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Abstract  

Recently, a new class of membrane-shapers termed N-Ank proteins (Wolf et al., 2019) 

were defined by their ability to bind, sense, and shape the membrane via their N-Ank 

module, which consists of an amino(N)-terminal amphipathic helix and ankyrin repeats. 

N-Ank family of membrane-shapers is phylogenetically classified into two sub-families 

and Ankyrin repeat domain-containing protein (Ankrd) 24, an uncharacterised protein, 

was suggested to be in their smaller sub-family. Thus, this study unveiled that Ankrd24 

isoform 6 (Ankrd24x6) is one of the expressed isoforms in brains of 8-week-old mice. 

Investigation of the N-Ank properties of Ankrd24x6 using in vitro reconstitution assays 

with liposomes showed that it is an N-Ank protein but with distinct characteristics. The 

N-Ank module of Ankrd24x6 binds and shape the membrane and displayed that the 

presence of the putative amphipathic helix is quintessential for its binding. The predicted 

seven ankyrin repeats in Ankrd24x6 displayed lack of binding to the liposomes 

irrespective of their curvature. This property of Ankrd24x6 is distinct compared to the 

other members of the N-Ank superfamily which showed that the ankyrin repeats alone 

preferred higher curvature liposomes. Ankrd24x6 is also capable of oligomerising as it 

demonstrated self-association, which was mediated by the predicted coiled coil 

domains. Another interesting feature of Ankrd24x6 is the presence of a proline-rich motif 

via which it showed binding to the syndapin I protein. Syndapin I is involved in diverse 

crucial biological processes like synaptic vesicle recycling, cytoskeletal remodelling, 

dendritogenesis and ciliogenesis because it is capable of binding and shaping the 

membranes and can additionally interact with various proteins.  

 

Functionally, Ankrd24 demonstrated to be essential for the early development of 

dendritic arbor in primary rat hippocampal neurons as it induced the formation of 

primary dendrites whereas its loss-of-function caused reduced dendritogenesis and 

dendritic arborization. Taken together, the investigation highlights two most important 

features of Ankrd24, one that it is a N-Ank protein, belonging to the smaller sub-family 

of the N-Ank superfamily and second, that it plays an important role in 

neuromorphogenesis.
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Zusammenfassung  

Kürzlich wurde eine neue Klasse von Membranformenden Proteine, die sogenannten N-

Ank-Proteine (Wolf et al., 2019), beschrieben, deren Fähigkeit ist, die Membran über ihr 

N-Ank-Modul zu erkennen, zu binden und zu formen. Das N-Ank-Modul besteht aus 

einer N-terminalen amphipathischen Helix und Ankyrin-Wiederholungen. Die N-Ank-

Familie der membranformenden Proteine wird phylogenetisch in zwei Unterfamilien 

eingeteilt, und es wurde vermutet, dass Ankyrin Repeat Domain-containing Protein 

(Ankrd) 24, ein bisher nicht charakterisiertes Protein, zu ihrer kleineren Unterfamilie 

gehört. In dieser Studie konnte gezeigt werden, dass die Ankrd24-Isoform 6 

(Ankrd24x6) in Gehirnen von 8 Wochen alten Mäusen exprimiert wird. Die 

Untersuchung der N-Ank-Eigenschaften von Ankrd24x6 anhand von In vitro 

Rekonstitutionsversuchen mit Liposomen zeigte, dass es sich um ein N-Ank-Protein 

handelt, das jedoch im Vergleich zu den in Wolf et al. beschriebenen andere Merkmale 

aufweist. Das N-Ank-Modul von Ankrd24x6 bindet und formt die Membran, und es 

zeigte sich, dass das Vorhandensein der mutmaßlichen amphipathischen Helix für 

seine Bindung von entscheidender Bedeutung ist. Die vorhergesagten sieben Ankyrin-

Wiederholungen in Ankrd24x6 zeigten jedoch keine Bindung an die Liposomen, 

unabhängig von ihrer Krümmung. Diese Eigenschaft von Ankrd24x6 unterscheidet sich 

von den anderen Mitgliedern der N-Ank-Superfamilie, die zeigten, dass die Ankyrin-

Wiederholungen allein Liposomen mit höherer Krümmung bevorzugten. Ankrd24x6 ist 

auch zur Oligomerisierung fähig, da es Selbstassoziation veranschaulichte, die durch 

die vorhergesagten Coiled Coil Domänen vermittelt wurde. Ein weiteres interessantes 

Merkmal von Ankrd24x6 ist das Vorhandensein eines prolinreichen Motivs, über das es 

eine Bindung an das Syndapin-I-Protein zeigte. Syndapin I ist an verschiedenen 

wichtigen biologischen Prozessen wie dem Recycling synaptischer Vesikel, dem 

Umbau des Zytoskeletts, der Dendritogenese und der Zilienbildung beteiligt, da es in 

der Lage ist, die Membranen zu binden und zu formen, und außerdem mit 

verschiedenen Proteinen interagieren kann. Funktionell erwies sich Ankrd24 als 

essentiell für die frühe Entwicklung des dendritischen Arbors in primären Hippocampus-

Neuronen der Ratte, da es die Bildung von primären Dendriten induzierte, während sein 
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Funktionsverlust zu einer reduzierten Dendritogenese und dendritischen Arborisierung 

führte.  

 

Insgesamt hebt diese Arbeit zwei wichtige Eigenschaften von Ankrd24 hervor: erstens, 

dass es ein N-Ank-Protein ist, das zur kleineren Unterfamilie der N-Ank-Superfamilie 

gehört, und zweitens, dass es eine wichtige Rolle bei der Neuromorphogenese spielt.  
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1 Introduction 

1.1 Membrane remodelling  

Structure remodelling of cells including their organelles is the basis of vital biological 

processes such as cell growth, division, movement, organelle biogenesis, vesicle 

transportation or membrane trafficking. Striking example of one such cell, which is 

involved in most of the above processes except division, is a neuronal cell, which 

actively restructures its exon and dendritic arbor in response to variety of signals 

(Bradke & Dotti, 2000; Horton & Ehlers, 2003), and displays both functional and 

structural plasticity (Hofbruker-Mackenzie et al., 2019.; Leuner & Gould, 2010; 

Tavosanis, 2011).  

 

Morphological changes during dendritogenesis of dissociated primary rat hippocampal 

neurons in cell culture have been well characterized. It has been demonstrated in vitro 

that within half day, a neuronal cell develops lamellipodia-like structures, followed by the 

establishment of polarity of the neuron, axonal guidance and growth in another day. At 

day 4, neurons commence outgrowing their dendrites and in another 3 days, they 

mature by developing pre- and postsynapses (synaptogenesis) and thus, networking 

with neighbouring cells (Dotti et al., 1988; Kessels et al., 2011). 

 

Such an elaborate remodelling of the cells is accomplished by dynamic and flexible 

structure of the membrane, defined by the ‘fluid mosaic’ model, which allows the cell to 

change and adapt its morphology, depending on the type and strength of a signal 

(Singer & Nicolson, 1972). Biomembranes surrounding the cell, e.g., plasma 

membrane, or the intracellular organelles like mitochondria, the endoplasmic reticulum, 

or the Golgi complex acts like a physical barrier in not only protecting its internal content 

from the outside environment but by also maintaining the required isolated conditions 

within, for performing various biochemical reactions (Engelman, 2005; Goñi, 2014). The 

membranes are also semipermeable, which allows the cell and/or organelle to maintain 

the dynamic activities and vital functions by the uptake of nutrients, excretion of waste 

and communication with its surrounding environment. The basic structural element of 

the biomembranes are lipids to which proteins are associated. Lipids such as 
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phospholipids, glycolipids, cholesterol, consist of a hydrophilic head group and a non-

polar hydrophobic hydrocarbon tail. The hydrophilic groups face and interact with the 

aqueous, ionic phase, and the non-polar hydrophobic hydrocarbon chains face each 

other, self-associating to avoid water interactions, thus, the non-covalent interactions 

between the lipids forms an amphipathic semi-permeable bilayer (Goñi, 2014; 

Simunovic et al., 2015; Suetsugu et al., 2014). Such non-covalent interactions also 

modify the formation of liposomes during hydration of dry lipids like 

phosphatidylcholines (Akbarzadeh et al., 2013) under pH, temperature, and ionic 

strength similar to physiological conditions (Goñi, 2014). Liposomes are artificially 

prepared vesicles which are spherical in shape and are composed of one or more lipid 

bilayers (Daraee et al., 2016).  

 

The interplay between the lipids and the proteins allows the membrane to either form 

concave (positive) or convex (negative) curvatures which result in invaginations and 

protrusions, respectively (McMahon & Gallop, 2005; Suetsugu et al., 2014). 

Invaginations give rise to vesicles like clathrin-coated which mediate endocytosis, a well 

described membrane-shaping process (Kaksonen & Roux, 2018; Qualmann et al., 

2011) while protrusions result in membrane processes such as filopodia, which are 

involved in several dynamic processes of the cell like migration or adhesion (Mattila & 

Lappalainen, 2008; Suetsugu et al., 2014).  

 

1.2 Membrane-shaping proteins  

1.2.1 Membrane-shaping proteins of the Bin-Amphiphysin-Rvs (BAR) domain 

superfamily 

BAR domain containing proteins are shaped-like bananas (Peter et al., 2004) and use 

mechanisms of hydrophobic insertion and scaffolding to bend and shape the 

membranes (McMahon & Gallop, 2005; Qualmann et al., 2011; Zimmerberg & Kozlov, 

2006). BAR domain is conserved from yeast to human (David et al., 1994) and a BAR 

module is defined by its ability to not only bind to the membrane but to also sense the 

membrane-curvature and form dimers (Peter et al., 2004). The positively charged amino 

acid residues on the structural surface of the BAR domain interacts with the cellular 
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membranes which are negatively charged due to the presence of phospholipids like 

phosphatidylserine and phosphorylated phosphatidylinositols (Frost et al., 2009; 

Qualmann et al., 2011; Suetsugu, 2016; Suetsugu et al., 2010). The x-ray 

crystallography of amphiphysin, an N-BAR containing protein elucidated that BAR 

domains are dimers, forming a six-helix bundle by three long monomers and because 

amphiphysin also has an N-terminal amphipathic helix, which strengthens the 

interaction between the BAR domain and the membrane, it is classified as having an 

N-BAR domain (Peter et al., 2004). Amphiphysin is a brain enriched protein which is 

involved in clathrin-mediated endocytosis (Yoshida et al., 2004).  

 

Amphipathic α helices 

Lipid bilayer-interactive amphipathic α helices are secondary structure motifs, defined 

by the spatial rearrangement of amino acids residues such that it forms polar and a non-

polar (hydrophobic) face. Such helices are reflected by the reoccurrence of polar (e.g., 

lysine, arginine) or apolar amino acids (e.g., phenylalanine, tryptophan) and are formed 

when the unfolded peptide sequences come in close vicinity to the phospholipid bilayer 

membrane by the electrostatic interaction between positively charged amino acid 

residues of the peptide and the negatively charged phosphate group of the lipids. Next, 

the hydrophobic amino acid residues of the peptide insert themselves between the 

hydrophobic hydrocarbon tails of the lipids because of the hydrophobic effect, resulting 

into adsorption and a change in the conformation to an α helix (Anantharamaiah, 1986; 

Drin et al., 2007; Drin & Antonny, 2009; Seelig, 2004; Segrest et al., 1990). This 

mechanism of the formation of an amphipathic α helix is energy driven and proteins use 

either sensing or hydrophobic interactions or a combination of both to bind to the 

membrane (Chen et al., 2016). Ankycorbin, a protein containing an N-terminal 

amphipathic helix was recently characterised for its membrane-binding and shaping 

abilities and it was suggested that the amphipathic helix inserts itself into one leaflet of 

the bilayer membrane via both electrostatic and hydrophobic interactions (Wolf et al., 

2019). Such interactions enable the amphipathic helix to sense and bend the lipid 

bilayer membranes, which may lead to fusion, fission or in stabilizing protein-lipid 

complexes (Giménez-Andrés et al., 2018). As an example, α-Synuclein, a protein 
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associated with Parkinson’s disease, has an amphipathic helix, which stabilizes curved 

structures of membrane, and, at high concentrations, can also induce vesiculation and 

tubulation of the membrane (Braun et al., 2017; Choi et al., 2013).  

 

Fer/CIP4 Homology-BAR (F-BAR) 

Based on the similarity of the amino acid sequences, the difference in the degree of the 

intrinsic curvature formed by the dimers of the BAR domain and the presence of 

additional domains, this superfamily of BAR domain-containing membrane-shapers has 

been divided into the classical BAR, N-BAR, F-BAR, Inverse-BAR, BAR- Pleckstrin 

Homology and PhoX-BAR (Frost et al., 2009; Suetsugu et al., 2010). The F-BAR 

domain have been shown to bend the membranes in the form of tubules which are ~3-

fold wider in diameter than the N-BAR domain (Frost et al., 2008). Thus, the F-BAR 

domain form a shallow degree of invagination (Henne et al., 2007; Shimada et al., 2007; 

Wang et al., 2009). Most of the the F-BAR containing-proteins, also have an additional 

Src homology 3 (SH3) domain (Peter et al., 2004; Qualmann et al., 2011) and latter are 

amongst the most abundant and conserved protein-protein interaction modules, which 

comprise of ~60 amino acid residues. The amino acids fold into two antiparallel β 

sheets at right angles to one another, consisting of two variable loops. Most SH3 

domains prefer polyproline peptides with a consensus PxxP, where P is proline and x 

any amino acid and when bound, the SH3 ligands, adapt an all-trans left-handed helical 

conformation, called polyproline type II, which resembles a triangular prism (Macarthur 

& Thornton, 1991). Depending on the location of basic residues, whether at N- or C-

terminus with respect to PxxP, the proline-rich motifs are classified as class I, or class II, 

respectively (Feng et al., 1994; Mayer, 2001). Proline offers a sequence-specific 

recognition with low affinity as it is the only proteinogenic amino acid with a secondary 

amine and is stable as a cis isomer over the peptide bond (Macarthur & Thornton, 1991; 

Williamson, 1994; Zarrinpar et al., 2003). In short, SH3 domains act as lock and 

polyproline peptide sequences as helical keys (Meirson et al., 2019; Musacchio, 2002). 
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1.2.1.1 Syndapin, F-BAR domain-containing membrane-shaping proteins 

Family of proteins called syndapin (also known as pascin) belong to F-BAR 

domain-containing proteins of membrane-shapers which also have a carboxy (C)-

terminal SH3 domain. The F-BAR domain of syndapin proteins can induce membrane 

invaginations and form lipid tubules ranging from 10 nanometer (nm) to more than 150 

nm in diameter (Bai et al., 2012; Wang et al., 2009). There are three isoforms of 

syndapin found in mammals, which show tissue specific expression with syndapin I 

being brain-enriched, syndapin II-s (small) and syndapin II-l (long) being ubiquitously 

expressed (Qualmann & Kelly, 2000; Ritter et al., 1999) and syndapin III being highly 

expressed in muscle (Kessels & Qualmann, 2004; Qualmann et al., 2011).  

 

The SH3 domain of syndapin I and II proteins have been known to interact with 

synaptojanin, dynamin I, synapsin I, and N-WASP, a stimulator of Arp2/3 induced actin 

filament nucleation. Receptor-mediated internalization of transferrin was also inhibited 

by the SH3 domain of both syndapin I and II proteins. Thus, both the isoforms of 

syndapin regulate clathrin-mediated endocytosis but as syndapin I is highly expressed 

in mammalian brain, it is involved in synaptic vesicle endocytosis (Anggono & Robinson, 

2007; Kessels & Qualmann, 2002; Koch et al., 2011; Qualmann et al., 1999; Qualmann 

& Kelly, 2000; Rao et al., 2010). Furthermore, transient accumulation of actin, the 

Arp2/3 complex and N-WASP were observed at the site endocytosis, which is 

coordinated by dynamin-mediated vesicle fission (Merrifield et al., 2002, 2004). 

Syndapin proteins demonstrated the ability to shape the plasma membrane 

(Dharmalingam et al., 2009) and self-associate via their F-BAR domain. The feature of 

oligomerisation has been shown to be essential for both syndapin-mediated endocytosis 

and actin cytoskeletal remodelling. Thus, syndapin proteins acted like a link between 

the two processes (Kessels & Qualmann, 2006). Full-length syndapin proteins were 

shown to be vital for inducing filopodia (Qualmann & Kelly, 2000), additionally both 

syndapin I and II have been reported to be crucial in the process of ciliogenesis (Insinna 

et al., 2019; Schüler et al., 2013). Functional studies of syndapin I in primary rat 

hippocampal neurons unveiled that syndapin I is essential for neuromorphogenesis as it 

induced dendrite formation and branching, while loss-of-function of syndapin I resulted 
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in increased axon length and branching (Dharmalingam et al., 2009). SH3 domain of 

syndapin I interacts with the proline-rich motif of ProSAP1/SHANK2 in the postsynaptic 

density and thus, syndapin I regulates the formation of excitatory synapses. The loss-of-

function of syndapin I resulted in a significant reduction of both synapses and dendritic 

spine densities of primary rat hippocampal neurons (Schneider et al., 2014) and also 

caused seizures and schizophrenia-like symptoms in mice (Koch et al., 2020). Syndapin 

I was also shown to recruit the novel actin nucleator, cordon-bleu (Cobl) (Ahuja et al., 

2007) to the membrane and physically link Cobl’s relative Cobl-like (Izadi et al., 2017) 

by the F-BAR domain of syndapin I protein and further demonstrated that all the three 

proteins coordinated spatially in a controlled fashion at the dendritic branch induction 

sites (Izadi et al., 2021; Schwintzer et al., 2011). Nanoclusters of syndapin I at the 

protrusion sites of the dendrites of hippocampal neurons were also observed by the 

high-resolution technique of freeze-fracture replica immunolabelling (FRIL) and 

transmission electron microscopy (TEM) (Izadi et al., 2021). These findings indicated 

the vital role of syndapin I protein as a scaffold, where it interacts with various diverse 

proteins and brings them together on a signalling cue. In short, syndapin proteins might 

be acting like a bridge because of their important functional feature of self-association 

(Kessels & Qualmann, 2004).  

 

Other isoforms like syndapin II and syndapin III have been shown to be important for the 

formation of uniform plasma membrane invaginations called caveolae which are ~70 nm 

in diameter and have been suggested to be important for maintaining muscle cell 

integrity (Hansen et al., 2011; Seemann et al., 2017; Senju et al., 2011). 

 

SH3 domain of syndapin I interacts with the proline-rich motif RRQAPPPP in dynamin I 

(Anggono & Robinson, 2007), RKKAPPPPKR in ProSAP1/Shank2 (Schneider et al., 

2014), proline-rich consensus ‘KrRAPpPP’ in Cobl (Schwintzer et al., 2011) and 

‘Kr+APxpP’ in Cobl-like (Izadi et al., 2021). These interactions between Syndapin I and 

its proline-rich motif-containing binding partners has been shown to be crucial in the 

development of neurons, thus, suggesting that the investigation of the potential 
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syndapin I-interacting partners might have paramount relevance in the development of 

brain. 

 

1.2.2 N-Ank superfamily of membrane-shaping proteins 

Interesting, the prototype of N-Ank proteins (Wolf et al., 2019), ankycorbin, which was 

recognized as a putative interacting partner of syndapin I protein during an in silico 

analysis (Schwintzer, 2012), was reported to be crucial in the early development of the 

neuronal dendritic arbor (Wolf et al., 2019). N-Ank proteins were characterized by their 

ability to bind and bend the lipid bilayer via their N-Ank module, which comprised of an 

N-terminal amphipathic helix followed by ankyrin repeat domain (ARD) (Wolf et al., 

2019).  

 

Takahashi et al. (2014) and Kim et al. (2014) had reported for the first time that ARD, 

which is famous for protein-protein interactions, is also capable of binding lipids. ARD 

consists of tandem repeat arrays of ~33 amino acids and two to more of such repeats 

forms a curved secondary structure. The number of repeats in an ARD varies from 

protein to protein, which results in structural and functional versatility. It has been 

reported earlier that for an ankyrin repeat to fold, it at least needs two of them (Mosavi 

et al., 2004) and the increase in number of repeats makes the structure more compact 

and concave (Islam et al., 2018; Li et al., 2006; Sedgwick & Smerdon, 1999). 

 

Interestingly, the transient receptor potential cation channel subfamily vanilloid member 

4, was shown to bind to phosphatidylinositol 4,5-bisphosphate via its ARD, resulting in 

reduced activity of the channel (Takahashi et al., 2014). The ARD of Arabidopsis 

ankyrin repeat domain-containing protein 2A was shown to specifically bind to 

phosphatidylglycerol and monogalactosyldiacylglycerol; two lipids, which are enriched in 

the chloroplast outer membrane (Kim et al., 2014).  

 

Functionally, ARD are well documented to be involved in intra- and intermolecular 

protein-protein, protein-sugar, and protein-lipid interactions (Islam et al., 2018; Mosavi 

et al., 2004; Sedgwick & Smerdon, 1999). Thus, proteins comprising of ARD are 
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involved in diverse physiological processes such as cell-cell signalling and it is further 

important to note that dysfunction in ankyrin repeats can have pathological implications 

like in cancer (Islam et al., 2018; Li et al., 2006). Ankyrin repeats in IκBα, inhibitor of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) interact with the 

transcriptional activator NF-κB, thus regulating its transcriptional activity (Sue et al., 

2008). p85 has 6 ankyrin repeats at its N-terminus and its direct association with protein 

phosphatase 1 isoform δ was reported to be critical for actin depolymerization (Tan et 

al., 2001). Two proteins, Shank and Sharpin, highly enriched in the postsynaptic density 

of excitatory synapses in brain, interact with each other via the ankyrin repeats of Shank 

(Lim et al., 2001). It is fascinating to know that ankyrin repeat-containing protein are 

reported to be highly expressed in vertebrate brain (Kunimoto et al., 1991). 

 

Amphipathic helix in the N-Ank module of ankycorbin was demonstrated to be essential 

for binding to the membrane while ankyrin repeats displayed the property of sensing the 

curvature of liposomes membrane and binding higher curvature liposomes. Like N-Ank 

proteins, another protein called ANK and KH domain-containing protein 1 (ANKHD1), 

uses a combination of amphipathic helix and ARD to bend and shape the membranes. 

ANKHD1 is involved in early endosome enlargement and unlike N-Ank proteins has an 

N-terminal ARD and a C-terminal amphipathic helix. N-terminal ARD comprises of 25 

ankyrin repeats, out of which, the former 15 mediate dimerization and the latter 10 

tubulate and vesiculate the membrane along with the C-terminal amphipathic helix. 

Along with ANKHD1, there are 18 other proteins suggested in this category of 

membrane-shaping proteins (Kitamata et al., 2019). 

 

Ankycorbin also displayed the property of self-association mediated via its additional 

putative domain called coiled coil. Coiled coil domains are widely known for their 

protein-protein interaction capability and are mostly characterised by the formation of α 

helical supersecondary structures comprising of the periodic appearance of seven 

residue ‘heptap repeat, abcdefg’, such that a and d are hydrophobic amino acids. Such 

repeats in a protein can range from 2-200 (Mason & Arndt, 2004). Additionally, they are 

known to oligomerise within the same or different polypeptide chains, enabling structural 
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formation of scaffolds in the form of long fibers, zippers, tubes, spirals, tubes, or rings 

(Lupas et al., 2017). Coiled coil domains in proteins are known to regulate vital 

biological processes like remodelling of the actin cytoskeleton. As an example, 

Rho-associated coiled coil kinase (ROCK2) exists as a dimer and the length of its coiled 

coil domain determines its active signalling as truncation in the same resulted in in vivo 

defects of stress fibre formation with no loss of catalytic activity (Truebestein et al., 

2015). It was also reported that oligomerisation of coiled coil domain in SNARE 

proteins, which are membrane-binding proteins, promote membrane fusion (Parry et al., 

2008). 

 

Functional analysis of ankycorbin in hippocampal neurons unveiled that ankycorbin was 

essential for inducing dendritic branches as its gain-of and loss-of-function significantly 

affected the formation of dendritic branches. The analysis also demonstrated that all 

domains of ankycorbin (amphipathic helix, ankyrin repeats and coiled coil) and also the 

proline-rich motif of consensus ‘KrRAPpPP’ with which it interacts with syndapin 

proteins were crucial for ankycorbin’s function in neuromorphogenesis. Furthermore, 

high resolution ultrastructure technique of FRIL and TEM, showed that ankycorbin 

accumulated at the base of dendritic protrusions (Wolf, 2018; Wolf et al., 2019). 

 

Since the function of ankycorbin was domain-dependent, it was postulated that there 

might be other proteins with similar arrangement of domains, which could illustrate an 

evolutionarily conserved mechanism behind bending and shaping of lipid bilayers. Thus, 

domain-based in silico analysis was performed and 15 other proteins were identified 

and phylogenetically classified as N-Ank proteins. This family of 16 proteins was divided 

into two subfamilies with a smaller subfamily consisting of ankycorbin, uveal 

autoantigen with coiled-coil domains and ankyrin repeats (UACA), Ankrd35 and 

Ankrd24 (Wolf, 2018; Wolf et al., 2019). N-Ank properties of UACA from smaller sub-

family and Ankrd20A1 from the larger second family were characterized for their N-Ank 

properties, and the results showed that the N-Ank module of both UACA and 

Ankrd20A1 behaved similarly as ankycorbin’s N-Ank module. The N-terminal 

amphipathic helix of UACA and Ankrd20A1 showed binding to the membrane, while the 



Introduction 

 10 

ankyrin repeats sensed the curvature of liposomes mediated via electrostatic 

interactions and the combination of amphipathic helix and ankyrin repeats, the N-Ank 

module, thus shaped the membrane.  

 

1.2.2.1 Ankrd24  

In the newly classified superfamily of membrane-shaping proteins called N-Ank, 

ankycorbin, UACA, Ankrd35 and Ankrd24 were phylogenetically classified into the 

smaller sub-family of N-Ank proteins (Wolf et al., 2019). Ankrd24 was additionally 

identified as the potential syndapin I-interacting partner (Schwintzer, 2012). Ankrd24 

(UniProtKB Q80VM7) is an uncharacterised protein which shares 50.63% percent 

identity ("BLAST: Basic Local Alignment Search Tool", 2021) with the syndapin-binding 

partner, ankycorbin (UniProtKB Q9EP71), 37.69% with Ankrd35 (UniProtKB E9Q9D8) 

and 37.22% with UACA (UniProtKB Q8CGB3), respectively. The sequences were 

aligned using alignment feature of BLAST and percent identity is defined the number of 

the same amino acid residues present at the same positions in an alignment, expressed 

as a percentage (Fassler & Cooper, 2021). The amino acid sequence similarity is at N-

terminal and C-terminal of Ankrd24 and all proteins of this smaller family have been 

predicted to contain the N-Ank module and also the coiled coil domain (Wolf et al., 

2019).   

 

No experimental preliminary data except from the ribonucleic acid (RNA) sequencing at 

‘the human protein atlas’ (Uhlén et al., 2015, Sjöstedt et al., 2020) is available, where it 

was suggested that Ankrd24 is highly expressed in human and mouse brain. RNA 

transcriptomics studies have associated Ankrd24 in several diseases like progeria 

(Sola-Carvajal et al., 2019), ovarian cancer (Dausinas et al., 2020), pituitary adenoma 

(Wang et al., 2019), glioma (Liu et al., 2021), congenital heart disease (Matos-Nieves et 

al., 2021) and Ankrd24 is also one of the ER stress-dependent genes (Bartoszewski et 

al., 2020). Ankrd24 was also reported to be one of the upregulated genes in human 

adrenocorticotropin-secreting pituitary adenomas from female patients with Cushing’s 

disease (Giraldi et al., 2020).  

https://www.ncbi.nlm.nih.gov/books/NBK62051/def-item/alignment/
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1.3 Aims of the study  

Therefore, the aim of this study was to test the hypothesis that Ankrd24 as well has N-

Ank properties of membrane sensing, binding, and shaping, which would further 

strengthen the N-Ank hypothesis, and to reveal potential overlapping but also distinct 

properties related to the other members of the N-Ank superfamily. Biochemical analysis 

for evaluating the N-Ank module of Ankrd24 for its interacting and shaping behaviour 

with lipid bilayer include liposome assays and freeze-fracture experiments, respectively. 

In vivo membrane-association of Ankrd24 can be studied by subcellular fractionation 

and colocalisation experiments. The characterisation of coiled coil domain in Ankrd24 

for oligomerisation ability shall reveal a potential molecular mechanism for the formation 

of larger membrane interacting Ankrd24 scaffolds. Additionally, this study aimed at 

identifying putative functions of Ankrd24 in neuromorphogenesis in primary rat 

hippocampal neurons by overexpression and RNA interference (RNAi) experiments. 

 

As Ankrd24 was already predicted to be a putative interacting partner of syndapin I and 

former was also identified to have a proline-rich motif of consensus ‘KrrAPpPP‘, the 

investigation aimed to learn if Ankrd24 binds to syndapin proteins by performing protein 

interaction studies and if so, then whether this interaction would play any role in 

Ankrd24’s biological function. The latter will be analysed by in vivo rescue experiments 

with mutants in primary rat hippocampal neurons. Syndapin proteins are known for their 

membrane binding and shaping abilities, as well as their function as a scaffold, which 

has been demonstrated to be crucial in neuromorphogenesis by the isoform, syndapin I. 

 

Overall, this study aimed at further establishing and defining the properties of the N-Ank 

superfamily of membrane-shapers by characterising another protein, Ankrd24, which 

will facilitate the understanding of the different role of domains in a protein for 

membrane-shaping.
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2 Materials and Methods 

2.1 Materials 

2.1.1 Commercial reagents and buffers 

All other general chemical reagents, if not otherwise specified, were purchased from 

Carl Roth GmbH & Co. KG, Merck KGaA, Sigma-Aldrich® Co. LLC or SERVA 

Electrophoresis GmbH. Double distilled water (ddH2O) was used as the solvent for the 

chemical reagents except where otherwise notified. 

Commercial Reagents and Buffers 

0.5% Trypsin- Ethylenediamine-n,n,n’,n’-tetraacetic acid 
(EDTA) (10x) No Phenol Red 

Gibco® Invitrogen GmbH 

10x T4 Deoxyribonucleic Acid (DNA) Ligase Buffer Thermo Fisher Scientific Inc. 

5x Phusion® GC Buffer  Thermo Fisher Scientific Inc. 

5x Phusion® High Fidelity Buffer  Thermo Fisher Scientific Inc. 

Agarose Biozym Scientific GmbH 

Alkaline Phosphatase FastAP™ Thermo Fisher Scientific Inc. 

Ampicillin Sodium Salt Carl Roth GmbH 

Ampuwa® Water For Injection Fresenius Kabi 

B-27® Serum-Free Supplement (50x) Gibco® Invitrogen GmbH 

Bovine Serum Albumin (BSA) Fraction V  Carl Roth GmbH 

Bromophenol Blue Carl Roth GmbH 

Coomassie Brilliant Blue G-250 Carl Roth GmbH 

4',6-Diamidin-2'-phenylindol-Dihydrochloride (DAPI) Roche Diagnostics AG 

Deoxyribonucleotides (dNTPs), 100 mM  Thermo Fisher Scientific Inc. 

Dimethyl Sulfoxide (DMSO) Thermo Fisher Scientific Inc. 

Dulbecco's Modified Eagle Medium (DMEM) Gibco® Invitrogen GmbH 

Deoxyribonuclease (DNase) I Roche Applied Science 

DMEM High Glucose Gibco® Invitrogen GmbH 

Ethidium Bromide Carl Roth GmbH 

Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide 
Hydrochloride (EDC) 

Sigma-Aldrich® Co. LLC 

Foetal Calf Serum (FCS) GE Healthcare 

Folch Fraction I (Brain Extract from Bovine Brain, Type I) Sigma-Aldrich® Co. LLC 

Glutamax™ Supplement (100x) Gibco® Invitrogen GmbH 

Glutathione Resin Gene Script 

Hanks' Balanced Salt Solution (HBSS) No Calcium, No Gibco® Invitrogen GmbH 
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Magnesium, No Phenol Red, L-Glutamine 200 Mm (100x)  

Horse Serum, Heat Inactivated  Gibco® Invitrogen GmbH 

Isopropyl-ß-D-Thiogalactopyranoside Millipore GmbH 

Kanamycin Sulphate Carl Roth GmbH 

Klenow-Fragment Fermentas GmbH 

Lysogenic Broth (LB) Agar Carl Roth GmbH & Co. KG 

Lipofectamine® 2000 Transfection Reagent Thermo Fisher Scientific Inc. 

LB Medium Carl Roth GmbH & Co. KG 

Lysozyme Sigma-Aldrich® Co. LLC 

Mowiol® 4-88 Calbiochem 

Neurobasal™ Medium Gibco® Invitrogen GmbH 

Opti-MEM® Gibco® Invitrogen GmbH 

Penicillin/Streptomycin (100x) Gibco® Invitrogen GmbH 

Phusion® High Fidelity DNA Polymerase Thermo Fisher Scientific Inc. 

Poly-D-Lysine Hydrobromide Sigma-Aldrich® Co. LLC 

Precission™ Protease Ge Health Care Life Science 

Propane Ethane (1:1 Liquid Mix) Linde AG 

Protease Inhibitor Complete (PIC) EDTA Free Tablet  Roche Applied Science 

Proteinase K Thermo Fisher Scientific Inc. 

Restriction Endonucleases Thermo Fisher Scientific Inc. 

Ribonuclease (RNase) A QIAGEN GmbH 

Skimmed Milk Powder Carl Roth GmbH 

T4 DNA Ligase Thermo Fisher Scientific Inc. 

T4 Polynucleotide Kinase Fermentas GmbH 

Triton®X-100 Sigma-Aldrich® Co. LLC 

Turbofect™ Thermo Fisher Scientific Inc. 

Tween®20 SERVA Electrophoresis 
GmbH 

Yeast Extract Carl Roth GmbH & Co. KG 

DNA Markers  

GenerulerTM 100bp Plus DNA Ladder Thermo Fisher Scientific Inc. 

GenerulerTM 1kb DNA Ladder Thermo Fisher Scientific Inc. 

Protein Markers   

PagerulerTM Prestained Protein Ladder 26616 Thermo Fisher Scientific Inc. 

SpectraTM Multicolor High Range Protein Ladder 26625 Thermo Fisher Scientific Inc. 

Kits  

Nucleo Bond® Xtra Midi Macherey-Nagel GmbH 
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Nucleo Spin® Gel and Polymerase Chain Reaction (PCR) 
Clean-Up 

Macherey-Nagel GmbH 

Pierce™ Bicinchoninic Acid (BCA) Protein Assay  Thermo Fisher Scientific Inc. 

 

2.1.2 Bacterial and animal strains and mammalian cell line 

Bacterial strains (E. coli) BL21-CodonPlus® (DE3)-RIPL was used for protein expression 

and XL-10 GoldTM for plasmid production, respectively and they were both obtained from 

Agilent Technologies Inc. More detailed information about the genotype of the bacterial 

strains is described in table 1.   

 

Table 1: Bacterial strains (E. coli) and genotype 

Name  Genotype  

BL21-CodonPlus® 
(DE3)-RIPL  

E. coli B F- ompT hsdS (rB
- mB

-) dcm+ Tetr gal λ(DE3) endA Hte [argU 
proL Camr] [argU ileY leuW Strep/Specr]  

XL-10 GoldTM  TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 
recA1 gyrA96 relA1 lac Hte [F' proAB lacI qZΔM15 Tn10 (Tetr) Amy 
Camr]  

 

Rattus norvegicus Wistar strain for rat and Mus musculus C56/BL6J strain for mice 

were used, respectively. Both animal strains were purchased from Charles River 

Laboratories Inc. Human embryonic renal (HEK) 293 cells (Graham et al., 1977) were 

used for biochemical applications and for testing RNAi constructs. Henrietta Lacks 

(HeLa) cells, a human cervix carcinoma cell line (Scherer et al., 1953) were used for 

microscopic analysis of green fluorescent protein (GFP) fused proteins.  

 

2.1.3 Laboratory constituted Reagents, Medium and Buffers  

Table 2: Buffers and their composition 

Buffers  Composition 

1x Trypsin Solution 0.5% ((weight per volume) (w/v)) Trypsin-EDTA (10x) 
No Phenol Red Stock Solution 1:10 in HBSS  

2.5% Sodium Dodecyl Sulphate 
(SDS) Solution 

2.5% (w/v) SDS, 30 millimolar (mM) Sucrose in 10 
mM Tris/Hydrogen Chloride (HCl); pH 8.4 

25x Protease Inhibitor (PI) 1 Tablet PIC EDTA Free in 2 millilitre (ml) Phosphate 
Buffered Saline (PBS)  

4x SDS Sample Buffer 4% (w/v) SDS, 40% ((volume per volume) (v/v) 
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Glycerol, 250 mM Tris/HCl, 20% (v/v) ß-
Mercaptoethanol, 0.004% (w/v) Bromophenol Blue; 
pH 6.8 

50x Tris/Acetate/EDTA (TAE) 
Running Buffer 

2 molar (M) Tris/HCl, 5.71% (v/v) Acetic Acid, 0.05 M 
EDTA; pH 8.5 

6x DNA Loading Buffer  0.25% (w/v) Bromophenol Blue, 0.25% (w/v) 
Xylocyanol, 30% (v/v) Glycerol, 50 mM EDTA; pH 8.0  

Annealing Buffer 100 mM Sodium Chloride (NaCl), 50 mM 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES); pH 7.4 

Blocking Solution 2% (w/v) BSA, 10% (v/v) Horse Serum in PBS; pH 7.4  

Bradford Reagent 100 milligram (mg)/ litre (l) Coomassie Brilliant Blue 
G-250, 5% (v/v) Ethanol, 10% (v/v) Phosphoric Acid 
(Filtered) 

Colloidal Coomassie Staining 
Solution 

1% (w/v) Coomassie Brilliant Blue G-250, 10% (w/v) 
Ammonium sulphate,, 23.5% (v/v) Phosphoric Acid 

DAPI Solution 0.2% (w/v) DAPI Stock Solution 1:10000 in PBS 

DMEM Plus Additives (DMEM++)  2 mM L-Glutamine, 10% (v/v) FCS, Penicillin/ 
Streptomycin in DMEM  

Glutathione-S-Transferase (GST) 
Elution Buffer 

20 mM Glutathione, 50 mM Tris/HCl, 120 mM NaCl; 
pH 8.0 

HEPES NaCl (HN) Buffer 20 mM HEPES, 150 mM NaCl, 1 mM Dithiothreitol; 
pH 7.4 

Homogenisation Buffer 5 mM HEPES, 1x PI, 0.32 M Saccharose, 1 mM 
EDTA; pH 7.4 

Immunoprecipitation (IP) Buffer 10 mM HEPES, 1 mM ethylene glycol bis(2-
aminoethyl) tetraacetic acid (EGTA), 0.1 mM 
Magnesium Chloride, 150 mM NaCl, 1x PI; pH 7.4 

Labelling Blocking Buffer (LBB) 1% (w/v) BSA, 0.5% (w/v) Fish Gelatine, 0.005% (v/v) 
Tween®20 in PBS; pH 7.4 

LB Agar 15 gram (g) Agar in 1 l LB Medium 

LB Medium 10 g Tryptone/Peptone, 5 g NaCl, 5 g Yeast Extract in 
1 l ddH2O; pH 7.2 

Lysis Buffer 10 mM HEPES, 1 mM EGTA, 0.1 mM Magnesium 
Chloride, 150 mM NaCl, 1% (v/v) Triton®X-100; pH 
7.4 

Mowiol  10% (w/v) Mowiol® 4-88, 25% (w/v) Glycerol, 100 mM 
Tris/HCl; pH 8.5  

P1 Buffer  50 mM Tris, 10 mM EDTA, 100 mg/ml RNase A; pH 
8.0  

P2 Buffer  200 mM Sodium Hydroxide, 1% (w/v) SDS 

P3 Buffer 3 M Potassium Acetate; pH 5.5 
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PBS 2.68 mM Potassium Chloride, 1.47 mM Potassium 
Phosphate, 136.9 mM NaCl, 7.98 mM Sodium 
Phosphate Dibasic Dihydrate; pH 7.4 

PBS-T 0.05% (v/v) Tween®20 in PBS 

Quench Buffer 25 mM Glycine in PBS 

Radioimmunoprecipitation (RIPA) 
Buffer 

50 mM Tris, 150 mM NaCl, 1% (v/v) NP-40, 0.5% 
(w/v) Na-deoxycholate, 0.1% (w/v) SDS; pH 8.0 

SDS Running Buffer  0.25 M Tris/HCl, 192 mM Glycine, 0.1% (w/v) SDS 

Separating Gel Buffer 1.5 M Tris/HCl, 0.4% (w/v) SDS; pH 8.8 

Super Optimal Broth with 
Catabolite Repression (SOC) 
Medium  

0.5% (w/v) Yeast Extract, 2% (w/v) Tryptone, 10 mM 
NaCl, 2.5 mM Potassium Chloride, 10 mM 
Magnesium Chloride, 10 mM Magnesium Sulphate, 
20 mM Glucose 

Terrific Broth (TB) Medium 12 g Tryptone, 24 g Yeast Extract, 4 ml Glycerol, 2.3 
g Potassium Phosphate, 12.5 g Dipotassium 
Hydrogen Phosphate in 1 l ddH2O 

Transfer Buffer 25 mM Tris, 192 mM Glycine, 0.02% (w/v) SDS, 20% 
(v/v) Methanol 

 

2.1.4 Primers 

Biomers.net GmbH Ulm synthesised the primers. Restriction sites (RS) are mentioned 

in lower case letters and KOZAC sequence (GCCACC) was added for better 

transfection, wherever necessary.  

Table 3: Primers designed for cloning Mus musculus Ankrd24x6 constructs. The 
sequence of the primers aligns to the base pairs (bp) of Ankrd24x6 (NCBI Reference 
Sequence: XM_006514096.5), Fw: forward primer; Rv: reverse primer  
 

Primer Sequence 5’-3’ Aligns 
to bp 

RS 

BQ2893 Fw: ATAgaattcGCCACCATGAAGACCCTCCGG  1-15 EcoRI 

BQ2894 Rv: TATgtcgacTGTGCTGGCTGGAGGCTG 855-838 SalI 

BQ2895 Rv: TATgtcgacAGTGGCATCCTGGCCCAG 666-649 SalI 

BQ2907 Rv: TATgtcgacGCGACCCTGAGCCTG 3123-
3109 

SalI 

BQ2940 Fw: 
ATAgaattcGCCACCATGAAGACCCTCCGGGCACGATTC
AAGAAAACAGAGGGC 

1-39 EcoRI 

BQ2999 Fw: 
ATAgaattcGCCACCATGGGAAGGCACCCCAGCCTCCA
GCCAGCACACCAGTTCCTGACG 

827-868 EcoRI 
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BQ3000 Fw: 
ATAaagcttGCCACCATGAAGACCCTCCGGGCACGATTC
AAGAAAACAGAGGGCCAAGAC  

1-45 HindIII 

BQ3208 Fw: 
ATAgaattcGCCACCATGAAAACAGAGGGCCAAGACTGG 

28-48 EcoRI 

 

Table 4: Oligonucleotides used for constructing short hairpin (sh) RNAs   
The bp alignment is in reference to Rattus norvegicus Ankrd24x2 isoform (NCBI 
Reference Sequence XM_039078672.1 as of 19 May 2021). The isoforms which were 
targeted in respective species has been mentioned (for all information of Ankrd24 
isoforms in Mus musculus and Rattus norvegicus, see Fig. 3 and Fig. 16, respectively). 
Lower case letters signify HindIII and BamHI RS, which were used to insert the 
sequence into the pRNAT-H1.1/GFP-N vector.  
 

Primer Isoforms targeted Sequence 5’-3’ Aligns to bp 

BQ3130 Mus musculus: All 
except isoform 21 and 22  

Rattus norvegicus: All 
except isoform 1 

Fw: 
gatccGCTCAGATGTGTCACACA
GATTGATATCCGTCTGTGTGA
CACATCTGAGCTTTTTTA 

712-731 

BQ3131 Mus musculus: All 
except isoform 21 and 22 

Rattus norvegicus: All 
except isoform 1 

Rv: 
agcttAAAAAAGCTCAGATGTGT
CACACAGACGGATATCAATCT
GTGTGACACATCTGAGCG 

731-712 

BQ3132 Mus musculus: All 
except isoform 21 and 22 

Rattus norvegicus: All 
except isoform 1 

Fw: 
gatccGCTCATCTTGCAGCTTCT
ACATTGATATCCGTGTAGAAG
CTGCAAGATGAGCTTTTTTA 

927-947 

BQ3133 Mus musculus: All 
except isoform 21 and 22 

Rattus norvegicus: All 
except isoform 1 

Rv: 
agcttAAAAAAGCTCATCTTGCA
GCTTCTACACGGATATCAATG
TAGAAGCTGCAAGATGAGCG 

947-927 

BQ3134 All isoforms in Mus 
musculus and Rattus 
norvegicus 

Fw: 
gatccGAGGAGAAGGAGAGCCT
GGGTTGATATCCGCCCAGGCT
CTCCTTCTCCTCTTTTTTA 

1291-1310 

BQ3135 All isoforms in Mus 
musculus and Rattus 
norvegicus 

Rv: 

agcttAAAAAAGAGGAGAAGGAG
AGCCTGGGCGGATATCAACCC
AGGCTCTCCTTCTCCTCG 

1310-1291 

BQ3136 Mus musculus: All 
except isoform 21 and 22 

Rattus norvegicus: All 
except isoform 1 

Fw: 
gatccGGTTGTTTGTCCTGCTCA
AAGTTGATATCCGCTTTGAGC
AGGACAAACAACCTTTTTTA 

622-642 
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BQ3137 Mus musculus: All 
except isoform 21 and 22 

Rattus norvegicus: All 
except isoform 1 

Rv: 

agcttAAAAAAGGTTGTTTGTCC
TGCTCAAAGCGGATATCAACT
TTGAGCAGGACAAACAACCG 

642-622 

 

Table 5: Primers designed for creating insensitive rescue mutant 
To verify that the gene silencing effect was due to shRNA targeting Ankrd24 and not 
due to off-target effects, insensitive rescue mutant was designed. It was designed by 
creating point mutations which will result in silent mutations. The nucleotide with point 
mutation is shown by bold letters. The bp alignment is in reference to Rattus norvegicus 
Ankrd24x2 isoform. 
 

Primer Sequence 5’-3’ Aligns to bp 

BQ3312 Fw: 
CTCATCATAGCAGCACAAATGTGCCATACGGATCTGTGC
CGCCTC 

478-497  

BQ3313 Rv: 
GAGGCGGCACAGATCCGTATGGCACATTTGTGCTGCTAT
GATGAG 

497-478 

 

2.1.5 Vectors and expression constructs 

Clone codes in italics were previously constructed by Institute of Biochemistry I (BCI), 

Universitätsklinikum Jena (UKJ). Enhanced GFP(EGFP); Farnesyl (F). 

 

Table 6: Vectors 

Vector  Source/reference  

mcherryF Martin Korte, TU Braunschweig 

pEGFP-N3  Clontech Laboratories Inc.  

pGex-6P-1 GE Healthcare  

pGex-2T GE Healthcare 

pRNAT-H1.1/GFP-N GenScript, SD1214  

pRNAT-H1.1/GFP-N/mcherry  BCI, UKJ, modified from pRNAT-H1.1/GFP-N by 
Annemarie Landmark (BCI/UKJ) 
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Table 7: Constructs for mammalian expression 

Ankrd24x6 refers to Mus musculus species. Superscript refers to the amino acid 
number. For RNAi, the superscript refers to the amino acid number it targets. 
Constructs marked by ‘*’ denote the RNAi insensitive rescue mutants.  
 
 

Clone code  Construct Vector 

IPT3 Scrambled RNAi/GFP pRNAT-H1.1/GFP-N; Wolf, 2018 

JYP2 Ankrd24x61-285-GFP pEGFP-N3 

KCH10 Ankrd24x61-222-GFP pEGFP-N3 

KEX3 Ankrd24x61-1041-GFP pEGFP-N3 

KMH1 Ankrd24x6283-1041-GFP pEGFP-N3 

KPH6 RNAi160-166/GFP  pRNAT-H1.1/GFP-N 

KPK11 RNAi130-136/GFP pRNAT-H1.1/GFP-N 

KQF1 RNAi160-166/Ankrd24x61-1041-
GFP/mcherry  

pRNAT-H1.1/GFP-N/mcherry 

KQG6 RNAi231-237/Ankrd24x61-1041-
GFP/mcherry 

pRNAT-H1.1/GFP-N/mcherry 

KQH7 RNAi272-277/Ankrd24x61-1041-
GFP/mcherry 

pRNAT-H1.1/GFP-N/mcherry 

KQI2 RNAi130-136/Ankrd24x61-1041-
GFP/mcherry 

pRNAT-H1.1/GFP-N/mcherry 

KSY5 Scrambled 
RNAi/Ankrd24x61-1041-GFP/mcherry 

pRNAT-H1.1/GFP-N/mcherry 

LAW11 Ankrd24x61-1041-GFP* pRNAT-H1.1/GFP-N 

LFX10 Ankrd24x61-1041∆273-286-GFP* pRNAT-H1.1/GFP-N 

 

Table 8: Constructs for bacterial expression 

Clone code in italics were provided by Michaela Roeder (BCI, UKJ). Superscript refers 
to its amino acid number 
 

Clone code  Construct Species Vector 

BG2 GST-SdpI1-441 rat pGEX-2T; Qualmann et al., 1999 

HXR2 GST-SdpII-l1-488 rat pGEX-6P1 

HXS1 GST-SdpII-s1-447 rat pGEX-6P1 

HXT1 GST-SdpIII1-424 rat pGEX-6P1; Izadi et al., 2021 

JYO10 GST-Ankrd241-285 mouse pGEX-6P1 

KCI5 GST-Ankrd241-222 mouse pGEX-6P1 
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KHX1 GST-SdpI378-441  rat pGEX-6P1 

KHY1 GST-SdpIP434L rat pGEX-6P1 

KRW5 GST-Ankrd2410-285 mouse pGEX-6P1 

KSA10 GST-Ankrd2410-222 mouse pGEX-6P1 

HSP2 GST-SdpI1-441 rat pGEX-6P1; Izadi et al., 2021 

 

2.1.6 Antibodies 

Table 9: Primary and Secondary antibodies  
Antibodies applied in Western blot (WB) and immunofluorescence (IF) staining with their 
respective use of dilution and source.  
 

Antibodies and species Dilution WB/IF   Company/ Reference 

anti-β-actin mouse 1:5000 WB  Sigma-Aldrich® Co. LLC, 
A5441 

anti-Flag mouse 1:1000 WB  Sigma-Aldrich® Co. LLC, 
F3165 

anti-GFP mouse 1:8000  WB  Clontech Laboratories Inc., 
632381 

anti-GST rabbit 1:500  WB  Qualmann et al., 1999 

anti-Lamin B1 rabbit 1:5000 WB  Abcam® plc, ab16048 

anti-Microtubule-associated protein 
2 (MAP2) mouse 

1:500 IF Sigma-Aldrich® Co. LLC, 
M4403 

anti-mCherry rabbit 1:1000 WB  Abcam® plc, ab167453 

anti-Syndapin I rabbit 1:1000 WB  Qualmann et al., 1999 

Secondary Antibodies  

Donkey anti-goat AlexaFluor® 680 1:10000 WB  Molecular Probes® Invitrogen 
GmbH, 1871998 

Donkey anti-goat IRDye® 800CW 1:10000  WB LI-COR Biosciences GmbH, 
926-32214 

Donkey anti-mouse AlexaFluor® 

568 
1:600 IF Molecular Probes® Invitrogen 

GmbH, A10037 

Goat anti-mouse AlexaFluor® 680 1:10000 WB  Molecular Probes® Invitrogen 
GmbH, A21058 

Goat anti-mouse DyLight™ 800 
conjugated 

1:10000 WB  Thermo Fisher Scientific Inc., 
SA5-35521 

Goat anti-rabbit AlexaFluor® 680 1:10000 WB  Thermo Fisher Scientific Inc., 
A32734 

Goat anti-rabbit DyLight™ 800 
conjugated 

1:10000 WB  Thermo Fisher Scientific Inc., 
SA5-35571 
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2.1.7 Equipments 

 Table 10: Equipment and company  

Name  Company  

5427R Centrifuge  Eppendorf AG 

Axio Observer.Z1 with ApoTome.2 Module 
Microscope 

Carl Zeiss Microscopy GmbH 

AxioCam MRm CCD Camera Carl Zeiss Microscopy GmbH 

COLIBRI Carl Zeiss Microscopy GmbH 

Objectives 40x / 1.3 Oil Carl Zeiss Microscopy GmbH 

BioPhotometer Eppendorf AG 

C150 Incubator Binder GmbH 

Consort EV265 Power Supply Consort bvba 

Criterion Tank Blotter  Bio-Rad Laboratories GmbH 

Desiccator ROTILABO® Glass Carl Roth GmbH 

HeraCell 240 (i) CO2 Incubator Thermo Fisher Scientific Inc. 

Heraeus multifuge 3 SR+ Centrifuge  Thermo Fisher Scientific Inc. 

HeraSafe HS/LaminAir® HN2472/ HBR 2448 Thermo Fisher Scientific Inc. 

Intas® Gel-Imager INTAS Science Imaging 
Instruments GmbH 

Milli-Q® Gradient Water Purification System Merck KGaA Millipore 

Mini-Protean Tetra Cell System SDS- Polyacrylamide 
Gel Electrophoresis (PAGE) Running Chamber  

Bio-Rad Laboratories GmbH 

Odyssey® Imager LI-COR Biosciences GmbH 

Optima MAX-XP Ultracentrifuge  Beckman Coulter  

Optima™ L70 Ultracentrifuge  Beckman Coulter  

PowerPac™ HC Power Supply Bio-Rad Laboratories GmbH 

RK100 Ultrasonic Tank  Bandelin Sonorex 

SpectraMax® M2 Multi-Mode Microplate Reader  Molecular Devices LLC 

T3 Thermocycler PCR Cycler  Biometra® GmbH 

ThermoMixer® Compact Eppendorf AG 

Transmission Electron Microscope EM902A Carl Zeiss Microscopy GmbH 

ULTRA-TURRAX® T 10 Basic homogenizer IKA 

UP50H Ultrasonicator Hielscher Ultrasonics GmbH 

UV star 312 nm UV-light Transilluminator  Biometra® GmbH 
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2.1.8 Software 

Software were used for imaging, processing, and analysing data.  

Table 11: Software and copyright 

Software name and/or version Copyright  

Adobe Photoshop CS2 Adobe Systems Inc. 

Ant Renamer Antoine Potten 
(www.antp.be/software/renamer) 

AxioVision SE64 Rel. 4.9, Zen 2011/2012 Carl Zeiss Microscopy GmbH 

EM-Menu 4 TVIPS GmbH 

GraphPad Prism 5.03 GraphPad Software Inc. 

Image Studio Lite System 5.2 LI-COR Biosciences GmbH 

ImageJ/FIJI 1.46r National Institute of Health 

Imaris 8.4.0 BITPLANE AG 

Microsoft Office 365 Microsoft Corporation 

Odyssey® Infrared Imaging System Application Software LI-COR Biosciences GmbH 

 

2.2 Methods  

Chemicals like enzymes, proteins, DNA, buffers, etc. were mixed and 

maintained on ice to avoid any thermal degradation during all experiments 

unless otherwise stated.  

 

2.2.1 Construction of plasmids  

2.2.1.1 PCR 

Ankrd24 encoding plasmids were constructed by performing PCR using complementary 

DNA (cDNA) of an 8-weeks-old mice brain as a template. cDNA was provided by 

Annette Kreusch (BCI, UKJ). PCR was performed in a reaction mixture of 50 microlitre 

(µl) to amplify the region of interest by using specific primers. The product was then 

cloned in the respective vector, leading to specific plasmid. The reaction mixture 

constituted of 1x Phusion® GC Buffer, 0.5 micromolar (μM) each of forward and reverse 

primers, 10% DMSO, 200 μM dNTP, 50-250 nanogram (ng) DNA as template, 1 unit (U) 

Phusion® high fidelity DNA Polymerase and ddH2O to make up the volume to 50 µl. The 

standard conditions for the touchdown (TD) PCR (table 12) were adjusted according to 

the specific primers used and the size of the product 
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Table 12: The TDPCR reaction program  
The annealing temperature (Ta) and extension time (tE) were modified according to the 
specific primers used and the size of the product; °C (degree Celsius); s (second); min 
(minute) 
 

 

 

 

 

 

 

 

 

 

 

2.2.1.2 DNA agarose gel electrophoresis and DNA extraction from the gel 

Depending on the size of the product, DNA was separated on a 0.5-2% (w/v) agarose 

gel using electrophoresis. Weighed agarose was dissolved in 1x TAE buffer, followed by 

addition of ethidium bromide to a final concentration of 0.5 μg/ml. DNA was premixed 

with the 6x orange loading dye before loading onto the gel and running an 

electrophoresis in 1x TAE buffer at 80-120 volts for 30 min. Next, the DNA bands were 

visualised under the ultraviolet light and the band of interest was cut out. It was then 

purified following the Manufactures’ manual of NucleoSpin® Gel and PCR clean-up kit. 

 

2.2.1.3 DNA restriction digestion and ligation  

Both DNA fragment and the vector (each 1-10 μg DNA) were cleaved by restriction 

enzymes, using the respective buffer and incubation conditions, as per manufactures’ 

instructions. The total reaction mixture was of 30 µl. Cleaved vector was 

dephosphorylated using 1 μl of fast alkaline phosphatase FastAPTM at 37°C for 30 min 

and the enzyme was inactivated at 75°C for 10 min. The DNA fragments were then 

separated by agarose gel electrophoresis and purified according to 2.2.1.2. Ligation 

Step Temperature  Time Cycles 

Denaturing 98°C 2 min   

Denaturing 98°C 20 s 15  

Annealing Ta1 to  Ta2 tE s 

Elongation 72°C 20 s 

Denaturing 98°C 20 s 25 

Annealing Ta tE s 

Elongation 72°C 20 s 

Elongation 72°C 10 min   

Hold on  4°C -  
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reactions constituted of linearized DNA and vector in the molar ratio of 1:1 to 3:1, 10% 

v/v 10x T4 DNA ligase buffer and 0.5 U of T4 DNA ligase to make a total volume of 10 

µl. The ligation conditions were either 16°C for 18 hours (h) or 4°C for 12 h. 

 

2.2.1.4 Transformation 

Competent XL-10 GoldTM E.coli cells were used for transformation. The cells were 

prepared by Birgit Schade (BCI/UKJ) according to Inoue et al. (1990). Ligation product 

containing 0.1-1 μg plasmid DNA was added to 100 µl of competent cells and the 

mixture was maintained on ice for another 2 min, followed by a heat shock at 42°C for 

45 s. The mixture was then cooled on ice for 2 min and later 500 μl SOC medium was 

added to it, followed by incubation at 37°C for 60 min under 500 revolutions per minute 

(rpm) shaking. Thereafter, the cells were gently collected by centrifugation at 500 times 

gravity (x g) for 5 min, resuspended in 40 µl of SOC medium and plated on LB agar 

plate containing either ampicillin sodium salt or kanamycin sulphate. The plate was then 

incubated at 37°C for 12 h. 

 

2.2.1.5 DNA extraction, test digestion and sequencing 

For test digestion, 5-10 colonies were individually inoculated in 2.5 ml of liquid LB 

medium containing either ampicillin sodium salt or kanamycin sulphate at 37°C for 12 h 

with 200 rpm shaking. Next day, DNA extraction was performed by using alkaline lysis 

method. The cells were collected by a centrifugation step at 20817 x g for 1 min, 

followed by re-suspension of cells in 250 μl of P1 buffer. The cells were then lysed by 

adding 250 μl of P2 buffer, followed by incubation at room temperature (RT) for 5 min. 

Next, 250 µl of P3 buffer was added for neutralization and cells were then centrifuged at 

20817 x g, RT for 10 min, followed by collecting the supernatant in a new Eppendorf 

tube containing 650 µl of isopropanol to precipitate the DNA. Next, the precipitated DNA 

was collected by another centrifugation step at 20817 x g, RT for 10 min and 

consecutively washed with 750 µl of 70% (v/v) ethanol. The air-dried DNA pellet was 

then dissolved in 50 µl ddH2O. The DNA was then cleaved by specific restriction 

enzymes to identify the potential positive clones. The DNA of the positive clones was 

then sent for sequencing to Microsynth Seqlab GmbH. The constructs used for 
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transfection of primary hippocampal neurons and HEK293 cells were purified as per 

user instructions of Nucleo Bond® Xtra Midi kit. 

 

2.2.2 RNAi tools   

Knockdown of Ankrd24 expression was achieved by RNAi technology, mediated via 

shRNA. Double stranded oligonucleotide was generated by primer annealing of the two 

synthesised single stranded oligonucleotides in a 50 µl reaction, supplemented with 

annealing buffer. The single stranded oligonucleotides were denatured at 90ºC for 4 

min, followed by annealing at 70ºC for 10 min to a gradual temperature decrease of 

0.3ºC/s to 4ºC. The generated double stranded oligonucleotide was collected by 

precipitating it in 200 μl isopropanol at RT for 15 min, followed by a centrifugation step 

at 20817 x g at RT for 3 min. The pellet was then washed with 400 µl 70% (v/v) ethanol 

and subsequently air dried. Latter was then resuspended in 20 µl 10 mM Tris/HCl (pH 

8.0). Double stranded oligonucleotide was phosphorylated by adding 0.5 µl T4 

polynucleotide kinase (10 U/µl) and the reaction mixture was supplemented with 5 µl 

10x T4-ligase buffer and 24.5 µl ddH2O, followed by incubation at 37°C for 30 min. T4 

Polynucleotide kinase was inactivated at 65°C for 20 min. Ligation reaction mixture 

consisted of 2 µl endonucleases digested dephosphorylated vector, 13 µl of the 

phosphorylated double stranded oligonucleotide, 2 µl 10x T4 ligase buffer, 1 µl T4 

ligase 10 U/ µl and 2 µl polyethylene glycol 4000. The ligation was performed at RT for 

2 h before transformation. 

 

2.2.3 Cell culture and transfection  

2.2.3.1 Culture and transfection of HEK293 and HeLa cells 

HEK293 and HeLa cells were cultured and passaged by Michaela Roeder and Kristin 

Gluth (BCI, UKJ). Cells were grown in 75 millimetre (mm) square flask with 80-90% 

confluency. The cells were washed with 4 ml HBSS, followed by detachment of cells 

with 1 ml trypsin-EDTA for 3 min at 37°C. The enzyme was inactivated by adding 9 ml of 

DMEM++ medium and the cells were further seeded to a cell density as per the 

requirement of the experiment. HEK293 and HeLa cells were grown on poly-D-lysine 
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coated coverslips (Ø =12 mm) in 24 and 6 well plates with 60-80% confluency, 

respectively. They were transfected with Turbofect™, following its manual and after 

12 h, HeLa cells were fixed for microscopic analysis while HEK293 cells were harvested 

for lysate preparation. 

 

2.2.3.2 Primary hippocampal rat neurons cultivation and transfection 

Primary hippocampal rat neurons were isolated and cultured by Annett Kreusch and 

Kristin Gluth (BCI, UKJ). The procedure for isolation of neurons from embryonic rats 

(day 17.5 to 18.5) was as per Banker & Cowan (1977) and Brewer et al. (1993). 60000 

neurons per well were seeded on poly-D-lysine coated coverslips (Ø =12 mm) in 24 well 

plates.  

 

Cells were always handled under a laminar flow hood on a 37°C hot plate. At DIV4, 

primary rat hippocampal neurons were transfected with Lipofectamine® 2000, as per its 

user guidelines. Before transfection, the medium was changed to antibiotic free 

neurobasal medium. 50 ml of neurobasal medium consisted of 0.5 mM GlutaMAX™, 

1 ml 1x B-27® serum-free supplement, 100 U/ml penicillin and 100 μg/ml streptomycin. 

The diluted DNA solution with Lipofectamine® 2000 was incubated at RT for 15 min, 

prior to adding it dropwise to the cells. After 4 h, the medium of the cells was changed 

back to neurobasal medium, and the cells were further cultured for 26 h (30 h from the 

start of transfection) and fixed at DIV4+2 (DIV6). 

 

2.2.4 Preparation of lysates   

2.2.4.1 HEK293 cell lysate preparation  

Transfected cells were washed with 500 µl RT PBS, followed by scrapping of cells with 

500 µl PBS at 4°C and centrifugation at 1000 x g at 4°C for 5 min. The cell pellet was 

then suspended and lysed in 265 µl of IP buffer, followed by incubation at 4°C for 20 

min and a subsequent centrifugation step at 10000 x g at 4°C for 20 min. The 

supernatant containing soluble proteins was collected in a precooled Eppendorf tube for 

further experiments. 
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2.2.4.2 Rat brain tissue lysates  

Isolated brain from a 21-week-old adult female rat was lysed in lysis buffer (containing 

PI) using ULTRA-TURRAX® homogenizer at 20000 rpm for 10 s twice. Lysis buffer was 

added in the ratio of 1:3 (w/v), depending on the weight of the tissue. To the completely 

homogenized tissue, 20% (v/v) Triton®X-100 was added to a final volume of 1% (v/v). 

Next, it was incubated at 4°C with constant rotation for 10 min, followed by 

centrifugation at 12000 x g for 15 min. The supernatant containing soluble proteins was 

then collected and subjected to endogenous coprecipitation assays after measuring the 

concentration of soluble proteins as per Bradford (1976). 

 

2.2.5 Fixing and staining of cells 

While maintaining HeLa cells and primary rat hippocampal neurons on the hot plate at 

37°C, the medium was carefully removed, and the cells were fixed with 450 µl 4% (w/v) 

paraformaldehyde for 3 min. Later, paraformaldehyde was discarded, and the cells were 

quenched in 500 µl quench buffer at RT for 20 min, followed by storage in 1 ml PBS at 

4°C until staining. For immunostaining, fixed cells were permeabilized at RT for 60 min 

with 450 µl blocking solution to which 20% (v/v) triton®X-100 was added to a final 

volume of 0.2% (v/v). Primary rat hippocampal neurons were incubated with 35 µl 

anti-MAP2 for 12 h in a wet chamber at 4°C. On the following day, the neuronal cells 

were washed 3x with blocking solution at RT for 5 min each and then the cells were 

incubated with 35 µl fluorescent-dye conjugated secondary antibody at RT for 60 min, 

preventing the cells from any light exposure. Both primary and secondary antibodies 

were diluted in blocking solution. Later, the cells were washed once with 200 µl blocking 

solution, followed by incubation with DAPI for staining DNA and a subsequent wash with 

PBS at RT for 15 min each. Coverslips were briefly dipped in ddH2O before mounting 

them onto slides with 7 µl Mowiol, avoiding air bubbles and subsequently air dried for 

12 h at RT and later stored at 4°C. Neither primary nor secondary antibody were used 

with HeLa cells.  
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2.2.6  Neuromorphologic analysis 

IMARIS software 8.4.0 was used to perform neuromorphologic analysis of the fixed and 

immunostained primary rat hippocampal neurons. The cells were first imaged using an 

oil objective lens of 40x/1.3 with the apotome feature on Axio Observer Z1. The filament 

feature of IMARIS software 8.4.0 was used to reconstruct the dendritic tree according to 

the anti-MAP2 immunostained neuron; the parameter settings of thinnest diameter of 

2 μm gap length and a minimum segment length of 10 μm were kept. Data and 

parameters like the total number of points, total dendritic tree length, dendritic terminal 

and branch points, dendritic segments, Sholl analysis and dendritic branch depth (Fig. 

1) for each cell were obtained from IMARIS software 8.4.0 in the excel sheet format. 

Total number of points is the sum of dendritic terminal and branch points, and the 

beginning point of the filament. The total dendritic tree length is the total length of the 

reconstructed filament. Soma center is the beginning point of the filament (Fig. 1) and 

Sholl analysis calculates the number of dendritic intersections (Sholl intersections) on a 

series of concentric spheres from the soma center (Fig. 1). IMARIS software 8.4.0 

assigns every segment a dendritic branch depth, depending on the number of 

bifurcations from the soma center. As an example, a segment with dendritic branch 

depth ‘1’ has only one bifurcation point i.e., the soma center which is a beginning point. 

However, a segment with dendritic branch depth ‘2’ has two bifurcations from the soma 

center, a beginning point and a dendritic branch point (Fig. 1). In other words, dendritic 

segments with dendritic branch depth ‘1’ are the primary dendrites whereas ‘2’ are the 

secondary dendrites.  
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Fig. 1. Parameters evaluated during neuromorphologic analysis of a reconstructed 
filament using IMARIS software 8.4.0. A dendritic tree showing soma center, dendritic 
terminal and branch point, dendritic segment, Sholl intersections and dendritic branch depth.  
 

2.2.7 SDS-PAGE 

Samples were mixed with 4x SDS sample buffer and incubated at 100°C for 5 min for 

denaturing the proteins. The sample was then loaded on the polyacrylamide gels to 

separate the proteins according to their size. Unless otherwise mentioned, a stacking gel 

of 5% acrylamide and a separating gel of 9.5% acrylamide were used. The gels were 

casted by Birgit Schade and Michaela Roeder (BCI, UKJ) as per Wolf (2018). Proteins 

were separated on the gel by performing electrophoresis with a steady current strength 

of 8 milliampere per gel in a BIO-RAD Mini-Protein Tetra cell filled with 1x SDS running 

buffer. Depending on the experiment, the separated proteins were either visualized by 

Coomassie staining or detected by immunoblotting.  

 

2.2.8   Coomassie staining 

After separating the proteins by SDS-PAGE, polyacrylamide gels were incubated with 

colloidal Coomassie staining solution at RT for 12 h with steady shaking for staining the 

proteins. Protein unbound colloidal Coomassie was removed by washing with ddH2O and 
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then the stained proteins were visualised at a wavelength of 700 nm, using the 

Odyssey® imager LI-COR Biosciences GmbH. 

 

2.2.9 Immunoblotting 

After SDS-PAGE, WB was performed to transfer the proteins from the polyacrylamide 

gel to a polyvinylidene fluoride (PVDF) membrane using tank blot transfer at 100 V and 

3 ampere for 1 h. Next, the PVDF membrane was incubated in 5% (w/v) milk powder in 

PBS at RT for 1 h, followed by 3x 10 min wash by PBS-T and incubation with primary 

antibody at 4°C for 12 h. The following day, the blot was washed thrice with 5% (w/v) 

milk powder in PBS-T for 10 min each and later incubated with fluorescent-dye 

conjugated secondary antibody (protected from light) diluted in 5% (w/v) milk powder in 

PBS-T at RT and 10 rpm for 1 h. The membrane was then washed with PBS-T and PBS 

for 10 min each, before detecting the protein bands at Odyssey® imager LI-COR 

Biosciences GmbH. Depending on the experiment, the intensity of the protein band was 

determined using Image Studio Lite System 5.2. 

 

2.2.10 Expression and purification of GST-fusion proteins 

The selected plasmid was transformed in E.coli BL21-CodonPlus® (DE3)-RIPL, followed 

by inoculating single colony in 100 ml (preculture) and incubating it at 37°C and 200 rpm 

for 12 h. Following day, the preculture was expanded to 1000 ml TB medium containing 

the appropriate antibiotics to reach an optical density (OD) 600 of 0.6-0.8 from 0.1 

maintaining the temperature of 37°C and 200 rpm. Next, 5.5 ml of 0.1 M isopropyl-ß-D-

thiogalactopyranoside was added to the precooled cultures for inducing protein 

expression at 18°C and 200 rpm for 12 h. The following day, the culture was subjected 

to a centrifugation step at 4500 x g at 4°C for 15 min to collect the cells, followed by 

resuspension of the cell pellet in 25 ml PBS containing PI and freezing it in liquid 

nitrogen. Thereafter, the cells were thawed, and cold PBS-PI was added to a final 

volume of 37 ml, followed by addition of 100 mg DNase I and lysozyme. The cells were 

then lysed thrice by sonication for 10 s each and subsequently 2.5 ml 20% (w/v) 

Triton®X-100, 0.5 ml 1 M MgCl2 and 50 μl 1M dithiothreitol was added, followed by 30 

min incubation at 4°C on a rotor. Centrifugation at 1000 x g at 4°C for 10 min was 
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carried out to extract the soluble proteins in the supernatant, which was incubated with 

the PBS-washed 1.5 ml glutathione resin for 45 min, followed by 45 ml PBS wash of 10 

min for three times. GST-tagged proteins were eluted through a gravity flow column in 

500 μl GST elution buffer in 5 fractions. The protein concentration was measured 

according to Bradford (1976) and the fractions containing maximum concentration of 

proteins were pooled together and dialysed against 2 l PBS at 4°C for 2 h.  

 

2.2.11 Removal of GST tag 

1 mg purified GST-fusion protein and 7 U PreScission™ protease were dialysed against 

500 ml HN buffer at 4°C for 12 h. The following day, the dialysed protein in HN buffer 

was incubated with prewashed 1.5 ml glutathione resin at 4°C for 90 min with constant 

rotation and the cleaved protein was collected as a flow through sample by 

centrifugation at 500 x g at 4°C for 5 min in a swing out rotor. An HN buffer prewashed 

spin column was used.  

 

The success of protein purification, dialysis and GST-tag removal was confirmed by 

performing SDS-PAGE with analytical samples from each step and visualizing the 

separated proteins on polyacrylamide gel by staining the proteins with Colloidal 

Coomassie staining solution. 

 

2.2.12  Subcellular Fractionation 

Co-transfected HEK293 cells were washed with 500 µl PBS, followed by collection of 

the cells in 500 µl PBS at 4°C. The cell pellet was collected after a centrifugation step at 

500 x g at 4°C for 5 min in the swing out rotor. The cell pellet was resuspended and 

lysed in 200 µl homogenization buffer using syringe needle Ø = 0.12 mm. 25 μl of the 

200 μl was collected as the input (or ‘start’) and the rest of the sample was subjected to 

a centrifugation step at 4°C at 1000 x g for 10 min. 25 µl of the supernatant (S) was 

collected as S1 and the rest of the supernatant was transferred to a new Eppendorf 

tube, while the pellet (P) was resuspended in 175 µl homogenization buffer and 25 µl of 

this was removed as P1, discarding the rest. The supernatant which was collected in 

the new Eppendorf tube was then centrifuged at 4°C, 11700 x g for 20 min. 25 µl of the 
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supernatant was collected as S2 fraction, while the rest of the supernatant was 

discarded. The pellet was resuspended in 150 µl homogenization buffer and centrifuged 

again at 4°C, 11700 x g for 20 min after removing 25 µl as the P2 sample. After the 

centrifugation step, 25 µl of the supernatant was withdrawn as S2’, while discarding the 

rest of the supernatant. The pellet was resuspended in 125 µl homogenization buffer, 

out of which 25 µl was removed as P2’ and the rest was discarded. All the samples 

withdrawn were mixed with 8.5 μl 4x SDS sample buffer, followed by protein 

denaturation at 100°C for 5 min before performing SDS-PAGE and immunoblot 

analysis.  

 

2.2.13 Crosslinking assay by EDC 

EDC with concentrations of 4 mM, 10 mM, 30 mM, and 50 mM was added to already 

prepared HEK293 cell lysates at RT for 20 min, followed by mixing the samples with 4x 

SDS sample buffer and denaturation of the proteins at 100°C for 5 min before 

performing SDS-PAGE and immunoblot analysis. Control sample was without EDC. 

 

2.2.14 In vitro reconstitutions assays with lysates from HEK293 cells and rat brain 

tissue 

Matrix was prepared by washing 1.5 ml glutathione resin twice with 45 ml PBS and 

centrifugation at 10000 x g, 4°C for 1 min each, followed by incubation of the matrix with 

30 µg GST or GST-fusion proteins at 4°C for 1 h with constant rotation. 240 µl prepared 

HEK293 cell lysates overexpressing GFP, or GFP-fusion proteins were added to the 

prepared matrix. The matrix was then washed twice with 1 ml PBS and once with IP 

buffer (without PI), respectively. To this prepared matrix, lysate was added and 

incubated at 4°C for 2 h with constant rotation, followed by centrifugation at 11000 x g, 

4°C for 1 min. 100 µl of the supernatant was collected, discarding the rest. Next, the 

matrix was washed thrice with 1 ml IP Buffer (without PI) and centrifuged at 11000 x g, 

4°C for 1 min to spin down the matrix. Next, 30 µl 4 M Urea was added to the matrix to 

elute the proteins bound to it. Both samples supernatant and eluates were then mixed 

with 4x SDS sample buffer, followed by incubation at 100°C for 5 min and analysed by 

SDS-PAGE and immunoblotting.  
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When rat brain tissue lysate was used instead of HEK293 cells to check the interaction 

of a specific protein with immobilized GST (as a control) or GST-tagged fusion proteins, 

the proteins bound to the matrix were eluted in 30 µl GST elution buffer after 30 min 

incubation at RT, followed by centrifugation at 16000 x g for 5 min to collect the eluate. 

Rest of the procedure remained the same.   

 

2.2.15  Liposome preparation 

The procedure of liposome preparation was adapted from Reeves & Dowben (1969). A 

Fernbach flask and the glass tube were thoroughly dried prior to use. In a glass tube, 

350 µl chloroform and 10 µl methanol were mixed, followed by addition of 80 µl thawed 

50 µg/µl Folch fraction I lipids at RT. The solution was spread in a thin layer in Fernbach 

flask and a steady stream of nitrogen gas was maintained for 1 h to dry the lipid layer. 

The drying was continued further for 60 min in a desiccator. Lipids were then rehydrated 

under the steady stream of water saturated nitrogen gas for 30 min and incubated at 

42°C in 30 ml 0.3 M sucrose in ddH2O for 12 h. Liposomes were collected by 

centrifugation with Optima™ L70 ultracentrifuge using swing out rotor (SW 28) at 

20000 x g at 28°C for 1 h and the pellet was resuspended in 500 µl 0.3 M sucrose in 

ddH2O to achieve the final lipid concentration of 8 mg/ml. The liposomes were stored at 

4°C and were used within 5 days. Large unilamellar vesicles (LUVs) created by this 

method had an average diameter of 300-500 nm (Wolf et al., 2019).  

 

Small unilamellar vesicles (SUVs) were obtained after sonification of the LUVs with an 

UP50H ultrasonicator. LUVs were sonicated thrice for 50 s each with an interval of 1 

min in between to avoid any heat-induced degradation. For the latter reason, the 

liposomes were maintained on ice throughout the procedure. SUVs created by this 

method had an average diameter of 30-50 nm (Wolf et al., 2019).   

 

2.2.16 In vitro reconstitutions assays with liposomes  

Liposome pelleting assays were performed with LUVs. A pre-spin at 200000 x g, 28°C 

for 5 min was performed with protein in HN buffer at 0.2 μg/μl to remove aggregation 

due to protein’s self-precipitation. The supernatant was then incubated with the 
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liposomes at RT for 30 min in a 50 μl reaction containing 4 μM protein, 50 μg liposomes 

in HN buffer, followed by centrifugation at 200000 x g, 28°C for 20 min. Thereafter, 50 µl 

supernatant was mixed with 17 µl 4x SDS sample buffer and the pellet was 

resuspended in 67 µl 1x SDS sample buffer. The samples were then incubated at 

100°C for 5 min and analysed by SDS-PAGE and Coomassie staining. Odyssey® 

imager LI-COR Biosciences GmbH was used to visualise the bands obtained in 

supernatant and pellet samples, and later the intensity was determined using Image 

Studio Lite System 5.2. 

 

Liposome sensing assays were performed with both LUVs and SUVs and the above 

procedure was followed except that instead of 50 µl supernatant, 35 µl was collected. 

The collecting volume of the supernatant was modified as SUVs being smaller in 

diameter than LUVs have lower sedimentation efficiency and thus result in lose pellets 

(Wolf et al., 2019). 12 μl 4x SDS sample buffer was added to 35 µl supernatant and to 

have a direct volume comparison, the pellet was resuspended in 32 µl 2x SDS sample 

buffer.  

 

Salt-extraction assays were carried out with LUVs. The procedure remained same as 

liposome pelleting assay except that the final concentration of NaCl was increased from 

150 mM (HN buffer) to 200 and 250 mM, respectively, 5 min prior to centrifugation at 

200000 x g, 28°C for 20 min. 

 

2.2.17 Freeze-fracture of liposomes for size analysis  

Since a concentrated pellet was needed for electron microscopy sample preparation, a 

100 μl reaction comprising of 6 μM protein and 100 μg LUVs was incubated at 37°C for 

15 min at 800 rpm, followed by removal of unbound protein with 30 μg proteinase K at 

45°C for 25 min. Next, liposome pellet was collected by centrifugation at 200000 x g, 

28°C for 15 min and subsequently, the pellet was resuspended in 20 μl of the 

supernatant and this solution was subjected to freeze-fracturing. 
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0.6 mm high copper profiles were cleaned in a sonicating bath with 4% (w/v) tartaric 

acid and thereafter, washed in pure acetone before storing in pure methanol at 4°C. A 

sandwich of two copper profiles with 4 µl liposome solution in between was immediately 

frozen by plunging it liquid propane ethane (1:1) and then cooled in liquid nitrogen. 

Dr. Eric Seemann performed the freeze-fracture of prepared liposome samples using 

Freeze-Etching Device BAF400T machine (Schneider et al., 2014). For analysis, a TEM 

EM902A at 80 keV and a 1 k FastScan CCD camera and EM-Menu 4 software was 

used to image, followed by ImageJ/FIJI 1.46r to determine the diameter of the 

liposomes and excel to further process the data.  

 

2.2.18 Statistical analysis and reproducibility 

GraphPad Prism 5.03 was used to determine the statistical significance and for 

determining the distribution of data, Shapiro-Wilk-Test was carried out. For data 

distributed normally, involving comparison between two conditions, Student’s t-test was 

performed and for minimum three conditions, One-Way analysis of variance (ANOVA) 

with a subsequent Tukey’s multiple comparisons test was performed. For a data 

distributed non-normally, a Mann-Whitney U test for two conditions and a Kruskal-Wallis 

test for a minimum of three conditions with a subsequent Dunn’s multiple comparison 

test was conducted, respectively. Two-Way ANOVA was conducted with a subsequent 

Bonferroni’s multiple comparison test for a two-factor analysis. 

 

For In vitro reconstitutions assays with liposomes, the results were summarised by 

examining minimum two independent liposome preparation with two to three technical 

replicates. For freeze-fracture studies, 500-700 liposomes were analysed for each 

condition per assay and the analysis was blinded, using Ant Renamer software.  

 

For neuromorphologic analysis, at least 2 independent biological assays with 

12-24 cells per condition were used.  



Results 

 36 

3 Results  

3.1  Ankrd24x6 is membrane-associated 

Ankrd24 (UniProtKB-Q80VM7) is one of the uncharacterised proteins, belonging to the 

smaller sub-family of the N-Ank superfamily of membrane shapers (Wolf et al., 2019). 

Interestingly, ‘the human protein atlas’ suggested that the messenger RNA (mRNA) 

expression of Ankrd24 is high in human and mouse brain (Uhlén et al., 2015) and Wolf 

(2018) was indeed able to obtain partial sequences of Mus musculus Ankrd24 isoforms 

(XM_006514101.3 and XM_006514102.3) from the cDNA of 8-week-old mice brain. 

These preliminary experiments from Dr. David Wolf suggested that the mRNA of 

Ankrd24 was expressed in 8-week-old brain mice. But since this project aimed to 

characterise and obtain full-length Ankrd24 (UniProtKB - Q80VM7; “UniProt: the 

universal protein knowledgebase", 2016), PCRs were performed using cDNA of 8-week-

old mice brain as a template. The sequencing of the PCR products (Fig. 2A) confirmed 

that the mRNA of the predicted Ankrd24 isoform 6 (XM_006514096.5) is expressed in 

8-week-old mice brain. 

 

Next, in silico analysis of the secondary structure of Ankrd24x6 was initiated by the 

protein structure prediction server, (PS)2-v2 as it can efficiently and effectively predict 

the structure of a given template. (PS)2-v2 can predict and model structure of a protein 

by essentially integrating Position-Specific Iterative Basic Local Alignment Search Tool 

(PSI-BLAST) generated position-specific sequence profile from the database and 

secondary structure propensities of 20 amino acids by using 60 X 60 substitution matrix 

called S2A2 (Chen et al., 2009). Marcoil is an in silico tool which is used for predicting 

continuous heptad repeats in a protein sequence by securing the probabilities of an 

amino acid sequence forming heptad by employing algorithm based on reference 

databases, hidden Markov model and position specific scoring matrix (Delorenzi & 

Speed, 2002). It was reported to be the best performer for predicting coiled coil domains 

by being faster and more sensitive than other available tools such as PCOILS (Gruber 

et al., 2006; Lupas et al., 2017). Therefore, (PS)2-v2 along with Marcoil was used for in 

silico analysis of the secondary structure of Ankrd24x6, furthermore HELIQUEST 

(Gautier et al., 2008) was used to predict the type of helix. HELIQUEST uses an 
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algorithm based on the physicochemical behaviour of known helices to predict helices in 

a given peptide sequence. Altogether, the analysis of the secondary structure of 

Ankrd24x61-285 (Fig. 2B) from the in silico tools predicted amphipathic  helix (Fig. 2C) at 

the N-terminus with amino acid sequence MKTLRARFKKT, followed by 7 ankyrin 

repeats from amino acid 21-277 (Fig. 2D), thus forming the N-Ank module of 

Ankrd24x6. Marcoil predicted two putative coiled coil domains in Ankrd24x61-1041, from 

amino acids 289-490 and 746 to 1009, respectively (Fig. 2E). The primary amino acid 

sequence of Ankrd24x6 also indicated the presence of a proline-rich sequence 

KKRKAPQPP from amino acid 274-282 (Fig. 2E), which overlapped with the amino acid 

sequence predicted to form ankyrin repeats.  

 

Fig. 2. Detection of Ankrd24x6 PCR products by agarose gel electrophoresis (A) and 
Ankrd24x6 secondary structure and domain predictions (B-E). PCR products for 
Ankrd24x61-285 (855 bp), Ankrd24x6273-648 (1128 bp), Ankrd24x6648-1041 (1182 bp) were detected 
by agarose gel electrophoresis; superscript number indicates the amino acid number of 
Ankrd24x6 (A), primary amino acid sequence of the N-Ank module of Ankrd24x6, Ankrd24x61-285 
and its respective secondary structure prediction by (PS)2-v2 (Chen et al., 2009), where H 

represents  helix (B), helical wheel representation of the putative amphipathic  helix 
containing hydrophobic and a hydrophilic side; colour coding for amino acids is as follows: 
yellow, hydrophobic; blue, positively charged; purple, polar uncharged; grey, non-polar; based 
on the in silico tool HeliQuest (Gautier et al., 2008) (C), predicted secondary structure of the 
putative helices in Ankrd24x61-285 by (PS)2-v2 (Chen et al., 2009) (D), schematic representation 
of the domains and motif in Ankrd24x6 by combining information from the in silico tools; (PS)2-
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v2 (Chen et al., 2009), HeliQuest (Gautier et al., 2008) and Marcoil (Delorenzi & Speed, 
2002) with standard settings, respectively (E).  
 

It was intriguing that Ankrd24x6 was obtained from the primers designed to achieve full- 

length Mus musculus Ankrd24 (UniProtKB-Q80VM7, NCBI Reference Sequence 

NM_027480.3, NCBI Mus musculus gene ID 70615). This observation led to the next 

step of studying NCBI database of RNA transcriptomics studies in Mus musculus on 

Ankrd24, according to which, 26 isoforms of Ankrd24 were predicted (Fig. 3). The 

analysis revealed that the majority of the isoforms including Ankrd24x6 

(XM_006514096.5) were at initial automatic processing of the NCBI curation of 

eukaryotic transcript and protein sequences. Except for Ankrd24 isoforms 

(NM_027480.3 and NM_001374016.1), others were predicted sequences of the 

isoforms and were the result of the eukaryotic genome annotation pipeline (Pruitt et al., 

2002 updated: April 6, 2012). Deeper understanding of the isoforms came by compiling 

the exon information of different isoforms of Ankrd24 (Mus musculus strain C57BL/6J 

chromosome 10, GRCm39, NCBI Reference Sequence: NC_000076.7; Church et al., 

2009, 2011). Ankrd24x3 (XM_006514093.5) was used as a reference to align all other 

isoforms as it contained all the 23 predicted exons. The first three exons of Ankrd24x3 

were also present in Ankrd24x23 (XM_030245274.2), Ankrd24x6, x8 

(XM_006514098.5) and x12 (XM_006514102.5). The first 11 amino acids translated 

from the mRNA transcript of Ankrd24x3 (like x6, x8, x12) and Ankrd24x23 were 

MKTLRARFKKT and MPKNQSPSAEE, respectively due to alternative transcription and 

translation start sites. The mRNA transcript of Ankrd24_2 (UniProtKB-Q80VM7, NCBI 

Reference Sequence NM_027480.3) has an alternative transcription start site and same 

translation start site as that of Ankrd24x3 and Ankrd24x6 (MKTLRARFKKT). The 

presence of exon 20 (Ankrd24x3 as a reference) in Ankrd24x6 in the coding sequence 

explained the additional translated amino acid sequence at the C-terminus, compared to 

Ankrd24_2 (see Appendix 7.1, Fig. 21). Thus, this overview of the exons information in 

the isoforms of Ankrd24 in Mus musculus indicated that exon 3 (Ankrd24x3 as a 

reference) has the translation start site for MKTLRARFKKT.  
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Fig. 3. Overview of the 26 isoforms of Ankrd24 with their respective exons in Mus 
musculus according to the NCBI database; gene ID 70615; NCBI Reference Sequence as 
of 19 May 2021 (See Appendix 7.1 for gene locus positions and range of exons of all the 
isoforms). 
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Next, the hypothesis of whether Ankrd24x6 is a membrane-associated protein was 

investigated by analysing HeLa cells expressing both membrane marker mcherryF and 

different GFP-fusion proteins of Ankrd24x6. Both full-length Ankrd24x61-1041-GFP (Fig. 

4A) and N-terminus amphipathic helix with ankyrin repeats (N-Ank module), 

Ankrd24x61-285-GFP (Fig. 4B), were colocalised with mcherryF in the filopodia-like 

membrane structures whereas GFP was expressed ubiquitously in the cell (Fig. 4C).  

 

Fig. 4. Colocalisation of Ankrd24x61-1041-GFP and Ankrd24x61-285-GFP with the membrane 
marker mcherryF at filopodia-like membrane structures in HeLa cells. Representative 
maximum intensity projections of mcherryF and Ankrd24x61-1041-GFP (A), Ankrd24x61-285-GFP 
(B) or GFP (C) in cotransfected HeLa cells for 24 h; mcherryF is depicted in red and GFP-fusion 
proteins are depicted green in merge. Results showed colocalisation of Ankrd24x61-1041-GFP 
and Ankrd24x61-285-GFP with mcherryF in filopodia-like membrane structures, additionally 
shown in enlarged boxes, unlike GFP where no such membrane structure was observed. Scale 
bars 5 μm. 

 

Furthermore, subcellular fractionation was performed after cotransfecting HEK293 cells 

with Ankrd24x6 GFP-fusion proteins and mcherryF, and fractions were additionally 

checked for laminB1, a nuclear membrane protein marker. As a control, cells were 
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transfected with GFP and mcherryF. The representative immunoblots clearly 

demonstrated the membrane-association of Ankrd24x6 as the subcellular fractions of 

the full-length Ankrd24x61-1041-GFP (Fig. 5A) were detected in membrane fractions (P2 

and P2’) along with mcherryF. Additionally, the subcellular fractions of the N-Ank 

module Ankrd24x61-285-GFP (Fig. 5B) were also observed in membrane fractions (P2 

and P2’) along with mcherryF but in much lower amounts compared to its cytoplasmic 

(S1, S2) and nuclear membrane fraction (P1), thus indicating a weaker membrane-

association of the N-Ank module of Ankrd24x6 compared to its full-length. Unlike 

mcherryF, GFP (Fig. 5C) was detected only in S1 and S2 fractions. Taken together, the 

results from the immunofluorescence studies in HeLa cells (Fig. 4) and subcellular 

fractionation of HEK293 cells (Fig. 5) confirmed that Ankrd24x6 is indeed a membrane-

associated protein. 

 

Fig. 5. Cofractionation of Ankrd24x61-1041-GFP and Ankrd24x61-285-GFP with the membrane 
marker mcherryF in membrane fractions (P2, P2’) of HEK293 cells. Immunoblot analysis of 
subcellular fractionations (P1, nuclear fraction, P2 and P2′, membrane fractions) of HEK293 
cells cotransfected for 24 h with mcherryF and full-length Ankrd24x61-1041-GFP (A), N-Ank 
Ankrd24x61-285-GFP (B) or GFP (C). The results showed coappearance of Ankrd24x61-1041-GFP 
and Ankrd24x61-285-GFP with the membrane marker mcherryF in the membrane fractions (P2, 
P2’), unlike GFP. LaminB1 was used as a protein marker for nuclear membrane. Immunoblots 
represent results from three biological replicates. 
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3.2 The N-Ank module of Ankrd24x6 partially binds to the liposomes via 

its putative amphipathic  helix 

Next, liposome pelleting assays were carried out with purified untagged wildtype and 

mutant proteins to investigate a putative direct binding of the N-Ank module of 

Ankrd24x6 to the membrane lipids. It has been reported that ankyrin repeats fold 

together in a cooperative manner and this coordination tends to decrease as the 

number of ankyrin repeats increases (Barrick, 2009). Studies also suggest that the 

increase in number of ankyrin repeats makes the membrane structure more compact 

and concave (Islam et al., 2018; Li et al., 2006; Sedgwick & Smerdon, 1999) and that 

the folding of ankyrin repeats is induced at the terminal repeats (Ferreiro et al., 2005). 

Therefore, to check the influence of the binding ability of fewer and terminal ankyrin 

repeats to the membrane lipids, two N-Ank wildtype modules were constructed; both 

consisted of the putative amphipathic  helix but one comprised of all the seven 

predicted ankyrin repeats (Ankrd24x61-285) and the other comprised of the first five 

ankyrin repeats, thus lacking the last two terminal repeats (Ankrd24x61-222). Mutants 

lacking the amphipathic  helix were created to check whether Ankrd24x6 binds to the 

membrane via amphipathic  helix and if ankyrin repeats alone had affinity to the 

liposomes.  

The quantitative analysis of Coomassie-stained SDS-gels of liposome pelleting assays 

revealed that the N-Ank module Ankrd24x61-285 (Fig. 6A) partially bound to liposomes as 

the proteins were found both in the supernatants and the liposome-rich pellets unlike 

the mutant lacking the putative amphipathic helix, Ankrd24x610-285 (Fig. 6B) which was 

almost exclusively detected in supernatant fractions. The N-Ank module Ankrd24x61-285 

showed ~ 40% binding to liposomes, which was significantly reduced with the mutant, 

Ankrd24x610-285 (Fig. 6C). Similar behaviour of partial binding to liposomes was also 

observed with Ankrd24x61-222 (Fig. 6D), which had only the first five ankyrin repeats and 

its liposome binding ability was also significantly lost from ~40% to none with the mutant 

lacking the putative amphipathic helix, Ankrd24x610-222 (Fig. 6E-F).  

Thus, the liposome pelleting assay confirmed that the putative amphipathic helix is 

essential for liposome binding of the N-Ank module of Ankrd24x6 and that the mutants 



Results 

 43 

containing only ankyrin repeats (Ankrd24x610-285, Ankrd24x610-222) did not bind to 

liposomes unlike other members of the N-Ank superfamily, ankycorbin and UACA (Wolf 

et al., 2019). The assay also indicated that Ankrd24x61-222 which lacked the last two 

terminal repeats showed similar liposome binding ability as Ankrd24x61-285 with all seven 

predicted ankyrin repeats. 

 

Fig. 6. The N-Ank module of Ankrd24x6 partially bound to liposomes via the putative  
amphipathic helix. Liposome pelleting assays were performed with wildtype and mutant 
proteins. Coomassie-stained SDS-gels of supernatant (S) and pellet (P) fractions of incubations 
with (+) or without liposomes (-) Ankrd24x61-285 (A) and Ankrd24x610-285 (B), bar plot 
representation of quantitative analysis between Ankrd24x61-285 and Ankrd24x610-285 (C), 
Coomassie-stained SDS-gels of supernatant (S) and pellet (P) fractions of incubations with (+) 
or without liposomes (-) Ankrd24x61-222 (D) and Ankrd24x610-222 (E), bar plot representation of 
quantitative analysis between Ankrd24x61-222 and Ankrd24x610-222 (F). The experiment showed 
that the in the presence of liposomes, wildtype proteins (A, D) were found both in supernatant 
and pellet whereas mutant proteins were depleted in pellet fractions (B, E). Binding of protein to 
liposomes was quantified as liposome binding [%]=[((P/(S+P))Sample - (P/(S+P))HN buffer control)x 
100], where the sample included the protein and liposomes, while the HN buffer control 
comprised only of protein. Quantitative analyses included results from two independent 
liposome preparations with three technical replicates making the sample size (n) = 6 (2*3). Data 
represent mean ± standard error of means (sem). Unpaired t-test. **p<0.01 (C,F).  
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3.3 The N-Ank module of Ankrd24x6 binds to liposomes, irrespective of 

their curvature  

Since the N-Ank module of Ankrd24x6 showed partial binding to liposomes (Fig. 6) in 

liposome pelleting assays, which used liposomes with rather lower curvature (LUVs), an 

investigation regarding a potential preference towards higher membrane curvature was 

carried out by subjecting wildtype N-Ank modules or their respective mutants to 

simultaneous incubation with either LUVs or SUVs (higher curvature). The quantitative 

analysis of Coomassie-stained SDS-gels of liposome sensing assay revealed that 

Ankrd24x61-285 (Fig. 7A-B) and Ankrd24x61-222 (Fig. 7C-D) bound to LUVs and SUVs 

similarly with no significant difference. 

 
Fig. 7. The N-Ank modules of Ankrd24x6 were insensitive to different curvatures of the 
liposome. Liposome sensing assays were performed with wildtype proteins using LUVs and 
SUVs, respectively. SUVs were prepared by sonication of liposomes. Coomassie-stained SDS-
gels of supernatant (S) and pellet (P) fractions of incubations with liposomes (LUVs, SUVs) or 
without (-) Ankrd24x61-285 (A) and the bar blot representation of the quantitative analysis of 
Ankrd24x61-285 protein incubation with LUVs and SUVs (B), Coomassie-stained SDS-gels of 
supernatant (S) and pellet (P) fractions of incubations with liposomes (LUVs, SUVs) or without (-
) Ankrd24x61-222 (C) and the bar blot representation of the quantitative analysis of Ankrd24x61-222 
protein incubation with LUVs and SUVs (D). In the presence of LUVs and SUVs, wildtype 
proteins bound similarly to both (A-D). Binding of protein to liposomes was quantified as 
liposome binding [%]=[((P/(S+P))Sample - (P/(S+P))HN buffer control)x 100], where the sample included 
the protein and liposomes, and the HN buffer control comprised only of protein. Quantitative 
analyses included two independent liposome preparations with three technical replicates: n = 6 
(2*3). Data represent mean ± sem. Unpaired t-test (B,D). 
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However, with the mutants lacking the amphipathic helix, Ankrd24x610-285 (Fig. 8A-B) 

and Ankrd24x610-222 (Fig. 8C-D), the analysis did not show any binding to either LUVs or 

SUVs, hence, demonstrating their lack of ability to bind to liposomes irrespective of their 

curvature and highlighting once again that the amphipathic  helix is crucial for 

membrane-binding.  

In summary, the N-Ank modules of Ankrd24x6, Ankrd24x61-285 and Ankrd24x61-222 

bound equally to LUVs and SUVs, respectively. The mutants containing only the ankyrin 

repeats bound neither to LUVs nor SUVs, therefore, indicating the lack of binding to the 

membrane lipids.  

 

Fig. 8. Mutants of the N-Ank module lacking the putative amphipathic  helix bound 
neither to LUVs nor SUVs. Liposome sensing assays were performed with the mutant proteins 
using LUVs and SUVs and latter were prepared by liposome sonication. Coomassie-stained 
SDS-gels of supernatant (S) and pellet (P) fractions of incubations with liposomes (LUVs, 
SUVs) or without (-) Ankrd24x610-285 (A) and its bar blot representation of quantitative analysis of 
liposome binding ability to LUVs and SUVs, respectively (B), Coomassie-stained SDS-gels of 
supernatant (S) and pellet (P) fractions of incubations with liposomes (LUVs, SUVs) or without (-
) Ankrd24x610-222 (C) and its bar blot representation of quantitative analysis of liposome binding 
ability to LUVs and SUVs, respectively (D). In the presence of LUVs and SUVs, mutant proteins 
were found predominantly in the supernatant than pellet (A,C), which showed their lack of 
binding or affinity to liposomes, irrespective of their curvature. Binding of protein to liposomes 
was quantified as liposome binding [%]=[((P/(S+P))Sample - (P/(S+P))HN buffer control)x 100], where 
the sample included the protein and liposomes, and the HN buffer control comprised only of 
protein. Quantitative analyses included two independent liposome preparations with three 
technical replicates, n=6 (2*3). Data represent mean ± sem. Unpaired t-test (B,D). 
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3.4 The N-Ank module of Ankrd24x6 bound to liposomes in a salt-resistant 

fashion 

Since the results so far showed that the putative amphipathic α helix is necessary for 

liposome binding of the N-Ank module of Ankrd24x6, the next question to be answered 

was whether the binding relied mainly on hydrophobic or electrostatic interactions. This 

hypothesis was tested by carrying out salt-extraction assays with two version of the N-

Ank module, Ankrd24x61-285 and Ankrd24x61-222. The quantitative analysis of 

Coomassie-stained SDS-gels demonstrated that the membrane binding ability of the 

N-Ank module was not diminished when the NaCl concentration was increased from 

150 mM to 250 mM (Fig. 9A-D). For Ankrd24x61-285, a significant increase in liposome 

binding was observed when the salt concentration was increased to 250 mM (Fig. 

9A-B). The binding of the N-Ank proteins of Ankrd24x6 with liposomes was not reduced 

with increased salt concentration, thus indicating that electrostatic interactions played 

no major role in binding to the membrane lipids. In conclusion, the salt-extraction 

assays showed that the binding of the N-Ank module of Ankrd24x6 to liposomes was 

completely salt-resistant. 

 

Fig. 9. The N-Ank module of Ankrd24x6 binds to liposomes in a salt-resistant fashion. 
Salt-extraction assays were performed with the wildtype N-Ank modules of Ankrd24x6 proteins, 
Ankrd24x61-285 and Ankrd24x61-222. Coomassie-stained SDS-gels of supernatant (S) and pellet 
(P) fractions of incubations of Ankrd24x61-285 with (+) or without liposomes (-), with increasing 
salt concentrations from 150 mM to 250 mM NaCl (A), and its bar blot representation of 
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quantitative analysis of liposome binding normalised to 150 mM NaCl (B), Coomassie-stained 
SDS-gels of supernatant (S) and pellet (P) fractions of Ankrd24x61-222 incubation with (+) or 
without liposomes (-) with increasing salt concentrations from 150 to 250 mM NaCl (C), and its 
bar blot representation of quantitative analysis of liposome binding normalised to 150 mM NaCl 
(D). The results showed that the N-Ank module of Ankrd24x6 remained strongly bound to 
liposomes with increasing salt concentration. Binding of protein to liposomes was quantified as 
liposome binding [%]=[((P/(S+P))Sample - (P/(S+P))HN buffer control)x 100], where the sample included 
the protein and liposomes, and the HN buffer control comprised only of protein and it was then 
normalised to 150 mM NaClsample. Quantitative analyses included three independent liposome 
preparations with technical replicates, n=7-9 (sum of biological and technical replicates). Data 
represent mean ± sem. Kruskal-Wallis with Dunn's multiple comparison test. **p<0.01 (B,D). 

 

3.5 The N-Ank module of Ankrd24x6, Ankrd24x61-285, had a half-maximal 

binding concentration of 24.94 μg LUVs and 11.53 μg SUVs 

As liposome pelleting (Fig. 6) and sensing assays (Fig. 7) demonstrated that the 4 μM 

N-Ank module of Ankrd24x6 bound partially to the 50 μg LUVs and SUVs offered, the 

next question considered was whether the 4 μM protein used in the assays might need 

more liposomes for complete precipitation. This question was answered by performing 

binding assays with the wildtype Ankrd24x61-285 and its mutant lacking the amphipathic 

helix, Ankrd24x610-285, and increasing amounts of LUVs and SUVs were offered up to 

100 μg or 125 μg, respectively. Quantitative analysis of Coomassie-stained SDS-gels of 

binding assays disclosed that Ankrd24x61-285 bound to LUVs and SUVs with some 

affinity and reached half-maximal binding capacity at 24.94 μg LUVs (Fig. 10A,C) and 

11.53 μg SUVs (Fig. 10D,F), respectively as determined by nonlinear regression model 

with Michaelis-Menten equation. In line with the experiments reported so far, the mutant 

lacking the amphipathic helix, Ankrd24x610-285, did not precipitate with either LUVs (Fig. 

10B-C) or SUVs (Fig. 10E-F) and therefore, the half-maximal binding capacity could not 

be determined. Altogether, only Ankrd24x61-285 demonstrated a binding ability to 

liposomes with a half-maximal binding concentration of 24.94 μg LUVs and 11.53 μg 

SUVs, respectively. 
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Fig. 10. The N-Ank module of Ankrd24x6, Ankrd24x61-285, had a half-maximal binding 
concentration of 24.94 μg LUVs and 11.53 μg SUVs, respectively. Binding assays were 
performed with the wildtype N-Ank module, Ankrd24x61-285 and its mutant lacking the 
amphipathic helix, Ankrd24x610-285. Coomassie-stained SDS-gels of supernatant (S) and pellet 
(P) fractions of Ankrd24x61-285 (A) and Ankrd24x610-285 (B) incubations with (+) or without 
liposomes (-) with increasing amounts of LUVs. Line graph representation of the quantitative 
analysis of Ankrd24x61-285 and Ankrd24x610-285 (C), Coomassie-stained SDS-gels of supernatant 
(S) and pellet (P) fractions of Ankrd24x61-285 (D) and Ankrd24x610-285 (E) incubations with (+) or 
without liposomes (-) with increasing amounts of SUVs. Line graph representation of 
quantitative analysis of Ankrd24x61-285 and Ankrd24x610-285 (F). Nonlinear regression model with 
Michaelis-Menten equation was used to calculate half-maximal binding of 24.94 μg LUVs (C) 
and 11.53 μg SUVs (F) for Ankrd24x61-285. Half-maximal binding of Ankrd24x610-285 remained 
non-determined as no binding to increasing amounts of LUVs or SUVs was observed. Binding 
of protein to liposomes was quantified as liposome binding [%]=[((P/(S+P))Sample - (P/(S+P))HN 

buffer control)x 100], where the sample included the protein and liposomes, and HN buffer 
comprised only of protein. Quantitative analyses included two to four independent liposome 
preparations with two technical replicates for each sample, making n=4 (2*2) or 8 (4*2). For 
LUVs, Ankrd24x61-285, n=4 for 10 μg and 125 μg, n= 8 for 25 μg, 50 μg, 75 μg and 100 μg, 
respectively and for Ankrd24x610-285, n=4 for 25 μg, 50 μg, 75 μg and 100 μg, respectively. For 
SUVs, Ankrd24x61-285, n=4 for 10 μg, n=8 for 25 μg, 50 μg, 75 μg and 100 μg, respectively and 
for Ankrd24x610-285, n=4 for 25 μg, 50 μg, 75 μg and 100 μg, respectively. Data represent mean 
± sem.  

 

3.6 The N-Ank module of Ankrd24x6, Ankrd24x61-285, shaped liposomes  

So far, the investigation of the N-Ank module of Ankrd24x6 showed that it bound 

partially to liposomes. Further experiments aimed at addressing whether it shaped the 

liposomes, i.e., if it changes big liposomes into smaller spheres, elongated tubule 

structures or any other shape. This hypothesis was tested by carrying out freeze-

fracture experiments with liposomes, followed by TEM imaging. Freeze-fracturing was 

performed with liposomes incubated with Ankrd24x61-285, its mutant lacking amphipathic 

helix, Ankrd24x610-285, and GST protein as a control. The TEM images showed a higher 

percentage of large size liposomes with GST (Fig. 11A), smaller size liposomes with 

Ankrd24x61-285 (Fig. 11B) and similar sizes as GST with Ankrd24x610-285 (Fig. 11C). 

The quantitative analysis of the diameter of liposomes demonstrated that indeed the 

average size of liposomes was significantly reduced by Ankrd24x61-285 when compared 

to GST or Ankrd24x610-285 (Fig. 11D). Deeper analysis into the distribution of the sizes of 

liposomes disclosed that the percentage of liposomes incubated with Ankrd24x61-285 

was increased in the range of 60.00-79.99 nm (Fig. 11E). Ankrd24x61-285 reduced the 

average liposome diameter size to ~300 nm (Fig. 11D), which was contributed by the 
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significant increase in percentage of liposomes in the range of 0-499.99 nm when 

compared to GST (Fig. 11F). In addition, there was also a decrease in the percentage 

of liposomes incubated with Ankrd24x61-285 in the ranges of 500.00-999.99 nm, 

1000.00-1499.99 nm and 1500.00-1999.99 nm, when compared to GST and 

Ankrd24x610-285, respectively (Fig. 11F). GST and Ankrd24x610-285 showed similar 

behavior in terms of average liposome diameter size (Fig. 11D) and in the size 

distribution (Fig. 11E-F). 

Overall, the analysis of TEM images of freeze-fractured liposomes incubated with 

Ankrd24x61-285, Ankrd24x610-285 and GST unveiled that the N-Ank module, 

Ankrd24x61-285 shaped the liposomes by significantly reducing the average size of 

liposomes when compared to GST or Ankrd24x610-285. Furthermore, the investigation for 

the N-Ank properties of the N-Ank module of Ankrd24x6 revealed that it binds and 

shapes the lipid membrane.  
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Fig. 11. The N-Ank module of Ankrd24x6, Ankrd24x61-285 shaped liposomes. 
Representative TEM images of freeze-fractured liposomes after incubation with GST as a 
control (A), the N-Ank module, Ankrd24x61-285 (B), and its mutant lacking the amphipathic helix, 
Ankrd24x610-285 (C), scale bar 200 nm. Quantitative analysis of the diameter of liposomes 
demonstrated a significant reduction of the average size of liposomes by Ankrd24x61-285 when 
compared to GST and Ankrd24x610-285 (D), line graph representation of the size distribution of 
liposomes according to their diameter in percentage of the total liposome number, showing an 
increased peak in the range of 60-79.99 nm diameter by liposomes incubated with Ankrd24x61-

285. One of the two independent assays represented with n=692 for GST, n=699 for Ankrd24x61-

285 and n=709 for Ankrd24x610-285, respectively, where n represents the number of liposomes 
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(E). (See Appendix 7.1, Fig. 22 for the cumulative size distribution of liposomes from both the 
assays). Quantitative analysis of the diameter size distribution of liposomes in percentage of the 
total liposome number, showing a significant increase in the range of 0-499.99 nm diameter and 
a decreasing trend in the range of 500.00-999.99, 1000.00-1499.99 and 1500.00-1999.99, 
respectively by liposomes incubated with Ankrd24x61-285 when compared to GST and 
Ankrd24x610-285 (F). Quantitative analyses included two independent liposome preparations: 
n=2165 for GST, n=1672 for Ankrd24x61-285 and n=1164 for Ankrd24x610-285, where n represents 
number of liposomes. Data represent mean ± sem (D,F). One-way ANOVA Kruskal-Wallis with 
Dunn’s multiple comparison test. ***p<0.001 (D). Two-way ANOVA with Bonferroni post-hoc 
test. *p< 0.05 (F). 

 

3.7 Ankrd24x6 oligomerised via its predicted coiled coil domains 

In silico analysis of Ankrd24x6 secondary structure had predicted the presence of 

amphipathic helix, ankyrin repeats and coiled coil domains (Fig. 2). So far, the in vitro 

reconstitution assays with liposomes revealed that the N-Ank module of Ankrd24x6, 

Ankrd24x61-285 bound to liposomes via the putative amphipathic helix. Next, the coiled 

coil domains in Ankrd24x6 which were predicted by the bioinformatic tool, Marcoil 

(Delorenzi and Speed, 2002) were investigated for its putative oligomerisation function 

because coiled coil domains are known for their involvement in forming and/or 

stabilizing higher order protein structures (Lupas, 1996). Also, ankycorbin (Wolf et al., 

2019) and Ankrd26 (Hofbrucker-MacKenzie, 2021), the N-Ank proteins were predicted 

to have coiled coil domains and they both demonstrated their ability to self-oligomerise. 

Therefore, Ankrd24x6 was also tested for its putative oligomerisation function by 

incubating lysates of Ankrd24x61-285-GFP, Ankrd24x6283-1041-GFP or Ankrd24x61-1041-

GFP transfected HEK293 cells with increasing EDC (cross-linker) concentration. 

Ankrd24x6 contained two coiled coil domains ranging from amino acid 289-490 and 

746-1009 (Fig. 12A); predicted with a high probability by the bioinformatic tool, Marcoil 

(Delorenzi & Speed, 2002). Immunoblotting analysis showed that the N-Ank module, 

Ankrd24x61-285-GFP (Fig. 12B) remained monomerised and lacked the ability to 

oligomerise unlike Ankrd24x6283-1041-GFP (Fig. 12C) and full-length Ankrd24x61-1041-

GFP (Fig. 12D), both of which displayed their ability to form higher molecular weight 

complexes at more than 180 and 250 kDa, respectively. The experiment illustrated that 

the presence of the putative coiled coil domains in Ankrd24x6283-1041-GFP and full-length 

Ankrd24x61-1041-GFP, is in line with an increase in oligomerisation with the increasing 
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concentration of the cross-linker, EDC, while subsequently reducing the monomer 

levels. Thus, the results indicated that the presence of the two putative coiled coil 

domains in Ankrd24x6 within the amino acid range of 283-1041, mediated 

oligomerisation in the presence of the cross-linker, EDC.  

 

Fig. 12. Self-association of Ankrd24x6 via its predicted coiled coil domains containing 
region. Coiled coil domains prediction by the bioinformatic tool, Marcoil (Delorenzi and Speed, 
2002) with high probabilities at the amino acid range of 289-490 and 746-1009 (A), immunoblot 
representation of the crosslinking experiments with increasing concentrations of EDC incubation 
with the lysates of HEK293 cells overexpressing Ankrd24x61-285-GFP (B), Ankrd24x6283-1041-GFP 
(C), Ankrd24x61-1041-GFP (D). The experiment demonstrated that in the presence of the 
cross-linker, EDC, the N-Ank module, Ankrd24x61-285-GFP did not form higher molecular weight 
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complexes while both Ankrd24x6283-1041-GFP and Ankrd24x61-1041-GFP, which contain the 
putative coiled coil domains, displayed their ability to form oligomers. Immunoblot as a 
representation of two independent experiments (B-D). 

3.8 Ankrd24x6, an N-Ank protein, bound to family of syndapins, F-BAR 

domain-containing proteins 

After investigating the domains in Ankrd24x6 (Fig. 2E) for their function as an N-Ank 

protein, the investigation was extended to a proline-rich motif PxxP with the sequence of 

KKRKAPQPP (Ankrd24x6274-282). Proline-rich motif PxxP, has been known to be 

involved in protein-protein interactions (Sparks et al., 1996; Tong et al., 2002). Proline-

rich sequences have the capability of binding to the SH3 domains (Kaneko et al., 2008; 

Sparks et al., 1996; Tong et al., 2002) and ‘KrrAPpPP’ has been identified as the 

consensus belonging to class 1 PxxP motif, which can bind to the SH3 domain-

containing syndapin proteins (Schwintzer, 2012; Schwintzer et al., 2011). Ankrd24 was 

also predicted to be a syndapin I-interacting partner (Schwintzer, 2012). In Wolf (2018), 

ankycorbin, an N-Ank protein which contains ‘KrrAPpPP’ was shown to bind to the SH3 

domain-containing syndapin I protein. Thus, studies were performed to check if 

syndapin proteins bind to Ankrd24x6. The family of syndapins in Rattus norvegicus has 

three members and syndapin II is additionally alternatively spliced: brain enriched 

syndapin I, wide tissue distributed, syndapin II-s (small) and syndapinII-l (long) 

(Qualmann & Kelly, 2000) and muscle enriched syndapin III isoform (Kessels & 

Qualmann, 2004; Qualmann et al., 2011). Therefore, to address the hypothesis that 

Ankrd24x6 binds to members of the family of proteins called, syndapins, which contain 

the SH3 domain (Plomann et al., 1998), in vitro reconstitution coprecipitation assays 

were designed. 

The assay investigated the binding of GST-tagged isoforms of syndapins or GST to 

lysates of HEK293 cells overexpressing GFP-fusion full-length Ankrd24x61-1041 and 

GFP. GST and GFP proteins were used as controls. Immunoblot analysis revealed that 

indeed Ankrd24x6 bound to all isoforms of syndapins (Fig. 13) as Ankrd24x61-1041-GFP 

was detected in eluates with GST-tagged syndapins and the supernatants were 

depleted of Ankrd24x61-1041-GFP. The same assay with GST alone showed that there 

was no unspecific binding mediated by the tag as Ankrd24x61-1041-GFP was detected 
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alone in supernatant. Also, GFP was detected in supernatants with GST and GST-

tagged syndapins, demonstrating again the specificity of the binding. Thus, the results 

unveiled that Ankrd24x6, an N-Ank protein binds specifically to syndapins, F-BAR 

domain containing membrane-shapers.  

 

Fig. 13. Ankrd24x6, an N-Ank protein binds to all isoforms of syndapin protein, F-BAR 
domain-containing membrane-shapers. In vitro reconstitution coprecipitation assays were 
performed using GST-tagged full-length syndapin I, syndapin II-small, syndapin II-long, 
syndapin III or GST with lysates of HEK293 cells overexpressing Ankrd24x61-1041-GFP or GFP 
for 24 h. The immunoblot analysis demonstrated that Ankrd24x61-1041-GFP coprecipitated with 
GST-SdpI, GST-SdpII-s, GST-SdpII-l and GST-SdpIII, respectively. Immunoblot is a 
representation of two biological replicates. 
 

3.9 Ankrd24x6 proline-rich sequence KKRKAPQPP binds specifically to 

the SH3 domain of syndapin I 

As proline-rich sequence with consensus ‘KrrAPpPP’ and class 1 PxxP motif have been 

reported to bind to the SH3 domain of syndapin I (Schwintzer, 2012; Schwintzer et al., 

2011; Wolf, 2013, 2018), the next question to be investigated was to find which domain 

of Ankrd24x6 specifically interacts with syndapin I. In vitro reconstitution coprecipitation 

assays were performed using GST-tagged SH3 domain from syndapin I or GST as a 

control with cell lysates of HEK293 cells overexpressing full-length or different domains 
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of Ankrd24x6 fusion proteins with GFP. Also, GFP alone was used as a control. The 

results demonstrated that the fusion proteins of the part of Ankrd24x6 containing the 

proline-rich sequence KKRKAPQPP, which was Ankrd24x61-285-GFP and Ankrd24x61-

1041-GFP (Fig. 14A), coprecipitated with GST-SH3 of syndapin I as they were detected 

in eluates with anti-GFP immunostaining, whereas Ankrd24x61-222-GFP and 

Ankrd24x6283-1041-GFP, which lacked the proline-rich sequence were detected in the 

supernatants along with GFP. GST alone did not coprecipitate with either GFP or GFP-

fusion Ankrd24x6 proteins, indicating that the interaction of GST-tagged SH3 domain of 

syndapin I to Ankrd24x61-285-GFP and Ankrd24x61-1041-GFP was not mediated by the 

tag.  

 

To explicitly show the importance of the proline-rich sequence and its interaction with 

the SH3 domain of syndapin I, additional set of in vitro reconstitution coprecipitation 

assays were performed with the lysates of HEK293 cells overexpressing Ankrd24x61-

1041273-286-GFP, a mutant lacking KKRKAPQPP, and the wildtype Ankrd24x61-1041-GFP 

with GST-tagged SH3 of syndapin I or GST alone (Fig. 14B). The results showed that 

the mutant lacking KKRKAPQPP could not bind to the SH3 domain of syndapin I as the 

mutant was detected in the supernatant, compared to the wildtype fusion protein, which 

was rather observed in the eluates with anti-GFP detection. The specificity of the 

binding was demonstrated by the lack of coprecipitation of GFP and the GFP-fusion 

proteins of Ankrd24x6 with GST. Taken together, the results showed that Ankrd24x6 

specifically binds to the SH3 domain of syndapin I via KKRKAPQPP, a proline-rich 

sequence with consensus ‘KrrAPpPP’. 
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Fig. 14. Ankrd24x6 proline-rich sequence KKRKAPQPP binds to the SH3 domain of 
syndapin I. In vitro reconstitution coprecipitation assays were performed using GST-SH3 
(syndapin I) or GST with lysates of HEK293 cells overexpressing GFP-fusion proteins of 
wildtype Ankrd24x6, its mutant, or GFP for 24 h. Experiment showed specific binding of 
Ankrd24x61-285-GFP and Ankrd24x61-1041-GFP (A) and lack of binding of 

Ankrd24x61-1041273-286-GFP (B) to GST-SH3 (syndapin I). Immunoblots are representation of two 
biological replicates. (See Appendix 7.1, Fig. 23 for an immunoblot, which is a technical 
replicate of an in vitro reconstitution coprecipitation assays showing lack of binding of 
Ankrd24x61-222-GFP and binding of Ankrd24x61-285-GFP to GST-SH3 (syndapin I), respectively).  
 

3.10 Ankrd24x61-285 interacts with syndapin I in lysates of an adult rat brain 

Binding of SH3 domains to proline-rich domains are known to be promiscuous in nature 

with low affinity and specificity (Castagnoli et al., 2004; Viguera et al., 1994), therefore, 

to be sure that Ankrd24x6 binds to syndapin I in rat brain, endogenous coprecipitation 

assays were performed. Brain tissue lysate of a 21-week-old adult rat was used since 

syndapin I expression is known to increase with age (Plomann et al., 1998; Qualmann 

et al., 1999). The lysate was offered to GST-Ankrd24x61-285, which includes the 

KKRKAPQPP sequence and was coupled to GSH-sepharose. The results 

demonstrated that syndapin I in adult rat brain tissue lysate coprecipitated with GST-
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Ankrd24x61-285 which was detected in the eluates, via anti-syndapin I immunoblot 

analysis (Fig. 15). Lysates incubated with GST immbobilized on GSH-sepharose did not 

detect syndapin I in the eluate, although a weak band of GST was detected which was 

stronger in the supernatant. Either the excess of the GST protein got leaked from the 

supernatant to eluate and/or anti-syndapin I detected GST as the antibody was raised 

against GST-syndapin I1–382 as an antigen (Qualmann et al., 1999), which could explain 

detection of GST by anti-syndapin I. Immunoblot analysis by anti-GST showed a 

stronger band of GST in eluate than what got detected by anti-syndapin I in the sample 

where GST was offered to the lysate. Anti-GST detected two bands in the eluate of 

sample where lysates were incubated with GST-Ankrd24x61-285, a weaker band of 

syndapin I (~52 kDa) and a strong band of GST-Ankrd24x61-285 (~57 kDa). Both anti-

GST and anti-syndapin I were raised against rabbit, therefore, syndapin I got detected 

in the supernatant of the sample which contains GST and lysate. Thus, the results 

indicated that the N-Ank module of Ankrd24x6, Ankrd24x61-285 containing the proline-rich 

sequence binds specifically to syndapin I in 21-week-old adult rat brain.  

 

Fig. 15. Ankrd24x61-285 interacts with syndapin I in adult rat brain tissue lysate. 
Immunoblot analysis of endogenous coprecipitation experiment with lysates from the brain of 
21-week-old adult rat and GST-Ankrd24x61-285 or GST, used as a control. The results showed 
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that GST-Ankrd24x61-285 coprecipitated with syndapin I in adult rat brain tissue lysate. 
Immunoblot is a representation of two biological replicates. 

3.11 The gain-of-function phenotype of Mus musculus Ankrd24x6 in 

primary rat hippocampal neurons led to a significant increase of 

primary dendrites 

Thus far, the investigation on Ankrd24x6 had demonstrated that it has the ability of 

binding to membranes and forming higher molecular weight complexes in the presence 

of a cross-linker. Ankrd24x6 also displayed that it is capable of associating with all 

members of syndapin family; a family of F-BAR domain-containing proteins and 

especially with the isoform syndapin I, which has been reported for its vital role in 

neuromorphogenesis (Dharmalingam et al., 2009). Ankrd24x61-285 shaped liposomes 

which indicated that it has the potential of shaping membranes and it also showed 

interaction with syndapin I in adult brain. All these features of Ankrd24x6 of membrane 

binding and shaping, and oligomerising have also been observed with proteins like 

syndapin I (Dharmalingam et al., 2009; Kessels & Qualmann, 2006; Koch et al., 2020; 

Qualmann et al., 2011) and ankycorbin (Wolf et al., 2019), both of which have been 

shown to be crucial for dendritic arbor development. Thus, the next step of investigating 

the function of Ankrd24 was carried out by analysing the dendritic arbor of primary rat 

hippocampal neurons by overexpressing Ankrd24x6. According to the NCBI database, 

three isoforms of Ankrd24 were predicted in Rattus norvegicus (19 May 2021), out of 

which x2 isoform (XM_039078672.1) showed 90.28% percent identity to Mus musculus 

Ankrd24x6 mRNA transcript and therefore, x2 isoform was used as a reference to 

observe differences in exons from the other two isoforms (Fig. 16A). While x2 isoform 

started at gene locus position of 703 (exon 1), NM_001106771.1 started at gene locus 

position of 1 (see Appendix 7.1, table 14 for the gene locus position of all exons and 

Ankrd24 isoforms in Rattus norvegicus) and interesting, they both translate to the same 

amino acid sequence from 1-261, indicating that while the transcription start site is 

different, their translation start site is the same. The translated amino acid sequence of 

Rattus norvegicus x2 isoform (XP_038934600.1) showed 85.39% percent identity to the 

translated amino acid sequence of Mus musculus Ankrd24x6 (XP_006514159.1), 

represented by a dot plot in Fig. 16B, where the lines represented alignments between 
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the two protein sequences. There was 85% percent identity of amino acid sequences 

observed between Rattus norvegicus x2 isoform (XP_038934600.1) and Mus musculus 

Ankrd24x6 (XP_006514159.1) from amino acid 1-930 and 1-925, respectively. The C-

terminus region from amino acid 795 to 988 of Rattus norvegicus x2 isoform showed 

32% percent identity to 933 to 1041 of Mus musculus Ankrd24x6. Rattus norvegicus x2 

isoform was also one of the only isoforms of Ankrd24 with a proline-rich motif PxxP and 

sequence of KKRKAPQPP. The PxxP motif has been known to interact with proteins 

containing SH3 domains (Schwintzer et al., 2011; Sparks et al., 1996; Tong et al., 2002; 

Zarrinpar et al., 2003). Therefore, the gain-of-function studies were conducted with Mus 

musculus Ankrd24x61-1041 overexpression in primary rat hippocampal neurons.  

 

Fig. 16. Schematic representation of exons present in Ankrd24 isoforms with their 
respective nucleotide accession number in Rattus norvegicus according to the NCBI 
database on 19 May 2021, Rattus norvegicus x2 (XM_039078672.1) was used as a 
reference (A) and a dot plot representation of the alignment of amino acid sequence 
between Rattus norvegicus x2 isoform (XP_038934600.1) and Mus musculus Ankrd24x6 
(XP_006514159.1), where the number of lines in the plot represent the number of 
alignments using alignment feature of BLAST (B). 
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The neurons were transfected at DIV4 for 30 h with Mus musculus Ankrd24x61-1041-GFP 

or GFP and thus, were analysed at DIV6 (DIV4+2). The analysis of the dendritic arbor of 

DIV6 primary rat hippocampal neurons was initiated by quantifying the parameter total 

number of points (Fig. 17A), which showed no significant difference between the 

overexpressed Ankrd24x61-1041-GFP and the GFP. The comparison of the dendritic 

terminal points (Fig. 17B) and the total dendritic tree length (Fig. 17C) between the 

primary rat hippocampal neurons expressing Ankrd24x61-1041-GFP and GFP displayed 

no variation too. Further analysis of the dendritic branch points (Fig. 17D) and dendritic 

segments (Fig. 17D) revealed no differences too but the profile of Sholl intersections 

unveiled an increasing trend in the number of points from 5 to 35 µm distance from 

soma (Fig. 17F) in Ankrd24x61-1041-GFP expressing primary rat hippocampal neurons. 

Since the increase in the number of points were at shorter distance from the soma 

center, deeper analysis of dendritic arbor was performed by quantifying dendritic branch 

depth to know the number of primary and higher degree dendrites (see section 2.2.6, 

Fig. 1). Indeed, a significant increase of dendritic segments of dendritic branch depth ‘1’ 

was observed, which indicated that the number of primary dendrites were significantly 

increased (Fig. 17G). Example of neurons expressing GFP and Ankrd24x61-1041-GFP 

with their reconstructed dendritic arbor using Imaris 8.4.0 is represented in Fig. 17H. 

Thus, the analyses demonstrated that Mus musculus Ankrd24x61-1041 induced the 

formation of primary dendrites in DIV6 primary rat hippocampal neurons.  
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Fig. 17. The gain-of-function phenotype of Mus musculus Ankrd24x6 in primary rat 
hippocampal neurons led to a significant increase of primary dendrites. Quantitative 
analysis of dendritic arborization of primary rat hippocampal neurons at DIV6 (DIV4+2). The 
cells were transfected at DIV4 with GFP or Ankrd24x61-1041-GFP for 30 h, followed by 4% PFA 
fixation and immunostaining with anti-MAP2. Total number of points (A), dendritic terminal 
points (B), total dendritic tree length (C), dendritic branch points (D), dendritic segments (E), 
Sholl intersections (F), dendritic branch depth (G). Representative images of DIV6 primary rat 
hippocampal neurons transfected with GFP or Ankrd24x61-1041-GFP (H). The analysis indicated 
that the putative function of Ankrd24 is in primary dendrites of DIV6 primary rat hippocampal 
neurons as Ankrd24x61-1041-GFP gain-of-function led to significant increase in the number of 
dendritic segments from the soma center at dendritic branch depth ‘1’ compared to GFP. 
Dendrites were considered as MAP2-positive structures ≥ 10 μm in length. Analyses included 3 
independent primary rat hippocampal neuron preparations: n=65 for GFP and n=62 for 
Ankrd24x61-1041-GFP, where n represents the number of cells. Data represent mean ± sem. 
Unpaired t-test (A-E). Two-way-ANOVA with Bonferroni post-hoc test (F-G). **p<0.01. Scale 
bar, 10 μm (H). 
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3.12 The loss-of-function phenotype of Ankrd24 in primary rat hippocampal 

neurons resulted in a significantly reduced dendritogenesis and 

dendritic arborization  

Functional studies were continued with the loss-of-function analyses. Thus, four 

potential shRNAs (RNAi160-166, RNAi231-237, RNAi352-359 and RNAi130-136) were designed 

to knockdown endogenous Ankrd24 in Rattus norvegicus. RNAi superscript represents 

the target amino acid sequence number of Rattus norvegicus x2 isoform of Ankrd24 

(XP_038934600.1). RNAi352-359 targets all isoforms of Ankrd24 in Rattus norvegicus and 

Mus musculus while RNAi160-166, RNAi231-237 and RNAi130-136 targets only isoform x2 

(XM_039078672.1) and NM_001106771.1 in Rattus norvegicus and all isoforms in Mus 

musculus except Ankrd24x21 and Ankrd24x22 (see table 4).  

The first test of finding the most potent shRNAi against Ankrd24 was performed by co-

expressing Mus musculus Ankrd24x61-1041-GFP sequence containing the RNAi target 

sequence and mcherry. This technique of having a plasmid coexpressing the RNAi, 

GFP-fusion full-length Mus musculus Ankrd24x6 and mcherry, from independent 

promoters had the advantage of accurately calculating RNAi efficiency by normalizing 

GFP signal against the mcherry signal. The lysates of HEK293 cells transfected with the 

above plasmids or scrambled/Ankrd24x61-1041-GFP/mcherry as a control were analysed 

by running SDS-PAGE, WB, followed by detection and quantification of GFP to mcherry 

signal (Fig. 18A). The results indicated that both RNAi160-166 (Ankrd24 RNAi) and 

RNAi130-136 were effective in reducing Ankrd24x61-1041 expression, while the other two 

candidates, i.e., RNAi231-237 and RNAi352-359 showed no reduction in Ankrd24x61-1041 

expression, thus, indicating their ineffectiveness in targeting the coexpressed 

Ankrd24x61-1041 (Fig. 18B). Since both Ankrd24 RNAi and RNAi130-136 demonstrated a 

lower expression of Ankrd24x61-1041-GFP, the loss-of-function investigation in primary 

rat hippocampal neurons were commenced with both. The quantitative analysis of 

dendritic arborisation showed that both Ankrd24 RNAi and RNAi130-136 resulted in a 

smaller dendritic arbor when compared to scrambled RNAi/GFP. The two RNAis 

(Ankrd24 RNAi and RNAi130-136) caused significant reduction of the total number of 

points (Fig. 19A) and the dendritic terminal points (Fig. 19B). 
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Fig. 18. Both Ankrd24 RNAi and RNAi207-214/Ankrd24x61-1041-GFP/mcherry showed reduced 
levels of coexpressed Ankrd24x61-1041-GFP in HEK293 cells. The lysates of HEK293 cells 
transfected with plasmids expressing shRNAs (RNAi160-166, RNAi231-237, RNAi352-359, 
RNAi130-136)/Ankrd24x61-1041-GFP/mcherry or Scr./Ankrd24x61-1041-GFP/mcherry for 24 h were 
subjected to immunoblotting. Ankrd24x61-1041

 
included all the RNAi target sequences. 

Immunoblot is a representation of 6 biological replicates (A), Ankrd24x61-1041-GFP expression 
levels were quantified by normalising the GFP/mcherry signal to 
Scr./Ankrd24x61-1041-GFP/mcherry (B). The results demonstrated that both Ankrd24 RNAi and 
RNAi130-136/Ankrd24x61-1041-GFP/mcherry reduced the expression of Ankrd24x61-1041. The 
analysis included 6 biological replicates: n=6. Data represent mean ± sem. Statistical 
significances were tested using Kruskal-Wallis with Dunn’s multiple comparison test. *p<0.05. 

 

They also shortened the length of the dendrites, which when quantified resulted in a 

significantly reduced parameter of the total dendritic tree length (Fig. 19C). Analysis of 

the dendritic branches showed that both the RNAis caused reduced number of dendritic 

branch points but only RNAi130-136 showed a statistical significance (Fig. 19D). Also, the 

dendritic segments were significantly reduced by both the RNAis (Fig. 19E). Sholl 

intersections of primary rat hippocampal neurons were significantly reduced from 5-25 

µm in case of Ankrd24 RNAi/GFP and from 5-40 µm in case of RNAi130-136/GFP (Fig. 

19F). The analysis and quantification of the parameter dendritic branch depth unveiled 

that both the RNAis significantly reduced the number of dendritic segments at dendritic 

branch depth ‘1’. Thus, indicating that the primary dendrites were significantly reduced 

by both Ankrd24 RNAi and RNAi130-136 (Fig. 19G). As the number of neuronal cells 
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investigated for RNAi130-136/GFP were less than scrambled RNAi/GFP and Ankrd24 

RNAi, the statistical analysis could have been influenced (Fig. 19). 

Taken together, the result suggested that both Ankrd24 RNAi/GFP and RNAi130-136/GFP 

caused significant reductions of the dendritic tree in DIV6 primary rat hippocampal 

neurons. It was interesting to discover that while the gain-of-function phenotype of 

Ankrd24x61-1041 resulted in increased number of primary dendrites, the loss-of-function 

phenotype of Ankrd24 caused a significant reduction in dendritogenesis and dendritic 

arborisation in DIV6 primary rat hippocampal neurons. 

 

Fig. 19. The loss-of-function phenotype of Ankrd24 in primary rat hippocampal neurons 
resulted in a significantly reduced dendritogenesis and dendritic arborization. 
Quantitative analysis of dendritic arborization of primary rat hippocampal neurons at DIV6 
(DIV4+2). The cells were transfected at DIV4 with Scr.RNAi/GFP, Ankrd24 RNAi/GFP or 
Ankrd24 RNAi130-136/GFP for 30 h, followed by 4% PFA fixation and immunostaining with anti-
MAP2. Total number of points (A), dendritic terminal points (B), total dendritic tree length (C), 
dendritic branch points (D), dendritic segments (E), Sholl intersections (F), dendritic branch 
depth (G). The analysis showed that both Ankrd24 RNAi and Ankrd24 RNAi130-136 led to a 
significant reduction in the total number of points, dendritic terminal points, total dendritic tree 
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length, dendritic segments, Sholl intersections (5-25 μm) and the number of dendritic branch 
segments from the soma center at dendritic branch depth ‘1’, thus, leading to reduced 
dendritogenesis and dendritic arborization when compared to scrambled (Scr.) RNAi/GFP. 
Dendrites were considered as MAP2-positive structures ≥ 10 μm in length.  Analyses included 3 
to 5 independent primary rat hippocampal neuron preparations: n=91 for Scr. RNAi/GFP, n=87 
for Ankrd24 RNAi/GFP and n=47 for Ankrd24 RNAi130-136/GFP, where n represents number of 
cells. Data represent mean ± sem. One-way ANOVA with Tukey’s test (A-E). Two-way-ANOVA 
with Bonferroni post-hoc test (F-G). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

 

3.13 Incomplete rescue of Ankrd24 loss-of-function phenotype by the 

mutant lacking proline-rich sequence KKRKAPQPP 

To further investigate whether the function of Ankrd24 in DIV6 primary rat hippocampal 

neurons was dependent on the interaction of its proline-rich motif, functional assays 

were extended by rescue attempts with Ankrd24 RNAi insensitive rescue mutants, 

Ankrd24 RNAi/Ankrd24x61-1041-GFP* (wildtype rescue mutant) and Ankrd24 

RNAi/Ankrd24x61-1041273-286-GFP* (deletion rescue mutant), lacking KKRKAPQPP, 

respectively.  

The quantitative neuromorphogenic analysis validated that the Ankrd24 loss-of-function 

phenotype was specifically due to the reduced levels of Ankrd24 as the Ankrd24 RNAi 

wildtype rescue mutant recovered the Ankrd24 knockdown-induced phenotype of 

reduced dendritic arborization completely. The phenotype of significantly reduced 

number of the total number of points and dendritic terminal points by Ankrd24 RNAi 

were rescued by Ankrd24 RNAi/Ankrd241-1041-GFP* as latter behaved similar to 

scrambled RNAi/GFP (Fig. 20A-B). Also, the feature of smaller dendritic tree length by 

Ankrd24 RNAi/GFP was recovered by Ankrd24 RNAi/Ankrd241-1041-GFP* with 

significant difference between Ankrd24 RNAi/GFP and Ankrd24 RNAi/Ankrd241-1041-

GFP* (Fig. 20C). Dendritic branch points of the wildtype rescue mutant displayed a 

slight increase and a decrease in the number of points compared to Ankrd24 RNAi/GFP 

and scrambled RNAi/GFP, respectively (Fig. 20D). The significantly reduced dendritic 

segments by Ankrd24 RNAi/GFP was also recovered by Ankrd24 RNAi/Ankrd241-1041-

GFP* as latter showed more dendritic segments than Ankrd24 RNAi/GFP (Fig. 20E). 

Analysis of Sholl intersections explicitly showed that the significantly reduced 

intersections by Ankrd24 RNAi at 5 µm, 15 µm and 20 µm distance from the soma 
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center were significantly increased by Ankrd24 RNAi/Ankrd241-1041-GFP* (Fig. 20F). 

Furthermore, the analysis of dendritic branch depth showed that the significantly 

reduced number of primary dendrites was rescued by Ankrd24 RNAi/Ankrd241-1041-

GFP* with a significant difference between the Ankrd24 RNAi/GFP and Ankrd24 

RNAi/Ankrd241-1041-GFP* (Fig. 20G). Altogether, the analysis confirmed that the 

morphological changes caused by Ankrd24 RNAi/GFP in the dendritic tree were indeed 

due to the knockdown of Ankrd24 as the wildtype rescue mutant was able to recover the 

same, displaying similar values as scrambled RNAi/GFP in the various parameters 

quantified and analysed.  

Next, deletion rescue mutant lacking the proline-rich sequence KKRKAPQPP was 

investigated. The analysis demonstrated that the Ankrd24 RNAi/Ankrd24x61-1041273-286-

GFP* showed significant reduction of the total number of points, similar to the number 

obtained by Ankrd24 RNAi/GFP (Fig. 20A). The number of dendritic terminal points 

observed by the deletion rescue mutant were also in similar range as Ankrd24 

RNAi/GFP (Fig. 20B). So far, no rescue with these two parameters was observed by the 

deletion rescue mutant. Next, the parameter of the total dendritic tree length was 

analysed which showed a slight increase by the deletion rescue mutant compared to the 

Ankrd24 RNAi/GFP but with no statistical significance (Fig. 20C). However, dendritic 

branch points were significantly reduced by the deletion rescue mutant when compared 

to scrambled RNAi/GFP, and the reduced numbers were slightly lower than Ankrd24 

RNAi/GFP (Fig. 20D). Furthermore, the deletion rescue mutant showed similar number 

of dendritic segments as Ankrd24 RNAi/GFP (Fig. 20E). Analysis of Sholl intersections 

revealed that the number of intersections by the deletion rescue mutant displayed an 

increasing and a decreasing trend when compared to Ankrd24 RNAi/GFP and wildtype 

rescue mutant, respectively (Fig. 20F) and this was consistent with the parameter 

dendritic branch depth ‘1’ (Fig. 20G). While the parameters like total number of points 

and dendritic branch points were not recovered by the deletion rescue mutant, Sholl 

intersections and dendritic branch depth ‘1’ showed a partial rescue by the same. It is 

important to note that the statistical analysis might have been affected by the lower 

number of neuronal cells analysed for deletion rescue mutant compared to the other 

conditions. Example of neurons with scrambled RNAi/GFP, Ankrd24 RNAi/GFP, 
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Ankrd24 RNAi/Ankrd24x61-1041-GFP* and Ankrd24 RNAi/Ankrd24x61-1041273-286-GFP* 

with their reconstructed dendritic arbor using Imaris 8.4.0 is represented in Fig. 20H. 

Altogether, neuromorphogenic analysis with the rescue mutants demonstrated that the 

specific Ankrd24 knockdown effects could not be completely rescued by the deletion 

rescue mutant lacking the proline-rich sequence, Ankrd24 RNAi/Ankrd24x61-1041273-286-

GFP*, thus, indicating the importance of KKRKAPQPP in the function of Ankrd24 in 

DIV6 primary rat hippocampal neurons. 
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Fig 20. The loss-of-function phenotype of Ankrd24 was only partially rescued by the 
mutant lacking the proline-rich sequence. Quantitative analysis of dendritic arborization of 
primary rat hippocampal neurons at DIV6 (DIV4+2) was performed. The cells were transfected 
at DIV4 with Scr. RNAi/GFP, Ankrd24 RNAi/GFP, Ankrd24 RNAi/Ankrd24x61-1041-GFP* or 

Ankrd24 RNAi/Ankrd24x61-1041273-286-GFP* for 30 h, followed by 4% PFA fixation and 
immunostaining with anti-MAP2. Total number of points (A), dendritic terminal points (B), total 
dendritic tree length (C), dendritic branch points (D), dendritic segments (E), Sholl intersections 
(F), dendritic branch depth (G), representative images of DIV6 primary rat hippocampal neurons 
transfected with Scr. RNAi/GFP, Ankrd24 RNAi/GFP, Ankrd24 RNAi/Ankrd24x61-1041-GFP* or 

Ankrd24 RNAi/Ankrd24x61-1041273-286-GFP* (H). The analysis demonstrated that the significantly 
reduced Sholl intersections (5, 15, 20 μm) and the number of dendritic segments from the soma 
center at dendritic branch depth ‘1’ by Ankrd24 RNAi/GFP were partially rescued by the deletion 

rescue mutant lacking the proline-rich sequence, Ankrd24 RNAi/Ankrd24x61-1041273-286-GFP*. 
Dendrites were considered as MAP2-positive structures ≥ 10 μm in length. Analyses included 3 
to 5 independent primary rat hippocampal neuron preparations: n=91 for Scr. RNAi/GFP, n=87 
for Ankrd24 RNAi/GFP, n=56 for Ankrd24 RNAi/Ankrd24x61-1041-GFP* and n=37 for Ankrd24 

RNAi/Ankrd24x61-1041273-286-GFP*, where n represents number of cells. Cells for Scr. RNAi/GFP 
and Ankrd24 RNAi/GFP are same as in Fig. 19. Data represent mean ± sem. One-way ANOVA 
with Tukey’s test (A-E). Two-way-ANOVA with Bonferroni post-hoc test (F-G). *p < 0.05; **p < 
0.01. Scale bar, 10 μm (H). 
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4 Discussion 

The N-Ank superfamily is a new class of membrane shaping proteins defined by their 

ability to bind and bend the lipid bilayer by incorporating their N-terminal amphipathic 

helix and ankyrin repeats (Wolf et al., 2019). N-Ank proteins are phylogenetically 

classified into two subfamilies, out of which Ankrd24 belongs to the smaller sub-family 

(Wolf et al., 2019). Ankrd24 had been an uncharacterised protein as no data were 

available on its membrane-binding abilities or its biological function. Therefore, this 

study investigated putative N-Ank properties of the Ankrd24 protein.  

 

Dr. Wolf had described that ankycorbin’s physiological function in primary rat 

hippocampal neurons was dependent on its domains (amphipathic helix, ankyrin repeat 

and coiled coil) and hypothesised that there might be other proteins which might have 

similar arrangement of domains which could explain an evolutionarily conserved 

mechanism behind bending and shaping of biomembranes (Wolf, 2018). Thus, Dr. Wolf 

performed domain-enhanced BLAST searches based on ankycorbin (UniProtKB 

Q9EP71) and was able to identify UACA (UniProtKB Q8CGB3), Ankrd24_2 (UniProtKB-

Q80VM7, NCBI Reference Sequence NM_027480.3) along with 13 other proteins which 

comprised of the same specific arrangement of domains as ankycorbin (Wolf, 2018; 

Wolf et al., 2019). 

 

4.1 The many isoforms of Ankrd24 

The primers designed to obtain full-length Ankrd24_2 (UniProtKB Q80VM7) amplified 

nucleotide sequence corresponding to Ankrd24x6. In silico structure predicted 

Ankrd24x6 to have an N-terminal amphipathic helix, followed by an ankyrin repeat 

domain consisting of seven ankyrin repeats and a coiled coil domain, respectively. 

Ankrd24x6 also contained a proline-rich amino acid sequence (Fig. 2) belonging to the 

consensus ‘KrrAPpPP’. Ankrd24x6 has a longer C-terminus than Ankrd24_2 due to the 

presence of exon 20 (Appendix 7.1). According to the NCBI data, several isoforms of 

Ankrd24 are predicted and Dr. Wolf was able to obtain partial sequences of Ankrd24x11 

and Ankrd24x12 from the cDNA of 8-week-old mice brain (Wolf, 2018). In vitro 

reconstitution assays with liposomes demonstrated that unlike Ankrd24x11, Ankrd24x12 
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bound to the liposomes (Wolf, 2018) because of the presence of an N-terminal putative 

amphipathic helix corresponding to the amino acid sequence MKTLRARFKKT (same as 

Ankrd24x6). On the other hand, Ankrd24x11 has an amino acid sequence of 

MKQLCLCAAAS which does not form a putative amphipathic helix and thus, did not 

show binding to liposomes (Wolf, 2018). Both Ankrd24x12 and Ankrd24x6 comprise of 

exon 3 (Ankrd24x3 as a reference) while Ankrd24x11 has an alternative transcription 

start site (Fig. 3, Appendix 7.1). Ankrd24x6 consists of exon five-seven (Ankrd24x3 as a 

reference), which was absent in Ankrd24x12 and therefore, Ankrd24x6 has more 

nucleotides than Ankrd24x12. (PS)2-v2 prediction suggested three and seven ankyrin 

repeats in Ankrdx12 (data not shown) and Ankrd24x6, respectively. Ankrd24x21 and 

Ankrd24x22 are the only two isoforms which have truncated N-terminus and lack the 

proline-rich motif too. Ankrd24 has predicted isoforms constituting putative amphipathic 

α helix and non-putative amphipathic helix like Ankrd24x12 and Ankrd24x11 or isoforms 

which differ in the number of ankyrin repeats like Ankrdx12 and Ankrd24x6 and there 

are also predicted isoforms which lack the proline-rich sequence like Ankrd24x21 and 

Ankrd24x22. Since partial nucleotide sequences of Ankrd24x11 and Ankrd24x12 were 

obtained from the cDNA of 8-week-old mice brain (Wolf, 2018), it will be interesting to 

investigate their full forms for their membrane-shaping abilities and physiological 

function. It could also be that isoforms of Ankrd24 are expressed specific to a 

developmental stage or cell-type like family of neurexins as latter has several isoforms 

expressed in different types of neurons, which participate in diverse functions for neural 

connectivity (Missler & Südhof, 1998; Scheiffele et al., 2000; Ullrich et al., 1995). Taken 

together, an mRNA and protein expression profile of Ankrd24 in a development-stage 

and cell-type specific manner will help to understand the physiological relevance of 

Ankrd24 isoforms.  

 

4.2 Ankrd24x6 and the smaller sub-family of the N-Ank superfamily 

The smaller sub-family of the N-Ank superfamily comprise of ankycorbin, UACA, 

Ankrd35 and Ankrd24 (Wolf et al., 2019). Ankrd24x6 protein (XP_006514159.1) showed 

50.63% percent identity with ankycorbin (UniProtKB Q9EP71) when the protein 

sequences were aligned using BLAST, while showing 43.91% percent identity with 
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Ankrd35 (UniProtKB E9Q9D8) and 37.22% percent identity with UACA (UniProtKB 

Q8CGB3), respectively. All the above aligned proteins belong to Mus musculus species. 

While all the four members of this smaller sub-family share the similarity of domains 

arrangement, only ankycorbin and Ankrd24x6 proteins share the presence of the 

proline-rich consensus. Both Ankrd35 and UACA comprise of five ankyrin repeats (Wolf 

et al., 2019), while both ankycorbin (Wolf et al., 2019) and Ankrd24x6 have seven.  

 

4.3 Ankrd24x6, an N-Ank protein with distinct properties 

Ankrd24x6 is a membrane-associating protein as shown by immunofluorescence 

microscopy analysis of HeLa cells (Fig. 4), along with the subcellular fractionation of 

HEK293 cells (Fig. 5). Although both full-length Ankrd24x6, Ankrd24x61-1041-GFP and 

the N-Ank module of Ankrd24x6, Ankrd24x61-285-GFP were colocalised with the 

membrane marker, mcherryF on the same filopodia-like membrane structures in HeLa 

cells (Fig. 4), there were fewer of such structures observed with the N-Ank module than 

with the full length. The subcellular fractionations of Ankrd24x61-1041-GFP and 

Ankrd24x61-285-GFP were detected in the membrane protein containing fractions (P2, 

P2’) of HEK293 cells along with mcherryF (Fig. 5), however, relatively high amount of 

Ankrd24x61-285-GFP was observed in S2 fraction compared to its P2, P2’ fraction and to 

the subcellular fractionations of the full-length. These results of observing fewer 

protrusive membrane structures colocalized with the N-Ank module and mcherryF are 

similar to ankycorbin’s N-Ank module ankycorbin1-252 when compared to the full-length 

GFP-fusion proteins (Wolf, 2018). The subcellular fractionations of ankycorbin1-252 was 

observed more in S2 than the membrane protein containing fractions (Wolf, 2018). 

These results suggest that the N-Ank module of both ankycorbin and Ankrd24x6 has a 

weaker binding to the membrane compared to their full-length. The N-Ank module of 

other members of the N-Ank superfamily, UACA1-263-GFP (Wolf, 2018), Ankrd20A11-227-

GFP, mouse Ankrd261-208-GFP (Hofbrucker-MacKenzie, 2021) also showed 

colocalisation with mCherryF in the apical protrusions of HeLa cells. Altogether, the 

results indicated that the N-Ank module of the N-Ank proteins associate with the 

membrane while suggesting that other domains in the protein aid in stronger association 
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as the full-length N-Ank proteins showed better colocalisation with the membrane 

marker mcherryF. 

 

Furthermore, in vitro reconstitution experiments of the N-Ank module of Ankrd24x6 with 

liposomes showed its direct lipid association. It was demonstrated that the putative 

amphipathic helix is crucial for the binding of the N-Ank module of Ankrd24x6 (Fig. 6) as 

the mutant lacking it significantly reduced the liposome binding ability from ~40% to 

~2% as observed in liposome copelleting assays. This property of Ankrd24x6 is similar 

to mouse Ankrd26 (Hofbrucker-MacKenzie, 2021) where Ankrd261-208 showed ~73.5% 

binding to liposomes which was significantly reduced to ~1.3% with Ankrd2611-208. The 

N-Ank module of ankycorbin, ankycorbin1-252 had shown ~80% binding to liposomes 

which was significantly reduced to ~8% by the amphipathic helix-disrupting mutant, 

ankycorbin1–252 K2A,K5A,K7A,R9A,K10A (Wolf et al., 2019). Also, UACA1–263 demonstrated 

~90% binding to liposomes which was diminished by the mutant lacking the putative 

amphipathic helix, UACA41–263 (Wolf et al., 2019). Dr. Hofbrucker-MacKenzie showed 

that the N-Ank module of human Ankrd26, Ankrd261-217 had a liposome binding of ~90% 

which was significantly reduced to ~50% by Ankrd2645-217 (Hofbrucker-MacKenzie, 

2021). Similar behaviour was also observed with Ankrd20A11-227, where liposome 

binding ability of ~80% was significantly reduced to ~55% by Ankrd20A123-227 

(Hofbrucker-MacKenzie, 2021). Additionally, Ankrd24x61-285 achieved half-maximal 

binding concentration at 24.94 μg LUVs (Fig. 10) while ankycorbin1-400 achieved the 

same at 3.2 μg LUVs (Wolf et al., 2019). Both Ankrd24x610-285 (Fig. 10) and 

ankycorbin17-400 (Wolf et al., 2019), the mutants lacking the amphipathic helix, did not 

show any binding to the increasing amounts of LUVs. As these studies have not been 

performed with other members of N-Ank family, it is difficult to conclude on the property 

of binding affinity of the N-Ank superfamily, however, results do indicate that members 

of N-Ank superfamily bind to membrane with different affinity and that the presence of 

the putative amphipathic helix significantly increases the binding ability of the N-Ank 

proteins.  
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The predicted amphipathic  helix in Ankrd24x6 is followed by the predicted seven 

ankyrin repeats which form the ankyrin repeat domain. Based on the experimental 

evidence of the N-Ank proteins ankycorbin, UACA and Ankrd20A1, it was postulated 

that the ankyrin repeat domain in N-Ank proteins prefer higher membrane curvatures 

(Wolf et al., 2019). As the number of repeats and the repeats at the terminal end might 

influence protein’s folding and thus its binding ability to the membrane (Barrick, 2009; 

Ferreiro et al., 2005; Li et al., 2006), wildtype Ankrd24x6 containing seven 

(Ankrd24x61-285) and the first five (Ankrd24x61-222) ankyrin repeats along with their 

respective mutants lacking the amphipathic helix were checked for their liposome 

binding ability. Both Ankrd24x61-285 and Ankrd24x61-222 showed ~40% binding to the 

LUVs (Fig. 6). Ankrd24x61-285 demonstrated ~55% and Ankrd24x61-222 showed ~30% 

binding to both LUVs and SUVs, respectively (Fig. 7). However, Ankrd24x61-285 

demonstrated ~50% and ~40% binding to 50 μg LUVs and SUVs, respectively when 

increasing amounts of liposomes were offered (Fig. 10). The apparent inconsistency of 

the liposome binding ability of proteins could be due to the difference in the batch of 

protein purification, liposome preparation or the difference in the volume of the 

supernatant and the pellet analysed as SUVs have a lose pellet (see section 2.2.16). 

Also, the change in RT could have influenced the binding ability of liposomes and 

proteins as during in vitro reconstitution assays with liposomes, the proteins and 

liposomes were incubated at RT (see section 2.2.16) and it has been reported that the 

membrane properties of liposomes are sensitive to the temperature (Sułkowski et al., 

2005; Wu et al., 2014). Thus, it is difficult to conclude whether the N-Ank module of 

Ankrd24x6 with difference in the number and lack of terminal ankyrin repeats 

(Ankrd24x61-285 and Ankrd24x61-222) effected the binding ability to liposomes. 

Additionally, the ankyrin repeats of Ankrd24x6, Ankrd24x610-285 and Ankrd24x610-222 

demonstrated binding to neither LUVs or SUVs (Fig. 6, 8, 10). Ankrd24x610-285, the 

mutant lacking the amphipathic helix did not show any binding to increasing amounts of 

LUVs or SUVs (Fig. 10), highlighting the importance of amphipathic helix. This 

behaviour of the mutant was similar to ankycorbin17-400 with LUVs i.e., the values 

remained not determined, however, ankycorbin17-400 did achieve half-maximal binding at 

5.6 μg SUVs (Wolf et al., 2019).  
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The peculiar feature of the Ankrd24x6 mutants, which lack the putative amphipathic 

helix and thus contain only the ankyrin repeats and showing no preference towards 

higher curvature SUVs is strikingly different to other N-Ank proteins like UACA41–263 

which showed a significant increase in liposome binding to SUVs when compared to 

LUVs (Wolf et al., 2019). Similarly, Ankrd20A123-227, mouse Ankrd2611-208, human 

Ankrd2645-217 (Hofbrucker-MacKenzie, 2021) also demonstrated their preference to 

SUVs by showing a significant increase in binding to SUVs than LUVs. The mutant of 

ankycorbin which lacked the amphipathic helix, Ankycorbin17-400 also showed significant 

increase in binding to SUVs when compared to LUVs (Wolf et al., 2019). This indicates 

that the property of ankyrin repeats sensing and binding to membranes is not 

unanimous in the N-Ank family of proteins and that Ankrd24x6 might just be one of 

members displaying the property of ankyrin repeats showing no preference towards 

SUVs. It is quite plausible that perhaps other isoform of Ankrd24 display the property of 

ankyrin repeats in sensing and binding to the membranes. Predicted isoforms like 

Ankrd24x5 (XP_006514158.1) and Ankrd24x11 (XP_006514164.1), which lack the 

putative amphipathic helix and also differ in the number of ankyrin repeats as 

Ankrd24x5 has seven ankyrin repeats while Ankrd24x11 has five, predicted by (PS)2-v2 

(data not shown) could demonstrate its association with liposomes via their ankyrin 

repeats. It could be a compensation mechanism for associating with the membrane as 

the above mentioned isoforms lack the amphipathic helix. Another set of ankyrin 

repeats and amphipathic helix containing proteins has been reported (Kitamata et al., 

2019), where it was demonstrated that ANKHD1, a protein containing N-terminal 15 

ankyrin repeats, could dimerise and latter 10 repeats along with an adjacent C-terminal 

amphipathic helix could bind and vesiculate lipid membrane. Ankyrin repeats were also 

reported for their interaction with other proteins and sugar (Islam et al., 2018), which 

has not been analysed for Ankrd24 yet.  

 

Taken together, the in vitro analysis of the N-Ank properties of Ankrd24x6 suggest that 

the function of the amphipathic helix is similar to other members of the family while the 

feature of ankyrin repeats, which do not demonstrate any binding to the liposome 

membrane is an exception. As the structure of a protein is the key to its biological 
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function (Martin et al., 1998; Yon, 2001), it will be interesting to perform X-ray 

crystallography to confirm if the predicted secondary structure of Ankrd24x6 indeed 

comprises of amphipathic  helix, seven ankyrin repeats and two coiled-coil domains. 

Furthermore, simulation studies with models like C-based Gō (Takada, 2019; Taketomi 

et al., 1975) can help understand the mechanism of Ankrd24x6 protein folding. In 

addition, simulation studies could also be performed with only ankyrin repeats to 

understand the coupling mechanism between the repeats which results in their 

successful folding.  

 

Moreover, Ankrd24x6 binds to the membrane via hydrophobic interaction and lack any 

electrostatic interaction for the same (Fig. 9). This feature is similar to other N-Ank 

members like Ankycorbin1-252 and UACA1–263 (Wolf et al., 2019), mouse Ankrd261-208, 

human Ankrd261-217 and Ankrd20A11-227 (Hofbrucker-MacKenzie, 2021). Ankrd24x61-285 

(Fig. 9) showed significant increase in binding to the membrane at 250 mM NaCl 

concentration while mouse Ankrd261-208 showed significant increase at 200 mM and 250 

mM NaCl concentration (Hofbrucker-MacKenzie, 2021). These results indicate that the 

N-Ank proteins Ankrd24x6 and mouse Ankrd26 might have a different mechanism of 

action as electrostatic interactions play critical role in protein folding, binding and its 

physiological function (Zhou & Pang, 2018). Therefore, to better understand the 

behaviour of Ankrd24x6 and mouse Ankrd26, it would be necessary to perform salt-

extraction assay by diluting the proteins in HN buffer containing 250 mM NaCl instead of 

150 mM and then to further increase the concentration to 300 mM, so that it can be 

concluded whether it is the increased binding or the precipitation of the protein due to 

Hofmeister effect (Zhou & Pang, 2018).  

 

A sophisticated technique of freeze-fracture electron microscopy was used to visualize 

and analyse the shape of liposomes incubated with proteins. Liposomes incubated with 

Ankrd24x61-285 were shaped to an average diameter of ~300 nm, unlike its mutant, 

Ankrd24x610-285 or GST which shaped the liposomes to an average diameter of ~430 nm 

and ~450 nm, respectively (Fig. 11). The reduced average diameter of Ankrd24x61-285 

was attributed by the increase in the percentage of total number of 60.00-79.99 nm 
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diameter liposomes and a significant increase of 0-499.99 nm diameter liposomes when 

compared to GST (Fig. 11). Ankycorbin1–252 shaped the liposomes to an average 

diameter of ~220 nm which was smaller than the control (liposomes with no protein), 

which had an average diameter size of ~400 nm (Wolf et al., 2019). The decrease in the 

size of liposomes incubated with Ankycorbin1–252 was contributed by the accumulation of 

20.00-50.00 nm diameter liposomes (Wolf et al., 2019). Other N-Ank members like 

UACA1–263 also reduced the average diameter size of liposomes from ~300 nm 

(liposomes with no protein) to ~150 nm which was due to the increase in the percentage 

of total number of liposomes in the range of 30.00-50.00 nm (Wolf et al., 2019). Mouse 

Ankrd261-208 shaped the liposomes to an average diameter size of ~300 nm with 

accumulation of 10.00-200.00 nm diameter liposomes compared to the control 

(liposomes with no protein) which had an average diameter of 600 nm (Hofbrucker-

MacKenzie, 2021). The diameter of liposomes incubated with human Ankrd20A11-227 

displayed an average diameter size of ~300 nm, while liposomes with no protein had an 

average diameter of ~530 nm. Human Ankrd20A11-227 showed an increase in the 

percentage of total number of 60.00-80.00 nm diameter liposomes (Hofbrucker-

MacKenzie, 2021). These studies highlight the diversity of N-Ank membrane shapers in 

shaping the membrane to different curvature sizes, thus indicating their respective 

relevance in in vivo functions. 

 

Ankrd24x6 had furthermore demonstrated to have the ability to self-oligomerise via its 

putative two coiled coil domains from aa 289-490 and 746-1009, respectively (Fig. 12). 

To further understand if either of the two coiled coil domain is sufficient for self 

assembly or if both are necessary, cross-linking experiments could be performed with 

the respective deletion mutants. The property of Ankrd24 of oligomerisation is similar to 

other N-Ank members like ankycorbin (Wolf et al., 2019) and human Ankrd26 

(Hofbrucker-MacKenzie, 2021). Endogenous ankycorbin (Wolf et al., 2019) and 

Ankrd26 (Hofbrucker-MacKenzie, 2021) were also detected as clusters in nanodomains 

at the membrane of primary rat hippocampal neurons, when the ultrastructure was 

observed with high-resolution technique of FRIL and TEM. The observation of 

ankycorbin and Ankrd26 in clusters indicated their respective potential of self-
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association. These studies with N-Ank members characterised so far, indicate that 

oligomerisation is also one of their common properties. It will be fascinating to test 

whether members of N-Ank family could oligomerise with each other to maybe act as a 

molecular scaffold as coiled coil domains in proteins enable both intra- and inter-

molecular interactions which are important for diverse biological function (Truebestein & 

Leonard, 2016). Coiled coil domains can act as molecular spacers as in Giantin (Lesa et 

al., 2000), molecular rulers like in ROCK2 (Truebestein et al., 2015) or as molecular 

scaffolds in tropomyosin (Truebestein & Leonard, 2016). Giantin is a 250 nm long 

protein, belonging to the family of tethering proteins called Golgins (Lesa et al., 2000; 

Witkos & Lowe, 2016). C-terminus of Giantin binds to the Golgi membrane and the 

other end tethers vesicle in the cytoplasm, thus, acting as a molecular spacer (Lesa et 

al., 2000; Truebestein & Leonard, 2016). ROCK2 is a 120 nm long protein with 107 nm 

coiled coil domain which acts as a molecular ruler by precisely localising the kinase 

domain of ROCK2 from the plasma membrane to its substrate in the actin cytoskeleton 

(Truebestein et al., 2015). Tropomyosin, a coiled coil domain containing protein in 

isolated state is ~40 nm long and has a dynamic persistence length of ~460 nm (Li et 

al., 2010). In skeletal muscle, tropomyosin acts as a molecular scaffold by exposing 

myosin-binding sites on tropomyosin-decorated actin filament (Behrmann et al., 2012; 

Truebestein et al., 2015). 

 

Ankrd24x6 via its proline-rich sequence KKRKAPQPP binds to the SH3 domain of brain 

enriched syndapin I (Fig. 14), which is involved in diverse processes like in actin 

remodelling (Qualmann et al., 1999; Qualmann & Kelly, 2000), or in vesicle trafficking in 

neuronal and non-neuronal cells (Braun et al., 2005; Kessels & Qualmann, 2004). The 

interaction between Ankrd24 and syndapin I was also observed in 21-week-old-rat brain 

tissue lysates (Fig. 15). Interaction with syndapin I had also been observed with the N-

Ank protein ankycorbin which has a proline-rich sequence KKRKAPPPP (Wolf, 2018). 

These findings supports Schwintzer (2012) that a proline-rich motif with consensus 

‘KrrAPpPP’ can bind to the SH3 domain of syndapin I (Schwintzer, 2012). Cobl was 

identified as the syndapin I interacting partner in a yeast two-hybrid analysis and was 

shown to be a powerful novel actin nucleator which controlled the development and 
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morphology of the dendritic tree (Ahuja et al., 2007). Both Cobl and its relative Cobl-like 

via their proline-rich motif with consensus ‘KrRAPpPP’ were shown to bind to the SH3 

domain of syndapin I (Schwintzer, 2012) and thus, in silico analysis was performed 

using the consensus of ‘KrRAPpPP’ motifs from Cobl and Cobl-like, K-[RAGS]-[RKQ]-A-

P-[PLAS]-P-P to identify the potential interacting partners of syndapin I. The results 

revealed 201 sequences from vertebrates, out of which 190 sequences aligned to 

proteins Ankrd24, ankycorbin, Cobl, Cobl-like, Eps15 homology domain-binding protein 

1 and Rhotekin 2 as the putative syndapin I-interacting partners (Schwintzer, 2012). 

Cobl-like demonstrated formation of the dendritic branches in primary rat hippocampal 

neurons (Izadi et al., 2017) while Rhotekin 2, which is highly expressed in brain was 

reported to be localised at the synapses of primary rat hippocampal neurons (Ito et al., 

2006).  

 

4.4 The N-Ank protein Ankrd24 plays role in dendritogenesis of primary 

rat hippocampal neurons  

Since the mRNA expression of Ankrd24 is high in human and mouse brain (Uhlén et al., 

2015) and as the sequence of full-length Ankrd24x6 was obtained from the cDNA of 

8-week-old mice brain, Ankrd24 was investigated for its function in primary rat 

hippocampal neurons. Overexpression of Ankrd24x6 led to a significant increase of 

primary dendrites in DIV6 primary rat hippocampal neurons (Fig. 17) whereas 

ankycorbin in similar conditions led to a significant increase in dendritic arborization 

(Wolf et al., 2019). The increase in dendritic arborization was contributed by the 

significant increase in dendritic branch and terminal points, and Sholl intersections 

(5-30 μm) when compared to the GFP, used as a control (Wolf et al., 2019). 

Interestingly, knocking down of Ankrd24 by Ankrd24 RNAi/GFP in primary rat 

hippocampal neurons led to a significant reduction of the total number of points, 

dendritic terminal points, total dendritic tree length, dendritic segments, Sholl 

intersections (5-25 μm) and primary dendrites, which all contributed in a smaller 

dendritic arbor when compared to scrambled RNAi/GFP (Fig. 19). It is difficult to 

compare literature on primary dendrites of rat hippocampal neurons as the method of 

analysis or the age are different (Chen et al., 2010). Loss-of-function phenotype of the 
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N-Ank protein ankycorbin included significantly reduced dendritic branch and terminal 

points, and fewer Sholl intersections (Wolf et al., 2019). Both Ankrd24 (Fig. 20) and 

ankycorbin (Wolf et al., 2019) loss-of-function phenotypes were specific, as they were 

completely rescued by the re-expression of their respective RNAi insensitive wildtype 

rescue mutants. Ankrd24 overexpression phenotype was mild, which might postulate to 

Ankrd24 having an autoinhibition mechanism or the fact that due to membrane 

trafficking, overexpression phenotype was difficult. Also, Ankrd24 RNAi targeted all 

Ankrd24 isoforms in rat except the predicted isoform 1, which if it exists can affect the 

knockdown effects. Other N-Ank proteins like Ankrd26 and Ankrd20A1, which are both 

expressed in rat brain (Hofbrucker-MacKenzie, 2021) are yet to be functionally 

characterized. 

 

The knockdown effect of Ankrd24 (Fig. 20) and ankycorbin (Wolf, 2018) in primary rat 

hippocampal neurons at DIV6 were rescued incompletely by the deletion rescue 

mutants lacking proline-rich motif of consensus ‘KrrAPpPP’. Ankrd24 deletion rescue 

mutant failed to completely rescue the Ankrd24 loss-of-function phenotype of reduced 

number of the total number of points, dendritic terminal points and segments. 

Parameters like Sholl intersections and the number of primary dendrites showed an 

increasing trend by Ankrd24 deletion rescue mutant when compared to Ankrd24 

RNAi/GFP (Fig. 20). Additionally, significant reduction of dendritic branch points was 

observed with this deletion rescue mutant in comparison to scrambled RNAi/GFP. The 

statistical analysis could have been influenced by the fewer number of neuronal cells 

investigated for the Ankrd24 deletion rescue mutant compared to the other conditions 

(Fig. 20), therefore, it will be important to analyse more number of cells to be sure for 

the phenotype. Ankycorbin showed partial compensation of the loss-of-function 

phenotype of dendritic branch and terminal points, and Sholl intersections by the 

deletion rescue mutant lacking the proline-rich motif (Wolf, 2018). These functional 

studies highlight the importance of the proline-rich motif in the physiological function of 

both Ankrd24 and ankycorbin in early dendritogenesis of primary rat hippocampal 

neurons.  
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Syndapin I, a brain enriched protein which shows increase in its expression with age 

(Plomann et al., 1998; Qualmann et al., 1999), has been shown to be crucial for axon 

and dendritic arbor development (Dharmalingam et al., 2009). F-BAR domain of 

syndapin I binds to the membrane (Dharmalingam et al., 2009) and its SH3 domain 

binds to the proline-rich motif of consensus ‘KrrAPpPP’ of N-Ank proteins (Ankrd24x6 

and ankycorbin (Wolf, 2018)), Cobl and Cobl-like (Schwintzer, 2012). Syndapin I loss-

of-function in primary rat hippocampal neurons resulted in increased length of axon and 

branching while gain-of-function induced formation and branching of dendrites 

(Dharmalingam et al., 2009). SH3 domain of syndapin I binds to proline-rich motif 

RRQAPPPP of dynamin I and thus regulate the process of synaptic vesicle endocytosis 

(Anggono & Robinson, 2007) while associates with proline-rich motif RKKAPPPP of 

ProSAP1/SHANK2 in the postsynapse. Neurons of syndapin I knockout mice displayed 

reduced density of dendritic spines and synapse formation (Schneider et al., 2014). 

Syndapins also self-associates and form dimers (Kessels & Qualmann, 2006) and 

additionally, syndapin I was also observed in nanoclusters at the spines of hippocampal 

neurons by high-resolution TEM (Schneider et al., 2014). Syndapin I knockout mice 

showed defects in synaptic plasticity with absence of long term potentiation and 

impaired long term depression, leading to schizophrenia-like symptoms (Koch et al., 

2020). Both Cobl and Cobl-like associate with each other only in the presence of 

syndapin I, which acts as a bridging component between them and thus, all three acts in 

a coordinated manner to induce dendritic branches in developing neurons (Izadi et al., 

2021).  

 

Taken together, these studies with syndapin I indicate that it probably acts like a 

scaffold by F-BAR domain mediated oligomerisation and binding to the membrane while 

associating with different proteins via its SH3 domain, thus, regulating diverse biological 

processes (Qualmann et al., 2011). Since N-Ank proteins Ankrd24 and ankycorbin 

demonstrated binding to the SH3 domain of syndapin I and as the deletion rescue 

mutant (lacking the proline-rich motif) of both Ankrd24 and ankycorbin failed to 

completely rescue their loss-of-function phenotype, it will be interesting to test the 

hypothesis whether syndapin I interaction with Ankrd24 is important for the formation of 
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primary dendrites. To test the hypothesis, Ankrd24 could be overexpressed in the 

neurons of syndapin I knockout mice and if the phenotype is an increase in primary 

dendrites with reduced dendritic branches, it will indicate that Ankrd24 functions 

independent of syndapin I interaction. Additionally, a phenotype of reduced primary 

dendrites and increased dendritic branches in cells which have reduced Ankrd24 

expression and overexpressed syndapin I would indicate and verify the same. N-Ank 

proteins Ankrd24 and ankycorbin (Wolf et al., 2019) induce the formation of primary 

dendrites and dendritic branches, respectively while syndapin I not only regulate 

synaptic vesicle endocytosis but is also involved in the axonogenesis, dendritogenesis 

and formation of spines (Dharmalingam et al., 2009; Qualmann et al., 1999; Schneider 

et al., 2014). Ankycorbin’s (Wolf et al., 2019) and syndapin’s expression (Plomann et 

al., 1998; Qualmann et al., 1999) in mice brain reduces and increases with age, 

respectively and both Ankrd24x6 and ankycorbin can interact with syndapin I. 

Therefore, it will be interesting to know the protein expression profile of Ankrd24 in the 

mice brain as the age advances to know if Ankrd24 has any other potential function in 

mature neurons.  

  

In vitro assays with the N-Ank module and full-length of Ankrd24x6 have thus far shown 

that amphipathic helix is important for binding to the membrane and coiled coil domains 

mediate self-association but the physiological relevance of these domains in Ankrd24’s 

function in hippocampal neurons is still unknown. Therefore, functional assays with 

hippocampal neurons can be performed by investigating if the rescue mutants lacking 

either amphipathic helix, ankyrin repeats, one or both coiled coil domain are still able to 

retain the phenotype. Furthermore, hydrophobic amino acids in the predicted 

amphipathic helix of Ankrd24x6 could be mutated to alanine to check if the N-Ank 

module still retains the binding to the membrane. This will affirmatively infer that it is 

indeed the interaction of the hydrophobic amino acids into one of the leaflets of the 

membrane that enables the binding. Thereafter, a conclusion could be made of their 

physiological relevenace by testing if the knockdown phenotype of Ankrd24 is still 

rescued. None of the rescue mutants of ankycorbin lacking either amphipathic helix, 

ankyrin repeats or coiled coil domain were able to show ankycorbin-mediated dendrite 
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branching in primary rat hippocampal neurons, thus demonstrating that each domain is 

quinessential for ankycorbin’s function in the development of dendritic arbor (Wolf et al., 

2019).  

 

Since RNA transcriptomics studies have been vastly increased in recent years, Ankrd24 

has been reported to be regulated in several diseases like progeria (Sola-Carvajal et al., 

2019), cancer (Dausinas et al., 2020; Giraldi et al., 2020; Liu et al., 2021; Wang et al., 

2019), congenital heart disease (Matos-Nieves et al., 2021) and in endoplasmic 

reticulum stress (Bartoszewski et al., 2020). It will be interesting to investigate whether 

Ankrd24’s membrane association and membrane-shaping abilities are important for any 

of these above pathological diseases. Also, defects in ankyrin repeats of a protein can 

lead to diseases like cancer (Tang et al., 2003; Löw et al., 2007; Mosavi et al., 2004). 

 

So far, no data has been reported on biochemistry or functional analysis of Ankrd24 in 

Rattus norvegicus or Mus musculus and this is the first study to characterise Ankrd24 

via biochemistry and neurofunctional analysis.  
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5 Conclusion  

In conclusion, this study confirms the postulation of phylogenetic relationship that 

Ankrd24 is indeed an N-Ank protein with distinct characteristics. Ankrd24x6 is 

expressed in the brains of 8-week-old mice and could be found membrane-associated 

by subcellular fractionation and colocalisation studies. Biochemical analysis and 

ultrastructure investigations of the N-Ank module of Ankrd24x6 like those of other 

members of the N-Ank superfamily was shown to bind and shape the liposomes 

membrane with amphipathic helix being crucial for binding to the membrane. However, 

unlike other members of the N-Ank superfamily ankycorbin (Wolf et al., 2019), UACA 

(Wolf et al., 2019), Mus musculus Ankrd26, human Ankrd26 and Ankrd20A1 

(Hofbrucker-MacKenzie, 2021), the ankyrin repeats of Ankrd24x6 alone neither 

displayed binding to the liposome’s membrane nor any potential involvement of 

electrostatic interaction. The two putative coiled coil domains at the C-terminus of 

Ankrd24x6 demonstrated the ability to self-associate. These findings indicate that 

perhaps, in addition to the N Ank module sensing, binding, and shaping the membrane, 

oligomerisation is also one of the common features of the N-Ank proteins. Additonally, it 

was revealed that Ankrd24x6 via its consensus of proline-rich motif ‘KrrAPpPP’ binds to 

the SH3 domain of syndapin I, another membrane shaping protein which is vital for 

brain development.  

 

Investigation of Ankrd24 function in primary rat hippocampal neurons at DIV6 unveiled 

that overexpression of Ankrd24x6 induced formation of primary dendrites while loss-of-

function caused reduced dendritogenesis with less primary dendrites. The loss-of-

function was precisely due to the knockdown of Ankrd24 as the re expression of silently 

mutated, RNAi insensitive wildtype Ankrd24x6 mutant completely rescued the loss-of-

functions phenotype in the cultured neurons. Furthermore, the rescue mutant lacking 

the ‘KrrAPpPP’ motif showed an incomplete rescue of the Ankrd24 knockdown 

phenotype, indicating the importance of proline-rich motif in Ankrd24’s function in 

developing neurons. 
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7 Appendix  

7.1 Supplementary data  

Table 13: Ankrd24 isoforms with gene locus positions of exons with their respective 
range in different isoforms of Ankrd24 in Mus musculus, according to the NCBI 
database; gene ID 70615 as of 19 May 2021. Ankrd24x3 (XM_006514093.5) was used as 
a reference 
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Fig. 21. Alignment of amino acid sequence between Mus musculus Ankrd24x6841-
1020 and Ankrd24_2841-964, showing the presence of additional sequence at C-
terminus of Ankrd24x6. 
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Fig. 22: Size distribution of liposomes. Line graph representation of the size distribution of 
the liposomes according to their diameter in percentage of the total liposome number, 
showing an increased peak in the percentage in the range of 60-79.99 nm and 120-139.99 
nm diameter by liposomes incubated with the N-Ank module, Ankrd24x61-285 compared to 
Ankrd24x610-285 or GST. Quantitative analyses included two independent liposome 
preparations: n=2165 for GST, n=1672 for Ankrd24x61-285 and n=1164 for Ankrd24x610-285, 
where n represents the number of liposomes. 
 
Table 14: Gene locus positions of exons with their respective range in different 
isoforms of Ankrd24 in Rattus norvegicus, according to the NCBI database; gene ID 
299639 as of 19 May 2021. Ankrd24x2 (XM_039078672.1) was used as a reference.  
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Fig. 23. Ankrd24x6 proline-rich sequence KKRKAPQPP containing Ankrd24x61-285-GFP 
binds to the SH3 domain of syndapin I. In vitro reconstitution coprecipitation assays were 
performed using GST-SH3 (syndapin I) or its mutant, GST-syndapin I (full-length), 
GST-Syndapin III (full-length) or GST with lysates of HEK293 cells overexpressing 
GFP-fusion proteins of Ankrd24x61-222-GFP and Ankrd24x61-285-GFP for 24 h. Experiment 
showed specific binding of Ankrd24x61-285-GFP, which contains the proline-rich sequence to 
GST-SH3 (syndapin I), GST-syndapin I (full-length) and GST-Syndapin III (full-length). 
 

7.2 Tables 

Table No.  Page No. 

Table 1: Bacterial strains (E. coli) and genotype 14 

Table 2: Buffers and their composition 14 

Table 3: Primers designed for cloning Mus musculus Ankrd24x6 
constructs. 

16 

Table 4: Oligonucleotides used for constructing shRNAs   17 

Table 5: Primers designed for creating insensitive rescue mutant 18 

Table 6: Vectors 18 

Table 7: Constructs for mammalian expression 18 

Table 8: Constructs for bacterial expression 19 

Table 9: Primary and Secondary antibodies  20 

Table 10: Equipment and company  21 

Table 11: Software and copyright 22 

Table 12: The TDPCR reaction program  23 

Table 13: Ankrd24 isoforms with gene locus positions of exons with their 
respective range in different isoforms of Ankrd24 in Mus musculus, 
according to the NCBI database; gene ID 70615 as of 19 May 2021.  
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Table 14: Gene locus positions of exons with their respective range in 
different isoforms of Ankrd24 in Rattus norvegicus, according to the NCBI 
database; gene ID 299639 as of 19 May 2021.  
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7.3 Figures 

Fig. No.  Page 
No. 

Fig. 1. Parameters evaluated during neuromorphologic analysis of a 
reconstructed filament using IMARIS software 8.4.0. 

29 

Fig. 2. Detection of Ankrd24x6 PCR products by agarose gel electrophoresis 
(A) and Ankrd24x6 secondary structure and domain predictions (B-D). 

37 

Fig. 3. Overview of the predicted 26 isoforms of Ankrd24 with their respective 
exons in Mus musculus according to the NCBI database; gene ID 70615; NCBI 
Reference Sequence as of 19 May 2021. 

39 

Fig. 4. Colocalisation of Ankrd24x61-1041-GFP and Ankrd24x61-285-GFP with the 
membrane marker mcherryF at filopodia like membrane structures in HeLa 
cells. 

40 

Fig. 5. Cofractionation of Ankrd24x61-1041-GFP and Ankrd24x61-285-GFP with 
the membrane marker mcherryF in membrane fractions (P2, P2’) of HEK293 
cells. 

41 

Fig. 6. The N-Ank module of Ankrd24x6 partially bound to liposomes via the 

putative  amphipathic helix 

43 

Fig. 7. The N-Ank module of Ankrd24x6 were insensitive to different curvatures 
in liposome binding assay. 

44 

Fig. 8. Mutants of the N-Ank module lacking the putative amphipathic  helix 
bound neither to LUVs nor SUVs. 

45 

Fig. 9. The N-Ank module of Ankrd24x6 binds to liposomes in a salt-resistant 
fashion. 

46 

Fig. 10. The N-Ank module of Ankrd24x6, Ankrd24x61-285, had a half-maximal 
binding concentration of 24.94 μg LUVs and 11.53 μg SUVs, respectively. 

48 

Fig. 11. The N-Ank module of Ankrd24x6, Ankrd24x61-285 shaped liposomes. 51 

Fig. 12. Self-association of Ankrd24x6 is via its predicted coiled coil domains 
containing region. 

53 

Fig. 13. Ankrd24x6, an N-Ank protein binds to all isoforms of syndapin protein, 
F-BAR domain-containing membrane-shapers. 

55 

Fig. 14. Ankrd24x6 proline-rich sequence KKRKAPQPP binds to the SH3 
domain of syndapin I. 

57 

Fig. 15. Ankrd24x61-285 interacts with syndapin I in adult rat brain tissue lysate. 58 

Fig. 16. Schematic representation of exons present in Ankrd24 isoforms with 
their respective nucleotide accession number in Rattus norvegicus according 
to the NCBI database on 19 May 2021, Rattus norvegicus x2 
(XM_039078672.1) was used as a reference (A) and a dot plot representation 
of the alignment of amino acid sequence between Rattus norvegicus x2 
isoform (XP_038934600.1) and Mus musculus Ankrd24x6 (XP_006514159.1), 
where the number of lines in the plot represent the number of alignments; 
obtained by using alignment feature of BLAST (B). 

60 

Fig. 17. The gain-of-function phenotype of Mus musculus Ankrd24x6 in 
primary rat hippocampal neurons led to a significant increase of primary 
dendrites. 

62 

Fig. 18. Both Ankrd24 RNAi and RNAi207-214/Ankrd24x61-1041-GFP/mcherry 64 
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showed reduced levels of coexpressed Ankrd24x61-1041-GFP in HEK293 cells. 

Fig. 19. The loss-of-function phenotype of Ankrd24 in primary rat hippocampal 
neurons resulted in a significantly reduced dendritogenesis and dendritic 
arborization. 

64 

Fig. 20. The loss-of-function phenotype of Ankrd24 was only partially rescued 
by the mutant lacking the proline-rich sequence. 

68 

Fig. 21. Alignment of amino acid sequence between Mus musculus 
Ankrd24x6841-1020 and Ankrd24_2841-964, showing the presence of additional 
sequence at C-terminus of Ankrd24x6. 

97 

Fig. 22: Size distribution of liposomes. 98 

Fig. 23. Ankrd24x6 proline-rich sequence KKRKAPQPP containing 
Ankrd24x61-285-GFP binds to the SH3 domain of syndapin I 

99 
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