS-PAGE. 

 

3.2.2.4. Transformation of chemically competent E. coli cells 

Escherichia coli BL21 and Rosetta (DE3) strains were used for plasmid propagation and for 

protein expression, respectively. For transformation, the heat shock method was employed 

according to standard methods. 

 

3.2.3. Cell culture 
 

HUVEC cells were grown at 37 °C and 5% CO2 in DMEM (Gibco Dulbecco’s Modified Eagle 

Medium, Thermo Scientific) supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. When confluent, cells were split using trypsin/EDTA for detachment. The 

maximum number of passages was kept below 30. 
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3.2.4. Transmission Electron Microscopy 
 

3.2.4.1. Tubulation assay 

For the generation of protein-decorated lipid tubules, 10 µM of the indicated EHD2 construct was 

incubated with 1 mg/ml Folch liposomes in Liposome Buffer and, when indicated, in the presence 

of 1 mM ATP. The reaction was incubated at room-temperature for 15 min. Samples were 

deposited on carbon-coated copper grids. After 30 seconds, excess of sample was blotted on filter 

paper and 4 µl of 2% uranyl acetate were applied for 30 seconds to negatively stain the sample. 

Excess of stain was removed by blotting and grids were air-dried. Electron micrographs were 

collected using a Talos L120C at 120kV. 

 

3.2.4.2. Cell fixation, embedding and sectioning 

Cells were cultured and transfected (when indicated) as described above. Once cells reached 

confluency, culture dishes were handed to the MDC Electron Microscopy Facility for fixation, 

staining, resin embedding and sectioning. 

For tomography of semi-thin sections (150 – 180 nm), a 1:30 dilution of 5 or 10 nm fiducial gold 

beads was spotted for 30 seconds on glow-discharged formvar, and carbon coated copper grids. 

Excess of beads was removed by blotting on filter paper and grids were washed twice using milliQ 

water. These grids were used to fish the sections from the microtome. 

 

3.2.4.3. Electron tomography of thick sections  

Tilt series of thick sections were acquired using a Talos L120C at 120kV and the software 

SerialEM. Images were collected from 60° to -60° with a 2° increment and bidirectionally, starting 

at 0°. Tomograms were reconstructed using IMOD. For caveolae morphology analysis and 

visualization, tomograms were binned 4 times and reconstructed using a SIRT-like filter with 8 

iterations. Measurements were done in IMOD. Structures of interest were segmented using 

Microscopy Image Browser and Amira. Smoothening of segmented surfaces, visualization and 

videos were created using Chimera and ChimeraX. 

For statistics and plotting, GraphPad Prism v.7.05 was used. Normal distribution was assessed by 

applying a D’Agostino-Pearson test. To calculate the significant difference between two groups, 

normally distributed data was analyzed using a Student t-Test (two-tailed P-value), otherwise a 

Mann-Whitney-Rank-Sum (two-tailed P-value) was used. Differences of p ≤ 0.05 were 

considered significant (p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***, p ≤ 0.0001****). 
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3.2.5. Cryo Electron Tomography and Subtomogram Averaging 
 

3.2.5.1. Sample preparation and data collection of EHD2 samples 

The ratios of the membrane tubulation reaction described in Section 3.2.4.1 were adjusted and 

optimized for cryo conditions. Firstly, the indicated EHD2 construct was diluted to a working 

stock concentration of 300 µM using Cryo-EM Buffer. Samples were prepared by incubating 80 

µM of the indicated EHD2 construct with 1.125 mM ATP for 5 min at room temperature. 

Afterwards, Folch liposomes were added to yield a final concentration of 2 mg/ml and the sample 

was incubated for 10 min at room temperature. For apo conditions, the 5 min incubation with ATP 

was omitted. Prior to plunge-freezing in liquid ethane, 5 nm gold beads were added to the sample 

at a 1:40 ratio. Glow-discharged carbon-coated copper Quantifoil grids were spotted with 4 µl of 

sample, back-blotted for 3 seconds and plunge-frozen using a Vitrobot Mark II device. Tilt series 

were acquired using a ThermoScientific Titan Krios electron microscope equipped with a Gatan 

K2 detector and operated at 300 kV. All tilt series were collected using the software SerialEM 

and, in some cases, in combination with the PACEtomo package. The nominal magnification was 

42,000 x resulting in a pixel size of 1.1 Å in super-resolution mode. Tilted images were collected 

following a dose-symmetric scheme from -60° to 60° degrees with a 3° increment. Defocus values 

ranged from -6 to -2.5 µm. More details about data collection are available in Appendix G. 

 

3.2.5.2. Data processing and tomogram reconstruction 

Tomograms were reconstructed either manually using the Etomo package from IMOD, or semi-

automatically using tomoBEAR. Tomograms were generated as weighted back projections. Eight-

times binned tomograms were used to pick particles. Subtomograms were manually picked along 

the axis of the lipid tubules in Dynamo. Initial particles had a size of 100 voxels. 

 

3.2.5.3. Subtomogram Averaging 

This part of the work was carried out by my collaborator Vasilii Mikirtumov (Kudryashev Lab, 

MDC, Berlin), who also wrote this section. 

The initial coordinates of full-length EHD2 particles were imported into SUSAN and 

reconstructed with the angular information from the drawn models. This initial average showing 

cylindrical density was used as a starting reference for alignment of eight-time-binned 

subtomograms. Two iterations with only translational searches and fixed low-pass filter, followed 

by 10 iterations with translational and rotational searches and adaptive low-pass filter were 

performed. At this stage halves of rings were aligned to each other, indicating that tubes have 
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different radii. These 14491 particles were then imported into RELION4-beta and classified into 

8 classes in bin 8 with global angular search and 7.5o degree step. Four classes with 6932 particles 

representing rings of different radii were selected for further processing. All particles were pooled 

and averaged, followed by symmetry expansion with C8 point-group. Although the underlying 

data does not have the C8 symmetry, this trick was used in order to sample the non-aligned parts 

of the rings, effectively performing subboxing along the ring surface. Half-set IDs of subboxed 

particles were kept same as their respective “full-ring” particles to ensure no spurious correlations 

in the FSCs. Particles were then recentered on the ring surface and subjected to auto-refinement 

in bin 8. After this, some subboxed positions converged on the same particles, leaving 44095 

particles after duplicate removal. Consecutive rounds of auto-refinement followed by duplicate 

removal were performed in bin 2 (with and without imposing local symmetry) and bin 1, followed 

by one round of polishing and CTF refinement without high-order aberrations. Final auto-

refinement of polished particles in bin 1 with C2 symmetry led to a 9 Å resolution map. A final 

cycle of TomoFrameAlignment and CTF refinement with tighter mask resulted in an 8 Å 

resolution map. A final subset of 37169 particles before polishing was then converted into a 

dynamo-style table and then projected on the high-dose non-tilted images and converted to SPA-

style particles STAR file. This was done with the custom script adopted from the hybridSTA 

method. These particles were imported into CryoSPARC and subjected to local refinement with 

non-uniform filtering, angular search constrained to 1 degree and translational search to 10 Å. 

Then, particles were reoriented to match C2 point-group symmetry axis and C2 symmetry was 

applied in all successive alignment rounds. The consensus map of the row of 14 EHD2 monomers 

was used to focus on the central six monomers of EHD2 and the particle set was expanded by 

subboxing four monomers on each side, giving a final set of 75439 particles after duplicate 

removal. Several rounds of particle subtraction, mask optimization and local refinement were 

performed. Lastly, the final particle stack was re-imported back into RELION for reconstruction, 

postprocessing and local resolution estimation. The final map had a nominal resolution of 6.7 Å. 

From the initially picked 98584 particles of N-terminally truncated EHD2, only 30449 were kept 

by excluding coordinates closer than 136 Å, imported into SUSAN and reconstructed with the 

angular information from the drawn models. This initial average showing cylindrical density was 

used as a starting reference for alignment of subtomograms in bin 8 (17.104 Å/pix). Two iterations 

with only translational searches and fixed low-pass filter, followed by 10 iterations with 

translational and rotational searches and adaptive low-pass filter were performed. These particle 

coordinates were projected on to high-dose at 0° tilt micrographs with modified hybridSTA script 

extracted and binned 4 times and subjected to 2D classification in RELION (into 50 classes with 

600 A circular mask diameter, 25 iterations, T=2 and default global in-plane angular search. 1838 

particles from 6 selected classes were imported into RELION4, auto-refined in bin 8 with 



Materials and Methods 

48 
 

spherical mask and global angular search and subjected to 3D classification with 4 classes and 

alignment constrained to +- 45o degree range. 506 particles from the class showing a full circle 

on a tube Z-slice were selected and auto-refined. The resulting map was used to subbox protein 

rows along the pseudo-helix with ChimeraX and custom script to keep particle poses. 17204 

particles after subboxing were reoriented to match the symmetry axis, auto-refined in bin 4, bin 2 

and bin 1 with applied C2 symmetry, local angular searches and a mask covering the 12 central 

monomers in the row. Final bin 1 auto-refinement of “polished” particles with a mask covering 

the 8 central monomers reached 12.4 Å resolution. These particles were then converted into a 

dynamo-style table, projected on the high-dose non-tilted images, and converted to SPA-style 

particles STAR file. This was done with the custom script adopted from the hybridSTA method. 

These particles were imported into CryoSPARC and subjected to local refinement with non-

uniform filtering, C2 symmetry, angular search constrained to 1 degree and translational search 

to 8 Å, giving the final 10.1 Å map of six central monomers. Local resolution was estimated in 

CryoSPARC. 

Illustrative summaries of the subtomogram averaging workflow are available in Appendix F. 

 

3.2.5.4. Flexible fitting and structure determination 

This part of the work was carried out by my collaborator Dr. Jeffrey K. Noel (Daumke Lab, MDC, 

Berlin), who also wrote this section. 

The atomic models consistent with the cryo-EM maps were generated using MDfit. MDfit uses 

the cryo-EM map as an umbrella potential to bias (i.e., deform) an underlying structure-based 

model (SBM) in order to maximize the cross-correlation between the experimental density and 

the simulated electron density. An SBM is a molecular force field that is explicitly, albeit not 

rigidly, biased toward a certain native structure. The SBM for fitting was the EHD2 homo-dimeric 

crystal structure (4CID) with the sequence homology modeled by Swiss-Model to remove any 

missing residues. The portion of the SBM for the KPF loop (residues 110-135), which is missing 

from the EHD2 structure, is based on the EHD4 crystal structure (5MVF). Building the SBM 

from the two crystal structures ensured that the resulting model was maximally consistent with 

the crystal conformation. This entailed no significant changes in structure as the sequences are 

highly similar. A preprocessing step was then necessary to move the EH domains within the dimer 

into a cis positioning because 4CID placed the EH domains in trans. This involved only 

reorientation of the (421-439 loop), no other residue positions were changed. We refer to this 

dimeric structure as EHD2-init. An SBM using EHD2-init as the input structure was then 

generated using SMOGv2.3 with the template “SBM_AA” meaning all non-hydrogen atoms were 

explicitly represented. 
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The density corresponding to the central two dimers within the cryo-EM map was chosen as the 

constraint for MDfit, since this region had the best resolution. Relaxation of the SBM under the 

influence of the cryo-EM map is performed by molecular dynamics (MD), and, thus, requires an 

initial condition. Two EHD2-init were rigid-body fit into the map using the “Fit in Map” tool of 

Chimera. This tetramer includes all studied interfaces and is in principle sufficient to model, 

however, the unfilled electron density due to missing filament neighbors would disrupt the fit. In 

order to initialize the neighbors on either side of two dimers, the translational symmetry of the 

filament was exploited. Four additional copies of EHD2-init were added, two positioned on either 

side, placed such that each dimer-dimer interface was identical. Technically, this was performed 

by 1) measuring the transformation X between the two central dimers in VMD, 2) duplicating the 

central dimers, and 3) applying X or -X to the duplicates. This six-dimer system served as the 

initial condition for MD. Alternating every 104 MD steps, 1) the dynamics were subject to only 

the SBM and electron density umbrella, 2) additionally a symmetrizing restraint potential. 

The symmetrizing restraint potential was implemented by rmsd fitting a central monomer to each 

monomer and employing weak position restraints. This process allowed the structure to explore 

the cryo-EM density while additionally maintaining the symmetry of the filament. Through this 

iterative process, the structure converged within 3×10^5 steps. The middle two dimers were taken 

as the atomic model. Note that even though the filament’s local C2 rotational symmetry was not 

explicitly enforced by us during MD, the fact that the SBM was based on a C2 symmetric structure 

ensured that this symmetry was included. 

After flexible fitting, the model was refined in real space using Phenix. Some clashes and outliers 

were fixed using Coot. The results of the refinement are available in Appendix G. 
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4. Results 
 

4.1. Sample preparation for Cryo-Electron Tomography 
 

4.1.1. Protein purification 
 

Previous studies in our group have demonstrated that several EHD protein constructs are stable 

in solution and that they can be expressed in high yields (Daumke et al., 2007; Melo et al., 2017; 

Shah et al., 2014). To reconstitute EHD2 on liposomes, a mouse full-length construct (Figure 28, 

panel A) was expressed in E. coli and purified according to established protocols (Daumke et al., 

2007) and as described in Section 3.2.1. A representative SDS-PAGE showing the evolution of 

the protein sample at different stages of affinity chromatography, as well as after size exclusion 

chromatography is shown in Figure 28, panel B. The corresponding size exclusion chromatogram 

can be observed in Figure 28, panel C. 

 

 

Figure 28. Purification of EHD2 constructs. A) Domain architecture and residue numbering of mouse full-length 
EHD2. B) SDS-PAGE of the purification of mouse full-length EHD2. MM: molecular marker (kDa); BI: E. coli culture 
before induction with IPTG; AI: E. coli culture after induction with IPTG; LYS: soluble extract after cell lysis, applied 
to the nickel column; FT: flow-through fraction containing contaminants that do not bind to the resin; W: first washing 
step; E1: eluted fraction from the Ni-NTA resin; C: fraction after His-tag cleavage; E2: eluted protein after re-
application to the Ni-NTA column; S: purified EHD2 after size exclusion chromatography. C) Size exclusion 
chromatogram. Pooled and concentrated protein fractions are indicated by the green line.  

 

Any other construct mentioned in this thesis was purified following the same protocol and yielded 

similar results.  
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4.1.2. Evaluation of lipid binding affinity to different types of liposomes 
 

Previous research from our group and others has shown that, like other members of the dynamin 

family of proteins, EHDs can also bind to membranes and remodel them by oligomerizing on the 

surface of the lipid bilayer (Daumke et al., 2007; Melo et al., 2017, 2022; Shah et al., 2014).  The 

specificity of EHD2 to bind to liposomes depends on their lipidic composition. EHD2 can 

efficiently bind to brain-derived lipids (Folch extract) and to phosphatidyl-serine, whereas the 

affinity to phosphatidyl inositols (PtdIns) is lower and varies depending on the type, with the 

highest binding affinity found for PtdIns(4,5)bisphosphate (Daumke et al., 2007). A recently 

published cryo-ET structure of an EHD4 construct was determined in the presence of liposomes 

containing a mixture of Folch lipids, phosphatidylethanolamine and cholesterol (Melo et al., 

2022). These studies show the relevance of using an appropriate lipid composition to boost 

binding of EHDs to the membrane and allow membrane remodelling.  

The preference of EHD2 to bind a certain type of liposomes was evaluated in order to select those 

which would yield the most efficient interaction. For the same reason, liposomes varying in size 

were tested. Liposome co-sedimentation assays were carried out as described in Section 3.2.2.3. 

Figure 29 shows that EHD2 binds to Folch liposomes with high affinity (panel A). Using a mixture 

of Folch lipids and phosphatidylserine or phosphatidylethanolamine did not increase binding. 

However, slightly decreased co-sedimentation was observed when liposomes containing 

galactocerebrosides or cholesterol were tested (Figure 29, panel A). Regarding the preference of 

EHD2 to bind liposomes of a certain size, non-extruded liposomes and liposomes extruded 

through an 800 nm filter did not yield significant differences (Figure 29, panel B). Per contra, 

membrane binding was decreased when smaller liposomes (extruded through 400 nm and 200 nm 

filters) were employed (Figure 29, panel B).  

 

 

Figure 29. Co-sedimentation assays to analyze how the lipid composition and size of liposomes affects membrane 
interaction. A) Liposomes containing different lipids were tested. EHD2 shows high affinity to 100% Folch liposomes 
(F). Similar binding was observed for liposomes containing a mixture of Folch lipids and phosphatidylserine (PS) or 
phosphatidylethanolamine (PE) in a 1:1 w/w ratio. Folch liposomes enriched with 30% galactocerebrosides (GC) or 
cholesterol (Ch) decreased the binding affinity of EHD2. B) EHD2 shows preferred binding to either non-extruded 
(n.e.) liposomes or to liposomes extruded through an 800 nm filter. Binding is decreased when the size of the liposomes 
is decreased (extruded through 400 nm and 200 nm filters). In the absence of liposomes (Ctrl), EHD2 remains soluble 
in the supernatant. S: supernatant fraction after centrifugation. P: pelleted fraction after centrifugation.  
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This indicates that EHD2 might have a preference to bind to membranes with a lower degree of 

curvature. This aspect is further analyzed and discussed in the following sections. For 

convenience, non-extruded liposomes consisting of 100% Folch lipid extract were used for 

subsequent experiments. 

 

4.1.3. Optimization of the membrane remodelling activity of EHD2 
 

Two important aspects in a sample directly impact the successful protein structure determination 

by means of cryo-Electron Microscopy and Tomography techniques. One is the requirement of 

having a highly concentrated sample, with many individual particles per field of view. This is 

crucial to obtain the large number of particles needed for solving a structure at high-resolution 

(Weissenberger et al., 2021). The second critical element to consider is sample homogeneity. 

Although orientation heterogeneity is usually desired in order to visualize the particle from 

different points of view, successful single particle analysis (SPA) or subtomogram averaging 

(STA) rely on the homogeneity of the particles to be averaged in terms of size, conformation, and 

flexibility, among other (Weissenberger et al., 2021). Having the aim of solving the structure of 

membrane bound oligomerized EHD2 at subnanometer resolution, the sample conditions were 

optimized to increase the number of protein-decorated tubules and their homogeneity.  

Transmission electron microscopy of EHD2-coated lipids was shown previously (Daumke et al., 

2007; Shah et al., 2014) and initial cryo-ET conditions were also assayed but could not be 

exploited at the time (Shah et al., 2014). In the current study, previously existing protocols were 

reproduced, as described in Section 3.2.4.1 (Figure 30, panels A and B). Using negative-stain 

electron microscopy, remodelling of liposomes resulting in long lipid tubules was observed. 

However, tubulation was increased when slight modifications of the ratios between reaction 

components were tested (Figure 30, panel C). These experimental adjustments consisted of 

reducing the protein:ATP ratio from 1:100 to 1:14 and the protein:liposomes ratio from 1:1.7 to 

1:0.5. These conditions were chosen for the preparation of grids (see Section 3.2.5.1). 

Nevertheless, even though the number of tubules increased, the heterogeneity of their shape could 

not be overcome (see Section 4.2.2). 
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Figure 30. Increased remodelling activity of EHD2. A) Non-tubulated Folch liposomes. B) EHD2 deforms liposomes 
into tubules in the presence of ATP. C) The tubulating activity of EHD2 could be increased by modifying the ratios of 
the reaction components. Scale bars: 1 μm. 

 

 

4.1.4. Selection of grids 
 

Another fundamental aspect for successful cryo-EM/ET data acquisition is selecting the optimal 

grids which will serve as support for the sample. Different types of grids differ in terms of 

material, coating, mesh size and hole size.  

In the first data acquisition sessions using conventional Quantifoil Holey copper grids with a 

carbon support, EHD2 tubules were found to stick to the carbon covering the mesh of the grid 

and were hardly ever found inside the holes, where the electron beam can penetrate best (Figure 

31, panel A). After systematically testing different types of grids, copper grids covered with a gold 

film instead of carbon were found to increase the chances of finding lipid tubules inside the holes 

(Figure 31, panel B). These grids were used for all cryo-ET tilt series datasets. 

 

 

Figure 31. Effects of employing different types of grids. A) EHD2-coated lipid tubules were hardly ever found inside 
the holes when copper grids with a carbon support were used. B) Using grids carrying a gold film increased the chances 
of finding lipid tubules inside the holes. Black arrowheads highlight the lipid tubules. Scale bars: 1 μm. 
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4.2. Overall architecture of EHD2 oligomers 
 

4.2.1. EHD2 assembles on lipid bilayers of different curvature  
 

The cryo-ET structure of an N-terminally truncated EHD4 revealed that it can remodel 

membranes into tubules and oligomerize forming helices around them (Melo et al., 2022). EHD4 

oligomers can assemble on lipid tubules of a wide range of diameters (30 to 100 nm) and adapt 

their helical geometry according to the curvature of the membrane (Melo et al., 2022).  

To gain insights into the overall architecture of oligomerized EHD2, 95 cryo-ET tilt series were 

collected and reconstructed into tomograms as described in Section 3.2.5.2, using the optimized 

sample conditions described above and detailed in Section 3.2.5.1. Similar to EHD4ΔN, EHD2 

can also oligomerize on lipid bilayers of varying curvature in the presence of ATP (Figure 32). 

EHD2 can form short filaments on the surface of non-tubulated liposomes, where membrane 

curvature is low (Figure 32, panel B). At transition areas in which membrane curvature increases, 

oligomeric filaments can contact each other and remodel the vesicles into lipid tubules (Figure 

32, panel C). Continuous oligomeric ring-like filaments were observed around (Figure 32, panel 

D). As reported for EHD4ΔN (Melo et al., 2022), these results show that EHD2 assemblies can 

as well adapt to different membrane curvatures. However, in comparison to EHD4ΔN, EHD2 

deformed liposomes into tubes of much smaller diameters (Figure 32, panel D and Section 4.2.2) 

but failed to form continuous filaments on membranes of low curvature, like tubules of greater 

diameter or on the surface of intact vesicles. 

Taken together, these results show that EHD2 filaments form on the surface of membranes of 

different curvature degrees and suggest that membrane curvature plays a role in the length and 

shape of the EHD2 oligomers.  
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Figure 32. EHD2 forms oligomers on lipid bilayers of varying curvatures. A) Central Z-slice of a representative 
tomogram shows how EHD2 binds to membranes of different curvature and remodels them into different shapes by 
oligomerizing on their surface. B) EHD2 can form short filaments on membranes of low curvature. C) Membrane 
tubulation occurs at areas of higher curvature where oligomeric filaments encounter (arrowheads). D) EHD2 
oligomerizes into ring-like structures around lipid tubules of high curvature. Images in panels B, C and D correspond 
to the inlets highlighted in A and show higher Z slices of the tomographic volume. Scale bars: 50 nm. 

 

 

4.2.2. EHD2-decorated lipid tubules are heterogenous 
 

The diverse EHD2 oligomeric assemblies that are found in the in vitro reconstituted samples may 

have a biological significance since EHD2 has been localized to both flat and highly curved 

caveolae (Matthaeus et al., 2022). However, due to the fact that the formation of caveolae and the 

transition from one degree of membrane curvature to another is a dynamic process (Matthaeus et 

al., 2022), this study mainly focused on the ring-like structures around lipid tubules, which 

resemble the proposed stable assembly of EHD2 around the neck of highly invaginated caveolae 

(Section 1.3.2). 

EHD2-decorated lipid tubules are considerably heterogenous in terms of diameter, length, 

curvature, and branching. Inevitably, this variety of shapes entails diverse oligomeric 
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configurations: EHD2 filaments are irregularly spaced, there is an uneven number of EHD2 

molecules per turn around the tubule, and EHD2 oligomers rest in erratic orientations relative to 

the axis of the tubule. These sources of heterogeneity are indicated on a representative tomogram 

in Figure 33, panel A. The differences in orientation and arrangement of EHD2 filaments become 

even more evident in the subtomogram class averages (Figure 34). 

Despite the heterogeneity, it is worth noting that, in comparison to EHD4ΔN tubules, EHD2 

tubules are thinner, and their luminal diameters lay within a much narrower range of 18 to 44 nm 

(Figure 33, panels B and C). These results are in agreement with the model predicted based on 

the EHD2 crystal structure (Daumke et al., 2007). 

 

 

Figure 33. EHD2-coated lipid tubules are heterogenous, but their luminal diameter lies within a narrow range. 
A) Central Z-slice of a representative tomogram showing different sources of heterogeneity. Tubules can be more or 
less curved (red versus blue arrowheads) and differ in diameter (green arrowheads). This directly impacts the oligomeric 
assembly: there is a different number of EHD2 molecules per turn around the tubule (green arrowheads), ring-like 
structures are positioned in different angles with respect to the axis of the tubule (red versus blue arrowheads) and the 
spacing between oligomers also varies (blue versus pink arrowheads). Scale bar: 50 nm. B) Cross sections of the 
projection of all subtomogram averages of EHD2 tubules. The subtomogram classes corresponding to the narrowest 
and the widest tubules are shown. The luminal diameter range of all tubes is between 18 and 44 nm. C) Cross sections 
of the projection of subtomogram averages of EHD4ΔN tubules with different diameters. Modified from (Melo et al., 
2022). 

 

 

Taken together with the results presented in the previous section, these results show that EHD2 

can assemble into organized filaments and adapt the oligomeric architecture to different degrees 

of membrane curvature. Moreover, in comparison to EHD4ΔN, EHD2 generates narrower 

tubules, the diameter of which is very similar to that of the caveolar neck, as reported in the 
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literature (Matthaeus et al., 2022; Parton, McMahon, et al., 2020; Sotodosos-Alonso et al., 2023) 

and also in this study (Section 4.6). 

 

 

4.3. The 6.7 Å cryo-ET structure of oligomeric EHD2 
 

4.3.1. The subtomogram averaging structure 
 

To obtain a subnanometer structure of oligomeric EHD2, an initial set of 14,491 particles were 

picked along the axis of the lipid tubules found in 95 reconstructed cryo tomograms (See section 

3.2.5.3). These subtomograms had a size of 1003 voxels and could accommodate a full cross-

section of the tube. Consequently, between one to three EHD2 ring-like structures (depending on 

the spacing between them) were included in each subtomogram. As stated in Section 4.2.2., the 

architecture of the assembly was highly heterogenous, and these big particles yielded noisy 

averages, despite thorough classification rounds (Figure 34). 

 

 

 

Figure 34. EHD2 subtomograms are too heterogenous and cannot be averaged. An initial set of 14745 1003 voxel 
subtomograms were averaged and classified. The results of a multireference alignment using ten references are shown 
as full projections in x, y, and z views (left, middle and right panels, respectively). A 3D representation of each class 
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(X-view plane) is shown on top of the corresponding projection. Particles yielded poorly defined averages as a result 
of the data heterogeneity. 

 

The use of different alignment and classification parameters, as well as applying diverse masks 

did not improve the average of these subtomograms. Subboxing, a commonly used subtomogram 

averaging strategy, was employed to overcome sample heterogeneity. Subboxing consists of 

redefining the area of interest by deriving new particle positions from the initial ones. The new 

particles are smaller and contain structures which are homogenous throughout the dataset.  

This part of the work was carried out by my collaboration partner Vasilii Mikirtumov (Kudryashev 

Lab, MDC, Berlin), as described in Section 3.2.5.3. A detailed description of the subtomogram 

averaging workflow for structure determination can be found in Appendix F. A table summarizing 

data collection parameters and processing values can be found in Appendix G. Briefly, the initial 

14,491 particles were subjected to 3D classification but, due to data heterogeneity, only some 

parts of the full ring-like structures could be aligned. Based on this alignment, four classes 

representing 6,932 particles were selected for further processing (Figure 35, panel A). A subbox 

including 14 EHD2 monomers was selected to redefine the size of the particles and a total of 

44,095 particles was obtained. Consecutive rounds of auto-refinement, duplicate removal, and 

polishing with C2 symmetry led to a 9 Å resolution map. Local refinement and further subboxing 

generated a dataset of 75,439 particles, each including 6 EHD2 monomers (Figure 35, panel B). 

The final result of subtomogram averaging is a cryo-EM density map of an asymmetric unit (AU) 

of six monomers of membrane bound EHD2 at an average resolution of 6.7 Å (Figure 35, panels 

C and D). Two dimers are formed in the AU (Figure 35, panel C), and the other two monomers 

included correspond to neighboring dimers within the filament. The core of the protein, and 

especially the G domains, were solved at a resolution of 6.5 Å, but more flexible areas such as 

the peripheral helices of the helical domains and the EH domains were solved at lower resolutions, 

ranging 7 - 7.5 Å. In general, secondary structure corresponding to helices and sheets could clearly 

be discerned in the density (Figure 35, panel C).  

The map revealed that the overall structure is similar to the closed conformation of the EHD2 

dimer, represented by two crystal structures (PDB: 2QPT and 4CID, references (Daumke et al., 

2007; Shah et al., 2014), respectively) and to the EHD4ΔN membrane-bound oligomer (PDB: 

7SOX, (Melo et al., 2022)). 
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Figure 35. The 6.7 Å cryo-ET structure of membrane bound EHD2. A) The initial 14,491 particles were 3D 
classified. Four classes (marked in red) were selected for further processing. B) An initial subbox including 14 EHD2 
monomers was defined (left panel). Consecutive auto-refinement, duplicate removal and polishing with C2 symmetry 
generated a 9 Å resolution map (middle panel). To improve resolution, six monomers were subboxed to generate 75,439 
particles which were locally refined and postprocessed to obtain a final 6.7 Å resolution map (right panel). C) Front 
and top views of the AU resulting from subtomogram averaging and subboxing. Six monomers (numbered) are included 
in the AU; two dimers are formed and the other two monomers correspond to neighboring dimers within the filament. 
The density is colored according to local resolution values. D) Fourier Shell Correlation curve. 
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4.3.2. Flexible fitting and refinement 
 

To generate a model, a flexible fitting approach was carried out by my collaborator Dr. Jeffrey K. 

Noel (Daumke Lab, MDC, Berlin), as described in Section 3.2.5.4. Briefly, the crystal structure 

of EHD2 (PDB: 4CID, (Shah et al., 2014)) was used for fitting. Since the KPF loop (residues 110 

– 135) are missing in this structure, these residues were modeled based on the EHD4ΔN crystal 

structure (PDB: 5MTV, (Melo et al., 2017)). Furthermore, the EH domains were assigned to the 

same molecule (in cis) in the model used for fitting, instead of to opposite monomers (in trans), 

as it had been done for the cryo-ET EHD4ΔN structure (PDB: 7SOX, (Melo et al., 2022)). 

However, since the long linker between the helical and the EH domains is disordered (residues 

400 – 439), the in cis configuration cannot be excluded. The density corresponding to the central 

two dimers within the cryo-EM map was chosen as the constraint for the fit, since this region has 

the best resolution. This tetramer is in principle sufficient for the model, however the unfilled 

electron density could disrupt the fit. To prevent this, four additional copies of the EHD2 dimer 

were added to each side of the central tetramer and this six-dimer system served for molecular 

dynamics and accurate fitting (Figure 36). 

 

 

 

Figure 36. Flexible fitting strategy. The full unmasked cryo-ET map is shown as a 3D surface. The six monomers 
that correspond to the 6.7 Å asymmetric unit are shown inside the yellow box. The central tetramer of the AU was used 
for flexible fitting of two EHD2 dimers (purple cartoons). To fill the density for accurate molecular dynamics, four 
additional EHD2 dimers were added to the side of the central tetramer (gray cartoons). 
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Because the central tetramer highlighted in Figure 36 includes all interfaces required for 

oligomeric assembly, it will be used to report the results and conclusions obtained in this work 

and for visualization in figures, unless stated otherwise. 

After flexible fitting, the model was further refined in real space to improve the geometry, reduce 

molecular clashes, and validate the statistics (Table 1 and Appendix G).  

 

Table 1. Statistics after real-space refinement. 

Initial model used (PDB code) 4CID 
Map sharpening B factor (Å2) -200 
Model composition  
 Non-hydrogen atoms 16576 
 Protein residues 2084 
 Ligands 0 
R.m.s. deviations  
 Bond lengths (Å) 0.004 
 Bond angles (°) 0.856 
Validation  
 MolProbity score 2.16 
 Clashcore 21.26 
 Poor rotamers (%) 0.00 
Ramachandran plot  
 Favored (%) 95.18 
 Allowed (%) 4.82 
 Disallowed (%) 0.00 

 

 

4.3.3. Structure of the membrane-bound EHD2 oligomer 
 

The final model of membrane-bound EHD2 is shown in Figure 37. When oligomerized and bound 

to membranes, EHD2 is in the closed conformation (for comparison see Figure 12). The core G 

domains are involved in dimerization and in oligomerization by establishing contacts with 

adjacent dimers. The helical domain points towards the membrane and its proximity to adjacent 

dimers suggest that it is also involved in oligomerization, as it has been suggested for EHD4ΔN 

(Melo et al., 2022). As stated in the previous section, the density was interpreted in such way that 

the KPF loop was occupying the hydrophobic pocket of the G domain, a conformation that is 

required to establish one of the oligomerization interfaces (see Section 4.3.5). Consequently, the 

N-terminus must not be present in the pocket in the oligomeric conformation. The hydrophobic 

pocket of the G domain occupied either with the KPF loop or with the N-terminus can be observed 

in Figure 37, panels C and D. The N-terminal residues could not be modeled in the cryo-ET 
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structure, likely due to the disordered nature of this stretch. Because of the reported relevance of 

the N-terminus in membrane binding (see sections 1.5.2.3 and 1.5.3.2 and (Shah et al., 2014)), its 

potential location in the cryo-ET reconstruction was further analyzed in Section 4.3.6.  

 

 

 

 
 

Figure 37. EHD2 model after flexible fitting and real space refinement. A) A dimer of the resulting model is shown 
overlaid with the density map. B) The top view of an EHD2 octamer is depicted to visualize how EHD2 dimers 
assemble into a filament. One dimer is colored according to the domain architecture and the rest are shown in gray. C) 
Overlay of the cryo-ET EHD2 structure and the crystal EHD2 structure (PDB: 4CID). Structural differences are 
highlighted inside the dashed squares and magnified in D. D) Top: the EH domain undergoes a sliding movement to 
the periphery and an 80° rotation (black arrows). Bottom: The KPF loop occupies the hydrophobic pocket in the G 
domain when EHD2 is oligomerized (colored cartoons). In the crystal structure (gray cartoons), the first residues of the 
N-terminus occupy this pocket (black cartoons). The black arrow indicates the movement of the KPF loop towards the 
G domain. 
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The disordered linker between the helical and the EH domains could not be accurately modeled 

either. Because of this, although the EH domains were assigned to the same molecule in the cryo-

ET structure (in cis), it cannot be excluded that they might extend to the opposing monomer within 

one dimer, as modeled in the EHD2 crystal structures (PDB: 2QPT and 4CID, (Daumke et al., 

2007; Shah et al., 2014), respectively), adopting an in trans configuration, meaning that the EH 

domain of one monomer sits on above the G domain of the opposing monomer. Regardless of 

this, a superposition of the cryo-ET structure with the crystal structure of EHD2 shows that the 

EH domain undergoes a large-scale movement upon oligomerization that consists of a shift 

towards the side of the filament and an 80º rotation (Figure 37, panels C and D). A more detailed 

description about the reconfiguration of the EH domain is provided in the next section. 

 

4.3.4. The EH domains undergo a large-scale movement 
 

In the membrane-bound oligomeric configuration of EHD2, the EH domains are shifted towards 

the periphery of the filament, thereby adopting a conformation in which the distance between the 

EH domains of one dimer is increased. Moreover, the EH domains undergo an 80º rotation (Figure 

37, panels C and D). This results in the repositioning of the C-terminal tail, which no longer folds 

back towards the G domain, as in the EHD2 crystal structure, but it is pointing to the outside of 

the filament. Figure 38 shows a detailed illustration of the reorientation of the EH domain in 

comparison to the position described in the crystal structure of EHD2. 

 

 

Figure 38. Movement of the EH domain. Overlay of the EH domains of one monomer of the EHD2 cryo-ET structure 
(green) and one monomer of the EHD2 crystal structure (gray, PDB: 4CID). The movement of the EH domain is 
indicated by an arrow. To illustrate the rearrangement, helices are colored. Solid colors correspond to the cryo-ET 
structure and transparent colors to the crystal structure. Front, side, and back views are shown in the left, middle and 
right panels, respectively. The G domain is shown for orientation and corresponds to the cryo-ET structure. For a better 
visualization, the linker is not shown. 
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To confidently ensure that the new configuration of the EH domain is correct, a central excised 

EH domain density was used to guide the flexible fitting of the EH domain crystal structure 

starting from 70 rotations equally distributed around a sphere. The four best scoring rotations, 

based on the correlation coefficient (CC) between the density map and the model (correlation 

coefficient = 1 = perfect fit), are in the new rotated configuration and have CCs > 0.71. These 

conformations fit quite accurately in the secondary structure features that are visible in the EH 

domain density (Figure 39, panel A). The fifth best scoring rotation corresponds to the crystal 

structure configuration (C-terminus towards the G domain), but its CC is <0.7 and it barely fits in 

the density (Figure 39, panel B). 

 

 
Figure 39. Flexible fitting of the EH domain. Seventy different rotations of the EH domain crystal structure were 
fitted in the electron density. A) The best four scoring results, based on the correlation coefficient (CC) between the 
map and model, are in the rotated configuration with the C-terminal tail pointing upwards and to the outside of the 
filament. B) The crystal structure configuration (C-terminal tail folding back to the G domain) does not fit well in the 
cryo-ET density. Front views are shown on the left and back views, on the right. 
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In addition, the new conformation of the EH domain exposes negatively charged residues to the 

outside (Figure 40). The surface of the EHD2 oligomeric filament is rich in negative charges at 

the top of the structure. These patches may now be available for electrostatic bonding with other 

proteins and may represent a new site of interactions between EHDs and the environment. 

 

Another important aspect of the EH domain is the NPF-binding pocket, which has been suggested 

to mediate the interaction between EHD proteins and their binding partners. The reorientation of 

the EH domain in the cryo-ET EHD2 structure positions this pocket towards the inside of the 

filament, in between adjacent dimers, and is almost completely buried (Figure 41).  

 

 

 
Figure 40. The reorientation of the EH domain exposes negatively charged patches. A) Electrostatic surface 
representation of an EHD2 tetramer (central tetramer in the filament). The new configuration of the EH domain results 
in a highly negatively charged surface at the top of the structure. B) The negatively charged residues from the EH 
domain are buried in the crystal structure of EHD2 (PDB: 4CID). Front, side, and top views are shown in the left, 
middle and right panels, respectively. Negative surface potential is shown in red, and positive in blue. 

 
 

 

 



Results 

66 
 

 
Figure 41. The NPF-binding pocket of the EH domain is facing inwards. In the new orientation of the EH domain, 
the pocket (in yellow) used by EHDs to interact with binding partners is facing adjacent dimers within the filament. 

 

 

4.3.5. Architectural determinants of the oligomeric EHD2 assembly 
 

Three assembly interfaces have been defined in the EHD4ΔN oligomeric structure: interface-1, 

which mediates dimerization, and interface-2 (KPF loop – helical domain) and interface-3 (G 

interface), which mediate oligomerization ((Melo et al., 2022) and see 1.5.3). These interfaces are 

apparent in the EHD2 oligomers, together with other contact sites which had not been described 

previously. 

Although the resolution of the structure does not allow the accurate assignment of side chains to 

define interactions, favored rotamers of highly conserved residues (see Appendix E) have been 

chosen to promote contacts, as long as clashes were prevented (hydrogen bonds and clashes were 

calculated using ChimeraX and Coot). These residues and contact sites are shown in Figure 42 

and described in the following.  

Six different contact sites can be identified in the EHD2 filament. One of them is the dimerization 

interface (interface-1, according to (Melo et al., 2022)). The other five only exist in the oligomeric 

assembly (Figure 42). There are two potential contact sites between the G domain of one dimer 

and the opposing G domain of the adjacent dimer: 1) the canonical G-interface formed between 

the nucleotide binding pockets (Figure 42, panel A), which had already been described in the 

EHD4ΔN filament (Melo et al., 2022); and 2) electrostatic interactions between the switch II 

regions at the bottom of the G domains (Figure 42, panel B). Because the switch II regions are 

involved in nucleotide binding, these two contact sites define the G interface (interface-3, 

according to (Melo et al., 2022)). Interestingly, in the new rotated configuration, the EH and G 

domains of one monomer establish contacts (Figure 42, panel C). Furthermore, based on the 
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model used for flexible fitting (see Section 4.3.2), the KPF loop of one monomer could interact 

with the helical domain of the adjacent monomer forming an interface that drives oligomerization 

(Figure 42, panel E). This interface corresponds to interface-2 according to (Melo et al., 2022). In 

addition, it is likely that other contacts are formed right on top of this interface, involving the KPF 

loop and the G domain (Figure 42, panel D). These contacts were not described before and could 

represent a fourth assembly interface. 

 

 

Figure 42. Architecture of the EHD2 filament. The central tetramer of the filament is displayed. In the first dimer, 
one monomer is colored according to the domains and the other monomer is shown in gray. The second dimer is shown 
in two shades of purple. There are six contact sites, including the dimerization interface (interface-1, [71]). The rotamers 
of highly conserved residues that might be involved in interactions have been chosen and are highlighted. A) The 
canonical G-interface (interface-3, [71]) between nucleotide binding pockets drives assembly. B) The switch II regions 
of two opposing G domains might establish electrostatic interactions (part of interface-3, [71]). C) The new 
configuration of the EH domain might generate contacts with the G domain directly below. D) The KPF loop could 
interact with the G domain of the adjacent monomer. E) Oligomerization might also be driven by contacts between the 
KPF loop and the helical domain of the adjacent monomer (interface-2, [71]). 
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4.3.6. Interaction with the lipid bilayer and generation of membrane curvature 
 

The binding of EHD2 to membranes is mainly driven by interactions between the phospholipids 

and hydrophobic and positively charged residues at the tip of the helical domain (see Section 

1.5.2.2). Additionally, it has been proposed that the N-terminal residues might act as a secondary 

membrane binding site by inserting into the lipid bilayer (Shah et al., 2014). The cryo-ET structure 

of full-length EHD2 reveals how the residues at the tip of the helical domain penetrate into the 

outer leaflet of the lipid bilayer (Figure 43). This interaction is reminiscent of a wedging 

mechanism which may promote the membrane remodelling activity of EHD2, resulting in the 

generation of both positive and negative curvature (Figure 43, panel A).  

When analyzing the membrane geometry of the EHD2-coated tubules, both positive and negative 

membrane curvatures were evident. Positive membrane curvature was observed perpendicular to 

the tubule’s axis and corresponds to the curvature of the membrane tubule (Figure 43, panels B 

and D). In addition, the membrane surface showed undulations along the tubule’s axis, with the 

EHD2 filament sitting in the throughs of the undulations (Figure 43, panels C and E). 
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Figure 43. EHD2-coated tubules feature both positive and negative membrane curvature. A) Full 2D projections 
of the StA map, including the lipid bilayer. B, C, and E show 3D surface representations of the left, middle and right 
panels shown in A, respectively. The central tetramer is highlighted in purple. B) Side view showing the positive 
curvature. This curvature corresponds to the perimeter of the tubule. C) Front view showing the negative curvature of 
the lipid bilayer. The adjacent EHD2 filaments are indicated. D) Magnified view of the inlet highlighted in A. The tip 
of the helical domain inserts in the outer leaflet of the lipid bilayer. Key residues for this interaction are highlighted in 
one monomer. E) Top view of the EHD2 filament. The adjacent EHD2 filaments are indicated.  

 

 

Altogether, EHD2 binds to liposomes in vitro, forms oligomers and is able to form lipid tubules, 

thereby generating positive curvature. EHD2 filaments constrict the membrane tubules locally – 

where the oligomers sit – and this results in a tubule with undulations and bulged areas in between 

EHD2 oligomers (Figure 44). 
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Figure 44. The in vitro membrane remodelling activity of EHD2 results in a lipid tubule with constrictions. 
Schematic representation of the lipid tubule that EHD2 generates. The positive curvature is indicated in red and the 
negative one in yellow. In between two EHD2 filaments, the lipid bilayer undergoes bulging. 

 

 

The N-terminal residues have been proposed to constitute a secondary membrane-binding site 

(Shah et al., 2014). These residues could not be modeled in the cryo-ET density, indicating that 

they are not well defined and possibly disordered. However, when the cryo-ET map is 

unsharpened to highlight low-resolution features, it is possible to observe a pattern of densities 

that emerge directly next to the first modeled residue (Arg19) and reach towards the lipid bilayer 

(Figure 45). The location of this density supports that it might correspond to the N-terminal 

sequence stretch. Moreover, the distance of this density (measured between Arg19 and the lipid 

bilayer) is 28 Å, and an 18-residue peptide is long enough to cover that distance. This finding 

backs the hypothesis that the N-terminal region could insert into the lipid bilayer and contribute 

to membrane interaction.  

Nevertheless, the resolution of these densities is too low to accurately model the disordered N-

terminal stretch. Consequently, in an effort to better understand the role of the N-terminus in 

membrane binding and in oligomeric assembly, an N-terminally truncated EHD2 was used for 

subsequent structural investigations (see next section). 
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Figure 45. The N-terminal stretch might reach into the lipid bilayer. A) Top: Full 2-D projection of the Z view of 
the STA map, unsharpened and filtered to highlight low resolution features. Bottom: 3D surface representation, the 
central tetramer is overlaid. The arrows indicate the pattern of empty low-resolution densities that can be observed in 
an unsharpened map. B) These densities are positioned on the sides of the EHD2 filament and reach the lipid bilayer. 
C) Inlet highlighted in B. The dashed purple lines indicate the possible location of the disordered N-terminal residues. 

 

 

 

4.4. The cryo-ET structure of N-terminally truncated EHD2 
 

As extensively outlined in Section 1.5.2., the relevance of the N-terminal stretch (residues 1 – 18) 

of EHD2 has been previously investigated (Daumke et al., 2007; Hoernke et al., 2017; Shah et 

al., 2014). These residues are conserved (Figure 17, panel A and Appendix E) among different 

EHDs. Several studies have suggested that the N-terminal stretch is essential for membrane 

interaction, conformational rearrangement, and oligomeric assembly. The recently published 

cryo-ET structure of EHD4ΔN confirmed that, in the oligomerized membrane-bound 

conformation, the hydrophobic pocket of the G domain is occupied by the KPF loop and that the 

G domain is close towards the membrane so that the N-terminus may switch into the membrane 

bilayer (Melo et al., 2022). However, this study left some questions unanswered since the effect 

of the N-terminal truncation could not be fully assessed due to the unsuccessful expression of 

full-length EHD4 for comparison. 
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4.4.1. The absence of the N-terminus alters the overall architecture 
 

To gain further insights into the specific role of the N-terminus in the EHD assembly and in 

membrane binding, an N-terminally truncated EHD2 construct (EHD2ΔN) was expressed and 

purified as described in Section 3.2.1 and was used for the acquisition of cryo-ET tilt series and 

for StA, as described in Section 3.2.5. A total of 110 tomograms were acquired and reconstructed. 

An initial set of 30,449 particles were manually picked along the axis of the lipid tubules and 

subjected to 3D alignment and averaging. 

The tomograms show that EHD2ΔN can bind to liposomes and remodel them into lipid tubules 

forming a coat around them (Figure 46, panel A). The oligomeric arrangement noticeably differs 

from that of full-length EHD2. EHD2ΔN filaments seem to form helices rather than ring-like 

structures and they are tightly packed and in very close proximity (Figure 46, panels B and C). It 

is evident that the deletion of the N-terminal residues has a drastic effect in the overall 

oligomerization architecture, supporting the suggested role of this stretch in guaranteeing the 

correct assembly of EHD2.  

The initial averages of the subtomograms indicate that the lipid tubules formed by EHD2ΔN are 

similar to the ones produced by EHD2 in terms of diameter. The luminal diameter of the tubes 

found in all the reconstructed tomograms falls within a range of 22 to 33 nm (Figure 46, panel C). 

Strikingly, EHD2ΔN can arrange into both right- and left-handed helices (Figure 46, panel C).  

Due to particle heterogeneity, a subtomogram averaging workflow including a subboxing strategy 

was employed for structure determination. 
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Figure 46. The deletion of the N-terminal stretch drastically affects the overall oligomeric arrangement. A) 
Central Z-slice of a representative tomogram showing the lumen of lipid tubules and the oligomeric EHD2ΔN coat on 
their surface. B) Fifteen Z-slices towards the top of the same tomogram shown in A. EHD2ΔN filaments are tightly 
packed. C) Full 2D projections in x, y, and z views (left, middle and right, respectively) of two different subtomogram 
classes. The luminal diameter range of all tubes was between 22 and 33 nm. A 3D representation of each class (X-view 
plane) is shown on top of the corresponding projection. EHD2ΔN filaments form both right- and left-handed helices 
around the lipid tubules. Scale bars: 50 nm. 

 

 

 

4.4.2. Subtomogram averaging and flexible fitting 
 

My collaborators Vasilii Mikirtumov and Dr. Jeffrey K. Noel carried out subtomogram averaging 

and flexible fitting, respectively, as described in Sections 3.2.5.3 and 3.2.5.4. A detailed 

description of the subtomogram averaging workflow for structure determination can be found in 

Appendix F. A table summarizing data collection parameters and processing values can be found 

in Appendix G. Briefly, after 3D classification, only one class including particles in which a full 

cross-section was considerably well-aligned was selected for further processing (Figure 47, panel 

A). Subboxing of the particles included in this class generated a set of 17,204 subtomograms 

containing 12 monomers. Consecutive rounds of auto-refinement, duplicate removal, and 
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polishing with C2 symmetry led to a 13 Å resolution map containing 8 central monomers. Local 

refinement and postprocessing generated a final map at an average resolution of 11 Å (Figure 47, 

panels B, C and D). The final result of subtomogram averaging is a cryo-EM density map of an 

asymmetric unit (AU) of eight monomers, forming four dimers of membrane bound EHD2ΔN 

(Figure 47, panels C and D). Similar to full-length EHD2, the core of the protein was solved at a 

higher resolution (8 – 9 Å), but more flexible areas such as the peripheral helices of the helical 

domains and the EH domains were solved at lower resolutions, ranging 11 - 14 Å.  

 

 

Figure 47. The 11 Å cryo-ET structure of membrane bound EHD2ΔN. A) The initial 30,449 particles were 3D 
classified. One class displaying a full cross-section of the lipid tubule (marked in red) was selected for further 
processing. B) An initial subbox including 12 EHD2 monomers was defined (left panel). Consecutive auto-refinement, 
duplicate removal and polishing with C2 symmetry generated a 13 Å resolution map (middle panel). Local refinement 
and postprocessing led to a final 11 Å resolution map (right panel). C) Front and top views of the AU resulting from 
subtomogram averaging and subboxing. Eight monomers (numbered) are included in the AU; four dimers are formed. 
The density is colored according to local resolution values. D) Fourier Shell Correlation curve. 
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The same flexible fitting approach as for full-length EHD2 was applied (see Section 3.2.5.4 and 

Section 4.3.2). After flexible fitting, the model was further refined in real space to improve the 

geometry, reduce molecular clashes, and validate the statistics (Table 2 and Appendix G). 

  

Table 2. Statistics after real-space refinement. 

Initial model used (PDB code) 4CID 
Map sharpening B factor (Å2) -200 
Model composition  
 Non-hydrogen atoms 16576 
 Protein residues 2084 
 Ligands 0 
R.m.s. deviations  
 Bond lengths (Å) 0.002 
 Bond angles (°) 0.638 
Validation  
 MolProbity score 1.89 
 Clashcore 12.01 
 Poor rotamers (%) 0.00 
Ramachandran plot  
 Favored (%) 95.76 
 Allowed (%) 4.05 
 Disallowed (%) 0.19 

 

 

4.4.3. Structure of the membrane-bound EHD2ΔN oligomer 
 

The structure of N-terminally truncated EHD2 was solved at an average resolution of 11 Å. The 

reason behind the poorer resolution, compared to that of full-length EHD2, is the heterogeneity 

of the data, since not only do the tubule diameters vary, but also EHD2ΔN forms helices of 

different handedness. Moreover, EHD2ΔN filaments are in close proximity to each other, and this 

creates challenges for masking out their densities to obtain more homogenous particles. 

Nevertheless, the resulting density was sufficient to fit the model of N-terminally truncated EHD2 

(Figure 48).  

The low resolution of the structure did not allow a side-chain comparison, and overall, in the 

absence of the N-terminus, no major conformational changes were observed in comparison to the 

full-length model (Figure 48 and Figure 49, panel A). Discernible differences are in a range of 3 

– 6 Å (for comparison see measured distances in panels A from Figure 37 and Figure 48).  
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Figure 48. EHD2ΔN model after flexible fitting and real space refinement. A) A dimer of the resulting model is 
shown overlaid with the density map. B) Top view of the central EHD2ΔN tetramer overlaid with the density map. 

 

 

In general, it seems that the EHD2ΔN filament is slightly higher than the full-length filament and 

that the EH domains move moderately closer to each other. This might result from the proximity 

of the neighboring filaments, which may be pushing the EH domains towards the inside, 

emphasizing the role of the N-terminus in guaranteeing proper spacing for correct architecture. 

Furthermore, the EHD2ΔN dimers within one filament are more tightly packed but are as curved 

as full-length EHD2 (Figure 49, panel B). 
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Figure 49. The deletion of the N-terminus does not alter the structure. A) Overlay of full-length EHD2 and 
EHD2ΔN. The structures are almost identical, observable differences are below 6 Å. B) The EHD2ΔN filament is 
tighter but shows the same curvature as full-length. 

 

 

4.4.4. The N-terminus is responsible for negative membrane curvature 
 

Apart from the overall arrangement around the lipid tubules, one important difference between 

full-length and N-terminally truncated EHD2 is the environment of the first modeled residue, 

Arg19. As shown in previous sections, in the full-length EHD2 filament, Arg19 is pointing down 

and densities where the N-terminus could potentially fit emerge from it. However, in the EHD2ΔN 

filament, Arg19 comes into close proximity with the neighboring filament (Figure 50).  

The deletion of the N-terminal residues does not affect the tubulation activity of EHD2 and, 

therefore, positive membrane curvature is generated (Figure 50, panels A and B). However, the 

undulations observed in the lipid tubules remodeled by full-length EHD2, could not be observed 

in the case of EHD2ΔN tubules. In the absence of the N-terminus, the surface of the lipid tubule 

is flat and negative membrane curvature is not generated (Figure 50, panels A and C). 
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Furthermore, In the absence of the N-terminus, as shown in previous sections, EHD2ΔN filaments 

are in close vicinity (Figure 50, panels C, D, and E and Figure 46). EHD2ΔN, like EHD2 full-

length, inserts the tip of the helical domain in the outer leaflet of the lipid bilayer (Figure 50). 

However, no extra density was found emerging from residue Arg19 (Figure 50, panel E). In fact, 

as stated above, this residue extends towards the neighboring filament (Figure 50, panels C and 

E). This supports the hypothesis that the densities found between Arg19 and the lipid bilayer in 

the EHD2 full-length map (Figure 45) must indeed correspond to the N-terminal residues.  

 

 

Figure 50. EHD2ΔN does not generate negative membrane curvature. A) Full 2D projections of the StA map, 
including the lipid bilayer. B, C, and D show 3D surface representations of the right, middle and left panels shown in 
A, respectively. The central tetramer is highlighted in magenta. B) Side view showing the positive curvature. This 
curvature corresponds to the perimeter of the tubule. C) Front view showing the absence of negative curvature. The 
lipid bilayer is flat and EHD2ΔN filaments are in close proximity. The adjacent EHD2 filaments are indicated. D) Top 
view of the EHD2ΔN filaments. E) Magnified view of the inlet highlighted in B. The tip of the helical domain inserts 
in the membrane and residue Arg19 is in close proximity to the neighboring filament. No extra densities were found.  
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In contrast to full-length EHD2, the in vitro remodelling activity of N-terminally truncated EHD2 

results in a lipid tubule without constrictions. The surface of the tubule is flat, and the membrane 

does not undergo bulging. These findings are in accordance with the EHD4ΔN structure, in which 

negative membrane curvature as a result of constriction was not observed and filaments were 

close to each other (Melo et al., 2022). It can be concluded that the correct spacing of adjacent 

EHD2 filaments mediated by the N-terminal sequence stretch is required to generate undulations 

along the axis of the membrane bilayer.   

 

 

 

 

Figure 51. The membrane remodelling activity of EHD2ΔN results in a lipid tubule with a flat surface. Schematic 
representation of the lipid tubule that EHD2ΔN generates. The positive curvature is indicated in red. The remodelling 
activity of N-terminally truncated EHD2 does not generate constrictions nor bulging. 

 

 

These experiments demonstrate that the N-terminus has a crucial role in guaranteeing the proper 

spacing of adjacent filaments. The amphipathic nature of the N-terminus may allow its interaction 

with the lipid bilayer, as previously reported (Shah et al., 2014), and this would result in a steric 

constraint for neighboring filaments to approach each other. By providing certain distancing 

between EHD2 oligomers, the N-terminus is indirectly responsible for the observed negative 

membrane curvature. In its absence, EHD2ΔN filaments are so close to each other that 

constriction is hindered and the undulations observed for full-length EHD2 are not formed.  

 



Results 

80 
 

4.5. New insights into the ATP hydrolysis cycle 
 

As introduced in section 1.5.4,  like other dynamin-related proteins, EHDs show a stimulated ATP 

hydrolysis activity in the presence of liposomes (Daumke et al., 2007; Melo et al., 2017). Previous 

studies have suggested that ATP binding is essential for the formation of regular EHD1, EHD2 

and EHD4 oligomers since it stabilizes the G-interface thereby promoting assembly (Deo et al., 

2018; Melo et al., 2017, 2022; Morén et al., 2012; Shah et al., 2014). Moreover, it is believed that 

membrane tubulation happens in an ATP-dependent manner (Daumke et al., 2007; Melo et al., 

2017, 2022; Shah et al., 2014). Also, several authors have hypothesized that ATP hydrolysis might 

be required for the disassembly of the protein filament because the interfaces that drive 

oligomerization would weaken in the ADP-bound state (Hoernke et al., 2017; Melo et al., 2022). 

Nonetheless, the cycle of ATP hydrolysis in EHD proteins is still not completely understood since 

these studies do not provide full evidence to support the suggested models. Furthermore, different 

studies have demonstrated that the ATPase rates of EHD2, EHD1 and EHD4 vary considerably, 

pointing to mechanistic and functional differences (Daumke et al., 2007; Deo et al., 2018; Melo 

et al., 2017).  

Consequently, the role of ATP hydrolysis was investigated to ensure a thorough understanding of 

the process in specific regard to EHD2 tubulation activity and oligomerization. 

 

4.5.1. ATP hydrolysis is not required for membrane binding and remodelling 
 

Firstly, to understand how EHD2 behaves in the nucleotide-free state, cryo-electron tomograms 

were acquired as described in Section 3.2.5.1 in the absence of ATP and using both the full-length 

and the N-terminally truncated proteins. 

Strikingly, and contrary to EHD4ΔN (Melo et al., 2022), both EHD2 and EHD2ΔN in the apo 

state could form tight coats on the surface of liposomes and exhibit membrane tubulation activity 

(Figure 52). However, both constructs failed to arrange into the regular oligomeric filaments that 

can be observed when ATP is included in the sample (Figure 32).  

Despite having undeniable effects in the oligomeric architecture and membrane interaction in the 

presence of ATP (see section 4.4), the truncation of the N-terminal residues in the nucleotide-free 

state did not result in any differences in comparison to the full-length protein. 
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Figure 52. EHD2 and EHD2ΔN tubulates liposomes and forms coats on them in the apo state. Representative 
tomograms of reconstituted nucleotide-free EHD2 FL (top panels) and EHD2ΔN (bottom panels) in liposomes. The 
central panels show a tomographic slice (Z = 0) in which the lumen of the lipid tubule can be observed. To show that 
EHD2 and EHD2ΔN could not organize into regular and well-assembled filaments, other Z slices (-10 and +10) 
showing the surface of the lipid tubule are displayed on the left and right panels, respectively. Scale bars: 50 nm. 

 

 

These data demonstrate that EHD2 can remodel membranes in the nucleotide-free state and that, 

in contrast to EHD4ΔN and previous models, EHD2 membrane tubulation is not ATP-dependent. 

Notwithstanding, as proposed for EHD4ΔN and EHD1, ATP binding appears to be fundamental 

for the formation of regularly organized oligomeric structures, most likely because it allows the 

formation of the G-interface, essential for oligomerization (see Section 4.3.5). Moreover, the idea 

that EHDs do not use the energy of ATP hydrolysis to remodel membranes is now further 

supported. 
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4.5.2. ATP hydrolysis is necessary for the disassembly of the protein coat 
 

No differences were found between EHD2 and EHD2ΔN in the nucleotide-free state. To 

determine if these two constructs differ in terms of ATP binding and hydrolysis, the ATPase 

activities of EHD2 and EHD2ΔN were measured in the presence and absence of liposomes, as 

described in Section 3.2.2.2.  

EHD2 shows a 5.5-fold stimulated ATPase activity in the presence of liposomes, as reported 

previously (Daumke et al., 2007). EHD2ΔN did not show stimulated ATP hydrolysis activity 

(Figure 53), as observed before (Shah, 2013). These results promote the idea that the N-terminal 

stretch is required, not only for the proper oligomerization of EHD2, but also for its correct 

function.  

 

 

Figure 53. EHD2ΔN does not hydrolyze ATP. Bar graph showing hydrolyzed ATP after 120 min in the absence (-L) 
and in the presence (+L) of liposomes. Full-length EHD2 (white bars) shows a 5.5-fold stimulated ATPase activity. 
EHD2ΔN (gray bars) cannot hydrolyze ATP. 

 

Taking advantage of the fact that EHD2ΔN cannot hydrolyze ATP, and to further investigate the 

hypothesis that ATP hydrolysis might be required for disassembly of the oligomers, cryo-electron 

tomograms were acquired using samples prepared as described in Section 3.2.5.1, but vitrified 

after a 120 min incubation.  

In the case of EHD2, a large number of tubules or parts of them were found to be significantly 

thinner, with inner diameters ranging from 5 to 12 nm (typical diameters after 15 min incubation 

are 18 – 44 nm; see Section 4.2.2) or had simply collapsed (Figure 54, panel A). Moreover, many 

tubules either showed interrupted protein coats (increased space between EHD2 filaments) or 

were almost naked (Figure 54, panel A). It is worth noting that this type of lipid tubules had not 

been previously observed in any condition and were remarkably obvious in these sample 
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conditions (for comparison, see Figure 33). However, typical EHD2-coated tubules were also 

found, probably due to the fact that after 120 min, ATP is still present in the sample (Figure 54, 

panel B). As for EHD2ΔN, the lipid tubules and the protein coat remained unaltered after 120 min 

(Figure 54, panel C). These observations indicate that the incapacity of EHD2ΔN to hydrolyze 

ATP prevents the detachment of the protein coat from the surface of the lipid tubules.  

 

 

Figure 54. ATP hydrolysis may drive the disassembly of the EHD2 coat. A) Gallery of representative lipid tubules 
found in tomograms after incubating EHD2 with ATP and liposomes for 120 min. Central slices of the tomograms are 
shown so that the lumen of the tubules is visible. Many tubules were found to be much thinner or to have collapsed (a 
few examples are indicated by the green lines). Sometimes, increased spacing between the EHD2 oligomers was 
observed (a few examples are indicated by the yellow arrowheads). In some tubules, the protein coat appeared 
interrupted or was almost entirely absent (a few examples are indicated by the red lines). B) Central Z-slice of a 
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tomogram showing that typically EHD2-coated lipid tubules (like those used for cryo-ET and STA structure 
determination) were as well found after 120 min, as plenty of ATP still remains in the sample. C) Central Z-slices of 
two different tomograms acquired after incubating EHD2ΔN with ATP and liposomes for 120 min. The morphology of 
the lipid tubules and the architecture of the tightly packed protein coat around them remained unaltered. Scale bars: 50 
nm.  

 

 

These findings bolster the idea that ATP hydrolysis is necessary for the disassembly of the EHD2 

coat. While EHD2 can bind to membranes and remodel them in the absence of nucleotide, the 

ATP-loaded state promotes appropriate oligomerization and generates stable assemblies until ATP 

hydrolysis, which might ultimately result in the disassembly of the oligomers. 

 

 

4.6. The role of EHD2 in caveolar neck morphology 
 

As previously outlined in Sections 1.3.2 and 1.5.1, EHD2 localizes to caveolae. Several studies 

have proposed that the specific localization of EHD2 at caveolae is the neck of these plasma 

membrane invaginations (Ludwig et al., 2013; Matthaeus et al., 2022; Morén et al., 2012; Stoeber 

et al., 2012). The depletion of EHD2 has been shown to result in less stable and more detached 

caveolae (Hubert et al., 2020; Matthaeus et al., 2020; Morén et al., 2012; Stoeber et al., 2012). 

Collectively, the current consensus is that the function of EHD2 is to stabilize membrane 

curvature, generating a restraining force that maintains caveolae at the plasma membrane, until 

their internalization is required. Nonetheless, mechanistic details about how EHD2 stabilizes 

membrane curvature and how its absence increases caveolae mobility are missing.  

With the purpose of filling the gap between these structure biology findings and the published 

cell biology and physiology studies, caveolar morphology was examined in the presence and 

absence of EHD2. To accurately measure the shape of caveolae in 3D, HUVEC cells were 

embedded in an epoxy resin and semi-thin sections were used to collect room-temperature 

electron tomograms, as described in Sections 3.2.4.2 and 3.2.4.3. 

Four parameters were considered to analyze caveolar morphology: 1) the width of the bulb was 

considered as the largest distance existing from one side to the other, 2) the width of the neck was 

measured at the inflection point between the neck and the bulb, 3) the length of the bulb was 

measured between the imaginary line where neck width was measured and the end of the bulb, 

and 4) the length of the neck was measured from the imaginary line where neck width was 
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measured to the plasma membrane, as if it was continuous and there were no invaginations. The 

way these distances were obtained is schematically represented in Figure 55, panel A. 

In agreement with already published data, the deletion of EHD2 resulted in increased caveolae 

detachment since 1.5 attached caveolae were found per micrometer of plasma membrane in wild-

type cells, in contrast to 0.8 attached caveolae per micrometer of plasma membrane in EHD2 

knock-down cells. The amount of caveolae at the plasma membrane is reduced almost by half in 

the absence of EHD2. 

Regarding the morphology of caveolae, the knock-down of EHD2 did not affect the shape of the 

bulbs since bulb length and width were not significantly different. However, the necks of caveolae 

in EHD2 knock-down cells were significantly narrower and vertically elongated (Figure 55, panel 

B).  

 

 

Figure 55. Analysis of caveolae morphology in the presence and absence of EHD2. A) Schematic representation of 
the four parameters which were measured. B) Plotted results of the measured distances shown in A. The deletion of 
EHD2 results in narrower and vertically elongated caveolar necks. In contrast, the bulbs of caveolae remain unaffected. 
Green: EHD2 wild-type cells, red: EHD2 knock-down cells. p ≤ 0.0001****. 

 

 

For a better visualization, one representative caveola, displaying average neck length and width 

values, was segmented in tomograms of WT and EHD2 KO cells (Figure 56). The absence of 

EHD2 results in an abnormal neck morphology. As proposed, these results support the idea that 

EHD2 serves as a scaffold that stabilizes the neck of caveolae. 
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Figure 56. The absence of EHD2 results in abnormal caveolar neck morphology. For visualization purposes, an 
average caveola was segmented from tomograms of wild-type (green) and knock-down (red) cells. Average wild-type 
caveola: 41 nm neck width, 18 nm neck length. Average knock-down caveola: 30 nm neck width, 33 nm neck length.  
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5. Discussion 
 

This study provides new structural and mechanistic insights about oligomerization, membrane 

binding and membrane remodelling in EHD proteins. Using cryo-Electron Tomography and 

Subtomogram Averaging, structures of membrane-bound full-length EHD2 and N-terminally 

truncated EHD2 were solved. The structure of EHD2 full-length at subnanometer resolution has 

allowed a detailed description of the molecular interfaces that drive oligomerization, as well as 

the architectural determinants that are required for the assembly. The comparison of this structure 

with that of EHD2 lacking the N-terminus, has provided a comprehensive characterization of the 

membrane binding mechanism of EHD2, as well as of its membrane remodelling activity. 

Additionally, biochemical and microscopy investigations about the ATPase activity of EHD2 

support the role of ATP hydrolysis in the disassembly of the oligomer. The analysis of caveolar 

morphology in the absence of EHD2 highlights the important role that EHD2 plays in maintaining 

and stabilizing membrane curvature. Together, the findings reported in this work have deepened 

the structural characterization of EHD2 as a prerequisite to understand its cellular function on the 

neck of caveolae. These aspects are discussed in the following sections. 

 

 

5.1. Oligomerization of EHD proteins 
 

To understand the impact of the oligomeric EHD2 model described in this work, it is helpful to 

recapitulate structural findings obtained in the past: The first X-ray crystallography structure of 

EHD2 already suggested a model of how a closed EHD2 dimer assembles into oligomeric ring-

like structures on membranes (Daumke et al., 2007). Although several disordered stretches, such 

as the N-terminal residues, the KPF loop, and the linker between the helical domain and the EH 

domain, could not be modeled in this structure, Daumke and colleagues proposed that 

oligomerization is dependent on ATP binding and that EHD2 dimers could interact with each other 

via the G-interface. A few years later, Morén and colleagues showed that the EH domain is not 

necessary for oligomerization (Morén et al., 2012). Another crystal structure of EHD2 was solved 

in which the first seven residues of the N-terminus were localized to a hydrophobic pocket in the 

G domain (Shah et al., 2014). In the same study, EPR experiments demonstrated that the N-

terminal sequence stretch could insert into the lipid bilayer and serve as a secondary membrane 

binding site. The crystal structure of N-terminally truncated EHD4 showed that instead of the N-

terminus, the hydrophobic pocket of the G domain was occupied by the KPF loop, further 
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supporting the idea that the N-terminus may be released from the pocket to allow membrane 

insertion (Melo et al., 2017). Importantly, this structure showed that EHDs can also exist in an 

open conformation, which was suggested to represent the active and membrane-bound 

configuration, while the closed conformation may represent an autoinhibited structure (Melo et 

al., 2017). Using infrared reflection-absorption spectroscopy, Hoernke and colleagues supported 

this hypothesis by showing that EHD2 oligomerizes in the open conformation on flat membranes 

(Hoernke et al., 2017). Briefly, the oligomerization model of EHDs at the time was based on two 

events: 1) EHD proteins exist in an autoinhibited and closed conformation in solution, and 2) 

EHD proteins adopt an active and open conformation to oligomerize on the surface of membranes 

(Melo et al., 2017).  

Recently, the cryo-ET structure of N-terminally truncated EHD4 led to modifications of this 

model. Melo and colleagues found that EHD4ΔN is in the closed conformation in its oligomeric 

bound to membrane tubules (Melo et al., 2022). They proposed that EHD4 is recruited in the open 

conformation to flat membranes, where it initially oligomerizes in the open conformation, while 

membrane tubulation would allow the transition towards the closed conformation. This could be 

mediated by the insertion of a phenylalanine at the tip of the helical domain, which would promote 

membrane curvature via a wedging mechanism. Furthermore, the EH domains were found on top 

of the G domains and more distant from each other, in comparison to their position in the EHD2 

crystal structures. Despite revealing these functional differences, two of the oligomerization 

interfaces previously proposed were corroborated: 1) the nucleotide binding pockets of two 

opposing G domains in adjacent dimers were facing each other, allowing the formation of the 

canonical G interface, and 2) the KPF loop was modeled into the hydrophobic pocket of the G 

domain and formed an oligomerization interface with the helical domain of the adjacent dimer. 

However, the low resolution of the cryo-EM map in this structure did not allow to accurately 

model the position of the EH domains. Moreover, because of the N-terminal truncation in the 

EHD4ΔN structure, it remained unclear whether the N-terminal stretch would insert into the 

bilayer. 

In this study, cryo-ET structures of full-length and N-terminally truncated EHD2 were obtained, 

studied, and compared. Membrane-bound EHD2 is in the closed conformation, with the EH 

domains sitting on top of the G domains and assembled into oligomeric filaments via interfaces 

which had been previously described, namely the dimerization interface (interface-1), the 

interface between adjacent dimers formed between the KPF loop and the helical domain 

(interface-2), and the G-interface (interface-3). However, two important findings regarding the 

EH domain and the N-terminus have provided new insights and allowed a better understanding 

of oligomeric EHD2. 
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5.1.1. The EH domain may regulate oligomeric assembly 
 

The subnanometer resolution of the cryo-ET map around the EH domains allowed an accurate 

positioning in the cryo-EM density. Compared to the closed EHD2 conformation found in the 

crystal structures, the EH domains undergo a shift towards the side of the oligomer, which 

increases the distance between them, and a rotation of 80°, which repositions the C-terminal tail 

towards the outside of the filament. Thus, for the first time, it is possible to deduce the 

displacement of the C-terminal tail in the oligomer, which in the modeled position would not be 

able to block the formation of the G interface. The regulatory role of the EH domain is therefore 

validated in the sense that its displacement upon membrane recruitment enables oligomerization 

via the G interface (Figure 57).  

 

 

 

Figure 57. The crystal structure of EHD2 represents an autoinhibited conformation. The C-terminal tail of the EH 
domains folds back to the nucleotide pocket of the G domain in the EHD2 crystal structure (PDB: 4CID). It is likely 
that this orientation prevents the G-interface formation, the formation of which is fundamental in oligomerization. 
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In fact, in this new configuration, the EH domain may also strengthen the assembly by forming 

interactions with the G domain directly below. Furthermore, since the disordered loop that 

connects the EH domain to the helical domain is unresolved in the cryo-ET structure, the 

possibility that they could reach the neighboring oligomer to stabilize the overall assembly cannot 

be excluded. It is likely that these are essential contacts for proper architecture since the absence 

of the EH domain hinders the tubulation and the ATPase activities of EHD2 (Daumke et al., 2007). 

The EH domain might be necessary for prompting a conformation in which ATP binding and the 

subsequent formation of the G interface is favored and stabilized. Only in this conformation 

EHD2 can form organized oligomers which are, at the same time, favored by membrane 

curvature. This configuration allows tubulation.  

Although present in the crystallized construct, the EH domains remained unresolved in the open 

crystal structure of EHD4ΔN and it was proposed that they are disordered (Melo et al., 2017). 

However, they could be resolved on top of the G domains in the closed cryo-ET structure of 

EHD4ΔN (Melo et al., 2022). It is possible that when EHDs are in solution (conformation 

represented by the crystal structure of EHD4ΔN), the EH domain adopts a (yet unknown) position 

that prevents oligomerization until EHDs reach the membranes, at which point the EH domain 

would move to the position on top of the G domains to allow assembly (conformation represented 

by the cryo-ET structures of EHD2, EHD2ΔN and EHD4ΔN). 

Collectively, these findings confirm that the EH domain, by allowing the closed conformation and 

the formation of oligomerization interfaces, plays a major role in granting the assembly of EHD2 

into ring-like structures capable of membrane tubulation. Although unique to EHD proteins, it 

appears that the EH domain could regulate oligomerization in a similar way as the PH domain in 

dynamin, which blocks the further assembly of tetramers in the absence of membranes (Hoernke 

et al., 2017; Reubold et al., 2015). A similar role in preventing oligomerization has been described 

for the substrate binding loop L4 of MxA (which corresponds in sequence position to the PH 

domain of dynamin) (Faelber et al., 2013).  

Additionally, the EH domain has been proposed as the major site for interaction of EHDs partner 

proteins, such as EHBP1, Pacsin2, or MICAL-L1 (Giridharan et al., 2013; Guilherme et al., 2004; 

Senju et al., 2011). In the oligomeric filament of EHD2, the new configuration of the EH domain 

results in an increased negatively charged surface, which may allow EHD2 to establish 

electrostatic interactions in its cellular environment. To date, however, these potential interactions 

have not been described. The proposed binding partners of EHDs would interact merely via their 

NPF-motifs and the NPF-binding pocket of the EH domain (Giridharan et al., 2013; Guilherme 

et al., 2004; Senju et al., 2011). In the cryo-ET structure, this motif is buried within the filament, 

although it still may be accessible. Structural information about how EHDs and partner proteins 
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form complexes is lacking, and it can be speculated that when these interactions are formed, the 

EH domain adopts another conformation that exposes the NPF-binding pocket for binding.  

 

5.1.2. The N-terminus may stretch to the lipid bilayer in the EHD2 oligomer 
 

The cryo-ET structure of EHD4ΔN demonstrated that in the oligomeric membrane-bound 

conformation, the G domains are positioned close enough towards the membrane so that the N-

terminal sequence stretch may interact with the lipid bilayer (Melo et al., 2022). However, the 

truncation of the N-terminal residues in this structure hindered a full understanding of how this 

interaction may be established. The N-terminus (residues 1 – 18) could not be accurately modeled 

in the cryo-ET structure of membrane-bound full-length EHD2 presented in this study, indicating 

that it is possibly disordered. However, a pattern of densities that emerge directly next to the first 

modeled residue (Arg19) and reach towards the lipid bilayer were observed in the unsharpened 

cryo-ET map. The location of these densities, their length, and the fact that they were not present 

in the cryo-ET map of N-terminally truncated EHD2, support the idea that they might correspond 

to the N-terminal sequence stretch, in accordance with the hypothesis that this region contributes 

to membrane binding. Due to the relevance found for the N-terminus in membrane interaction 

and remodelling, the main findings concerning these residues are discussed below, in Section 5.2.  

In the context of the oligomerization mechanism discussed in this section, it is important to point 

out that these results corroborate that, upon membrane binding and recruitment, the N-terminus 

of EHD2 may be released from the hydrophobic pocket of the G domain, which in turn would 

become occupied by the KPF loop, and stretch towards the lipid bilayer, as proposed by Melo and 

colleagues for EHD4ΔN (Melo et al., 2017, 2022). To date, there is no information about the open 

structure of EHD2. Assuming that in the open conformation in solution, EHD2 would closely 

resemble the open crystal structure of ATPγS-bound EHD4ΔN (PDB: 5MTV and 5MVF (ADP-

bound, identical), (Melo et al., 2017)), the KPF loop would be found in the hydrophobic pocket 

of the G domain both in the open EHD2 dimer and in the closed EHD2 oligomer. If this were the 

case, it would be important to determine when the N-terminal stretch is occupying the 

hydrophobic pocket of the G domain. As proposed, it is likely that the crystal open crystal 

structure of EHD4ΔN represents a close-to-oligomeric state, favored and stabilized by the crystal 

contacts (Melo et al., 2017). The N-terminus might occupy the hydrophobic pocket of the G 

domain in yet another state in solution, one that is previous to the open oligomeric-prone 

conformation (represented by the crystal structure of EHD4ΔN), and that might be achieved again 

after hydrolysis and disengagement from membranes. Further investigations using X-ray 

crystallography and/or cryo-Electron Microscopy and Single Particle Analysis (SPA) to determine 
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the open structure of EHD2 are necessary to fully characterize the domain rearrangements that 

lead to the open and closed conformations. 

Apart from the structural characterization of the open conformation of EHD2, another remaining 

question to be answered is understanding at which stage EHD2 undergoes the conformational 

change and whether it arrives to the membrane as open dimers and rapidly closes to start 

oligomerizing, or whether its architecture is modified in solution. The first hypothesis is in 

accordance with previously published data (Hoernke et al., 2017; Melo et al., 2017, 2022), but in 

the tomograms presented in this work, EHD2 was always found forming short oligomeric 

filaments on lipid bilayers, regardless of their curvature degree. In all types of oligomeric 

filaments, EHD2 is in a clear closed conformation, resembling the shape of the letter H (for an 

example see Figure 32). It is likely that the movement from the open to the closed conformation 

happens rapidly and, therefore, it cannot be captured in the tomograms. Other experimental 

techniques that allow addressing this type of dynamic rearrangements are required to fully 

understand this mechanism and place it in spatial and temporal context. 

 

5.1.3. Comparison to oligomerization in other dynamin-related proteins 
 

One common feature of members from the dynamin family of proteins is their ability to 

oligomerize by forming regular assemblies in the form of helical or ring-like structures. 

Similarities but also fundamental differences in the oligomerization mechanism of EHDs and 

other dynamins have been described previously (Daumke & Praefcke, 2016; Faelber et al., 2013; 

Melo et al., 2022), and have become more evident in this study. The formation of oligomeric 

filaments in dynamin, Drp1, MxA and Mgm1 is mediated by three interfaces which involve the 

stalk (within dimers and between neighboring dimers). Additionally, the G domain contributes as 

by mediating contacts between adjacent filaments (Daumke & Praefcke, 2016; Faelber et al., 

2013; Melo et al., 2022). In contrast, the nucleotide-dependent interface in EHDs is oriented along 

the filament. In fact, the G domain of EHDs is the main structural element for assembly: it 

mediates dimerization and oligomerization via two interfaces, the G interface formed between the 

nucleotide binding pockets of adjacent dimers, and the interface between the KPF loop and the 

helical between dimers. Moreover, this study has postulated new potential interactions mediated 

by the G domain: 1) contacts between the G domain and the EH domain from the same monomer, 

2) contacts between the switch II regions of two opposing G domains, and 3) contacts between 

the KPF loop and the G domain of the neighboring dimer. However, these interactions cannot be 

demonstrated without structural studies at higher resolution that allow an accurate modelling of 

side chains. 
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Another fundamental difference is that, while the pitch in dynamin-related protein is fixed, the 

architecture of EHDs allows reorientation and adaptation of the filament depending on the 

curvature of the underlying membrane, as shown for EHD4ΔN and in this study. 

In this work, the regulatory function of the EH domain has been demonstrated. Its position in the 

membrane-bound assembly is crucial to allow the formation of the aforementioned interfaces, and 

it sems it may work as an autoinhibitory element by preventing oligomerization when EHDs are 

in solution. A similar regulatory mechanism has been described for dynamin and MxA (discussed 

above in Section 5.1.1). 

Importantly, although members of the dynamin family undergo conformational changes that result 

in open or closed configurations, it seems that in EHDs, this rearrangement is driven by the 

interaction with curved membranes, whereas it is GTP hydrolysis (the power stroke) what drives 

the transition between the two states in dynamin and related proteins. 

 

 

5.2. Membrane binding and remodelling in EHDs 
 

Cellular membranes are highly dynamic, and they adopt a large spectrum of various shapes. 

Membrane shaping can derive from simple deformations of existing shapes or from membrane 

remodelling activities, which involve fission or fusion (Campelo et al., 2010). Shape transitions, 

membrane compartmentalization, and the recruitment and participation of proteins in these events 

are highly regulated processes (Campelo et al., 2010; Kozlov & Taraska, 2023). 

Earlier studies showed that EHDs interact with the lipid bilayer by electrostatic and hydrophobic 

interactions between the residues at the tip of the helical domain and the phospholipids of the 

membrane (Daumke et al., 2007; Melo et al., 2017; Morén et al., 2012; Shah et al., 2014). The N-

terminal stretch was proposed to act as a secondary membrane binding site (Melo et al., 2017, 

2022; Shah et al., 2014). Although their cellular localizations vary, all four mammalian EHDs 

have been shown to remodel membranes and generate tubules (Bahl et al., 2016; Daumke et al., 

2007; Deo et al., 2018; Melo et al., 2017). 

Here, the cryo-ET structure of full-length EHD2 has provided a better understanding of membrane 

binding and remodelling in EHDs. EHD2 tubulates liposomes in vitro and forms ring-like 

oligomers around them. The tubulation activity implies that EHD2 has the ability to generate 

positive membrane curvature. Additionally, it was shown that EHD2 oligomers constrict the lipid 

tubule and, in consequence, induce undulations of the membrane surface along the tubule’s axis. 
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This results in local negative membrane curvature and membrane bulging between EHD2 

filaments (Figure 58, panel A). Indeed, the coexistence of negative and positive membrane 

curvature resembles the membrane shape found at the neck of caveolae (Kozlov & Taraska, 2023; 

Parton, Kozlov, et al., 2020) (Figure 58, panel A and Figure 60). The model suggested by Daumke 

and colleagues, based on their crystallographic and biochemical analysis, already predicted that 

EHD2 would induce local curvature on the lipid tubule (Daumke et al., 2007). This model was 

corroborated by Campelo et al. using physical and computational models of the cell membranes 

(Campelo et al., 2010). However, the model was likely incorrect regarding the position of EHD2 

oligomers, as they were proposed to sit on the positively bent side of the bilayer undulations 

(Figure 58, panel B). The membrane-bound structure presented in this thesis contradicts the 

previous model by showing that EHD2 rests on the negatively bent areas. 

 

 

 

 

Figure 58. Comparison between the model proposed in this thesis and the previous one. A) The cryo-ET structure 
of EHD2 revealed that it generates positive and negative membrane curvature. EHD2 oligomers rest at negatively bent 
areas. The membrane may undergo bulging between EHD2 filaments. The shape of the caveolar neck, where EHD2 
localizes, possesses both types of curvatures. B) Previous model describing EHD2 membrane remodelling. Figure 
modified from (Daumke et al., 2007).  
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Membrane buckling and undulations on the outer membrane layer were observed in the cryo-ET 

reconstruction of EHD4ΔN. These undulations appeared between filaments and between the 

helical domains of one dimer (Melo et al., 2022). Furthermore, in contrast to the cryo-ET structure 

of full-length EHD2, no constriction was observed in the cryo-ET reconstruction of EHD4ΔN 

(Melo et al., 2022). The cryo-ET structure of N-terminally truncated EHD2 shows that the 

deletion of this stretch hinders constriction and bulging, and the resulting negative membrane 

curvature. The work presented in this thesis, taken together with the observations withdrawn from 

the cryo-ET structure of EHD4ΔN, corroborate that the N-terminus may be directly involved in 

membrane binding and, indirectly, in membrane remodelling. 

The involvement of the N-terminus in membrane binding had been previously proposed (Melo et 

al., 2017, 2022; Shah et al., 2014) but due to its disordered nature, there was no structural evidence 

to prove this hypothesis. Here, the comparison between the cryo-ET maps of full-length and N-

terminally truncated EHD2 called attention to low-resolution densities, only present in the EHD2 

FL map, which emerge from Arg19 and reach the lipid bilayer. Although the disordered N-

terminus cannot be modeled in these densities, it is likely localized there, supporting its proposed 

insertion in the bilayer and implication in membrane remodelling. Moreover, the N-terminus plays 

a role in the overall oligomeric architecture of EHD2. Its absence, as already seen previously 

(Shah et al., 2014), allows EHD2 filaments to be tightly packed and in very close proximity. Based 

on the structures presented in this study, it is possible to postulate the N-terminal stretch as a 

spacer that maintains adequate distancing between filaments and a correct organization that 

allows constriction, maybe also by establishing contacts with the neighboring EHD2 oligomer. In 

its absence, EHD2 filaments are so close to each other that constriction is prevented and negative 

membrane curvature cannot occur. The role of the N-terminus in the overall architecture appears 

to be crucial since, moreover, its deletion hinders the ATPase activity of EHD2, probably due to 

an unfavored conformation for hydrolysis (see Section 5.3). 

Local curvature on the surface of lipid tubules based on constriction and bulging was also 

described for EHD1 using membrane templates and fluorescence microscopy, together with 

molecular dynamics (Deo et al., 2018). Deo and colleagues proposed that EHD1 filaments are 

positioned on the dome of the bulged membrane, opposite to the EHD2 model suggested in this 

work. While this may be true for EHD1, due to the different cellular localizations and functions 

of EHD paralogs, the position of the EHD1 oligomer with regard to membrane curvature can only 

be evaluated with structural investigations, and this information is still lacking. Nevertheless, this 

study is in agreement with the relevance of the N-terminus in EHD architecture stated above. The 

authors found residues 2-9 to confer stability to the protein scaffold and to be involved in the 

remodelling activity of EHD1. Moreover, the deletion of these residues prevented the phenotype 

rescue in endocytic recycling defects in EHD1 knock-out experiments (Deo et al., 2018).  
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This proposed mechanism is not unique to EHDs, as it is well-known that the insertion of 

amphipathic residues in the lipid bilayer drives membrane reshaping (Bhatia et al., 2010; Kozlov 

& Taraska, 2023). Cases of amphipathic N-terminal helices or stretches involved in membrane 

remodelling are widely documented in the literature. For example, amphipathic N-terminal 

stretches known to induce curvature in membranes were described for the small GTPases Sar1 

(Hutchings et al., 2018; Joiner & Fromme, 2021) and Arf1 (Antonny et al., 1997; Hooy et al., 

2022). Moreover, the N-terminus of EHD2 could also work in a similar way as ALPS motifs 

(Amphipathic Lipid Packing Sensor motifs), which sense defects in lipid packing that arise from 

membrane bending and produce minor insertions (Vanni et al., 2013). According to the findings 

presented here, the membrane binding and remodelling activity of EHD proteins results from the 

synergy between two events on the lipid bilayer: the insertion of the tip of the helical domain and 

the insertion of the N-terminal stretch. 

Furthermore, it was described that the result of EHD1 bulging are thinned membrane regions 

which may ultimately undergo scission. In comparison to EHD2, the stimulated ATPase activity 

of EHD1 was found to be 40-fold higher than that of EHD2, which exhibited a significant delay 

in membrane remodelling, under the same experimental conditions (Deo et al., 2018). EHD2 

activity did not result in fission in any case (Deo et al., 2018). These results highlight fundamental 

differences between EHD paralogs, probably resulting from their different cellular localizations. 

In fact, the cryo-ET structure of EHD4ΔN, and the structures of EHD2 and EHD2ΔN presented 

in this study demonstrate how EHD filaments can adapt to different degrees of curvature (Figure 

59).  

 

 

 

Figure 59. EHD2 and EHD2ΔN filaments are more curved than EHD4ΔN. A) Side view of an EHD2 octamer. B) 
Side view of an EHD2ΔN octamer. C) Side view of an EHD4ΔN octamer (PDB: 7SOX, (Melo et al., 2022)). The 
oligomers are shown as surface representations. The dashed lines indicate the curvature of the filaments. 
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This flexibility, together with differences in the ATP hydrolysis activity and the specificity for 

certain lipids, might explain how different EHDs are recruited to cellular membranes of varying 

curvature and how they have evolved to carry out specialized functions. In situ structural studies, 

in combination with co-localization and super-resolution fluorescence microscopy experiments, 

are necessary to fully comprehend the architecture of EHDs in their cellular context.  

 

5.2.1. A comparison to mechanisms of membrane remodelling  
 

As introduced in Section 1.1.1, in general, shape transformations of membranes can be divided 

into two classes: 1) reshaping is due to distortions of the membrane continuity and reconnections 

of its surface, and 2) the change in membrane shape results from bending and does not require 

disruptions nor re-connections of the membrane (Campelo et al., 2010).  

The first class refers to fission and fusion activities, which topologically transform the membrane. 

Several proteins of the dynamin family belong to this class and they achieve membrane reshaping 

via different mechanisms. The PH domain drives membrane binding in dynamin by inserting a 

variable loop (Faelber et al., 2011; Kong et al., 2018) and the paddle domain in Mgm1/OPA1 has 

been described to function in a similar manner (Faelber et al., 2019). MxA possesses an 

unstructured loop at the same position as the PH domain in dynamin. This loop mediates 

membrane interaction (Von Der Malsburg et al., 2011). BDLP inserts a hydrophobic region at the 

tip of the helical domain as a hairpin (Low et al., 2009). Atlastins achieve remodelling using 

transmembrane regions (Byrnes et al., 2013). Membrane deformation carried out by these proteins 

results mainly in fusion or fission. The membrane remodelling activity of EHDs is fundamentally 

different and they seem to rather bend membranes and stabilize the generated curvature.  

Consequently, EHDs may belong to the second class of membrane deformation mentioned above, 

which includes activities like flattening, tubulating, or squeezing. Despite exhibiting different 

configurations, modes of action and localization, the deforming activity of proteins that belong to 

this class results in common bending geometries. For example, the tubules of the peripheral ER, 

T-tubular extensions of plasma membranes, elongated fragments of transport intermediates, and 

protrusions of the plasma membrane, have cylindrical shapes of 30-100 nm cross-sectional radii 

(Kozlov & Taraska, 2023). These values are similar to those found for EHD4, in accordance to 

its proposed localization to large endosomes and low curved membranes (Melo et al., 2022). The 

radii of the tubules generated by EHD2 (this study and (Daumke et al., 2007)) and EHD1 (Deo et 

al., 2018) are smaller, like in the case of the sheets of rough ER, the thylakoidal membranes, 

phagophore structures or the mitochondrial cristae, which range 10-50 nm (Kozlov & Taraska, 

2023).  
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The reason why such different membranes, deformed by very diverse and distant proteins, end up 

sharing a common geometry is due to the fact that membrane bending mechanisms are only a few 

and are conserved (Campelo et al., 2010; Kozlov & Taraska, 2023) (see Section 1.1.1). To 

summarize, EHD2 remodels the membrane by employing two of the universal mechanisms of 

membrane bending: it functions as a scaffolding protein by establishing electrostatic interactions 

between the positively charged residues at the tip of the helical domain and the phospholipids, 

and the amphipathic N-terminal residues of EHD2, together with the hydrophobic Phe322 at the 

tip of the helical domain mediate hydrophobic insertion. 

 

 

5.3. ATP binding and hydrolysis in EHD proteins 
 

EHD proteins bind and hydrolyze ATP to ADP. Like for other dynamin-related proteins, ATP 

hydrolysis is stimulated by membrane binding. The ATPase activity in EHDs is fundamental for 

their function. For example, ATP binding and hydrolysis is essential for the role of EHD1 in 

mediating cargo recycling from the endocytic recycling compartment (Deo et al., 2018). A 

hydrolysis deficient EHD2 generates distorted caveolae and an ATP-binding mutation renders 

EHD2 completely cytoplasmatic (Morén et al., 2012; Stoeber et al., 2012).  

For a while, it remained uncertain whether EHDs use the energy from ATP hydrolysis for shaping 

membranes, akin to the GTP hydrolysis power stroke used by other dynamin family members. 

Nonetheless, to date, it is clear that EHD proteins function in a different manner (Daumke et al., 

2007; Melo et al., 2022). The proposed roles of ATP binding and hydrolysis in oligomerization, 

membrane deformation and filament disassembly are discussed below. 

This study confirms that oligomerization is dependent on ATP binding. In the nucleotide-free 

state, EHD2 bound to lipid bilayers but failed to form organized ring-like structures. The ATP-

loaded state is probably required for the formation of the G-interface and the stabilization of the 

KPF loop in the hydrophobic pocket of the G domain, two events necessary for stable self-

assembly. Studies performed with EHD1 (Deo et al., 2018) and EHD4 (Melo et al., 2022) reached 

the same conclusion. However, EHD2 in the apo state did not lose its ability to deform liposomes 

into tubules, an observation which had already been made, as well as for ADP-bound EHD2 

(Daumke et al., 2007). In contrast, in the recently published study about the cryo-ET structure of 

EHD4ΔN, Melo and colleagues claim that EHD4ΔN cannot tubulate liposomes in the apo state. 

The findings presented here demonstrate for EHD2 that this is not due to the absence of the N-

terminal residues since nucleotide-free EHD2ΔN exhibits tubulation capacity. The work carried 
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out for EHD1 is not conclusive about an ATP-dependent membrane tubulation activity since the 

authors used tubular model membranes instead of liposomes for their investigations (Deo et al., 

2018). The fact that apo EHD2 tubulates and EHD4ΔN does not may be simply explained by the 

different curvature preferences of the two EHD paralogs, with EHD2 filaments preferring higher 

and EHD4 filaments lower membrane curvature. In fact, EHDs hydrolyze ATP at markedly 

different rates. The stimulated ATPase activity of EHD1 is 40-fold higher than that of EHD2 under 

the same experimental conditions (Deo et al., 2018). Although there is no data for full-length 

EHD4, EHD4ΔN shows stimulated ATP hydrolysis at a seven-fold higher rate than that of EHD2 

(Melo et al., 2017). The different ATPase rates highlight that EHD2 is a very slow ATPase 

compared to its paralogs. Indeed, the stimulated ATP hydrolysis activity of EHD2 is only 8-fold 

higher compared to its basal activity. This is probably due to the different membrane shaping 

activities that EHDs have. For instance, EHD1 has been proposed to remodel the membrane 

causing scission (Deo et al., 2018), whereas membrane fission was not found in the same study 

for EHD2 and has not been described for EHD4.    

The work presented here shows that the deletion of the N-terminal residues from EHD2 prevents 

ATP hydrolysis; however full-length EHD2 exhibits normal ATPase activity. This may be 

explained by the relevant role of the N-terminus of EHD2 in guaranteeing the correct architecture 

of the filaments. It is likely that ATP hydrolysis is unfavored in the flexible and distorted assembly 

caused by the absence of the N-terminal residues. In a similar way, the deletion of the EH domain, 

which is also an important regulatory element in assembly, prevents organized oligomerization, 

tubulation, and hydrolysis (Daumke et al., 2007). It seems that only full-length EHD2 guarantees 

the correct assembly in which hydrolysis is favored. In comparison to other EHDs, the deletion 

of the N-terminus in EHD4 did not prevent the stimulated hydrolysis of this construct (Melo et 

al., 2017). In EHD1, a shorter N-terminal truncation (residues 2-9) resulted in the same stimulated 

ATPase rates than full-length (Deo et al., 2018). Again, this might be explained by the different 

activity rates these proteins have. EHD2 is a very slow ATPase, even in the presence of lipids, 

and the structural alteration of removing the N-terminal stretch results in an even slower ATPase 

rate. These disparities may explain the specialized and distinct functions and localizations of 

EHDs. The slow ATPase activity of EHD2 is in accordance with its proposed role in stabilizing 

caveolae at the plasma membrane. In contrast, the potential roles of EHD1 and EHD4 in endocytic 

recycling may require faster hydrolysis. 

Several studies have hypothesized that ATP hydrolysis would result in the disassembly of EHD 

oligomers (Deo et al., 2018; Hoernke et al., 2017; Melo et al., 2022). This idea is based on the 

fact that the switch regions and the KPF loop are destabilized in the ADP-bound state (Melo et 

al., 2017). This implies that the oligomerization interfaces in which the KPF loop is involved, 

namely the G interface and the KPF loop – helical domain interface, are weakened when ADP is 
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bound. The destabilization of the oligomer would lead to disassembly and probably to the 

conversion to the open conformation in solution (Melo et al., 2022). The investigations reported 

in this thesis corroborate this concept. It was shown by cryo-ET reconstructions, that EHD2 

disengaged from the lipid bilayer when ATP was hydrolyzed, and many lipid tubules lost their 

shape and curvature. However, when EHD2ΔN was used in these experiments, the oligomeric 

decoration remains unaltered. This may be explained by the loss of ATPase activity or the greater 

stability of the densely packed oligomers. 

Although more proof supporting an ATPase-driven disassembly has been provided, many 

questions remain open regarding the nucleotide-loading states of EHD proteins. There is little 

information about how exactly nucleotide-binding relates to the conformational changes and how 

hydrolysis is triggered. Many studies with dynamin and dynamin-related proteins were carried 

out using transition state analogs and non-hydrolysable or slow-hydrolysable analogs of GTP 

(Daumke & Praefcke, 2016). The use of these nucleotides for structural studies was key for a 

thorough understanding of the GTPase cycle in these proteins. These investigations are still 

lacking for EHDs. What is the EHD arrangement in the transition state and in which nucleotide-

loading state the opening and the closing of the structure happens, are questions that remain to be 

answered. 

 

 

5.4. The cellular function of EHD2 at caveolae 
 

EHD2 was first linked to caveolae in a proteomics study using isolated caveolae from human 

adipocytes (Aboulaich et al., 2004). Some years later, EHD proteins were found to associate with 

tubular and vesicular compartments (Blume et al., 2006) and EHD2 was shown to have a 

peripheral distribution in HeLa cells and the ability to deform membranes EHD2 (Daumke et al., 

2007). In later studies, EHD2 was found colocalizing with Cavin1 (Hansen et al., 2011). The 

specific localization of EHD2 to the neck of caveolae instead of to the bulb was shown using 

immune-electron microscopy (Ludwig et al., 2013) and, consequently, it was speculated that 

EHD2 would correspond to the neck structures observed in electron micrographs of caveolae, 

which had remained unidentified (Richter et al., 2008). Two studies published in the same year 

shed some light into the function of EHD2 and pointed to a role of EHD2 in the stabilization of 

caveolae at the plasma membrane, since the depletion of EHD2 increased the mobility of 

caveolae, but its overexpression confined caveolae to the plasma membrane (Morén et al., 2012; 

Stoeber et al., 2012). Apart from other functions, caveolae are implicated in cellular lipid and fatty 



Discussion 

101 
 

acid uptake (Briand et al., 2014; Pilch & Liu, 2011), and in the regulation of the endothelial nitric 

oxide synthase (eNOS) (Förstermann & Sessa, 2012). The physiological consequences of EHD2 

loss, which results in more mobile caveolae, have to do with these two mechanisms. EHD2 knock-

out mice displayed enlarged lipid droplets in white and brown adipose tissue and in cell types in 

which caveolae are abundant, such as adipocytes or fibroblasts. Moreover, caveolae were 

frequently detached from the plasma membrane and displayed elevated mobility (Matthaeus et 

al., 2020). Additionally, the loss of EHD2 in endothelium resulted in inhibition of eNOS and mice 

lacking EHD2 showed reduced vessel relaxation due to impaired nitric oxide production 

(Matthaeus et al., 2019). These studies demonstrate that the absence of EHD2 results in increased 

caveolar mobility, leading to the current consensus that the function of EHD2 is to keep caveolae 

confined at the plasma membrane by forming oligomeric ring-like structures around the neck 

which stabilize membrane curvature. Nonetheless, mechanistic and structural details about how 

this is achieved were missing. 

The EHD2 structures presented in the results from this study provide new insights for a better 

understanding of this mechanism. First, the diameter range of the lipid tubules that oligomeric 

EHD2 decorates is similar to the diameter range of the caveolar neck. Second, by means of 

hydrophobic insertion and scaffolding, EHD2 deforms the lipid bilayer by generating positive 

and, indirectly, negative curvature. As already discussed above, whereas around the bulb of 

caveolae there is only positive curvature, negative and positive curvature are present at the neck 

(Figure 60) (McMahon & Gallop, 2005). These two structural findings support the proposed 

localization of EHD2 at the neck of caveolae, more specifically at the inflection point between 

the neck and the bulb, where these two curvatures co-exist. 

 

 

Figure 60. Vesicle budding and the corresponding membrane curvatures. Given that the membrane surface is two-
dimensional, curvature must be described in perpendicular directions. The curvature of the initial stage of budding (left 
panel) is positive in both directions. The curvature of the late stage (right panel) is more complex. There is bidirectional 
positive curvature around the body of the vesicle, and negative plus positive curvature in perpendicular directions at 
the interface between the neck and the body. Figure and legend modified from (McMahon & Gallop, 2005). 
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Moreover, another set of results from this work further validate the precise position of EHD2 at 

the neck. When the morphology of caveolae was evaluated in wild-type and in EHD2 knock-

down endothelial cells, significant alterations were only observed for the necks and not for the 

bulbs. This means that although the absence of EHD2 affects overall caveolae mobility, the effects 

of its loss can be locally assessed at the neck. As expected, the depletion of EHD2 resulted in less 

caveolae confined to the plasma membrane, but those which remained attached exhibited 

narrower and more elongated necks in comparison to those of wild-type cells. This morphology 

is consistent with the increased internalization of vesicles, but it also corroborates the idea that 

EHD2 serves as a membrane-stabilizing scaffold at the neck.  

Taken together, these findings reinforce the role of EHD2 in the stabilization of membrane 

curvature in caveolae, as its absence leads to abnormal curvature at the neck of caveolae. Since 

EHD2 is also found at flat caveolae (Matthaeus et al., 2022), it is likely that EHD2 participates as 

well in the generation of curvature, based on the in vitro reshaping activity presented here, aiding 

the cavin-caveolin protein coat in the budding process. When caveolae are curved enough, ATP-

bound EHD2 forms stable oligomers around the neck that sustain membrane curvature and secure 

caveolae at the plasma membrane. Probably, the stabilization is reinforced by interactions with 

other proteins, such as Pacsin2, which is proposed to bend the membrane in the interface between 

the plasma membrane and the neck, or with EHBP1, also shown to localize to caveolae. 

Additionally, it is well known that the contacts between caveolar proteins and the actin 

cytoskeleton are as well important for the stabilization of the vesicles. The results from this thesis, 

together with what has been reported in the literature, allow to speculate that internalization of 

caveolae is only possible when the EHD2 scaffold is disassembled, an event that may happen 

after ATP hydrolysis. A schematic representation of the proposed model is shown in Figure 61. 
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Figure 61. The proposed function of EHD2 at caveolae. 1) EHD2 exists as an open dimer in solution. It is possible 
that the EH domains adopt a lateral conformation (dark purple dots) which prevents oligomerization. 2) EHD2 is 
recruited to flat caveolae at the plasma membrane, where caveolins and cavins are also found. On flat membranes, 
EHD2 is in the closed conformation, which allows oligomerization. Cavins and caveolins are responsible for the initial 
budding of the membrane. The generation of this curvature might be further assisted by EHD2. 3) In highly curved 
caveolae, EHD2 forms ring-like oligomeric structures. By generating and stabilizing both positive and negative 
curvature, EHD2 oligomers accommodate at the neck of caveolae. The curvature of the neck is further stabilized by the 
F-BAR domain protein Pacsin2. EHBP1, a binding partner of EHD2, has also been localized to highly curved caveolae. 
4) After ATP hydrolysis is triggered, EHD2 may disassemble and detach from the membrane. It is possible that in the 
ADP-bound form EHD2 converts back to the open conformation. When the neck of caveolae loses the EHD2 scaffold, 
the curvature of the membrane becomes unstable, leading to complete internalization. 5) Caveolae participate in 
vesicular trafficking of fatty acids to lipid droplets. Although without specific cargo, they may also reach the 
endosomes. 

 

 

There are several open questions that need to be addressed in the future. One first aspect to 

consider is the recruitment of EHD2 to the plasma membrane, how it finds the flat caveolar 

surfaces and whether it arrives there in the open or in the closed conformation. Second, more 

research is necessary to understand how ATP hydrolysis is triggered: is it self-regulated based on 

the intrinsic slow ATPase activity of EHD2, or is it prompted or accelerated by extrinsic factors 

such as membrane curvature and morphology or interaction with other proteins? Lastly, the 

information about how EHD2 forms complexes with the predicted interaction partners is scarce. 

Structural investigations are needed for a deeper understanding. The reconstitution of these 

proteins together with EHD2 in liposomes for in vitro cryo-electron microscopy or tomography 

may help in deciphering binding contacts and ratios. Ideally, investigations using the state-of-the-

art in situ cryo-electron tomography could provide exceptional insights to better comprehend the 

structure of EHD2 in the cellular context and gain a more holistic view of its role in the regulation 

of caveolae dynamics.  
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Appendix A – List of instruments 

Instrument Manufacturer 
Agarose Gel Electrophoresis System OLS, Bremen, D 
Äkta Purifier GE Healthcare, Piscataway, USA 
Amersham Protran western blotting membranes, nitrocellulose Sigma-Aldrich, Steinheim, D 
Amicon centrifugal filter devices Millipore, Billerica, USA 
Benchtop Centrifuge 5415 D Eppendorf, Hamburg, D 
Benchtop Centrifuge 5415 R Eppendorf, Hamburg, D 
Benchtop Centrifuge 5804 R Eppendorf, Hamburg, D 
Cell culture incubator CB 170 Binder GmbH, Tuttlingen, D 
Cell culture plates, dishes and flasks Sarstedt AG, Nümbrecht, D 
Centrifuge Avanti J-26 XP Beckman Coulter, Krefeld, D 
Chromatography column material GSH Sepharose 4B GE Healthcare, Piscataway, USA 
Chromatography column material Ni Sepharose HP GE Healthcare, Piscataway, USA 
Chromatography columns Superdex 200 10/300, GL GE Healthcare, Piscataway, USA 
Chromatography columns Superdex 200 16/60, 26/60 GE Healthcare, Piscataway, USA 
Colloidal gold beads (5 and 10 nm) Sigma-Aldrich, Steinheim, D 
Cryo-Electron tomography grids Quantifoil Micro Tools GmbH, Jena, D 
Electron microscopy grids Plano GmbH, Wetzlar, D 
Extruder Sigma-Aldrich, Steinheim, D 
Fluidizer M-110L Pneumatic Microfluidics, Newton, USA 
Glass coverslips Gerhard Menzel GmbH, Braunschweig, D 
High Pressure Freezer - Leica EM ICE Leica Camera AG, Wetzlar, D 
HPLC Infinity 1260 Agilent Technologies, Santa Clara, USA 
Hypersil ODS guard column Agilent Technologies, Santa Clara, USA 
Laminar flow safety cabinet Herasafe Thermo Scientific, Dreieich, D 
LUNA-FL dual fluorescence cell counter Logos Biosystems, Anyang, KR 
Microscopy glass slides Gerhard Menzel GmbH, Braunschweig, D 
Microtome and diamond knives Leica Camera AG, Wetzlar, D 
Nikon Eclipse Ts2 Microscope Nikon Corporation, JP 
Peristaltic Pump Reglo Analog ISM827B Ismatec, Glattbrugg, CH 
pH-Meter Mettler-Toledo, Gießen, D 
Photometer BioPhotometer Eppendorf, Hamburg, D 
Photometer NanoDrop 2000 Thermo Scientific, Dreieich, D 
Reversed-phase ODS-2 Hypersil HPLC column Thermo Scientific, Dreieich, D 
SDS PAGE System Xcell Sure Lock SDS PAGE System Xcell Sure Lock 
Shaker Incubator Innova44 New Brunswick Scientific, Edison, USA 
Thermocycler TGradient Thermocycler TGradient 
Thermocycler TPersonal Thermocycler TGradient 
Thermomixer Comfort Eppendorf, Hamburg, D 
Transmission Electron Microscope Talos L120C Thermo Fisher Scientific, Waltham, USA 
Transmission Electron Microscope Titan Krios G3i Thermo Fisher Scientific, Waltham, USA 
Ultracentrifuge Optima L-100K Beckman Coulter, Krefeld, D 
Ultracentrifuge Optima TLX Beckman Coulter, Krefeld, D 
Vitrobot Mark IV Thermo Fisher Scientific, Waltham, USA 
Western Blot Module Xcell II SDS PAGE System Xcell Sure Lock 
Zeiss LSM700 scanning confocal microscope Carl Zeiss AG, Jena, D 
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Appendix B – List of chemicals 
Chemicals Cat. No. Manufacturer 
Acetonitrile CN20.2 Roth, Karlsruhe, D 
ADP NU-1198 Jena Bioscience, Jena, D 
AEBSF Protease Inhibitor 78431 Thermo Scientific, Dreieich, D 
Agarose 2267.3 Roth, Karlsruhe, D 
ATP NU-1049 Jena Bioscience, Jena, D 
Beta-mercaptoethanol 4227.1 Roth, Karlsruhe, D 
Calcium chloride A119.1 Roth, Karlsruhe, D 
Chloramphenicol 3886.3 Roth, Karlsruhe, D 
Chloroform C2432-1L Sigma-Aldrich, Steinheim, D 
Coomassie brilliant blue R 250 3862.2 Roth, Karlsruhe, D 
di-Potassium hydrogen phosphate anhydrous P749.2 Roth, Karlsruhe, D 
DTT 6908.2 Roth, Karlsruhe, D 
EDTA 8040.2 Roth, Karlsruhe, D 
Ethanol 5054.2 Roth, Karlsruhe, D 
Fetal bovine serum A11-211 PAA laboratories, Pasching, A 
Fibronectin bovine plasma solution 33010018 Thermo Scientific, Dreieich, D 
Folch brain lipid extract from bovine brain B1502-1G Sigma-Aldrich, Steinheim, D 
Gibco DPBS 14190144 Thermo Scientific, Dreieich, D 
Glutaraldehyde 4157.2 Roth, Karlsruhe, D 
Glycerol 3783.1 Roth, Karlsruhe, D 
HEPES 9105.4 Roth, Karlsruhe, D 
Imidazole 3899.3 Roth, Karlsruhe, D 
Isopropanol 9866.5 Roth, Karlsruhe, D 
Kanamycinsulfate T823.4 Roth, Karlsruhe, D 
Magnesium chloride Hexahydrate 63065 Sigma-Aldrich, Steinheim, D 
Mark12TM unstained standard LC5677 Life Techologies, Karlsruhe, D 
Methanol 4627.5 Roth, Karlsruhe, D 
Ni Sepharose HP 71-5027-67  GE Healthcare, München, D 
NuPAGE© LDS Sample Buffer (4x) NP0007 Life Techologies, Karlsruhe, D 
NuPAGE© MES SDS Buffer Kit NP0060 Life Techologies, Karlsruhe, D 
Osmium tetroxide 8371.1 Roth, Karlsruhe, D 
Paraformaldehyde 0335.2 Roth, Karlsruhe, D 
Penicillin-Streptomycin 15140-122 Life Techologies, Karlsruhe, D 
Potassium chloride 6781.3 Roth, Karlsruhe, D 
Potassium dihydrogen phosphate 3904.1 Roth, Karlsruhe, D 
Potassium phosphate dibasic 450200 Sigma-Aldrich, Steinheim, D 
Sodium chloride 9265.2 Roth, Karlsruhe, D 
Sodium phosphate dibasic 71640-M Sigma-Aldrich, Steinheim, D 
Tetrabutylammonium bromide 86860 Sigma-Aldrich, Steinheim, D 
TRIS A411.3 Roth, Karlsruhe, D 
Trypsin-EDTA (0.25%) 25200056 Thermo Scientific, Dreieich, D 
Uranyl acetate dihydrate 73943 Sigma-Aldrich, Steinheim, D 

  

https://www.sigmaaldrich.com/ES/en/product/aldrich/450200
https://www.sigmaaldrich.com/ES/es/product/mm/71640m
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Appendix C – List of buffers 
Buffer Components 
ATPase buffer 25 mM HEPES pH 7.5  

300 mM NaCl  
1 mM DTT  
0.5 mM MgCl2 

Cryo-EM buffer 20 mM HEPES pH 7.5  
300 mM NaCl  
0.5 mM MgCl2 

HPLC buffer 100 mM potassium phosphate buffer pH 6.5  
10 mM tetrabutylammonium bromide  
7.5% acetonitrile 

Liposome buffer 25 mM HEPES pH 7.5  
300 mM NaCl  
1 mM DTT 

PBS (10X) 1.37 M NaCl  
27 mM KCl  
100 mM Na2HPO4  
18 mM KH2PO4 

Protein purification buffers 
 

 
Resuspension buffer 50 mM HEPES pH 7.5  
 400 mM NaCl  
 25 mM imidazole  
 2.5 mM β-mercaptoethanol  
 250 µM Pefabloc  
 1 µg/ml DNase I  
Equilibration buffer 50 mM HEPES pH 7.5  

 400 mM NaCl  
 25 mM imidazole  
 2.5 mM β-mercaptoethanol  

Washing buffer 1 20 mM HEPES pH 7.5  
 700 mM NaCl  
 30 mM imidazole  
 2.5 mM β-mercaptoethanol  
 1 mM ATP  
 10 mM KCl  

Washing buffer 2 20 mM HEPES pH 7.5  
 300 mM NaCl  
 25 mM imidazole  
 2.5 mM β-mercaptoethanol  

Elution buffer 1 20 mM HEPES pH 7.5  
 300 mM NaCl  
 300 mM imidazole  
 2.5 mM β-mercaptoethanol  

Dialysis buffer 20 mM HEPES pH 7.5  
 300 mM NaCl  
 2.5 mM β-mercaptoethanol 



 

108 
 

 
Washing buffer 3 20 mM HEPES pH 7.5  
 300 mM NaCl  
 2.5 mM β-mercaptoethanol  
Elution buffer 2 20 mM HEPES pH 7.5  
 300 mM NaCl  
 25 mM imidazole  
 2.5 mM β-mercaptoethanol  
Elution buffer 2 20 mM HEPES pH 7.5  
 300 mM NaCl  
 50 mM imidazole  
 2.5 mM β-mercaptoethanol  
SEC buffer 20 mM HEPES pH 7.5  
 300 mM NaCl  
 2.5 mM β-mercaptoethanol  
 2.5 mM MgCl2 
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Appendix D – List of software 
 

Software Developer or Reference 
Amira 2020 Thermo Fisher Scientific, Waltham, USA 
Ccp4 v.7.1 Winn M. D., 2011 (Winn et al., 2011) 
Chimera v.1.16 UCSF Resource for Biocomputing, Visualization, and Informatics 
ChimeraX v.1.5 UCSF Resource for Biocomputing, Visualization, and Informatics 
Coot v.0.8 Emsley P., 2010 (Emsley et al., 2010) 
Dynamo Castaño-Díez D., 2012 (Castaño-Díez et al., 2012) 
Phenix v.1.20 Liebschner D., 2019 (Liebschner et al., 2019) 
GraphPad Prism v.7.05 GraphPad Software, San Diego, USA 
ImageJ v.1.52a Schneider, C.A. et al., 2012 (Schneider et al., 2012) 
IMOD v.4.11 Kremer J.R., Mastronarde D.N. and McIntosh J.R., 1996 (Kremer et 

al., 1996) 
Microscopy Imagae Browser Belevich I., 2016 (Belevich et al., 2016) 
SerialEM Mastronarde D.N., 2003 (Mastronarde, 2005) 
SMOG v2.3 Noel J. K., 2016 (Noel et al., 2016) 
SUSAN https://github.com/rkms86/SUSAN 
TomoBEAR https://github.com/KudryashevLab/TomoBEAR 
ZEN Carl Zeiss AG, Jena, D 
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*See next page for details 

Appendix E – Sequence alignment 
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Multiple sequence alignment of EHD proteins. Using Mus musculus (mm) EHD2 (Q8BH64) 

as a reference, the following sequences were aligned using Clustal W: Mus musculus (mm) EHD4 

(Q9EQP29, Homo sapiens (hs) EHD1 (Q9H4M9) and EHD3 (Q9NZN3), Danio rerio (dr) EHD 

(Q6P3J7), Xenopus laevis (xl) EHD1 (Q32NW7), Caenorhabditis elegans (ce) RME-1 

(G5ECC3), Drosophila melanogaster (dm) PAST-1 (Q8IGN0), Trypanosoma cruzi (tc) EHD 

(Q4DYK9), Dictyostelium discoideum (dd) EHD (Q54ST5), Leishmania major (lm) EHD 

(Q4QDJ3). Residues with more than 60% identity are shaded in blue (the darker the shade, the 

more conserved). Domains are indicated on top of the sequence. Black dots are positioned every 

10 residues, and black squares every 50. 
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Appendix F – Subtomogram Averaging Workflows 

 
Structure determination of full-length EHD2. A) Schematic representation of the subtomogram 
averaging workflow and obtained results. B) Gold standard Fourier Shell Correlation. C) Angular 
distribution of particles. D) Final map colored by local resolution. Figure by Vasilii Mikirtumov. 
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Structure determination of N-terminally truncated EHD2. A) Schematic representation of the 
subtomogram averaging workflow and obtained results. B) Gold standard Fourier Shell 
Correlation. C) Angular distribution of particles. D) Final map colored by local resolution. Figure 
by Vasilii Mikirtumov. 
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Appendix G – Data collection, refinement, and validation 
 

 EHD2 EHD2ΔN 
Data collection and processing   
Magnification 42,000 42,000 
Voltage (kV) 300 300 
Electron exposure (e-/Å2) 100 158 
Defocus range (µm) -2 – -7 -1.5 – -5 
Pixel size (Å) 1.069 1.069 
Symmetry imposed C2 C2 
Initial particle images (no.) 14,491 30,449 
Final particle images (no.) 6,932 17,204 
Map resolution (Å) 6.7 11 
FSC threshold 0.143 0.143 
Map resolution range (Å) 6.2 – 9.4 6.3 – 16.6 
   
Refinement   
Initial model used (PDB code) 4CID 4CID 
Map sharpening B factor (Å2) -200 -200 
Model composition   
 Non-hydrogen atoms 16576 16576 
 Protein residues 2084 2084 
 Ligands 0 0 
R.m.s. deviations   
 Bond lengths (Å) 0.004 0.002 
 Bond angles (°) 0.856 0.638 
Validation   
 MolProbity score 2.16 1.89 
 Clashcore 21.26 12.01 
 Poor rotamers (%) 0.00 0.00 
Ramachandran plot   
 Favored (%) 95.18 95.76 
 Allowed (%) 4.82 4.05 
 Disallowed (%) 0.00 0.19 
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Abbreviations 
ADP Adenosine diphosphate 
AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride ATP 
ATP Adenosine triphosphate 
Cryo-EM Cryo-electron microscopy 
Cryo-EM/T Cryo-electron microscopy/tomography 
Cryo-ET Cryo-electron tomography 
C-terminus Carboxy-terminus 
DAPI 4′,6-diamidino-2-phenylindole 
DMEM Dulbecco's Modified Eagle Medium 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DPBS Dulbecco's phosphate buffer saline 
DTT Dithiothreitol 
E. coli Escherichia coli 
EDTA Ethylenediaminetetraacetic acid 
EHD Eps15 homology domain containing protein 
EM Electron microscopy 
FL Full-length 
GA Glutaraldehyde 
GDP Guanosine diphosphate 
GTP Guanosine triphosphate 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HPLC High-performance liquid chromatography 
HRP Horseradish peroxidase 
HUVEC Human umbilical vein endothelial cells 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
KD Knock-down 
KO Knock-out 
MCS Multicloning site 
MDC Max-Delbrück Center for Molecular Medicine, Berlin 
MEF Mouse embryionic fibroblasts 
MWCO Molecular weight cut-off 
Ni-NTA Nickel-nitrilotriacetic acid (nickel-charged resin) 
N-terminus Amino-terminus 
PBS Phosphate buffer saline 
PCR Polymerase chain reaction 
PFA Paraformaldehyde 
PtdIns Phosphatidyl inositol 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC Size exclusion chromatography 
SIRT Simultaneous Iterative Reconstruction Technique 
SPA Single particle analysis 
STA Subtomogram averaging 
TB Terrific broth 
TBS Tris-buffered saline 
TBS-T Tris-buffered saline with Tween20 



 

116 
 

v/v Volume per volume 
WT Wild-type 
ΔEH EH domain truncation 
ΔN N-terminally truncated 
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