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1. German Abstract

Clathrin-vermittelte Endozytose ist ein konservierter Prozess in Eukaryoten, der für

verschiedene Funktionen wie Ernährung und synaptische Kommunikation von großer

Bedeutung ist. Während der Clathrin-vermittelten Endozytose baut sich eine große

Proteinmaschinerie selektiv in einem Bereich der Plasmamembran auf und erzeugt

Clathrin-beschichtete Vertiefungen (CCPs: clathrin-coated pits). Innerhalb dieses kom-

plexen und dynamischen Netzwerks von Protein-Protein- und Protein-Membran- Wech-

selwirkungen müssen die endozytische Hülladaptoren Sla2 und Ent1 an der Plasmamem-

bran befestigt bleiben, um Kraft vom Aktin-Zytoskelett zu übertragen, die für eine

erfolgreiche Membraninvagination in Hefe erforderlich ist. Diese Arbeit präsentiert

eine Kryo-EM-Struktur eines 16-mer-Komplexes der ANTH- und ENTH- Membran-

bindungsdomänen von Sla2 und Ent1, die an das Phospholipid PIP2 gebunden sind. Die

Baueinheit dieses Oligomers ist ein Heterotetramer, das PIP2-Moleküle an den ANTH-

ENTH-Grenzflächen bindet. Von der Struktur abgeleitete Mutationen von Resten,

die in den neu identifizierten Proteinschnittstellen dieses Komplexes vorhanden sind,

wurden mit einem breiten Spektrum biophysikalischer und struktureller Techniken un-

tersucht. Die Ergebnisse der Komplexbildungsexperimente beschreiben die entschei-

denden Wechselwirkungen die für die Komplexbildung verantwortlich sind, und man-

gelhafte Zellwachstumsphänotypen demonstrieren ihre biologische Relevanz. Wichtig

ist, dass die ANTH-ENTH-Kooperation und größere Baugruppen bilden können, um

zum Membranumbau beizutragen. Darüber hinaus legen zeitaufgelöste Kleinwinkel-

Röntgenstreung-Messungen (SAXS) der Wechselwirkungdieser Adapterdomänen in vitro

nahe, dass sich ANTH- und ENTH-Domänen entwickelt haben, um in Gegenwart von

PIP2 eine schnelle Assemblierung im Zeitbereich von weniger als einer Sekunde zu

erreichen, und dass weitere Proteine nicht zur Ausbildung eines stabilen Komplexes

erforderlich sind. Über die Membranbindungsdomänen von Mid-Coat-Adaptoren hin-

aus präsentiert diese Arbeit auch die biophysikalische Charakterisierung der Wildtypen

von Sla2 und Ent1 von C. thermophilum. Die Chara kterisierung des C-Terminus von

Sla2 mittels CryoEM und Strukturvorhersagen offenbart unterschiedliche Oligomer-

und Konformationszustände, die für die Interaktion mit dem Aktin-Zytoskelett rel-

evant sein könnten. Darüber hinaus wird die Wechselwirkung von Sla2 mit der le-

ichten Kette von Clathrin (CLC: clathrin light chain) in Lösung gezeigt und unter Ver-

wendung von SEC-SAXS charakterisiert. Bindungsstudien zeigen darüber hinaus eine

Protein-Protein-Wechselwirkung mit geringer Affinität. Es ist bekannt, dass Ent1 über

seine Clathrin-Box-Motive an die N-terminale Domäne der schweren Kette von Clathrin

(NTD: N-terminal domain) bindet. Die Kristallstruktur der schweren Clathrin-Kette

NTD von C. thermophilum gegenüber anderen Eukaryoten hoch konserviert, und die

Bindung zwischen WT-Ent1 und einem Peptid, das die Sequenz enthält, liefert Informa-

tionen bezüglich des Mechanismus der Bindung dieses Adapters an die Clathrin-Hülle.
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Zusammen liefern diese Ergebnisse ein molekulares Verständnis dafür, wie Mid-Coat-

Adaptoren zum molekularen Puzzle von Clathrin-beschichteten endozytischen Stellen

beitragen.
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2. English Abstract

Clathrin-mediated endocytosis is a conserved process in eukaryotes essential for sev-

eral functions such as nutrition and synaptic communication. During clathrin-mediated

endocytosis, a large protein machinery selectively assembles in a region of the plasma

membrane, creating clathrin-coated pits (CCPs). Within this complex and dynamic

network protein-protein and protein-membrane interactions, endocytic midcoat adap-

tors, Sla2 and Ent1, must remain attached to the plasma membrane to transmit force

from the actin cytoskeleton required for successful membrane invagination in yeast.

This work presents a cryo-EM structure of a 16-mer complex of the ANTH and

ENTH membrane-binding domains from Sla2 and Ent1 bound to PIP2. The building

unit from this oligomer is a hetero-tetramer that binds PIP2 molecules at the ANTH-

ENTH interfaces. Structure-derived mutations of residues present in the newly identi-

fied protein interfaces of this complex were studied by a wide-range of biophysical and

structural techniques. Complex formation experiments delineate the key interactions

for complex formation and deficient cell growth phenotypes demonstrate its biologi-

cal relevance. Importantly, the ANTH-ENTH cooperate to form larger assemblies to

contribute to membrane remodelling, promoting the formation of CCPs. Furthermore,

a time-resolved small-angle X-ray scattering (TR-SAXS) study of the interaction of

these adaptor domains in vitro suggests that ANTH and ENTH domains have evolved

to achieve a fast sub-second timescale assembly in the presence of PIP2 and do not

require further proteins to form a stable complex.

Beyond the membrane binding domains of mid coat adaptors, biophysical char-

acterization of full length Sla2 and Ent1 from C. thermophilum was also performed.

cryoEM Single Particle Analysis of Sla2 together with structural predictions reveals dif-

ferent oligomeric and conformational states which could be relevant for its interaction

with the actin cytoskeleton, an essential component requiered for membrane internal-

ization. Furthermore, interaction of adaptors with clathrin is also studied here: the

complex between Sla2 and clathrin light chain (CLC) is characterised in solution using

SEC-SAXS and binding studies reveal a low affinity protein-protein interaction which

affects the flexibility of clathrin. The crystal structure of the clathrin heavy chain N-

Terminal domain (NTD) from C. thermophilum shows a high conservation from other

eukaryotes, and binding studies of this domain with adaptors shed some light regarding

the specificity of the binding of these adaptors to the clatrin coat.

Together, these findings provide a molecular understanding of how mid-coat adap-

tors contribute to the molecular puzzle assembled for building clathrin-coated vesicles.
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3. Introduction

3.1 Cells communicate with their environment

Living beings are defined as any organism or form of life able to perform three

essential functions: nutrition (through metabolism and growth), relation (response to

stimuli and adaptation to the environment) and reproduction. While being able to

communicate with their environment, cells have a defined structure and are delimited

by large biological membrane that surrounds the cell: the plasma membrane. Cells

also have several internal compartments involved in different functions, designated as

organelles, which are usually separated by internal membranes.

3.1.1 The plasma membrane, the interface for communication with

the environment

The plasma membrane (PM), like most biological membranes, is created by a bilayer

of lipids, with stacking of the hydrophobic acyl chains of the lipids inside the membrane

surrounded by the polar head groups, which are exposed to the aqueous environment.

The composition of the PM comprises an elaborated mixture of lipids, decorated by

several different types of proteins, including Integral Membrane Proteins (IMPs) and

membrane associated proteins with distinct topologies that fulfil different roles required

by the cell for responding to the environmental cues. The wide diversity of lipids with

different polar head groups and different levels of insaturations on their acyl chains

allow a fine regulation of membrane fluidity and tension properties to different types

of membranes, and also to certain specific regions within the same membrane.

The plasma membrane is also usually referred as a semi-permeable barrier, since it

separates the cell from its environment but it is not completely sealed, letting water,

gases and other small hydrophobic molecules flow through so cells receive signals and

nutrients from their surroundings, but remain isolated from the exterior. To allow the

transport of nutrients and signalling molecules that are incapable of diffusing through

the plasma membrane (mostly due to their size and chemical composition), different

transporters, pumps, channels and receptors are present in the plasma membrane.
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Different types of membrane proteins present in the surface can diffuse within the

plasma membrane and cluster together in certain regions of the cell. However, the

availability of these receptors needs to be tightly regulated depending on the internal

status of the cell to regulate the amount of target molecules that should be captured

from the environment (e.g. sugar transporters should be internalised when enough

sugars are present within the cell).

3.2 Endocytosis

To regulate the protein and lipid composition of the cell surface and for the in-

ternalization of materials from the exterior, evolution has carefully selected a protein

machinery in charge of internalization of a specific region of the plasma membrane.

The internalization of a portion of the plasma membrane containing cargo of interest

into the cell is known as endocytosis (which can be directly translated from Greek as

“brought into the cell”). This process is the opposite of exocytosis, where a portion of

internal membrane fuses to the plasma membrane and releases contents of such vesicles

into the cell surface and the environment.

Given the broad range of signals and nutrients that cells receive from their envi-

ronment, endocytosis is involved in many fundamental cellular processes besides just

regulation of the composition of the plasma membrane. The most widely-studied ones

are nutrient uptake and cell signaling, since the availability of several receptors (such

as the GLUT4 transporter (Foley et al., 2011) is regulated using this process. Beyond

that, endocytosis has also a role in cell adhesion and polarity. The internalization of cer-

tain regions of the plasma membrane designated for endocytosis naturally contributes

as well to the control of plasma membrane homeostasis by regulating different types of

lipids available in the plasma membrane. In neurons, clathrin-mediated endocytosis (a

subtype of endocytosis) is relevant during synaptic receptor recycling, once the signal

fired by the neurotransmitter binding to their receptors has been triggered (Saheki,

De Camilli, 2012). Endocytosis also plays an important role in viral infection, since

many viruses, such as SARS-CoV-2, high-jack surface receptors present in eukaryotic

cells and trigger their internalization using the endocytic mechanism of this receptors

(Kaksonen, Roux, 2018; Lu et al., 2016; Smith et al., 2017).
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Figure 3.1: Different mechanism of endocytosis.
(left to right) Clathrin mediated-endocytosis takes place when receptor or cargoes are tar-
geted/activated with molecules such as Ubiquitin. These receptors are internalising into a vesicle
and fuse with the endosomes where they can be recycled back to the surface of the cell of proceed
towards internal trafficking in the endo-lysosomal pathway. Changes in the lipid composition in the
plasma membrane that change the fluidity of the membrane in certain regions, known as lipid rafts,
which promote the internalization of smaller regions of the plasma membranes known as Caveolae. The
cell can also internalise larger materials from the environment such as liquids or entire pathogens by
micropinocytosis and phagocytosis, respectively. Created with BioRender.com

Given endocytosis is essential for the communication of cells with their environment,

it is conserved from low to high eukaryotes (e.g. from yeast to mammals). There are

different sub-classes of endocytosis according to the different types of cargoes selected

to be internalised into the cell (Figure 3.1). Some cargoes can play a role in the

activation of the formation of protein coats around the plasma membrane, such as in

clathrin-mediated endocytosis or fast-endophilin mediated endocytosis (FEME). Other

processes do not require specific cargoes, but depend on the formation of lipid rafts,

highly fluid portions of the plasma membrane enriched in lipids such as cholesterol.

This process, which yields smaller vesicles than those of clathrin-mediated endocytosis,

is used for the internalization of lipids into the plasma membrane, and it has been

shown to be involved in several physiological functions. Besides these, endocytosis also

exists in many other flavours such as pinocytosis and phagocytosis are used for the

internalization of liquids from the environment or of pathogens and apoptotic debris,
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respectively (Doherty, McMahon, 2009; Rennick et al., 2021).

3.3 Clathrin-mediated endocytosis

One of the most extensively studied endocytic processes is receptor-mediated en-

docytosis, also known or clathrin-mediated endocytosis (CME). As its name indicates,

receptor-mediated endocytosis is responsible for the internalization of membrane re-

ceptors as cargoes into the cell. Upon their activation, these receptors usually activate

a cascade of events that trigger the assembly of the endocytic machinery to build the

protein coat around the region of the plasma membrane that needs to be internalised.

An essential component of this protein coat is clathrin, which plays a major structural

role for building the protein coat around endocytic sites (Kirchhausen et al., 2014).

Many years of research around clathrin mediated endocytosis in budding yeast have al-

lowed a very detailed understanding of its timeline and components (with more than 60

proteins involved), which have been described in several genetic and microscopy studies

(Figure 3.2) (Kaksonen, Roux, 2018; Merrifield, Kaksonen, 2014; Lu et al., 2016; Mund

et al., 2018).

The components of the endocytic machinery have been well characterised over time,

and their arrival and function within the endocytic site has been shown to be heavily

regulated by several different factors, including post-translational modifications such

as phosphorylation and ubiquitination (Mettlen et al., 2018). Based on their function

performed within the endocytic coat, proteins have been assigned into different modules:

early arriving proteins (such as Ede1), coat proteins (such as clathrin), WASP/Myo

proteins, actin module proteins and scission proteins (such as Dynamin) (Mund et al.,

2018).

CME occurs in a sequential way and can be divided in the following stages: (1)

initiation, where pioneering proteins bind cargo and the plasma membrane after the

increase of the local concentration of PI(4,5)P2, a phospholipid enriched in regions

of the plasma membranes where endocytosis occurs; (2) maturation, where curvature

starts being generated and the clathrin coat grows around the endocytic site forming

clathrin-coated pits (CCPs); (3) membrane invagination, enabled by the force from

actin polymerization against the plasma membrane; and (4) membrane scission, catal-
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ysed by the GTPase dynamin by constriction of the membrane at the neck of the

invagination. Finally, once CCPs are cleaved off from the plasma membrane, clathrin

coated vesicles are directed towards the internal trafficking systems of the cell, where

coat disassembly and recycling of components takes place with the help of chaperones

such as Hsp70 and Auxilin (Kang et al., 2009; Xing et al., 2010).

Figure 3.2: Schematic of the clathrin mediated endocytosis process.
1. Initiation stage. Adaptor proteins bind to the receptors and the plasma membrane via interactions
with cargoes containing certain motifs or with PIP2, respectively, and initiate the formation of the
endocytic coat by recruitment of clathrin. 2. Clathrin coated pit (CCP) formation takes place with
further recruitment of molecules to the clathrin coat. In yeast, adaptors start the recruitment of teh
actin cytoskeleton. 3. Membrane invagination process takes place driven by actin polymerization and
branching together with further coating of the endocytic site by clathrin. 4. The scission machinery
binds to the neck of the CCP and cleavages it from the plasma membrane. 5. Clathrin-coated vesicles
(CCVs) containing cargoes are internalised into the cell. 6. The endocytic coat components are recycled
with the help of Auxilin and Hsp70 chaperones for coat disassembly. 7. Uncoated vesicles containing
cargo proceed into the internal membrane trafficking system. 8. Vesicles fuse with the endosome.
Created with BioRender.com

CME has been conserved through evolution from yeast to higher eukaryotes, such

as mammalian cells, where is essential in organism-wide processes such as synaptic

receptor recycling. However, in spite of the large similarities and the large proportion

of shared components, there are remarkable differences between yeast and mammalian

cells endocytosis. The most remarkable difference is probably the size and shape of the

vesicles (in yeast they are smaller and oval-shaped compared to round larger vesicles
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in higher eukaryotes), and the dependence of the actin cytoskeleton for membrane

invagination, required in yeast and dispensable in higher eukaryotes (Kaksonen, Roux,

2018).

3.3.1 Clathrin: an essential component of the protein machinery for

membrane internalization

Clathrin was firstly identified in the 1970s as a protein involved in the internaliza-

tion of vesicles in cells, and was initially isolated from brain pig tissue, where is very

abundant due to the large amount of synaptic connections with neurotransmitter re-

ceptors that are internalised using clathrin-mediated endocytosis. Its characterization

using Electron Microscopy (EM) and the observation of its ability to form cage-like

assemblies gave clathrin its name (Pearse, 1976, 1975). One of the first cargoes that

were studied to be internalised by means of clathrin coated vesicles was Low Den-

sity Lipoprotein (LDL), which showed a dependence for clathrin for its internalization

through its specific receptor and gave rise to the term “clathrin-mediated” endocytosis

(Goldstein et al., 1979).

Clathrin is composed by a heavy and a light chain, and it is a trimer, known as

triskelion, in its native state. Each triskelion is composed by three heavy chains (CHC,

180 kDa) and three light chains (CLC, 20 kDa) (Ungewickell, Branton, 1981). CHC

consists of an N-terminal domain, a 7-blade β-propeller, followed by a long stretch

of repetitive domains which by means of an α-helical zig-zag form a curled elongated

structure, known as the leg of clathrin (with two different segments, an angle, and a

knee) and a final C-terminal domain containing the tripod helix, involved in clathrin

multimerization (Figure 3.3). In mammals, there are two splicing variants of CHC,

and they have been proposed to deferentially form coated pits or plaques, influencing

cell adhesion and muscle development and maintenance (Moulay et al., 2020). CLC

contains a single long helix that binds to CHC (Figure 3.3), along with intrinsically

disordered regions, which were attributed some regulatory roles in the regulation of

the clathrin coat assembly and its interactions with other adaptor proteins present in

endocytosis. Also in mammals light chains (CLCa and CLCb) have been shown to

be tissue specific and display different properties of interactions with other endocytic

proteins (Biancospino et al., 2019; Redlingshöfer et al., 2019).
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Clathrin triskelia can assemble into different types of cage-shape structures and

contribute to the formation of CCPs. Clathrin’s ability to trimerize depends on pH,

indicating that coat formation relies on electrostatic interactions (Ybe et al., 1998).

Clathrin coated structures in the cell vary in diameter (700 – 1000 Å) as well as in

shape, with several types of assembly reported in literature to this date (Fotin et al.,

2004a; Morris et al., 2019; Paraan et al., 2020). Furthermore, the advances in the

field of cryo-electron tomography (cryoET) along with the regularity on the clathrin

cages assemblies have allowed the determination of in situ clathrin coat structures

(Serwas et al., 2022). The standard cages reported in literature describe an assembly in

which hexagons and pentagons assemble adjacently, with two types of contacts between

triskelia that stabilise the coat. Additionally, clathrin plaques in the periphery of the

cell have been studied for their relation with other processes such as cell adhesion and

migration (Sochacki, Taraska, 2019).

Since the early days of single particle analysis EM (SPA-EM), structures of different

clathrin cages and coats from purified samples or reconstituted systems have shed light

into the mechanism of assembly of the coat and its structural role as as a platform

for the recruitment of other endocytic proteins and cargo at the plasma membrane in

clathrin-coated sites (CCS) (Fotin et al., 2004a,b; Marsh, 2002; Morris et al., 2019;

Vigers et al., 1986; Bucher et al., 2018; Kukulski et al., 2012; Scott et al., 2018).

Importantly, even though clathrin is present in yeast endocytic sites and it qualifies

as an abundant coat protein, it is not an absolute prerequisite for endocytosis (Payne

et al., 1988). In addition, correlative light and electron microscopy (CLEM) has revealed

that clathrin does not shape the membrane during invagination, but is instead required

to determine the correct size and regularity of the invagination of emerging endocytic

vesicles (Avinoam et al., 2015; Kukulski et al., 2016).

The role of clathrin during membrane remodeling has been a long standing debate

in the CME field, with two prevalent models: the constant curvature vs the constant

surface model (Scott et al., 2018; Sochacki, Taraska, 2019). Clathrin has been shown

to sense membrane curvature (Zeno et al., 2021), and its interactions with adaptors

regulate the transition from flat to curved during CME (Bucher et al., 2018). Re-

cently, super-resolution and Simultaneous Two-wavelength Axial Ratiometry (STAR)

microscopy studies manifest the capability of clathrin to assemble both as a flat and
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curved coat in the endocytic sites (Mund et al., 2022; Nawara et al., 2022).

3.3.2 Adaptor proteins: essential players in clathrin mediated endo-

cytosis in yeast

Clathrin mediates endocytosis through the formation of a protein coat around the

endocytic site but it does not interact directly with the plasma membrane. Instead,

adaptor proteins connect the clathrin coat with the plasma membrane. Initially referred

as the 50-100 kDa accessory proteins, these adaptor proteins are a diverse set of proteins

with different topologies and functions, which include the AP-2 complex, proteins of the

clathrin assembly lymphoid myeloid leukemia (CALM) family and epsins, connect the

clathrin coat with the plasma membrane (Merrifield, Kaksonen, 2014; Edeling et al.,

2006; Ford et al., 2001, 2002; Kalthoff et al., 2002; Miller et al., 2015).

Adaptor Proteins (APs) are in charge of cargo recongnition, and of connecting the

cargo and the plasma membrane with the clathrin coat surrounding the endocytic pit

and with the actin cytoskeleton, indispensable for CME in yeast. APs can be classified

according to their arrival times into the endocytic site into early, middle and late

arriving proteins. Early proteins have been shown to be dispensable in yeast, with

endocytosis taking place in just a few seconds (compared to the standard 2 minutes

process) by fast internalization of the plasma membrane (Brach et al., 2014). The

redundancy of the role of some endocytic proteins provides the endocytic system with

robustness needed for this essential cellular process. For example, two genes encoding

epsins present in yeast (Ent-1 and Ent-2) fulfil a similar role, and a deletion of both

genes was shown to be lethal, making loss of function phenotypes only achievable

by controlled expression of at least one copy (Skruzny et al., 2012; Wendland et al.,

1999). Another layer of endocytosis where the variety of adaptors becomes relevant is

cargo recognition. The recognition of different cargoes by the endocytic machinery is

accomplished by adaptor proteins, which target different endocytic signals in the forms

of Short Linear Motifs (SLiMs), conformational determinants (e.g. the SNARE domain

of VAMP8) or covalent modifications (such as Ubiquitination or phosphorylation) in the

cytosolic domains of the membrane receptors that will need to be internalised (Traub,

Bonifacino, 2013). This variety of mechanisms together with the large diversity of

adaptors allows the endocytic machinery to bind selectively receptors that need to be
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Figure 3.3: Clathrin, the main player in clathrin mediated endocytosis.
a. Domain arrangement of clathrin heavy chain (CHC) and clathrin light chain (CLC). b. Structural
model of a clathrin triskelion, composed by three molecules of CHC and three molecules of CLC. The
different domains of CHC composing the clathrin leg are indicated (adapted from (Xing et al., 2010).
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internalised.

Figure 3.4: Domain organization of endocytic adaptors from S. cerevisiae.

3.3.3 The AP-2 adaptor complex

One of the most important adaptor complexes during CME is the AP-2 complex.

The AP-2 complex belongs to a family of membrane trafficking hetero-tetrameric adap-

tor complexes, classified from AP-1 to AP-5, involved in different membrane trafficking

pathways such as the trans-Golgi network and the endo-lysosomal system (Park, Guo,

2014). The AP-2 complex has been extensively studied given its relevance during

cargo selection and its relation with the initiation of the formation of the clathrin coat

(Cocucci et al., 2012; Graham et al., 2014).

This hetero-tetrameric complex is composed by 2 large homologous subunits (β and

δ), a medium chain (µ) and a small chain (σ). The topology of the AP-2 complex

comprises a compact core built by the four subunits, with two periferal appendage

domains connected to the large subunits by flexible linkers. Several structural studies

using X-ray crystallography and cryoEM have revealed the different conformations of

the complex upon membrane and cargo binding, and its contribution of the recruitment

of further components of the endocytic coat (Kovtun et al., 2020; Muenzner et al.,

2017; Partlow et al., 2022). The core of the AP-2 complex has been shown to adopt (at

least) two different conformations, a closed state and an open state, the latter exposing

the cargo binding sites for binding. In the close state, larger contacts are stablished

between the two large subunits, and the intermediate chain rests in between the two,

while opening of the core leads to large movement of the intermediate µ subunit for

cargo binding. Through its different subunits, the AP-2 complex contains (1) motifs for

22



binding PIP2 in the plasma membrane, (2) cargo binding domains that bind motifs in

receptors and (3) clathrin binding motifs, located in the β2 subunit which have shown

to promote clathrin assembly (Edeling et al., 2006), and that bind to the NTD domain

of CHC (Muenzner et al., 2017). Finally, AP-2 recruits other adaptors such as Eps15

to the endocytic site by binding sites present on its appendage domains (Schmid et al.,

2006).

3.3.4 Mid-coat endocytic adaptors in yeast: Ent1 and Sla2

Besides the AP-2 complex, adaptor proteins usually contain membrane binding

domains that keep the endocytic coat bound to the plasma membrane (such as ANTH

and ENTH domains), and intrinsically disordered regions (IDRs) that contain Short

Linear Motifs (SLiMs) that bind to clathrin, other adaptors and cargo. Some adaptors,

such as Epsins, also contain Ubiquitin Interaction motifs (UIMs) for interacting with

Ubiquitinated cargoes (Szymanska et al., 2016)(Figure 3.4).

Mid coat adaptors, Sla2 (also known as End4 in literature) and Ent1 (Hip1R and

Epsin-1 in higher eukaryotes) have been studied in yeast and in higher eukaryotes with

some differences. These two adaptors have the topology of elongated knot and string

proteins, with globular domains connected by coiled-coil or intrinsically disordered

regions (IDRs) (Figure 3.5). Sla2 and Ent1 interact also with the clathrin coat.

Sla2 was initially assigned as cortical actin binding protein involved in clathrin

mediated endocytosis and known to exist as a dimer (Yang et al., 1999). Later, its con-

nection with the clathrin coat by its coiled coil domain and its string and knots topol-

ogy was described using microscopy, together with its role in connecting the plasma

membrane (Engqvist-goldstein et al., 2001). The N-terminal ANTH domain binds to

the plasma membrane by interactions with PIP2 and other phospholipids (Ford et al.,

2001). The C-terminal domain of Sla2 was defined as an actin binding domain in

the 90s as a conserved region of this protein and other actin binding proteins (Mc-

Cann, Craig, 1997). The actin binding domain of the mammalian homologue, Hip1R,

termed talin-HIP1/R/Sla2p actin-tethering C-terminal homology (THATCH) domain,

was characterized using X-ray crystallography and the residues relevant for actin bind-

ing were described (Brett et al., 2006). Recent in situ cellular studies have been able

to localize the actin binding domains of Hip1R in the proximity of actin filaments at
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the endocytic site, where this actin regulator is present (Serwas et al., 2022). Hip1R

and the related protein Hip1 (a close homologue) were found to interact directly in vivo

with Clathrin Light Chain (CLC). This interaction takes place on the coil-coil region

of this adaptor, as it can be seen from the crystal structure of Hip1R, which lays down

a platform for CLC binding (Legendre-Guillemin et al., 2005; Wilbur et al., 2008; Ybe

et al., 2007). In yeast, the interaction between CLC and Sla2 has been proposed to

have a regulatory role of clathrin over Sla2, controlling the internalization of the plasma

membrane (Boettner et al., 2011).

Epsin-1 (Ent1 in yeast) was firstly identified as an endocytic protein associated with

clathrin (Chen et al., 1998; Wendland et al., 1999). As many other adaptor proteins,

Ent1 has an N-terminal membrane binding domain, termed ENTH, followed by a highly

flexible and disordered region that contains Ubiquitin-Interacting Motifs (UIMs) and

short SLiMs, that bind to clathrin and to other adaptors such as AP-2 and Eps15

(Kalthoff et al., 2002). A key component of the interactions of Ent-1 with the plasma

membrane is its N-terminal amphipathic helix, which bends the plasma membrane by

insertion into the inner bilayer (Ford et al., 2002; Itoh et al., 2001; Kweon et al., 2006;

Lai et al., 2012; Yoon et al., 2010). The intrinsically disordered region of Ent-1 also

contributes to membrane remodeling, by crowding effect and it was proved to be key

for the reconstitution of a minimal endocytic system (Dannhauser, Ungewickell, 2012).

Differently than Sla2, Ent1 does not contain a folded C-terminal domain that binds to

actin, however, a conserved region in its intrinsically disordered region has been shown

perform an actin binding role similar to the actin binding domain of Sla2. Interestingly,

phosphorylation sites present in this this region of the IDR of Ent1 targeted by Prk1

kinase were shown to negatively regulate the actin binding of Ent1 (Skruzny et al.,

2012). Ent1 contains at least one “Clathrin Box” SLiM in its C-terminal IDR, defined

in the Eukaryotic Linear Motif database as: L [IVLMF].[IVLMF][DE] (Kumar et al.,

2022). This SLiM has been shown to interact with the N-terminal Domain of CHC,

by specifically binding some sites of the β-propeller. Even though there is a lot of

structural information about the binding of this motifs to CHC, there are several open

questions regarding how these different motifs can regulate the assembly of the coat.
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Figure 3.5: Domain organization of Sla2 and Ent1.
The clathrin interaction regions are also shown. Phosphorylation sites are represented with blue circles.

3.3.5 Phospholipids trigger the assembly of the endocytic coat

Beyond the variety of proteins involved in CME, the composition of the plasma

membrane also plays an important role in the regulation and control of this essential

biological process, in particular phosphoinositides (PIPs). It is known that the PIP2

local concentration is increased in regions of the plasma membrane targeted for endo-

cytosis promoting the binding of adaptors, by phosphorylation of PI(4)P by PI 4-kinase

III (Baskin et al., 2016) and type I PI 4-phosphate 5-kinases (PIPKIs) (Di Paolo, De

Camilli, 2006; He et al., 2017). The enhanced affinity of the membrane binding domains

of these adaptors for this specific phospholipid compared to other lipids present in this

regions of the plasma membrane triggers the assembly of the endocytic coat via the

multiple interactions of adaptor domains containing membrane binding domains (such

as ANTH and ENTH) and AP-2 complex (Ford et al., 2002; Itoh et al., 2001). The

direct activation of kinases that phosphorylate PI(4)P to convert it into PI(4,5)P2 by

the AP-2 complex creates a forward feedback loop that promotes the endocytic coat

in regions of the plasma membrane designated to be internalized by CME (Thieman

et al., 2009). As the endocytic pits maturate, the recruitment of 5-phosphatases (such

as synaptojanin and SHIP2) that hydrolyze the PI(4,5)P2 and PI(3,4,5)P3 leads to the

progression of CCP internalization. Disruption of this process leads to the accumula-

tion of abortive CCPs in the membrane (Nakatsu et al., 2010). Towards the mature

stages of CCPs, PI(3,4)P2 is synthesized from PI(4,5)P2 by the phosphatidylinositol

3-kinase C2α. This change in the lipid composition of the CCP favours the recruit-

ment of BAR containing proteins, such as sorting nexin 9 (SNX9), which contribute to

membrane constriction of the neck of the CCP (Schöneberg et al., 2017).
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3.3.6 Membrane binding domains during clathrin-mediated endocy-

tosis

In the plasma membrane, PI(4,5)P2 becomes the triggering factor the ANTH-ENTH

interaction of Sla2 and Ent1. Ent1 and Sla2 bind to the plasma membrane in regions

where the endocytic coat is assembled through their membrane binding domains, epsin

N-terminal homology (ENTH) and AP180 N-terminal homology (ANTH) domains,

respectively (Ford et al., 2001, 2002; Garcia-Alai et al., 2018; Skruzny et al., 2015).

They bind specifically to the polar group of PI(4,5)P2, a lipid enriched at the endocytic

sites. ANTH and ENTH domains from these adaptors and other homologues have been

previously extensively studied, with several structures of both domains from different

domains available in the Protein Data Bank (Table 3.1). The structures of ENTH and

ANTH domains in complex with PIP2 and other phospholipids reveal their different

lipid binding mechanisms (Figure 3.6).

ANTH domains have a conserved PIP2 binding motif (37KKKH40, residue number-

ing for CALM) that creates a positively charged patch that coordinates the polar head

group of PIP2 (negatively charged, Figure 3.6a). As an electrostatic interaction, this

interaction has been shown to be dependent on pH (Hom et al., 2007). The ANTH

domain of Sla2 shows two specific features distinguish it from the ANTH domain of the

CALM family: the absence of an N-terminal amphipathic helix in Sla2 and the presence

of an extended loop between the α8 and α9 helixes of the ANTH domain, as it can be

observed from crystal structure of the ANTH domain of Sla2 from C. thermophilum

(Garcia-Alai et al., 2018).

ENTH is a small globular domain that contains an N-terminal amphipathic he-

lix, usually termed as α0. Several studies have shown the flexible and disordered na-

ture of this α0 helix in absence of lipids or a membrane environment (Kweon et al.,

2006). ENTH in complex with I(1,4,5)P3, a similar phosphatidylinositol shows a bind-

ing pocket comprising the conserved residues R7, R8, R25, N30, R63, K69, and H73

(residue numbering from R. norvegicus) that coordinate the head of the phospholipid

in the core of its domain by the contribution of the charged residues of its amphipathic

helix (Figure 3.6b). A crystal structure of a complex of two ENTH domains bound to a

single molecule of PI(4,5)P2 highlighted the structural cooperativity in the binding of
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epsins to the phospholipids in the plasma membrane (Figure 3.6c) (Garcia-Alai et al.,

2018).

3.3.7 Membrane remodeling during clathrin mediated endocytosis

During clathrin mediated endocytosis, the plasma membrane needs to be remodeled

into a high-curvature endocytic pit from which a vesicle will emerge from the plasma

membrane (Figure 3.2). There are several mechanisms of membrane remodelling and

curvature generation, including changes in the lipid composition in one side of the mem-

brane bilayer, protein crowding, insertion of hydrophobic protein domains, membrane

scaffolding of the curvature and cytoskeletal forces such as actin polymerization which

deform the membrane (Haucke, Kozlov, 2018; McMahon, Boucrot, 2015).

One mechanism performed by epsins among other adaptor proteins, is the insertion

of an amphipathic α-helix into the plasma membrane. This helix, usually that is known

to refold upon interaction with the plasma membrane (Lai et al., 2012). By insertion of

this helix only into the inner leaflet of the lipid bilayer of the plasma membrane, these

proteins are able to generate negative curvature that promotes membrane invagination

towards the interior (Campelo et al., 2008).

Another mechanism to promote membrane bending is the presence of domains with

intrinsic curvature that stabilize the curvature generated during membrane remodel-

ing for invagination (Kozlov, Taraska, 2022). BAR (Bin/Amphiphysin/Rvs) domain

containing proteins, bind to membranes by coordination of the polar head groups of

phospholipids in the membrane. The oligomerization of BAR domains in the plasma

membrane imposes intrinsic curvature in the plasma membrane (Frost et al., 2008).

Finally, several endocytic adaptors, including Epsin1 and AP180, contain intrinsi-

cally disordered regions (IDRs), which have been shown to contribute to membrane

remodeling by steric pressure that drives membrane bending (Busch et al., 2015; Sta-

chowiak et al., 2012). Recent work has also unveiled the mechanism of generation of

the steric pressure by large disordered regions using FRET (Houser et al., 2022). The

pressure of the plasma membrane and the force needed for membrane remodeling has

been object of several studies, with several models for the force production for mem-

brane invagination have been proposed (Lacy et al., 2018).
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Figure 3.6: PIP2 binding mechanism of ANTH and ENTH domains.
a. CALM ANTH domain from R. norvegicus (PDB ID = 1HFA, (Ford et al., 2001)). The conserved
PIP2-binding motif KRKH is located in the proximity of the amphipathic alpha helix. b. ENTH
domain from Ent-1 from R. norvegicus bound to IP3 (PDB ID = 1H0A, from (Ford et al., 2002)). The
phospholipid binding site is located in the pocket between the amphipathic alpha0 helix and the core of
the domain. c. ENTH domain of Ent2 from S. cerevisiae (PDB ID = 5ON7, from (Garcia-Alai et al.,
2018)). The crystal structure shows that the PIP2 is located between the two domains, with residue
Y100 coordinating the PIP2 from the binding pocket. For the three structures, the domains are shown
in a cartoon representation and the phospholipids are shown in stick representation. The residues
coordinating the polar head of the phospholipids are shown in stick representation and coloured in
gold, and the hydrogen bonds are shown as dashed blue lines.
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3.3.8 Cooperative molecular bridging by Sla2 and Ent1

In yeast, high turgor pressure makes actin polymerization forces indispensable for

membrane internalization, where mammalian cells do not require of these forces in order

to be able to invaginate the plasma membrane (Kaksonen, Roux, 2018; Smith, Smith,

2022). The cooperation between Sla2 and Ent1 during clathrin mediated endocytosis

and their role as essential connectors between the plasma membrane and the actin

cytoskeleton has been shown in previous studies.

Disturbance of the connection between the plasma membrane and the actin cy-

toskeleton by deletion of Sla2 generated a characteristic phenotype with defects over

internalization, revealing actin tails during CME (Kaksonen et al., 2003). Interestingly,

controlled removal of both Epsin genes in yeast (EPN1 and EPN2) yielded a similar

result, indicating epsins also play a role in the attachment of the plasma membrane

with the actin cytoskeleton, with evidence for the concerted action of Sla2 and Ent1 in

membrane-actin cytoskeleton coupling (Skruzny et al., 2012). Both proteins connect the

plasma membrane and the actin cytoskeleton (through their C-terminal actin-binding

domains), which allows them to gather the forces provided by actin for successful mem-

brane invagination of the plasma membrane (Messa et al., 2014). A recent quantifica-

tion of the forces exerted for membrane invagination by Sla2 using FRET-based sensors

report this affinity around 8 pN per Sla2 molecule (Abella et al., 2021). Molecular stud-

ies of the ANTH-ENTH interactions have shown that the coordinated action of both

domains is capable of deforming membranes into regular protein-coated tubules and

Electron Microscopy studies of these tubules revealed a regular lattice of ANTH and

ENTH domains that cover the plasma membrane. However, the interpretation of this

data was limited by the resolution achieved, and the cooperative mechanism of the two

adaptor proteins could not be described (Skruzny et al., 2015). Further in vitro studies

using ANTH and ENTH domains from yeast and humans demonstrated the existence

cooperativity in the binding of PIP2 by the concerted action of the two domains, and

the formation of hetero-oligomers of ANTH and ENTH domains by Native Mass Spec-

trometry (Native MS). Following these findings, a model for the assembly of the two

domains in the plasma membrane over time was proposed (Garcia-Alai et al., 2018;

Heidemann et al., 2020).
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Table 3.1: List of structural models deposited in the Protein Data Bank for ANTH and ENTH mem-
brane binding domains of adaptor proteins.

Protein Domain Species PDB code Reference

Ent-1 ENTH R. norvegicus 1EDU
Hyman et al.,

2000

Ent-1 ENTH S. cerevisiae 5LOZ
Tanner et al.,

2016

Ent-1 ENTH-IP3 R. norvegicus 1H0A
Ford et al.,

2002

Ent-1 ENTH D. rerio 5LP0
Levin Kravets
et al. 2016

Ent-2 ENTH-PIP2 S. cerevisiae 5ON7
Garcia-Alai et

al 2018

Ent-2 ENTH S. cerevisiae 4GZC
Costakes et al.,

2013

Ent-1 ENTH S. cerevisiae 5ONF
Garcia-Alai et

al., 2018

Ent-1 ENTH S. cerevisiae 5AHV
Skruzny et al.,

2015

CLINT1 ENTH H. sapiens 2QY7
Miller et al.,

2007

Ent-3 ENTH S. cerevisiae 3ONK
Wang et al.,

2011

Ent-5 ENTH S. cerevisiae 5J08
Zhang et al.,

2016

Ent-2 ENTH S. cerevisiae 6ENR
Garcia-Alai et

al., 2018

Ent-2
ENTH N112D/
S114E/ E118Q

S. cerevisiae 4GZD
Costakes et al.,

2013

AP180 ANTH
D.

melanogaster
1HX8

Mao et al.,
2001

Sla2 ANTH
C.

thermophilum
5OO7

Garcia-Alai et
al., 2018

CALM ANTH R. norvegicus 1HF8
Ford et al.,

2001

CALM ANTH-PIP2 R. norvegicus 1HFA
Ford et al.,

2001

CALM ANTH-IP2 R. norvegicus 1HG2
Ford et al.,

2001

CALM ANTH-IP6 R. norvegicus 1HG5
Ford et al.,

2001

CALM ANTH-Ub H. sapiens 7JXV
Pashkova et al.,

2021

PICALM ANTH R. norvegicus 3ZYK
Miller et al.,

2011

Hip1R ANTH R. norvegicus 7OST
Ford et al.,

TBP
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4. Objectives of this work

The endocytic coat relies on several transient protein-protein and protein-lipid inter-

actions throughout the constant deformation of the plasma membrane. It is intriguing

how the weak protein-membrane interactions so far described can hold the plasma mem-

brane during its remodeling without detaching from the membrane (Ford et al., 2001,

2002; Smith et al., 2017). Several mechanisms for membrane remodeling have been

studied and models have been proposed (Campelo et al., 2008; Di Paolo, De Camilli,

2006; Haucke, Kozlov, 2018; Kozlov et al., 2014; Sun, Drubin, 2012), yet the structural

role of PIP2 during membrane remodeling is still under debate, and our understanding

of the nature and dynamics of membrane phospholipids and their associations with

endocytic proteins during endocytosis remains limited.

Here, the following questions regarding adaptors are addressed:

• What is the structural basis for the high-affinity of adaptors for the plasma mem-

brane?

• How is membrane remodeling affected by multimeric complex protein scaffolds in

addition to the mechanism studied for individual adaptors?

• What are the time-scales of formation of multimeric mid-coat complexes?

Beyond these questions, midcoat adaptors connect the plasma membrane with the

clathrin coat and with the actin cytoskeleton. In the second part of this work, charac-

terization of adaptors addresses the following questions:

• What is the conformational landscape of adaptors in solution, and how are those

influenced by clathrin binding?

• Are there structural changes in Sla2 upon binding to clathrin and to the mem-

brane?

• What elements regulate the binding of mid-coat adaptors to clathrin?
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5. Results

5.1 Structural basis of ANTH-ENTH cooperation for mem-

brane binding and remodelling during clathrin-mediated

endocytosis

5.1.1 Sample preparation of the ANTH:ENTH:PIP2 complex

The ANTH domain from Sla2 and the ENTH domain from Ent1 from S. cerevisiae

were produced recombinantly and purified. ANTH and ENTH domains have been

previously described as globular domains of 33 and 18 kDa respectively (PDB ID 5ONF,

5ON7, 5OO7, 7OST, 3ZYK, and Table 3.1) (Garcia-Alai et al., 2018; Miller et al., 2015).

The first step after protein purification is to verify that the recombinant proteins are

folded and that sample quality is adequate for structural studies. nanoDSF showed

that ANTH and ENTH domains are thermally stable, with melting temperatures (Tm)

of 61 °C and 53 °C, respectively (Figure 5.1).

Figure 5.1: nanoDSF of the ANTH domain of Sla2 and ENTH domain of Ent1.
ANTH (blue) and ENTH (yellow) show a transition upon thermal denaturation due to the change
of the environment of the Trp residues a. Signal from the Ratio of the fluorescence at 330 and 350
nm. The (Tm) calculated from the transitions is shown as a dashed line (grey for ENTH and cyan for
ANTH). b. First derivative of the data from which the Tm is calculated.

Dynamic Light Scattering (DLS) experiments were performed to characterise the

behaviour of ANTH and ENTH samples in different conditions. At high concentrations

(10 mg/ml), DLS showed that the ANTH domain of Sla2 displayed a small shoulder
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on its auto-correlation (AC) function, indicating that this domain might be prone to

produce some aggregates at high concentrations (Figure 5.3a). Lowering the concen-

tration of ANTH domain removed the aggregates present in the sample (see below).

On the other hand, the ENTH domain of Ent1 behaved as a monodisperse sample even

at high concentrations. (Figure 5.3b)

After characterization of the small domains, screening to obtain a sample of a

hetero-complex of ANTH and ENTH in presence of PIP2 was performed using DLS.

For ANTH-ENTH-PIP2 complex reconstitution experiments, a soluble variant of the

lipid was chosen in order to be able to perform biophysical techniques based on previous

work (Garcia-Alai et al., 2018). Measurements of SEC buffer containing either 200

and 400 µM of soluble PIP2 (diC8-PI(4,5)P2, from now on referred only as PIP2)

showed an auto-correlation function of comparable slope at both concentrations (Figure

5.2). Typically, buffers used for DLS experiments should not contain components with

significant contribution to the scattering, however this is not the case when the sample

contains detergents or lipids above their Critical Micellar Concentration (CMC) (Meyer

et al. (2015)). In these cases, the DLS auto-correlation function reports the presence of

the lipid micelles in solution as these concentrations are above the CMC of the PIP2.

Figure 5.2: DLS of SEC Buffer containing diC8-PI(4,5)P2.
a. The buffer with 200 µM (yellow) and 400 µM (blue) shows an auto-correlation function due to the
presence of the PIP2 micelles (showed as an schematic on top). b and c. Intensity and mass plots
derived from the auto-correlation function using the Cumulants method for analysis (see Methods).
The overall size of the PIP2 micelles is around 1 nm.

Upon mixing of the ANTH and ENTH domains at high concentrations (approx.

10 mg/ml) with PIP2, large aggregates were formed in the samples, reported by the

DLS AC functions (Figure 5.3, yellow curves). Structural techniques, including X-ray

crystallography, cryo-EM and particularly SAXS, which were intended to be used for
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Figure 5.3: DLS of the ANTH and ENTH domains in presence of PIP2.
a. Auto-correlation curves for the ANTH at 10 mg/ml (grey), 200 µM PIP2 (blue) and ANTH at 10
mg/ml in presence of 200 µM PIP2 (yellow). textbfb. Auto-correlation curves for the ENTH at 10
mg/ml (grey), 200 µM PIP2 (blue) and ENTH at 10 mg/ml in presence of 200 µM PIP2 (yellow). c
and d. Intensity plots for the different populations detected in solution. e and f. Mass plots for the
different populations detected in solution.

studying ANTH-ENTH-PIP2 hetero-complexes, do not tolerate the presence of signif-

icant amounts of aggregates. Therefore, sample optimization was required in order to

find conditions that render a sample amenable for structural studies.

There are a few reasons to explain the large aggregation events present in these

samples. It is known from literature that the refolding of the ENTH α0 (disordered in

the absence of a membrane/lipids) allows its insertion into the plasma membrane (Ford

et al., 2002; Lai et al., 2012). For this reason, it is likely that the sample becomes more

unstable and prone to aggregation upon addition of PIP2 due to these conformational

changes.
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To overcome this effect and improve the quality of samples containing ANTH-

ENTH-PIP2 complexes, the sample preparation protocol was modified (Figure 5.4).

First, the concentration of ANTH/ENTH was decreased to around 20 µM. This was

done in order to decrease amount of aggregates observed for ANTH domain (even in the

absence of lipid, Figure 5.3a). Secondly, the ANTH and ENTH were incubated with the

lipid separately at Room Temperature for 3 hours. The reason for the long incubation

time is due to the fact that aggregation of the domains upon addition of PIP2 might be

transient/reversible, and therefore this incubation step could potentially allow for some

aggregates to be brought back into solution in the presence of PIP2. After incubation,

the sample was centrifuged in order to remove the aggregates that are not soluble

after incubation. The protein concentrations were then re-adjusted by re-measuring

the Absorbance at 280 nm (to account for the fraction of protein that became insoluble

upon mixing it with the PIP2). Finally, the ANTH and ENTH domains in presence of

PIP2 were mixed at equimolar ratios.

Figure 5.4: Sample preparation of the ANTH-ENTH-PIP2 complexes.
a. Mixing and incubation of ANTH and ENTH domains together with PIP2 results in aggregated
samples, as it can be appreciated in the auto-correlation function from the DLS. b. incubation of each
domain separately with PIP2 and centrifugation renders monodisperse samples that can be further
used for structural studies.

As expected the samples of ANTH-PIP2 and ENTH-PIP2 with lower protein con-

centration showed AC functions with a higher degree of monodispersity than the ones

prepared at high concentrations (Figure 5.5). However, their auto-correlation func-
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tions shifted towards longer auto-correlation times that corresponded to larger soluble

species present in the sample. This indicates that ANTH and ENTH individually are

also capable of larger oligomerization into large soluble species in presence of PIP2.

Figure 5.5: Sample preparation of ANTH-PIP2 and ENTH-PIP2 samples.
a and b. Auto-correlation functions for ANTH (a) and ENTH (b) domains at high (grey) or low
(yellow) protein concentrations. The auto-correlation function of the buffer is shown in blue for com-
parison with both samples. c and d. Intensity plots for the ANTH-PIP2 (c) and ENTH-PIP2 (d)
samples. e and f. Mass plots for the ANTH-PIP2 (e) and ENTH-PIP2 (f) samples.

In contrast with the initial sample prepared just by mixing the different components

of the ANTH-ENTH-PIP2 complex, the sample corresponding to the ANTH-ENTH-
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PIP2 complexes prepared using the optimized protocol displays a monodisperse DLS

auto-correlation function that corresponds with particles of a size around 9 nm (Figure

5.7). These particles yield a molecular weight and dimensions in agreement with the

previously identified oligomeric states by Native MS (Garcia-Alai et al., 2018). Strik-

ingly, upon mixing of the ANTH-PIP2 and ENTH-PIP2 samples at equimolar ratios,

the auto-correlation function shifted towards shorter times, corresponding to smaller

particles dominating the scattering signal of the sample (Figure 5.7, and Table 5.1).

This shows that mostly likely hetero-oligomers of ANTH-ENTH domains are smaller

than the larger ones created by just either ANTH or ENTH with PIP2 in solution in

vitro.

Figure 5.6: DLS comparison between ANTH-ENTH-PIP2 samples using high and low con-
centration of protein.
a. Auto-correlation function. The sample prepared at high concentration (yellow) presents a large
component of aggregates that make the sample non-suitable for structural studies, while the low con-
centration sample (blue) shows a monodisperse curve. b and c. Intensity and Mass plots derived from
the AC function for these samples samples. The sample at low concentration of protein displays a large
peak at the expected radius for particles of ANTH-ENTH-PIP2 oligomers.

Table 5.1: Parameters obtained from the DLS AC functions of the ANTH-ENTH-PIP2 sample

Peak Radius (nm) % Pde MW (kDa) % Intensity % Intensity % Number

Peak 1 (True) 1.6 7.88 9.9 0.7 50.4 99.2
Peak 2 (True) 7.9 11.55 419.3 81.8 48.5 0.8
Peak 3 (True) 257.6 14.96 1473226.6 8.7 0.2 0.0
Peak 4 (True) 1176.1 27.61 51449180.4 8.8 0.9 0.0

Once the sample preparation for ANTH-ENTH-PIP2 complexes was optimised as

described, Mass Photometry (MP) was used to explore the heterogeneity of the sample

in terms of different oligomeric states, given its higher resolution when compared to

techniques such as DLS for the accurate determination of the MW of protein complexes

(Figure 5.8). MP showed a heterogeneous distribution with a large proportion of the

sample corresponding to species of lower MW, including ANTH-dimers (peak at 55
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Figure 5.7: Sample preparation of ANTH-ENTH-PIP2 complexes from ANTH-PIP2 and
ENTH-PIP2 complexes.
a. Auto-correlation function of the ANTH-ENTH-PIP2 sample (yellow), the ANTH-PIP2 sample
(blue) and the ENTH-PIP2 sample (grey). b and c show the corresponding Intensity and Mass plots
calculated from these samples.

KDa). Two peaks at 315 and 415 kDa could also be reliable detected, whose masses

could be assigned to ANTH-ENTH-PIP2 assemblies previously reported (Garcia-Alai

et al., 2018; Heidemann et al., 2020) and that were solved using single particle cryoEM

in this work (A6E6 and A8E8 assemblies, see below).

Figure 5.8: Mass Photometry histogram of ANTH-ENTH-PIP2 complexes.
The sample at 100 nM contains a large proportion of ANTH dimers (at 55 kDa), and two main
oligomeric populations at 315 and 415 kDa, which correspond with A6E6 and A8E8 assemblies assem-
blies of ANTH and ENTH domains in presence of PIP2. There are other intermediates present in the
sample for which the resolution is not as good therefore preventing its accurate assignment.
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5.1.2 Protein-lipid ratios govern ANTH-ENTH-PIP2 complex forma-

tion and its oligomeric diversity

Small Angle X-ray Scattering (SAXS) is a powerful tool to study the structural pa-

rameters of biological samples in solution without restrains imposed by other structural

methods that provide information at higher resolution such as crystallography or cry-

oEM. SAXS curves of ANTH and ENTH in presence of PIP2 and of the ANTH-ENTH-

PIP2 complexes were collected (Figure 5.9). ANTH-PIP2 and ENTH-PIP2 samples

showed small RG values in agreement with their known domain structure, and present

a globular structure in spite of the addition of PIP2. These data contradict the large

particles observed by DLS upon the addition of PIP2, since the contribution of these

large particles to the scattering profile of the sample should be much larger than the

one from the small globular domains.

Interestingly, ANTH showed a larger radius of gyration(RG) than expected from

its monomeric shape, but this could be due to its tendency to oligomerise, as we saw

by DLS and the ANTH dimers observed in MP measurements (and also native MS,

see below). In the case of the ANTH-ENTH-PIP2 complex, the shape of the SAXS

profile shows a remarkable change with respect to the samples corresponding each of

the domains separately. A notable change is also reported in the overall dimensions

derived from the RG derived from the Guinier region and Dmax (Table 5.2). This is

in agreement with the fact that hetero-oligomers of both domains are being formed

and constitute larger assemblies that the overall dimensions of these small globular

domains. The overall shape of these oligomers in solution is still rather globular, as

it can be appreciated in the dimensionless Kratky plot, where the maximum for the

profile falls into the expected value for globular particles (Figure 5.9). Furthermore, we

can see that the ANTH-ENTH-PIP2 oligomers constitute a more “diverse” and flexible

sample, as the Kratky plot does not completely return to the baseline towards higher

qRG values, indicating the presence of flexibility (and most likely heterogeneity) in the

sample (Figure 5.9h).

To explore relevant factors that contribute to complex formation in solution, a

titration of different protein concentrations into buffer containing either 200 or 400 µM

of PIP2 using ENTH1 (ENTH domain of Ent1) and ENTH2 (ENTH domain of Ent2,
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Figure 5.9: SAXS data for ANTH, ENTH and ANTH-ENTH-PIP2 complexes.
The curves obtained for ANTH a, ENTH b are significantly different than the one obtained after mixing
them c. d. Shows an overlay of the three different samples (ANTH in green, ENTH in purple and
ANTH-ENTH-PIP2 in yellow. e - g Dimensionless Kratky plots for each sample. h. Dimensionless
Kratky plot for the three samples

a member of the Epsin family with high homology) was performed and SAXS data of

these sample were recorded (Figure 5.10). Although the overall shape of the curves

did not change massively, close inspection of the curves by comparison revealed small

changes that indicate that the samples are different from each other, most probably due

to the change on protein:lipid ratios. Looking at the overall sample parameters derived

from the curves, a trend can be observed for the RG, the Dmax and for the Porod Volume

(VPOROD) derived from the curves. All these parameters decrease upon decreasing the

concentration of ANTH and ENTH domains (Figure 5.11). These trends indicate that

upon increasing the amount of protein available, the equilibrium is shifting towards

higher oligomeric states as the amount of lipid available decreases.

Using OLIGOMER (Konarev et al., 2003), which allows to fit several oligomeric

states to the data, it could be seen how the monomer component increases in detriment

of the complex components upon decrease in the protein:lipid ratios (Table 5.3). In

conclusion, multiple oligomeric states of ANTH-ENTH-PIP2 complexes are co-existing

in solution and their abundance depends on the amount of lipids present for binding

to ANTH and ENTH.

Finally, in addition to the titration and analysis performed using SAXS, native
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Figure 5.10: SAXS data of several ANTH-ENTH1/2-PIP2 complexes.
a. ANTH and ENTH1 at 200 µM PIP2. b. ANTH and ENTH1 at 400 µM PIP2. c. ANTH and
ENTH2 at 200 µM PIP2. d. ANTH and ENTH2 at 400 µM PIP2. The protein concentrations are
indicated in Table 5.2

Figure 5.11: SAXS derived parameters of ANTH-ENTH1/2-PIP2 complexes in solution.
RG (a), Dmax (b) and VPOROD (c) are shown for ANTH-ENTH1 with 200 µM PIP2 (blue), ANTH-
ENTH1 with 400 µM PIP2 (grey), ANTH-ENTH2 with 200 PIP2 (brown) and ANTH-ENTH2 with
400 µM PIP2 µM (yellow). All of them increase upon increasing the protein concentration.

41



Table 5.2: SAXS parameters derived from different ANTH-ENTH assemblies in solution in presence of
PIP2.

ENTH1 ENTH2
Protein
(µM)

80 60 40 20 80 60 40 20

PIP2

(µM)

RG 200 7.17 6.86 6.16 5.62 5.61 5.6 5.57
400 7.34 7.3 6.48 5.6 5.6 5.46 5.4

DMAX 200 31.5 26.83 21.46 22 23 22.26 16.58
400 35 25.94 22.58 24.5 16.65 17.77 18.09

VPOROD 200 1432020 1245630 952101 874109 907193 837671 797120
400 1365910 1328900 989333 874893 802079 698845 679323

Table 5.3: Fitting of different oligomeric states using OLIGOMER to SAXS data from different ANTH-
ENTH1/2 assemblies in solution in presence of PIP2.

ENTH1 ENTH2
Protein
(µM)

80 60 40 20 80 60 40 20

PIP2

(µM)

200 32-mer m0.278 0.526 0.454 0.27 0.176 0.195 0.165 0.144
16-mer 0.338 0.387 0.473 0.579 0.597 0.694 0.711 0.719
Monomer 0.384 0.086 0.072 0.151 0.226 0.11 0.124 0.137
χ
2 3.27 1.60 1.32 15.40 4.67 2.76 1.53

400 32-mer 0.523 0.506 0.301 0.164 0.13 0.08 0.064
16-mer 0.363 0.373 0.482 0.665 0.683 0.687 0.664
Monomer 0.114 0.121 0.217 0.169 0.187 0.233 0.272
χ
2 2.41 2.27 1.60 14.31 5.59 1.76 1.01

mass spectrometry was employed to look at the distribution of different oligomeric

states present in the sample at different lipid concentrations. The main advantage

of this titration is the higher resolution of the technique, whose accuracy allows the

identification of several types of complexes and also to distinguish between complexes

with the same oligomeric state but with different numbers of lipids bound. Interestingly,

a wider variety of assemblies arised upon increase of the lipid concentration (Table 5.4,

Figure 5.12). There is a clear signal shift from the signal corresponding to ANTH-ENTH

assemblies of stoichiometry A8E8 (with several sub-populations with different number of

PIP2 molecules bound) towards the smaller assemblies previously reported to have A6E6

ANTH:ENTH stoichiometry (with a lower number of PIP2 molecules bound, Table 5.4).

In any case, the signal for the A8E8 assemblies does not disappear completely, indicating

that in spite of the shift towards A8E8 assemblies both of them co-exist. Together, these

data indicate that the ANTH-ENTH system is able of recruiting the different amounts

of lipids to form different assemblies and that lowering the protein:lipid ratios may
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result in a wider variety of smaller assemblies.

Figure 5.12: Mass-charge distributions for ANTH-ENTH-PIP2 complexes present at dif-
ferent concentrations.
The part of the spectra corresponding to A8E8 assemblies is shadowed in red and the part correspond-
ing to A6E6 is shadowed in green. The different number of PIP2 bound are indicated in Table 5.4

Table 5.4: Native MS parameters obtained for the PIP2 titration over ANTH and ENTH

Sample m/z range MWs (Da) Species
Number of
PIP2 bound

WT 20
µM PIP2

2000-6000 33210
only

monomer
WT 40

µM PIP2
9000-
13000

433160
A8E8

22

433940 23
WT 60

µM PIP2
9000-
12000

433110
A8E8

22

433850 23
WT 100
µM PIP2

9000-
12000

433170
A8E8

22

433890 23

WT
150
µM
PIP2

8000-
12000

326020
A6E6

18
326730 19
327490 20
433260

A8E8

22
433970 23
434720 24
435460 25

WT
200
µM
PIP2

8000-
12000

326800

A6E6

19
327540 20
328290 21
329060 22
329810 23
434790

A8E8

24
435550 25
436290 26
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5.1.3 cryoEM structure of the ANTH-ENTH-PIP2 complex

After sample optimization to reduce aggregation and increase monodispersity using

DLS, sample preparation for cryoEM was performed (Figure 5.7). The ANTH-ENTH-

PIP2 sample was vitrified and the structure of an ANTH-ENTH-PIP2 oligomeric as-

sembly was solved using single particle analysis (Figure 5.13).

Figure 5.13: Processing flowchart for a 16-mer ANTH-ENTH complex.
An initial ab-initio model was used for 3D classification, revealing different classes with different num-
bers of sub-units (in blue, green and grey). The most complete class (grey) was selected for downstream
processing as indicated in the Materials and Methods section. Adapted from (Lizarrondo et al., 2021).

2D classification of automatically picked particles gave some good 2D classes that

were used for an initial 3D reconstruction (ab-initio model). From this reconstruction,

a 3D classification procedure yielded different low-resolution maps which could be as-

signed to different types of ANTH-ENTH oligomers missing 1 or 2 sub-units, revealing

large levels of heterogeneity present in the sample. The most complete map was se-

lected for downstream processing (Figure 5.13 and Table 5.5).
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Table 5.5: Cryo-EM data collection, refinement and validation statistics of the ANTH-ENTH 16-mer
structure

Data collection and processing

Magnification ×75,000
Voltage (kV) 300

Electron exposure (e–/Å2) 75.2
Defocus range (µm) –1 to –3

Pixel size (Å) 1.065
Symmetry imposed D2

Initial particle images (no.) 195,536
Final particle images (no.) 79,414

Map resolution (Å) 3.9
FSC threshold 0.143

Map resolution range (Å) 3.7 to 5.7

Refinement

Initial model used 5ONF, 5OO7
Model resolution (Å) 3.9

FSC threshold 0.5
Model resolution range (Å) -

Map sharpening B factor (Å2) 200

Model composition

Non-hydrogen atoms 26,192
Protein residues 3152

Ligand s 20

B factors (Å2)

Protein 70
Ligand -

r.m.s. deviations
Bond lengths (Å) 0.012
Bond angles (°) 2.037

Validation

MolProbity score 1.91
Clashscore 2.60

Poor rotamers (%) 3.78

Ramachandran plot

Favoured (%) 93.56
Allowed (%) 5.80

Disallowed (%) 0.64

5.1.3.1 The final di-octameric ANTH-ENTH-PIP2 map

The final map obtained corresponds to a di-octameric assembly of ANTH and ENTH

domains (8 ANTH domains and 8 ENTH domains, also referred as A8E8). In theA8E8

di-octameric assemblies, the ENTH domains are located towards the core of the struc-

ture while the ANTH domains lay around them in the periphery of the map (Figure

5.14). The map is symmetric, with D2 symmetry, and the repeating unit is a tetramer

of ANTH and ENTH molecules (2 of each domain, Figure 5.14b and Appendix Fig-

ure 10.2). As in every cryoEM 3D reconstruction, the resolution of the map varies in

different regions, with the core of the map being at higher resolution than the overall

reported resolution by the FSC curve (Appendix Figure 10.1). The resolution obtained
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Figure 5.14: Cryo-EM structure of a 16-mer AENTH complex.
a. Cryo-EM reconstruction obtained for the 16-mer complex formed by 8 ANTH and 8 ENTH units
(A8E8). The density corresponding to ANTH and ENTH is coloured correspondingly in cyan and
grey. b. Model of the A8E8 complex built based on the EM density shown in cartoon representation.
One tetramer is coloured with the ANTH domains in cyan and ENTH domains in grey (see Appendix
Figure 10.2 for symmetry axes). c. The building unit is the AENTH tetramer (A2E2) shown in cartoon
and surface representation, with the ENTH domains in grey and the ANTH domains in cyan. The
PIP2 polar heads bound to the tetramer are shown in stick representation (gold). A schematic of the
tetramer is shown next to the structure.Adapted from (Lizarrondo et al., 2021).

allowed to build a model for the ANTH and ENTH domains within the map with high

confidence in the core of the map. However, it should be noted that the regions of the

model in the periphery are not reliable at the side chain level, as the resolution is only

good enough to place the backbone from the last helix from the ANTH domains, but

not their side chains (Appendix Figure 10.3).

5.1.4 The PIP2 molecules act as a glue between different ANTH and

ENTH domains

At the resolution in the core of the di-octameric cryo-EM map, three distinct lipid-

binding sites could be identified in each A2E2 tetramer, harbouring 5 lipids per A2E2

(Figure 5.15) with a total of 20 PIP2 lipids resolved in the entire 16-mer complex.

The first binding site is located close to the ANTH KRKH motif, previously reported

as a PIP2 binding site, involving K24, K26 and H27 and in close proximity to K14

(Ford et al., 2001). Density present at this site could be assigned to the polar head of

PIP2 used for sample preparation (di-C8-PI(4,5)P2). Interestingly, the polar head of

PIP2 seems to also interact with residues K66 and K68 on the ENTH domain adjacent
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to this site (Figure 5.15a). There are 8 PIP2 molecules shared in this way between

the ANTH and ENTH domains in our 16-mer structure, one per AENTH interface.

In addition, density was present in the previously described lipid-binding pocket of

the ENTH domain (Ford et al., 2002). This binding site involves residues K3 and

K10 on the ENTH α0 helix, the amphipathic helix involved in membrane bending,

and residues R24, N29, K61 and R62 in proximity to a PIP2 molecule (Figure 5.15b).

Each ENTH domain contains one PIP2 in its binding pocket, adding 8 PIP2 bound to

the 16-mer structure. Next to the PIP2 binding site in the ENTH, there is another

PIP2 molecule (one per tetramer) located in the space between the two α0 helixes

of the ENTH domains in between their binding sites. In this case, the polar head

of PIP2 is coordinated by residues K10 and K14 of each of the two ENTH domains,

establishing a total of 4 interactions that coordinate PIP2 in this interface (Figure

5.15c). Noteworthy to mention is that K10 coordinates both the PIP2 molecules bound

to the ENTH binding pocket and those shared between the two ENTH domains in

the tetramer. Each tetramer contains one molecule of PIP2 between the two ENTH

domains adding a further four in the structure. In summary, our 16-mer structure shows

20 PIP2 molecules, all of them clustered close to the core of the structure. Within each

tetramer, the PIP2 are located in between the different ANTH and ENTH domains

which by sharing different residues achieve the high affinity for the lipid previously

reported.
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Figure 5.15: PIP2 binding sites in the ANTH-ENTH tetramer.
a. PIP2 binding site shared by the ANTH and ENTH domains. b. PIP2 binding site within the ENTH
domain. c. PIP2 binding site in the interface between two ENTH domains. The residues involved in
PIP2 binding are shown in sticks and coloured blue for nitrogen and grey and cyan for carbon in ENTH
and ANTH, respectively. The polar head of the PIP2 is shown in stick format and coloured red, orange
and light grey for oxygen, phosphate and carbon, respectively with the corresponding density shown
as a transparent surface.Adapted from (Lizarrondo et al., 2021).
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5.1.5 Dissecting the role of protein-protein interfaces over complex

formation of ANTH-ENTH complexes

The building unit of the ANTH-ENTH complexes is a hetero-tetramer. Once bound

to PIP2, protein-protein interactions between the ANTH and ENTH domains are es-

tablished through two main hetero-dimerization interfaces, and one homo-dimerization

ANTH-ANTH interface. Thus, each AENTH tetramer contains a total of 5 interfaces

(Figure 5.16). To test the structural relevance over complex formation of residues

present in different interfaces, point mutations were performed on these residues of

ANTH and ENTH. The full list of mutations is shown in Table 5.6. The experimental

design for the mutational study is shown in Figure 5.17.

Figure 5.16: The ANTH-ENTH tetramer interfaces.
a. Surface representation of the A2E2 tetramer, with ANTH subunits in cyan and ENTH subunits in
grey. The different interfaces are coloured: ANTH-ENTH interface 1 in red, ANTH-ENTH interface 2
in green and ANTH-ANTH interface in blue. b. Cartoon representation of the tetramer area within
the black rectangle in a showing the different interfacial residues as sticks (same color code as in a).
Adapted from (Lizarrondo et al., 2021).
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Figure 5.17: Schematic of the workflow used for testing the effects over ANTH-ENTH
complex formation in the mutagenesis study.
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Figure 5.18: nanoDSF for the ANTH and ENTH point-mutants.
a.-c.The melting temperature (Tm) of the ANTH (cyan) and ENTH (grey) domains was compared
with the one of ANTH and ENTH WT and the difference is reported. d.-f. The selected mutants were
used for nanoDSF experiments and the aggregation temperature (Tagg) of ANTH-ENTH complexes
was studied following the static scattering and compared with that of the wild-type. Adapted from
(Lizarrondo et al., 2021).
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Table 5.6: Mutations inserted in the ANTH domain of Sla2 and the ENTH domain of Ent1

Domain Mutation Interface

ANTH S6A/K10A Oligomerization
K10A/K13A/K14A Oligomerization
K10D/K13D/K14D Oligomerization

K10D/K13D Oligomerization
K14D Oligomerization
K13A Oligomerization
A15A Oligomerization

Q9A/K10A Oligomerization
R3A/I4A/D37A/H38A ANTH-ANTH

R3A ANTH-ANTH
R3A/I4A/D37A/H38A ANTH-ANTH

M1A ANTH-ANTH
R3A/I4A/D37R ANTH-ANTH
R3A D37A H38A ANTH-ANTH
ΔY247/L248 Conserved Sla2 ANTH Loop
R177E R178E Inter-tetramer contacts

S100A R177E R178E Inter-tetramer contacts
E57R S100A R177E R178E Inter-tetramer contacts

E57R R177E R178E Inter-tetramer contacts
ENTH F5A/I12A Amphipathic helix

Y100R Hotspot
E107A Hotspot
F108A Hotspot
Q20A Oligomerization*

F52A/F53A Oligomerization
ENTH E54A D57A Oligomerization

N98A Oligomerization*
E97A Oligomerization*

* These residues were not considered part of this interface in the final model

From all mutations, expression of the double mutant ENTH E97A/N98A was not

possible as the bacterial cells did not grow in presence of this plasmid. The strategy

was then to mutate these two residues separately and trying to obtain single mutants.

ENTH E97A showed similar expression to the wild-type protein, while ENTH N98A

showed little expression, which prevented purification of this mutant for complex for-

mation experiments, possibly hinting to an essential function for this residue during

protein folding that hampers its production.

5.1.5.1 Effect of mutations over domain stability and aggregation

After expression and purification of the mutants, nanoDSF was used to test whether

all mutant domains retained stability upon mutation. Figure 5.18a-c summarizes the

results obtained for the thermal stability of the domains obtained from the Fluorescence

Ratio between 350 and 330 nm. Some of the mutants showed a significant decrease

thermal stability with respect to their wild-type counterparts. Given mutation of these

residues affect the stability of the ANTH and ENTH domains by themselves, these
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mutants were not further considered for ANTH-ENTH complex formation assays.

Prior to ANTH-ENTH complex reconstitution experiments, the monodispersity and

sample quality of the mutants were tested by DLS, specially given that the ANTH do-

main seems to aggregate at high concentrations and this property could be further stim-

ulated upon point-mutation of certain residues. DLS auto-correlation curves showed

that most of the mutants had a consistent radius of around 3.2 nm for the ANTH

domain and around 2.5 nm for the ENTH domain (Table 5.7). Interestingly, mutants

ANTH A15D and ENTH E54A/D57A/E60A showed large aggregates present in the

sample, possibly pointing to a destabilization of the domain by these mutations. Aggre-

gation properties and melting temperatures are two properties that are usually liked in

proteins, and DLS data showed that this is the case of the mutants with compromised

stability (Appendix Figure 10.4 ). For the ENTH domains, mutants F5A/I12/L12A,

E54A/D57A and E97A show a higher melting temperature than ENTH WT (+ 2 °C),

and mutant ENTH Y100R and ENTH Q20A show an even higher melting temperature

(+ 5 °C), indicating these mutations stabilize further the ENTH domain. On the other

hand, mutant ENTH F52A/F53A seems affected by more than 2 °C, indicating that

these two hydrophobic residues affect the thermal sensitivity of the domain. Therefore,

this mutant was not considered for further complex formation assays. The rest of the

mutants were considered for complex formation experiments.

5.1.5.2 Effect of interface residue mutations over complex formation

To assess the impact of the mutations on complex assembly, ANTH-ENTH com-

plexes were assembled in the presence of PIP2 in vitro (as done for the cryo-EM sample

preparation) using mutants for one of the domains and its wild-type counterpart. The

stability of the complexes reconstituted using mutants was evaluated by looking at the

scattering signal that reports the aggregation temperature (Tagg) upon thermal denat-

uration by nanoDSF. Most mutant complexes showed a lower aggregation temperature

when compared with ANTH-ENTH wild-type (WT) (Figure 5.18d-f).

Next, the effect over complex formation was monitored using DLS. ANTH and

ENTH domains in the presence of PIP2 form structures around 8 to 10 nm of average

hydrodynamic radius (Figure 5.19d, black dot). Mutation of ANTH or ENTH residues

involved in ANTH-ENTH complex formation showed less particles corresponding to 16-
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Table 5.7: DLS parameters obtained for ANTH and ENTH mutants

Domain Mutation
Radius
(nm)

% Pde
MW
(kDa)

%
Intensity

%
Intensity

%
Number

ANTH M1A 3.1 23.68 46.9 96 100 100
R3A/I4A/
D37R

3.2 9.27 51.6 86.5 99.8 100

S6A/K10A 3.2 8.95 52.1 84.8 99.9 100
K13A 3.3 11.08 56 94.5 100 100
A15D 3.2 15.64 49.8 69.2 100 100
ΔY247/L248 3.5 11.87 62.5 99.2 99.9 100
K10A/K13A/
K14A

3.3 11.26 54.9 97.1 100 100

K10D/K13D/
K14D

3.5 11.89 62.4 96.3 100 100

ENTH F5A/I12A 2.5 10.31 28.5 71.1 99.9 100
E54A/D57A 2.7 17.76 34.1 47 100 100
F52A/F53A 2.8 16.78 36.7 95.5 100 100
Y100R 3 21.6 42.7 96 100 100
Q20A 2.9 10.71 39.2 24.2 99.8 100
E97A 2.7 13.26 34.5 76.3 100 100

AAAA* 4 25.44 87.5 22.4 99 100

*Mutant of the PIP2 binding residues

mer assemblies in vitro when compared with ANTH-ENTH WT complexes, which can

be observed as a shift in the auto-correlation function and a decrease in the proportion

of particles at the hydrodynamic radius corresponding to the complex (Figure 5.19-f,

Table 5.8, Appendix Figure 10.4).

5.1.6 The ANTH-ENTH Interface 1

Previous mutagenesis work on these domains described ENTH T104 and ANTH

R29 as important residues for the functionality of Ent1 and Sla2 proteins in yeast

(Skruzny et al., 2012, 2015). These two residues were selected as the centre of an

ANTH-ENTH hetero-dimer fitted into a 13.6 Å resolution EM map of GUVs arranged

as tubular structures coated by these domains (Skruzny et al., 2015). In the newly

solved A2E2 structure, ENTH T104 and ANTH R29 are located in one of the observed

interfaces, defined as “ANTH-ENTH interface 1” (Figure 5.19a). Other residues present

in this interface are ENTH Y100, E107 and ANTH R25, W36. ANTH R25 is in

close contact with ENTH E107 and ENTH Y100 is oriented parallel to ANTH W36,

establishing a stacking interaction by the coordination of their aromatic rings (Figure

5.19a). The ENTH Y100R mutant did not show 16-mer ANTH-ENTH assemblies in

vitro by DLS and native MS (Figure 5.19c and 5.19g, Table 5.8). In vivo, the growth-
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Figure 5.19: Different interfaces present in the ANTH-ENTH tetramer.
a-c. Schematic representation of the ANTH-ENTH model showing the different interfaces present,
designated as ENTH-ANTH interface 1 (a), ENTH-ANTH interface 2 (b) and ANTH-ANTH interface
(c). In the lower panels, the residues involved in each of the interfaces are shown in stick represen-
tation and coloured using the color scheme for each of the interfaces. d-e. Intensity mass plot from
DLS data showing the hydrodynamic radius of particles in solution for wild type AENTH (black) and
different mutants. As a reference the ANTH domain is shown in cyan (see Table 5.8 for DLS param-
eters). (d) ENTH-ANTH interface 1 showing mutations ANTH Y100R (red) ANTH R25A (blue),
ANTH R29A (green) and ENTH E107A (pink); (e) ENTH-ANTH interface 2 with mutations ANTH
K10A/K13A/K14A (pink) ANTH K10D/K13D/K14D (yellow), ENTH E54A/D57A/D60A (blue) and
ANTH Q9A/K10A (red). (f) ANTH-ANTH interface with mutations ANTH R3A (orange), ANTH
R3A/I4A/D37R/H38A (blue) and ANTH R3A/I4A/D37R (red). g. Summary of the native mass spec-
trometry results obtained for the mutants of the tetramer interfaces. h.-j. Growth defects of mutants
of ANTH (h.) and ENTH (i.) ANTH-ENTH interface 1, and ANTH-ENTH interface 2. (j.). Interface
mutants were expressed after depletion or deletion of endogenous Ent1 and Sla2 proteins, respectively.
Cell growth was analysed after plating 10-fold serial dilution of cells on SD-Ura plates and incubation
for 3 days at 37 °C. Adapted from (Lizarrondo et al., 2021).
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defect phenotype of ENTH Y100R mutant has been previously attributed to a possible

role of Ent1 in binding GTP-activating proteins for Cdc42, a critical regulator of cell

polarity (Aguilar et al., 2006). Here we show that this residue plays a crucial role in

the formation of the ANTH-ENTH complex. In addition, mutation in vivo of ANTH

R25, R29 and W36 and ENTH Y100 and E107 showed strong or intermediate growth

deficiency phenotypes in yeast, confirming an essential role of this interface for proper

endocytic function (Figure 5.19h and 5.19i). ENTH F108A also introduced a growth

defect phenotype in vivo (Figure 5.19i), but our in vitro data showed that the stability

of the protein is compromised by this mutation (Figure 5.18a).

5.1.7 The ANTH-ENTH interface 2: a novel oligomerization interface

A second interface in the ANTH-ENTH tetramer involves residues K10, K13 and

K14 of ANTH (Figure 5.19b). ANTH K14 is involved in the interaction with PIP2, in-

dicating synergy in PIP2 binding and function of this ANTH-ENTH interface 2. After

testing that mutations of the lysine residues in this interface did not affect stability of

ANTH domain (Figure 5.18b), these mutants display ANTH-ENTH complexes with a

lower aggregation temperature (Tagg) by nanoDSF, indicating that the stability of these

complexes is partially compromised (Figure 5.18e). Apart from this destabilization ef-

fect, some mutants also showed a clear effect on complex assembly reported by DLS

(Figure 5.19e and Table 5.8) when compared with ANTH-ENTH WT complex. Specif-

ically, triple mutant ANTH K10A/K13A/K14A showed a smaller proportion of 16-mer

assemblies in solution, while mutant ANTH K10D/K13D/K14D completely abolished

complex formation (Figure 5.19e).

The DLS experiments provided us with evidence that ANTH-ENTH complexes were

not able to form upon mutation of certain residues given their expected hydrodynamic

radius. However, the molecular weight obtained and therefore oligomeric state derived

from the analysis (e.g. in the case of a slightly smaller radius than wild-type) are

not extremely precise. To explore with a greater level of detail the effect of these

mutations on the assembly of ANTH-ENTH complexes, non-denaturing electrospray

ionization mass spectrometry (native MS) was used to analyse the assembly when

mutant domains were used to reconstitute complexes (Figure 5.19g). Native MS allowed

the identification of charge state distributions corresponding to A8E8 complexes at high
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m/z, with 22-24 PIP2 molecules bound (Appendix Figure 10.5 and Table 5.9).

Moreover, ANTH K10D/K13D displays a large destabilization of the complex ob-

served by nanoDSF (Figure 5.18e) and only a weak native MS signal corresponding to

the 16-mer assembly when compared to the wild-type (Figure 5.19g). Together, these

results indicate that K10 and K13 residues are important for oligomerization. Beyond

that, ANTH K10D/K13D/K14D completely abolished complex formation, and no sig-

nal for larger assemblies other than monomeric species was observed by native MS in

agreement with the DLS data (Fig. 5.19g).

In vivo, mutations of these residues caused growth defect phenotypes in yeast strains

lacking Sla2 WT (5.19j and Appendix Figure 10.9). Mutation of ANTH K10/K13 to

alanine caused an intermediate growth defect phenotype which was enhanced when

these residues were mutated to aspartic acid. The tripe mutant K10/K13/K14 present

in this interface caused a severe growth defect phenotype when mutated to alanine,

further enhanced when replaced by aspartic acid. Furthermore, each of the three ly-

sine residues has an important role in complex formation, as individual mutations of

these lysines also caused growth defect phenotypes in vivo (Appendix Figure 10.9).

Altogether, these results indicate that lysines of the ANTH-ENTH interface 2 are es-

sential for the assembly of the tetrameric lipid-binding ANTH-ENTH unit and for the

ANTH-ENTH function in vivo. On the ENTH domain, E54A/D57A/D60A showed

the largest destabilization in the nanoDSF data (Figure 5.18e). However, mutation of

these residues did not show any complex disruption by DLS in vitro nor introduced a

growth defect in yeast cells, most likely ruling out a major role in the ANTH-ENTH

assembly and function (Appendix Figure 10.9a).

5.1.8 The ANTH-ANTH interface

Finally, ANTH-ANTH interface mutants (Figure 5.18c) did not show a large desta-

bilization effect over the complex in vitro with the exception of ANTH R3A (Figure

5.18f) which also generated a larger amount of monomeric species upon complex forma-

tion when compared to ANTH-ENTH wild type by DLS (Figure 5.19f and Table 5.8).

ANTH R3A/I4A/D37A-ENTH WT complexes showed a slightly smaller complex in

solution than the one by wild-type complex (7.5 nm vs 9.6 nm of WT). Together with

the similar stability of these complexes with respect to the wild-type, we concluded this
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Table 5.8: DLS measurements of ANTH-ENTH-PIP 2 complexes containing point mutations in the
different interface

ANTH ENTH
Radius
(nm)

% Pde
MW
(kDa)

%
Intensity

% Mass
%

Number

WT WT 9.6 11.85 664.6 100 100 0
R25A WT 2.9 8.85 41.9 1.8 64.0 99.0

8.2 8.56 468.1 9.7 15.2 1.0
R29A WT 2.5 15.06 29.3 11.1 90.6 99.6

7.2 14.29 343.9 22.2 7.7 0.4
WT Y100R 2.7 0 33.3 15.2 78.5 98.1

7.2 14.81 344.4 71.3 21.3 1.9
WT E107A 3.1 4.61 47.2 3.2 29.8 78.0

7.1 16.06 331.7 76.6 68.2 22.0

WT
E54A/
D57A/
D60A

7.5 26.06 374 100 100 100

S6A/
K10A

WT 6.7 6.86 287.7 93.8 99.4 100

K13D WT 7.2 10.19 344.6 100 100 100
Q9A/
K10A

WT 8 11.18 433.9 96.8 99.2 100

K10A/
K13A/
K14A

WT 8.5 16.31 508 90.7 28.4 1.6

WT
E54A/
D57A

3.3 11.49 55.8 3.5 73.1 99.5

9.7 8.91 684.9 9.5 8.2 0.5
K10D/
K13D/
K14D

WT 3.2 12.67 51.4 39.8 99.9 100

R3A WT 2.5 9.08 28.9 9.9 79.1 99.3
8.1 6.85 454.0 89.0 20.8 0.7

R3A/
I4A/
D37A

WT 8.3 9.15 479.8 100 100 100

R3A/
D37R/
H38A

WT 7.5 9.83 380.4 94.8 99.2 100.0

K10D/
K13D

WT 7.5 40.8 381.3 100 100 100

K14D WT 7.4 24.5 358.9 89 99 100

WT
F5A/
I12A/
V13A

8 11.62 436 100 100 100

ΔY247/
L248

WT 9 36.27 571.8 100 100 100
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Table 5.9: Experimental and theoretical masses for ANTH, ENTH, PIP2 and adducts/complexes ob-
served by native MS.

Species
Theoretical
mass (Da)

Experimental
mass (Da)

Main charge
state

FWHM*

diC8-PI(4,5)P2 747.5 - - -
ENTH 18847.9 18847.8 8+** 1.2

ENTH + Na 18870.9 18871.4 8+** 1.1
ENTH + PIP2 19594.4 19593.2 8+** 1.1

ANTH 33210.0 33209.6 11+ 1.2
ANTH + Na 33233.0 33230.3 11+ 1.3
ANTH + PIP2 33956.5 33959.4 11+ 1.3
ANTH8ENTH8

+ 22 PIP2
433181 432887 41+ 9.7

ANTH8ENTH8

+ 23 PIP2
433892 433633 41+ 10.5

ANTH8ENTH8

+ 24 PIP2
434627 434380 41+ 9.2

ANTH6ENTH6

+ 17 PIP2
324125 324382 36+ 8.5

ANTH6ENTH6

+ 18 PIP2
324872 325141 36+ 10.7

ANTH6ENTH6

+ 19 PIP2
325618 325902 36+ 12.2

*FWHM (full width at half maximum) is given for the predominant charge state peak to indicate the
experimental error.

**Sensitivity for the Orbitrap UHMR instrument used here is reduced at low m/z (< 2500), so higher
charge states of free ENTH may be attenuated.

ANTH6ENTH6 was obtained using ANTH R3A/I4/ D37R/H38A and ANTH8ENTH8 was assembled
usiing WT domains

mutant was able to form other intermediate versions of the ANTH/ENTH complex.

Interestingly, native MS for the R3A/I4A/D37R/H38A mutant showed a shift in the

signal of the complexes obtained to lower m/z, corresponding to 12-mers (Figure 5.19g

and Table 5.9), in agreement with the DLS data that showed particles of slightly smaller

hydrodynamic radius. Assemblies of 12-mers have been previously reported as lower

abundance species (Garcia-Alai et al., 2018; Heidemann et al., 2020) and are formed by

6 ANTH and 6 ENTH molecules (also termed A6E6). However, in spite of these effect

over oligomeric state, mutation of the ANTH-ANTH interface did not cause growth

defect phenotype in vivo (Appendix Figure 10.9c).

5.1.9 A conserved Sla2 ANTH loop

Apart from mutations on the newly discovered interface, the ANTH domain also

has loop with residues Y247 and L248 that is conserved specifically in ANTH domains
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of the Sla2 family. Deletion of this loop caused an endocytosis-linked growth defect in

yeast, previously attributed to a possible interface in the protein complex with epsin

(Garcia-Alai et al., 2018). The DLS results show that the ANTH ΔY247L248-ENTH

WT complex can form perfectly (Table 5.8), and nanoDSF confirms that the stability

of this complex is similar to the one of the wild type, most likely ruling out a role of

this specific loop in the oligomerization properties of the ANTH domain. The cryoEM

structure shows that these residues are not involved in any interface of the assembly,

but instead that their deletion leads to an unstable protein when looking at the thermal

stability of the protein in vitro, suggesting that they are crucial for the correct folding

of ANTH (Figure 5.20) and explaining the deleterious effect found in yeast.

Figure 5.20: The Sla2-specific Y247-L248 insertion is not part of the ANTH-ENTH inter-
face.
a. nanoDSF data for ANTH wt (black, Tm= 61.7 °C) and ANTH ΔY247/L248 (violet, Tm = 57.7 °C).
The shift in the transition of the nanoDSF signal can be clearly observed and is indicated as ΔTm, in-
dicating that this mutation destabilizes the protein. The Tm was obtained from the fluorescence signal
ratio 350/330 nm. b. Residues Y247 and L248 of ANTH domain did not establish any contacts in the
ANTH-ENTH complex. Cartoon representation of the ANTH-ENTH tetramer and the PIP2 molecules
bound to it, with the YL residues colored in violet. The insert shows the detailed orientation of these
residues, which do not establish any protein-protein contacts. Deletion of these residues disrupts helix
α12.
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5.1.10 Beyond A8E8 assemblies, other types of assemblies

Intriguinly, DLS reported slightly smaller complexes than for the wild-type complex

for ENTH α0 helix mutant F5A/I12A/V13A (Table 5.8), similarly than the assemblies

detected by Native MS with other mutations such as the ones for the ANTH-ANTH

interface (Table 5.9). Furthermore, ENTH α0 helix mutant F5A/L12A/V13A produced

a native MS spectrum with signal only corresponding to 12-mers ANTH-ENTH (Figure

5.21a). Given this mutant is not present in one of the ANTH-ENTH tetramer interfaces,

a questioned arised regarding whether this type of assemblies would also have composed

using A2E2 tetramers as building units, or whether the mutation on these residues in

the amphipathic helix would impose a different arrangement of the domains different

from the one we had demonstrated with the mutagenesis study.

Single particle cryo-EM data for ANTH-ENTH complexes formed with ENTH

F5A/L12A/V13A showed a structure distinct from the A8E8 assembly (Figure 5.21

and Appendix Table 10.1). The density was unambiguously assigned to three A2E2

tetramers arranged around a central core of PIP2 (Figure 5.21d). The position of the

ANTH and ENTH domains within the A2E2 tetramer is remarkably similar to the

A8E8 complex, indicating that mutation of hydrophobic residues on the amphipathic

helix does not disrupt the ability of the ENTH domains to assemble into the functional

hetero-tetramer with the ANTH domains. The difference in the capability of form-

ing 16-mers vs 12-mers does not rely on mutations on the ANTH-ENTH tetramer in

this case (as for the ANTH-ANTH mutants), but in an alteration of the amphipatic

helix of ENTH. However, the tetramer is still the building blocks of these assemblies,

indicating that other factors such as membrane curvature can affect the assembly of

the ANTH-ENTH into membranes. All these observations support the hypothesis that

the building units of AENTH complexes are hetero-tetramers that can form different

higher order assemblies.

5.1.11 Further oligomeric states of the ANTH-ENTH system

The oligomeric states of ANTH-ENTH-PIP2 complexes corresponding with di-

octameric or di-hexameric assemblies of the adaptor membrane binding domains seem

to be the most prominent ones as they have been observed in cryoEM and native MS.
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Figure 5.21: ANTH-ENTH 12-mer assembly (A6E6) obtained by mutation of residues
F5A/L12A/V13A of the amphipatic α0 helix of the ENTH domain.
a. Native MS of ANTH in complex with ENTH F5A/L12A/V13A at 200 µM PIP2. The main
oligomeric species is the 6:6 AENTH complex. At high m/z, a 5:6 ANTH-ENTH complex is present,
resulting from collision induced dissociation (CID) of the 6:6 complex. b. Processing flowchart for
the 12-mer ANTH-ENTH complex. c. Final density map obtained for the 12-mer assembly with one
tetramer coloured in cyan for the ANTH domain and in grey for the ENTH domain. d. Structural
model for the 12-mer assembly. The tetramer structure (A2E2) was fitted into the EM density map
for each of the three tetramers. The ANTH and ENTH domains are coloured for one of the three
tetramers in the same colour code as in c. Adapted from (Lizarrondo et al., 2021).
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However, there are further assembly intermediates before reaching the di-octameric and

di-hexameric assemblies.

Some mutations gave rise to smaller intermediates that became more and more

prominent upon combinations of some mutants (Figure 5.22). Some of those oligomeric

states could be identified and reliably assigned (Appendix Table 10.7). However, it is

not entirely clear why those assemblies occur on those particular mutations and what

factors change the preferred oligomerization states of the ANTH-ENTH system: is

oligomerization stalled because of the mutations or is it a kinetic effect?

Figure 5.22: Smaller intermediates of AENTH oligomers.

5.1.12 The ANTH-ENTH complex can assemble into larger oligomeric

assemblies capable of deforming membranes

Previous work showed that the ANTH and ENTH domains together tubulate and

coat GUVs with regular helical assemblies, as determined by cryo-EM to 13.6 Å resolu-

tion (Skruzny et al., 2015). The 16-mer structure solved by single particle EM showed

that, instead of the heterodimer previously proposed, the ANTH-ENTH tetramer con-

stitutes the building unit of larger clusters and assemblies.

To support this notion, the ANTH-ENTH tetramer was used for flexible fitting

into the electron density map of ANTH-ENTH coat on GUVs using adaptive distance

restraints in ISOLDE (Figure 5.23). Overall, the fitting agrees with the previous as-

signment of the domains to the larger and smaller densities present on the surface of the

tubules for the ANTH and ENTH domains respectively. The fitted model places the

two ENTH α0 helixes pointing towards the core of the tubules (Figure 5.23c), consistent

with the membrane bending mechanism of the ENTH domain by insertion of the α0
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helix and displacement of the lipids in the inner layer of the plasma membrane (McMa-

hon, Boucrot, 2015). Similarly, the fit also shows that the ANTH domains have their

conserved lysine patch exposed towards the direction of the membrane, and therefore

available to bind the polar heads of the PIP2 at the membrane (Figure 5.23e). Thus, the

combined synergy between the membrane binding mechanism of both domains confers

the ANTH-ENTH tetramer the capability to act as a membrane anchor in a membrane

environment as well, in agreement with its biological function.

Figure 5.23: Protein-lipid interactions of the AENTH 16-mer complex structure and of the
ANTH-ENTH assembly on GUVs.
a. (left) All the polar heads from the PIP2 placed in the structure (shown in sticks) are contained in
the region near to the core of the structure (shown in surface representation), indicating the presence
of a PIP2 micelle in the center of the map. (right) Only the α0 helices from ENTH subunits are shown
in cartoon representation (in pink) together with the PIP2 shown in stick (coloured by atom), all of
them are pointing towards the interior of the structure. b-e. Flexible fitting of the tetrameric model to
the previously obtained cryo-EM map of ANTH-ENTH coat on GUV tubules (Skruzny et al., 2015). b.
Overview of the GUVs tubular coat structure with the tetramer fitting inside the lobes of the structure
(EM-DB entry: EM-2896). (bottom) Close-up view of the tetramer fitted into the EM density of the
GUV structure. c. AENTH tetramer structure fitted to the GUVs coat structure. The regions involved
in PIP2 contacts are coloured in gold in the cartoon representation. The bilayer plane is indicated as
a gold dashed line. d. AENTH tetramer in the 16-mer ANTH-ENTH complex, with the lipid binding
regions highlighted in gold in the cartoon representation. e. Close-up for the ANTH lysine patch
residues involved in coordination of the polar head of PIP2 lipid. Adapted from (Lizarrondo et al.,
2021).
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To address the relevance of the ANTH-ENTH tetramer in membrane binding and re-

modeling, the effects of protein interface mutations were studied in presence of in vitro

model membranes. Giant unilamellar vesicles (GUVs) containing PIP2 were prepared

and mixed them with WT ANTH-GFP or ENTH-GFP fusions and interface mutants,

respectively, and observed them by confocal fluorescence microscopy. Addition of wild

type ANTH and ENTH domains led to membrane remodelling and resulted into elon-

gated hairy structures protruding from GUVs, while the individual domains did not

cause any major membrane re-shaping phenotype (Figure 5.24a-f). Those interface mu-

tants that were not able to assemble the A8E8 complex: ENTH Y100R, ANTH R29A,

ANTH K10D/ K13D and ANTH K10D/K13D/K14D did also not introduce membrane

remodeling (Figure 5.24i, k, l and m), while the mutant E54A/D57A/D60A, which still

enabled complex formation, elicited similar hairy membrane structures as wt ENTH

(Figure 5.24h).

Higher curvature liposomes (LUVs) containing PIP2 were prepared by extrusion

and their interactions with ANTH and ENTH visualized by negative stain EM. Ad-

dition of ANTH alone did not deform LUVs containing PIP2, whereas ENTH caused

their aggregation (Figure 5.25b and c). Corroborating what was already observed for

GUVs, addition of wild-type ANTH and ENTH domains together caused tubulation of

liposomes (Figure 5.25d). Mutations on the “ANTH ENTH interface 1” had a strong

effect on membrane remodeling with ANTH R29A and ENTH Y100R displaying ag-

gregation of LUVs without causing tubulation (Figure 5.25f and g). “ANTH ENTH

interface 2” ANTH lysine mutants (K10D/K13D/K14D and K10D/K13D), incapable

of oligomerization with ENTH, induced a strong aggregation of LUVs (Figure 5.25i

and j). Similar to what was observed for GUVs, ENTH E54A/D57A/D60A was able

to tubulate LUVs, in agreement with our observations for complex assembly followed

by DLS and native MS.

The ANTH R25A mutant was shown to partially impair complex assembly in vitro

and exhibits an intermediate growth defective phenotype in vivo (Figure 5.19d and h).

However, the mixture of ANTH R25A and ENTH was sufficient to induce tubulation

of both GUVs and LUVs (Figure 5.24g and Figure 5.25e). Similarly, ENTH E107A,

which introduced a mild growth defect phenotype in vivo (Figure 5.19i) did not show

a clear effect on membrane remodeling in vitro, capable to tubulate GUVs and LUVs
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Figure 5.24: Effect of AENTH tetramer and mutants on GUVs by fluorescence microscopy.
a-b. ANTH-GFP and ENTH-GFP do not bind GUVs without PIP2. c-d. ANTH-GFP or ENTH-
GFP mixed with ENTH or ANTH, respectively, caused membrane deformation as seen by the numerous
membrane protrusions around GUVs. e-f. ANTH-GFP or ENTH-GFP did not cause a remodelling
effect on the GUV membrane. g-n. ANTH and ENTH mutants mixed with ENTH-GFP and ANTH-
GFP, respectively, showed different membrane deformation capabilities. Each experiment was repeated
independently 3 times with similar results. All scale bars are 5 µm. Adapted from (Lizarrondo et al.,
2021).

(see Figure 5.24j and Fig. 5.25h). Finally, “ANTH-ANTH interface” mutant ANTH

R3A/I4A/D37R/H38A, that introduced intermediate effects on complex destabilization

(Figure 5.19f-g) and no growth defect phenotypes in vivo (Appendix Fig. 10.9c) was

capable of tubulating LUVs but not GUVs (Figure 5.24n and Fig. 5.25l). In case of

ANTH R3A/I4A/D37R/H38A, the typical 16-mer AENTH complex was not observed

for this mutant, but a 12-mer assembly (Figure 5.19g and Table 5.8) was sufficient to

introduce membrane reshaping in vitro.
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Figure 5.25: Effect of AENTH tetramer mutants on LUVs by negative stain.
a. LUVs observed by negative staining. b. ANTH does not deform LUVs notably. c. ENTH causes
LUVs to become aggregated and to adopt irregular shapes. d. ANTH together with ENTH reshapes
LUVs into tubular structures as previously reported18. e-l. ANTH and ENTH mutants show different
effects on LUVs. ANTH R25A (e), ENTH E54A/D57A/D60A (k) and ANTH R3A/I4A/D37A/H38A
(l) mutants (mixed with its wild type partner domain) display a AENTH wt phenotype reshaping
LUVs into tubular structures ANTH R29A (f) and ENTH Y100R (g) ANTH K10D/K13D/K14D (i)
and ANTH K10D/K13D (j) mutants (mixed with its wild type partner domain) display an ENTH wt
phenotype being unable to tubulate LUVs. Each experiment was repeated independently 3 times with
similar results. All scale bars are 200 nm. Adapted from (Lizarrondo et al., 2021).
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5.1.13 Time resolved SAXS studies of the interaction of ANTH and

ENTH domains

In equilibrium, ENTH and ANTH form protein-lipid clusters in the presence of

PIP2, whose major component is the A8E8 ANTH-ENTH complex determined by SPA

cryo-EM. All the biophysical techniques in our mutation study provided information

regarding the end-point of oligomerization given the time-scales of the experiments

performed, but the growth assays showed the biological relevance of the ANTH-ENTH

tetramer.

In order to study the compatibility with cellular timescales of the ANTH-ENTH

assembly, we performed stopped-flow SAXS (SF-TR-SAXS) studies of the interaction

upon fast mixing of its constituents in the P12 beamline at Petra III in DESY. A

stopped-flow device enabled rapid mixing of the ANTH and ENTH domains followed

by immediate exposure to X-ray radiation and the scattering signal followed over time.

The buffer-subtracted SAXS curves obtained over the first 400 ms are shown in Figure

5.26a. We observed a very fast change of the SAXS curves, particularly in the q-region

between 0.02 to 0.6 nm-1 over this period of time, after which the curves remained

relatively unchanged.). The RG extracted from the Guinier region of the curves for all

timepoints showed a fast increase and then remained stable over time, indicating that

the formation of larger oligomers takes place immediately after mixing (Figure 5.26b).

As the assembly was started from monomers and evolved into 16-mers, the ab initio

program DAMMIX (Konarev, Svergun, 2018) was employed to determine the shape and

fraction of the intermediate component of AENTH. The resulting monomer component

(first curve) decreased over time, while the volume fraction of the complex (last curve

of our dataset) together with the intermediate component, increased with time until

around 400 ms, similar to the observed RG increase (Figure 5.26c). The low resolution

model of the intermediate component showed similar dimensions to the ANTH-ENTH

tetramer (Figure 5.26d). However, given the heterogeneity present in solution, this

structural model should be considered just as a representative average of the oligomeric

states in solution during millisecond timescale. In conclusion, the SF-TR-SAXS data

indicate that the association of the domains takes place very rapidly and even faster

than the fast oligomerization occurring during endocytic coat assembly in vivo, where
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Figure 5.26: Time-resolved SAXS data demonstrate a fast assembly of ANTH and ENTH
domains in solution.
a. Buffer-substracted SAXS curves for the time-resolved measurements of the complex formation
between ANTH and ENTH in presence of 200 µM PIP2. For better visibility, the data were smoothed
with a Savitzky-Golay filter (51-point window, 2nd order polynomial). Delay times are color coded
from 0 ms in blue to 1200 ms in dark red. The shape of the curve changes dramatically from the initial
time points after 400 ms, when the curve stabilizes. b. Evolution of the Rg2 data of the time-resolved
SAXS data set overtime. After 500 ms the RG is relatively constant in all curves. A single exponential
fitting was performed and the half-time obtained was 91 ms. c. Volume fractions of DAMMIX obtained
using the SAXS curves. The contribution of the unknown component is labelled as “Intermediate”. The
volume fractions were fitted to a bi-exponential function to obtain the time-constants (fast constant
8 ms, slow constant around 150 ms). d. DAMMIX ab initio model obtained for the intermediate
component vs AENTH tetramer structure from the 16-mer cryoEM map solved. The dimensions of the
tetramer and the DAMMIX an initio model are rather similar, which could indicate that the unknown
component of the SAXS data could be tetramers forming in solution that later on assemble further
into larger oligomeric states. Adapted from (Lizarrondo et al., 2021).

it happens in the range of seconds (Brach et al., 2014; Kaksonen, Roux, 2018; Lu et al.,

2016). Interestingly, the TR-SAXS reveal a mixture of (largely) tetramers and 16-mers

at the end of the time range probed (1.4 s). This result further corroborates the finding

that much longer incubation times (minutes) are needed for the formation of (nearly)

monodisperse 16-mer solution.

Finally, once endocytosis has been accomplished, the endocytic coat has to be dis-

assembled and its components recycled. We performed biolayer interferometry (BLI)

experiments to obtain information regarding the reversibility of complex formation.

Our results indicate that complex formation is fully reversible upon decreased concen-

trations of any of the two adaptor domains, as the signal decreases exponentially back

to the baseline upon removal of their interaction partner (Figure 5.27 and Table 5.10).
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This indicates that these domains are able to disassemble while the endocytic coat is

being dismantled and the local concentration of one of their partner decreases.

Figure 5.27: ANTH-ENTH complex formation is a reversible process.
Binding kinetics measured by biolayer interferometry (BLI) between His-tagged ANTH (a) or ENTH
(b) immobilized on a Ni-NTA Octet sensor (load stage performed at 3.7 µg/ml monomeric protein) in
the presence of 0.25 µM free ENTH (a) or ANTH (b) (blue curves) and without ligand (orange curves).
All steps were done in 50 mM Tris HCl pH 8.0, 125 mM NaCl and 0.05% BSA. For baseline 2 (BL2),
association and dissociation stages the buffer additionally contained 170 µM DDM and 50 µM PIP2.
See Table 5.10 for the kinetic constants.

Table 5.10: Fitting for the binding kinetics determined by BLI

Figure 5.27A

Fit rise Fit decay
kobs1: 3.06E-02 1/s kdiss1 :4.40E-03 1/s KD1: 31.4 nM
kobs2: 3.45E-03 1/s kdiss2 :1.91E-02 1/s KD2: 212 nM

R2: 0.9989 R2 : 0.9995

Figure 5.27B

Fit rise Fit decay
kobs1: 7.45E-02 1/s diss1 : 6.23E-03 1/s KD1: 19.3 nM
kobs2: 3.87E-03 1/s diss2 : 4.56E-02 1/s KD2: 230 nM

R2: 0.9980 R2: 0.9981
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5.2 Biophysical characterization and structural studies of

mid-coat adaptors Sla2 and Ent1

5.2.1 Expression test of Sla2 and Ent1 full length proteins from S.

cerevisiae

Beyond the ANTH and ENTH domains, mid-coat adaptors Sla2 and Ent1 contain

other domains/regions, involved in their interactions with actin and with clathrin,

which are essential for the adaptors to perform their biological function. In order to

understand the mechanism of membrane invagination driven by adaptors, the full length

sequences of Sla2 and Ent1 were cloned into a expression vector for production in E.

coli. Initial expression tests for both GST-fusion constructs did not yield significant

amounts of protein produced or the proteins were degraded after pull-down using His-

tag (Figure 5.28). Sla2 full length could not be expressed in E. coli as a GST fusion,

trying different strains of cells and expression conditions (such as temperature, IPTG

concentrations, and time).

5.2.2 Expression and Purification of mid-coat adaptors Sla2 and Ent1

from C. thermophilum

Given the challenges to express Sla2 and Ent1 from S. cerevisiae in bacterial sys-

tems, the sequences from the thermophilic fungi Chaetomium thermophlium, whose

genome has been sequenced before (Amlacher et al., 2011), were cloned in an attempt

to obtain more thermally stable homologues. This strategy has been widely used in

X-ray crystallography since enhanced stability of constructs usually leads to a higher

number of hits during crystal trials. Also, thermally stable proteins are commonly eas-

ier to produce and purify, as they survive cell disruption methods and can cope with

the high concentrations at which they are produced recombinantly.

The two adaptors, Sla2 and Ent1, from C. thermophlium (CtSla2 and CtEnt1, 118

kDa and 66 kDa respectively) were successfully produced recombinantly and purified

(Figure 5.29). Sla2 was expressed as a GST-fusion, and GST was removed through

purification with a second IMAC step before SEC. Ent1 was expressed with just a His-

tag in the C-terminus that was also removed using the same strategy.
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Figure 5.28: Expression test of Ent1 and Sla2 full length from S. cerevisiae.
For both proteins, the His-GST construct was pulled using Ni-NTA beads where proteins were bound
to and eluted with imidazole. For Ent1 (a), a “Reverse” Ni-NTA was use to separate the His-GST tag
from Ent1. In all gels the bands of interest are marked with a red asterisk.

5.2.3 Biophysical characterization of mid-coat adaptors CtSla2 and

CtEnt1

After protein purification, biophysical characterization of both adaptors was per-

formed as part of the quality control pipeline prior to structural studies. CtSla2 shows

two transitions upon thermal denaturation on nanoDSF (Figure 5.30a), one around at

around 40 °C and the main one taking place around 59 °C, a similar Tm of the ANTH

domain. On the other hand, CtEnt1 showed a single transition at ca. 53 °C, which

compared to just the ENTH domain from the same protein is lower (53 °C° vs 60 °C).

This indicates that the full-length Ent1 is more thermally unstable, due to the large

IDR present in its C-terminus. For both CtEnt and CtSla2, most Tryptophan residues

are located in the folded domains of the proteins (for Sla2, 3 out of 7 are in the ANTH

domain and for Ent1, 4 out of 5 are in the ENTH domain), hence the contribution for

the reported melting temperatures comes mostly from the ANTH/ENTH domains.
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Figure 5.29: Purification of CtSla2 and CtEnt1.
a. Size Exclussion Chromatography profiles of CtSla2 (yellow) and CtEnt1 (blue) after IMAC and Re-
verse IMAC purifications.b. SDS-PAGE analysis of the fractions corresponding to the peaks indicated
in a. The Molecular weights markers units are kDa. D: Dialysis. FT: Flow-through, W: wash. E:
Elution.

Initial biophysical characterization using DLS showed that CtSla2 and CtEnt1 are

monodisperse (Figure 5.30c-e); however, the AC function of CtEnt1 showed a small

bump at high correlation times, indicating that there is some aggregation in the sample,

which was not unexpected given the large proportion of intrinsically disordered regions

that the protein contains. Circular Dichroism (CD) confirmed the presence of a large

proportion of disordered regions in CtEnt1 together with some alpha-helical content, as

can be seen from the deconvolution of the signal from the CD spectra (Figure 5.30f and

Appendix Table 1). Finally, Mass Photometry shows that CtSla2 and CtEnt1 display

a single mass distribution that correspond with the molecular weight calculated from

their sequence, a monomer for CtEnt1 and a dimer from CtSla2, as expected from

literature (Figure 5.30g and h).

Given the expected heterogeneity and the nature of the sample to aggregate shown

by DLS (Figure 5.30c and d) and the disordered tendency of CtSla2 and CtEnt1, in-line

SEC-SAXS measurements were performed (Figure 5.31). The intensity profiles showed

a main peak for both samples, with more heterogeneity present in the measurements

of CtSla2 (Appendix Figure 10.11a and b). CtSla2 shows a high slope at low q values,

a trend usually observed for aggregated samples (Figure 5.31a). However, it is known

from literature that the overal expected topology of Sla2 extremely elongated, which

explains the shape of its SAXS curve. SAXS also reveals certain level of flexibility

for CtSla2, as the curve does not return to the baseline on the normalised Kratky
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plot. Furthermore, a second maximum in this plot points towards a dumb−bell shape,

which is expected from a topology with two globular domains connected by a linker

(Figure 5.31b). CtEnt1 shows a more globular SAXS profile, and its overall dimensions

are smaller than the ones from CtSla2 (Figure 5.31a and Table 5.11). As expected,

the normalised Kratky plot shows that CtEnt1 is extremely flexible, as the curve in-

creases towards higher values of qRG (Figure 5.31d). Figure 5.31c shows the distance

distribution function for CtSla2 and CtEnt1. Similar to the Kratly plot, the distance

distribution plot for CtSla2 contains a second maximum that accounts for the dumbbell

shape that the ab-initio model generated shows in 3D (Figure 5.31d). Finally, a poor

fitting of the structural prediction generated by AlphaFold (Appendix Figure 10.12)

and the experimental data collected for these proteins demonstrates that the static

structures do not represent the array of conformations mid-coat adaptors adopt in so-

lution (Figure 5.31 e and f). In conclusion, SAXS allows to explore the conformational

space of full-length adaptors and paves the way for tackling its structural characteriza-

tion.

5.2.4 Full length adaptor complex formation experiments

Attempts to reconstitute a full-length adaptor complex using PIP2 in a similar fash-

ion as it was done for the ANTH and ENTH domains were performed using the same

protocol as described in Figure 5.17. The DLS auto-correlation function corresponding

to the complex shows a large proportion of the sample in the same dimensions (hy-

drodynamic radius) of Sla2, along with some particles or higher dimensions that were

also present in the sample of Sla2 alone (Figure 5.32, compare yellow and blue in panel

c). This indicates that no obvious multimerization takes place using the full length

proteins in a similar way than when just using ANTH and ENTH domains (Figure

5.7). A potential drawback of detecting large changes in the oligomeric state of full-

length adaptor complex by DLS comes from the extremely elongated and flexible shape

of Sla2, which hinders an accurate deconvolution of the molecular weight and overall

radius by DLS since the method used is often based on assumption of globular-like

particles. Furthermore, compared with the large size of the Sla2 full length (ca. 236

kDa), the addition of the small ENTH domains (18 kDa) would not cause a significant

change in the overall shift of the sample’s molecular weight to be appreciated in the
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Figure 5.30: Biophysical characterization of full length mid-coat adaptors CtSla2 and
CtEnt1.
a and b. nanoDSF of CtSla2 (a) and CtEnt1(b). The signal for the Ratio at 330/350 is shown. c.
DLS auto-correlation function of CSla2 (yellow) and CtEnt1 (blue). d. Intensity plot of CtSla2 and
CtEnt1 in the same colour scheme as in c. e. Mass plot of CtSla2 and CtEnt1 in the same colour
scheme as in c. f. Buffer subtracted CD spectrum of CtEnt1 showing a combination of random coil and
alpha-helical content. g and h. Mass Photometry data of CtSla2 (g) and CtEnt1 (h) showing their
expected molecular weights from sequence and confirming the oligomeric state of CtSla2 as a dimer.
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Figure 5.31: SAXS data corresponding to CtSla2 and CtEnt1 full length.
a. SAXS curves for CtSla2 (yellow) and CtEnt1 (blue). b. Normalised Kratky plot for CtSla2 (yellow)
and CtEnt1 (blue). c. Distance distribution functions for CtSla2 (yellow) and CtEnt1 (blue). d. Ab-
initio 3D models generated using DAMMIF for CtSla2 (yellow) and CtEnt1 (blue). e and f. Fittings
of the AlphaFold structural prediction (Shown as an insert and in Appendix Figure 10.12) for CtSla2
(g) and CtEnt1 (h). The fitting is shown in red and the experimental data in deep purple. The χ2

values for the fittings are 39.27 and 7.12 for CtSla2 and CtEnt1 respectively.
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Figure 5.32: DLS data for formation of the full length adaptor complex.
CtSla2 and CtEnt1 were incubated in presence of 200 µM PIP2 (blue) in the same way than ANTH-
ENTH-PIP2 complexes. a. Auto-correlation functions of CtSla2 (yellow), CtEnt1 (grey) and CtSla2-
CtEnt1-PIP2 (blue) (blue). There is a small shift in the autocorrelation function, however no obvious
multimerization is observed in the similar fashion than for the ANTH-ENTH complexes. b and c.
Intensity and mass plots for these samples in the same color scheme.

auto-correlation function.

In view of the apparent lack of multimerization observed by DLS and its limitations,

the change on CtSla2 oligomeric state was studied using SAXS. Upon mixing of the full

length CtSla2 with the ENTH domain of CtEnt1 (CtENTH), the SAXS curve showed

a noticeable change. However, this was not in line with a large multimerization event

in a similar fashion as it happened with ANTH and ENTH domains (Figure 5.33a).

Most likely, the change in the signal corresponds to the mixing effect with ENTH.

On the normalised Kratky plot, the sample becomes slightly more elongated, since

its maximum gets further away from the canonical maximum for globular proteins

(Figure 5.33b). Interestingly, the distance distribution function also show that the

sample becomes more elongated and the second maximum fades away, indicating that

the overall conformation of the protein has changed in solution (Figure 5.33c). It could

either be that the complex formation is not taking place at the conditions where the

measurements were performed, or that the oligomerization mechanism for CtSla2 is not

the same as for the individual ANTH domains (e.g. a 16-mer is not being formed and

instead there is a smaller oligomer whose shape does not differ much from the large

CtSla2, given the large difference in size from CtSla2 and CtENTH).

5.2.5 Structural studies of CtSla2 by Single Particle Analysis cryoEM

Attempting to determine the structure of Sla2, sample preparation for SPA cryoEM

was performed. Given the large molecular weight of CtSla2, Sla2 in its native dimer
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Figure 5.33: SAXS data of CtSla2-CtENTH in presence of PIP2.
a. SAXS curves for CtSla2 (yellow) and CtSla2-CtENTH in presence of 200 µM of PIP2 (blue). b.
Normalised Kratky plot of CtSla2 (yellow) and CtSla2-CtENTH in presence of 200 µM of PIP2 (blue).
c. Distance distribution function of CtSla2 (yellow) and CtSla2-CtENTH in presence of 200 µM of
PIP2 (blue).

state or any further oligomerization states would be observable in cryoEM. Initially,

SPA cryoEM (performed in collaboration with the Muench group from the University of

Leeds) yielded a low resolution map of Sla2, which could be assigned to the C-terminus

of the protein (Figure 5.34).

The AlphaFold2 prediction for a dimer of CtSla2 shows an overall high confidence,

except for the region between the ANTH and the coil-coil domain, which is annotated

as a disordered and flexible region (Appendix Figure 10.12). Taking the last 400 amino

acids of the dimer, the predicted model yields a visually good fit into the map (Figure

5.34). This confirms that this part of the protein can be resolved to a certain reso-

lution. However, the rest of the protein is not present in the map. There are a few

reasons why this could happen: (1) the protein is too flexible and the particle alignment

on the C-terminus region which is resolved averages out the signal for the rest of the

protein; (2) the box size chosen for processing is too small, and the rest of the pro-

tein is not included during the image reconstruction pipeline; (3) the protein is being

degraded during sample preparation (vitrification) in its flexible region due to harsh

and recurrent interactions with the air-water interface (AWI), which has been shown

to be a bottleneck for sample preparation in some cases (Carragher et al., 2019). Since

processing was attempted using a larger box to exclude hypothesis 2, probably the

rest of the protein signal is not present in the 3D reconstruction due to other reasons.

Sample preparation was attempted using a spray deposition technique instead of using

the conventional blotting strategy, with the advance of the shorter vitrification times

that allow to monitor reactions in the miliseconds timescales (Klebl et al., 2021). The

drawback of this sample deposition system is the need of higher protein concentrations

78



(10x) compared with blotting systems. This results in a lower number of particles that

limits the possibilities for the analysis using data acquired from grids prepared using

this set up (data not shown).

Figure 5.34: Low-resolution cryoEM map of the C-terminus of CtSla2.
The map corresponds to a dimer of Sla2, and each dimer contains two 5-alpha-helical bundles, circled
in yellow and blue. The helix number is annotated. A side view of the map can be seen in the right
with the AlphaFold prediction of this region of CtSla2 fitted into the density. In collaboration with
Stephen Muench, University of Leeds

In some cases, ligands, additives or detergents can be used to stabilised the sample

in an attempt to obtain better quality particles that provide with 3D information during

the SPA analysis pipeline. In a second sample preparation, CtSla2 was put in presence

of CtENTH and PIP2 with the aim to (1) observe possible oligomers that could not

be ascertained by SAXS and (2) test whether particles for CtSla2 would become more

stable in presence of its ligand (PIP2) and of its binding partner (CtENTH). The

processing pipeline followed for this sample is shown in Figure 8.1. In this case, a map

was obtained that corresponded to an oligomer of CtSla2 (Figure 5.35). The oligomer

is formed by 3 subunits of CtSla2. Similarly, to the map obtain for CtSla2, this map

only corresponds to the last 400 C-terminus residues of the protein, independently of

the addition of CtENTH or PIP2. This probably indicates that the inherent flexibility

of CtSla2 is too high (even in presence of its ligands) to be solved by SPA, and that

further strategies will need to be applied in order to resolve the structure.

Focusing on the CtSla2 oligomeric map, the main oligomeric state of the protein

is a trimer of dimers, which can be clearly observed in the map (Figure 5.35b and

c). The oligomer map corresponds to three subunits of CtSla2, which fit within the

map. Interestingly, the last helix of the protein, predicted as disordered by some
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prediction servers and therefore not included in the initial models, seems to connect

the different oligomers (Figure 5.35d). The C-terminus latch helix has been shown

to regulate dimerization of the related protein TALIN, and its dimerization has been

shown to be a mechanism for regulating its binding to actin (Gingras et al., 2008).

It could be therefore relevant that the oligomerization state of CtSla2 changes upon

PIP2 addition, regulating its actin binding properties. Future work will be required to

ascertain the oligomeric state of Sla2 bound to actin.

Figure 5.35: cryoEM map of an oligomer of CtSla2 C-terminus.
a. cryoEM map of Sla2. b. cryoEM map with one model of the last 400 amino acids of CtSla2 in cyan
fitted into the map. The density corresponding to the model is coloured in cyan. c. Three subunits of
CtSla2 C-terminus fitted into the EM map shown in cyan, purple, and blue. d. cryoEM map of the
oligomer of CtSla2 C-terminus with the density corresponding to the model coloured. The C-terminal
latch helixes (not included in the model) can be appreciated.

Focusing on the cryoEM map and the AlphaFold2 prediction for a Sla2 dimer (they

are highly similar), both show the last region of the coiled-coil domain, a 5 α-helical
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bundle domain, which to date had not been annotated, and the THATCH domain of

Sla2, and a C-terminus helix, which in the homologue TALIN is known as the latch

helix. Interestingly, the conformation of the C-terminus of CtSla2 changes depending

on the presence of this C-terminal helix in the input sequence (Figure 5.36). The actin

binding residues of the THATCH domains of the mammalian homologue of Sla2, Hip1R,

have been previously described (Brett et al., 2006) and are conserved between yeast

and mammals (Appendix Figure 10.13). In the AlphaFold2 prediction confirmed by the

cryoEM map, these residues are located in the context of the C-terminus part of Sla2,

not considered in the previous crystallographic and biophysical studies. The actin

binding residues are located in the interface between the THATCH domain and the

domain between the 5 α-helical bundle next to the coil-coil domain and the THATCH

domain (Figure 5.36). Theoretically, these residues need to be exposed and ready to

find to F-actin, however, the model fitting the cryoEM map places them in a more

enclosed conformation that what could be allowed sterically for actin filament binding.

Therefore, there has to be a conformational change of CtSla2 whereby the THATCH

domain can open from the C-terminus core and bind to F-actin. A CtSla2 C-terminus

model containing the last latch helix also places the THATCH domains more open, in

a conformation that allows for these residues to be exposed for binding, which could

potentially be the conformation of Sla2 in its active-bound state. However, further

experiments and the determination of an actin-bound structure are required in order

to validate this hypothesis.

5.2.6 Expression and purification of Sla2ΔTHATCH

During attempts of expression Sla2 from S. cerevisiae, it was possible to produce

and purify a construct of S. cerevisiae Sla2 missing the C-terminal THATCH domain

(Sla2ΔTHATCH, 87 kDa) (Figure Figure 5.37). SDS-PAGE analysis of the fractions

corresponding to the peak from the SEC column containing the right molecular weight

band revealed other bands at lower molecular weight (Figure 5.37, panel C). In spite of

performing the expression at low temperature and the purification at 4 °C and in the

presence of protease inhibitors, Mass Spec fingerprinting analysis confirmed that the

lower molecular weight products correspond to degradation products of Sla2ΔTHATCH

that were cleaved in the sequence the ANTH domain and in the middle of the coiled
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Figure 5.36: Comparison between the AlphaFold model of Sla2 C-terminus
with (a) or without (b) the last latch α-helix.In the prediction accounting for the las latch helix,
the THATCH domain is more open compared to the prediction where this last helix is absent, and
consequently the actin binding residues become more open.

coil domain (data not shown). Looking at the disorder prediction by IUPred and the

structural prediction by AlphaFold (Appendix Figure 10.12), it is not surprising the

degradation happens at this point of the sequence given the high disorder level present

in this region.

5.2.7 Characterization of the coiled-coil of Sla2

Given the large proportion of degradation present in Sla2dTHATCH confirmed by

the MS fingerprinting analysis, the coiled coil domain of Sla2 was cloned in order to

study this domain of the protein in isolation. To determine the structure of the coiled

coil region of Sla2, three constructs spanning the coiled coil region of Sla2 were cloned

as GST-fusion proteins into the pETM30 vector. Out of these three, two were possible

to express in E. coli (Appendix Figure 10.15).
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Figure 5.37: Purification of Sla2ΔTHATCH.
a. SDS-PAGE analysis of the fractions from a Ni-NTA pull down of His-GST-Sla2ΔTHACTH (ca.
100 kDa). FT = flow-through, W = Wash and E = Elution. The protein comes in the elution. b.
SDS-PAGE analysis of the fractions from a “reverse” NI-NTA pull down. D = dialysis. The protein
after removal of the His-GST tag comes in the Flow-through (FTC= Concentrated Flow-thought) and
in the Wash (WC = Concentrated Wash). c. SDS-PAGE analysis of the fractions corresponding to a
Size Exclusion Chromatography using HiLoad 16/600 Superdex 200 column. MW of Sla2ΔTHATCH
= 87 kDa. d. Chromatogram of the Absorbance at 280 of the SEC column. MW=Molecular weight
ladder.

nanoDSF of these constructs showed two transitions, one very early at 25 °C and a

later one at ca. 44 °C (Figure 5.38a-d). There was no apparent signal in the scattering

channel, indicating that the protein does not aggregate upon thermal denaturation. To

rule out the possibility that the protein might be denatured from the start given the

weak transitions present in the sample, CD experiments were performed. The spectra

(Figure 5.38e-f) show the characteristic shape of an alpha helical protein whose signal

weakens upon thermal denaturation. Following the signal at 222 nm over thermal

denaturation, a large loss of secondary structure could be observed, with a transition

point at 44 °C (Figure 5.38g-h). The unfolding of the protein was not fully reversible

for both constructs, as the spectrum at 20 °C after the thermal ramp is not identical
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to the initial one, indicating that a fraction of the protein aggregated upon thermal

denaturation. Interestingly there was a small fraction of beta sheet signal present in

the sample and little amount of disorder (Appendix Table 10.4).

SAXS data for these two Sla2 coil-coil constructs confirmed that both constructs

constitute an elongated coil-coil domain and that they are relatively flexible, as it can be

seen in the normalised Kratky plot (Figure 5.39 and Table 5.11). The molecular weight

calculations confirm that both constructs are a dimer in solution and the ab-initio

model and distance distribution functions show that both Sla2 coil-coil constructs are

elongated. The fitting between the predicted structure with AlphaFold and the protein

does not yield a good fit with the SAXS data (Figure 5.39 e-f), probably due to the

inherent flexibility of the constructs.

Table 5.11: Structural parameters derived from SAXS curves

Sample I0 RG Dmax VPOROD RG (Pr) I0 (Pr)
MW
(kDa)

MWseq

(kDa)

Sla2
432-767

0.062 ±
0.00017

6.11 ±
0.03

21.05 182555 6.07 0.06 91 38.6

Sla2
296-767

0.075 ±
0.00028

6.95 ±
0.03

25.69 293458 7.41 0.08 118 53.9

CLC
169270.2
± 38.54

4.96 ±
0.02

16.99 92722.8 5.18 17030 62 26.5

Sla2 -
CLC

757.17
± 2.18

5.92 ±
0.02

20.88 208142 6.31 770 94 65.1

CtSla2
28659.90

±
177.12

11.20 ±
0.10

36.13 2610.53 11.16 27940 318 118

CtEnt1
0.034 ±
0.00026

5.07 ±
0.06

15.84 119076 5.08 0.03 74 65.90

CtSla2
+

CtENTH
+ PIP2

0.021 ±
0.00028

11.04 ±
0.18

54.25 1350.05 13.35 0.02 318 254

Sla2
ΔTHATCH

177556.40
± 92.51

7.52 ±
0.06

26.43 347744 7.90 17690 130 87

5.2.8 Crystallization trials of Sla2 coiled coil

In spite of the inherent flexibility of the Sla2 coil-coil constructs observed by SAXS,

crystal trials were set up in order to try to determine the atomic structure of this domain

of Sla2 using MX. Commercial and custom screens were set for both soluble constructs
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Figure 5.38: Biophysical characterization of Sla2 coil-coil constructs.
a-d. nanoDSF of Sla2 coil-coil constructs. a and b show the signal for the 330/350 Ratio. The
transitions for the two proteins are shown as a dashed line. c and d show the first derivative of the
ratio. e-f. CD spectra of Sla2 coil-coil constructs. e (Sla2 296-767) and f (Sla2 435-767) show the
spectra in temperatures ranging from 20 to 90 °C (from blue to yellow). The wavelength at 222 nm
was selected to see the loss of secondary structure upon thermal denaturation and the signal is plotted
in g and h.

(Table 5.12). Crystals were obtained for both constructs in several conditions and their

identity was confirmed by UV fluorescence (to discard they would correspond to salt
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Figure 5.39: SAXS data for Sla2 296-767 (yellow) and Sla2 432-767 (blue).
a. SAXS curves. b. Normalised Kratky plot. c. Distance distribution function. d. 3D ab initio
models for both constructs. e and f. CRYSOL fittings of the AlphaFold predictions for Sla2 296-767
(e) and Sla2 432-767 (f). The χ2 values are 24.48 and 20.02, respectively.

crystals) and also using Mass Photometry, by fishing one crystal and dissolving it in

buffer and measuring the molecular weight of crystal components (Figure 5.40).
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Figure 5.40: Mass Photometry for crystals obtained using Sla2 432-767 and Sla2 296-767.
The molecular weights correspond to dimers of Sla2 coil-coil domain in all cases. Most sample show
a single Gaussian distribution and the overlay between different preparations of protein confirms the
identity of the protein crystallized.

Table 5.12: Crystallization conditions that yield crystals for Sla2 coil-coil constructs

Construct Screen Condition Diffraction

Sla2 296-767
Solubility Stability

Screen 2
A10, F5, F10, F6,

E1, D3, H1
Best to 6 Å

Hampton additive
B3, B5, B6, B12,
D2, D3, D4, F11,

G12
Best to 7.5 Å

Custom 000933
A2, A6, B2, B6, C5,

D1, D3,
Best to 5 Å

MD LMB screen E2, E7, G1, G6 No diffraction

Sla2 432-767 Custom 000934
B10, B12, C9, G3,

H1, H2, H9
Best to 4.7 Å

MD SG1 Screen2 E6 V LOW
QIAGEN Classics-I D1, E2 5 Å

QIAGEN
JCSG-Plus

B8 Low diffraction

MD LMB screen H2,H11, C1, C3, C8 4.5 Å
MD MemGold

HT-96
C4, C9, F2 Very Low diffraction

QIAGEN
ProComplex

G9, H2 Ice rings

Crystals were fished and tested at beamline P13 in Petra-III at DESY. Some

datasets were collected for both datasets, with the highest diffraction at 4.5 Å. At-

tempts of solving the structure by molecular replacement using the AlphaFold2 predic-

tion of Sla2 were unsuccessful most likely due to the lack of diffraction to high-enough

resolutions for solving the phase problem. Given the flexibility observed by SAXS, it

was surprising to obtain crystals of these constructs of Sla2, but the diffraction data

highlight that even single crystals present a level of disorder that leads to weakening of

the signal towards higher resolutions. Another possibility for the low diffraction could
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be a high solvent content of the crystals. Given the topology of the protein, when just

a few crystal contacts are present across the coiled-coil domain, the large water chan-

nels present in the crystal could have a deleterious effect over the resolution achievable

with this sample. Changing the crystal packing, using dehydration protocols to remove

solvent, or growing larger crystals that could yield more signal could be possible ap-

proaches used in future work in order to determine the precise atomic structure of this

region of Sla2.

5.2.9 SAXS of coiled-coil constructs and SEC-SAXS with the CLC

Sla2 and its mammalian homologue, Hip1R are known to interact with CLC and

contribute to the formation of the clathrin coat (Boettner et al., 2011; Ybe et al.,

2007). In order to characterize the interaction with the full length Sla2, we cloned and

expressed CLC from yeast.

Figure 5.41: Purification from CLC from S. cerevisiae.
a. SDS-PAGE analysis of the fractions from a Ni-NTA pull down of His-GST-CLC. FT = flow-through,
W = Wash and E = Elution. MW=Molecular weight ladder. The protein is present in the elution
fractions. b. SDS-PAGE analysis of the fractions corresponding to a Size Exclusion Chromatography
using HiLoad 16/600 Superdex S200 column after His GST cleavage. c. Chromatogram of the Ab-
sorbance at 280 nm of the SEC column.

After protein purification (Figure 5.41), biophysical characterization of the sample

was performed. MALDI-TOF experiments were performed to confirm the sample iden-

tity. CLC showed the expected molecular weight from the sequence of a monomer with

the standard detector (Figure 5.42a). Interestingly, even when the sample is predom-

inantly a monomer, higher oligomeric species, namely dimers, trimers and tetramers,

could be detected in the sample (Figure 5.42b). Pentamers and hexamers are also ob-

served in the sample but to a lower abundance. This result indicates that probably the

CLC can oligomerise in solution into different types of assemblies found by MS.

DLS experiments showed that the protein is monodisperse with an RG of 4.5 nm,
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Figure 5.42: Quality Control report for CLC of S. cerevisiae.
a. MALDI-TOF using the standard detector shows monomer and dimer of CLC and that the sample
is pure. b. Using the CoValX detector for higher masses, several further oligomeric states can be
detected for CLC. c. nanoDSF curve obtained for CLC. d. DLS auto-correlation curve for CLC. e
and f. Intensity and Mass plots derived from the DLS data. g. CD spectrum of CLC at 20 °C. h. CD
spectra for CLC during a temperature ramp from 20 to 95 °C (from purple to yellow). i. Elipticity at
222 nm at different temperatures.

and an estimated MW of around 120 KDa, which is much larger than expected from

the sequence (Figure 5.42d-f). This supports the notion that CLC can be a multimer in

solution. Another reason for the exacerbated RG and MW is the fact that the protein

is supposed to be elongated/disoredered, instead of globular, which is assumed in the

DLS analysis for deriving the MW of the sample (Figure 5.42e-f).

nanoDSF does not report any known transition since the two Trp residues are

exposed to the solvent most likely so there is no change on their environment upon

thermal denaturation. Analysis of the Ratio 350/330 curve yields an onset point at
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15°C, which is the starting temperature of the experiment. The transition observed

is very weak, nonetheless it yields a Tm 41 °C. There are several reasons that could

account for such a low value: (1) CLC is either aggregated or misfolded, therefore it is

partly denatured from the beginning due to a bad sample preparation that gives low

quality sample; (2) Trp residues of CLC are (mostly) exposed towards the solvent even

in its native state, therefore the shift in fluorescence of the protein upon denaturation

is very weak and the DSF data not robust; (3) CLC is unstable under the conditions

measured. To discard a folding/aggregation problem with the sample measured by

nanoDSF, CD experiments were performed (Figure 5.42g). According to the shape

of the spectra the protein is alpha helical and part of random disordered. From the

thermal-denaturation following the CD signal, a loss of signal is observed from the

beginning of the experiment, and a loss of signal which yields a Tm lower than 40

°C. This could mean the alpha helical content from the protein is not very significant

in isolation, either by the intrinsic nature of CLC by itself or because the sample

quality was not good enough. Probably, CLC needs of a binding partner, such as

CHC, in order to adopt a stable helical conformation. SAXS measurements of CLC

however, agree with its predictive flexible nature. The SAXS curves of CLC do not

show any aggregation and therefore support the fact of a soluble protein together with

the DLS measurements (Figure 5.43a). Furthermore, the Kratky plot show how the

protein is extremely disordered, with the flow increasing towards higher values of qRG

and the porod plot indicates its elongated nature (Figure 5.43b and c). The distance

distribution function and the ab-initio model generated from the data also show a

mostly elongated flexible sample (Figure 5.43d and f). The poor fitting between the

structural prediction by AlphaFold2 of CLC and the experimental data further re-

enforces the high degree of flexibility of CLC (Figure 5.43e).

5.2.10 Studying the interaction between Sla2 and Clathrin light chain

Previous studies have studied the interaction between Hip1R and Clathrin light

chain (CLC), unravelling different preference for two isoforms of CLC which are differ-

entially expressed in different tissues. Similar than in the mammalian system, yeast Sla2

is known to interact with CLC, and its interaction has been previously characterise in a

cellular level (Newpher, Lemmon, 2006). The binding affinity between Sla2ΔTHATCH
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Figure 5.43: SAXS experiments of yeast CLC.
a. SAXS curves of three serial dilutions of CLC. b. Normalised Kratky plot for CLC. c. Porod plot
of CLC. d. Distance distribution function of CLC. e. Fitting between the predicted structure of CLC
by AlphaFold (red) and the experimental data (purple). The AF2 model is shown as an insert and in
Appendix Figure 10.12. The χ2 value is 25.71 f. 3D ab-initio model of CLC.
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Figure 5.44: Binding affinity of Sla2 and CLC measured by ITC.
(a) Titration of yeast CLC into Sla2ΔTHATCH. (b) Titration of yeast CLC into Sla2 coil-coil 432-767.

and CLC was measured in vitro using ITC. The KD measured is within the order of

magnitude than the KDs reported for the mammalian system (Biancospino et al., 2019).

Using a shorter construct of Sla2, Sla2 432-767 (comprising just the coiled coil region

of Sla2), the binding affinity is similar than with Sla2ΔTHATCH (Figure 5.44), in

agreement with the cell biology data indicating that binding happens in this coiled-coil

domain, and that the ANTH domain has no influence over the binding affinity of Sla2

to CLC.

In order to further characterise the Sla2-CLC complex, size exclusion chromatog-

raphy was performed. Upon loading the two proteins together in SEC, a small shift

in the retention time compared with the one of Sla2 coil-coil indicates that complex

formation is taking place, since two bands appear on SDS-PAGE gel (Appendix Figure

10.16) or that the conformation of Sla2 is being altered in the presence of CLC, which

also shows a peak at its usual retention time (Figure 5.45a). The intensity recorded for

SAXS signal during SEC-SAXS experiments shows a similar profile than the SEC pro-

files, together with a shift towards slightly higher RG values (Figure 5.45b, Appendix

Figure 10.14 and Table 5.11). The intensity of the SAXS curve for the complex is also

higher (Figure 5.45c), but the average SAXS profile of the Sla2 coil-coil-CLC complex

is relatively similar to the one of Sla2. Interestingly, the normalised Kratky plot for
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the three samples shows that the large flexibility present in the CLC sample is signifi-

cantly reduced compared to Sla2 coil-coil-CLC complex, which could indicate that the

fraction of CLC bound to Sla2 does so in a more rigid state (Figure 5.45d). Similarly

to the increase in the RG value of the complex sample, the distance distribution of

the complex is also larger, and the maximum distance of this sample is significantly

increased when compared to either CLC or Sla2 coil-coil (Figure 5.45e). This can be

appreciated graphically in the 3D ab initio models generated from the distance distri-

bution functions (Figure 5.45f). Finally, the availability of SAXS data from complex

components (Sla2 coil-coil and CLC) allowed the analysis of the complex data using

MONSA, which allows the allocation of the individual components within the complex

data (Figure 5.45g). These data further confirms the elongated conformation of the

CLC and Sla2-coil coil complex, and pin-points towards a model in where the two pro-

teins just have a few interaction points, as it has been suggested in the mammalian

homologue Hip1R with the crystal structure of its coil-coil domain (Niu, Ybe, 2008).

93



Figure 5.45: SEC and SEC-SAXS studies of the interaction between Sla2 and CLC.
a. SEC profiles of CLC (grey), Sla2 coil-coil 432-767 (blue) and Sla2 coil-coil-CLC (yellow). b. Intensity
profiles for SEC-SAXS runs for CLC (green), Sla2 coil-coil (purple) and the complex between Sla2 and
CLC (yellow). c. SAXS curves generated from the frames in the top of the peaks in the same colour
scheme as in b. d. Normalised Kratky plot for CLC, Sla2 coil-coil and the complex in the same colour
scheme as in b. e. Distance distribution function for CLC, Sla2 coil coil and the complex in the same
colour scheme as in b. f. 3D ab-initio models for CLC, Sla2 coil-coil and the complex in the same
colour scheme as in b. g. Composite model generated by MONSA of the interaction between CLC and
Sla2 coil-coil. The fractions of the model corresponding to SLa2 coil-coil and CLC is shown in wheat
and red, respectively.
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5.3 Structural characterization of clathrin selectivity for

endocytic adaptors

5.3.1 Introduction

During its formation, the clathrin coat binds different adaptor proteins that connect

it with the region of plasma membrane where cargo is being recruited, leading towards

the formation of a clathrin-coated endocytic pit. The N-terminal domain of CHC

(CHC NTD) has been known to mediate these interactions, and several studies have

highlighted the importance of this domain of clathrin and its binding to adaptors as a

crucial regulator of the endocytic coat progression (Mettlen et al., 2018; Partlow et al.,

2022). As it can be seen in the multiple cage structures solved by cryoEM, CHC NTD

does not form part of the triskelion interactions, but instead remains isolated towards

the end of the cages connected to them by the leg domains (Fotin et al., 2004a; Paraan

et al., 2020). There are several crystal structures of CHC NTD from mammals bound

to different types of clathrin binding motifs which showcast the multiple interactions

that clathrin establishes (Table 5.13).

CHC NTD is a β-propeller that consists of 7 blades that harbours 4 known binding

sites for adaptors (in mammals). The first site, located between blades 1 and 2, is the so-

called clathrin box, where adaptor proteins binding through the ”Clathrin-box” motif,

which consists of the consensus sequence of LØXØ[DE]. Some examples of proteins

containing this sequence are Amphiphysin, β-Arrestin- 1, AP2 β2 subunit, epsin, and

AP180 (Haar ter et al., 2002). A second site, located between blades 4 and 5, is the

Arrestin box, where β-Arrestin binds was found to bind through a [LI][LI]GXL motif.

The third site was later characterized for binding a sequence containing W-box motifs,

which have a consensus sequence of PWXXW. Different than the other two boxes, this

adaptor binding box is located in the top side of the beta propeller (Miele et al., 2004).

Finally, a fourth binding site was defined between blades 6 and 7 by (Willox, Royle,

2012) based on functional assays that demonstrated that cargo uptake requires of just

a single functional adaptor binding site in CHC NTD.
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5.3.2 Crystal structure and AlphaFold prediction with CHC NTD

Several studies have focused on the description of the different adaptor binding sites,

and demonstrated that they are redundant to a certain extent. However, the possibility

that the different boxes present in CHC NTD hide some hierarchical organization to

sort out for different interactions present during clathrin coat formation has never been

tested biophysically (e.g. is it a difference in affinity what drives this hierarchy?).

Intriguinly, the sequence present in the Ent1 adaptor from C. thermophilum (whose

characterization was also performed in this work) differs from the standard ”Clathrin-

box” SLiM defined for other organism such as S. cerevisiae and H. sapiens.

Figure 5.46: Purification of CtCHC NTD
a. SEC elution profile for CtCHC NTD using a HiLoad 16/600 Superdex S200 column. b. SDS-PAGE
analysis of the fractions corresponding to the top of the peak.

To explore the possible differences dirven by this sequence change observed in C.

thermophilum system, the CHC NTD from this species was produced and purified

(Figure 5.46). To compare possible differences in the binding of adaptors in C. ther-

mophilum system and H. sapiens, the crystal structure of CHC NTD was determined

to 1.6 Å resolution (Table 5.14, Figure 5.48b). This resolution, allowed a close inspec-

tion of the binding boxes in CHC NTD, where the position of the side-chains for the

conserved Glutamine residues involved in binding to the peptides are clearely defined

(Figure 5.47). The overall structure of CHC NTD from C. thermophilum is very similar

to the one from H. sapiens, with RMSD values for Cα of 1.453. The residues in the

adaptor binding boxes are structurally conserved, as it can be seen by superimposing

the crystal structures (Figure 5.48b). This remakarbly structurally conserved binding

pocket suggests that a similar mechanism of adaptor binding is conserved between C.

96



thermophilum and H. sapiens.

Figure 5.47: Crystal structure of Ct CHC NTD
Density in the different binding sites of Clathrin Heavy Chain N terminal domain, with relevant residues
for binding indicated for each site. a. The Clathrin box site. textbfb. The Arrestin box site. textbfc.
The W box site. 2Fo-Fc at 1 Sigma is shown around the model in blue wireframe representation.

Differently than in mammals, CtEnt1 does not contain the consensus sequence for

the clathrin box (L[IVLMF].[IVLMF], defined in the ELM Database), but contains a

LITF sequence instead. Interestingly, this peptide sequence shares some similarities

with the sequence of the β-Arrestin motif crystalized previously in the Clathrin box

from CHC NTD (Haar ter et al., 2002) (Figure 5.49c). This raises the question of

whether binding of adaptors by clathrin is conserved across species, in spite of these

sequences changes observed. To understand the differences in between the different

motifs in C. thermophilum, two peptides, one corresponding to the C-terminus of Ent1

(GEAFTQRGNLITF, from Uniprot ID G0SAK2), and one corresponding to another

member of the epsin family which contained a clathrin box motif (GNGPDDLLG from

Uniprot ID G0SBZ9), were designed and ought to be used for co-crystallization ex-

periments. Unfortunately, the peptide from Ent1 was not soluble at concentrations

required for co-crystallization experiments, probably because of the significant propor-

tion of hyrophobic amino acids present in its sequence. Moreover, crystal trials to

obtain peptide-bound structures using the Clathrin-box motif peptide were unsuccess-

ful, yielding only the Apo- structures.

Given the lack of availability of structural information with peptide-bound struc-

tures from this species, AlphaFold2 was used to predict peptide bound models the

C-terminus of Ent1 in complex with CHC NTD (Figure 5.48d). Interestingly, the pre-

diction of AF2 places the motif sequence in the clathrin box binding site of the CHC

NTD (Figure 5.48a). This prediction has a high pLDDT score for the motif sequence,
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Figure 5.48: Strucutures of CtCHC NTD
a. AF2 prediction of the CHC NTD domain of C. thermophilum in complex with a peptide from
CtEnt1 coloured according to its pLDDT score. The region of the peptide that binds to the Clathrin
site has a higher score and it is indicated with an arrow. b. Overlay between the crystal structure
of CtCHC NTD and the structure from H. sapiens (purple). c. Overlay between the AF-2 predicted
peptide (orange) and the peptide from β-Arrestin (teal). The high similary even at the side chain level
between the two can be appreciated. d. Overlay between the peptide predicted by AF-2 (orange) and
the peptide containing a ”Clathrin box” SLiM (magenta).

which suggests that the location an structure assigned to this region of the peptide is

reliable. This sugggests that in spite of the difference in sequence, AF2 could predict

the binding site of this motif to be the clathrin box. When comparing the AlphaFold

prediction with other crystal structures available, the two peptides (β-Arrestin and C.

thermophilum Ent1) share a short NLI sequence, and the overlay of both structures

shows that both peptides fall with a very similar conformation into the clathrin box,

including the Phe residue towards the end of the motif (Figure 5.48).
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5.3.3 Binding studies of CHC NTD to adaptors

It has been reported in literature that yeast and human CHC NTDs bind more

than 1 peptide per domain. AlphaFold2 predictions using two, three and four peptide

sequences were performed (Figure 5.49). The confidence of the predictions (pLDDT

score) drops down for the peptides as the number of peptides increases. Interestingly,

in the prediction with two peptides, the second peptide falls right into the arrestin

box, and the peptide has an “acceptable” score for the prediction, shown still in light

blue (Figure 5.49b). On the other hand, using three and four peptides, AF2 place

the peptides close to the binding site described by Willox and Royle; however, the

peptides show several clashes with CHC NTD, and the score for the prediction is very

low (orange). Therefore, these predictions are most likely not reliable to interpret, and

no conclusions can be made about the binding of these peptides into this site. CHC

NTD contains a “W-box”, which has been shown to bid peptides containing W motifs

(Miele et al., 2004). None of the AlphaFold predictions showed peptides binding into

the W box binding site, however, this could be due to the lack of sequence information

from which this prediction algorithm nourishes. A prediction using peptide containing

a sequence corresponding to the W motif (from human amphiphysin), placed the W-

box motif peptide into the clathrin box instead of the W-box (Appendix Figure 10.17),

suggesting that AF2 is limited in its capabilities to dissect these specific protein-protein

interactions in the different boxes of CHC NTD.

Several studies have previously characterized the interaction between some SLiMs

of adaptors and CHC NTD using different methods, such as ITC, NMR and Fluores-

cence techniques (Miele et al., 2004; Kang et al., 2009; Zhuo et al., 2015). Most of

these studies address the interaction using short peptide motifs containing one of the

sequences that binds to the corresponding box in the NTD of CHC. However, adaptor

proteins, including epsins, contain other motifs that interact with other components of

the endocytic coat, which potentially could modulate their affinity for clathrin. Since

co-crystallization of the CHC NTD with a peptide containing the sequence of the C-

terminus of Ent1 was not possible due to the solubility problems of the peptide, binding

studies between CtCHC NTD and Ent1 full-length were performed using Microscale

Thermophoresis (MST) (Figure 5.51). The results show that the binding between Ent1

99



Figure 5.49: AlphaFold2 preditions of CtCHC NTD with 1, 2, 3 and 4 CtEnt1 peptides

and the CHC NTD has a KD value of around 10 µM. As commonly observed for MST,

there was a small dependency between the dissociation constant obtained and the MST

power used to stimulate the reporter dye. The KD value, on the low micromolar range,

falls into the expected affinities of protein-protein interactions present in the clathrin

coat, usually of weak-affinity nature to provide with dynamics to the endocytic coat

(Smith et al., 2017). Nevertheless, within the mircomolar range at which these interac-

tions have been characterized, this affinity is higher than those reported for the clathrin

box, but lower than the one reported for the arrestin box. It could be that Ent1 is

binding to the arrestin box in this case since the sequence for the motif is different and

the CHC NTD is highly conserved. However, structural information will be needed to

determine that with certainty.

To compare the results obtained with the Ent1 C-term peptide, the affinity between

the peptide containing the clathrin box and CHC NTD was measured using nanoDSF

and analyzed applying Isothermal Analysis (Figure 5.50). From the thermal denatura-

tion in absence of peptide, the melting temperature of Ct CHC NTD without ligands

is of 60 °C. Upon a titration with the peptide, there is a progressive stabilization to

higher temperature up to 65 °C. Fitting of the Tm vs the concentration of CtCHC NTD

yielded a KD of 230 µM. However, the limitation of this analysis is that the fraction

unfolded of the sample at different temperatures is different and therefore the estimated
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Figure 5.50: Binding studies of clathrin-box containing peptide to CHC NTD analysed by
nanoDSF
a. nanoDSF denaturation curves followed at 350 nm with different concentrations of the peptide
containing the Clathrin-box SLiM (blue to yellow, from 0 to 5 mM). b. First derivative of the data, it
can be seen how the peptide shifts the maximum of the derivative, reporing an stabilization of around
5 °C upon binding to CtCHC NTD. c. Isothermal Analaysis of the thermal denaturation curves. The
fraction unfolded vs the peptide concentration are plotted together with the fitting used to obtain the
KD value. c. Fitting of the Tm to the ligand concentration.

KD is not correct. For this reason, Isothermal Analysis was applied, and the analysis

shows that the dissociation constant between CHC and this peptide has a KD of 380

µM. This value is in line with other studies that have characterized clathrin box binding

affinities. However, this KD value needs to be interpreted carefully, since Isothermal

analysis implies the calculation must be performed around the Tm of the protein, this

is far from the temperatures of where other KDs have been calculated and also of the
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physiological temperature of this organism.

Figure 5.51: Binding studies of CtEnt1 full length to CHC NTD analysed by MST
a. MST traces obtained upon stimulation with high MST power. b. Binding curve obtained from the
MST data.

102



Table 5.13: Crystal structures available for CHC NTD in the Protein Data Bank with different peptides

Species Ligand Species Reference PDB ID
Resolution

(Å)
Motif

B. taurus β2 adaptin H. sapiens
Muenzner
et al 2017

5M5R 1.76
GDLL
NLDLG

B. taurus AmphiphysinH. sapiens
Muenzner
et al 2017

5M5S 1.88
ETLLD
LDFDP

B. taurus Amph4T1
R.

novergicus
Muenzner
et al 2017

5M5T 1.70
ETLLDLD
LDLE

B. taurus

Hep. D
virus
Large
Antigen

Hepatitis
delta virus
genotype I
(isolate
Italian)

Muenzner
et al 2017

5M5U 2.15
WDILFP
ADP

B. taurus

Hep. D
virus
Large
Antigen

Hepatitis
delta virus
genotype I
(isolate
Italian)

Muenzner
et al 2017

5M5V 1.96 PPRLPLEC

B. taurus
Extended
Amph
peptide

H. sapiens
Muenzner
et al 2017

5M61 1.84
ETLLDL
DFDPFK

B. taurus Amphiphisin H. sapiens
Miele et
al., 2005

1UTC 2.30
TLPWDL
WTT

R.
norvegicus

β3 adaptin H. sapiens
Ter Haar,

2000
1C9L 2.90 DTNLIEFE

H. sapiens Pitstop -
Bulut et
al., 2011

4G55 1.69 -

H. sapiens Pitstop-2 -
Bulut et
al., 2011

2XZG 1.70 -

H. sapiens GTSE1 H. sapiens
Perfetye
et al.,
2020

6QNN 2.03

VGQLIDL
SSP and
SRPL
IDLM

H. sapiens GTSE1 H. sapiens
Perfetye
et al.,
2020

6QNP 2.70

VGQLIDL
SSP and

SR-
PLIDLM

B. taurus
Bβ-

Arresntin-
1

Bos
taurus

Kang et
al., 2009

3GC3 2.20
DTNLIEL
DTNDD

H. sapiens ES9 -
Djonghe
et al.,
2019

6E4L 1.60 -

B. taurus β-arrestin
Bos

taurus
Kang et
al., 2009

3GD1 3.50
VDTNLIEL
DTNDD

103



Table 5.14: Data collection and refinement statistics (molecular replacement) for CtCHC

Data collection

Wavelength (Å) 0.976
Space group P21 21 21

Cell dimensions
a, b, c (Å) 0.41, 101.02, 154.64
αβγ(°) 90.00, 90.00, 90.00

Resolution (Å) 84.57 – 8.76 (1.63-1.6)
Rsym or Rmerge 0.073 (0.040-2.102)

I / I 16.0 (50.4-1.4)
Completeness (%) 99.4 (61.47-1.60)

Multiplicity 13.2 (11.2-13.5)

Refinement

Resolution (Å) 1.60
No. reflections 1153807 (unique 87672)
Rwork / Rfree 0.197/0.222
No. atoms 11981
Protein 11981

Ligand/ion 6
Water 496

B-factors

Protein 26
Ligand/ion 31,35,38,40

Water 37

R.m.s. deviations

Bond lengths (Å) 0.90
Bond angles ( ) 0.73
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6. Discussion

Clathrin-mediated endocytosis is crucial for the internalization of several cargoes,

including several transmembrane proteins considered as therapeutic targets in different

diseases for their role during signaling processes, mechano-transduction and neuronal

communication. Providing mechanistic understanding cellular processes at molecular

resolution allows the manipulation of such processes in situations where this is of in-

terest, particularly when such processes are involved in health and disease, such as is

the case of clathrin-mediated endocytosis. The formation of the clathrin coat around

the endocytic site is an energetically costly process for the cell, and as such, different

check points that control the correct progression of this process have been described, for

instance during cargo recruitment. All components from the endocytic coat need to be

assembled properly and timely, to render the internalization of the plasma membrane

for clathrin-coated pit formation. Several examples of deleterious effects of deletion

of key components of the CME machinery proof this (e.g. deletion of both copies of

Epsin genes in yeast is lethal (Aguilar et al., 2006)). Also, the apparent redundancy of

the role that some proteins play during internalization makes the system with robust

alterations of its components (Dannhauser, Ungewickell, 2012).

6.1 Sla2 and Ent1 cooperate for efficient internalization

of the plasma membrane

The results presented in this work provide a mechanistic understanding of the co-

operation of yeast mid-coat adaptors Sla2 and Ent1 to anchor to the plasma membrane

and contribute to its internalization. The cryo-EM structure of the ANTH-ENTH-PIP2

oligomer allows to describe the cooperativite behaviour observed for mid-coat adaptors.

The depiction of the ANTH-ENTH tetramer as the building block for ANTH-ENTH-

PIP2 oligomers previously detected, such as the 16-mer and 12-mer complexes (Garcia-

Alai et al., 2018; Heidemann et al., 2020), unravels that these oligomers constitute

higher order assemblies. The position of the lipids detected in the structure shows how
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these assemblies are intrinsic in the samples prepared for the in vitro structural studies,

since the structure reveals how the ANTH and ENTH warp around the PIP2 micelles

in solution.

The synergy between the ANTH domain of Sla2 and the ENTH domain of Ent1

allows the creation of a molecular anchor by the combination of several protein-lipid

and protein-protein interactions described in this work. The combination of the cry-

oEM map of the 16-mer with the previously characterized PIP2-binding sites of the

individual domains allows to understand the mechanism whereby the combination of

ANTH-ENTH domains achieves high affinity and specificity for PI(4,5)P2, by multiple

interactions that coordinate different lipid molecules. Several years of research have

characterised a number of protein-protein and protein-lipid interactions present in the

endocytic coat. Most of them appear to be weak molecular interactions which confer

the dynamic nature that the coat needs throughout its progression and allow it to be

finely tuned (Smith et al., 2017). The cooperative interaction of mid-coat adaptors

with the plasma membrane via PIP2 stands out from the usual spectrum of protein-

protein and protein-lipid interactions that have been described for most components of

the endocytic coat. Together with the specificity of the membrane binding domains by

this particular time of phospholipid, the combination of all these factors creates a ro-

bust and specific membrane anchor. The mutational study presented here and carried

out in vitro (and also in vivo) discerns the role of each interface to the residue level,

characterizing the ANTH-ENTH system to an unprecedented level of detail.

Besides the tetramer protein-protein and protein-lipid interactions that this work

allows to describe, mid-coat adaptors play a secondary essential role during CME,

which is membrane remodelling. The experiments presented here where mutants de-

fective for complex formation are also defective in their membrane remodeling activity,

reinforce the idea that the tetramer constitutes the building block for this system.

Nevertheless, it must be acknowledged that the correlation between complex forma-

tion defective mutants and those who were not able to deform membranes had some

outliers (e.g. ANTH R25A, ENTH E107A, and the ANTH-ANTH interface mutant

ANTH R3A/I4A/D37R/H38A), which were capable of membrane deformation. This

suggest that disruption of perhaps weaker interactions in the ANTH-ENTH complex

which do not tightly bind to the membrane are still capabe of membrane deformation.
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Within the ANTH-ENTH system, several of the experiments presented in this work,

particularly SAXS and Native MS have highlighted the diversity of ANTH-ENTH as-

semblies present in samples containing PIP2. Some dependence on the abundance of

certain species was observed by Native MS and SAXS, suggesting the protein:lipid ratios

govern the diversity of species possible in a certain sample. Moreover, native MS has

the power to unravel different amount of lipids bound to the different assemblies (16-

mer or 12-mers), which indicates that the binding sites are not fully occupied and that

different lipids have different hierarchies in the binding (e.g., for each oligomeric state

a minimum number of PIP2 molecules is required to keep the ANTH-ENTH complex

together). Intriguingly, the mutations measured by native MS in search for complex

formation phenotypes revealed several smaller assemblies with different amounts of

lipids bound. The cryoEM map of the 12-mer using the ENTH α0 mutant, together

with the flexible fitting of the tetramer of the membrane bound ANTH/ENTH domains

and with the mutational study performed demonstrates that the building block of the

system is the ANTH-ENTH tetramer. These different and smaller intermediates, re-

sulting upon mutation open the question of whether other arrangements different than

the tetramer are possible or whether the species captured upon these mutations are

just intermediates of tetramers towards the already known multi-tetramer species (12-

mers and 16-mers). Some possible experiments to decipher that question could be

performing kinetic experiments with high resolution methods, such as native MS, using

these mutants to clarify whether this effect is kinetic, or to perform other time-resolved

structural techniques, such as time-resolved EM, which could reveal the domain ar-

rangement of these oligomers as it was done for the 12-mer ENTH α0 mutant.

Given the presence of PIP2 in our sample preparation and that we solved the struc-

ture of the ENTH domain bound and in complex, its α0 helix is refolded compared to

some previous crystal structures. In the whole assembly, all the α0 helixes inserted in

between the PIP2 polar heads assigned in the structure agree with the mechanism of

membrane deformation of the ENTH domain, which consists of the insertion of this

secondary structure element for the displacement of lipids in the inner layer of the

plasma membrane. However, the cooperative binding of PIP2 by just ENTH domains

(Garcia-Alai et al., 2018), with their low micromolar affinity reported in literature (Itoh

et al., 2001), is not sufficient for tight membrane anchoring. The concerted binding of
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PIP2 with ANTH is required to achieve high affinity for PIP2-enriched membranes of

endocytic sites (Skruzny et al., 2012, 2015). We can now describe how this is achieved

by the concerted binding of ANTH and ENTH of two PIP2 molecules at protein in-

terfaces who create protein-protein interactions, and increasing thus the avidity of the

ANTH-ENTH tetrameric complex to the membrane.

Membrane deformation by assembly of different protein machineries contributes

to membrane invagination, and several theoretical models have addressed the force

requirements for membrane invagination under different membrane tension conditions

(Lacy et al., 2018; Day, Stachowiak, 2020). The tight attachment of the endocytic coat

to the plasma membrane is particularly important for systems where membrane tension

is increased, such as is the case of yeast and cells that undergo osmotic pressure changes.

The force requirements of membrane invagination in yeast or in conditions where turgor

pressure is increased in mammalian cells makes the role played by the cytoskeleton

essential. The polymerization of actin in the endocytic sites is regulated by several

factors, and the organization of the filaments and their branching points can weight

differently the force produced (Akamatsu et al., 2020; Serwas et al., 2022). Mid coat

adaptors are responsible for the transmission of this force from actin polymerization

essential for membrane invagination, which for Sla2 has been particularly characterised

at a molecular level (Abella et al., 2021). The ANTH-ENTH tight membrane anchor

allows this force transmission and therefore membrane internalization.

The temporal control of endocytosis allows for optimal cargo recruitment and cor-

rect adaptor proteins and clathrin assembly for coat formation. In contrast with higher

eukaryotes, in yeast membrane invagination takes place only in the last few seconds

during the late stages of endocytosis. The steric pressure that the endocytic coat needs

to be overcome may explain this difference, meaning that formation of an efficient mem-

brane pulling machinery needs to take place during the initial coat formation process.

The kinetic experiments performed using TR-SAXS and BLI suggest that the ANTH

and ENTH domains are capable of performing fast assembly in solution and that these

two domains do not require of any other endocytic components for the formation of

a stable complex. According to the TR-SAXS data, the complex is able to assemble

in just 100 ms in the dimensions of a tetramer. This timescale, much faster than the

range of endocytic events, suggest that the assembly of the mid-coat in the plasma
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membrane for membrane invagination is not the limiting step in coat formation, and

that the assembly of Sla2 and Ent1 is immediately triggered once that PIP2 is available

for binding. Furthermore, the complex disassembles when one of the partner proteins

is removed, as shown by the BLI experiments, revealing an equilibrium of a highly

dynamic complex in solution. The PIP2 is the lock that keeps the complex together,

however, the action of phosphatases which are recruited towards the end of endocyto-

sis which by reducing the local concentration of this lipid shift the equilibrium of the

ANTH-ENTH complex towards the disassembly of this and other complex components

that need to be recycled.

6.2 Full length endocytic adaptors

6.2.1 Fitting of experimental data to predicted models

With the advent of increasingly reliable prediction tools such as AlphaFold2 (AF2)

(Jumper et al., 2021) and RosettaFold (Baek et al., 2021), looking into the 3D structure

of a given protein sequence became easier than ever before. The structural biology

community is witnessing a deeply transformative period where the opportunity arises

for testing the boundaries of this recently improved tool. The availability of a large

amount of structural predictions allows for new comparisons of the predicted models

of the proteins of interest with experimental data from structural techniques.

SAXS is a structural technique often criticized because of its limited resolution.

Nevertheless, it can be used to ascertain different types of questions relevant for protein

structure. SAXS provides with the overall structural parameters of a sample at room

temperature in solution, it informs about flexibility, oligomeric state, quality of the

samples and whether aggregates are present at the selected experimental condition.

Beyond that, it provides valious information regarding the 3D topology of the protein.

For all the structures where SAXS data were collected in this work (the full adaptors

Sla2 and Ent1 from C. thermophilum, the CLC of yeast, and the coiled-coil domain of

Sla2 from S. cerevisiae), the comparison of the AF2 models with the experimental data

CLC yields a poor fit. There are several factors that could contribute to these results.

First, the limitations of this structure prediction tools should be evaluated. The

quality of the models is not always 100% accurate due to different factors, such as the
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low complexity of certain regions of the sequence. Furthermore, this algorithm has

been trained on the structural information available deposited in the PDB. The lack

of previous similar structural models prevents proper training of these algorithms, an

example which holds true for IDRs, where the conformational ensemble explored is

much larger than for globular proteins. The presence of IDRs whose structure spans a

wider ensemble of conformations than those sampled in the PDB often yields poor pre-

dictions (with a low pLDDT score) that are not reliable. Moreover, usually these IDRs

are flexible, which in turn allows several different topologies for a protein containing

such regions in solution. A poor fitting between the experimental data from a sample

in solution, accountable for a mixture of all conformational states, and the static Al-

phaFold2 prediction is not unexpected. Ent1 fulfills these criteria for which structural

prediction is not possible, highlighting the limitations of prediction algorithms. As all

the member of the Epsins family, the C-terminus of Ent1 contains a large IDR, which

has been subject of several studies given this region is functionally relevant containing

several motifs for clathrin binding (Clathrin-box sLiM), biquitin, and other adaptors

(NPF motifs), and for its contribution for CME at high tension (Zeno et al., 2021;

Joseph et al., 2020).

Secondly, even when structural models can be predicted with high reliability, they

represent just a snapshot of the protein, revealing just one of its conformations. In

contrast, proteins suffer from dynamics, and they commonly experience conformational

changes that are essential to their function, its regulation, or part of their native state.

All these conformations are captured and averaged in the experimental data acquired

in solution, like in SAXS. A good example of this can be found in membrane trans-

porters, whose structure can be predicted with certain accuracy but often in one of

the conformations of their transport cycle (Alamo et al., 2022). Therefore, these pre-

diction algorithms provide of a static picture of a dynamic molecule which the bulk

experimental techniques capture and the disagreement between the experimental data

and the predicted model arises from these dynamics. A plausible approach to overcome

this limitation when some prior information is available regarding the protein domains

could be to generate several models in different conformations and use multiple models

to fit the experimental data. With these considerations in view, it is clear that the

flexible CLC and mid-coat adaptor datasets yield a poor fitting of the SAXS data into
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the predicted models.

6.2.2 Sla2: A flexible and dynamic actin regulator

In line with the flexibility observed by SAXS, the cryoEM map determined for Ct-

Sla2 also raises the issue of flexibility during 3D volume reconstruction. In the two

samples that led to a trustworthy 3D reconstruction (although at low resolution), the

density from the maps could only be assigned to the C-terminus of the protein (as a

dimer, including the last part of the long coiled-coil domain, the 5 α-helical bundle

and the THATCH domain). It is clear that the region between the N-terminal ANTH

domain and the coiled coil is the most flexible and disordered of the protein, from the

disordered prediction software IUPred and from the AlphaFold2 predictions. Therefore,

this extremely large flexibility could prevent particle alignment and structure determi-

nation, and just the C-terminus observed could be aligned properly. Another option

(as mentioned in the results) is that the protein is degraded during grid preparation by

harsh interactions with the air-water interface.

It is noteworthy that samples containing ENTH and PIP2 (in an attempt to obtain

the full length adaptor complex) yield a different oligomeric state, where a trimer of

dimers is solved in presence of the binding partners of Sla2. Given that the presence of

these partners is the only parameter modified during sample preparation and that they

are known to oligomerize with the ANTH domain of Sla2, it is tempting to speculate

that the map corresponds partially to a Sla2-ENTH-PIP2 oligomer. However, density

is only present for the C-terminus of Sla2 molecules, and no information regarding the

position or oligomeric state of this sample could be obtained from the cryoEM data.

Nevertheless, the fitting of the AF2 model shows that the C-terminus in this oligomeric

state is adopting a ”closed” conformation, in where the proposed actin residues of the

THATCH domain are not exposed for binding. Interestingly, AF2 brings a prediction

of the C-terminus in an open conformation upon inclusion in the model of the very

C-terminal latch helix. The role of regulatory helixes has been debated in other actin

binding proteins such as TALIN (Gingras et al., 2008), therefore raising the hypothesis

of a regulatory role of this helix for Sla2 as well. A structure of Sla2 bound to actin

filaments would enlighten what is the truly open and bound state of the protein.

Finally, the recent in situ detection of the mammalian homologue of Sla2, Hip1R,
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in situ (Serwas et al., 2022) exemplifies how the combination of the strengths from

structural techniques and modelling tools can open the door for the determination

of in-situ cellular structures to understand these systems essential for several cellular

functions in their native envionroment.

6.2.3 Sla2 and CLC binding

The communication between mid-coat adaptors and clathrin as a template for vesi-

cle budding is essential during endocytosis. Sla2 (and Hip1R in mammals) is known to

bind to Clathrin Light Chain, and previous molecular biology studies have proposed a

regulatory role for CLC over Sla2 and its capability to bind to actin (Newpher, Lem-

mon, 2006).

The interaction between CLC and Sla2, previously characterised in the mammalian

system (Biancospino et al., 2019), was also studied here using SEC-SAXS and ITC.

SAXS data showed that CLC behaves in solution as an extremely flexible protein, and

that upon binding to Sla2 coil-coil region, its flexibility is decreased. This suggests

that binding of its partners decreases the conformational space explored by CLC in

solution. It could be hypothesized that the interaction between Sla2 and CLC causes

partial refolding of one of the components, given the disordered regions present in CLC.

There are several examples of proteins which refold upon binding to other interaction

partners, and a possible way to follow this refolding would be the study of the evolution

of secondary structure elements by CD or NMR techniques. The interaction between

Sla2 and CLC is in the low micromolar range for both constructs used, and it is similar

to the one reported for Hip1R and CLCb (Biancospino et al., 2019). The structure

of the coiled-coil domain of HIp1R containing crucial residues for the binding of CLC

suggests that CLC should bind to this structured region (Ybe et al., 2007). The low

resolution SAXS model obtained together with the SAXS model of the SLa2 coiled-coil

and CLC in solution confirms that the topology of the complex is elongated, and shows

just a few contacts between the densities assigned to the two components of the complex

in the yeast system as well. However, no further information can be interpolated given

the limited resolution of this technique. Further experiments to determine the role of

CLC binding to Sla2 will be requiered using structural techniques and potentially set

ups where the binding to actin is regulated.
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6.3 Interactions of clathrin with SLiMs accross species

The NTD of CHC is a hub for the network of protein-protein interactions that

build the endocytic coat. The multiple binding sites present in the NTD of clathrin

raise the question regarding the specificity of the binding to the different boxes, their

redundancy and the possibility of a hierarchy of adaptors binding to clathrin.

In this work, it has been shown by X-ray crystallography and by computational

methods (AlphaFold2) that the structure of the CHC NTD of the thermophilic fungi

C. thermophilum is extremely conserved from higher eukaryotes (Haar ter et al., 2002;

Miele et al., 2004), including a high degree of conservation in the different binding

sites, also known as boxes. Given the platform for the binding of different adaptors to

the different boxes is largely conserved, the functional regulation of the different boxes

must be given by the sequences of the motifs that bind deferentially to the different

boxes.

Epsin is one of the main players during membrane internalization, and remarkably,

in C. thermophilum, the sequence for its ”Clathrin box” motif is replaced by a sequence

more similar to the Arrestin motif in humans. This change, however, does not prevent

the protein from binding to the clathrin box, as it was during the AF2 predictions.

Moreover, the binding experiments with Ent1 full length and CHC NTD showed that

the affinity of the interaction is similar than the one reported for the arrestin peptides

from other species. On the other hand, comparing the affinity of the peptide from C.

thermophilum containing a ”Clathrin-box” motif, yields a numerally lower KD. How-

ever, it should be taken into account that the techniques used to measure these two

systems are different: nanoDSF and MST. The second important difference is that the

MST experiments were performed using full length Ent1, in contrast with the short

soluble peptide used at high concentrations for nanoDSF experiments. The presence of

the rest of the protein during the binding assays could modulate the affinity reported

in our binding experiments, in this case towards the low micromolar range compared

to a high micromolar KD obtained by nanoDSF. The third important consideration of

these values is that the dissociation constants are calculated at different temperatures,

since Isothermal Analysis requieres the calculation of this value based on the fraction of

protein unfolded at a temperature around the melting temperature (which in the case
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of Ct CHC NTD is around 62 °C). Therefore, this value of KD needs to be compared

with the KD obtained at standard temperature of 25 °C at which the MST experiments

with the full length protein was performed.

These binding experiments confirm that both motifs, the ”Clathrin box” and the

Arrestin motif bind to CHC NTD in C. thermophilum. However, information regarding

the real number of binding sites, and the actual binding site for each peptide only

comes from the AF2 predictions, with the above discussed limitations. A way forward

to unravel whether the binding of the two motifs aligns with the pattern observed

for the motifs in higher eukaryotes would be to obtain crystal structures of clathrin

in complex with peptides containing these motifs which can answer this question by

direct visualization of the adaptor peptides bound to clathrin.
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7. Outlook

In summary, the work presented here builds on the previous knowledge to provide

the mechanism of membrane anchoring of mid-coat adaptors to the plasma membrane

during CME. ANTH and ENTH domains can assemble in a fast and coordinated way

into their hetero-tetrameric functional unit, stabilized by shared PIP2 molecules. These

tetramers can give rise to different assemblies depending on the lipid environment and

contribute to the membrane remodelling process occurring during endocytosis. The

synergy achieved by the structural properties of ENTH α0 helices, combined with the

lipid clamp of Sla2 ANTH domains makes the complex a strong membrane anchor re-

lying on shared PIP2 molecules in several protein interfaces. Thus, the combination of

these two elements transforms the monomeric low-affinity (micromolar KD) interaction

with phospholipids (Smith et al., 2017; Ford et al., 2001, 2002) into a nanomolar inter-

action (Skruzny et al., 2015; Garcia-Alai et al., 2018) provided by a highly organized

protein-lipid-protein complex. This multimeric membrane anchor is then essential for

membrane invagination in organisms and conditions where cells where endocytosis is

challenged by high membrane tension or turgor pressure.

Beyond the dimension of protein-protein interactions described in the first part

of this work, the results obtained for Sla2 full-length C-terminal domain open some

interesting questions for future research regarding the regulation of its activity as an

actin regulator during CME. The different oligomeric states of Sla2 obtained in different

conditions highlight that this adaptor is capable of larger oligmerization similarly to

the ANTH oligomerization together with ENTH domains. However, with the current

data available for full-length Sla2, the dependance of PIP2 and of ENTH interactions

this oligomerization is only speculative at this stage, since these components were not

resvolved in the cryoEM maps.

Furthermore, the differences observed between structural predictions of the full

length protein and the experimental data rise questions regarding the role of the last

C-terminal α-helix of Sla2 (the latch) and of the 5-α-helical bundle in the regulation

for actin binding of this adaptor. In order to study the role of these different domains
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present in Sla2 C-terminus, different Sla2 constructs (Figure ) have been produced,

and future biophysical studies will be performed in order to assess the effect of these

different Sla2 domains in actin binding, and propose a detailed molecular model of

the regulation of the binding of Sla2 to actin by these structural components and by

clathrin.

Figure 7.1: Sla2 constructs that will be used for biophysical binding studies to actin.
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8. Materials and Methods

8.1 Materials

8.1.1 Chemicals used in this work

Table 8.1: Chemicals used in this work

Name Supplier Catalogue Number

1,4-dithiothreitol
(DTT), >99%

Roth 3483-12-3

Agarose SERVA for
DNA electrophoresis

Serva 11404.07

Albumin, from
Bovine Serum (BSA)

Sigma-Aldrich A7906

Chloramphenicol Roth 3886,3
Chloroform,>=

99.8% for analysis
Sigma-Aldrich 288306

Complete EDTA-free
protease inhibitor

Roche 04 693 132 001

D(+) Sucrose Roth 4621.1
EDTA Tetrasodi-
umsalt 86-88%

Roth 3619.1

Ethanol >=99,8% Roth 9065,3
Ethidium Bromide Roth HP471
HEPES, Pufferan

>99,5%, p.a.
Roth 7365-45-9

Hydrochloric acid 32% Roth X896.1
Imidazole, >99%, p.a Roth X998.4

Isopropyl-β-d-
thiogalactopyranoside

(IPTG)
Roth 2316.4

Kanamycin sulfate Roth T832.4
LB Agar (Lennox) Roth X965.1
LB Broth Low
Salt Granulated

Melford GL1703

LDS Sample Buffer
(4x), NuPAGE

Novex NP0008

Magnesium chloride
hexahydrate, >99%, ACS

Roth 2189.1

Nickel(II)chloride
hexahydrate

Roth 4489.2

Pentane Merck 60089
Potassium chloride,

>99,5%, p.a., ACS, ISO
Roth 6781.1

SDS Pellets Roth CN 30.3
Sekusept Plus Ecolab 104372E
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Table 8.2: Chemicals used in this work- continued

Name Supplier Catalogue Number

Sodium chloride,
>99,5%, p.a., ACS, ISO

Roth 3957.2

Sodium hydroxide,
pellets, >99%, p.a., ISO

Roth 6771

TB powder Melford T1510-1000.0
TRIS hydrochloride,
Pufferan, >99%, p.a.

Roth 9090.3

Tris( 2-carboxyethyl
)phosphine hy-

drochloride (TCEP)
Soltec Bio Science M115

TRIS, Pufferan,
>99,9%, Ultra Qualitaet

Roth 5429.3

8.1.2 Lipids used in this work

Table 8.3: Lipids used in this work

Lipid name Cat. Supplier

di-C8-PI(4,5)P2 P-4508 Echelon
DOPC (18:1 (Δ9-Cis) PC) 850375 Avanti Polar lipids
DOPS (18:1 PS) 840035 Avanti Polar lipids
PIP2 (08:0 PI(4,5)P2 85185 840046 Avanti Polar lipids
14:0 Liss Rhod PE 810517 Avanti Polar lipids

8.1.3 Molecular Biology Reagents

Table 8.4: Molecular Biology Reagents used in this work

Reagent Provider and Cat.

Monarch miniprep kit New England Biolabs
Nucleospin gel and PCR clean up kit Machinery Nagel
Cutsmart buffer New England Biolabs
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8.1.4 Enzymes used in this work

8.1.5 Enzymes used in this work

Enzyme Provider and Cat.

AgeI-HF R3552S
DpnI R0176S
Nco-I HF R3193S
HindIII-HF R3104S
BamHI-HF R3136S
T4 DNA Ligase (and T4 DNA Ligase Buffer 10x) M0202S
XhoI R0146S
2X Green Phu-Sso7d mix

EMBL
Heidelberg

40 mM Tris pH 8.8
4 mM MgCl2
120 mM KCl
20 mM (NH4)2SO4

0.02 mM EDTA
0.2 % TritonX-100
8 % Glycerol
0,005 % Xylene Cyanol FF
0,05 % Orange G
0,4 mM dNTPs
0,04 U/µL Phu-Sso7d Polymerase
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8.1.6 Consumables used in this work

Table 8.5: Consumables used in this work

Name Supplier Catalogue Number

Gene Ruler 1
kb DNA ladder

ThermoFisher SM0311

Instant Blue (coomassie
based staining solution)

Expedeon ISB

Loading Dye Purple New England Biolabs B7024S
NuPAGE™ 4 to 12%,
Bis-Tris, 1.0–1.5 mm,
Mini Protein Gels

ThermoFisher Scientific NP0323PK2

PageRuler™ Un-
stained Protein Ladder

ThermoFisher Scientific 26614

PageRuler™ Plus
Prestained Protein

Ladder, 10 to 250 kDa
ThermoFisher Scientific 26619

Mix & Go! E. coli
Transformation kit

Zymo research T3001

Ni-NTA agarose beads Invitrogen R901-15

PC Membranes 0.2µm Avanti® Polar Lipids 610006

PC Membranes 0.1µm Avanti® Polar Lipids 610005

Extruder Set Without
Holder/Heating Block

Avanti® Polar Lipids 610023

Filter supports Avanti® Polar Lipids 610014

Novex NuPAGE
LDS Sample Buffer

ThermoFisher NP0008

Prometheus NT.48
Standard grade nan-
oDSF capillaries

Nanotemper PK002

Spectra/Por 6 Dialysis
Tubing 2 kD 38mm 33ft

Repligen 132625

15 u-Slide 2
well co-culture

Ibidi 210810/7
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Table 8.6: Consumables used in this work - continued

Name Supplier Catalogue Number

Filter Papers Whatman 1001-090
Amicon Ultra -15
10K Centridu-

gal Filter Devices
Merck UFC901024

Amicon® Ultra-15
Centrifugal Filter

Unit – 10 kDa cut-off

Merck UFC801024

Amicon® Ultra-15
Centrifugal Filters
– 30 kDa cut off

Merck UFC903024

Amicon® Ultra-4
Centrifugal Filter Unit

Merck UFC800324

Amicon® Ultra-0.5
Centrifugal Filter Unit

Merck UFC500396

Zeba™ Spin Desalt-
ing Columns, 7K
MWCO, 0.5 mL

ThermoFisher 89883

Greiner CELLSTAR®

96 well plates flat
bottom clear wells

Sigma-Aldrich M0812-100EA

BugBuster Protein
extraction reagents

Merck 70584-M

Sealing film
PARAFILM® Roth CNP8.1

Syringe filter, Filtropur
S, PES, pore size: 0.45
µm, for clear filtration

Starsted 83.1826
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8.1.7 Equipment used in this work

Table 8.7: Equipment used in this work

Name Supplier

AnalytikJena UVP Chemstudio AnalytikJena
Agilent 1260 with autosam-
pler and fraction collector

Agilent

ÄKTA Pure with F9C fraction collector Cytivia

Analytical scale Sartorius
Avanti JXB-26 Centrifuge Beckmann Coulter

Centrifuge 5424 R Eppendorf
Centrifuge 5810 R Eppendorf

Electrophoresis chamber for SDS gels Invitrogen
EmulsiFlex-C3 homogenizer Aventin

Freezer -20 °C Liebherr
Freezer -80 °C Eppendorf
Fridge 4 °C Liebherr
Fume hood Waldner

JLA 25.50 rotor for
Avanti JXB-26 centrifuge

Beckmann Coulter

JLA 8.100 rotor for
Avanti JXB-26 centrifuge

Beckmann Coulter

Microwave Severin
MilliQ machine Millipore
nanodrop 2000c Thermoscientific

Magnetic stirr plate Roth
Nanotemper Prometheus NT.48 Nanotemper

New Brunswick™ Innova®

42 Incubator Shaker
Eppendorf

New Brunswick™ Innova®

44 Incubator Shaker
Eppendorf

Octet RED96 System Molecular Devices
PCR Master cycler Eppendorf

pH meter Toledo
Power Supply Consort
Rock imager Formulatrix

Rotating wheel Stuart
Scales Sartorius

8.1.8 Cell strains used in this work
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Table 8.8: Equipment used in this work - continued

Name Supplier

Superdex® 200 HiLoad 16/600 pg Cytivia

Superdex® 200 Increase 10/300 Cytivia

Superose 6 Increase 10/300 Cytivia
Superose 6 Increase 3.2/300 Cytivia

Scorpion Screen Builder ARI-arts Robbins Instruments

Glass bottles Schott Duran®

Heating waterbath VWR

MiniSpin® centrifuge Eppendorf

MiniStar Microcentrifuge VWR
Vortex Scientific Industries

Shaking platform Edward Bühler GmbH
Sonicator waterbath Elmasonic

Cell culture Erlenmeyer flasks Schott Duran®

1 L (1000 mL) Polypropylene Bot-
tle Assembly for JLA-8.1000 rotor

Beckman Coulter C31597

50 mL, Polypropylene Bot-
tle with Cap Assembly, 29
x 104mm for JA 25.50 rotor

Beckman Coulter 361694

Table 8.9: Cell strains used in this work

Strain Description Application
Antibiotic
Resistance

Source

DH5α

F-
φ80dlacZΔM15Δ
(lacZYA-argF)
U169 recA1
endA1 tonA
hsdR17 (rK-,
mK+) phoA

supE44 λ -thi-1
gyrA96 relA1

T1 Phage-
resistant,
general
purpose
cloning,
plasmid

propagation

Life
Technologies

BL21(DE3)
deficient in

lon and ompT
proteases

general
puropose
expression

host

EMBL
Hamburg

C41(DE3)

deficient in
lon and ompT
proteases;
ATPase
mutant

Enchances the
expression of
membrane
proteins

EMBL
Hamburg

BL21 pLysS
GOLD

deficient in
lon and ompT
proteases,

pLysS plasmid

high-
stringency
expression

host

Cam Novagen
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8.1.9 Media used in this work

LB medium

• 10 g/L tryptone

• 5 g/L yeast extract

• 5 g/L NaCl

TB medium

• 12 g/L tryptone

• 24 g/L yeast extract

• 9.4 g/L K2HPO4

• 2.2 g/L KH2PO4

• 8 mL/L glycerol

LB-Agar

• 15 g/L agar

• 10 g/L tryptone

• 5 g/L yeast extract

• 5 g/L NaCl

8.1.10 Buffers used in this work

Buffer A Nickel

• 20 mM Tris pH 7.5

• 500 mM NaCl

• 12.5 mM Imidazol

Buffer B Nickel

• 20 mM Tris pH 7.5

• 500 mM NaCl

• 250 mM Imidazol

Dialysis Buffer

• 20 mM Tris pH 7.5

• 200 mM NaCl

• 1 mM DTT

SEC Buffer

• 20 mM Tris pH 7.5
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• 250 mM NaCl

• 0.5 mM TECP

• 20 mM Tris, pH 8.0 • 250 mM NaCl • 0.5 mM TECP ITC Buffer

• 20 mM Tris pH 7.5

• 150 mM NaCl

• 2.5% glycerol

Sla2 Buffer

• 100 mM NaPO4

• 150 mM NaCl

• 100 mM NaPO4 • 150 mM NaCl CD Buffer

• 10 mM NaP,pH 8.0

• 50 mM KCl

Liposome Buffer

• 20 mM HEPES pH 7.5

• 100 mM KCl

GUVS buffer

• 200 mM Sucrose

CtCHC NTD Buffer

• 20 mM Tris pH 7.5

• 150 mM NaCl

• 2.5% glycerol

PEPTIDE BUFFER

• 20 mM Tris pH 9

• 150 mM NaCl

• 0.5 mM TCEP

8.1.11 Computational resources used in this work

• Inkscape 0.92.4 (5da689c313, 2019-01-14) https://www.inkscape.org

• Microsoft Word https://www.microsoft.com/en-ww/microsoft-365/word

• Overleaf https://www.overleaf.com/project

• BioRender https://biorender.com/

• Chimerax version 1.4.dev202201060033 (2022-01-06)

• Pymol (version 2.2.2, https://pymol.org/2/)
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• BioIcons https://bioicons.com/

• R RStudio 2022.02.3 Build 492

• Uniprot database https://www.uniprot.org/

• ProtParam (Expasy, https://web.expasy.org/protparam/)

• Clustal Omega https://www.ebi.ac.uk/Tools/msa/clustalo/

• RELION (versions 3.1 and 4.0)

• cryoSPARC (version v3.3.2)

• AlphaFold2 (Jumper et al., 2021)

• CollabFold https://colab.research.google.com/github/sokrypton/ColabFold/
blob/main/batch/AlphaFold2_batch.ipynb
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8.2 Methods

8.2.1 Molecular biology

8.2.1.1 PCR and site directed mutagenesis

Polymerase Chain Reaction (PCR) is a molecular biology technique used to amplify

a fragment of DNA with a specific sequence. In short, two sets of single stranded

DNA fragments with a specific sequence at the edges of the target sequence, called

primers, are designed (Table 8.10) and used in a sequential reaction. The reaction

mixture consists of dNTPs (10 mM), 0.5 µM of each primer, 1 ng of template DNA

(containing the sequence to be amplified) and 1 Unit of Phusion DNA polymerase/50 µL

of PCR reaction. This reaction mixture was prepared either following the manufacturer

guidelines for the Phusion® DNA polymerase and dNTPs (New England Biolabs) or by

using a stock of 2x Green Phu-Sso7d mix prepared by the EMBL Protein Production

Core Facility (Heidelberg, Germany, Table 8.1.5 for details) to which the primers and

template DNA were added at the desired final concentrations.

The reaction consists of the following steps: an initial DNA denaturation (1 minute

at 98 °C); a short second DNA denaturation (30 seconds at at 98 °C), in which the two

strands of the DNA are denatured; an annealing step of the primers, where the primers

hybridize with their target sequence in the template DNA (30 seconds at 62 °C); and

elongation, where the polymerase synthesizes the complementary chain to the template

DNA (at 72 °C, time adjusted depending on the length of the sequence to be amplified,

calculated at a synthesis rate of 30 s/kb). These last three steps were repeated for

25-30 cycles. A final elongation step is included in the reaction (10 minutes at 72 °C)

before storing the PCR product at 4 °C before further use.

8.2.1.2 Site-directed mutagenesis (Quickchange)

For the insertion of point mutations into recombinant plasmids, primers containing

the mutated sequence with flanking regions were designed (Table 8.11). Then, a plasmid

containing the inserted gene of interest was used as template and the whole plasmid

was amplified by PCR using a long elongation time of X minutes. The template vector,

which does not contain the desired mutation, is then digested using DpnI, a restriction
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Table 8.10: Primers used to generate different constructs

Primer name Primer sequence

Sequencing
primer Sla2

Gtagacggccttgcacacggc

Forward Yeast CLC CCCCATGGGGATGAGCGAAAAATTCC
Reverse Yeast CLC CCGGATCCTTATTACGCGCCCG
Yeast Ent1 FL Fwd GGCCATGGGGATGTCGAAACAATTTGTTAGATCTGC
Yeast Ent1 FL Rev GGGGATCCTCATCAATCTAAATCAATTAGAGTATATCCCC

Sla2 cc217 fwd GACCcatggccGGTGACGCTGCTCTGCAGCCCTTGAAAG
Sla2 cc287 fwd GACCcatggccCCGGCACGGACTCCAACACCAACACCACC
Sla2 cc328 fwd GACCcatggccGACCAGGCTTTATTGCAGCAATATGAC

Sla2 cc rev HindIII GGCAAGCTTTTATCAGTCAACACGTAAGTGTTC
Sla2 GFP CTGAATCTATTCTGGACATgccACCGGTCTGTTGCTGGAAC
Ent1-GFP cgcagatctaacaaattgtttcgacatgccaccggtctgttgctggaacacgtc
CtSla2-GFP cgcatggtccaggctacgggtggtcgccatgccaccggtctgttgctggaac

CtSla2-GFP rev GAGCCTAGGAATAATGAGGAGAACCATCG
GFP rev gccggatccccctcctcttggtagctgattttacgc

enzyme that digest the methylated DNA used as template for the PCR reaction (Fisher,

Pei, 1997). Finally, the PCR product was transformed into chemically component E.

coli DH5α cells.

8.2.1.3 Plasmid Transformation

Recombinant plasmids containing sequences of interest were transformed into E. coli

cells using the following protocol. Chemically competent cells were prepared using the

commercial kit “Mix Go! E. coli Transformation” kit (Zymo research, CAT T3001).

50 ng of DNA were incubated with 50 µL of chemically competent cells on ice. After the

incubation time, a heat shock was performed for 30 seconds on a hot bath at 42 °C, and

immediately after cells were allowed to recover for 2 minutes on ice. Then, 900 µL of LB

medium was added to the cells and they were incubated at 37 °C shaking speed of 180

r.p.m. for 1 hour. Finally, cells were plated into an LB-Agar plate supplemented with

the antibiotic present in the newly transformed plasmid to allow selection of correctly

transformed cells.

8.2.2 Protein Production

All proteins were produced in E. coli under the IPTG inducible system. An

overnight liquid pre-culture was cultured over night by picking a colony from an LB-

Agar plate and putting it into liquid LB medium supplemented with the corresponding

antibiotic. Briefly, E. coli liquid cultures were grown in 2L flasks using 800-1000 mL of
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Table 8.11: Primers used to generate ANTH and ENTH mutants

Primer name Primer sequence

ENTH F52 53A
GAAAAGCTACGACAGCGCAGACgcggcgGAGATCATGGAC

ATGCTGGAC

ENTH F52 53A rc
GTCCAGCATGTCCATGATCTCcgccgcGTCTGCGCTGTC

GTAGCTTTTC

ENTH E54A D57 60A
CTACGACAGCGCAGACTTCTTTGcGATCATGGcgATGC

TGGcgAAACGCCTGAACGACAAAGGC

ENTH E54A D57 60A rc
GCCTTTGTCGTTCAGGCGTTTcgCCAGCATcgCCATG

ATCgCAAAGAAGTCTGCGCTGTCGTAG

ENTH E97A N98A
GAAAACTGTGTACTGTGGTGCCGTGcGgcgCTGTA

CATCATCAAAACCCTG

ENTH E97A N98A rc
CAGGGTTTTGATGATGTACAGcgcCgCACGGCACC

ACAGTACACAGTTTTC

ENTH Y100R
GTACTGTGGTGCCGTGAGAACCTGcgtATCAT

CAAAACCCTGAAAGAG

ENTH Y100R rc
CTCTTTCAGGGTTTTGATGATacgCAGGTTCT

CACGGCACCACAGTAC

ENTH F5A L12A V13A
ccatggGATCCATGTCTAAACAGgcgGTGCGTTCCGCGAAA

AACgcGGcGAAAGGTTATTCCTCTACCCAGGTAC

ENTH F5A L12A V13A rc
GTACCTGGGTAGAGGAATAACCTTTCgCCgcGTTTTTCGCG

GAACGCACcgcCTGTTTAGACATGGATCccatgg

ANTH M1A
cagggcgccatggGATCCgcgAGCCGTATCGATTCTGAC

CTGCAG

ANTH M1A rc
CTGCAGGTCAGAATCGATACGGCTcgcGGATCccatg

gcgccctg

ANTH S6A K10A
catggGATCCATGAGCCGTATCGATgCgGACCTGCAGgcg

GCGCTCAAAAAAGCCTGTTCCGTTG

ANTH S6A K10A rc
CAACGGAACAGGCTTTTTTGAGCGCcgcCTGCAGGT

CcGcATCGATACGGCTCATGGATCccatg

ANTH Q9A K10A
CCATGAGCCGTATCGATTCTGACCTGgcggccGCGCTCAA

AAAAGCCTGTTCCGTTGAGG

ANTH Q9A K10A rc
CCTCAACGGAACAGGCTTTTTTGAGCGCggccgcCA

GGTCAGAATCGATACGGCTCATGG

ANTH K13D
GATTCTGACCTGCAGAAAGCGCTCgatAAAGCCTGTTCC

GTTGAGGAAACCG

ANTH K13D rc
CGGTTTCCTCAACGGAACAGGCTTTatcGAGCGCT

TTCTGCAGGTCAGAATC

ANTH A15D
CCTGCAGAAAGCGCTCAAAAAAgatTGTTCCGTTGAGGA

AACCGCAC

ANTH A15D rc
GTGCGGTTTCCTCAACGGAACAatcTTTTTTGAGC

GCTTTCTGCAGG

ANTH R3A I4A
ctttattttcagggcgccatggGATCCATGAGCgcgg
ccGATTCTGACCTGCAGAAAGCGCTC

ANTH R3A I4A rc
GAGCGCTTTCTGCAGGTCAGAATCggccgcGCT

CATGGATCccatggcgccctgaaaataaag

ANTH D37R
GTGCATGCATTGTGTACACCTGGcgtCACCAGTCTAGCAAA

GCTGTCTTC

ANTH D37R rc
GAAGACAGCTTTGCTAGACTGGTGacgCCAGGTGTAC

ACAATGCATGCAC

liquid media inoculated with 10 mL of the over-night pre-culture at 37 °C shaking at

220 r.p.m. until the OD600 reached values between 0.8 and 1. Induction was performed

with the addition of IPTG at different temperatures for different times depending on
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Table 8.12: Primers used to generate ANTH and ENTH mutants - continued

Primer name Primer sequence

ANTH dY247L248
GTTTTACGCGGATTGCTCCTCTGTGAAAACCAC

GCTGGTTACCATTCCAAAACTGC

ANTH dY247L248 rc
GCAGTTTTGGAATGGTAACCAGCGTGGTTTTCA

CAGAGGAGCAATCCGCGTAAAAC

ANTH K10 13 14A
GCCGTATCGATTCTGACCTGCAGgccGCGCTCg
ccgcgGCCTGTTCCGTTGAGGAAACCGCACCG

ANTH K10 13 14A rc
CGGTGCGGTTTCCTCAACGGAACAGGCcg cggc-
GAGCGCggcCTGCAGGTCAGAATCGATACGGC

ANTH K10 13 14D
GCCGTATCGATTCTGACCTGCAGgacGCGCTCgat

gacGCCTGTTCCGTTGAGGAAACCGCACCG

ANTH K10 13 14D rc
CGGTGCGGTTTCCTCAACGGAACAGGCgt catc-
GAGCGCgtcCTGCAGGTCAGAATCGATACGGC

ENTHQ20A
CCTGGTGAAAGGTTATTCCTCTACCgcgGTACTGGTTCGTA

ACGCAACCTCTAAC

ENTH Q20A rc
GTTAGAGGTTGCGTTACGAACCAGTACcgcGGTAGAG

GAATAACCTTTCACCAGG

ENTH E97A
CGAAAACTGTGTACTGTGGTGCCGTGcGAACCTGTAC

ATCATCAAAACCCTGAAAGAG

ENTH E97A rc
CTCTTTCAGGGTTTTGATGATGTACAGGTTCgC

ACGGCACCACAGTACACAGTTTTCG

ENTH N98A
GCTCCGAAAACTGTGTACTGTGGTGCCGTGAGgcgCT

GTACATCATCAAAACCCTGAAAG

ENTH N98A rc
CTTTCAGGGTTTTGATGATGTACAGcgcCTCAC

GGCACCACAGTACACAGTTTTC GGAGC

ANTH D37R H38A
GCATGCATTGTGTACACCTGGcgtgcCCA

GTCTAGCAAAGCTGTCTTCAC

ANTH D37R H38A rc
GTGAAGACAGCTTTGCTAGACTGGgcacg

CCAGGTGTACACAATGCATGC

ANTH K10D K13D
CTGACCTGCAGgacGCGCTCgatAAAGCC

TGTTCCGTTGAGGAAACCG

ANTHK10DK13Drc
CGGTTTCCTCAACGGAACAGGCTTTatcG

AGCGCgtcCTGCAGGTCAG

ANTHK14D
CTGACCTGCAGAAAGCGCTCAAAgacGCCTGTTCCGT

TGAGGAAACCGC

ANTH K14D rc
GCGGTTTCCTCAACGGAACAGGCgtcTTTGAGC

GCTTTCTGCAGGTCAG

ANTHR3A
cagggcgccatggGATCCATGAGCgcgATCGATTCTG

ACCTGCAGAAAGC

ANTH R3A rc
GCTTTCTGCAGGTCAGAATCGATcgcGCTCAT

GGATCccatggcgccctg

ANTH R177E R178E
CTTTGCGTCTATTCAGTCCGAAgaagaa
AACACTGAGTGCAAAATCTCTGC CC

ANTH R177E R178E rc
GGGCAGAGATTTTGCACTCAGTGT

TttcttcTTCGGACTGAATAGAC GCAAAG

ANTH S100A
CTGGGTCGTGTACACTCTGGCGGTgcgAGCTA

TAGCAAACTGATCCGCG

ANTH S100A rc
CGCGGATCAGTTTGCTATAGCTcgcACCGCCA

GAGTGTACACGACCCAG

ANTH E57R
GAAAACTCTGCCGCTGGCAAACGACcgtGTGCAGCT

GTTCAAAATGCTGATC

ANTH E57R rc
GATCAGCATTTTGAACAGCTGCACacgGTCGT

TTGCCAGCGGCAGAGTTTTC
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the construct expressed (Table 8.13). After induction, cells were harvested by centrifu-

gation using the JL-8.100 rotor and the Avanti JXN-86 centrifuge at 4000 x g for 30

minutes at 4 °C. Cell pellets were stored at -20 °C or used immediately after production

for subsequent protein purification.

Table 8.13: Expression conditions of different proteins

Construct
Expression

strain
[IPTG] (mM) Time (h)

Temperature
(°C)

ANTH
E. coli

BL21(DE3)
0.2 4 37

ENTH
E. coli

BL21(DE3)
0.2 4 37

CtEnt1
E. coli

BL21(DE3)
1 16 12

CtSla2 E. coli C41 0.5 16 18
Sla2 coil

coil 432-767
E. coli BL21
pLysS GOLD

0.2 16 20

Sla2 coil
coil 296-767

E. coli BL21
pLysS GOLD

0.2 16 20

CLC
E. coli

BL21(DE3)
0.2 16 20

8.2.3 Protein Purification

Cell pellets were re-suspended in Lysis buffer (20 mM Tris pH 7.5, 200 mM NaCl,

0.05% Tween-20, 0.5 mM MgCl2, 1.4 mM TCEP) supplemented with 400 U DNAse I

and complete EDTA-free protease inhibitor cocktail (Roche) using a ratio of 3 mL of Ly-

sis buffer per gram of cell pellet. Cells were disrupted using the Emulsiflex(EmulsiFlex-

C3 (Aventin)) at a pressure of 15000 psi three times. The cell lysate was cleared by

centrifugation at 17000 r.p.m. for 45 minutes at 4 °C using the JA 25-50 rotor in the

Avanti JXN-86 centrifuge. The supernatant was then filtered using 0.45 µm filters

(Starsted, cat 83.1826) and proteins purified by IMAC using Ni-NTA Agarose beads

(Invitrogen, Cat R90110), 2 mL of beads packed in a column and equilibrated with

Buffer A (20 mM Tris pH 7.5, 500 mM NaCl, 12.5 mM Imidazole). After loading the

supernatant, the column was washed 50 ml Buffer A. The protein was then eluted with

9 ml of Buffer B (20 mM Tris pH 7.5, 500 mM NaCl, 250 mM Imidazol) in 1 mL frac-

tions. Fractions 2-9 were polled together into a dialysis membrane (SpectraPor) and

dialysed against 4L of Dialysis buffer (20 mM Tris pH 7.5, 200 mM NaCl, 1 mM DTT)

at 4 °C dialyzing in presence of 1 aliquot of TEV at 1 mg/ml over-night. The next
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day, the dialysis was loaded into the Ni-NTA and the flow-through (FT) containing

the cleaved protein was collected. Then, the Ni-NTA beads were washed with approxi-

mately the same volume of Buffer A and the flow-through was collected as the “Wash”

fraction. The FT and the Wash were concentrated to a volume of around 1 ml using 10

KDa cut off Amicon® Ultra-15 centrifugal filter units (Merk). The concentrated sam-

ples were then injected into a Size Exclussion Chromatography column (e.g. HiLoad

16/600 Superdex 200 column) equilibrated in SEC Buffer (50 mM Tris pH 8, 150 mM

NaCl, 1 mM DTT) using an AEKTA Pure (Cytivia). Fractions corresponding to the

elution peaks were analysed by SDS-PAGE and pulled together and concentrated using

concentrators of the appropriate cut-off for each protein. Proteins were aliquoted in

50-200 µL aliquots and flash frozen with liquid Nitrogen and stored at -80 °C.

8.2.4 Protein Characterization

8.2.4.1 nano Differential scanning fluorimetry (nanoDSF)

nano-Differential Scanning Fluorimetry (nanoDSF) follows the intrinsic fluorescence

of Tryptophan (Trp) residues upon thermal denaturation. The fluorescence of Trp

residues changes depending on the environment (Teale, Weber, 1957), with the maxi-

mum on the emission spectra from Tryptophan residues shifting from 330 nm to 350

nm depending on the hydrophobicity of its environment, which upon thermal denatu-

ration yields a transition from which the melting temperature (Tm) of a sample can be

calculated. The main advantage of this technique against conventional Thermofluor is

the lack of external dyes for detection of melting temperatures. On the other hand, if

there are no Trp residues or if they are already exposed to the solvent, there will be

no observable transition. Therefore, the quality of the signal is protein-dependent. In

cases where the fluorescence signal might be unclear, the static scattering signal can

also be followed, as a proxy for the aggregation of sample. Following this signal, one

can obtain the Temperature of aggregation (Tagg).

For nanoDSF experiments, proteins were diluted to a concentration that gave the

recommended number of counts between 2000-20000 (usually around 30 µM). Mea-

surements were performed using a Prometheus NT.48 (NanoTemper Technologies,

München, Germany) controlled by PR.ThermControl (version 2.1.2). 10 µL of sam-
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ple were loaded into the nanoDSF Grade High Sensitivity Capillaries (Nanotemper)

and the samples were warmed up from 20 to 95 °C at a speed of 1 °C/minute and

the change in fluorescence at 330 and 350 nm was followed along with the static scat-

tering over time. For each sample, 3 capillaries were used. The Tm of each sample

was calculated using the MoltenProt module from the publicly available server from

the Sample Preparation and Characterization Facility at EMBL Hamburg: https:

//spc.embl-hamburg.de/app/moltenprot (Burastero et al., 2021). For cases where

samples were compared, the difference between Tm is reported as ΔTm.

The scattering signal recorded (back-scattering mode) was used as a stability re-

porter for the AENTH samples, where the mid aggregation point, Tagg, corresponds to

the inflexion points in the scattering curves of the first transitions observed upon heat-

ing (Tagg = mid-aggregation temperature obtained from scattering curves). ΔTagg was

calculated in the same way as done for ΔTm: ΔTagg = Tagg mutant – Tagg wild-type.

8.2.4.2 Circular Dichroism

Circular Dichroism (CD) is a non-destructive spectroscopic technique based on the

differential interaction of chiral chromophores with left and right circularly polarized

light. Given the chirality of the peptide bond, CD spectra in the far UV region (180-

240 nm) can inform about the secondary structure content of proteins (Kelly, Price,

2000). By comparison with samples of known secondary structure, it is possible to

deconvolute the proportion of alpha-helical, beta-sheet or random coil within a sample.

For CD measurements, samples were buffer exchanged by dialysis into CD Buffer (10

mM NaP buffer pH 8 and 150 mM KCl) using the dialysis method with a membrane

of 3 kDa cut off in order to reduce the signal at lower wavelengths coming from the

buffer. CD measurements were acquired using a Chiarascan VX (Applied Photophysics

Ltd, United Kingdom) and Quarz cuvettes of 0.5 mm optic pass. The equipment was

purged prior to measurements with Nitrogen as indicated by the manufacturer. Spectra

for air and for buffer were recorded for subtraction of the background signal. 250 µL

of sample at a suitable concentration (usually between 0.5-1.5 mg/ml) was used for

each measurement. The most suitable concentration was determined by looking at

the photomultiplier counts and a concentration with an Absorbance below 2 at all

wavelengths was selected.
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CD spectra were deconvoluted to obtain the proportions of secondary structure for

each spectra using CAPITO (Wiedemann et al., 2013).

8.2.4.3 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a common quality control technique that is

used to check for the presence of large macromolecular aggregates into the samples.

The technique is based on the scattering of molecules in solution, which is measured

at an angle (usually 90°) during very short intervals of times. The scattering signal is

recorded over time. From these signal, an auto-correlation function is generated with

the following formula:

g2(q; t) =
<I(t)I(t+ t)>

<I(t)2>

where g2(q;τ) is the autocorrelation function at a particular wave vector, q, and

delay time, τ, and I is the intensity.

As the difference in scattering depends on the diffusion speed of the particle in

solution, the correlation times are related to the size of the particles. The relationship

between the size of a particle and their diffusion speed is given by the Stokes-Einstein

equation:

Rh =
kT

6pηD

where Rh is the hydrodynamic radius, D is the translational diffusion coefficient, k

is Boltzmann’s constant, T is temperature in K, and η is the solvent viscosity.

For this work, measurements were performed using a DynaPro Nanostar device

(Wyatt Technology Corporation) and data processed with Dynamics v.7 software. Pro-

teins were used at a final concentration of 30 µM. Samples in presence of PIP2 were

incubated overnight at 4 °C. After incubation, samples were centrifuged at 13200 x g for

10 minutes at 4 °C prior to measurements using 4 µL plastic cuvettes (Wyatt Technol-

ogy Corporation). Measurements were performed using 10 µL of sample and the final

curve was obtained using the average of 30 acquisitions over 5 s. If aggregates were

present after centrifugation, samples were filtered using Durapore® 0.22 µm Membrane
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Filters from (Millipore®)

The standard way of analyzing the autocorrelation function obtained from the sam-

ple is employing the so-called method of cumulants (Koppel, 1972) and the DynaPro

Nanostar device provides with results from fitting the data with the cumulants method

and a smoothed distribution.

8.2.4.4 Mass Photometry

Mass Photometry is a single molecule technique that allows the detection of molecules

upon their landing onto a glass surface. This interferometric scattering microscopy

method measures the size molecules by detecting the contrast generated by the particle

upon landing to microscope cover slide (Cole et al., 2017; Young et al., 2018). It is

possible to measure the molecular weight of the sample of interest by correlating the

contrast with a known standard with greater accuracy than other techniques such as

DLS, as this technique is shape-independent.

Mass Photometry measurements were acquired on a commercial Refeyn OneMP

mass photometer using the programs controlled with the software Acquire MP v2.5.0

(Refeyn Ltd.). For measurements, 1 µM stock solutions of the protein/complexes were

prepared using the measurement buffer and the device was focused automatically using

18 µL of buffer. Then, 2 µL of buffer were added and mixed and the measurement

was recorded for 1 minute. The masses were calculated from a calibration curve using

the Native Protein marker (NativeMarker Unstained Protein Standard, Invitrogen,

LC0725). Dilutions were adjusted when the number of counts was higher than the one

recommended by the manufacturer. The data was then analysed using the Discover

MP v2.5.0 software.

8.2.5 Binding Assays

8.2.5.1 Biolayer interferometry

Bio-Layer Interferometry (BLI) is a biophysical technique that allows to measure

binding kinetics between two molecules. Briefly, one of the interaction partners (usually

referred as the ligand and the analyte) is immobilized in a sensor (e.g. by binding of

Ni-NTA sensors to a His-tagged protein). After this loading step, the sensor is intro-
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duced in a well containing the partner protein and the association of the two molecules

is recoded over time, as a change in thickness from the sensor surface upon interaction

with light due to the change of the interference patterns (Abdiche et al., 2008). BLI

measurements were performed using an Octet RED96 instrument and Ni-NTA biosen-

sors (ForteBio). Protein solutions were centrifuged for 10 minutes at 10,000 rpm at

4 °C before the experiment to remove possible aggregates. Protein concentrations of

these stock solutions were determined after centrifugation by the absorbance at 280

nm with a NanoDrop1000. Prior to the experiment, the biosensors were equilibrated

in buffer I (50 mM Tris, pH 8; 125 mM NaCl and 0.05% BSA) for 10 minutes. Binding

between His-tagged ANTH and ENTH from Chaetomium thermophilum was measured

in the presence of 170 n-Dodecyl-β-D-Maltoside (DDM) and 50 PIP2 in buffer I (buffer

II). Prior attempts to use PIP2 (225 without DDM resulted in unspecific binding of

ENTH to the biosensor. The experiments were performed at 25°C with a shaking speed

of 1000 rpm. An evaporation cover was used throughout the experiment.

Kinetic assays were performed in black, flat-bottom polypropylene 96 well plates

(Greiner bio-one, item no. 655201) using 200 in each well. The kinetic assay consisted

of 4 steps: 300 s equilibration in buffer I (baseline I), 300 s loading (3.75 /ml His-tagged

ANTH in buffer I), 300 s equilibration in buffer II (baseline II), 600 s ENTH association

(0.25 ENTH in buffer II), 1200 s dissociation in buffer II. To test for unspecific binding,

a kinetic assay without loading His-tagged ANTH was used as control.

Data were visualized and analyzed with self-written Python scripts using the Python

packages Numpy, Matplotlib and Scipy (Hunter, 2007; Oliphant, 2010; Walt van der

et al., 2011; Virtanen et al., 2020). Association and dissociation were fit with a bi-

exponential function yielding a pair of two kobs and kdiss, each.

8.2.5.2 Isothermal titration Calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) measures the difference in heat over time

upon titration of one of the components into the sample cell compared to the reference

cell. The power necessary to keep the heat constant in both cells is recorded over time

and the signal is integrated in order to obtain a binding curve that informs about the

KD and the thermodynamic parameters of the interactions (Wiseman et al., 1989).

ITC was employed to measure protein-protein interactions between Sla2ΔTHATCH
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or Sla2 435-767 and CLC. ITC experiments were performed at 25 °C using an MicroCal

PEAQ-ITC (Malvern) controlled by MicroCal PEAQ-ITC Control Software 1.1.0.1262.

A sample of CLC at 300 uM was titrated into a cell containing a sample of Sla2 at

30 uM in the sample ITC Buffer. As run of Buffer into Buffer and CLC into Buffer

were performed as controls to discard effects coming from the dilution of CLC or the

buffer contributing to the signal. Fittings were performed using MicroCal PEAQ-ITC

Analysis Software 1.1.0.1262 number and NITPIC v 1.2.7 (Scheuermann, Brautigam,

2015).

8.2.5.3 Microscale thermophoresis

Microscale thermophoresis was used to study the binding between CHC NTD and

Ent1. Briefly, a titration of CHC NTD was performed into labelled Ent1. MST curves

were acquired with a Nanotemper Monolith NT.LabelFree (Nanotemper) using the

MO.Control v1.6 acquisition software and Monolith NT.LabelFree capillaries. 16 dif-

ferent CtCHC MTD concentrations (serial dilution with a factor of 2) in the range

between 5 mM and 0.15 µM were used for each measurement. For the MST experi-

ment the IR laser power was set to 20% and the UV laser power to 1%. In total, two

independent measurements were done plus an additional repeat.

The regions for Fnorm determination were 1–0 s for “cold” and 1-2 s for “hot”.

For each curve Fnorm was calculated as the ratio between the mean values in the “hot”

and “cold” region. In the final step, Fnorm was fitted to a 1:1 binding model using the

ThermoAffinity software available at eSPC (Burastero et al., 2021).

8.2.6 Small Angle X-ray Scattering

Small angle X-ray scattering (SAXS) is a structural technique that provides infor-

mation about biomolecules in solution. SAXS can help to understand the flexibility and

the compactness of the molecule in study, as well as their overall structural parameters

(to a limited resolution) of the sample size and shape in solution. SAXS is based in the

momentum transfer of the samples in solution, defined by the following equation:

s=4π sin(θ)/λ

In order to obtain enough contrast, the solvent (buffer) must be substracted as it

accounts for a large proportion of the scattering signal. For this reason, the buffer must
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be perfectly matched to the one in which the sample is in.

8.2.6.1 SAXS batch measurements

The SAXS data presented in this work were collected using the P12 beamline

(EMBL P12, PETRA III, DESY, Germany)(Blanchet et al., 2015) with a PILATUS 6M

pixel detector (DECTRIS, Switzerland) (20 × 0.1 s frames). For batch measurements,

typically a dilution series of the protein, protein complex, or protein-lipid complex was

prepared using the buffer from the last purification step of the proteins in order to

avoid buffer miss matched. In case when this was not available, proteins were dialysed

over-night into fresh buffer and the dialysis buffer was used for the dilution series and

as the sample buffer. Samples were flown through a capillary and data acquired at 20

°C. The sample-to- detector distance was 3.0 m, covering a range of momentum transfer

0.01 s 0.72 Å1 (s = 4π sinθ/λ). In most cases, data Frame comparison showed no

detectable radiation damage.

Data from the detector were normalized, averaged, buffer subtracted, and placed on

an absolute scale that is relative to water, according to standard procedures using the

automatic pipeline implemented in P12. All data manipulations were performed using

PRIMUSqt and the ATSAS software package (Blanchet et al., 2015; Petoukhov et al.,

2012). The forward scattering I(0) and radius of gyration, Rg were determined from

Guinier analysis: I(s) = I(0)exp((sRg)2/3)). The indirect Fourier transform method

was applied using the program GNOM (Svergun, 1992) to obtain the distance distribu-

tion function p(r) and the maximum particle dimensions Dmax. From the distance dis-

tribution function, low-resolution ab-initio 3D models were generated using DAMMIF

(Franke, Svergun, 2009).

8.2.6.2 SEC-SAXS

When the samples studied using SAXS correspond to not homogeneous samples

such as protein complexes, SEC-SAXS experiments were performed. Samples were

concentrated to between 5 and 10 mg/ml and 50 µL injected the size exclusion chro-

matography column previously equilibrated in the same buffer. For SEC-SAXS data

analysis, CHROMIX (Panjkovich, Svergun, 2018) was used to select the regions corre-

sponding to the sample and to the buffer. Once the curve for each peak was selected,
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the curves were processed using the same tools than the batch ones.

8.2.6.3 Stopped-flow time-resolved SAXS (SF-TR-SAXS) data collection

and analysis

A stopped flow mixer (SFM 400, Bio-logic, Seyssinet-Pariset, France) equipped with

a quartz capillary (0.8 mm inner diameter) was used as the sample delivery system at

the SAXS beamline P12 (EMBL, PETRA III, DESY, Germany)(Josts et al., 2020).

The device was used to rapidly mix equimolar ratios of ANTH and ENTH domains at

2 mg/ml both in the presence of 200 µM PIP2 with a dead time of 5 milliseconds (ms).

SAXS curves were recorded with an EIGER X 4M detector at a distance of 3 m from

the sample position using different time delays (0 ms, 400 ms, 800 ms, 1200 ms). These

curves were collected in series spanning 600 ms and with a 200 ms overlap between

each series. Each series contained spectra at 60 time points (10 ms spacing).

All SAXS curves were solvent subtracted (buffer and PIP2 lipid) and used in the

q-range between 0.01 and 2.9 nm-1 for further analysis. SVD of the buffer-substracted

SAXS curves was performed to obtain the number of components that contribute to the

data using self-written Python code containing the modules Numpy, Scipy and Scikit-

learn (done in cooperation with Stephan Niebling). To minimize the possible impact

of beam-induced radiation damage, the 10 first frames (timepoints) of each round were

selected for further analysis. SVD using just 10 frames showed that the data could be

described by two main components, whose contribution decreased and increased over

time (monomers and complex formation, Figure 10.10).

DAMMIX (Konarev, Svergun, 2018) was used to study the evolution from monomers

to 16-mers an equilibrium in the TR-SF-SAXS data accounting for a possible interme-

diate and to obtain the ab initio model of the intermediate component.

8.2.7 Mass Spectrometry

8.2.7.1 MALDI-ToF

Matrix-Assisted Laser Desorption/Ionization (MALDI) was performed using pu-

rified proteins to confirm their identity by accurate identification of their molecular

weight. The samples were detected with a Time of Flight (ToF) detector.
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Briefly, a stock solution of protein at 4 µM was prepared in water, and mixed

with the Maxtrix and 0.1% TFA using a 1:1:1 ratio. Then, between 0.5-1 µL were

spotted onto the metal plate and dried on air for 30 minutes before laser ionization.

The molecular weight of the samples was calculated from a reference calibration using

Protein Standards (PSII).

8.2.7.2 Native Mass Spectrometry

Native Mass Spectrometry (NMS) allows the study of intact non-covalent protein

and protein-lipid complexes. Briefly, molecules are ionized into the gas phase and

their intact molecular masses can be detected extremely accurately with the remain-

ing tertiary and quaternary properties, which allows to obtain information regarding

oligomeric assemblies such as number of ligands bound and sub-units arrangement

within the complex.

For electrospray ionization (ESI) of the samples used in this work, borosilicate

nano-electrospray capillaries (Thermo Scientific) were prepared in-house using a P-

97 micropipette puller (Sutter Instrument Co.), and coated with palladium/gold in

a Polaron SC7620 sputter coater (Quorum Technologies). Native mass spectrometry

measurements were done using an Orbitrap Q Exactive Plus UHMR (Thermo Scien-

tific) operated in positive ion mode. Proteins were buffer-exchanged using one or two

consecutive Zeba spin desalting columns (Thermo Scientific) into 300 mM ammonium

acetate, 1 mM DTT, pH 8. 1 mg di-C8-PI(4,5)P2 (as a sodium salt) dissolved in water

was added to a mixture of ANTH and ENTH proteins (1:1 molar ratio) to form the

complex at a final concentration of 10 µM monomeric proteins and 60 or 200 µM PIP2.

Instrument settings were 1.5-1.6 kV capillary voltage, -150 V in source trapping, HCD

was off and the AGC target set to 3x106 with a maximum inject time of 300 ms. The

trapping gas pressure (ratio) was 8, the mass range was 2000 – 20000 m/z and the

resolution set to 6,250. Raw data were processed and analyzed using UniDec (Marty

et al., 2015).
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8.2.8 Cryogenic Electron Microscopy

8.2.8.1 Negative Staining

Negative staining EM was performed using previously described EM protocols.

Samples were diluted in SEC buffer at a concentration of around 100 µg/ml. For

samples containing PIP2, the dilution was performed in buffer containing PIP2. Then,

3 µL of sample were applied to a glow-discharged, carbon coated copper grid. Grids

were prepared in-house and glow discharged for 30 s in a Pelco easiGlowTM (Ted Pella)

at 0.39 mbar and 12 mA. The sample was incubated on the grid for 30 s, then blotted

and the grid was washed with ddH2O three times and stained with 2% uranyl acetate

twice for 60 s each. Excess stain was blotted off and the grid was dried. Grids were im-

aged using a Talos 120 kV or a Technai F20 microscope equipped with a Ceta (CMOS

CCD) camera (FEI/Thermo Scientific).

8.2.8.2 Single Particle Analysis cryoEM

8.2.8.3 Grid preparation

ANTH and ENTH at a concentration of 100 µM were pre-incubated in 200 µM

PIP2 in buffer containing 20mM Tris pH 8.0, 250 mM NaCl and 1 mM DTT for 3

h at room temperature. Then, the solutions were mixed 1:1 to generate the AENTH

complex and left on ice for at least 1 h. For cryo-EM grid preparation, Quantifoil

300 mesh Cu R 1.2/1.3 holey carbon grids were glow-discharged in a Cressington 208

carbon coater at 10 mA and 0.1 mbar air pressure for 30 s. The complex was diluted to

10 µM ANTH/ENTH (monomer) in buffer containing 200 µM PIP2 and 3 µL was then

applied to the grid and vitrified using a VitrobotTM mark IV (FEI/Thermo Scientific)

with a blot force of 6 and a blot time of 6 s. The relative humidity (RH) was 90% and

temperature 5-6 °C. Liquid ethane was used as the cryogen.

8.2.8.4 Data processing

8.2.8.5 ANTH-ENTH complex

Cryo-EM data were collected on a Titan Krios (FEI/Thermo Scientific) at the

Astbury Biostructure Laboratory using a Falcon III direct electron detector operating
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in integrating mode. The main data acquisition parameters for the wildtype dataset

(A8E8) are listed in Table 5.5. Processing of the A8E8 data was done by David Klebl

using RELION 3 (Zivanov et al., 2018) and cryoSPARC v2: Micrographs were corrected

for beam-induced motion using MotionCor2 (Zheng et al., 2017) and the contrast trans-

fer function (CTF) was estimated using Gctf (Zhang et al., 2016), in RELION. Particles

were picked initially using the general model in crYOLO (Wagner et al., 2019) to gen-

erate 2D classes and a 3D reconstruction in RELION. The model was then trained

to pick A8E8 particles. Using the trained model, 195,536 particles were picked from

7990 micrographs. A subset of these was used to generate an initial model and all

particles were subjected to 3D classification to remove ‘bad’ particles. 96,664 particles

were taken forward to refinement in C1 and D2 symmetry. Bayesian polishing (Zivanov

et al., 2019) and beamtilt estimation were applied and a 2D classification step was per-

formed on the polished particles to give a final selection of 79,414 particles, leading

to a resolution of 4.1 Å (D2 symmetry). Non-uniform refinement in cryoSPARC v2

(Punjani et al., 2020) was used to further improve the resolution to 3.9 Å and the final

reconstruction was sharpened with a B-factor of 200.

8.2.8.6 Model building of the ANTH-ENTH-PIP2 complex

Model building of the ANTH-ENTH-PIP2 was done by David Klebl. Sla2 ANTH

domain crystal structure from Chaetomium thermophilum (PDB: 5OO7) and the crys-

tal structure of the ENTH domain from S. cerevisiae (PDB: 5ONF) were used as

initial models for rigid-body docking into the cryo-EM map of the A8E8 complex using

Chimera and manually adjusted in Coot (Emsley et al., 2010). The A2E2 tetramer,

which was the asymmetric unit was then iteratively refined in Coot and ISOLDE (Croll,

2018). In total, 20 PIP2 ligands were identified and placed in the model in Coot. Ligand

coordinates and restraints were generated, symmetry applied and validation performed

using tools in PHENIX 1.17 (Liebschner et al., 2019). For comparison with the previ-

ously published structure of ANTH-ENTH on lipid tubules, the atomic model for the

A2E2 tetramer was docked into a subvolume of the EMD-2896 map and then flexibly

fitted using adaptive distance restraints in ISOLDE. Cryo-EM maps and atomic models

were visualized using ChimeraX.
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8.2.8.7 Sla2 C-terminus

Cryo-EM movies were collected at the cryoEM Core Facility in CSSB Hamburg a

Titan Krios (Thermo Fisher Scientific) equipped with a K3 camera and BioQuantum

energy filter (Gatan) set to 15 eV using EPU (Thermo Fisher Scientific) at a nominal

magnification of ×105,000 and a physical pixel size of 0.85 Å, with a 70-µm C2 aperture

at a dose rate of 15 e/pixel per second. A total dose of 65 e/Å2 was collected with

3 s exposure as movies of 48 frames. Micrographs were corrected for beam-induced

motion using Relion’s own Implementation of MotionCor2. Contrast transfer func-

tion parameters were calculated using CTFFIND4 (Rohou, Grigorieff, 2015). Data

was processed using RELION 4.0 . 942 particles were picked manually and used to

train Topaz, in RELION. Then, particles were picked using a trained model and were

subjected to multiple rounds of 2D classification in RELION. After removal of dupli-

cates and particle selection, 35171 particles were selected and used for an ab-initio 3D

reconstruction. Then, particles were used for a Refinement job type in Non-uniform

refinement in cryoSPARC v3.3.2 was used to further improve the resolution to 5.96

A and the final reconstruction was sharpened with a B-factor of 523. The processing

pipeline is indicated in Figure 8.1.
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Figure 8.1: Processing pipeline for the structure of the C-terminus of Sla2
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8.2.9 X-ray crystallography

For crystal trials, CtCHC NTD was concentrated to 10 mg/mL. Before setting up

crystallization plates, protein samples were centrifuged (13,000 xg, 30 min, 4 °C) to

remove any aggregates. Crystallization plates were set-up using a Mosquito-LCP robot

(STP Labtech) dispensing three ratios of protein-to-reservoir of 200:100 nL, 150:150 nL

and 100:200 nL into an Swisssci-96plate (Molecular Dimensions). Plates were incubated

at 19 °C, while being imaged by a RockImager system (Formulatrix).

The structure of C. thermophilum CHC NTD was solved by molecular replacement

using MOLREP, with a search model of the predicted structure by AlphaFold2. The

structure was refined with REFMAC and manually rebuilt with Coot, and the statistics

are reported in Table 5.14. The stereochemistry was checked with Molprobity, indi-

cating good overall geometry with only 0.4% of the residues in disallowed regions of

the Ramachandran plot. Structure diagrams were prepared with Chimerax (Goddard

et al., 2018).

8.2.10 Membrane deformation assays

8.2.10.1 LUVs preparation

Large unilamellar vesicles (LUVs) were prepared by extrusion. Lipids (76 mol%

DOPC, 16 mol% DOPS, 8 mol% porcine brain PI(4,5)P2 were mixed in 2:1 Chloro-

form/Methanol to give a total lipid weight of 1.8 mg. The solvent was evaporated

under a stream of nitrogen gas and the lipid film dried in vacuum. Lipids were resus-

pended in 183 µL buffer (20mM Tris pH 8.0, 250 mM NaCl and 1 mM DTT) to give a

total lipid concentration of 10 mg/mL. After 5 freeze/thaw cycles, the suspension was

passed through a 100 nm polycarbonate membrane 21 times in an extruder (Avanti

Mini-Extruder).

To form AENTH tubules, ANTH, ENTH and PIP2-containing LUVs were mixed

at final concentrations of 2 µM ANTH, 2 µM ENTH and 0.1 mg/mL lipids in 20mM

Tris pH 8.0, 250 mM NaCl and 1 mM DTT. The mixture was incubated at room

temperature for 90 s.

The samples were observed by negative staining as described in the negative staining

section.
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8.2.10.2 GUVs preparation

GUVs were prepared following the classical electroformation protocol (Vollmer

et al., 2015). Briefly, the lipid mixture (76 mol% DOPC, 16 mol% DOPS, 8 mol%

08:0 PI(4,5)P2) dissolved in chloroform at concentration 1.25 mg/ml was mixed with

0.1% of 14:0 Liss Rhod PE and spread over two Pt nets and dried for 1 hour in vac-

uum. Then, a sucrose solution with the same osmolarity as the experimental buffer was

added and a voltage of 220 V at an alternating frequency of 10 Hz was applied to the

Pt nets using electrodes for 2 hours. Later, the frequency was lowered to 2 Hz for 30

minutes. GUVs were allowed to settle for 30 minutes and observed using a Leica SP8

confocal microscope equipped with a white light laser and a 63 x NA 1.4 oil immersion

objective.

8.2.10.3 Fluorescence Microscopy

To study the membrane deformation effects of ANTH and ENTH domains, both

proteins were added at a final concentration of 1 µM to GUVs, with either ANTH or

ENTH tagged with GFP. Z-stacks were acquired for each sample and three independent

experiments from 3 different GUV preparations were performed.
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10. Appendix

10.1 Appendix 1

10.1.1 ANTH-ENTH system

Figure 10.1: Cryo-EM reconstruction parameters for the 16-mer ANTH-ENTH complex.
a. Angular distribution (PDF = Probability density function). b. Fourier Shell Correlation (FSC)
curves and c. local resolution for the ANTH-ENTH 16-mer complex.
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Figure 10.2: Symmetry of the 16-mer ANTH-ENTH complex.
Structure of 16-mer AENTH (A8E8) complex with symmetry axes indicated by black solid lines. ANTH
and ENTH subunits of one asymmetric unit (tetramer) are shown in cyan and grey, respectively. The
pseudo-2fold axis within the tetramer is shown as dashed black line.

Table 10.1: Data collection and processing parameters for the ANTH-ENTH 12-mer assembly (ANTH
WT, ENTH F5A/L12A/V13A).

Data collection and processing

Magnification ×75,000
Voltage (kV) 300

Electron exposure (e-/Å2) 72.6
Defocus range (µm) -1.5 to -4.2

Pixel size (Å) 1.065
Symmetry imposed D3

Initial particle images (no.) 142,399
Final particle images (no.) 16,206

Map resolution (Å) 7.4
FSC threshold 0.143

Map resolution range (Å) 6.8 to 9.9

164



Figure 10.3: Representative EM densities in the cryoEM model of the 16-mer.
a. Well-resolved central alpha-helical parts of the ANTH-ENTH complex. b. One of the PIP2-binding
sites between two ENTH domains c. Lower resolution at the periphery of the complex in the last alpha
helix of the ANTH domain and (d) the ANTH-ENTH interface 2.
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Figure 10.4: DLS data for the ANTH/ENTH mutants and complexes.
For all of them, the monomeric data and the complex with its wild-type counterpart is represented. In
some cases, combinations of mutants are represented too. The mutants A5 and E8 are not shown since
these mutants modified the thermal stability of the complexes making them more sensitive domains.
E17 data are not shown as we could not get enough sample for the experiments. AAAA mutant shows
severe aggregation.
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Figure 10.5: Native MS of the ANTH-ENTH WT complex in the presence of 60 µM PIP2.
a. Full m/z range of the spectrum. The presence of free ANTH and ENTH is observed at low m/z
while the complex appears around 10500 m/z. b. Charge state distribution of the A8E8 ANTH/ENTH
complex with individual charge states labelled c. Close up of the 41+ charge state of the A8E8 8:8
ANTH/ENTH complex showing different numbers of PIP2 molecules bound to the complex (22, 23
and 24 are clearly distinguishable). d. Close up of the spectrum at lower m/z where ENTH bound to
0-3 PIP2 molecules and ANTH bound to 0-2 PIP2 molecules can be observed. e. Peak fine structure
of the ANTH (no PIP2) 11+ charge state shows adducts with 1, 2 and 3 Na+ molecules.
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Figure 10.6: SEC profiles from different ANTH and ENTH mutants
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Figure 10.7: SEC profiles from different ANTH and ENTH mutants
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Figure 10.8: SDS-PAGE analysis of ANTH and ENTH mutants purified.
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Figure 10.9: Growth defects of selected mutants affecting the ANTH-ENTH interface 2
and the ANTH-ANTH interface.
ANTH wt and ENTH wt domains or indicated interface mutants were expressed after depletion or
deletion of endogenous Ent1 and Sla2 proteins, respectively. Cell growth was analysed after plating
10-fold serial dilution of cells on SD-Ura plates and incubation for 3 days at 37 °C. a. Mutation
of negatively charged residues ENTH E54 and D57 does not introduce a growth defect. b. Mu-
tation of single ANTH positively charged residues K10, K13, K14 and R25 impair cell growth. c.
Growth of mutants of the ANTH-ANTH interface (RDH-¿ARA, R3A/D37R/H38A, RIDH-> AARA,
R3A/I4A/D37R/H38A) and the ANTH loop 175-183 (RR->EE, R178E/E178E, ESRR-> RAEE,
E57R/S100A/R178E/E178E).These growth assays were performed as part of a collaboration by Michal
Skruzny and Marc Abella from the MPI for Terrestial microbiology

Figure 10.10: SVD analysis of SF-TR-SAXS.
a. SVD analysis of the full dataset revealed 3 components present. b. SAXS spectra of the three
components. c. Component contribution over time of the SVD analysis using the full dataset. d. SVD
analysis of the dataset using the first 10 points after beam exposure reveals two major components. e.
SAXS spectra of the three first components. f. Component contributions over time of the SVD analysis
using the first 10 points after beam exposure.
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Table 10.2: Native MS of ANTH and ENTH mutants

Sample m/z range
MWs obtained

(Da)
Species

Number of
PIP2 bound to
the complex

ANTH
Q9A/K10A

+ ENTH WT
8000-12000 324500 ANTH6:ENTH6 16

325300 17
432200 ANTH8:ENTH8 21
433000 22

ANTH
K10D/K13D
+ ENTH WT

8000 - 12000 433020 ANTH8:ENTH8 22

433770 23
ANTH K14D
+ ENTH WT

9000-12000 432960 ANTH8:ENTH8 22

433760 23
ANTH WT
+ ENTH

E54A/D57A
13000-19000 292700 ANTH5:ENTH6 18

293380 19
294150 20
294880 21

8000-12000 325840 ANTH6:ENTH6 18
326570 19
327330 20
328080 21

9750-11500 436590 ANTH8:ENTH8 27
5000-8000 148020 ANTH2:ENTH4 8

148770 9
149520 10

ENTH
F5A/L12A +
ANTH WT

8000-12000 325000 ANTH6:ENTH6 17

325800 18
326600 19
327400 20
328000 21
432600 ANTH8:ENTH8 21
432800 22
434200 23

13000-20000 291800 ANTH5:ENTH6 17
292600 18
293400 19
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Table 10.3: Oligomeric states with different number of PIP2 molecules bound. The cells marked in
black are species detectable for the corresponding mutants

Oligomeric
Species

Hexamer Octamer 2ANTH:4ENTH
3ANTH:
4ENTH

N
of
PIP2

14 15 16 17 18 19 20 21 22 21 22 23 6 7 8 9 10 9 10

WT x x

A
N
T
H

M1A x x
K13D x x
Q9A/
K10A

x x x x

DDD
K14D x x
AA x x x x
K10D/
K13D

x x

E
N
T
H

F5A/I12A x x x x x x x
E54A/
D57A

x x x x x x x

Y100R
E97A x x x

C
om

b
in
at
io
n
s

ANTH
M1A
+
ENTH
E97A

x x x

ANTH
Q9A/
K10A
+
ENTH
F5A/
I12A

x x x x

ANTH
Q9/K10
ENTH
E54A/D57A

x x x

ANTH
Q9A/K10A
+
ENTH
Y100R

ANTH
K10R/K13R
+
ENTH
E54A/D57A

AA
+
ENTH
E54A/D57A

x x x x

ANTH
Q9/K10
+
ENTH
E54A/D57A

x x x x
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10.1.2 Full lengths chapter

Figure 10.11: Intensity profiles from SEC-SAXS for CtSla2 and CtEnt1
a and b. SEC-SAXS intensity profiles acquired. The RG for the selected points in the regions
highlighted in green are also indicated in the right y-axis. The region selected as buffer is highlighted
in grey.

Table 10.4: Secondary structure content derived from the CD data

Protein name Alpha-helix Beta-sheet Random coil

Sla2 cc 432-767 0.7 0.2 0.11
Sla2 cc 296-767 0.69 0.23 0.08

Sc CLC full-length 0.57 0.07 0.35
Sla2 432-767
and CLC

0.18 0.13 0.66

CtEnt1 0.12 0.31 0.56

Table 10.5: Data collection and processing parameters for the C-terminus of CtSla2

Data collection and processing

Magnification ×105,000
Voltage (kV) 300

Electron exposure (e-/ Å2) 65.6
Defocus range (µm) -1.6 to -2.6
Pixel size (ÅA) 0.85

Symmetry imposed none
Initial particle images (no.) 127360
Final particle images (no.) 35371

Map resolution (Å) 5.96
FSC threshold 0.143

Map resolution range (A) 6.8 to 9.9
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Figure 10.12: AlphaFold predictions of CtSla2 dimer (a), CtEnt1 (b) and yeast CLC (c).

Figure 10.13: Multiple sequence alignment of Sla2 binding residues.
The actin binding residues are marked in red
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Figure 10.14: Intensity plots of SEC-SAXS runs for CLC, Sla2 coil-coil and the complex
between the two.
a. CLC. b. Sla2 coil-coil. c. CLC-Sla2 coil-coil complex. The regions selected as buffer were chosen
automatically with CHROMIX and are shadowed in grey. The regions corresponding to the sample are
shadowed in green and the RG values for the corresponding plots is also plotted in the right y-axis.
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Figure 10.15: Purification of Sla2 coil-coil constructs
a. Chromatogram for Sla2 432-767 b. Chromatogram for Sla2 296-767c. SDS-PAGE analysis of the
peack fractions for both constructs.
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Figure 10.16: SEC runs of Sla2 coil-coil, CLC and the complex between the two.
In the gel below, fractions corresponding to the top of the CLC and complex peaks can be seen.
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10.1.3 Ct CHC NTD structure

Figure 10.17: AlphaFold prediction of an W-box peptide into Ct CHC NTD
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Table 10.6: Summary of proteins used in this work

Construct MW (KDa)
Extintion

coefficient (M-1

cm-1)
pI Accession ID

His-CtANTH 32.03 37485 7.34 XP 006691708.1
CtANTH 29.03 34505 8.36 XP 006691708.1

His-CtENTH 21.17 32430 8.89 XP 006694659.1
CtENTH 18.17 29450 9.32 XP 006694659.1
Sc His-

GST-ANTH
62.05 79230 6.28 P33338

Sc ANTH 33.21 29130 6.23 P33338
Sc His-GST
-ENTH

47.69 68675 7.66 Q12518

Sc ENTH 18.85 18.575 9.21 Q12518
Sc His-GST
Sla2 full

length 1 - 968
138.16 117870 5.51 P33338

Sla2 full
length 1 - 968

109.32 67270 5.27 P33338

Sc His-GST-
Sla2dTHATCH

1 - 767
116.1 107775 5.47 P33338

Sla2dTHATCH
1 - 767

87.26 57675 5.19 P33338

Sc CLC
full length

26531.54 13980 4.31 P17891

CtEnt1
full length

65907.95 52830 6.17 XP 006694659.1

CtEnt1-His 68.32 54320 6.17 XP 006694659.1
CtSla2

full length
118.65 79105 5.68 XP 006691708.1

CtCHC
NTD 1-363

40.5 39670 6.26 XP 006697553.1

Sla2 cc 432-767 38.6 20065 4.68 P33338
Sla2 cc 296-767 53.9 28545 4.77 P33338
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10.1.4 List of hazardous substances

Table 10.7: List of hazardous substances. For more information, check the ‘Regulation (EC)No
1272/2008’ of the European Agency for Safety and Health at Work.

Name GHS pictogram
GHS hazardous
statements (H)

GHS precautionary statements (P)

1,4-dithiothreitol GHS07 302, 315, 319, 335
P261 - P301 + P312 - P302 + P352
- P305 + P351 + P338 - P280 -
P332 + P313 - P337 + P313

2-Propanol GHS02, GHS07 225-319-336 210-233-240-241-242-305+351+335
Ampicillin disodium
salt

GHS08 317, 334 261, 280, 342+331

Calcium chloride GHS07 319 264-280-305+351+338-337+313

Chloramphenicol GHS08 H318-H351-H361fd
P202 P280 P305+P351+P338
P308+P313

cOmplete™ Protease
Inhibitor Cocktail

GHS05 314
260, 280, 301+330+331,
303+361+353,
304+340+310,305+351 +338+310

EDTA Tetrasodium-
salt

GHS07, GHS08 319, 332, 373
280, 304+340-312, 305+351+338-
337+313

Ethanol GHS02, GHS07 225, 319
210, 233,240, 241, 242,
305+351+338, 403+223

Ethidium Bromide GHS06,GHS08 302, 330, 341 206, 281, 284, 310
GelGreen Nucleic
Acid Gel Stain

GHS07 227 210, 280, 403+233, 501

Hydrochloric acid GHS05, GHS07 290, 314, 335
234, 261, 271, 280, 303+361+353,
304+340+310, 305+351+338

Imidazole GHS05,GHS07,GHS08 302, 314, 360D
260, 280, 301+330+331,
303+361+353, 305+351+338,
304+340+310

InstantBlueTM GHS05 290, 315, 319,
P234 P264 P280 P302 + P352 P305
+ P351 + P338 P332 + P313

Kanamycin sulfate GHS07 360, 372
201, 260, 280, 264, 314, 202,
308+313

MES GHS07 315, 319, 335 261, 305+351+338

Nickel(II)chloride
hexahydrate

GHS06,GHS08,GHS09
301+331-315-317-
334-341-350i-360D-
372-410i

P270 P273 P280 P304+P340 P310i

Pentane
GHS02, GHS07,
GHS08, GHS09

225, 304, 336, 411 210, 233,240, 273, 301+310, 331

SDS
GHS02, GHS05,
GHS07

302, 315, 318, 335,
412

P273 P280 P302+P352
P305+P351+P338 P312

Sekusept Plus GHS05,GHS07,GHS09 302+332, 314, 400
273, 280, 303+361+353,
305+351+338, 310

Sodium hydroxide GHS05 290, 314
P233 P280 P303+P361+P353
P305+P351+P338 P310
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Figure 10.18: GSH symbols
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