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Abstract 

 

X-linked Doublecortin (DCX) is a 40 kDa neuron-specific microtubule (MT)-associated 

protein. The initial identification of inheritable dcx gene mutations and their disruption of 

cortical layering and brain development in lissencephaly and subcortical band heterotopia have 

prompted subsequent evaluation of the functions of the DCX protein. Previous biochemical 

studies have revealed that DCX binds between four tubulin monomers within the polymerised 

MT lattice to stabilise the lateral and longitudinal contacts along the MT protofilaments. 

Although DCX has been proposed to regulate MT-related cellular events, many aspects of its 

mechanism of actions and its regulation of functions are yet to be determined. The DCX protein 

consists of two MT-interacting doublecortin (DC) domains, DC1 (the N-terminal DC domain) 

and DC2 (the C-terminal DC domain), linked in tandem via a flexible unstructured region 

(linker) and additionally flanked by a likely unstructured N-terminal and S/P-rich C-terminal 

sequences. Since many DCX pathogenic mutations have been predominantly mapped to within 

the DC domains to thus disrupt the interaction of DCX with MTs, studies of the regulation of 

the DCX-MT interaction have been undertaken to improve understanding of the functions of 

DCX. In addition, the DCX termini that flank the DC domains may act as regulators of DCX 

function, but whereas the S/P-rich DCX C-terminus is known for its phosphoregulatory role in 

DCX’s functions, a regulatory role of the DCX N-terminus region is largely unknown.  

The studies presented in this thesis address the critical roles of the DCX N- and C-termini in 

DCX function. Immunoprecipitation and live-imaging approaches using monkey 

fibroblastoma COS-1 and human neuroblastoma SH-SY5Y cells have been employed to 

identify the effects of the DCX N- and C-termini on the association of DCX with the 

cytoskeleton. The results were combined with live-imaging fluorescence recovery after 

photobleaching (FRAP) protocol findings to define the regulatory impact of DCX termini on 

dynamics of DCX in association with the cytoskeletal components, MTs and F-ACT. These 

studies have been the first to show the dynamic association of DCX with MTs in living cells. 

The role of the DCX C-terminus has been evaluated by examining the features of DCX lacking 

its C-terminus. Whereas full length, wildtype DCX shows rapid and complete exchange within 

the MT network, the exchange of the truncated DCX protein is slowed significantly. Moreover, 

dynamics of exchange of the C-terminal truncated DCX was unaltered in the presence of a MT-

stabilising agent, taxol, or a hyperosmotic stress stimulus, sorbitol, both of which were shown 
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to slow wildtype DCX exchanges rate within the MT network. Thus, DCX dynamically 

associates with MTs in living cells and its C-terminal region plays important roles in the 

association of DCX with MTs. 

To explore the regulatory role of DCX N-terminus, the influence of the only identified 

phosphorylation site within the DCX N-terminus, DCX S28, on association of DCX with MTs 

and F-ACT was assessed. Thus, both DCX S28A (phospho-resistant) and DCX S28E 

(phospho-mimetic) mutants were examined alongside wildtype DCX. For DCX S28E, 

decreased interaction with MTs but a shift to favour association with both F-ACT and the ACT-

binding protein, spinophilin (Spn) was observed. FRAP studies showed that DCX S28E 

increased the dynamics of association with MTs. Compared to DCX S28E, the associations 

with MTs and F-ACT were reversed in the presence of DCX S28A. Therefore, these results 

highlight a new role for DCX S28 as a regulatory switch for cytoskeletal organisation and thus 

highlight a contribution by DCX-N in the phosphoregulation of DCX function. 

The impact of a pathogenic mutant within the DCX N-terminus, DCX E2K, on the cytoskeletal 

association was also studied. Unlike most DC domain pathogenic mutants of DCX, the DCX 

E2K mutant protein retained its ability to interact with MTs. However, MTs in association with 

DCX E2K showed a reduced sensitivity to nocodazole-induced depolymerisation as well as 

slower α-tubulin exchanges rate. Furthermore, the DCX E2K mutant showed increased 

association with the F-ACT. These results highlight the importance of the N-terminus of DCX 

in regulating the association with, and the coordination of, the MT and F-ACT networks. 

Taken together, the studies presented in this thesis have revealed several new features of the 

regulatory roles of the DCX termini in the association of the DCX protein with MTs and F-

ACT. The findings should aid a better understanding of the DCX function in MTs and F-ACT 

organisation during MT-related cellular events including neuronal cell migration.  
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1.1 The eukaryotic cytoskeleton 

 

1.1.1 Introduction to the cytoskeleton 

In the early 1900s, the actions of a gel-like “cytoskeleton” structure to maintain cell 

morphology and organelle spatial organisation within the eukaryotic cell cytosol were initially 

proposed (Hanson et al., 1953). Subsequently, an appreciation of the dynamic nature of the 

cytoskeleton helped to explain important new features emerging in eukaryotic cell biology, 

including cell contraction, cell motility and the movements of organelles and vesicles within 

the cytosol (Abercrombie et al., 1970; Huxley et al., 1954; Izzard et al., 1980; Needham et al., 

1942). The ensuing biochemical and microscopy analyses of the cytoskeleton thus allowed an 

identification of three distinct cytoskeletal filament systems: 1)  microtubules (MTs), 2)  actin 

filaments (F-ACT), and 3) intermediate filaments (IFs) (Alberts et al., 2002; Etienne-

Manneville, 2013 & 2018). In the work presented in this thesis, MTs and F-ACT are the 

components of interest due to their complex interrelationships as well as their relationships 

with the protein of interest, the MT-associated protein (MAP) doublecortin X (DCX); thus, key 

landmarks in the characterisation of MTs and the F-ACT are briefly overviewed in the 

following paragraphs, before the current knowledge of the role of MTs and F-ACT in cell 

developmental process and molecular details of MT cytoskeletal system, as the main 

association partner of DCX, is reviewed in the subsequent subsections. 

MTs and F-ACT provide intrinsic structural support throughout major cellular events including 

cellular differentiation and development. These cytoskeletal components are crucial for 

establishing cellular shape, compartmentalisation, polarity of intracellular organisation as well 

as nuclear positioning and cell migration (Carlier et al., 2015; Lele et al., 2018; Oakes, 2018). 

During these developmental processes, cells undergo directed migration which are highly 

reliant on the MTs and F-ACT organisation (Etienne-Manneville, 2013). MTs are known to be 

dynamic polymers of α/β-tubulin arranged end-to-end into linear protofilaments that are 

subsequently arranged in parallel to form long hollow tubules originating from a MT organising 

centre (MTOC) close to the eukaryotic cell nucleus. Electron microscopy (EM) was 

instrumental in the initial visualisation of these tubule-like structures within the axoneme (the 

structural core of cilia and flagella) (Huxley, 1963; Yasuzumi, 1974), but the analysis of fixed 

samples precluded critical insights into the dynamic properties of MTs (Hoffman et al., 1975; 

Inoué et al., 1967). By combining data from biochemical assays with results of microscopy, 

the coexistence of growing and shrinking MTs was established; this state of dynamic instability 
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could explain fundamental properties of MTs (see Section 1.1.3) (Mitchison, 1989). A third 

form of tubulin, γ-tubulin, was also discovered as the major component of the MTOC, playing 

a major role in MT nucleation and thus helping to explain the initiation of MT assembly at a 

distinct location close to the cell nucleus (Borisy et al., 1972; Wu et al., 2017). Importantly, 

more recent improvements in structural studies, including the docking of previously 

determined structures of the α/β-tubulin heterodimer onto an intermediate resolution cryo-EM 

reconstruction of the MT polymer, have allowed a deeper understanding of MT structure, 

including insights into the interacting residues of tubulin both within and between the 

protofilaments, and protofilament polarity with αβ-tubulin heterodimers in each protofilament 

orientated so that β-tubulin is orientated towards the MT plus ends whereas the α-tubulin is 

orientated towards the minus ends (see Sections 1.1.2) (Benoit et al., 2018). Collectively, these 

studies have served as the basis for understanding the interactions between MTs and their 

associated proteins and how polymer growth might be regulated (see Section 1.2). 

Monomers of globular actin (G-ACT) were shown to be assembled in an asymmetric fashion 

(head-to-tail) to form F-ACT (Asakura et al., 1963; Wegner, 1976). Due to the appearance of 

F-ACT labelled with myosin, one end of the F-ACT was called the ‘barbed’ end while the other 

the ‘pointed’ end (Huxley, 1968; Ishikawa et al, 1969). Furthermore, the covalent labelling of 

purified ACT proteins in vitro with fluorescent probes followed by the reintroduction of these 

labelled ACT proteins into living cells elucidated the dynamic process of ACT polymerisation, 

leading to exciting findings on ACT cytoskeleton dynamics (Stockem et al., 1983). Additional 

information on the high-resolution structure of ACT has further facilitated an understanding of 

putative binding sites for ACT regulators leading to the identification of ACT-binding proteins 

that regulate ACT dynamics, ACT nucleation, polymerisation and elongation processes 

(Section 1.3.3.1) (Hartwig et al., 1991). 

To fully appreciate the role of cytoskeletal filaments including the important contributions in 

cell movement, and intracellular trafficking of proteins and organelles, as well as more 

specialised actions in neuronal cells including axonal growth and dendritic branching, it is vital 

to consider dynamic properties of the cytoskeletal filaments and the cytoskeleton-regulatory 

proteins. The proteins with regulatory impacts on both MTs and F-ACT can thus play key roles 

in orchestrated regulation of cytoskeleton-related cellular functions (Bretscher, 2000). The 

following subsections of this Chapter present key molecular details of MTs including the 

tubulin superfamily and the dynamics of MTs (Section 1.1.2 & 1.1.3) and the regulatory role 
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of the MT-associated proteins (Section 1.2) mainly focused on DCX (Sections 1.3) followed 

by the specific aims of the work in this thesis (Section 1.4). 

1.1.2 The tubulin superfamily and the organisation of MTs 

The tubulin superfamily comprises eight members, named sequentially as α- to ι-tubulins. The 

first 3 members, α-, β- and γ- are ubiquitously expressed (Oakley, 2000): α- and β-tubulins 

form heterodimers that are ultimately assembled to form the MTs whereas γ-tubulin either 

localises around the MTOC to nucleate MT assembly or resides in the large soluble complex 

called the γ-tubulin ring complex (γ-TuRC) to promote MT assembly from α/β-tubulin 

heterodimers (Janke, 2014). The more recently identified, δ-, ε-, ζ-, η-, ι-tubulins are not 

ubiquitous among all eukaryotes but play important and more restricted roles as shown by their 

depletion negatively impacting the duplication and assembly of centrioles in organisms such 

as Chlamydomonas and Paramecium (Inclan et al., 2001). As α-, β-, and γ-tubulins are of major 

importance to the work presented in this thesis, their biochemical features are thus considered 

in more detail below. 

α- and β-tubulins, ~55kDa globular proteins highly species conserved, are the products of 

TUBA and TUBB genes, respectively. Sequence evaluation reveals the high sequence similarity 

(40% identity at the amino acid level) of these two forms of tubulin, with a conserved domain 

organisation: an N-terminal nucleotide-binding domain capable of binding GTP, an 

intermediate domain, and a C-terminal domain with a C-terminal sequence that will be 

ultimately exposed on the surface of MTs when these tubulin subunits are assembled into the 

higher order structures (Gadadhar et al., 2017) (Figure 1.1). There are different subtypes of α- 

and β-tubulins which differ in sequence, vary in tissue expression and thus define distinct MT 

filaments with differences in assembly and dynamic properties (Findeisen et al., 2014). 

Biochemical studies of MT composition have shown that α- and β-tubulins are the monomeric 

units of the MTs and are isolated together with a 1:1 stoichiometry, reflecting their formation 

of a stable non-covalently associating heterodimer in eukaryotic cells (Inoue et al., 1995). 

Within this heterodimeric arrangement, each tubulin monomer can bind one molecule of GTP, 

but there are notable differences in the GTP-GDP exchange for α-tubulin because the GTP-

binding site of α-tubulin is buried at the monomer-monomer (α-tubulin/β-tubulin) interface and 

so GTP-GDP exchange is prevented (Igaev et al., 2018). In contrast, the GTP-binding site of 

β-tubulin is partially exposed on the surface of the dimer and so there is GTP-GDP exchange 

with the solution.  
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The α/β-tubulin heterodimers form linear protofilaments that are ultimately assembled into the 

complete MT structure (Tilney et al., 1973; Horio et al., 2014). Within each MT, each α/β-

tubulin heterodimer forms extensive non-covalent bonds with its neighbours. These bonds are 

formed longitudinally along the protofilament (between dimer subunits of the different type, 

i.e., α-β) as well as laterally (between dimer subunits of the same type, i.e. α-α or β-β) ensuring 

the association of adjacent protofilaments within the overall MT structure (Kononova et al., 

2014; VanBuren et al., 2005). Indeed, high-resolution structures of the α/β-tubulin heterodimer 

achieved by X-ray crystallography (Gigant et al., 2000), together with lower-resolution MT 

maps imaged by electron cryo-microscopy (Wade et al., 1993), have confirmed that MTs are 

cylindrical polymers of α/β-tubulin heterodimers that typically comprise 13 parallel 

protofilaments to form a MT lattice in vivo.  

The orderly arrangement of the protofilaments also results in two distinct ends of the MT 

structure. This is the so-called “polarity” of MT organisation: the minus (-) end of MT with α-

tubulin molecules exposed and plus (+) end with exposed β-tubulin molecules (Howard et al., 

2003). This overall organisation further results in different features of the MT ends, with the 

plus (+) end allowing MT dynamic α/β-tubulin exchange because the binding of the tubulin 

heterodimers occurs at this end (Hemmat et al., 2018). Thus, α/β-tubulin heterodimers are the 

major building blocks of the MT lattice and their features contribute to MT protofilament 

assembly, polarity and dynamics.  

The assembly of MTs also requires, in addition to α/β-tubulin heterodimers, the MTOC that is 

rich in γ-tubulins. In this process of assembly, the γ-tubulin of the MTOC interacts with the α-

tubulin subunit of α/β-tubulin heterodimers to promote longitudinal bonds within each 

protofilament or lateral contacts between protofilaments to form a MT lattice (Farache et al., 

2018). Interestingly, γ-tubulin not only promotes MT nucleation but also negatively regulates 

MT end dynamics through binding of γ-TuRC to the MT minus (-) ends (de Anda et al., 2005). 

Overall, MTs can be considered as dynamic structures, and thus the growing ends of MTs, 

together with the impact of the nucleotide bound to β-tubulin on maintenance of the MT 

dynamics and conformation, are considered in more detail in the following section.  
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Figure 1.1 The 13-protofilament MT and the structure of the α/β-tubulin heterodimer 

A. Schematic representation of a 13-protofilament (13-pf) MT, composed of α- (aqua) and β- (purple) 

tubulin heterodimers is depicted. MT ends: the minus (-) end of MT with α-tubulin molecules exposed 

and plus (+) end with exposed β-tubulin molecules. Red dotted arrow indicates the direction of tubulin 

dimers addition and polymerisation and the seam of this MT. B. Ribbon diagram of the α/β-tubulin 

heterodimer showing α-tubulin with bound GTP (top), and β-tubulin containing GDP (bottom) 

stabilised with taxol analogue, taxotere (represented in green ball and stick). Labels for strands (in the 

α-subunit, B1 –B10) and helices (in the β-subunit, H1 – H10) are included. This structure represents 

the most likely arrangement of the tubulin dimer when GTP is buried at the non-exchangeable site in 

α-tubulin while the nucleotide in β-tubulin is exchangeable at the plus (+) end of the MTs. This electron 

crystallography structure was originally published in Nogales et al. (Nogales et al., 1998). Figures 

produced with AVS (Advanced Visual; ribbon module from M. Carson and A. Shah) and from (Wloga 

et al., 2017). 
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1.1.3 MT dynamics 

Live imaging studies of MTs have highlighted the dynamic growth/assembly and 

shrinkage/disassembly of MTs at the cell periphery (Mitchison et al., 1984). This assembly 

(polymerisation) and disassembly (depolymerisation) of the α/β-tubulin heterodimers is driven 

by the binding, hydrolysis, and exchange of GTP of the β-tubulin monomer (Nogales et al., 

2006; Wang et al., 2005). β-tubulin-bound GTP hydrolysis and the release of inorganic 

phosphate occurs shortly after α/β-tubulin incorporation; this GTP hydrolysis changes the 

conformation of the protofilament from a slightly curved tubulin-GTP to a more profoundly 

curved tubulin-GDP structure (Muller-Reichert et al., 1998). This nucleotide-dependent 

conformational change thus allows the GDP-bound tubulin heterodimers to form an outward 

curl at MT ends that promotes destabilisation of the lateral bonds between the tubulin subunits; 

in contrast, GTP-bound tubulin heterodimers form a cap-shaped structure at the MT tip that 

promotes relatively straight growing ends that stabilise the MT lattice and so prevent rapid 

depolymerisation (Chretien et al., 1995). Based on the observations of GTP-GDP exchange, a 

MT dynamic instability model has been proposed (Figure 1. 2) in which the growing MT with 

GTP-bound β-tubulin subunits forms straight MT ends that stabilise MT and so promote 

polymerisation. Then, at intermediate stages, a metastable, blunt-ended MT is formed which 

may pause, undergo further growth or switch to the shrinkage phase characterized by fountain-

like arrays of ring and spiral protofilament structures due to the GTP hydrolysis and formation 

of GDP-bound tubulin subunits enhancing the depolymerisation (Gardner et al., 2008; 

Mandelkow et al., 1991). This most prominent model explains MT dynamics and its changes 

that favour polymerisation or depolymerisation in various cellular events such as cell division 

or migration  (Muroyama et al., 2017; Watanabe et al., 2005). In the following section, the MT-

associated proteins involved in MT dynamics and stabilisation and also their mechanisms of 

action on MT networks are briefly reviewed. 
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Figure 1. 2 MT dynamic instability 

A model depicting the dynamic instability of MTs is illustrated. GTP- and GDP-bound tubulin dimers 

are shown. The polymerisation of MTs is initiated from a pool of GTP-loaded tubulin subunits. GTP 

hydrolysis changes the conformation of a protofilament from a slightly curved tubulin-GTP to a more 

intensely curved tubulin-GDP structure. The curved tubulin- GDP is forced to remain straight when it 

is part of the MT wall. Growing MT sheets presumably maintain the “cap” of tubulin-GTP subunits to 

stabilise the straight tubulin conformation within the MT lattice (1). Closure of the terminal sheet 

structure generates a metastable, blunt-ended MT intermediate (2), which might pause, undergo further 

growth or switch to the depolymerisation phase. A shrinking MT is characterized by fountain-like arrays 

of ring and spiral protofilament structures (3). The polymerization–depolymerisation cycle is completed 

by exchanging GDP of the disassembly products with GTP (4). Figure from (Conde et al., 2009). 
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1.2 MT-associated proteins (MAPs) and their MT-regulatory roles 

Cell division, migration and differentiation are highly reliant on dynamic remodelling of MTs. 

Although MAPs are involved in regulation of the MT growth, stabilisation, destabilisation and 

interaction of MT with other organelles (Cassimeris et al., 2001; Goodson et al., 2018), the 

evaluation herein is restricted to examples of those proteins modulating MT 

destabilisation/stabilisation as these are of highest relevance to the work presented on DCX in 

this thesis.  

1.2.1 MT-destabilising proteins: The examples of AAA, stathmin and 

kinesin-13 families 

Multiple families of MAPs promote MT destabilisation by different mechanisms including a 

disassembly of MTs via the cutting/severing of existing MTs, the sequestration of tubulin 

dimers, or the activation of MT depolymerases (Goodson et al., 2018; Su et al., 2012). These 

are considered briefly in the following paragraphs. 

MT severing proteins can cut existing MTs, thus creating new MT minus (-) and plus (+) ends 

(Roll-Mecak et al., 2010). The “ATPases Associated with various cellular Activities” (AAA) 

family are functionally extremely diverse proteins that include MT severing proteins katanin, 

spastin and fidgetin (Hazan et al., 1999; Zehr et al., 2017; Vemu et al., 2018). AAA proteins 

are recognisable by the presence of a highly conserved AAA domain which controls ATP-

binding and ATP-hydrolysis. ATP binding induces hexamerisation of the AAA domain and 

ATP hydrolysis causes MT disassembly by facilitating the interaction of the AAA domain with 

the C-terminal tail of tubulin and translocation of the tubulin peptide through the central pore 

of the AAA hexamer thus weakening the inter-dimer bonds and allowing dimer removal. This 

family of proteins is involved in constructive processes such as seeding new MT growth, 

releasing MTs from nucleation sites and allowing their transport from one region of the cell to 

another. More importantly, this mechanism of structural disintegration of MTs by AAA family 

proteins plays significant roles in mitosis/meiosis (Sharp et al., 2012). Moreover, AAA proteins 

are highly expressed in the nervous systems of diverse organisms and they can impact upon 

neuronal MT arrays to influence neuronal migration (Hartman et al., 1998). The inhibition of 

AAA family proteins can reduce neuronal migration in mice as these proteins promote MT 

release from centrosomes and transport towards the leading edge of cell movement (Yu et al., 

2005). Thus, AAA family proteins control MT behaviour by creating new MT ends which can 

be stabilised, grow or shrink.  
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The stathmin family proteins include the ubiquitously expressed stathmin protein and neuronal 

stathmin-like proteins including super cervical ganglia neural-specific 10 (SCG-10), SCG-10-

like protein (SCLIP) and stathmin-like protein 4 (STMN4). In cells, these proteins destabilise 

MTs by binding tubulins and promoting depolymerisation (Rubin et al., 2004). It has been 

proposed that stathmin controls the transition from neuronal precursors to early post-mitotic 

neurons (Boekhoorn, K., 2014). A critical regulatory impact of the stathmin proteins has been 

reported in post mitotic cells as mild neuropathy was observed in the stathmin -/- mice 

(Boekhoorn et al., 2014). Although the forced over-expression of stathmin can lead to 

abnormalities in mitotic spindle assembly leading to an arrest of cells in the early stages of 

mitosis, stathmin is not the critical MAP to maintain MT dynamics during cell division (Rubin 

et al., 2004) but mostly plays a regulatory role in post-mitotic cells.  

Members of the kinesin-13 family also cause MT depolymerisation and are known to play 

important roles in chromosome attachment and control of MT length (Rogers et al., 2004). 

Unlike other members of the kinesin family, the kinesin-13 proteins do not possess motor 

activity; instead, they use ATP hydrolysis to stimulate MT depolymerisation (Ogawa et al., 

2004). The mammalian-specific Kif2 proteins, Kif2A, Kif2B and mitotic centrosome-

associated kinesin (MCAK) are major members of the kinesin-13 family, and their roles have 

been explored in gene knockout/depletion and inhibitor studies. For example, Kif2A -/- mice 

have less dynamic MTs in the growth cones of neurons leading to numerous brain defects 

(Ogawa et al., 2015),  whereas the inhibition or depletion of MCAK causes the formation of 

large, poorly organized assemblies of MTs rather than spindles (Parra et al., 2006). Therefore, 

the kinesin-13 family proteins can play key roles in cell cycle regulation and neuronal cell 

migration. 

1.2.2 MT-stabilising proteins: MAP1, MAP2/tau and DCX families 

The MT-stabilising proteins can be functionally defined as a large group of proteins that bind 

along MTs to stabilise the MT network. The well-studied MT-stabilising proteins include two 

large families of MAPs, namely the MT-associated protein-1 (MAP1) family and the 

MAP2/tau family (Aamodt et al., 1984; Hirokawa, 1994) that are considered briefly below due 

to their acknowledged importance in the modulation of MT dynamics during cell migration. 

Moreover, Doublecortin X (DCX) protein, the first identified member of the DCX family, is 

also considered due to its distinct MT-binding domains and importance in the studies presented 

in this thesis.  
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The MAP1 family includes the MAP1A and MAP1B proteins that bind along and stabilise MT 

networks (Halpain et al., 2006). Members of this family contain MT-binding sequences in their 

C-termini, with both MAP1A and MAP1B also containing an additional N-terminal MT-

binding site (Meixner et al., 2000). MAP1 family members and their splice variants have 

specific regional and temporal expression patterns in the nervous system. MAP1B is highly 

expressed during early neuronal development, but its levels gradually decrease so that it is 

ultimately restricted in growing axons (Tucker et al., 1987). MAP1A is predominantly 

expressed in adult neurons, where it localizes preferentially to dendrites. Knockout animal 

experiments suggest specific roles of MAP1 family members in the development and the 

degeneration of the nervous system (Halpain et al., 2006). Enhanced neurite branching and 

impaired axonal turning behaviour were reported in regenerating dorsal root ganglion neurons 

of MAP1B-/- mice (Schoenfeld et al., 1989). In addition, lack of MAP1B may affect the post-

translational modification of tubulin polymers including the reduced amount of acetylated MTs 

within growth cones (Bouquet et al., 2004). The data implicate MAP1B in the locally 

coordinated assembly of cytoskeletal components required for branching and straight 

directional axon growth. These studies have highlighted the involvement of MAP1 family 

members in MT stability and organisation, and hence the importance of appropriate regulation 

of MT-related events in brain development.   

MAPs of the MAP2/tau family are best known for their MT-stabilising activity, regulation of 

MT networks in the axons and dendrites of neurons as well as their regulation of MT-mediated 

transport (Dehmelt et al., 2005). The MAP2/tau family includes MAP2 (A, B, C), tau and 

MAP4 (Goedert et al., 1991). MAP2 and tau are widely expressed in neurons whereas MAP4 

is present in many other tissues but is generally absent from neurons (Dehmelt et al., 2005). 

These MAPs contain multiple MT-binding sequences separated by short inter-repeat regions 

(Tokuraku et al., 1999). In addition to MT-binding, accumulating evidence suggests a much 

broader range of functions including interaction with F-ACT (Ozer et al., 2000). Coordinated 

organisation of MTs and F-ACT plays a critical role in neurodevelopmental processes 

(Mukhopadhyay et al., 2001) suggesting that MAP2/tau family members play a critical role in 

brain development.  

The DCX family of MT-stabilising proteins (Table 1.1) can be distinguished from other MAPs 

by the unique MT-binding domains that are conserved across DCX family members; these 

domains are now known as the doublecortin (DC) domains (Reiner et al., 2006). The human 

DCX family members are illustrated in Figure 1.3. The doublecortin X (DCX) family derives 
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its name from the gene doublecortin x (dcx) initially identified in 1998 in the mutation analysis 

study of the patients with brain cortical formation defects (Des Portes et al., 1998; Gleeson et 

al., 1998); DCX mutations are now known to result in severe brain malformation (Pilz et al., 

1998). The human dcx gene encodes a protein that contains two DC domains thus referred to 

as DC-1 or N-DC and DC-2 or C-DC (Kim et al., 2003). The closest homologue to DCX is 

Doublecortin-like kinase (DCLK), initially known as doublecortin and Ca2+/calmodulin CaM 

kinase-like 1 (DCAMKL1) (Burgess et al., 1999). Full-length DCLK is a 729-amino acid 

protein with several splicing isoforms and 72% sequence similarity of its N-terminal region 

with DCX and with a C-terminal S/T protein kinase domain most similar to CaM kinase II 

(Burgess et al., 1999). The similarity of DCX and DCLK is highlighted by their functional 

compensation, where the activity of both proteins must be perturbed to recapitulate the severity 

of the neuronal migration (Sossey-Alaoui et al., 1999) suggesting the critical role of DCLK in 

the developing brain via its actions in cortical development. 

Other homologues include the murine and human orthologues of RP1 (retinitis pigmentosa 1), 

RP1-like 1 (RP1L1) and doublecortin-domain containing 1 (DCDC1) (Sullivan et al., 1999; 

Zeng et al., 2003). DCX proteins are considered to contribute to the MT assembly as well as 

MT dynamics in neuronal cells because mutations in the DC domains of DCX family proteins 

result in phenotypes that include cortical malformation and developmental disorders (Sapir et 

al., 2000). In addition to expression in the brain, RP1 proteins and DCDC1 are found in the eye 

and testis, respectively (Sullivan et al., 1999; Zeng et al., 2003). Wild-type RP1 is required for 

the correct stacking of outer segment discs as photoreceptor degeneration, outer segment 

dysplasia and rhodopsin mislocalisation occur in RP1 -/- mice (Chiang et al., 2006). In addition 

to DCDC1 which is mainly expressed in adult testis and fetal brain (rather than adult brain), 

DCDC2 mutations have been suggested to associate with reading disability or developmental 

dyslexia. Although the cellular or developmental basis for dyslexia remains unclear, subtle 

cortical neuronal migration anomalies have been found suggesting that developmental dyslexia 

is a disorder of neuronal migration (McGrath et al., 2006). Altogether, these studies highlight 

that, in addition to cortical regulation in developing brain, DCX family proteins play important 

roles in regulation of the cytoskeletal components in the eye and testis.  

DCX, the first identified member of the DCX family of proteins, is the focus of this thesis study 

and other members of the family are not considered in any further detail here. DCX is highly 

expressed during corticogenesis and adult neurogenesis (Kappeler et al., 2006) regulating the 

process of neuronal development (Corbo et al., 2002). DCX mutations in humans cause 
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lissencephaly (LIS) in hemizygous males, whereas heterozygous females exhibit a subcortical 

band heterotopia (SBH), also referred to as double cortex syndrome (Bahi-Buisson et al., 2013). 

The identified pathogenic mutations disrupt the DCX-MT interaction suggesting the 

correlation between DCX as MT regulator and neuronal brain development. The important role 

of cytoskeleton and associated proteins in neuronal migration and brain development are 

briefly summarised in the following Subsection and next, the structure of the DCX, the focus 

of this thesis study, together with its function and regulation, are further reviewed in Section 

1.3. 

 

Figure 1.3 DCX family proteins: schematic representation of DCX and its major human 

paralogs 

Overview of the DCX family proteins (and isoforms) ranging from 282 to 2480 amino acids. Each 

protein is represented by the unfilled box. Broken lines shown as the two vertical lines (| |) are used to 

indicate variable lengths of amino acids that have been omitted to allow for presentation of all paralog 

lengths. Positions of DCX-domains have been aligned vertically for clarity, while exact positions within 

the proteins show more variation. DC domains more similar to the N-terminal repeat of DCX (DC1) 

are labelled in green, whereas those more similar to the C-terminal repeat (DC2) are labelled in blue. 

DCDC2B contains the domain with similarity to both DC1 and DC2 domains of DCX and depicted as 

the green and blue stripes. Protein kinase domains are marked in yellow. Figure adapted from (Coquelle 

et al., 2006). 
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Table 1.1 Summary of DCX family proteins: Expression patterns and their functions 

DCX family    

Protein Expression pattern Function Studied 

species 

References 

DCX migrating neuroblasts 

during early embryonic 

development of 

cerebral cortex 

Stabilisation of MTs in axons and 

dendrites; cortical neuron migration  

Human (Pilz et al., 

1998) 

DCLK High expression during 

embryonic brain 

developmental  

Low expression in 

Gastrointestinal tract 

Stabilisation of MTs in axons and 

dendrites, involved in early 

neurogenesis and cortical neuron 

migration 

Expression of DCLK1 in tuft cells are 

considered to regulate the role of tuft 

cells as sensory cells in normal gut 

 

Mouse 

 

 

 

Human, 

mouse 

(Burgess et al., 

1999)  

 

(Westphalen 

et al., 2017) 

RP1 Retina  Eye development; MT stabilisation in 

photoreceptor cells  

Human, 

mouse 

(Sullivan et 

al., 1999) 

RP1L1 Retina (limited to 

photoreceptors) 

Eye development; MT stabilisation in 

photoreceptor cells  

Human, 

mouse 

(Sullivan et 

al., 1999; 

Chiang et al., 

2006) 

DCDC High expression in 

testis, fallopian tube, 

kidney, urinary bladder, 

lung, liver and low 

expression level in 

brain 

 

MT organisation in cellular migration.  

Human (Zeng et al., 

2003) 

 

 

 

 

 

  



Chapter 1 
 

15 
 

1.2.3 The role of the cytoskeleton in neuronal migration 

The cerebral cortex of mammalian brains is characterised by intricate folds (‘gyri’) and grooves 

(‘sulci’) that are responsible for developing the brain within the confined space of the skull 

(Hatten et al., 1985; Sun et al., 2014). The cerebral cortex contributes to various brain functions 

such as language learning, movement, memory and decision-making, thus malformations of 

this region will result in severe neurological dysfunction (Florio et al., 2014). To achieve the 

unique cellular architecture of the cerebral cortex where neurons are spatially organised and 

differentiated into distinct cell-type specific layers, the precise neuronal migration to the 

specific destination is required (Vicente-Manzanares, 2005). Migration is a polarised cellular 

process that opposes a protrusive front edge to a retracting trailing edge. Despite the wide 

variety of migration types, the general mechanism of cell migration involves four basic steps: 

(a) protrusion, (b) adhesion, (c) contraction and (d) retraction. ACT and MT-forces sequentially 

promote cell migration by repetition of these steps (Vicente-Manzanares, 2005). ACT 

polymerisation contributes to the cell protrusion and in the formation and maturation of the 

cell-adhesive structures. Indeed, ACT has been revealed as an essential regulator of the 

polarised organisation of migrating cells (Etienne-Manneville, 2013).  

Studies directed towards the MTs have also revealed their pivotal role in cell migration; 

through their roles in cell mechanics, intracellular trafficking and signalling, MTs participate 

in all essential events leading to cell migration (Etienne-Manneville, 2004). MT network 

polarity controls the establishment and maintenance of the spatial and temporal coordination 

of migration events and is therefore the key to persistent directed migration (Akhmanova et al., 

2008). These properties allow MTs to contribute to most steps of cell migration. Drug-induced 

depolymerisation or stabilisation of MTs dramatically alters the migration of a variety of the 

cell types including neurons (Akhmanova et al., 2009). MAP-DCX can influence MT 

dynamics, participate in the interactions with various signalling molecules and other MT- or 

ACT-binding partners to regulate the cellular migration (Etienne-Manneville, 2013). 

Therefore, DCX has central functions in the interplay between ACT and MT cytoskeletons by 

affecting different downstream cellular pathways which allows crosstalk between the ACT and 

MT cytoskeletons thus playing important role in coordination of neuronal migration via 

regulation of MT and ACT. In the following sections, the structure of DCX, its function and 

regulation are reviewed. 
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1.3 DCX 

1.3.1 Introduction to DCX functions 

Doublecortin X (DCX) is a developmentally critical MT-associated protein of 366 amino acids 

(40 kDa) that was initially shown to regulate MT organisation during developmental processes 

and cellular migration (Francis et al., 1999; Gleeson et al., 1998). The DCX protein has two 

homologous DC domains (DC1 or N-DCX and DC2 or C-DC) linked in tandem via a flexible 

unstructured region (linker) and additionally flanked by likely unstructured N-terminal and 

serine/proline-rich C-terminal sequences (Figure 1.4A) (Taylor et al., 2000). Indeed, the 

identification and characterization of multiple pathogenic mutations of DCX has contributed 

to the current understanding of DCX actions (Chapin et al., 1992; Taylor et al., 2000). The 

mapping of many of these pathogenic DCX mutations, which result in neuronal migration 

defects and cortical layer malformation, to the DC domains emphasizes the importance of these 

structured DC domains in the normal functions of DCX as a MT-associated protein (Francis et 

al., 1999). In Section 1.3.2, structural findings of DC domains and their interactions with MTs 

are briefly summarized. The results of these studies aid our understanding of the importance of 

DCX as an MT-associated protein. 

However, some pathogenic mutations that can interrupt the normal neuronal migration and 

manifest as LIS and SBH have been mapped to regions outside the DC domains including those 

within the linker sequence (Liu et al., 2012) or those within the DCX C-terminus (Kato et al., 

1999). Thus, the actions of DCX are not restricted to its DC domains and further evaluation of 

how regions outside the DC domains contribute to normal DCX actions is required. Since 

preliminary studies suggested the phosphoregulatory role of DCX termini in DCX function; 

examples of the impacts of the kinases and phosphatases and the following influences on 

cytoskeleton interactions are summarised in Section 1.3.3. To further address the roles of DCX 

C-terminus, deletion studies are performed in Chapter 3 of this thesis applying the live-imaging 

of wildtype and DCX C-terminal truncated mutant. The role of unstructured DCX N-terminus 

also remains largely unknown. In Chapters 4 and 5 of this thesis, mutagenesis studies address 

the actions of the DCX N-terminus, again with the use of live-imaging approaches and the 

analysis of regulatory changes of DCX function by phosphomimetic mutation of S28 as well 

as the DCX (E2K) pathogenic mutant. 
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1.3.2 Structure of DC domains and the mode of recognition of MTs by DCX 

The solution structure of the DCX N-DC domain (DCX residues 1- 150), as first determined 

by heteronuclear NMR spectroscopy (Kim et al., 2003) (Figure 1.4B), shows a well-defined 

core comprising residues 51-147 with the structurally disordered termini. The core folds into a 

single compact domain with a mixed β-sheet containing five β-strands and a single major α-

helix (residues 80-91) within the crossover connection between strands β2 and β3. This helix 

fits on to the concave face of the β-sheet (Kim et al., 2003). This solution structure gives the 

ubiquitin-like tertiary fold with structural similarities to GTPase-binding domains (Kim et al., 

2003). While the attempt to crystallise the wildtype N-DC has been failed, a double mutant 

K134D/K135D N-DC (N-DCDD) yielded crystals which allowed for structure determination 

(Burger et al., 2016; Moores et al., 2004). Comparing the solution structure of N-DC with the 

N-DCDD indicated that no significant conformational changes are caused by the mutations. 

However, the C-terminal fragment of the double mutant N-DCDD (residues 139-147) 

unexpectedly showed the transient “open” conformation while previous N-DC NMR data 

showed exclusively “closed” conformation. This transient conformation suggests the switching 

between “open” and “closed” conformation, thus leading to a proposal that this fragment acts 

as reversible peptide ligand providing a dynamic control of the linker (residues 151-169) 

between the DC domains of DCX (Burger et al., 2016). This conformational switch may thus 

contribute to the actions of DCX as MT-stabiliser protein (Burger et al., 2016; Cierpicki et al., 

2006).      

The first high resolution structure of the human C-DC domain (DCX residues 170- 275) was 

the result of NMR analyses of DCX pathogenic mutations within C-DC (Figure 1.4C) (Burger 

et al., 2016). The secondary structure of C-DC predicted one α-helix between residues 288-298 

and four β-strands between residues 262-266, 274-280, 307-311, and 328-332. These 

secondary structure features share similarity with the N-DC domain (Burger et al., 2016; 

Cierpicki et al., 2006). To compare the higher protein structure of C-DC with N-DC domain, 

NMR analyses and X-ray crystallography in complex with a single chain camelid antibody 

specific for C-DC were performed. The inclusion of this C-DC specific antibody, via aiding 

crystallisation, has facilitated  the first high resolution structure of the C-DC domain (Burger 

et al., 2016). Comparisons of the resulting C-DC structure obtained in this manner with that of 

the N-DC structure obtained confirm that the C-DC domain adopts the same well defined 

ubiquitin like fold as the N-DC (Figure 1.4D) (Burger et al., 2016). DC domains showed 

structural similarity to the GTPase binding domain of ubiquitin family. Since tubulin acts as 
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GTPase, MT has been proposed to have affinity to DCX. This hypothesis was confirmed by 

structural and biochemical analysis of the DCX and polymerised tubulins in in vitro studies 

(Cierpicki et al., 2006; Kim et al., 2003; Rufer et al., 2018).  

These structural studies have also now been extended to address the mode of interaction of the 

DC domains with the surface of MTs. Truncated DCX (t-DCX) lacking C-terminus was 

constructed to study the interaction with MTs. Structural studies employing Cryo-EM have 

further shown that t-DCX does not seem to contact any major elements of tubulin secondary 

structure (Moores et al., 2004). Instead, it binds in an environment unique to polymerized 

tubulin that is created by loops from four tubulin subunits (H9-β8 loop in α1, H10- β9 loop in 

β1, H11-H12 loop in α2, H4-β5 loop in β2). Therefore, it has been proposed that DCX binds 

between MT protofilaments (at the junction between four tubulin monomers) to bind 

protofilaments together. Moreover, biochemical studies have shown that this interaction of DC 

domains does not affect the intrinsic GTPase activity of tubulin within the MTs and thus that 

DCX can act to stabilise MTs independent of the bound nucleotide (Fourniol et al., 2010; 

Fourniol et al., 2013). This mode of binding gives DCX the potential to strengthen both lateral 

contacts between protofilaments and longitudinal contacts along the MT (Moores et al., 2006). 

Interestingly, DCX recognises the lateral curvature (a convex curve) as well as longitudinal 

curvature (a concave curve) of the MT by a mechanism that relies on cooperative interactions 

between neighbouring DCX molecules to sense the tubulin dimers spacing (Bechstedt et al., 

2014; Ettinger et al., 2016). In fact, this different mode of association with the MTs is observed 

in cells where it has been shown that DCX is enriched in the growth cones and the site of 

collateral branch formation in neurons in which MTs are highly curved (Bechstedt et al., 2014). 

The high resolution structure of N-DC was applied to map the interaction with MTs. Although 

the difference map does not provide sufficient information regarding the orientation of N-DC 

and MT, the clustering of previously identified disease causing mutations on N-DC including 

R78, D86, R89, R102, strongly suggests that these residues are important and likely to be 

involved in binding the tubulin loops (Moores et al., 2004). This docked orientation for N-DC 

with the MT suggests a critical role of the DCX-MT interaction in the role of DCX in brain 

development (Fourniol et al., 2013; Moores et al., 2006). Taken together, this mode of 

association of DCX with MT highlights the critical role of DCX in MT organisation. 
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Figure 1.4 Solution structure of DC1 (N-DC) and DC2 (C-DC) domains of the DCX protein 

A. Schematic representation of the domains of full-length DCX. DCX contains two MT-binding 

domains: DC1 (DCX amino acids 45-150) and DC2 (DCX amino acids 170-275). These DC domains 

are connected via a linker (DCX amino acids 151-169). Moreover, DC1 is preceded by the DCX N-

terminus (DCX amino acids 1-44) and DC2 is followed by a S/P rich DCX C-terminus (DCX amino 

acids 276-366). B. The structure of the N-DC (DC1) domain of DCX was obtained from the analysis 

of the 20 lowest-energy heteronuclear NMR conformations; ribbon diagram of a representative N-DC 

conformation with the α-helices highlighted in purple (H1- H4) and the β-strands represented in green 

(S1 – S5). Figure from (Kim et al., 2003). C. Overview of the complex between C-DC (DC1) (green) 

and the cyan obtained by NMR spectroscopy. Figure from (Burger et al., 2016). D. Superimposed 

structure of C-DC (green) on N-DC (grey) confirms the structural similarity to N-DC domain of DCX. 

Figure adapted from (Burger et al., 2016). 
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Although the two DC domains of DCX are responsible for the interaction with MTs, the DCX 

termini (DCX residues 1-44 forming the DCX N-terminus, DCX residues 276-366 forming the 

DCX C-terminus) may also play critical roles in the regulation of the DCX-MT interaction. 

The DCX C-terminus provides a platform for interaction with DCX’s binding partners 

including kinases and phosphatases to phosphoregulate the association of DCX with MTs 

(Schaar et al., 2004). Moreover, DCX binds to adaptor protein, Spinophilin (Spn), the mediator 

of DCX-ACT association via DC domains as well as the first 28 residues of the DCX C-

terminus (DCX residues 276-304) (Tsukada et al., 2006) suggesting that the regions outside 

the DC domains can be the binding sites to regulate DCX phosphorylation status and 

association with F-ACT (Tsukada et al., 2006). DCX’s binding partners are summarised in 

Error! Reference source not found.. In the following subsection, examples of the DCX’s 

binding partners, kinases, phosphatases, Spn and F-ACT are briefly reviewed as part of a 

developing model of the regulation of DCX and its and impacts on MTs and F-ACT. 

1.3.3 Non-MT binding partners of DCX 

 

1.3.3.1 F-ACT and ACT-binding proteins (ABPs) 

ACT is one of the most conserved proteins, with a very similar amino acid sequence in species 

ranging from plants to animals (Symons et al., 1991). G-ACT binds to intracellular and nuclear 

proteins and potentially regulates some cellular events, but most of its functions are due to its 

polymerisation into filaments (Huxley, 1996). ACT polymerisation in vitro is well 

characterised as a nucleation-elongation reaction, with the hydrolysis of nucleotides that 

precedes ACT elongation (Carlier et al., 2015). F-ACT assembly takes place in three stages: 

ACT nucleation, elongation of filaments from one or both filament ends, and maturation to a 

steady state where subunit assembly and disassembly from the two ends balance. As a 

component of cytoskeleton, ACT plays a major role in maintaining the morphology of cells. 

ACT polymerisation and depolymerisation provide the force to form plasma membrane 

protrusions and pseudopods and promote cell motility (Woodham et al., 2014). ACT also 

interplays with focal adhesions and promotes inside-out and outside-in signals that dynamically 

regulate the cell adhesion between cell–cell and cell–matrix (Oakes, 2018). In muscle cells, F-

ACT participate in the formation of ATP-dependent contractile structures together with myosin 

filaments in muscle cells (Huxley, 1996). To achieve complex functions of the ACT 

cytoskeleton, regulation of ABPs is extremely required to inhibit or stimulate ACT 

polymerization, sever the polymers, crosslink F-ACTs into bundles or in filamentous three-
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dimensional networks, and bind them to cell membranes (Hartwig et al., 1991). Dozens of 

ABPs have now been found in various ACT regulatory processes, and their functions are 

categorised based on their impacts on different stages of ACT polymerisation. One group of 

ABPs is the ACT cross-linkers and organisers. These proteins act as a mediator to support the 

F-ACT mechanical strength and stabilisation via organising and cross-linking of F-ACT into 

parallel bundles (Lappalainen, 2016; Pollard, 2016) Spn and DCX belong to this group and 

previous studies proposed that DCX interacts with ACT indirectly through Spn which brings 

DCX and ACT together and facilitates cross-linking of MTs and F-ACT (Hartwig et al., 1991; 

Pollard, 2016). In the following section, Spn, its structure and importance in contributing to 

DCX function are briefly reviewed.  

1.3.3.2 Spinophilin (an ACT-binding protein) 

Spn (also known as neurabin 2) has been isolated as a protein interacting with F-ACT (Allen 

et al., 1997). Spn plays important functions in the nervous system where it is implicated in 

spine morphology and density regulation, synaptic plasticity and neuronal migration (Allen et 

al., 1997). Biochemical approaches have contributed to define distinct modular domains in 

spinophilin (Sarrouilhe et al., 2006). Spn has the features of a typical adaptor protein: it lacks 

enzymatic activity but contains multiple protein interaction domains including N-terminal F-

ACT-, potential Src homology 3 (SH3)-, a pentapeptide PP1- and C-terminal coiled-coil DCX-

binding domains as well as a PSD95/DLG/zo-1 (PDZ) domain (Figure 1. 5) (Tsukada et al., 

2003). Spn binds to the DCX C-DC domain and the first 28 residues of the DCX C-terminus 

(i.e. DCX residues 276 –304). With binding sites for both DCX and ACT, Spn can mediate 

influence of DCX on F-ACT  (Sarrouilhe et al., 2006; Tsukada et al., 2005). A coordinated 

function of DCX and Spn in brain development and F-ACT organisation has been supported 

by observations of similar phenotypic changes (hippocampal delamination and FACT 

dysregulation) in Spn -/- or DCX -/- mice (Allen et al., 1997; Bielas et al., 2007). Taken 

together, these data suggest a model in which DCX regulates F-ACT organisation by 

interacting with Spn.  

Spn-mediated association of ACT with DCX leads to the regulation of the F-ACT organisation. 

Most ACT-associating proteins regulate F-ACT organisation via inhibition or stimulation of 

the ACT nucleation or elongation, the first two steps of ACT assembly (Svitkina, 2018), 

However, the DCX protein shows no ACT nucleation or elongation effects. In fact, Spn-

mediated association of DCX with F-ACT cross-links F-ACT into the parallel F-ACT or MTs 

(Iwasa et al., 2007; Pantaloni et al., 2001).  The impact of DCX on F-ACT supports the previous 
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findings regarding the colocalisation of the DCX and F-ACT in distal neurite growth cone and 

formation of lamellipodia and filopodia (Gross, 2013; Tsukada et al., 2005; Tsukada et al., 

2003). Therefore, DCX facilitates interaction of MTs and F-actin to coordinate MTs and F-

ACT functions in neuronal cells maturation and brain development. 

 

Figure 1. 5 Spn regulates association of DCX with F-ACT 

A schematic representation of the domain structure of full-length spn and the proposed functions of spn 

in the regulation of DCX/F-ACT association. A. Spn contains an F-ACT binding domain (F-actin BD, 

amino acids 1 - 151), a PP1-binding domain (PP1-BD, amino acids 447-451), a PSD95/DLG/zo-1 

(PDZ) domain (amino acids 496-586) and a predicted coiled-coil motif known as a DCX-binding 

domain (DCX BD, amino acids 664-817). The spn gene is named PPP1R9B in data bank (gene ID 

84687). B. Schematic representation of regulation of DCX-ACT association: i. spn has binding sites for 

both ACT and DCX and thus mediates association of DCX with F-ACT. ii. The PP1 binding domain 

of spn facilitates site-specific dephosphorylation of DCX and decreases the association of DCX with F-

ACT. Red open circle with P represents phosphorylation of DCX. 
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1.3.3.3 DCX phosphoregulators: kinases and phosphatases as partners of DCX 

Studies of the cytoskeleton and its regulators during brain development have shown the 

interaction of DCX with various protein kinases and phosphatases that can thus act as DCX 

phospho-regulators (Francis et al., 1999). The ensuing phosphorylation state of DCX resulting 

from a balance of the activities of these kinases and phosphatases can influence the interaction 

of DCX with the cytoskeletal components, MTs and F-ACT (Schaar et al., 2004). At least 90 

DCX residues have been identified by mass spectrometry analysis as phosphorylated by S/T 

kinases (Gdalyahu et al., 2004; Graham et al., 2004; Schaar et al., 2004); to address the 

phosphoregulation of DCX, examples of the kinases and phosphatases that target sites within 

DC1 domain (S47 or S115) or the DCX C-terminus (S297, T321, T331 and S334) are briefly 

reviewed (Figure 1. 6).  

During brain development, MT affinity regulatory kinase (MARK) and protein kinase A (PKA, 

cyclic AMP-dependent protein kinase) control neuronal migration (Toriyama et al., 2012). In 

MARK-/- mice defects in neuronal positioning are observed whereas the inhibition of the alpha 

subunit of the stimulated G protein complex (Gs)-PKA signalling leads to cortical lamination 

defects (Ngai et al., 2009). MARK- or PKA-induced DCX phosphorylation can be reversed by 

the activity of the protein phosphatase 2A (PP2A) but not PP1 (Schaar et al., 2004; Toriyama 

et al., 2012). Mass spectrometry studies identified DCX S47 and S115 as the phosphorylation 

sites for PKA and MARK, respectively (Schaar et al., 2004; Toriyama et al., 2012). Neuronal 

cells transfected with DCX S47A or DCX S115A mutants have been shown with disrupted MT 

association leading to neuronal migration defect (Schaar et al., 2004; Toriyama et al., 2012). 

Furthermore, the dynamic PP2A-induced dephosphorylation and phosphorylation by PKA and 

MARK are essential for DCX-MT interaction in the growing neurites during neuronal 

migration (Toriyama et al., 2012). While phosphorylation may decrease the interaction of DCX 

with MTs, it appears that its phosphorylation also increases affinity for the F-ACT as PKA-

induced DCX S47 phosphorylation increases affinity of DCX for F-ACT (Toriyama et al., 

2012). Therefore, MARK and PKA kinases as well as the phosphatase PP2A work in balance 

to regulate the interaction of DCX with MTs and F-ACT (Figure 1. 6Bi).  

The c-Jun N-terminal Kinase (JNK) family proteins are important intracellular regulators of 

nerve cell migration (Reiner et al., 2004). Neuronal migration defects have been observed in 

JNK1/2-/- mice or following the inhibition of JNK1/2 activity applying JNK specific inhibitors 

in vitro (Jin et al., 2010). Moreover, the similarity in phenotypes of JNK1/2-/- , DCX-/- or 

TUB1-/- mice suggest the regulatory role of JNK in DCX and MT functions (Gdalyahu et al., 
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2004).  JNK binds to the DC domains of DCX to phosphorylate DCX residues primarily within 

the DCX C-terminus; DCX phospho-mutants for these residues (T321A, T331A and S334A) 

differentially affected neurite outgrowth of nerve growth factor-stimulated PC12 cells and the 

motility of primary cerebellar neurons suggesting the critical role of JNK-mediated DCX 

phosphorylation in neuronal migration (Jin et al., 2010). JNK phosphorylates the DCX C-

terminus to reverse the impact of PP1-mediated dephosphorylation and thus disassociates DCX 

from MTs and enhances the association of DCX with F-ACT (Jin et al., 2010; Shmueli et al., 

2006) (Figure 1. 6Bii). Taken together, these studies demonstrate the interplay of JNK and PP1 

activities to regulate DCX functions.  

Cyclin-dependent kinase 5 (Cdk5) is a member of the Cdk family of S/T kinases that, unlike 

other Cdk family members that are primarily involved in cell cycle control, is highly expressed 

in neurons and indispensable for normal brain development (Shah et al., 2017). Applying 

information on the consensus phosphorylation sequence preferred by Cdk5, DCX was 

predicted to have 9 putative Cdk5 phosphorylation sites (Graham et al., 2004); of those 

residues, S28 and S297 were identified by mass spectrometry as the major sites of 

phosphorylation (Graham et al., 2004). The phosphorylation of DCX S297 by Cdk5 reverses 

the effect of phosphatase 1 (PP1)-mediated DCX S297 dephosphorylation to lower the 

association of DCX with MTs (Tanaka et al., 2004). Given that Cdk5 and DCX co-localised in 

the perinuclear region during cell migration, involvement of Cdk5 in cell migration via 

regulation of DCX has been proposed (Nishimura et al., 2014; Tanaka et al., 2004). Disruption 

of the neuronal cell migration and brain development in the DCX S297A mutant or Cdk5-/- 

mice confirmed the role of Cdk5 in DCX phosphoregulation (Nishimura et al., 2014; Tanaka 

et al., 2004). Taken together, the interplay of Cdk5 and PP1 activities regulates the 

phosphorylation status of DCX S297 to alter the interaction with MTs (Figure 1. 6Biii). The 

impact of DCX S28 phosphorylation, the other major site that resides within the DCX N-

terminus has not been addressed and thus the impact of phosphorylation status on the 

cytoskeletal components needs to be determined. In Chapter 4 of this thesis, the functional 

consequences of phosphorylation DCX S28 on DCX actions in a neuronal context is 

investigated.  
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Figure 1. 6 Phosphoregulation of DCX by different kinases and phosphatases  

A. A schematic representation of the domains of full-length DCX and examples of the identified 

phosphorylation sites in DC1 (N-DC) and DCX C-terminus. B. The association of DCX with MT and 

F-ACT is regulated by kinases such as protein kinase A (PKA), cyclin-dependent kinase 5 (Cdk5) and 

c-Jun N-terminal kinase (JNK) and phosphatases including PP1 and PP2. i. PKA phosphorylates DCX 

S47 results in decreased association with MT and increased association to F-ACT. However, PP2A 

reverses the impact of PKA-induced DCX S47 phosphorylation (Toriyama et al., 2012). ii. JNK-

mediated phosphorylation of DCX S334 (as well as T321 and 331) modulates association of DCX with 

MT and F-ACT as phosphorylated DCX binds less to MT and more to F-ACT. PP1-mediated 

dephosphorylation reverses the effect of JNK-mediated DCX phosphorylation (Jin et al., 2010; Reiner 

et al., 2004).  iii. Cdk5 phosphorylates DCX S297 and thus reduces association of DCX to MT and PP1-

mediated DCX dephosphorylation reverses this effect. The impact of Cdk5-induced DCX 

phosphorylation on DCX-ACT association is yet to be determined (Tanaka et al., 2004). Red open circle 

with P represents phosphorylation of DCX. 
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Growth and migration of neurons require continuous remodelling of the neuronal cytoskeleton 

and thus DCX, as the cytoskeleton regulator, can play the critical role in orchestration of MTs 

and F-ACT function in developing brain. DCX mutation studies confirm the important role of 

DCX in neuronal migration and brain development. Next, the pathogenic mechanism of the 

identified DCX mutation and impacts on neuronal migration are reviewed. 
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Table 1.2 Summary of DCX-associated proteins 

Protein Biochemical function and relationship with DCX References 

Tubulin Binds to DCX  (Nogales et 

al., 1998) 

Actin Associates with DCX via spinophilin   (Tsukada 

et al., 

2006) 

Spn Binds to DCX to regulate DCX-ACT association  (Sarrouilhe 

et al., 

2006) 

JNK Phosphoregulates DCX-MT/ACT association; phosphorylates DCX T321, 

T331, S334; Dissociate DCX from MTs  

(Reiner et 

al., 2004) 

MARK Phosphoregulates DCX-MT/ACT association; phosphorylates DCX S115; 

dissociates DCX from MTs  

(Toriyama 

et al., 

2012) 

PKA Phosphoregulates DCX-MT/ACT association; phosphorylates DCX S47; 

dissociates DCX from MTs  

(Toriyama 

et al., 

2012) 

Cdk5 Phosphoregulates DCX-MT/ACT association; phosphorylates DCX S28, S297; 

Dissociates DCX from MTs  

(Graham et 

al., 2004; 

Tanaka et 

al., 2004,) 

PP1 Phosphoregulates DCX-MT/ACT association; dephosphorylates DCX to reverse 

the effect of JNK and Cdk5  

(Shmueli et 

al., 2006) 

PP2A   Phosphoregulates DCX-MT/ACT association; dephosphorylates DCX to reverse 

the effect of MARK/PKA  

(Schaar et 

al., 2004) 
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1.3.4 Neuropathologies associated with DCX mutations 

To address the important role of DCX in cytoskeletal organisation, examples of the DCX 

mutations associated with the neuronal disorders are briefly reviewed.  

The identification of multiple DCX mutations in patients with LIS and SBH syndrome 

suggested the critical role of DCX in migrational events (Horesh et al., 1999). As discussed 

earlier in section 1.3, the majority of patient mutations cluster within two tandem repeats (DC 

domains: DC1 and DC2) (Sapir et al., 2000; Taylor et al., 2000), suggesting that these regions 

on DCX are required for MT binding and remodelling. The deleterious DCX mutations hinder 

the interaction of DCX with MTs and thus can be the cause of disrupted neuronal migration 

and subsequently the malformation of the distinct cerebral cortex layers (Figure 1. 7) 

(Bechstedt et al., 2014; Taylor et al., 2000).  

Pathogenic mutations have been identified in the DCX termini that flank the DC domains,  

suggesting the importance of these DCX termini in the proper function of DCX in the neuronal 

migratory process (Kato et al., 1999). In a female patient with SBH with epilepsy and periodic 

limb movements (PLMs) manifestations, a pathogenic novel ‘‘de novo” missense substitution, 

Met1Val (M1V) within the DCX N-terminus was identified (Parisi et al., 2010). In another 

study, male patients with the missense mutation DCX E2K have anteriorly predominant 

pachygyria causing epilepsy and intellectual disability (Lawrence et al., 2010). Moreover, 

studies of the coding regions of the DCX gene in patients with cortical dysplasia introduced 

the patient mutation within DCX C-terminus  (Kato et al., 1999). However, the mechanism of 

these pathogenic mutations and their impacts on developmental processes remain largely 

unknown. Collectively, the identification of the patient mutations outside the DC domains 

highlights the importance of all domains of DCX including DCX termini in proper DCX’s 

function to modulate cytoskeleton organisation during neuronal migration. 

DCX E2K mutation shows different phenotypes from the previously identified mutants of the 

DCX. DCX E2K mutation was first identified in males of the family with Lennox‐Gastaut 

syndrome (LGS). LGS is one of the most severe epileptic encephalopathies of childhood onset. 

Although LGS syndrome is commonly characterised by a triad of symptoms, which include 

multiple seizure types, slow spike-wave complexes on electroencephalographic (EEG) 

recordings and impairment of cognitive function, there is debate with regard to the precise 

limits, cause, and diagnosis of the syndrome (Arzimanoglou et al., 2009; Lawrence et al., 
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2010). In order to address the role of DCX E2K at a cellular level, the association of the DCX 

E2K mutant protein with the cytoskeletal components is investigated in Chapter 5 of this thesis.  

 

 

 

 

 

 

 

 

Figure 1. 7 Reported pathogenic DCX mutations and their phenotypic manifestations 

A. Schematic diagram of the identified pathogenic mutations of the dcx gene which are presented as 

amino acid changes as results of missense or nonsense (presented as X in mutations) mutations. Figure 

adapted from (Friocourt et al., 2003). B. Schematic of horizontal sections through the cerebral cortex 

of a normal adult human brain compared to those of patients with cortical malformation: lissencephaly 

(in males) and subcortical band heterotopia (double cortex) (in females). Figure adapted from (Weijer, 

2009).  
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1.4 Project aims 

The work presented in this thesis aims to characterise the impact of the DCX termini (the N-

terminus, DCX-N, and the C-terminus, DCX-C) on the association of DCX with MT and F-

ACT. Specifically, the three aims are: 

1.4.1 Study of the regulatory role of DCX-C in the dynamics of DCX 

association with MTs 

A mode of association of the DC domains with MTs has been previously characterised (Horesh 

et al., D., 1999). Although extensive studies have previously focused on defining the features 

of DCX-MT interaction interface and the subsequent impact of DCX on MT organization, the 

dynamics of DCX association with MTs in living cells remain largely unexplored.  Thus, 

quantitative fluorescence recovery after photobleaching (FRAP) protocols are exploited to 

reveal an unanticipated rapid dynamics of the association of GFP-labelled DCX with MTs in 

living cells. In addressing potential of the DCX unstructured C-terminal (DCX-C) sequence to 

regulate this rapid exchange, an increased association with MTs, a slower dynamics of 

association with MTs, as well as different MT bundling patterns, are observed for a truncated 

version of DCX lacking its unstructured C-terminal sequence. Taken together, our findings 

emphasize a strikingly dynamic association of DCX with MTs in addition to a regulatory role 

played by the DCX unstructured C-terminus. The results of this study are presented in Chapter 

3 of this thesis. 

1.4.2 Investigation of the impact of DCX S28 phosphorylation, the only 

identified phosphorylation site within DCX-N, on the association of 

DCX with the cytoskeleton 

The function of DCX can be potentially regulated by the phosphorylation of DCX termini, 

DCX-C and DCX-N. While phosphoregulatory roles of DCX-C on DCX-cytoskeleton 

association are well established, the contributions of DCX-N to the regulation of DCX actions 

on the cytoskeleton require further evaluation. There is one identified phosphorylation site in 

DCX-N, namely DCX S28, known to be targeted by Cdk5 but the functional consequences of 

phosphorylation of this residue on DCX actions in a neuronal context have not been 

determined. The kinase activities of Cdk5 contribute to the regulation of critical cytoskeleton-

dependent events including neuronal differentiation and neuronal plasticity via the 

phosphorylation of cytoskeletal regulators such as DCX (Nishimura, Y. V., 2014; Tanaka, T., 

2004), and so reinforce the importance of phosphorylation status of DCX in regulation of MT 
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and ACT localisation in neurons during neuronal development. To address the modulatory role 

of DCX S28 phosphorylation on DCX interactions with MTs and F-ACT, DCX S28E and 

S28A mutants are applied that mimic or prevent DCX phosphorylation respectively. Findings 

from DCX co-localisation analysis with the cytoskeleton, measurements of dynamic 

association of DCX with MTs and F-ACT, and biochemical analyses probing the interactions 

of DCX with Spn reveal a critical switching mechanism involving DCX S28 that influences 

cytoskeletal organisation. The results of this study are presented in Chapter 4 of this thesis. 

1.4.3 Address the impact of pathogenic mutation within the DCX-N, DCX 

E2K, on association of DCX with MTs and F-ACT  

The recently identified DCX E2K pathogenic mutant within the DCX-N causes cognitive 

impairment and pachygyria in human patients (Lawrence et al., 2010). Investigating the impact 

of DCX E2K mutant on cytoskeleton helps the better understanding of the regulatory role of 

DCX-N. The impact of DCX E2K on MTs and F-ACT association and regulation in neuronal 

cells are characterised. It shows that DCX E2K mutant protein retains the ability to interact 

with and bundle MTs, but these MTs show a reduced sensitivity to nocodazole-induced 

depolymerisation as well as slower α-tubulin exchange rates. Furthermore, DCX E2K shows 

an increased association with F-ACT network. Thus, these results highlight the importance of 

DCX-N in regulating DCX actions on both the MT and F-ACT networks. The results of this 

study are presented in Chapter 5 of this thesis. 
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2.1 Reagents and equipment 

General biochemical reagents and manufacturers are presented in Table 2.1. 

For molecular biology techniques, a Mastercycler™ thermocycler (Eppendorf, Hamburg, 

Germany) and an Eppendorf BioPhotometer (Eppendorf, Hamburg, Germany) were employed. 

Biorad Chemidoc™ MP Imager, electrophoresis tanks and consumables for DNA and protein 

analysis were purchased from Bio-Rad Laboratories (California, USA). 

Unless otherwise stated, the Leica SP5 or the ZEISS LSM 800 confocal laser scanning 

microscope each equipped with a 63x 1.4 NA objective (Biological Optical Microscopy 

Platform, University of Melbourne) were used in confocal microscopy protocols.  

2.2 Mammalian cell culture procedures 

 

2.2.1 Cell lines and culture conditions 

The monkey kidney fibroblast-like (COS-1) cell line was cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) and the human neuroblastoma (SH-SY5Y) cell line was cultured in 

DMEM: Nutrient Mixture F-12; both media were supplemented with FCS (10% (v/v)) and 

penicillin/streptomycin (100 U/ml).  

All cell lines were grown in 175 cm2 flasks at a temperature of 37°C and in an atmosphere of 

CO2 (5% (v/v)). Once reaching confluency (80-90%), cell culture medium was removed and 

cells were washed with sterile phosphate-buffered saline (PBS). Trypsin-

ethylenediaminetetraacetic acid (EDTA) solution was added to cells and incubated for 5 

minutes at 37 °C to detach the cells followed by the addition of growth media to inactivate 

trypsin. Cells were then collected by centrifugation at 350 xg for 5 minutes. The supernatant 

was discarded before resuspension into fresh growth media. Cells were counted and passaged 

into new flasks according to American Type Culture Collection (ATCC) guidelines.  

2.2.2 Cell number estimation 

Cell number was determined by counting using a haemocytometer. Briefly, an aliquot of 

trypsinised cells was diluted 1/5 with PBS. This was further diluted 1/2 with an equal volume 

of Trypan Blue (0.4% (v/v) that distinguishes the non-viable/dead/stained and 

viable/live/unstained cells in population. A haemocytometer was assembled and the chambers 

filled with 20 μl of this mixture. The number of viable cells in each outer corner square of the 

haemocytometer was counted under the light microscope. The concentration of cells in the 
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original culture was calculated, considering each square of the haemocytometer represents a 

total volume of 10-4 ml and the initial dilution, according to the following equation: 

Concentration (cells/ml) = average number of viable cells per square  x  dilution factor   x   104 

2.2.3 Transient transfection of cell lines using Lipofectamine 2000 

COS-1 and SH-SY5Y cells were seeded onto 60 mm petri dishes or 6-well plates at the 

following cell number respectively: 2 x 105 and 1 x 106. These cells were grown in DMEM or 

DMEM/F-12 with serum and antibiotics at 37 °C in CO2 (5% (v/v)). The next morning, each 

dish/well was transfected with 1 μg of plasmid DNA, facilitated by the liposomal-mediated 

transfection reagent Lipofectamine 2000. Briefly, 1 μl of plasmid DNA (1 μg/μl) was diluted 

in 249 μl of Opti-MEM. In a separate tube, 3 μl of Lipofectamine 2000 reagent was diluted in 

247 μl of Opti-MEM and incubated at room temperature (~22°C) for 5 minutes. Diluted 

plasmid DNA and Lipofectamine mixtures were then combined and incubated at room 

temperature for a further 20 minutes. Meanwhile, the growth media was removed from the cells 

and replaced with 2.5 ml of serum-free Opti-MEM per dish/well. After the incubation period, 

500 μl of the DNA/Lipofectamine 2000 mix was added drop-wise into each dish/well. The 

transfection mix was removed after 6 hours to prevent cell death and replaced with regular 

growth media. The cells were incubated for another 24-48 hours before proceeding with drug 

treatments or subsequent protein analyses. 

2.2.4 Cell treatments 

COS-1 and SH-SY5Y were seeded onto uncoated 60 mm petri dishes at the following cell 

number respectively: 2 x 105 and 1 x 106. Cells were allowed to adhere overnight (24 h) and 

growth media was then removed. Cell treatments were performed directly 24 h after cell 

seeding or after transient transfection with the different constructs. 

For microtubule stabilisation, prior to analyses, cells were treated with taxol (10 µM) for 1 hour 

and for microtubule depolymerisation, cells were treated with nocodazole (20 µM) for the 

indicated durations. 

For actin filament stabilisation, cells were treated with Jasplakinolide (1 µM) for 10 minutes 

prior to analyses.      

For hyperosmotic stress stimulation, cells were treated with sorbitol (0.5 M) for the indicated 

durations. The cells were then lysed as per Section 2.6.1. 
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Table 2.1 Reagents employed in this Ph.D. project 

Reagent Manufacturer 

BioMedia Gel Mount media Sigma 

BSA Invitrogen Life Technologies 

complete EDTA-free protease 

inhibitors 

Roche Applied Sciences 

DAPI Sigma 

DharmaFECT transfection reagent Dharmacon 

DMEM Invitrogen Life Technologies 

DpnI New England Biolabs 

D-sorbitol Sigma 

ECL kit Invitrogen Life Technologies 

F-12 DMEM Invitrogen Life Technologies 

FCS Invitrogen Life Technologies 

GFP-trap bead A ChromoTek 

HindIII Promega 

HiPure Plasmid Midiprep kit Invitrogen Life Technologies 

Jasplakinolide Merck (Calbiochem) 

KpnI Promega 

Lipofectamine 2000 Invitrogen Life Technologies 

Nocodazole Sigma 

Opti-MEM Invitrogen Life Technologies 

Paclitaxel (taxol) Sigma 

PBS  Invitrogen Life Technologies 

Penicillin/streptomycin Invitrogen Life Technologies 

Pfu DNA polymerase Promega 

Platinum Taq DNA polymerase Invitrogen Life Technologies 

PureLink PCR purification kit  Invitrogen Life Technologies 

PureLink Quick Gel Extraction kit  Invitrogen Life Technologies 

PureLink Quick Plasmid Miniprep 

kit 

 Invitrogen Life Technologies 

 PVDF membrane Millipore 

SiR-tubulin kit Cytoskeleton Inc. 

SYBR Safe DNA Gel stain  Invitrogen Life Technologies 

T4 DNA ligase/ligase buffer  Promega 

TEMED Sigma 

Trypan blue  Invitrogen Life Technologies 

Trypsin-EDTA Invitrogen Life Technologies 

XhoI  New England Biolabs 
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2.3 Molecular biology techniques to generate recombinant DNA 

constructs 

 

2.3.1 Polymerase Chain Reaction (PCR) protocol 

PCR was performed using the Platinum® Taq DNA Polymerase system according to the 

manufacturer’s protocol to generate DNA fragment for cloning into expression vectors 

(Addgene). Primer pairs used in the results presented in this thesis are outlined in Table 2.2. 

Briefly, each reaction contained 10 ng plasmid DNA template, 1X PCR buffer (20 mM Tris-

HCl pH 8.4, 50 mM KCl), MgCl2 (1.5 mM), forward primer (0.2 μM), reverse primer (0.2 μM), 

dNTP mix (0.2 mM), Platinum® Taq DNA Polymerase (1.0 U) with distilled water (dH2O) 

added to a final volume of 50 μl. The reactions were amplified in a Mastercycler™ 

thermocycler using the following protocol. The reactions were initially heated to 95 °C for 2 

minutes to allow for complete denaturation of the template DNA and polymerase activation. 

This was followed by 30 cycles of denaturing, annealing and elongation at 95 °C (1 minute), 

60 °C (1 minute) and 72 °C (1 minute 30 seconds), respectively. Finally, the reactions were 

incubated at 72 °C for 10 minutes to undergo a final elongation step. Samples were maintained 

at 4 °C after cycling or at -20 °C for long term storage. 

  



Chapter 2 
 

37 
 

Table 2.2 Sequences of primers used for directional cloning 

Primer name Directional cloning 

purpose  

Sequence (5’-3’)  

 

HindIII-DCX 

 

FWD primer with HindIII 

site to generate DCX 

fragment for cloning into 

pXJ40 vector 

 

GCAAGCTTATGGAACTTGATTTTGGACACTTTG

AC 

 

DCX-HindIII REV primer with HindIII 

site to generate DCX 

fragment for cloning into 

pEGFP-C1 vector 

GCAAGCTTTTACATGGAATCACCAAGCGAGTC

CGA 

 

XhoI-DCX FWD primer with XhoI site 

to generate DCX fragment 

for cloning into pEGFP-C1 

vector 

GCCTCGAGATGGAACTTGATTTTGGACACTTTG

AC 

 

DCX-XhoI  REV primer with XhoI site 

to generate DCX fragment 

for cloning into pXJ40 

vector 

GCCTCGAGTTACATGGAATCACCAAGCGA  

EcoRI-DCX  

 

FWD primer with EcoRI site 

to generate DCX fragment 

for cloning into pEGFP-N3 

vector 

GCGAATTCATGGAACTTGATTTTGGACACTTTG

ACG 

 

DCX-KpnI 

 

REV primer with KpnI site 

to generate DCX fragment 

for cloning into pEGFP-N3 

vector  

GCGGTACCTTACATGGAATCACCAAGCGAGTC

CGAG 

 

DCXΔC-

HindIII    

REV primer with HindIII 

site to generate DCXΔC (1-

275) fragment for cloning 

into pEGFP-C1 vector 

GCAAGCTTCTTCATGACTCGGCATTCATTTTCA

TCCA 

 

DCXΔC-KpnI REV primer with KpnI site 

to generate DCXΔC (1-275) 

fragment for cloning into 

pEGFP-N3 vector 

GCGGTACCCTTCATGACTCGGCATTCATTTTCA

TCCA 
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2.3.2 PCR purification 

Purification of PCR products was performed using the PureLink® PCR Purification Kit 

following the manufacturer’s protocol. This step removes contaminating material such as 

primers, enzymes and salts from the post-PCR product and is essential for the success of 

downstream molecular biology applications. Briefly, 4 volumes of PureLink® Binding Buffer 

(B2) containing isopropanol were added to 1 volume of the post-PCR product. Samples were 

then added to the columns provided and centrifuged at room temperature at 10,000 xg for 1 

minute. The flow-through was then discarded. Next, wash buffer containing ethanol was added 

to the column followed by centrifugation at room temperature at 10,000 xg for 1 minute to 

wash the bound DNA. This flow-through was also discarded and the column centrifuged at 

14,000 xg for 2-3 minutes to remove residual wash buffer. Elution buffer (10 mM Tris-HCl, 

pH 8.5) was added to the centre of the column, left to incubate for 1 minute at room temperature 

before centrifugation at 14,000 xg for 2 minutes to elute the bound DNA fragment. 

2.3.3 Restriction enzyme digestion 

DNA fragments generated by PCR typically have restriction sites introduced at the 5’ and 3’ 

end for directional cloning purposes and will need to be digested by restriction enzymes before 

ligation into the corresponding vectors. For the work presented in this thesis, a restriction 

enzyme digest typically consisted of 1 μg DNA, acetylated BSA (100 μg/ml), restriction 

enzyme (5.0 U) and 1X final concentration of the appropriate restriction buffer. dH2O was 

added to a final volume of 20 μl followed by incubation at 37 °C for 2 hours. 6X DNA loading 

dye (30 % (v/v) glycerol, 0.25 % (w/v) bromophenol blue) was added to the digested sample 

to a final concentration of 1X before loading onto an agarose gel for further analysis. This 

allowed the determination of the correct size and the purity of the DNA fragment as well as 

removing contaminating materials such as primers and salts from the sample before proceeding 

to the ligation step. 

2.3.4 Agarose gel electrophoresis 

Agarose gels (1 % (w/v)) were used for the separation of DNA fragments generated in the work 

presented in this thesis. DNA grade agarose powder was dissolved in 1X Tris-acetate EDTA 

buffer (TAE; 40 mM Tris-HCl pH 7.6, 20 mM acetic acid, 1 mM EDTA) by heating to 100 °C. 

Molten agarose was left to cool briefly before the addition of SYBRTM Safe DNA gel stain 

(1:10,000). The mixture was poured into a horizontal gel plate and left to solidify completely. 
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Once solid, the gel slab was placed into a Sub-Cell GT electrophoresis tank. The chamber was 

filled with 1X TAE until just over the surface of the gel before DNA samples and an appropriate 

DNA ladder/marker were carefully loaded onto the gel. The samples were then electrophoresed 

at 100 V for 45 minutes. After electrophoresis, the gel slab was viewed on the Biorad 

Chemidoc™ MP Imager. 

2.3.5 DNA Extraction from agarose gels 

Bands of interest were excised from the gel and DNA was extracted using PureLink® Quick 

Gel Extraction Kit. Briefly, 3 volumes of Solubilisation Buffer (L3) were added to 1 volume 

of excised agarose gel (up to 400 mg) and incubated in a 50 °C water bath for 15 minutes to 

completely solubilise the gel piece. Next, 1 gel volume of isopropanol was added to the 

dissolved gel slice. The sample was mixed thoroughly and loaded onto a column followed by 

centrifugation at 14,000 xg for 1 minute. The flow-through was discarded. Wash buffer 

containing ethanol was added to the column followed by centrifugation at room temperature at 

14,000 xg for 1 minute to wash the bound DNA. The flow-through was also discarded and the 

column centrifuged at 14,000 xg for 1-2 minutes to remove residual wash buffer. Elution 

buffer was added to the centre of the column, left to incubate for 1 minute at room temperature 

before centrifugation at 12,000 xg for 2 minutes to elute the bound DNA fragment. 

2.3.6 DNA ligation 

Plasmid and insert DNA were linearised by restriction digest, electrophoresed on agarose gel 

and gel purified as per previous sections (2.3.3-2.3.5) before ligation. DNA ligation was 

catalysed by T4 DNA ligase. Briefly, a 4:1 ratio of digested insert and vector was added to 1X 

ligase buffer (30 mM Tris-HCl pH 7.8, 10 mM MgCl2, 10 mM DTT, 1 mM ATP) and 

restriction enzyme (5.0 U) to a final volume of 10 μl. Reactions were then incubated at room 

temperature for 3 hours before transformation into competent cells as per Section 2.4. 

2.3.7 Site-directed mutagenesis 

In addition to directional cloning, site-directed mutagenesis was also used to generate 

recombinant DNA constructs. This was carried out following the Stratagene QuikChange 

protocol which involves PCR-mediated nucleotide change and restriction digest of the parental 

template. Primers used to generate results site-directed mutated plasmids used in the studies 

presented in this thesis are outlined in Table 2.3. Samples containing 10 ng plasmid DNA 

template, 1X Pfu buffer with MgSO4 (20 mM Tris-HCl pH 8.8, 10 mM KCl, 10 mM 

(NH4)2SO4, 2 mM MgSO4, 0.1 % (v/v) Triton X-100 and 100 μg/ml nuclease-free BSA), 
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forward primer (0.2 μM), reverse primer (0.2 μM), dNTP mix (0.2 mM) and Pfu DNA 

polymerase (1.0 U) were prepared to a final volume of 50 μl with dH2O. The reactions were 

amplified in a Mastercycler™ thermocycler using the following parameters. Samples were 

heated to 95 °C for 30 seconds followed by 16 cycles of denaturing, annealing and elongation 

at 95 °C (30 seconds), 55 °C (1 minute) and 68 °C (1 minute per kb of plasmid length), 

respectively. After thermal cycling, samples were rapidly cooled down with incubation on ice 

for 2 minutes. Finally, samples were subjected to restriction digestion with the DpnI enzyme 

according to the protocol in Section 2.3.3 to digest the parental plasmid. This ensured only 

plasmids with the desired mutation were transformed into competent cells. 

 

Table 2.3 Sequence of primers used for site-directed mutagenesis 

Primer name Mutation site  Sequence (5’-3’)  

DCX S28A DCX S28 

phosphorylation site  

FWD: AATGGGTTGCCTGCCCCCACTCACAGCGCC 

REV: GGCGCTGTGAGTGGGGGCAGGCAACCCATT 

 

DCX S28E DCX S28 

phosphorylation site  

FWD:ATGAATGGGTTGCCTGAACCCACTCACAGCGC 

REV:GGCGCTGTGAGTGGGTTCAGGCAACCCATTCA

T 

 

DCX E2K DCX E2 in DCX 

cloned into pEGFP-C1 

vector 

FWD:TCAGATCTCGAGATGAAACTTGATTTTGGACA 

REV: GCAAGCTTTTACATGGAATCACCAAGCGAG 

 

DCX E2K DCX E2 within DCX 

cloned into pXJ40 

vector 

FWD: 

GGATCCAAGCTTATGAAACTTGATTTTGGACA 

REV: GCCTCGAGTTACATGGAATCACCAAGCGA 
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2.4 Expression of plasmid DNA in competent bacterial cells 

 

2.4.1 Preparation of XL-10 Gold Escherichia coli competent cells 

Glycerol stock of XL-10 Gold Escherichia coli competent cells was streaked onto a bacterial 

agar plate with no antibiotics and incubated at 37 °C overnight. A single colony was picked 

and inoculated into 10 mL 1X Luria Bertani broth (LB; 1 % (w/v) tryptone, 0.5 % (w/v) yeast 

extract, 1 % (w/v) NaCl) with no antibiotics. To facilitate the following centrifugation steps, 

the starter culture was divided into 2X 5 mL before being incubated overnight at 37 °C with 

shaking. The next day, each starter culture was inoculated into 400 mL of 1X LB and incubated 

until bacterial growth reached mid-log phase (OD600 = 0.6). The bacterial culture was quickly 

cooled on ice before centrifugation at 4000 xg for 5 minutes at 4 °C. The supernatant was 

discarded and each bacterial pellet was resuspended in 60 mL ice-cold Transformation buffer 

1 (TFB1; 100 mM RbCl, 50 mM MnCl2, 30 mM CH3CO2K, 15 % (v/v) glycerol, titrated slowly 

to pH 5.8 with 1 M acetic acid and sterile filtered). After incubation at 4 °C for 90 minutes, the 

bacterial resuspensions were centrifuged again at 4000 xg for 5 minutes at 4 °C. The 

supernatant was removed and each pellet was resuspended in 8 mL ice-cold Transformation 

buffer 2 (TFB2; 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15 % (v/v) glycerol, titrated 

slowly to pH 6.8 with 1 M KOH and sterile filtered). The resuspension was combined, divided 

into 150 μl aliquots and snap frozen in liquid nitrogen before storage at -80 °C. 

2.4.2 Transformation of competent cells 

Plasmid DNA was transformed into competent XL-10 Gold Escherichia coli cells. A list of 

plasmids generated or used in the work in this thesis is presented in Table 2.4.  Competent cells 

were removed from -80 °C storage and slowly thawed on ice. 2 μl of plasmid DNA was 

incubated with 40 μl of cells on ice for 30 minutes. Cells were then heat shocked for 90 seconds 

at 42 °C before immediately returning them onto ice. 1 mL of pre-warmed 1X LB was added 

to the transformation reaction and allowed to incubate at 37 °C for 1 hour with orbital shaking 

(200 rpm). The reaction mixture was subsequently plated out onto a LB agar plate (LB broth 

with 1.5 % (w/v) agar) with the appropriate antibiotic as indicated in Table 2.4 and left to 

incubate overnight at 37 °C. 
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Table 2.4 Recombinant DNA constructs generated for this Ph.D. project 

Insert Vector  Expression Resistance 5’ Restriction site 3’ restriction site 

DCX WT pXJ40-myc Mammalian Ampicillin HindIII XhoI 

DCX ΔC pXJ40-myc Mammalian Ampicillin HindIII XhoI 

DCX S28A pXJ40-myc Mammalian Ampicillin HindIII XhoI 

DCX S28E pXJ40-myc Mammalian Ampicillin HindIII XhoI 

DCX E2K pXJ40-myc Mammalian Ampicillin HindIII XhoI 

DCX WT pEGFP-C1 Mammalian Kanamycin XhoI HindIII 

DCX ΔC pEGFP-C1 Mammalian Kanamycin XhoI HindIII 

DCX S28A pEGFP-C1 Mammalian Kanamycin XhoI HindIII 

DCX S28E pEGFP-C1 Mammalian Kanamycin XhoI HindIII 

DCX E2K pEGFP-C1 Mammalian Kanamycin XhoI HindIII 

DCX WT pEGFP-N3 Mammalian Kanamycin EcoRI KpnI 

DCX ΔC pEGFP-N3 Mammalian Kanamycin EcoRI KpnI 
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2.5 Plasmid DNA purification and verification 

 

2.5.1 Plasmid DNA purification by mini/midipreps 

Purification of DNA from transformed XL-10 Gold Escherichia coli cells was performed using 

PureLink® Quick Plasmid Miniprep or HiPure Plasmid Midiprep Kits, depending on the final 

amount of plasmid DNA required, according to manufacturer’s protocol. The general method 

was as follows. 

A single colony was picked from LB agar plates streaked with transformed XL-10 Gold 

Escherichia coli expressing the desired plasmid DNA (Section 2.4). Colonies were grown in 5 

mL (miniprep) or 100 mL (midiprep) of LB with the appropriate antibiotics and incubated 

overnight at 37 °C and with shaking (200 rpm). The next day, bacteria suspension was pelleted 

by centrifugation (4000 xg, 15 minutes) and the supernatant discarded. Bacteria pellet was 

resuspended with resuspension buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 20 mg/ml 

RNase A) followed by the addition of lysis buffer (0.2 M NaOH, 1% (w/v) SDS). The mixture 

was mixed gently and left to incubate at room temperature for up to 5 minutes. Precipitation 

buffer (3.1 M CH3CO2K pH 5.5) was then added to neutralise the mixture before clarified by 

centrifugation (14 000 xg, 15 minutes). The supernatant was removed and placed into provided 

columns for binding of DNA. The flowthrough was discarded and matrix-bound DNA was 

washed twice with wash buffer (0.1 M CH3COONa pH 5.0, 825 mM NaCl). DNA was eluted 

using elution buffer (100 mM Tris-HCl pH 8.5, 1.25 M NaCl) and precipitated using 

isopropanol. Precipitated DNA was pelleted by centrifugated (14000 xg, 15 minutes) and 

washed with 70% ethanol twice. DNA pellet was left to air dry before redissolving in TE buffer 

(10 mM Tris-HCl pH 8.0, 0.1 mM EDTA). 

2.5.2 DNA sequencing 

DNA sequencing was performed to validate the nucleotide sequences of recombinant plasmids 

generated. The concentration and purity (A280/A260 ratio) of purified DNA were determined 

using an Eppendorf BioPhotometer before sequencing. DNA (200 ng/μl) and primers (5 

pmol/μl) were supplied to the sequencing facility at the Melbourne Translational Genomics 

Platform (Department of Pathology, The University of Melbourne) as well as Australian 

Genome Research Facility (AGRF, Melbourne). 
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2.6 Cultured cell lysis and Western blotting analysis 

 

2.6.1 Preparation of protein lysates from cultured cells 

Following transfection or cell treatments, culture medium was removed and the cells were 

washed with ice-cold 1X PBS. Cells were then lysed with 1X radio-immunoprecipitation assay 

buffer (RIPA; 50 mM Tris-HCl pH 7.3, 150 mM NaCl, 0.1 mM EDTA, 1 % (w/v) sodium 

deoxycholate, 1 % (v/v) Triton X-100, 0.2 % (w/v) NaF and 100 μM Na3VO4) supplemented 

with complete EDTA-free protease inhibitors. Cell lysates were incubated on ice for 10 minutes 

before removal of cell debris by centrifugation (14,000 xg, 15 minutes, 4°C). After 

centrifugation, protein concentrations were then determined by the Bio-Rad protein assay. 

Laemmli buffer (2 % (w/v) SDS, 10 % (v/v) glycerol, 63 mM Tris-Hcl pH 6.8, 5 % (v/v) β-

mercaptoethanol, 0.005 % (w/v) bromophenol blue) was added before samples were resolved 

by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). 

2.6.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) 

The acrylamide concentration in SDS-PAGE gels used varied depending on proteins resolved, 

with gels ranging from 8-15 % (w/v). The stacking portion of the gel contained 6 % (w/v) 

acrylamide. The compositions of the resolving and stacking portions of the gels are presented 

in Table 2.5. 

All components for the desired percentage of resolving gel were mixed together before 

polymerisation of acrylamide initiated with the addition of ammonium persulfate (APS; 0.15 

% (v/v)) and electrophoresis grade N,N,N′,N′-Tetramethylethylenediamine (TEMED; 0.1 % 

(v/v)). The mixture was poured between two glass plates held within a gel casting stand. Once 

the resolving gel was polymerised, polymerisation of the stacking gel was initiated and the 

mixture added to the top of the gel. Proteins (20-30 μg) in Laemmli buffer were loaded onto 

the gel and resolved at 150 V for 1 hour and 30 minutes in a Mini-PROTEAN® Tetra Cell tank 

with 1X Tris-glycine protein running buffer (PRB; 25 mM Tris, 192 mM glycine, 0.1 % (w/v) 

SDS). 
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Table 2.5 Composition of SDS-PAGE gels of different concentration of acrylamide 

 

Running Gel Acrylamide % (v/v):                                           

 

6 

 

8 

 

 

Vol (ml) 

10 

 

12 

 

15 

1 M Tris-HCl pH 6.8 1.25 -  - - - 

1 M Tris-HCl pH 8.8 - 3.75  3.75 3.75 3.75 

40% (w/v) Acrylamide/Bis solution 1.5 2  2.5 3 3.75 

20% (w/v) SDS 0.05 0.05  0.05 0.05 0.05 

dH2O 7.2 4.2  3.7 3.2 2.45 

 

2.6.3 Western blotting 

Protein lysates resolved by gel electrophoresis (Section 2.6.2-2.6.4) were transferred onto 

polyvinylidene fluoride (PVDF) membranes using a Mini Trans-Blot® Electrophoretic 

Transfer Cell system containing 1X transfer buffer (25 mM Tris base, 192 mM glycine, 10% 

methanol). The transfer was conducted at 110 V for 90 minutes. The PVDF membrane was 

then blocked with non-fat milk (5% (w/v)) in 1X Tris-buffered saline with Tween 20 (TBST; 

10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1 % (v/v) Tween-20) before incubation with an 

appropriate primary antibody (overnight, 4 °C). A list of antibodies used in this thesis and their 

working concentrations is presented in Table 2.6. 

Primary antibody was removed after the overnight incubation and the PVDF membrane was 

washed with 1X TBST (3X 15 minutes). Horseradish peroxidise (HRP)-conjugated secondary 

antibodies (Milipore, Massachusetts, USA) was diluted 1:10 000 with 1X TBST and incubated 

with the membrane for 2 hours at room temperature. The membrane was washed again with 

1X TBST (3X 15 minutes) before visualisation with PIERCE enhanced chemiluminescence 

(ECL) western blotting substrate and bands were quantified by densitometric analysis using 

the Biorad Chemidoc™ MP Imager. 
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Table 2.6 Primary antibodies used in this project 

Target Species  Dilution Application Catalogue # Manufacturer 

DCX Rabbit 1:1000 WB D9943 Sigma 

DCX Rabbit 1:500 WB 48-1200 ThermoFisher Scientific 

DCX Goat 1:100 IF AB2253 EMD Millipore 

tubulin Mouse 1:5000 WB T6074 Sigma 

tubulin Mouse 1:200 IF ab18251 Abcam 

pS28 DCX Rabbit 1:1000 WB ab23544 Abcam 

actin Mouse 1:5000 WB A5441 Sigma 

Cdk5 Mouse 1:1000 WB sc-249 Santa Cruz Biotechnology 

Spinophilin Rabbit 1:1000/1:200 WB/IF 06-852 EMD Millipore 

HA tag Mouse 1:1000 WB 26183 ThermoFisher Scientific 

GFP Rabbit 1:1000 WB ab13970 Abcam 

c-myc Mouse 1:1000/1:200 WB/IF Sc-40 Santa Cruz Biotechnology 

 

2.6.4 Immunoprecipitation using GFP-trap beads 

Cells were plated (106 cells) and were transfected to express GFP-tagged proteins. To 

determine the binding partners of the GFP-tagged proteins, immunoprecipitation using GFP-

trap bead was performed according to the manufacturer’s protocol. The steps were as follows. 

Cells were lysed based according to the protocol described in Section 2.6.1. A sample of each 

supernatant was retained and analysed by the Bio-Rad protein assay to estimate volumes 

required for equal amounts of total protein in each immunoprecipitation analysis. For each 

analysis, GFP-trap beads were first equilibrated by resuspension in ice-cold RIPA lysis buffer; 

25 µl bead slurry was resuspended in 500 µl buffer, centrifuged at 2500 xg for 2 minutes at 4 

ºC, and this procedure repeated a further two times. Then, supernatants containing GFP-tagged 

proteins were incubated with equilibrated GFP-trap bead for 1 hour at 4 ºC with constant end-

over-end mixing followed by centrifugation at 2500 xg (2 minutes, 4 ºC). 

For Western blot analysis, 50 µl supernatant was diluted with 50 µl 2X SDS-sample buffer 

(thus subsequently referred to as the non-bound sample), then heated (95 ºC for 10 minutes) 

prior to loading onto SDS-PAGE gels. GFP-trap beads were washed 3 times with lysis buffer, 

transferred to a fresh tube, resuspended in 100 µl 2X SDS-sample buffer, then heated (95 ºC 

for 10 minutes) to dissociate immune-complexes. The beads were separated from these 

dissociated immune-complexes by centrifugation 2500 xg (2 minutes, 4 ºC) with supernatant 

thus considered to contained GFP-trap bound proteins (subsequently referred to as the bound 

sample).     
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2.7 Confocal laser scanning microscopy 

 

2.7.1 Immunofluorescence (IF) confocal microscopy 

Cells (2 x 105 in growth medium) were seeded onto uncoated glass cover slips placed in 6-well 

tissue culture plates. After plasmid DNA transfection (as indicated in section 2.2.3) and cell 

treatments (as instructed in section 2.2.4), growth media was removed. Two different washing 

steps were utilised, depending on the assessments to be made subsequently: cells were washed 

twice with either ice cold PBS, or for the preservation of the microtubule array, with warmed 

(37 °C) PBS. In both protocols, cells were then fixed with 4 % (w/v) paraformaldehyde in PBS 

for 20 minutes, then subsequently permeabilised with 0.2 % (v/v) Triton X-100 in PBS (20 

minutes) and blocked with 1 % (v/v) BSA in PBS (20 minutes). Cells were thoroughly washed 

with ice-cold PBS between each step. 

Cells were then incubated with a primary antibody (room temperature, 1 hour), washed with 

ice-cold PBS, then incubated with appropriate secondary antibody tagged with fluorescent 

probes (Alexa 488, Alexa 549, Alexa 555 or Alexa 568, room temperature, 1 hour). Antibodies 

were diluted with 0.1 % (w/v) BSA in PBS and the concentrations used are outlined in Table 

2.6. Finally, cell nuclei were stained with DAPI (1:15000) for 5 minutes, washed with ice-cold 

PBS and mounted onto glass microscopy slides with 30 μl of BioMeda™ Gel Mount mounting 

media. Images were acquired using either the Leica SP5 or ZEISS LSM 800 confocal 

microscopy systems indicated in Section 2.1.  

2.7.2 Live-cell imaging microscopy 

Cells were seeded on eight-well µ-slides (Ibidi) and transiently transfected with plasmids 

encoding GFP-DCX constructs alone or co-transfected with β-actin-mCherry (Addgene). At 

24 hour post-transfection, the culture medium was replaced with fresh medium containing 10 

nM microtubule probe SiR-tubulin dye (SiR-tubulin treatment was instructed in the following 

section). After additional incubation (12 hours) with the SiR-tubulin dye, the culture medium 

was replaced with pre-warmed Phenol-Red-free DMEM growth medium. Images were 

captured on a Leica TCS SP5 confocal microscope equipped with an environmental chamber 

(37 ℃, 5% CO2) using a 63X 1.4 NA objective (Biological Optical Microscopy Platform, 

University of Melbourne). Z-stack images of the 20 focal planes for each representative cell 

were captured to analyze the correlation of different channels for all planes.  
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2.7.2.1 Sir-tubulin kit: microtubule fluorogenic probe for live-cell imaging 

To check the staining efficiency, cells were stained with range of concentrations for indicated 

time (Table 2.7). For COS-1 and SH-SY5Y cells, incubation with 10 µM Verapamil in addition 

to SiR-tubulin is essential. Verapamil is an efflux pump inhibitor and since cells might express 

high levels of efflux pumps, Verapamil inhibits the pumps to avoid poor SiR-tubulin staining 

(Lukinavičius et al. 2014). For our live-imaging, we found 0.1 µM SiR-tubulin treatment for 

12 hours the best treatment condition to achieve a constant signal and to avoid interference of 

the probe with microtubule dynamics.  

Table 2.7 Indicated treatment time for different concentrations of SiR-tubulin  

Probe concentration (nM)  Suggested labelling time (h) 

1500 0.5 

1000 1 

500 4 

200 6 

100 12 

50 18 

   

2.7.3 Fluorescence recovery after photobleaching (FRAP) protocol 

Single or two-colour FRAP protocols were employed in the studies presented in this thesis. 

In the single-colour FRAP protocol (i.e. for GFP-tagged constructs only), photobleach analyses 

were performed with cells maintained in Phenol-Red-free growth medium at 37 ℃ with 5% 

CO2 supplied to the microscope chamber. Images were captured on a Leica TCS SP5 confocal 

microscope equipped with an environmental chamber (37 ℃, 5% CO2) using a 63X 1.4 NA 

objective (Biological Optical Microscopy Platform, University of Melbourne). Ten prebleach 

images were collected with excitation at 488 nm prior to photobleaching. A region of interest 

(ROI) was then photobleached (1 second, 100% laser power). Fluorescence recovery was 

recorded at 3-s intervals for 60 s (Breuzard et al. 2013; Lim et al. 2015). 

In the two-colour FRAP protocol (i.e. simultaneous analysis of GFP-tagged and mCherry-

tagged constructs or GFP-tagged constructs along with SiR-tubulin dye), photobleach analyses 

were performed with cells maintained in Phenol-Red-free growth medium prior to imaging at 

37 ℃ with 5% CO2 supplied to the microscope chamber. Images were captured on a Leica TCS 

SP5 confocal microscope equipped with an environmental chamber (37 ℃, 5% CO2). The 

settings for scanning were as follows: bidirectional scanning at 400 Hz, 20% laser power at 
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488 nm for GFP-DCX constructs or 594 nm for LifeAct-mCherry or 633 nm for SiR-tubulin. 

Fluorescence emissions from EGFP and mCherry or SiR-tubulin dye were detected 

simultaneously in two channels. Bleaching for ten images was performed with a single pass 

with all laser lines between 488 nm and 594 nm or 633 nm set to maximal power. A region of 

interest (ROI) was set as a rectangle (4 µm2) and the average frame rates were 1 frame/64ms. 

Fluorescence recovery was recorded at 0.6-s intervals for 60 s and representative images were 

shown for 3, 6, 9, 30 and 60 s post-bleaching (Picard et al. 2006; Bolte et al. 2006).  

FRAP measurements (n=10 random cells) were normalized as described below: 

Ffrap-norm(t)= (Fwhole-prebleach/[Fwhole(t)-Fbg(t)])(Ffrap(t)-Fbg(t)/Ffrap-prebleach), 

Where Ffrap(t) is the fluorescence recovery in the photobleached ROI at time t, Fwhole(t) is the 

whole-cell fluorescence and Fbg(t) is the background region fluorescence intensity (outside the 

cell). Ffrap-prebleach and Fwhole-prebleach represent mean prebleach fluorescence intensity of the 

photobleached ROI and the whole cell, respectively.  

Normalised FRAP measurements were plotted against postbleach recovery time and the 

resulting data fitted with the double exponential equation [F(t)=A1(1-exp-Ʈ1.t)+A2(1-exp-Ʈ2.t)] to 

adjust amplitudes A1 and A2 and time constants Ʈ1 and Ʈ2 . Mobile fraction = A1 + A2, immobile 

fraction calculated as 1-(A1+ A2) and half-maximal recovery (t1/2) calculated as t1/2 = ln 0.5/-t 

(Picard et al. 2006). 

2.8 Imaging analysis 

Cells were analyzed for the degree of correlation of localization between fluorphores with the 

Pearson correlation coefficient calculated using the JaCoP plugin in FIJI software. A higher 

Pearson correlation coefficient corresponds to greater colocalisation of two fluorophores (Bolte 

et al. 2006). Moreover, the arrangement of actin filaments (F-ACT) in each specific cell 

peripheral area was measured by applying a plot profile in the FIJI software. The measurement 

was performed on a line along the area of interest and was calculated from the mean grey values 

of the pixels along the line (µm). 

2.9 Statistical analysis 

Statistical analyses of data sets for deviation from a normal distribution were carried out with 

GRAPHPAD PRISM 6 software using the D’Agostino-Pearson omnibus normality test. Data 

sets with normal distribution were analyzed using unpaired two-tailed student’s t-test analyses 

of differences between the control and test conditions (* p≤0.05, ** p≤0.01, *** p≤0.001, **** 
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p≤0.0001) whereas data sets with deviation from normal distribution were analyzed using 

Mann-Whitney and Kruskal-Wallis non-parametric test (#p≤0.05, ##p≤0.01, ###p≤0.001, 

####p≤0.0001) as indicated.  
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Dynamic microtubule association of 
Doublecortin X (DCX) is regulated 
by its C-terminus
Maryam Moslehi1,2, Dominic C. H. Ng2,3 & Marie A. Bogoyevitch1,2

Doublecortin X (DCX), known to be essential for neuronal migration and cortical layering in the 
developing brain, is a 40 kDa microtubule (MT)-associated protein. DCX directly interacts with MTs via 
its two structured doublecortin (DC) domains, but the dynamics of this association and the possible 
regulatory roles played by the flanking unstructured regions remain poorly defined. Here, we employ 
quantitative fluorescence recovery after photobleaching (FRAP) protocols in living cells to reveal that 
DCX shows remarkably rapid and complete exchange within the MT network but that the removal 
of the C-terminal region significantly slows this exchange. We further probed how MT organization 
or external stimuli could additionally modulate DCX exchange dynamics. MT depolymerisation 
(nocodazole treatment) or stabilization (taxol treatment) further enhanced DCX exchange rates, 
however the exchange rates for the C-terminal truncated DCX protein were resistant to the impact of 
taxol-induced stabilization. Furthermore, in response to a hyperosmotic stress stimulus, DCX exchange 
dynamics were slowed, and again the C-terminal truncated DCX protein was resistant to the stimulus. 
Thus, the DCX dynamically associates with MTs in living cells and its C-terminal region plays important 
roles in the MT-DCX association.

Microtubules (MTs), the cytoskeletal polymers of tubulin, are critical contributors to cell mechanics, protein 
trafficking, signaling events and cell migration1. In the brain, the MT cytoskeleton is of particular significance 
as it shapes the fine structure of neuronal processes and its modulation is critical for neuronal migration2. 
Doublecortin X (DCX) is a developmentally critical MT-associated protein that regulates neuronal MT organiza-
tion. Pathogenic mutations in DCX have been documented in individuals presenting with brain developmental 
defects of lissencephaly and subcortical band heterotopia that arise from defects in cortical neuronal layering 
during embryonic development3–7.

Structurally, the DCX protein consists of two homologous doublecortin (DC) domains, DC1 (the N-terminal 
DC domain) and DC2 (the C-terminal DC domain), linked in tandem via a flexible unstructured region (linker) 
and additionally flanked by a likely unstructured N-terminal and serine/proline-rich C-terminal sequences8, 9. 
The structured DC domains mediate DCX interaction with MTs, specifically binding directly to the corners of 
four neighboring tubulin dimers10. Indeed, multiple pathogenic mutations have been mapped to these structured 
DC domains thus emphasizing their importance in the normal functions of DCX as a neuronal MT-associated 
protein8, 10.

Although extensive studies have previously focused on defining the features of DCX-MT interaction interface 
and the subsequent impact of DCX on MT organization, the dynamics of DCX association with MTs in living 
cells remain largely unexplored. In this study, we have exploited quantitative fluorescence recovery after pho-
tobleaching (FRAP) protocols to reveal unanticipated rapid dynamics in the association of GFP-labelled DCX 
with MTs in living cells. In addressing the regulatory potential of the DCX unstructured C-terminal sequence, 
we observed an increased association with MTs, as well as different MT bundling patterns, following the expres-
sion of a truncated version of DCX lacking its unstructured C-terminal sequence. Furthermore, dynamics were 
altered when MTs were altered by the addition of nocadazole or taxol, or alternatively when cells were subjected 
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to hyperosmotic stress. Taken together, our findings emphasize a strikingly dynamic association of DCX with 
MTs in addition to a regulatory role played by the DCX unstructured C-terminus.

Results and Discussion
Doublecortin X (DCX) association with MTs is highly dynamic. The interaction of DCX with MTs has 
been well defined by previous structural studies of purified proteins in vitro, including high resolution cryo-elec-
tron microscopy9, 11. Whilst those studies reveal the positioning of DCX on the MT lattice, highlighting DCX 
binding to the corner of four neighboring tubulin dimers10, they present a static view of this interaction.

To address the dynamics of the association of DCX with MTs in living cells, we performed fluorescence recov-
ery after photobleaching (FRAP) analyses. For our studies, our choice was the COS-1 cell line because analyses 
in these cells would not be confounded by endogenous DCX and studies of cytoskeleton organisation and regu-
lation are facilitated by the large, well-spread cytoplasm of these cultured cells12. In FRAP protocols, the rate of 
fluorescence recovery in a defined photobleached zone indicates how fast neighbouring fluorescent molecules 
arrive to fill the photobleached area. Furthermore, the extent of fluorescence recovery reflects the exchangeable 
pool of fluorescent molecules, with full recovery indicative of a complete exchange but lower, fractional recover-
ies indicative of less mobile populations of these fluorescent molecules. FRAP has been instrumental in defining 
transport kinetics between and within specific intracellular organelles13–15 as well revealing the binding dynamics 
of the non-membrane bound proteins including MTs and the interactions of MTs with associated proteins16, 

17. In particular, the binding features of MT-associated proteins such as tau and stathmin, have been previously
analysed by FRAP protocols17.

As a control for our FRAP analyses, we initially monitored the recovery of GFP-α-tubulin fluorescence when 
expressed alone or when co-expressed with wild-type (WT) myc-DCX (Fig. 1A, upper and lower panels, respec-
tively). The progress of fluorescence recovery is further illustrated in the supplementary movie (Supplementary 
Movie S1A) and the zoom of the photobleached area fluorescence recovery (Supplementary Fig. S1A). We 
observed a slow recovery of GFP-α-tubulin (Fig. 1C, filled triangle) and of GFP-α-tubulin in the presence of 
myc-DCX WT (Fig. 1C, open triangle). We extended these observations by quantitative analysis of fluorescence 
recovery with exponential curve fitting to reveal that the presence of myc-DCX WT further slows both the recov-
ery initial rate (Fig. 1D) and the time to achieve the half-maximal recovery (t½) for GFP-α-tubulin (Fig. 1E). 
Moreover, the presence of myc-DCX WT marginally lowered the maximum recovery of GFP-α-tubulin in the 
previously bleached area (Fig. 1F), indicative of the actions of DCX to increase the immobilised pool of tubulin 
within these MT structures. These findings are consistent with the observed increased dynamic exchange of 
GFP-α-tubulin when MTs were depolymerized by nocodazole or the slowed exchange for MTs bundled by taxol 
(Supplementary Fig. S2). These analyses reiterate the slow exchange of tubulin within MT structures that can be 
slowed by MT bundling by either chemical means (taxol) or by the expression of DCX.

We then extended our FRAP analyses to evaluate the dynamics of association of DCX with the MT network 
by assessing the fluorescence recovery of full-length GFP-tagged DCX. We observed a near-complete recov-
ery of GFP-DCX WT associated with MTs within 20s (Fig. 1B and C filled circle, Supplementary Movie S1B) 
and the zoom of the photobleached area fluorescence recovery (Supplementary Fig. S1B). Quantitative analysis 
revealed that the initial rate of recovery for GFP-DCX WT was significantly faster than that recorded for all 
our assessments of GFP-α-tubulin (Fig. 1C inset, and Fig. 1D) with the time to reach half-maximal recovery 
(t½) being significantly faster than that observed for GFP-α-tubulin either in the presence or in the absence of 
myc-DCX WT (Fig. 1E). Furthermore, the maximum recovery of GFP-DCX WT in the previously bleached area 
was significantly higher than observed for tubulin (Fig. 1F), indicative of the near complete and rapid exchange 
of DCX on these MT structures. Similar results were obtained regardless of the choice of MT bundle thickness 
in GFP-DCX-WT expressing cells, with calculated values for initial rate of recovery, t½, and maximum recov-
ery showing not statistically significant difference when exchange for thick or thin MT bundles were compared 
(Supplementary Fig. S3; thick MT bundles defined as >1 μm width, thin MT bundles defined as <1 μm width). 
Furthermore, dynamic exchange of GFP-DCX-WT was observed in the SH-SY5Y neural cell line, extending the 
relevance of these findings to a neuronal context (Supplementary Fig. S4). Thus, although DCX is known to bind, 
stabilise and nucleate MTs18, our quantitative FRAP analyses reveal that the MT-DCX interaction is one that 
shows rapid and dynamic exchange of DCX in living cells. This dynamic association with MTs has been largely 
unappreciated for DCX, but is consistent with recent qualitative observations of rapidly fluctuating speckled pat-
terns of DCX labelling along MTs as assessed in time-lapse recordings in living cells19.

DCX C-terminal deletion increases its MT association and alters MT distribution. The two DC 
domains of DCX, DC1 and DC2, show high sequence similarity8, 11. Multiple studies indicate that the DC domains 
are critical for the direct interaction of DCX with MTs9. Whilst DC1 and DC2 are separated by a 20 amino acid 
unstructured linker (L) sequence, two additional predicted unstructured regions form the DCX N-terminus (N) 
and C-terminus (C)8 (Fig. 2A, upper). Because numerous serine/threonine kinases that impact on MT organi-
zation are known to target the DCX C-terminal sequence20–25, we proposed that the DCX C-terminus contrib-
utes to the regulation of DCX-MT interaction dynamics. To evaluate this possibility, we created GFP-DCX ΔC 
(i.e. GFP-tagged DCX residues 1–275, thus lacking DCX residues 276–366), a C-terminally truncated construct 
lacking the entire region flanking DC2 (Fig. 2A, lower panel). Both GFP-DCX WT and GFP-DCX ΔC were 
expressed at comparable levels at their expected sizes (Fig. 2B). In live cell imaging using the dye SIR-tubulin 
to visualise the MT network, we observed the close co-association of both GFP-DCX WT and GFP-DCX ΔC 
with tubulin (Fig. 2C). These results, confirmed by quantitative analysis using Pearson cross correlation analysis, 
further revealed a statistically significantly higher correlation for GFP-DCX ΔC (Fig. 2D). Similar results were 
obtained for C-terminal GFP fusions of the DCX proteins, DCX WT-GFP and DCX ΔC-GFP (Supplementary 
Fig. S5A–D). We used a skewness value calculation for N-terminal and C-terminal GFP fusions of the DCX 

53

http://S1A
http://S1A
http://S2
http://S1B
http://S1B
http://S3
http://S4
http://S5A�D


www.nature.com/scientificreports/

Scientific RepoRts | 7: 5245  | DOI:10.1038/s41598-017-05340-x

protein to assess their organization within the cytosol. This calculation of the asymmetrical fluorescence distribu-
tion also indicated a significant impact by the loss of the DCX C-terminus (Supplementary Fig. S5E and F, respec-
tively) so that the loss of the C-terminus results in a decreased calculated skewness value, i.e. a more symmetrical 
distribution (wherein skewness calculated as >1 represents highly asymmetrical and skewness 0 = symmetrical).

To assess the interaction of these DCX proteins with MTs, we immunoprecipitated GFP-tagged constructs 
using “GFP-trap” beads and detected the associated tubulin by immunoblotting the precipitated pellet fraction 
(Fig. 2E, left panel). Complete capture of GFP-DCX WT and GFP-DCX ΔC by the incubation with GFP-trap 
beads was confirmed by the absence of these proteins in the supernatant fractions (Fig. 2E, right panel). For 
comparable levels of immunoprecipitated GFP-DCX proteins, we observed higher tubulin levels associated with 
GFP-DCX ΔC, a result confirmed by quantitative analysis over 3 independent experiments (Fig. 2F). These 
results indicate an increased association of DCX ΔC with the tubulin of the MT network, consistent with the 
higher association with MTs (Fig. 2C,D and Supplementary Fig. S2C,D), observations that could be directly 
explored in subsequent experiments using live cell imaging and quantitative FRAP protocols. Importantly, these 
results point to a critical contribution by the DCX C-terminus in the regulation of the DCX-MT interaction.

DCX C-terminal deletion slows DCX dynamic association with MTs. DCX interactions with MTs 
have been recently observed to be highly sensitive to MT curvature (i.e. straight versus curved MT structures) 
with increased DCX binding to the straight, GDP-MT lattice conformation but dissociation from MTs with 
increasing local curvature19. To address how the DCX C-terminus could contribute to interactions with MTs, 
we extended our quantitative FRAP studies to examine the behaviour of both GFP-DCX WT and GFP-DCX ΔC 
under conditions of MT depolymerisation (i.e., +Nocodazole) or stabilization (i.e., +Taxol)19, 26–28.

Figure 1. Quantitative FRAP analysis reveals a dynamic association of Doublecortin X (DCX) with stable MT 
bundles. COS-1 cells were transfected, as indicated, to express GFP-tagged α-tubulin only (upper panels in 
A), to co-express GFP-α-tubulin together with myc-DCX full-length (wild-type, WT) (lower panels in A) or 
to express GFP-DCX WT only (B). (A and B) Representative images are shown for quantitative assessments 
of tubulin or DCX exchange dynamics. A small ROI (indicated by the white rectangle in each cell image) was 
photobleached and the fluorescence recovery was subsequently monitored post-bleach at 3 s intervals for 60 s 
for GFP-α-tubulin (A) or GFP-DCX WT (B). (C) The quantitative recovery of fluorescence in each bleach 
area was determined; regression values (R2) of the respective curve fits are indicated. The inset highlights the 
initial recovery of fluorescence in the photobleached area for first three time-points (0–6 s of post-bleach) with 
the line of best fit used for the calculation of the initial recovery rate. (D–F) Pooled quantitative parameters 
derived from the FRAP data. The recoveries of fluorescence for GFP-α-tubulin, GFP-α-tubulin + myc-DCX 
WT and GFP-DCX WT over time were analysed. Results are the mean ± SEM for (D) the initial rate of recovery 
of fluorescence for GFP-tubulin or GFP-tubulin + myc-DCX WT and GFP-DCX WT in the bleached area 
(estimated over the initial 6 s post-bleach as per panel C inset), (E) the time to reach half-maximal recovery 
of fluorescence (t1/2) (estimated as per the curve fit in panel C) and (F) the fluorescence fractional maximum 
recovery in the bleached area (where 1.0 represents full-recovery). Error bars represent the standard error of 
the means and asterisks and hash symbols indicate values calculated as statistically significantly different for the 
indicated comparisons for parametric and non-parametric analysis, respectively (***p ≤ 0.001, ****p ≤ 0.0001 
and #p ≤ 0.05, ####p ≤ 0.0001 n = 10 cells in each of the three independent experiments. n.s. = not significant). 
Scale bars represent 10 µm.
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Figure 2. DCX C-terminal deletion increases DCX association with MTs and induces different MT bundling 
patterns. (A) GFP-tagged DCX full-length (wild-type, WT) and a DCX C-terminal truncation mutant lacking 
residues 276–366 (DCX ΔC) were created to test the impact of the DCX C-terminus on the association 
of DCX with MTs. (B) Following transfection into COS-1 cells, equivalent expression of the GFP-DCX 
constructs was detected by immunoblotting for GFP (upper panel), with equivalent protein loading detected by 
immunoblotting for total α-tubulin (lower panel). Blots for both GFP and α-tubulin were cropped. (C) GFP-
DCX constructs were visualised as green by confocal laser scanning microscopy (left panels), and the impact 
on endogenous tubulin organisation was evaluated by staining with the live imaging dye SIR-tubulin (red, 
middle panels); merge images indicate the areas of colocalization (yellow) of GFP and SIR-tubulin. Scale bars 
represent 10 µm. (D) The impact on endogenous tubulin organisation was evaluated by the Pearson correlation 
coefficient. (E) Cells expressing GFP (control vector), GFP-DCX WT and GFP-DCX ΔC were incubated with 
GFP-trap beads overnight. The GFP-trap beads bound to GFP-tagged constructs were separated from the 
supernatant by centrifugation. (i) The pellet fraction contains GFP-tagged constructs bound to tubulin (DCX-
bound tubulin) and (ii) the supernatant fraction contains soluble tubulin (unbound tubulin). Immunoblotting 
was performed to detect endogenous α-tubulin (upper panel) or GFP (lower panel). Blots for α-tubulin were 
cropped. (F) Co-precipitation of MTs with GFP-DCX proteins was estimated from quantitating the tubulin/
GFP ratio in each pellet fraction containing DCX-bound tubulin. Error bars represent the standard error of the 
means and asterisks indicate values calculated to be statistically significantly different (**p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001 n = three independent experiments).
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As per our initial FRAP protocol observations (Fig. 1), we observed the rapid and near complete fluores-
cence recovery for GFP-DCX WT indicative of its high mobility and association with MTs (Fig. 3A upper panels, 
Fig. 3B filled circles). Treatment with nocodazole (20 µM, 2 h) effectively depolymerised the bundled MT network 
thus allowing the assessment of GFP-DCX WT in the absence of the complex MT structures and revealing accel-
erated fluorescence recovery into the bleached areas under these conditions (Fig. 3A middle panels, Fig. 3B open 
squares). Treatment with taxol (10 µM, 1 h) to stabilize MTs19, 28 similarly accelerated GFP-DCX WT fluorescence 
recovery (Fig. 3A lower panels, Fig. 3B closed squares). The progress of fluorescence recovery is further illustrated 
in the supplementary movies (Supplementary Movie S2A) and the zoom of the photobleached area fluorescence 
recovery (Supplementary Fig. S1C).

Quantitative analysis for GFP-DCX WT in the presence of nocodazole or taxol confirmed significantly faster 
initial rates of recovery (Fig. 4A) and faster times for half-maximal recovery (Fig. 4B), without any significant 
effect on the maximal recovery (Fig. 4C). Thus, our results suggest that the accessibility of full length DCX to the 
MT lattice can be enhanced in the presence of taxol, so that recoveries are comparable to those in absence of MT 
structures in the presence of nocodazole. This differs from previous observations of rapid dissociation of DCX 
from straight MTs in the presence of the taxol relative paclitaxel19 but emphasizes that measurements of binding 
association are also critical in determining DCX interaction dynamics with MTs. Interestingly, the MT-associated 
protein tau has also been shown to recognise paclitaxel-induced MT changes, however this sensitivity to pacl-
itaxel has not been observed in other members of the MT-associated protein family26, 29. Thus, further studies are 
needed to address the mechanisms underlying the sensing of MT changes by both Tau and DCX.

To address the possible regulatory role for the DCX C-terminus in dictating the DCX-MT association, we 
extended our analysis to include a FRAP protocol for GFP-DCX ΔC (Fig. 3C upper panels, Fig. 3D filled tri-
angles). Immunoblot analysis confirmed equivalent expression of the GFP-DCX constructs was detected under 

Figure 3. FRAP analysis reveals that GFP-DCX dynamics can be influenced by agents that alter MT stability. 
COS-1 cells were transfected to express (A) GFP-DCX WT or (C) GFP-DCX ΔC. Cells were exposed to 
nocodazole (20 µM, 2 h) to depolymerise MTs or to taxol (10 µM, 1 h) to stabilize MT polymers. A small ROI 
(indicated by white rectangle in each cell image) was photobleached in (A) and (C) and the fluorescence 
recovery was subsequently monitored post-bleach at 3 s intervals for 60 s. Plots of the recovery of fluorescence 
in the small area of bleach for (B) DCX WT and (D) DCX ΔC constructs before and after nocodazole or taxol 
treatments are shown. Regression values for the accuracy of each curve fit are indicated. The insets represent the 
initial recovery of fluorescence in the photobleached area for first three time-points (0–6 s of post-bleach) with 
the line of best fit used for the calculation of the initial recovery rates. (E) Equivalent expression of the GFP-
DCX constructs was detected in the presence and absence of nocodazole or taxol by immunoblotting for DCX 
(upper panel), with equivalent protein loading detected by immunoblotting for total α-tubulin (lower panel). 
Scale bars represent 10 µm. See Fig. 4 for quantitative pooled data.
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these treatment conditions (Fig. 3E). The progress of fluorescence recovery is further illustrated in the supple-
mentary movies (Supplementary Movie S2B) and the zoom of the photobleached area fluorescence recovery 
(Supplementary Fig. S1D). Quantitative analysis for GFP-DCX ΔC showed its recovery was slower than the 
recovery of GFP-DCX WT (Fig. 4A), with longer times for half-maximal recovery (Fig. 4B), but with compro-
mised maximal recovery (Fig. 4C). As noted for GFP-DCX-WT, the calculated values for initial rate of recovery, 
t½, and maximum recovery in the presence of GFP-DCX ΔC were not statistically significant difference when 
exchange for thick or thin MT bundles were compared (Supplementary Fig. S6, thick MT bundles defined as 
>1 μm width, thin MT bundles defined as <1 μm width). For all parameters, results for GFP-DCX WT and
GFP-DCX ΔC were indistinguishable in the presence of nocodazole, consistent with the differences under
control conditions reflecting intrinsic properties of these proteins rather than additional intracellular factors.
However, we also noted that the initial rates of recovery and the times for half-maximal recovery for GFP-DCX 
ΔC in the presence of taxol or under control conditions were not significantly different (Fig. 4A,B) albeit that
maximal recovery was slightly but significantly improved (Fig. 4C). These results reveal that DCX loses its sensi-
tivity to taxol-induced changes in the absence of its C-terminus, emphasizing a need for improved understanding 
of the mechanisms of action of taxol as a MT stabilizer28.

The DCX C-terminus can mediate influences of environmental stress on DCX dynamic changes 
in association with MTs. In the preceding studies, our direct modulation of MT organization influenced 
DCX-MT association revealing that the DCX C-terminus makes a significant contribution. To address an
involvement of the DCX C-terminus in mediating changes following alterations of the cellular environment, we 
chose to expose cells to environmental stress as initiated by the hyperosmolarity initiated by high concentrations 
of the non-metabolizable sugar, sorbitol30. Thus, we added 0.5 M sorbitol to the cell culture medium, inducing
hyperosmotic stress for 1 h prior to further analysis and assessed the dynamics of exchange of GFP-DCX WT and 
GFP-DCX ΔC proteins in our quantitative FRAP protocols (Fig. 5A and C). For GFP-DCX WT, hyperosmolarity
slowed the fluorescence recovery into the bleached area (Fig. 5B) indicating a clear impact on the dynamic asso-
ciation of DCX with the MT network; in contrast we observed no impact of hyperosmolarity on the recovery rate 
for GFP-DCX ΔC (Fig. 5D). Immunoblot analysis confirmed equivalent expression of the GFP-DCX constructs 
was detected under these hyperosmotic conditions (Fig. 5E). The progress of fluorescence recovery is further
illustrated in the supplementary movies (Supplementary Movie S3A and B) and the zoom of the photobleached 
area fluorescence recovery (Supplementary Fig. S1E and F).

Quantitative FRAP analysis revealed that sorbitol-induced hyperosmotic stress significantly slowed the rate 
of fluorescence recovery (Fig. 6A) and the half-time of maximum recovery (Fig. 6B). Moreover, the maximal 
recovery was decreased for GFP-DCX WT, suggesting that hyperosmotic stress increases the pool of less mobile 
GFP-DCX WT in association with the MT network (Fig. 6C). However, in the absence of DCX C-terminus, 
sorbitol-induced hyperosmotic stress did not significantly change the dynamics of association or maximal recov-
ery of GFP-DCX ΔC (Fig. 6A–C) suggesting an important role of the DCX C-terminus in the modulation of 
DCX dynamics as part of the response to hyperosmotic stress exposure.

Lastly, as an impact of hyperosmotic stress on tubulin exchange dynamics may also underlie the altered DCX 
dynamic exchange we observed, we applied our quantitative FRAP protocols to assess GFP-α-tubulin in the 
presence of sorbitol and also in the presence of DCX WT and DCX ΔC (Fig. 7A–C). The progress of fluorescence 
recovery is further illustrated in the supplementary movies (Supplementary Movie S4A and B) and the zoom of 
the photobleached area fluorescence recovery (Supplementary Fig. S1G and H). We observed that hyperosmolar-
ity slowed the GFP-α-tubulin fluorescence recovery into the bleached area, with further slowing in the presence 

Figure 4. DCX C-terminal deletion slows dynamic association with MTs and decreases sensitivity to taxol-
induced MT changes. (A–C) The recovery of the ROI fluorescence for GFP-DCX WT and GFP-DCX ΔC under 
basal, nocodazole or taxol treatments. Results are for the mean ± SEM for (A) the initial rate of recovery of 
fluorescence for GFP-DCX WT or GFP-DCX ΔC in the photobleached area (estimated over the initial 6 s post-
bleach), (B) the time to reach half-maximal recovery of fluorescence (t1/2), and (C) the fluorescence maximum 
recovery for GFP-DCX WT or GFP-DCX ΔC in the bleached area. Error bars represent the standard error of 
the means and asterisks indicate values calculated to be statistically significantly different (*p ≤ 0.05, **p ≤ 0.01, 
****p ≤ 0.0001 n = 10 cells in each of three independent experiments. n.s. = not significant).
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of DCX WT but not DCX ΔC (Fig. 7B). Immunoblot analysis confirmed equivalent expression of the myc-DCX 
constructs was detected under these hyperosmotic stress conditions (Fig. 7C). For all parameters, expression of 
DCX ΔC did not further influence the changes noted under hyperosmotic stress (Fig. 8). These results thus fur-
ther emphasize the critical requirement for the DCX C-terminus in influencing tubulin exchange.

Figure 5. FRAP analysis reveals that hyperosmotic stress conditions impact GFP-DCX dynamics of association 
with MTs. COS-1 cells were transfected to express (A,B) GFP-DCX WT or (C,D) GFP-DCX ΔC. Cells were 
exposed to sorbitol (0.5 M, 1 h) to induce hyperosmotic stress. A FRAP protocol with a small bleach area and 
measuring recovery into the bleached area was utilized (A–D). A small ROI (indicated by the white rectangle 
in each cell image) was photobleached in (A) and (C) and the fluorescence recovery subsequently monitored at 
3 s intervals for 60 s. Plots of the recovery of fluorescence in small area of bleach in DCX WT (B) and DCX ΔC 
(D) constructs in the presence and absence of sorbitol treatments are shown. Regression values for the accuracy 
of the respective curve fits are shown. Insets represent the recovery of fluorescence in bleach area for first three 
time-points (0–6 s of post-bleach) with the line of best fit used for the calculation of initial rate. (E) Equivalent 
expression of the GFP-DCX constructs was detected in the presence and absence of sorbitol by immunoblotting 
for GFP (upper panel), with equivalent protein loading detected by immunoblotting for total α-tubulin (lower 
panel). Scale bars represent 10 µm. See Fig. 6 for quantitative pooled data.

Figure 6. Hyperosmotic stress slows the dynamic association of DCX, but not DCX ΔC, with MTs. (A–C) 
The recovery of the ROI fluorescence for GFP-DCX WT and GFP-DCX ΔC under basal or sorbitol treatment 
conditions. Results are for the mean ± SEM for (A) the initial rate of recovery of fluorescence for GFP-DCX WT 
or GFP-DCX ΔC in the photobleached area (estimated over the initial 6 s post-bleach), (B) the time to reach 
half-maximal recovery of fluorescence (t1/2), and (C) the fluorescence maximum recovery for GFP-DCX WT 
or GFP-DCX ΔC in the bleached area. Error bars represent the standard error of the means and asterisks and 
hash symbols indicate values calculated to statistically significantly different (*p ≤ 0.05, ****p ≤ 0.0001 and 
##p ≤ 0.01, ####p ≤ 0.0001 n = 10 cells in each of three independent experiments. n.s. = not significant).
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Taken together, our studies probing DCX-MT interactions highlight a dynamic relationship that is largely 
unexpected when considering previous cryoEM structural studies9, 11. Importantly, rapidly exchanging pools of 
other MT-associated proteins have been recently revealed, including the very fast dynamics of Tau-MT interac-
tions that are critical in promoting neuronal MT assembly without impeding MT-dependent intracellular trans-
port events31. For DCX, we have demonstrated that its interaction with MTs is sensitive to MT stabilization, with 
the likely unstructured DCX C-terminus significantly contributing. It will now be important to further probe how 
the C-terminus of DCX can influence the DC domain interactions with MTs, particularly as the N-terminal and 

Figure 7. FRAP analysis reveals that hyperosmotic stress conditions affect GFP-α-tubulin exchange dynamics. 
COS-1 cells were transfected to express (A) GFP-α-tubulin, GFP-α-tubulin together with myc-DCX WT or 
GFP-α-tubulin together with myc-DCX ΔC and then exposed to sorbitol (0.5 M, 1 h) as indicated to induce 
hyperosmotic stress. A FRAP protocol with a small bleach area and measuring recovery into the bleached area 
was utilized (A,B). A small ROI (indicated by the white rectangle in each cell image) was photobleached in 
(A) and the fluorescence recovery subsequently monitored at 3 s intervals for 60 s. (B) Plots of the recovery of 
fluorescence in small area of bleach in GFP-α-tubulin with or without myc-DCX constructs in the presence 
and absence of sorbitol treatments are shown. Regression values for the accuracy of the respective curve fits 
are shown. Insets represent the recovery of fluorescence in bleach area for first three time-points (0–6 s of post-
bleach) with the line of best fit used for the calculation of initial rate. (C) Equivalent expression of the GFP-α-
tubulin and myc-DCX constructs was detected in the presence and absence of sorbitol by immunoblotting for 
c-myc (upper panel) and GFP (lower panel). Scale bars represent 10 µm. See Fig. 8 for quantitative pooled data.

Figure 8. Hyperosmotic stress slowing of tubulin dynamic change is further slowed by DCX WT but not DCX 
ΔC. (A–C) The recovery of the ROI fluorescence for GFP-α-tubulin only and together with myc-DCX WT 
or myc-DCX ΔC under sorbitol treatment conditions. Results are for the mean ± SEM for (A) the initial rate 
of recovery of fluorescence for GFP-α-tubulin only or together with myc-DCX WT or myc-DCX ΔC under 
sorbitol treatment conditions in the photobleached area (estimated over the initial 6 s post-bleach), (B) the 
time to reach half-maximal recovery of fluorescence (t1/2), and (C) the fluorescence maximum recovery for 
GFP-α-tubulin in the bleached area. Error bars represent the standard error of the means and asterisks indicate 
values calculated to statistically significantly different **p ≤ 0.01, ****p ≤ 0.0001, n = 10 cells in each of three 
independent experiments. n.s. = not significant).
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C-terminal regions flanking the DC domains of DCX remain unresolved in structural studies so that their posi-
tioning relative to the DC domains and the MT surface are unknown. Given that the C-terminus is a target for
multiple different serine/threonine kinases including c-Jun N-terminal kinase, Cyclin-dependent kinase-5 and
protein kinase A20–24, the role of phosphorylation-dependent regulation, either by allosteric modulation of DCX 
itself or via recruitment of additional DCX-interacting partners, should be a top priority for future exploration.

Methods
Mammalian expression plasmids. The coding region of human DCX was amplified (source plas-
mid = pGEX-4T1-DCX full-length12) with appropriate cloning sites, by PCR (i.e. XhoI and HindIII restriction 
sites for GFP-DCX WT and myc-DCX WT, EcoRI and KpnI restriction sites for DCX WT-GFP). The PCR primer 
pairs are listed in Supplementary Table S1. pGFP-C3, pGFP-N3 and pXJ40-myc plasmid vectors (Addgene) were 
used to generate the DCX WT-GFP, GFP-DCX WT and myc-DCX WT constructs, respectively. We also gen-
erated GFP-tagged DCX C-terminally truncated constructs lacking the entire region flanking DC2 (i.e. DCX 
residues 1–275, thus lacking DCX residues 276–366): GFP-DCX ΔC and DCX ΔC-GFP. All constructs were 
validated by restriction digestion and full sequence analysis.

Cell culture, transfection and treatments. Cells (monkey fibroblast-like Cos-1 line or the human neu-
roblast SH-SY5Y line) were maintained (37 °C, 5% CO2) in growth media (high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM) for Cos-1 or DMEM-F12 for SH-SY5Y) containing L-glutamine supplemented with 
10% (v/v) fetal bovine serum (FBS), 1 mM penicillin and streptomycin. Transient transfections were performed 
using LipofectamineTM 2000 and antibiotic-free Opti-MEM medium according to the manufacturer’s instructions 
(Invitrogen). Following transfection for 24 h and where indicated, cells were further treated with nocodazole 
(20 µM, 2 h), taxol (10 µM, 1 h) or sorbitol (0.5 M, 1 h) prior to further analysis. For selected experiments, the 
neuronal (neuroblast) cell line SH-SY5Y was maintained under similar conditions.

Cell lysis, immunoblotting and immunoprecipitation. Cell lysates were prepared using RIPA buffer 
[50 mM Tris-HCl, pH 7.3, 150 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 1% (v/v) sodium 
deoxycholate, 1% (v/v) Triton X-100, 0.2% (w/v) NaF and 100 µM Na3VO4] supplemented with complete pro-
tease inhibitor mix (Roche Diagnostic). Cell lysates were incubated on ice (10 min) and cleared by centrifugation 
(16,000 g, 10 min). Protein concentrations were determined by the Bradford assay (BioRad). Protein samples, 
diluted with 3x protein sample buffer, were resolved by SDS-PAGE [8% (v/v) polyacrylamide gels] and the sep-
arated proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Amersham Life Science).

Proteins of interest were detected using the following primary antibodies: anti-GFP (Abcam 13970), anti-DCX 
(ThermoFisher Scientific 48–1200) and anti-α-tubulin (Sigma T6074). After incubation with horseradish 
peroxidase-linked secondary antibodies (ThermoFisher Scientific), immunoreactive proteins were visualised 
using an enhanced chemiluminescence detection system (ThermoFisher Scientific) and quantitation carried out 
using FIJI 2.0 public domain software (National Institutes of Health).

Immunoprecipitation was performed by incubating protein lysates (2 mg) together with GFP-trap beads 
(ChromoTek) at 4 °C overnight, with continuous end-to-end mixing on a rotating wheel. GFP-trap beads were 
separated from supernatant by centrifugation (16,000 g, 30 s) and beads were thoroughly washed (3x washing 
with 0.5 ml lysis buffer) with lysis buffer before precipitated proteins were eluted by the addition of 3x protein 
sample buffer and boiling (100 °C, 5 min). Precipitated protein and supernatants were resolved by SDS-PAGE and 
immunoblotted as above.

Live-cell imaging microscopy and image analysis. COS-1 cells were seeded on eight-well 
µ-slides (Ibidi) and transiently transfected with plasmids encoding GFP-DCX WT or GFP-DCX ΔC. At 24 h 
post-transfection, the culture medium was replaced with fresh medium containing a final concentration of 10 nM 
SiR-tubulin dye (Cytoskeleton Inc.). After additional incubation (12 h) with the SiR-tubulin dye, the culture 
medium was replaced with pre-warmed Phenol-Red-free DMEM growth medium. Images were captured on a 
Leica TCS SP5 confocal microscope equipped with an environmental chamber (37 °C, 5% CO2) using a 63x 0.9 
NA objective (Biological Optical Microscopy Platform, University of Melbourne).

The Pearson correlation coefficient was applied to quantify the degree of colocalisation between fluorophores 
using FIJI software. A higher Pearson correlation coefficient corresponds to greater colocalisation of MTs with 
DCX constructs32.

To study the distribution of MT bundles, a skewness value analysis was applied using FIJI image analysis 
software. The skewness moment calculator plugin of FIJI measures the asymmetrical fluorescence distribution; 
specifically the skewness value (Sk) is calculated as:

=
−Mean Median

Standard deviation
Sk 3( )

(1)

Thus, the interpretation of the spatial moments by skewness value in x and y corresponds to Sk = 0 indicating 
a symmetric distribution of the detected fluorescent tag, but Sk < 0 or > 0 indicating asymmetric distribution of 
the detected fluorescent tag. In our study, a higher skewness (Sk > 0) value corresponds to a more heterogeneous 
distribution of MTs33.

Fluorescence recovery after photobleaching (FRAP) analysis. Photobleach analyses were per-
formed with cells maintained in Phenol-Red-free growth medium at 37 °C with 5% CO2 supplied to the micro-
scope chamber. Images were captured on a Leica TCS SP5 confocal microscope equipped with an environmental 
chamber (37 °C, 5% CO2) using a 63x 0.9 NA objective (Biological Optical Microscopy Platform, University of 
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Melbourne). Ten prebleach images were collected with excitation at 488 nm prior to photobleaching. A small 
region of interest (ROI) was then photobleached (1 s, 100% laser power). Each ROI encompassed MT structures 
typical of the treatment condition (e.g. thick MT bundles upon DCX expression). Where indicated, additional 
comparisons of different MT bundles in individual cells were performed, with results recorded for thick MT bun-
dles (defined as >1 μm width) and thin MT bundles (defined as <1 μm width).

Fluorescence recovery was recorded at 3-s intervals for 60 s. FRAP measurements (n = 10) from three inde-
pendent experiments were normalized as described previously27, 34:

= 
 − 

 −− − −( )( )F F / F F F F /F (2)frap norm(t) whole prebleach whole(t) bg(t) frap(t) bg(t) frap prebleach

where Ffrap(t) is the fluorescence recovery in the photobleached ROI at time t, Fwhole(t) is the whole-cell fluorescence 
and Fbg(t) is the background region fluorescence intensity (outside the cell). Ffrap-prebleach and Fwhole-prebleach represent 
mean prebleach fluorescence intensity of the photobleached ROI and the whole cell, respectively.

Normalised FRAP measurements were plotted against postbleach recovery time and the resulting data fitted 
with the double exponential equation:

= − + −−τ . −τ .[F A (1 exp ) A (1 exp )] (3)(t) 1
1 t

2
2 t

to adjust amplitudes A1 and A2 and time constants τ1 and τ2.

Statistical analysis. Statistical analyses of data sets for deviation from normal distribution were carried 
out with GRAPHPAD PRISM 6 software using the D’Agostino-Pearson omnibus normality test. Data sets with 
normal distribution were analyzed using unpaired two-tailed student’s t-test analyses of differences between the 
control and test conditions (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) whereas data sets with deviation 
from normal distribution were analyzed using Mann-Whitney and Kruskal-Wallis non-parametric test (#p ≤ 0.05, 
##p ≤ 0.01, ###p ≤ 0.001, ####p ≤ 0.0001) as indicated.
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A B S T R A C T

Doublecortin X (DCX) plays essential roles in neuronal development via its regulation of cytoskeleton dynamics.
This is mediated through direct interactions between its doublecortin (DC) domains (DC1 and DC2) with mi-
crotubules (MTs) and indirect association with actin filaments (F-ACT). While the regulatory role of the DCX C-
terminus following DC2 (i.e. DCX residues 275–366) has been established, less is known of the possible con-
tributions made by the DCX N-terminus preceding DC1 (i.e. DCX residues 1–44). Here, we assessed the influence
of DCX Ser28 within the DCX N-terminus, on the association of DCX with MTs and F-ACT. We compared the
cytoskeletal interactions of the DCX S28E phosphomimetic and DCX S28A phospho-resistant mutants and wild-
type DCX. Immunoprecipitation and colocalisation analyses indicated increased association of DCX S28E with F-
ACT but decreased interaction with MTs, and conversely enhanced DCX S28A association with MTs but de-
creased association with F-ACT. To evaluate the impact of DCX mutants on cytoskeletal filaments we performed
fluorescence recovery after photobleaching (FRAP) studies on SiR-tubulin and β-actin-mCherry and observed
comparable tubulin and actin exchange rates in the presence of DCX WT and DCX S28A. However, we observed
faster tubulin exchange rates but slower actin exchange rates in the presence of DCX S28E. Moreover, DCX S28E
enhanced the association with the actin-binding protein spinophilin (Spn) suggesting the shift to favour asso-
ciation with both F-ACT and Spn in the presence of DCX S28E. Taken together, our results highlight a new role
for DCX S28 as a regulatory switch for cytoskeletal organisation.

1. Introduction

In neuronal development, a coordinated and dynamic remodelling
of the cytoskeleton is controlled by a number of filamentous actin (F-
ACT)- and microtubule (MT)-regulatory proteins [1–3]. These proteins
mediate cytoskeletal changes that are critical in the formation and
development of axons and dendrites, the two functionally and struc-
turally distinct extensions from the neuronal cell body that are essential
for appropriate inter-neuronal communication in the nervous system
[4–6]. Of these regulatory proteins, DCX can coordinate regulation of
the different filament systems via its direct interactions with MTs and
its indirect association with F-ACT [7,8].

The domain organisation of the 366 amino acid DCX protein is well-
characterized. Structurally, the DCX protein consists of two homologous
doublecortin (DC) domains, DC1 (the N-terminal DC domain, residues
45–150) and DC2 (the C-terminal DC domain, residues 170–275) that
are defining features of the larger DCX family of proteins [9]. These DC
domains are linked in tandem via a flexible unstructured region (linker)

and additionally flanked by a likely unstructured N-terminal region
(DCX-N, i.e. residues 1–44) and serine/proline-rich C-terminal region
(DCX-C, i.e. residues 275–366) [9,10]. The structured DC domains in-
teract with MTs, specifically via binding to four neighboring tubulin
dimers [11]. Multiple DCX mutations, causing neurodevelopmental
diseases including lissencephaly, have been mapped to the DC domains.
The observed defects in cortical layering arising from DCX mutations
emphasize the involvement of DCX and its DC domain-mediated actions
in normal neuronal migration [12,13].

While DC domain interaction with MTs is well established, an im-
proved understanding of molecular function of DCX requires inter-
rogation of the regulatory contributions made by the DCX termini, DCX-
N and DCX-C. Importantly, DCX functions can be potentially regulated
by phosphorylation of these termini by multiple different Ser/Thr ki-
nases. Specifically, multiple sites within DCX-C including DCX Ser297
and Ser334 are phosphorylated by protein kinases cyclin-dependent
kinase 5 (Cdk5) and c-Jun N-terminal kinase (JNK), respectively
[14–18]. Phosphorylation of these sites decreases the affinity of DCX for
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MTs, to significantly impact neuronal migration [14,19], However,
protein kinases target sites in other regions of the DCX protein and the
function of these phosphorylation events are less well known. Protein
kinase A (PKA)-induced phosphorylation of DCX Ser47, a residue at the
N-terminal extreme of the DC1 domain, can increase DCX-F-ACT asso-
ciation [20], raising the possibility that a translocation of DCX from
MTs to ACT in a phospho-regulated fashion can influence on DCX's
cytoskeletal impact. That DCX can influence F-ACT is further supported
by the characterisation of an adaptor protein spinophilin (Spn). Spn,
which contains multiple protein interaction domains including an ACT-
binding domain and an DCX-binding domain, can act as a platform
facilitating the association of ACT with the DC2 domain and DCX-C
[8,21]. Increased association of a DCX Ser47 phosphomimetic mutant
with ACT in the presence of Spn reinforces a mediatory role for Spn in
the DCX-ACT association however, the direct impact of DCX phos-
phorylation on DCX-Spn interaction remains to be investigated
[21–24].

The contributions of DCX-N to the regulation of DCX actions on the
cytoskeleton require further evaluation. There is one identified phos-
phorylation site in DCX-N, namely DCX Ser28, known to be targeted by
Cdk5 but the functional consequences of phosphorylation of this re-
sidue on DCX actions in a neuronal context have not been determined
[25]. The kinase activities of Cdk5 contribute to the regulation of cri-
tical cytoskeleton-dependent events including neuronal differention
and neuronal plasticity via the phosphorylation of cytoskeletal reg-
ulators such as DCX, and so reinforce the importance of phosphoryla-
tion status of DCX in regulation of MT and ACT localisation in neurons
during neuronal development [26].

In this study we address the modulatory role of DCX Ser28 phos-
phorylation on DCX interactions with MTs and F-ACT using DCX S28E
and S28A mutants that mimic or prevent DCX phosphorylation re-
spectively. Our findings from DCX co-localisation analysis with the
cytoskeleton, measurements of dynamic association of DCX with MTs
and F-ACT, and biochemical analyses probing the interactions of DCX
with Spn reveal a critical switching mechanism involving DCX Ser28
that influences cytoskeletal organisation.

2. Results and discussion

2.1. Cdk5 activity is essential for phosphorylation of DCX Ser28 and
cytoskeletal organisation

Cdk5 is a member of the Cdk family of Ser/Thr kinases that, unlike
other Cdk family members that are primarily involved in cell cycle
control, is highly expressed in neurons and indispensable for normal
brain development [26]. Cdk5 is involved in higher cognitive functions
such as learning and memory formation via regulation of the cortical
lamination, neuronal differentiation and synaptic plasticity [27,28]
which all rely on rapid alterations in the cytoskeleton. Genetic ablation
of the cdk5 gene results in profound remodelling of the neuronal cy-
toskeleton, and thus Cdk5 is regarded as an important regulatory pro-
tein for neuronal cytoskeleton dynamics through its regulation of many
cytoskeleton-associated proteins [28–30].

In vitro phosphorylation and mass spectrometry studies have iden-
tified the neuronal MT-associated protein DCX as a Cdk5 substrate
[15,25]. More specifically, the DCX N-terminal site targeted by Cdk5
has been identified as DCX Ser28 [25], but the influence of DCX Ser28
phosphorylation on the neuronal cytoskeleton remains to be de-
termined. Thus, to first establish the relationship between Cdk5 and
DCX Ser28 phosphorylation in a neuronal cell context, we assessed DCX
Ser28 phosphorylation status in SH-SY5Y neuroblastoma cells. Im-
munoblot analysis detected DCX Ser28 phosphorylation under basal
culture conditions (Fig. 1A). DCX Ser28 phosphorylation levels were
decreased when DCX levels were depleted by siRNA in SH-SY5Y cells
(Supplementary Fig. S1A). In addition, DCX Ser28 phosphorylation was
only detected in COS-1 cells transfected with wild-type (WT) DCX but

not DCX Ser28 phosphomimetic and phospho-resistant mutants (Sup-
plementary Fig. S1B) confirming specificity of our antibody detection of
DCX phosphorylation on Ser28. In response to Cdk5 depletion, we de-
monstrated a significant decrease in DCX Ser28 phosphorylation
without altering total DCX levels (Fig. 1A–D). Thus, DCX Ser28 phos-
phorylation levels require Cdk5 in SH-SY5Y neuronal cells.

We next evaluated the impact of Cdk5 siRNA treatment on DCX
Ser28 phosphorylation and the morphology of the SH-SY5Y neuro-
blastoma cells by immunofluorescence analysis (Fig. 1E). These studies
confirmed lowered Cdk5 levels following Cdk5 siRNA transfection
(Fig. 1F) accompanied by lower levels of DCX Ser28 phosphorylation
(Fig. 1G). In parallel, the immunofluorescence imaging for tubulin and
F-ACT (Fig. 1H, enlarged images of regions enclosed by the white rec-
tangles in Fig. 1E) showed cell morphology alterations that we quan-
titatively assessed by estimates of cell circularity. For Cdk5 siRNA-
treated cells, cell circularity was significantly increased (Fig. 1I), and
thus a more elongated cell shape was maintained in the presence of
Cdk5.

Taken together, these results show the importance of Cdk5 as a
regulator of DCX Ser28 phosphorylation and neuronal cell morphology.
These observations reinforce previous studies showing that Cdk5-in-
duced phosphorylation of DCX Ser297 that lies within the C-terminal
sequence (DCX-C) could modulate association of DCX with MTs at the
leading edge of the migrating neurons thus regulates neuronal migra-
tion [15]. Although DCX plays an important role in cytoskeleton or-
ganisation [29], the impact of Cdk5-induced DCX Ser28 phosphoryla-
tion on cytoskeleton organisation remains undetermined. Thus, we
generated DCX Ser28 phospho-mutants, DCX S28A and DCX S28E, and
assessed their association with the cytoskeleton and their influence on
cytoskeleton organisation and so provide further evidence supporting a
possible role in neuronal migration and movement.

2.2. DCX S28A and DCX S28E mutants define a regulated reciprocal
association of DCX with MTs and F-ACT

Cdk5 decreases the affinity of DCX for MTs through its direct
phosphorylation of DCX Ser297 within DCX-C [15], however the im-
pact on cytoskeleton organisation of the Cdk5-targeted phosphorylation
of DCX Ser28 within DCX-N has not been previously addressed. Thus,
we next used Co-IP and live imaging approaches to study the mod-
ulatory role of DCX Ser28 on DCX association with MTs and F-ACT.

SH-SY5Y cells were transfected with GFP-tagged DCX full-length
(DCX WT) as a control, alongside DCX S28A (non-phospho) and DCX
S28E (phospho-mimetic) mutants. Interaction of DCX proteins with
MTs and F-ACT was analyzed by co-immunoprecipitation using GFP-
trap beads to mediate capture of GFP-DCX proteins in the pellet (bound)
fraction followed by the detection of the associated α-tubulin or β-actin
in each pellet fraction (Fig. 2Ai, panels as indicated). The absence of
GFP-DCX proteins in supernatant (unbound) fraction (Fig. 2Aii lower
panel) confirmed the complete capture of DCX proteins by the GFP-trap
beads in pellet fraction (Fig. 2Ai lower panel). When compared with
DCX WT, DCX S28A captured more α-tubulin while DCX S28E captured
less α-tubulin (Fig. 2Ai & Fig. 2B); conversely, more β-actin was cap-
tured with DCX-S28E and less with DCX-S28A in the GFP-trap pulldown
experiments (Fig. 2Ai & Fig. 2C). This suggests that DCX Ser28 phos-
phorylation can negatively regulate interactions with MTs. Interest-
ingly, the inverse relationship is apparent for DCX interactions with
actin.

To reinforce this role of DCX Ser28 to modulate DCX interactions
with the cytoskeleton, we next extended our analyses to include colo-
calization imaging studies by labelling MTs (Fig. 2D & E) and F-ACT
(Fig. 2F & G) with SiR-tubulin and LifeAct-mCherry labelling, repec-
tively; enlarged images of the regions enclosed by the white rectangles
are presented also in Fig. 2D and F. Pearson correlation analysis of the
live images obtained for the GFP-tagged DCX constructs revealed an
increased colocalisation of DCX S28A with MTs (Fig. 2E). Conversely,

M. Moslehi et al. BBA - Molecular Cell Research 1866 (2019) 638–649

65



Fi
g.
1.

Cy
cl

in
-d

ep
en

de
nt

ki
na

se
5

(c
dk

5)
re

gu
la

te
sD

CX
Se

r2
8

ph
os

ph
or

yl
at

io
n

an
d

ce
ll

m
or

ph
ol

og
y.

(A
–E

)S
H

-S
Y5

Y
ce

lls
w

er
e

tr
an

sf
ec

te
d

w
ith

ne
ga

tiv
e

co
nt

ro
ls

iR
N

A
or

cd
k5

si
RN

A
in

or
de

rt
o

st
ud

y
th

e
im

pa
ct

of
cd

k5
on

D
CX

Se
r2

8
ph

os
ph

or
yl

at
io

n
an

d
ce

ll
m

or
ph

ol
og

y.
(A

)
Fo

llo
w

in
g

co
nt

ro
l

or
cd

k5
si

RN
A

s
tr

an
sf

ec
tio

ns
,

im
m

un
ob

lo
tt

in
g

w
as

pe
rf

or
m

ed
us

in
g

an
tib

od
ie

s
ag

ai
ns

t
cd

k5
,

D
CX

pS
er

28
or

D
CX

(p
an

el
s

as
in

di
ca

te
d)

.
Eq

ui
va

le
nt

pr
ot

ei
n

lo
ad

in
g

w
as

de
te

ct
ed

by
im

m
un

ob
lo

tt
in

g
fo

r
to

ta
lα

-tu
bu

lin
(l

ow
er

pa
ne

l)
.F

or
si

RN
A

-tr
an

sf
ec

te
d

ce
lls

,c
dk

5,
D

CX
pS

er
28

or
D

CX
le

ve
ls

w
er

e
m

ea
su

re
d

by
qu

an
tit

at
in

g
th

e
(B

)c
dk

5
to

to
ta

lα
-tu

bu
lin

,
(C

)
D

CX
pS

er
28

to
D

CX
or

(D
)

D
CX

to
to

ta
l

α-
tu

bu
lin

ra
tio

.
Er

ro
r

ba
rs

re
pr

es
en

t
th

e
st

an
da

rd
er

ro
r

of
th

e
m

ea
ns

an
d

as
te

ri
sk

s
in

di
ca

te
va

lu
es

ca
lc

ul
at

ed
to

be
st

at
is

tic
al

ly
si

gn
ifi

ca
nt

ly
di

ffe
re

nt
(*

*p
≤

0.
01

n
=

3
in

de
pe

nd
en

t
ex

pe
ri

m
en

ts
.n

.s
.=

no
t

si
gn

ifi
ca

nt
).

(E
)

Fi
xe

d-
ce

ll
im

ag
in

g
w

as
co

nd
uc

te
d

ap
pl

yi
ng

an
tib

od
ie

s
to

vi
su

al
is

e
th

e
cd

k5
,p

ho
sp

ho
ry

la
te

d
D

CX
Se

r2
8,

M
T

or
ap

pl
yi

ng
ph

al
lo

id
in

to
vi

su
al

is
e

A
CT

in
ne

ga
tiv

e
co

nt
ro

l-
or

cd
k5

si
RN

A
tr

an
sf

ec
te

d
ce

lls
(p

an
el

s
as

in
di

ca
te

d)
.D

A
PI

-s
ta

in
ed

nu
cl

ei
w

er
e

vi
su

al
is

ed
as

bl
ue

in
m

er
ge

pa
ne

ls
.S

ca
le

ba
rs

re
pr

es
en

t1
0

μm
.T

o
m

ea
su

re
th

e
(F

)c
dk

5
ex

pr
es

si
on

or
(G

)D
CX

pS
er

28
ex

pr
es

si
on

,
th

e
flu

or
es

ce
nc

e
in

te
ns

ity
pe

r
ce

ll
ar

ea
w

as
in

di
ca

te
d.

Er
ro

r
ba

rs
re

pr
es

en
t

th
e

st
an

da
rd

er
ro

r
of

th
e

m
ea

ns
an

d
as

te
ri

sk
s

in
di

ca
te

va
lu

es
ca

lc
ul

at
ed

to
be

st
at

is
tic

al
ly

si
gn

ifi
ca

nt
ly

di
ffe

re
nt

(*
**

*p
≤

0.
00

01
n

=
40

ra
nd

om
ly

se
le

ct
ed

ce
lls

).
(H

)E
nl

ar
ge

d
im

ag
es

of
re

gi
on

s
en

cl
os

ed
by

th
e

w
hi

te
re

ct
an

gl
es

in
pa

ne
lE

an
d

(I
)c

el
lm

or
ph

ol
og

y
of

th
e

ne
ga

tiv
e

co
nt

ro
ls

iR
N

A
or

cd
k5

si
RN

A
tr

an
sf

ec
te

d
SH

-S
Y5

Y
ce

lls
w

as
es

tim
at

ed
by

ce
ll

ci
rc

ul
ar

ity
an

al
ys

is
.E

rr
or

ba
rs

re
pr

es
en

t
th

e
st

an
da

rd
er

ro
r

of
th

e
m

ea
ns

an
d

as
te

ri
sk

s
in

di
ca

te
va

lu
es

ca
lc

ul
at

ed
to

be
st

at
is

tic
al

ly
si

gn
ifi

ca
nt

ly
di

ffe
re

nt
(*

**
*p

≤
0.

00
01

n
=

40
ra

nd
om

ly
se

le
ct

ed
ce

lls
).

M. Moslehi et al. BBA - Molecular Cell Research 1866 (2019) 638–649

66



DCX S28E colocalization with MTs was decreased (Fig. 2E). We ob-
served the inverse relationship with F-actin colocalization with DCX
which was decreased with DCX S28A but enhanced with DCX S28E
(Fig. 2G).

Our findings therefore indicate that the DCX S28E phosphomimetic
mutant can decrease the interaction with MTs. This is similar to the
identified phosphoregulatory role of the DCX-C sites, Ser297 and
Ser334, that are phosphorylated by the kinases Cdk5 and JNK, re-
spectively, and that can also negatively regulate association of DCX
with MTs by decreasing the affinity of interaction of DCX with MTs
[19]. Indeed, the observation of increased localisation of phosphory-
lated DCX, together with the kinases JNK and Cdk5, at sites of neurite
outgrowth emphasize the strict spatial control of DCX protein phos-
phorylation and its importance during neuronal migration [15,18,19].
Moreover, we observed the increased association of DCX S28E phos-
phomimetic mutant with F-ACT. This is similar to a previously identi-
fied regulatory role of PKA-induced phosphorylation of DCX Ser47
within DC1 on the DCX-ACT association and cytoskeleton organisation;

a DCX Ser47 phosphomimetic mutant showed increased association
with ACT but decreased interaction with MTs [20]. With our demon-
stration that the DCX Ser28 mutants influence the association with MTs
and F-ACT, we propose DCX Ser28 as an important regulatory site
within DCX-N.

To extend our observations, we next considered the possible me-
chanisms underlying how DCX interaction with F-ACT could be fa-
voured. Previous imaging and co-immunoprecipitation analyses in-
dicated that DCX directly associates with spinophilin (Spn, also known
as neurabin II), an actin-binding protein critical for normal brain de-
velopment [21,22]. A coordinated function of DCX and Spn in brain
development and F-ACT organisation has been supported by observa-
tions of similar phenotypic changes (hippocampal delamination and F-
ACT dysregulation) in Spn-knockout or DCX-knockout mice [31]. Be-
cause Spn, via its actions as a DCX binding partner, can bind ACT and
enhance ACT bundling, it can mediate the influence of DCX on ACT
[31,32]; our analyses thus far revealed the importance of DCX Ser28 in
altering the association of DCX with F-ACT (i.e. an increased association

Fig. 2. DCX S28A and DCX S28E mutants show reciprocal association with MTs and F-ACT. (A–C) Lysates prepared from SH-SY5Y cells expressing GFP-DCX WT,
GFP-DCX S28A and GFP-DCX S28E were incubated with GFP-trap beads for 1 h followed by centrifugation to collect the GFP-trap beads and associated GFP-tagged
constructs. Immunoblotting was performed to detect the endogenous α-tubulin (upper panel) or β-actin (middle panel) in (Ai) pellet fraction containing precipitated
GFP constructs or (Aii) supernatant fraction. For pellet fraction, α-tubulin or β-actin levels were measured by quantitating the (B) α-tubulin to GFP-tagged constructs
or (C) β-actin to GFP-tagged constructs ratio. Error bars represent the standard error of the means and asterisks indicate values calculated to be statistically
significantly different (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001 n = 3 independent experiments). (D-G) Live imaging was conducted to evaluate cy-
toskeleton organisation in association with DCX proteins. Live images of the SH-SY5Y cells expressing GFP-DCX WT, GFP-DCX S28A or GFP-DCX S28E together with
(D) SiR-tubulin probe to visualise MTs or (F) expression of LifeAct-mCherry to visualise F-ACT were performed. Merge images indicate the colocalisation of GFP-DCX
proteins with MTs (right panels in D, enlarged images of regions enclosed by the white rectangles in panel D) or F-ACT (right panels in F, enlarged images of regions
enclosed by the white rectangles in panel F). Scale bars represent 10 μm. The Pearson coefficient was measured for GFP-tagged DCX proteins and (E) MTs or (G) F-
ACT to assess colocalisation where 0 indicates no correlation between two channels whereas 1 indicates complete correlation of two channels. Error bars represent
the standard error of the means and asterisks indicate values calculated to be statistically significantly different (***p≤ 0.001, ****p≤ 0.0001 n = 40 randomly
selected cells).
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of DCX S28E with ACT), and thus we next investigated the impact of
DCX Ser28 phosphorylation on interaction with Spn by assessing the
association of DCX S28E and DCX S28A with Spn.

2.3. The DCX S28E mutant favours association with the adaptor protein
Spn

Spn is a neuronal adaptor protein that contains interaction domains
for both F-ACT and DCX [21]. We therefore performed co-im-
munoprecipitation analysis and fixed-cell imaging to explore the asso-
ciation of DCX Ser28 mutants with Spn. For this analysis we chose to
transfect COS-1 cells, due to their lack of endogenous DCX or Spn ex-
pression that could interfere in analysis and interpretation. We trans-
fected these cells with GFP-tagged DCX WT, DCX S28A or DCX S28E
mutants and HA-Spn. Interaction of DCX proteins with F-ACT or HA-
Spn was assessed by co-immunoprecipitation using GFP-trap beads to
mediate capture of GFP-DCX proteins in the pellet (bound) fraction
followed by the detection of the associated β-actin or HA-Spn in each
pellet fraction (Fig. 3Ai, panels as indicated). The absence of GFP-DCX

proteins in supernatant (unbound) fraction (Fig. 3Aii lower panel)
again confirmed the complete capture of DCX proteins by the GFP-trap
beads in pellet fraction (Fig. 3Ai lower panel). When compared to DCX
WT, more β-actin and HA-Spn were captured with DCX S28E whereas
less β-actin and Spn were captured with DCX S28A (Fig. 3 B& C, re-
spectively). Although previous studies have indicated a DCX-Spn asso-
ciation, this is the first study to reveal an enhanced association of Spn
with a DCX phosphomimetic mutant. Because the interactions of Spn
and β-actin were enhanced with the phospho-mimetic change to DCX
Ser28, we propose that phosphorylated DCX Ser28 can increase F-ACT
association via favouring association with Spn.

To compare the spatial relationships between DCX, Spn and F-ACT
in a cellular context, we next extended our analyses to imaging of COS-
1 cells co-transfected with GFP-DCX proteins and HA-Spn, with phal-
lodin staining to visualise F-ACT (Fig. 3D, enlarged images represent
regions enclosed by the white rectangles). Merge images of the panels
for Spn and DCX proteins (Fig. 3Ei, enlarged images represent regions
enclosed by the white rectangles) and F-actin and DCX proteins
(Fig. 3Eii, enlarged images represent regions enclosed by the white

Fig. 3. Reciprocal association of DCX S28A and S28E mutants with Spn follows the same trend as association of DCX Ser28 mutants with F-ACT. (A-C) Lysates
prepared from COS-1 cells co-expressing GFP-DCX WT, GFP-DCX S28A or GFP-DCX S28E with HA-tagged Spn were incubated with GFP-trap beads for 1 h followed
by centrifugation to collect the GFP-trap beads. Immunoblotting was performed to detect the endogenous β-actin (upper panel) or exogenous HA-Spn (middle panel)
in the (Ai) pellet fraction contains GFP constructs or (Aii) supernatant fraction. For pellet fraction, β-actin or Spn levels were measured by quantitating the (B) β-actin
to GFP-tagged constructs or (C) Spn to GFP-tagged constructs ratio. Error bars represent the standard error of the means and asterisks indicate values calculated to be
statistically significantly different (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001 n = 3 independent experiments). (D & E) Fixed-cell imaging was conducted
to evaluate the association of DCX proteins with Spn or F-ACT. (D) COS-1 cells co-expressing GFP-DCX WT, GFP-DCX S28A or GFP-DCX S28E (visualised as green)
together with HA-Spn were fixed and Spn or F-ACT were visualised using HA tag antibody (visualised as red) or phalloidin (visualised as purple), respectively. Nuclei
were stained with DAPI (visualised as blue). Merge images indicate the co-localisation of all 4 channels;Enlarged images of regions enclosed by the white rectangles
in panel D. (E) Colocalisation of the (i) HA-Spn and GFP-DCX proteins or (ii) F-ACT and GFP-DCX proteins (enlarged images of regions enclosed by the white
rectangles in panel E) were quantitated as the Pearson correlation coefficient (Fi and Fii, respectively) where 0 indicates no correlation between two channels
whereas 1 indicates complete correlation of two channels. Error bars represent the standard error of the means and asterisks indicate values calculated to be
statistically significantly different (**p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001 n = 40 randomly selected cells for each GFP-DCX construct).
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rectangles) are shown. Pearson correlation analysis of the fixed-cell
images obtained for the GFP-tagged DCX proteins in association with
HA-Spn or F-ACT revealed increased colocalisation of DCX S28E with
Spn and F-ACT (Fig. 2Fi & ii, respectively). Thus, we observe an en-
hanced association of DCX S28E with Spn and F-ACT and, conversely,
the decreased association of DCX S28A with Spn and F-ACT.

Taken together, these findings highlight a critical importance of
DCX Ser28 as a regulatory switch that modulates association of DCX
with MTs directly and with F-ACT, likely indirectly via altered inter-
actions with the neuronal adaptor protein Spn. The increased associa-
tion of DCX S28E with Spn as well as ACT highlights the role of Spn in
association of phosphorylated DCX with ACT. Although previous stu-
dies indicated the increased association of DCX phosphomimetic (DCX
S47E) with ACT [21], our study for the first time shows the direct
impact of DCX phosphomimetic (DCX S28E) on Spn. As the dynamics of
these cytoskeletal structures are regarded as critical in physiological
processes including neuronal development, differentiation and move-
ment [3], we next evaluated how DCX Ser28 may influence cytoske-
leton dynamics as well as the dynamics of DCX associations with MTs
and F-ACT.

2.4. Exchange rates of α-tubulin within MTs are accelerated in the presence
of DCX S28E but slowed in the presence of DCX S28A

We previously reported that the association of DCX WT with MTs
slows the rate of tubulin exchange within the MT network [33]. 2-
colour fluorescence recovery after photobleaching (FRAP) analyses
have been instrumental for concomitant recording of the kinetics of two
proteins in the same cell area e.g. cytoskeleton components and their
binding proteins or two components of the same protein complex
[34–36]. We therefore performed 2-colour FRAP analyses to assess
firstly the impact of DCX S28A or DCX S28E mutants on MT dynamics.
We monitored the dynamic recovery of two spectrally distinct fluores-
cently tagged proteins simultaneously in the same intracellular locale
and under identical experimental conditions. Thus, in these analyses,
the rates of fluorescence recovery for these proteins in a defined pho-
tobleached zone were used to quantitate rates of movement of neigh-
boring fluorescent molecules into the photobleached area whereas
quantitative estimates of the extent of fluorescence recovery were used
to estimate the exchangeable pool.

First, we assessed the influence of DCX proteins on MT dynamics
(Fig. 4A, merge panels as indicated). We monitored the progress of
fluorescence recovery of SiR-tubulin (Fig. 4B & C) alongside the re-
coveries of the transfected GFP-DCX proteins: GFP-vector (control),
GFP-DCX wild-type (WT), GFP-DCX S28A or GFP-DCX S28E proteins as
indicated (Supplementary Fig. S2A). The progress of fluorescence re-
covery for each channel (green: GFP-tagged DCX proteins; red: SiR-
tubulin) is further illustrated in the zoom of each photobleached area
(Supplementary Fig. S3A &B, respectively). We confirmed the quanti-
tative analysis of fluorescence recovery data in Fig. 4C by evaluating
residuals plots (Supplementary Fig. S4Ai-iv). Furthermore, no sig-
nificant impact of SiR-tubulin on MT dynamics in the presence of DCX
proteins was also confirmed by the FRAP analysis of SH-SY5Y cells co-
transfected with GFP-tagged α-tubulin and Myc-DCX proteins (Fig. 5,
residuals analysis of fluorescence recovery data is shown in Supple-
mentary Fig. S4Bi-iv). Thus, although SiR-tubulin is a taxol derivative,
siR-tubulin at the low concentrations of SiR-tubulin (100 nM) used in
our studies did not interfere with MT dynamics.

Quantitative analysis of the SiR-tubulin fluorescence recovery re-
vealed that, relative to the fractional recovery recorded for SiR-tubulin
in the presence of GFP-DCX WT, a higher fractional recovery of SiR-
tubulin was observed in the presence of GFP-DCX S28E or GFP-vector
but a lower fractional fluorescence recovery for SiR-tubulin in the
presence of DCX S28A (Fig. 4D); and compared to the long half-max-
imal recovery time (t1/2) for GFP-DCX WT, the times to reach half-
maximal recovery (t1/2) were shorter for SiR-tubulin in the presence of

GFP-DCX S28E or GFP-vector only but even longer times were recorded
in the presence GFP-DCX S28A (Fig. 4E). A summary for the maximum
recovery and half-maximal recovery time (t1/2) values is also presented
in Fig. 4F. Therefore, not only do DCX Ser28 mutants alter association
with MTs but they can also modulate MT dynamics in the area of as-
sociation with DCX proteins suggesting the contribution of DCX Ser28
phosphorylation in the regulation of MT dynamics.

2.5. DCX S28A and DCX S28E mutants show opposite changes in dynamics
of association with MTs

To gain additional insights into the dynamic association of DCX, and
the DCX S28 mutants, with MTs, we simultaneously monitored the
fluorescence recovery of the GFP-tagged DCX proteins associated with
SiR-tubulin in our 2-colour FRAP analyses, (Supplementary Fig. S2A &
B). Quantitative analysis of these MT-associated GFP-tagged DCX pro-
teins showed near-complete fluorescence recovery of GFP-DCX WT,
comparable fluorescence recovery of GFP-DCX S28E or GFP alone but a
lower fractional recovery of GFP-DCX S28A (Supplementary Fig. S2C).
Moreover, compared to DCX WT, the longest time to reach the half-
maximal recovery (t1/2) corresponds to DCX S28A whereas DCX S28E
and GFP alone showed faster times to reach the half-maximal recovery
(Supplementary Fig. S2D). A summary for the maximum recovery and
half-maximal recovery time (t1/2) values is also presented in Fig. S2E.
These quantitative analyses define a slower dynamic association of the
DCX S28A mutant with MTs, but faster dynamic association of DCX
S28E, thus revealing opposite changes in association with MTs can be
modulated by DCX S28.

To further probe this relationship, and because underlying changes
in MT dynamics may contribute to the observed changes in DCX dy-
namics, we implemented a taxol treatment strategy to stabilize MTs
[30]. We observed that in the presence of taxol, MT dynamics is slower
but this did not attenuate DCX protein dynamics. Indeed, analyses in
taxol-treated cells showed a similar trend of fluorescence recovery as
GFP-tagged DCX proteins in non-treated cells. We also confirmed the
quantitative analysis of fluorescence recovery data by evaluating re-
siduals plots (Supplementary Fig. S5).; additionally, a slightly faster
half-maximal recovery (t1/2) of all DCX proteins in taxol-treated cells
was observed consistently (Fig. 6). Although this may reflect an en-
hanced accessibility of the DCX proteins to the MT lattice in the pre-
sence of taxol, further studies are required to address the mechanisms
underlying the sensing of MT changes by DCX. Importantly, our results
reinforce the interpretation that the slower dynamic association of DCX
S28A or faster dynamic association of DCX S28E with MTs is not de-
pendent on the dynamics of α-tubulin exchange within the MTs
themselves. These observations reveal that DCX S28E mutant increases
the dynamics of association with MTs but DCX S28A has the opposite
effect.

Taken together, decreased association but increased dynamics of the
DCX S28E and its associated MTs have been observed. These results
highlight a novel phosphoregulatory role of DCX Ser28 in the dynamics
of DCX-MT association. We previously indicated the strikingly fast dy-
namics of DCX in association with MTs [33] proposing that DCX does
not interfere with other binding proteins including motor proteins es-
sential for protein trafficking along the MTs. Therefore, enhanced dy-
namics of DCX S28E association with MTs suggests that DCX Ser28
phosphorylation may regulate dynamics of MTs in association with MT-
binding proteins. Building on our observations of altered F-ACT affi-
nities for the DCX S28 mutants (Fig. 2), we next evaluated the impact of
DCX S28A and DCX S28E mutants on F-ACT dynamics.

2.6. Exchange rates of β-actin within F-ACT are accelerated in the presence
of DCX S28A but slowed in the presence of DCX S28E

DCX knockout mice show marked actin dysregulation with impaired
axon guidance and preserved axonal elongation [31]. These phenotypes
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are similar to the phenotypes observed in animal models with targeted
deletion of actin-regulatory proteins emphasizing an important role for
DCX in actin regulation and organisation [31,32]. Our observations of a
reciprocal association of DCX S28A and DCX S28E mutants with F-ACT
(Fig. 2), as well as the modulation of MT and DCX protein dynamics,
prompted our analysis of the impact of DCX S28A or S28E mutants on
β-actin dynamics.

We applied 2-colour FRAP analyses (Fig. 7A, merge panels as in-
dicated) and monitored fluorescence recovery of β-actin-mCherry
(Fig. 7B & C) alongside the recoveries of the transfected GFP-DCX
proteins: GFP-vector (control), GFP-DCX wild-type (WT), GFP-DCX
S28A or GFP-DCX S28E proteins as indicated (Supplementary Fig. S6).
The progress of fluorescence recovery for each channel (green: GFP-
tagged DCX proteins; red: β-actin-mCherry) is further illustrated in the
zoom of each photobleached area (Supplementary Fig. S7A &B, re-
spectively). Again we confirmed the quantitative analysis of fluores-
cence recovery data in Fig. 7C by evaluating residuals plots (Supple-
mentary Fig. S4Ci-iv).

Quantitative analysis of the β-actin-mCherry fluorescence recovery
revealed, relative to the fractional recovery recorded in the presence of
GFP-DCX WT, a comparable fractional recovery in the presence of GFP-
DCX S28A or GFP-vector, but a lower fractional fluorescence recovery
in the presence of DCX S28E (Fig. 7D); compared to the half-maximal
recovery time (t1/2) for GFP-DCX WT. The times to reach half-maximal
recovery (t1/2) were shorter for β-actin-mCherry in the presence of GFP-
DCX S28A or GFP-vector only but longer time was recorded in the
presence GFP-DCX S28E (Fig. 7E). A summary of the maximum

recovery and t1/2 values is also presented in Fig. 7F. Thus, these results
reveal the additional impact of DCX Ser28 to regulate the dynamics of
DCX association with F-ACT, and thus the potential for DCX Ser28
phosphorylation to modulated actin-based functions in axonal elonga-
tion processes in neuronal migration [31,32].

Taken together, our studies reveal the importance of the only
identified phosphorylation target for Cdk5 within DCX-N, DCX Ser28,
as regulatory switch modulating association of DCX with MTs and F-
ACT; this parallels the previous findings on the impact of DCX Ser47
phosphorylation in modulation of interaction with MTs and F-ACT [20]
and further emphasizes an adaptor role for interaction of DCX with Spn
[21–24]. This is the first study to show the influence of DCX Ser28
phosphorylation on interaction with Spn which further explains the
modulatory role of DCX Ser28 in ACT localisation and organisation.
These findings highlight the critical regulatory roles that the DCX non-
structured sequences outside the DC-domains will play in defining DCX
actions. We previously proposed that phosphorylation of DCX in these
non-structured sequences could influence DCX association dynamics
with MTs [33] and here we propose that DCX Ser28 phosphorylation
also might modulate the dynamics of DCX with MTs and F-ACT sug-
gesting the importance of DCX Ser28 phosphorylation in regulation of
transition between MTs and F-ACT by modulation of DCX association
and dynamics of association. Since neuronal migration involves for-
mation and disruption of MT and ACT structures at the leading edge of
the migrating neurons, cytoskeleton-associated proteins such as DCX
will play critical roles [1,3]. Based on our findings, we suggest that DCX
Ser28 phosphorylation regulates appropriate neuronal migration by

Fig. 4. DCX S28A slows tubulin exchange rate within the MTs but DCX S28E accelerates MT dynamics. (A-C) SH-SY5Y cells were transfected with GFP-vector
(control), GFP-DCX WT, GFP-DCX S28A and GFP-DCX S28E and stained with SiR-tubulin probe to visualise MTs. Dual FRAP protocol was performed to monitor the
simultaneous recovery of GFP-tagged constructs and SiR-tubulin. Panels in (A) represents the merge images of the GFP-tagged constructs and SiR-tubulin stained MTs
(panels as indicated) and panels in (B) indicates SiR-tubulin only. Representative images in (A) and (B) are photobleached in a small ROI indicated by the white
rectangle in cell images for bleach time-point and (C) quantitative analysis were performed for the fluorescence recovery subsequently monitored post-bleach at 0.6 s
intervals for 60 s. Images are shown at 3 s interval for 60 s. Regression values (R2) of the respective curve fits are indicated. Scale bars represent 10 μm. (D & E) Pooled
quantitative parameters derived from dual-colour FRAP imaging data for the SiR-tubulin stained MTs in association with GFP-tagged constructs and the recovery of
the ROI fluorescence for SiR-tubulin associated with GFP-DCX proteins was indicated. Results are for the mean ± SEM for (D) the fluorescence maximum recovery
for SiR-tubulin in the bleached areas and (E) the time to reach the half-maximal recovery of fluorescence (t1/2) for SiR-tubulin associated with GFP-DCX proteins.
Error bars represent the standard error of the means and asterisks indicate values calculated to be statistically significantly different (*p≤ 0.05, ****p≤ 0.0001
n = 10 randomly selected cells. n.s. = not significant). (F) FRAP data summary.
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acting as a regulatory switch to facilitate the regulation of MTs and F-
ACT growth and disruption in migrating neurons during brain devel-
opment (Fig. 8).

In future studies, we propose that it will be critical to address the
contributions of other DCX phosphorylation sites in modulating DCX
association with the cytoskeleton to investigate the coordinated or si-
milar impacts of DCX phosphorylation sites on MT and ACT dynamics.
Moreover, DCX structural studies should be the priority for future ex-
ploration as phosphorylation of DCX termini might lead to allosteric
modulation of DCX itself or alter its association with DCX binding
partners.

3. Methods

3.1. Mammalian expression plasmids

Wildtype (WT) GFP-DCX and Myc-DCX WT constructs were made as
previously described [33]. The GFP-DCX S28A, GFP–DCX S28E, myc-
DCX S28A and myc-DCX S28E mutants were generated by site-directed
mutagenesis followed by DpnI digestion. The PCR primer pairs are listed
in Supplementary Table S1. All constructs were validated by restriction
digestion and full sequence analysis. The plasmid expressing GFP-α-
tubulin and GFP-β-actin plasmids were provided by Patricia Wadsworth
(Addgene plasmid #12298) and Ryohei Yasuda (Addgene plasmid
#21948), respectively. The β-actin-mCherry plasmid was a gift from Dr.
Elizabeth Hinde (University of Melbourne, Australia) and the HA-spi-
nophilin (neurabin II) plasmid was a gift from Professor Tetsu Akiyama
(University of Tokyo, Japan).

3.2. Cell culture, transfection and treatments

Analyses were performed in human neuroblastoma SH-SY5Y cells
and monkey fibroblastoma COS-1 cells that were maintained (37 °C, 5%
CO2) in growth media (for COS-1 cells, high-glucose Dulbecco's mod-
ified Eagle's medium (DMEM) and for SH-SY5Y cells, high-glucose
Dulbecco's modified Eagle's medium/F-12 (DMEM/F-12)) containing L-
glutamine supplemented with 10% (v/v) fetal bovine serum (FBS),
1 mM penicillin and streptomycin. For MT stabilization, cells were
treated with taxol (10 μM, 1 h; Sigma) prior to analysis. For assessment
of DCX actions, transient transfections were performed using
Lipofectamine™ 2000 and serum-free Opti-MEM medium according to
the manufacturer's instructions (Invitrogen).

3.3. siRNA transfection

Cdk5 (L-003239-00-0005) or DCX (L-011113-00-0005) as well as
control siRNA (D-001810-01-05) were designed and synthesized by
Dharmacon. SH-SY5Y cells were transfected with these siRNAs using
DharmaFECT transfection reagent according to the manufacturer's in-
structions (Dharmacon). Briefly, cells were seeded in a 6-well plate at a
confluence of 60–70%. 10 μl of siRNA (5 μM) and 10 μl of DharmaFECT
transfection reagent were diluted in serum-free OPTI-MEM medium
separately (total volume: 200 μl) and incubated at room temperature
for 5 min. Then tubes were mixed and incubated for further 20 min to
form a complex. Cells were washed and incubated with the antibiotic-
free DMEM/F12 (1.6 ml) and the siRNA complex were added to cells to
reach the total transfection volume of 2 ml. Cells were incubated (37 °C

Fig. 5. FRAP analysis reveals that DCX S28A slows MT dynamics while DCX S28E accelerates MT dynamics. (A & B) SH-SY5Y cells were transfected to co-express
GFP-α-tubulin with myc-vector (control), myc-DCX WT, myc-DCX S28A and myc-DCX S28E. (A) Fluorescence recovery was subsequently monitored post-bleach at
3 s intervals for 60 s. Scale bars represent 10 μm. (B) Plots of the fluorescence recovery in the small area of bleach (indicated by the white rectangle) for GFP-α-tubulin
are shown. Regression values (R2) for the accuracy of each curve fit are indicated. (C & D) Pooled quantitative parameters derived from FRAP imaging data for the
GFP-α-tubulin in association with myc-tagged constructs and the recovery of the ROI fluorescence for GFP-α-tubulin were indicated. Results are for the mean ± SEM
for (C) the fluorescence maximum recovery for GFP-α-tubulin in the bleached area and (D) the time to reach half-maximal recovery of fluorescence (t1/2). Error bars
represent the standard error of the means and asterisks indicate values calculated to be statistically significantly different (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001,
****p ≤ 0.0001 n = 10 randomly selected cells. n.s. = not significant). (E) FRAP data summary.
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Fig. 7. DCX S28A accelerates β-actin exchange rate within the F-ACT but DCX S28E slows F-ACT dynamics. (A–C) SH-SY5Y cells were transfected to co-express GFP-
vector (control), GFP-DCX WT, GFP-DCX S28A and GFP-DCX S28E with β-actin-mCherry. 2-colour FRAP protocol was performed to monitor the simultaneous
recovery of GFP-tagged constructs and β-actin-mCherry. Panels in (A) represents the merge images of the GFP-tagged constructs and β-actin-mCherry (panels as
indicated) and panels in (B) displays β-actin-mCherry only. Representative images in (A) and (B) are photobleached in a small ROI indicated by the white rectangle in
cell images for bleach time-point and (C) quantitative analysis were performed for the fluorescence recovery subsequently monitored post-bleach at 0.6 s intervals for
60 s. Images are shown at 3 s interval for 60 s. Regression values (R2) of the respective curve fits are indicated. Scale bars represent 10 μm. (D & E) Pooled quantitative
parameters derived from 2-colour FRAP imaging data for the β-actin-mCherry in association with GFP-tagged constructs and the recovery of the ROI fluorescence for
β-actin-mCherry associated with GFP-DCX proteins were indicated. Results are for the mean ± SEM or (D) the fluorescence maximum recovery for β-actin-mCherry
in the bleached areas and (E) the time to reach the half-maximal recovery of fluorescence (t1/2) for β-actin-mCherry associated with GFP-DCX proteins. Error bars
represent the standard error of the means and asterisks indicate values calculated to be statistically significantly different (*p≤ 0.05, ****p≤ 0.0001 n = 10
randomly selected cells. n.s. = not significant). (F) FRAP data summary.
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Fig. 8. Schematic model of the impact of DCX S28A and DCX S28E. The schematic model summarizes our findings regarding the impact of DCX Ser28 mutants, DCX
S28A and DCX S28E, on MTs and F-ACT. Compared to DCX WT, increased association of DCX S28A with MTs but decreased association with F-ACT and Spn are
observed. Conversely, DCX S28E phosphomimetic mutant shows enhanced association with F-ACT and Spn but decreased association with MTs as well as higher
tubulin exchange rate with MT networks.

Fig. 6. FRAP analysis reveals that taxol-induced MT stabilization does not slow the dynamics of DCX Ser28 mutants in association with MTs. (A-D) SH-SY5Y cells
were transfected to express GFP-vector, GFP-tagged DCX WT, S28A or S28E co-stained with SiR-tubulin to probe MTs. Cells were incubated with taxol (10 μM, 1 h)
prior to the FRAP protocol. (Ai, Bi, Ci & Di) The fluorescence recovery of the SiR-tubulin was subsequently monitored post-bleach at 0.6 s intervals for 60 s and plots
of the recovery of fluorescence in the bleach area are shown for non-treated (indicated as black curve) and taxol-treated (indicated as red curves) cells. Regression
values for the accuracy of each curve fit are indicated. Results are for the mean ± SEM for (Aii, Bii, Cii & Dii) the SiR-tubulin maximum fluorescence recovery in the
bleached area and (Aiii, Biii, Ciii & Diii) the time to reach half-maximal recovery of fluorescence (t1/2). Error bars represent the standard error of the means and
asterisks indicate values calculated to be statistically significantly different (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001 n = 10 randomly selected cells.
n.s. = not significant). (Aiv, Biv, Civ & Div) Fluorescence recovery of the GFP-DCX proteins in non-(shown as black curve) and taxol-treated (shown as green curves)
SH-SY5Y cells were monitored post-bleach at 0.6 s interval for 60 s in order to study the impact of taxol-induced MT stabilization on GFP-DCX proteins dynamics.
Regression values for the accuracy of each curve fit are indicated. Results are for the mean ± SEM for (Av, Bv, Cv & Dv) the GFP-tagged proteins maximum
fluorescence recovery in the bleached area and (Avi, Bvi, Cvi & Dvi) the time to reach half-maximal recovery of fluorescence (t1/2). Error bars represent the standard
error of the means and asterisks indicate values calculated to be statistically significantly different (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001 n = 10
randomly selected cells. n.s. = not significant).
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in 5% CO2) for 48 h for immunofluorescence microscopy and 72 h for
immunoblot analysis.

3.4. Cell lysis, immunoblotting and co-immunoprecipitation

Cell lysates were prepared using RIPA buffer [50 mM Tris-HCl,
pH 7.3, 150 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid (EDTA),
1% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100, 0.2% (w/v)
NaF and 100 μM Na3VO4] supplemented with complete protease in-
hibitor mix (Roche Diagnostic 4693159001). Cell lysates were in-
cubated on ice (10 min) and cleared by centrifugation (16,000 g,
10 min). Protein concentrations were determined by the Bradford pro-
tein assay.

For immunoblot analysis, protein samples diluted with 3× protein
sample buffer were resolved by SDS-PAGE [10% (v/v) polyacrylamide
gels] and the separated proteins were transferred onto polyvinylidene
difluoride (PVDF) membranes (EMD Millipore). Proteins of interest
were detected using the following primary antibodies: anti-DCX
(ThermoFisher 48-1200), anti-DCX pSer28 (Abcam 23544), anti-Cdk5
(Santa Cruz Biotechnology sc-249), anti-spinophilin (EMD Millipore 06-
852), anti-GFP (Abcam 13970), anti-β-actin (Sigma A5441) and anti-α-
tubulin (Sigma T6074). After incubation with horseradish peroxidase-
linked secondary antibodies (Thermo Scientific), immunoreactive pro-
teins were visualised using an enhanced chemiluminescence detection
system (Thermo Scientific) and quantitation carried out using FIJI 2.0
public domain software (National Institutes of Health).

Co-immunoprecipitations to assess DCX interactions with MTs, actin
or Spn were performed by incubating protein lysates (2 mg) with GFP-
trap beads (ChromoTek; room temperature, 1 h). The supernatant was
removed following centrifugation (16,000g, 30 s) and the beads were
thoroughly washed (3× washing with 0.5 ml lysis buffer) before asso-
ciated proteins were eluted by the addition of 3× protein sample buffer
and boiling (100 °C, 5 min). Precipitated protein and supernatants were
resolved by SDS-PAGE and immunoblotted as described above.

3.5. Immunofluorescence imaging

Cells were cultured on uncoated glass coverslips, then washed in
PBS before fixing with 4% (w/v) paraformaldehyde (20 min, room
temperature). Cells were then permeabilised with 0.2% (w/v) Triton X-
100 in PBS and blocked with 10% (v/v) fetal calf serum, before in-
cubation with the following primary antibodies diluted in 1% (w/v)
BSA in PBS: anti-α-tubulin (Abcam 18,251), anti-DCXpSer28 (Abcam
23,544), anti-HA tag (Thermo Scientific 26,183), anti-Cdk5 (Santa Cruz
Biotechnology sc-249) and anti-Spinophilin (EMD Millipore 06–852)
where indicated and Alexa Fluor conjugated secondary antibodies di-
luted in 1% (w/v) BSA in PBS for 1 h each. Also, to detect actin fila-
ments, cells were incubated with Alexa Fluor 568 phalloidin (Thermo
Scientific A12380) for 1 h prior to mounting on coverslips. Coverslips
were mounted with Vectashield reagent (Vector Laboratories) and
images were acquired on a ZEISS LSM 800 confocal laser scanning
microscope equipped with a 63 × 1.4 NA objective (Biological Optical
Microscopy Platform, University of Melbourne).

3.6. Live-cell imaging microscopy

SH-SY5Y cells were seeded on eight-well μ-slides (Ibidi) and tran-
siently transfected with plasmids encoding GFP-DCX constructs alone or
co-transfected with β-actin-mCherry (Addgene). At 24 h post-transfec-
tion, the culture medium was replaced with fresh medium containing
100 nM MT probe SiR-tubulin dye (Cytoskeleton Inc. CY-SC002) [38]
where indicated. After additional incubation (12h) with the SiR-tubulin
dye, the culture medium was replaced with pre-warmed Phenol-Red-
free DMEM growth medium. To confirm the results obtained with β-
actin-mCherry plasmid transfection or analysis of cells stained with the
SiR-tubulin dye, cells were also co-transfected to express GFP-β-actin

with myc-DCX constructs or to co-express GFP-α-tubulin with myc-DCX
constructs. Images were captured on a Leica TCS SP5 confocal micro-
scope equipped with an environmental chamber (37 °C, 5% CO2) using
a 63 × 1.4 NA objective (Biological Optical Microscopy Platform,
University of Melbourne). Live-cell images (n = 40 random cells per
DCX protein) were captured to analyze the correlation of the localiza-
tion of the GFP-DCX proteins with MTs or F-ACT.

3.7. Quantitative imaging analysis

SH-SY5Y cells were analyzed for the degree of correlation of loca-
lization between fluorophores and the Pearson correlation coefficient
was calculated using the JaCoP plugin in FIJI software. A higher
Pearson correlation coefficient corresponds to greater colocalisation of
two fluorophores [37]. SH-SY5Y cells were analyzed for cell shape
circularity using FIJI (ImageJ) software. After the quantiation of each
cell's area and perimeter, the circularity value was calculated as:
4π× ([Area] / [Perimeter]2); resulting values of circularity thus range
from 0 (equivalent to an infinitely elongated cell) to 1 (equivalent to a
perfect circle).

3.8. Fluorescence recovery after photobleaching (FRAP)

Photobleach analyses were performed with cells maintained in
Phenol-Red-free growth medium prior to imaging at 37 °C with 5% CO2

supplied to the microscope chamber. Images were captured on a Leica
TCS SP5 confocal microscope equipped with an environmental chamber
(37 °C, 5% CO2) using a 63 × 1.4 NA objective (Biological Optical
Microscopy Platform, University of Melbourne). The settings for scan-
ning were as follows: bidirectional scanning at 400 Hz, 20% laser power
at 488 nm for GFP-DCX constructs and 594 nm for LifeAct-mCherry or
633 nm for SiR-tubulin. Fluorescence emissions from EGFP and
mCherry or SiR-tubulin dye were detected simultaneously in two
channels. Bleaching for ten images was performed with a single pass
with all laser lines between 488 nm and 594 nm or 633 nm set to
maximal power. A region of interest (ROI) was set as a square (4 μm2)
and the average frame rates were 1 frame/64 ms. Fluorescence recovery
was recorded at 0.6-s intervals for 60 s and representative images were
shown for 3, 6, 9, 30 and 60 s post-bleaching. FRAP measurements
(n = 10 random cells) were normalized as described previously
[34–36]:

=F (F /[F F ])(F

F /F ),
frap norm(t) whole prebleach whole(t) bg(t) frap(t)

bg(t) frap prebleach

where Ffrap(t) is the fluorescence recovery in the photobleached ROI at
time t, Fwhole(t) is the whole-cell fluorescence and Fbg(t) is the back-
ground region fluorescence intensity (outside the cell). Ffrap-prebleach and
Fwhole-prebleach represent mean prebleach fluorescence intensity of the
photobleached ROI and the whole cell, respectively.

Normalized FRAP measurements were plotted against postbleach
recovery time and the resulting data fitted with either the single
[F(t) = A(1-exp-Ʈ.t)] or double exponential equation [F(t) = A1(1-exp-

Ʈ1.t) + A2(1-exp-Ʈ2.t)].
Data fitted single exponential equation indicates one phase asso-

ciation as A represents the fluorescence recovery plateau and the time
to reach half-maximal recovery (t1/2) is calculated as t1/2 = ln (2)/Ʈ.

Alternatively, data fitted with double exponential equation illus-
trate two phase (fast and slow phases) association as A1 = (Plateau)
(Percent of the signal in the fast phase)0.1, A2 = (Plateau)(100-Percent
of the signal in the fast phase)0.1 and t1/2 for the fast and slow phases
are calculated using Ʈ1 and Ʈ2, respectively.

In our study, all FRAP data were fitted to single exponential equa-
tion representing one phase association.
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3.9. Statistical analysis

Statistical analyses of data sets for deviation from a normal dis-
tribution were carried out with GRAPHPAD PRISM 6 software using the
D'Agostino-Pearson omnibus normality test. Data sets with normal
distribution were analyzed using unpaired two-tailed Student's t-test
analyses of differences between the control and test conditions
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001) whereas data
sets with deviation from normal distribution were analyzed using
Mann-Whitney and Kruskal-Wallis non-parametric test (#p≤ 0.05,
##p≤ 0.01, ###p≤ 0.001, ####p≤ 0.0001) as indicated.
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Mutations of the microtubule (MT)-associated protein Doublecortin X (DCX) gene disrupt cortical layering
in brain development. Whilst many of these pathogenic DCX mutations are within the doublecortin
domains (DC1 and DC2) that mediate direct DCX-MT association, a pathogenic mutation DCX E2K that
causes cognitive impairment and pachygyria in human patients lies within the regulatory DCX N-ter-
minus (DCX-N) preceding the DC1 domain. Here, we characterise the impact of DCX E2K on cytoskeletal
association and regulation in neuronal cells. We show that the DCX E2K mutant protein retains the
ability to interact with and bundle MTs, but these MTs show a reduced sensitivity to nocodazole-induced
depolymerisation as well as slower a-tubulin exchange rates. Furthermore, we showed increased asso-
ciation of DCX E2K mutant with the actin filament (F-ACT) network. These results highlight the
importance of the N-terminus of DCX in regulating association and co-ordination of MT and F-ACT
networks.

© 2019 Published by Elsevier Inc.
1. Introduction

The MT and F-ACT cytoskeleton, together with their associated
regulatory proteins, are critical contributors to normal brain
development [1,2]. Indeed, severe developmental defects can arise
as a result of impaired neuronal migration, as observed in in-
dividuals with mutations in DCX, a neuron-specific MT-associated
protein that is also now known to associate indirectly with F-ACT
[3e5]. Importantly, many pathogenic mutations mapped to the two
homologous doublecortin (DC) domains disrupt DCX protein as-
sociation with the cytoskeleton [6e9]. However, these structured
DC domains (DC1: DCX residues 45-150; DC2: DCX residues 170-
275) are flanked by additional sequences: an unstructured N-ter-
minal sequence (DCX-N: DCX residues 1-44) and a C-terminal
sequence (DCX-C: DCX residues 276-366) [10,11]. Although regu-
latory roles of DCX-C have been reported [12,13], the contributions
of DCX-N to DCX function and regulation are less well understood.
Our recent studies have revealed an important contribution by
phosphorylation of DCX S28 in modulating DCX protein association
with MTs and F-ACT [14], but others have identified pathogenic
oyevitch).
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mutants within DCX-N [15,16], thus raising the question of how
mutations such as these outside the DC domains might alter DCX
actions on the neuronal cytoskeleton.

Recently identified pathogenic mutations within DCX-N include
DCX E2K, D9N and R19X [15,16]. The two latter mutants result in
lissencephaly, the most common phenotype. However, DCX E2K
leads to a rare but severe familial form of epilepsy, Lennox-Gastaut
syndrome (LGS) [16]. Therefore, the focus of our study is to address
the possible actions of DCX E2K in pathogenesis by exploring its
interactionwith MTs and F-ACT. Our findings from biochemical and
live-imaging studies reveal a continued association of DCX E2K
with MTs, but with significantly slower a-tubulin exchange rates in
these MTs. Furthermore, the association of DCX E2K with the F-ACT
network is enhanced. Thus, pathogenic mutations such as DCX E2K
that lie outside the structured DC domains can impact both the MT
and F-ACT networks.
2. Methods

2.1. Mammalian expression plasmids

GFP-DCX E2K and myc-DCX E2K mutants, as well as GFP-DCX
R89G and GFP-DCX R102S were generated by site-directed muta-
genesis of DCX wild-type (WT) constructs [13]. All constructs were
ublecortin X (DCX) alters microtubule stabilisation and actin filament
s://doi.org/10.1016/j.bbrc.2019.04.005
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validated by restriction digestion and full sequence analysis. The
GFP-a-tubulin and LifeAct-mCherry plasmids were provided by
Patricia Wadsworth (Addgene plasmid #12298) and Michael
Davidson (Addgene plasmid # 54491), respectively.
2.2. Cell culture, transfection and treatments

Analyses were performed in human neuroblastoma SH-SY5Y
cells and monkey fibroblastoma COS-1 cells maintained (37 �C, 5%
CO2) in growth media (for COS-1 cells, high-glucose Dulbecco's
modified Eagle's medium (DMEM) and for SH-SY5Y cells, high-
glucose Dulbecco's modified Eagle's medium/F-12 (DMEM/F-12))
containing L-glutamine supplemented with 10% (v/v) fetal bovine
serum (FBS), 1mM penicillin and streptomycin. For MT destabili-
zation, cells were treated with nocodazole (20 mM) (Sigma) prior to
analysis. For assessment of DCX actions, transient transfections
were performed using Lipofectamine™ 2000 and serum-free Opti-
MEM medium according to the manufacturer's instructions
(Invitrogen).
2.3. Cell lysis, immunoblotting and co-immunoprecipitation

Cell lysates were prepared and immunobloted as previously
described [13]. Proteins of interest were detected using the
following primary antibodies: anti-GFP (Abcam 13970), anti-b-
actin (Sigma A5441) and anti-a-tubulin (Sigma T6074). Immuno-
blot quantitation was carried out using FIJI 2.0 public domain
software (National Institutes of Health). Co-immunoprecipitations
were performed using GFP-trap beads according to the manufac-
turer's instructions (ChromoTek).
2.4. Immunofluorescence imaging

Cells were cultured on uncoated glass coverslips, then fixed in
4% (w/v) paraformaldehyde and processed as described previously
[13]. MTs were detected with anti-a-tubulin (Abcam 18251) pri-
mary antibodies. Coverslips were mounted with Vectashield re-
agent (Vector Laboratories) and images were acquired on a Leica
TCS SP5 confocal laser scanning microscope equipped with a
63�1.4 NA objective.
2.5. Live-cell imaging microscopy

SH-SY5Y cells were seeded on eight-well m-slides (Ibidi) and
transiently transfected with plasmids encoding GFP-DCX con-
structs alone or co-transfected with LifeAct-mCherry. Culture me-
dium was replaced (24 h post-transfection) with fresh medium
containing 100 nMMT probe SiR-tubulin dye (Cytoskeleton Inc. CY-
SC002) where indicated. After additional incubation (12 h) with the
SiR-tubulin dye, the culture medium was replaced with pre-
warmed Phenol-Red-free DMEM growth medium. Images were
captured on a Leica TCS SP5 confocal microscope equipped with an
environmental chamber (37 �C, 5% CO2) using a 63�1.4 NA objec-
tive. Live-cell images (n¼ 40 random cells per DCX protein) were
captured to analyze the correlation of GFP-DCX protein localisation
with MTs or F-ACT.
2.6. Quantitative imaging analysis

Cells were analysed quantitatively for the Pearson correlation
coefficient of localisation of fluorophores using the JaCoP plugin in
FIJI software; a higher coefficient corresponds to greater colocali-
sation of the two fluorophores [17].
Please cite this article as: M. Moslehi et al., Pathogenic E2Kmutation of do
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2.7. Fluorescence recovery after photobleaching (FRAP)

Photobleach analyses were performed with GFP-tagged protein-
expressing cells maintained in Phenol-Red-free growth medium at
37 �Cwith 5% CO2 supplied to themicroscope chamber. Imageswere
captured on a Leica TCS SP5 confocal microscope equipped with an
environmental chamber (37 �C, 5% CO2) using a 63�1.4 NA objective.
A region of interest (ROI) was set as a square (4 mm2) and then
photobleached (1 s, 100% laser power). Fluorescence recovery was
recorded at 0.6 s intervals for 60 s and representative images are
shown for 0, 3, 9, 30 and 60 s post-bleaching. FRAP measurements
(n¼ 10) were normalised as described previously [13,18e20]:

Ffrap-norm(t)¼ (Fwhole-prebleach/[Fwhole(t)-Fbg(t)]) (Ffrap(t)-Fbg(t)/Ffrap-
prebleach)

Where Ffrap(t) is the fluorescence recovery in the photobleached ROI
at time t, Fwhole(t) is the whole-cell fluorescence and Fbg(t) is the
background region fluorescence intensity (outside the cell). Ffrap-
prebleach and Fwhole-prebleach represent mean prebleach fluorescence
intensity of the photobleached ROI and the whole cell, respectively.

Normalised FRAP measurements were plotted against post-
bleach recovery time and the resulting data fitted with either the
single exponential equation [F(t)¼ A (1-exp-Ʈ.t)]. For one phase as-
sociation, A represents the fluorescence recovery plateau and the
time to reach half-maximal recovery (t1/2) is calculated as t1/2¼ ln
(2)/Ʈ.

2.8. Statistical analyses

Statistical analyses were carried out with GRAPHPAD PRISM 6
software. Normal distributions of data were confirmed using the
D'Agostino-Pearson omnibus normality test prior to undertaking
unpaired two-tailed student's t-test analyses of differences be-
tween control and test data (*p � 0.05, **p � 0.01, ***p � 0.001,
****p� 0.0001).

3. Results and discussion

3.1. The DCX E2K mutant retains localisation to MTs and is
enhanced in its association with F-ACT

Pathogenic mutations in DCX mapping to its DC domains are
known to disrupt interactions with MTs [7]. As an initial validation
of our experimental system, we confirmed this impact for two
pathogenic DC1 domain mutants, DCX R89G and DCX R102S by
expressing DCX-WT, DCX R89G or DCX R102S as GFP-tagged pro-
teins in COS-1 cells. Following staining for a-tubulin to detect MTs
(Supplementary Fig. S1), we assessed co-localisation of the GFP
signal and tubulin; whereas high Pearson correlation coefficients
were recorded for DCX-WT, thus confirming its MT-association and
bundling, we noted significantly decreased correlation coefficients
for DCX R89G and DCX R102S (Fig. 1A). In contrast to the disruption
of co-localisationwith tubulin noted for both DCX R89G and R102S,
we observed that GFP-DCX E2K maintained a high Pearson corre-
lation coefficient with tubulin (Fig. 1A) indicating close association
with MT bundles. This suggests that, unlike DC domain mutations,
the pathogenic effect of DCX E2K is not associated with disrupted
MT localisation and bundling.

We next extended these observations using both co-
immunoprecipitation analyses and live-cell imaging to examine
the association of DCX E2K with cytoskeletal components MT and
F-ACT within neuronal cells. Human neuroblastoma SH-SY5Y cells
were transfected with GFP-DCX E2K alongside GFP-DCX WT and
the GFP-vector control. We then captured these GFP-tagged
ublecortin X (DCX) alters microtubule stabilisation and actin filament
s://doi.org/10.1016/j.bbrc.2019.04.005



Fig. 1. DCX pathogenic mutant E2K shows increased association with F-ACT and retains MT bundling. (A) Colocalisation of GFP-tagged DCX wildtype or DCX mutants (R89G,
R102S and E2K) and a-tubulin was analysed in COS-1 cells and Pearson correlation coefficients calculated (n¼ 40 randomly selected cells, panels as indicated in supplementary
Fig. S1). (BeD) Lysates prepared from SH-SY5Y cells expressing GFP-vector (control), GFP-DCX WT or GFP-DCX E2K were incubated with GFP-trap beads to collect the GFP-trap
beads and associating GFP-tagged constructs. (B) Immunoblotting was performed to detect the levels of endogenous a-tubulin (upper panel) or b-actin (middle panel) associ-
ating with the precipitated GFP constructs (lower panel). Quantitative analysis of the co-precipitation of (C) a-tubulin or (D) b-actin with GFP-constructs, and normalised for the
levels of the GFP proteins, was determined using FIJI software (n¼ 3 independent experiments). (EeH) Live imaging was conducted to evaluate the impact of DCX E2K mutant on
MT and F-ACT organisation. SH-SY5Y cells expressing GFP-vector (control), GFP-DCX WT or GFP-DCX E2K together with (E) SiR-tubulin dye staining or (G) expression of LifeAct-
mCherry were evaluated. Merge images indicate the colocalisation of GFP-DCX constructs with MT (right panels in E) or F-ACT (right panels in G). Scale bars represent 10 mm.
Pearson colocalisation analyses of DCX proteins with (F) MT or (H) F-ACT were performed (n ¼ 40 randomly selected cells). Error bars ¼ standard error of the means and asterisks
indicate values calculated to be statistically significantly different (**p � 0.01, ***p � 0.001, ****p � 0.0001, n.s. ¼ not significant; n ¼ 40 randomly selected cells).
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proteins using ‘GFP-trap beads’ in the pellet (bound) fraction, and
assessed the co-immunoprecipitation of a-tubulin or b-actin in
each pellet fraction (Fig. 1B). Low levels of a-tubulin and b-actin
captured in the presence of GFP-vector confirmed the specificity of
DCX proteins in associating with a-tubulin and b-actin (Fig. 1BeD).
GFP-DCX WT and GFP-DCX E2K showed comparable association
with a-tubulin (Fig. 1C) whereas GFP-DCX E2K association with b-
actin was significantly increased when compared with that asso-
ciating with GFP-DCX WT, normalised for the expression of these
GFP-DCX proteins (Fig. 1D). Furthermore, co-localisation was noted
in live imaging studies of GFP-DCX proteins (but not GFP-vector
only) with MTs visualised using the SiR-tubulin probe (Fig. 1E)
and F-ACT visualised with LifeAct-mCherry (Fig. 1G). Pearson cor-
relation coefficient analysis of these live cell images further high-
lighted comparable co-localisation of GFP-DCX WT and GFP-DCX
E2KwithMTs (Fig.1F) but enhanced co-localisationwith F-ACTwas
observed for GFP-DCX E2K (Fig. 1H). Thus, the DCX E2K mutant
appears to retain its MT associationwith increased associationwith
F-ACT.
3.2. In the presence of DCX E2K, MTs show reduced sensitivity to
nocodazole-induced depolymerisation

MT-associated proteins such as DCX promote increased stability
Please cite this article as: M. Moslehi et al., Pathogenic E2K mutation of do
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of MTs which can be revealed through their sensitivity to nocoda-
zole, a MT depolymerising agent [21]. We thus examined the effect
of DCX and the DCX E2K mutant on MTs during nocodazole treat-
ment by transfecting SH-SY5Y cells to express GFP-a-tubulin to
allow live visualisation of the MT network, along with Myc-vector,
Myc-DCX WT, or Myc-DCX E2K (Fig. 2A). In each region of interest
(indicated by the white rectangles in Fig. 2A), we recorded the GFP-
a-tubulin fluorescence intensity colocalising with myc-tagged
proteins, normalising this to the GFP-a-tubulin fluorescence in-
tensity prior to nocodazole treatment. We observed the greatest
decrease in GFP-a-tubulin fluorescence intensity following
nocodazole-induced MT depolymerisation in the absence of DCX
(Fig. 2B, open circles). In the presence of DCX-WT, the loss in GFP-a-
tubulin fluorescence intensity in response to nocodazole was
blunted (Fig. 2B open rectangles), and this loss in response to
nocodazole was blunted further in the presence of DCX E2K (Fig. 2B
filled rectangles). Because nocodazole treatment can assess the
impact of various MT-stabilisers within neuronal cells by dis-
tinguishing between labile and stable MTs [25], these results sug-
gest that the DCX E2K mutant enhances stabilisation of MTs.
3.3. DCX E2K shows slower association with MTs

To investigate the dynamics of DCX E2K association with MTs
ublecortin X (DCX) alters microtubule stabilisation and actin filament
s://doi.org/10.1016/j.bbrc.2019.04.005



Fig. 2. DCX E2K-expressed cells show reduced sensitivity in the presence of nocodazole treatment. SH-SY5Y cells were transfected to (A) co-express GFP-a-tubulin with myc-
vector (upper panels), myc-DCX WT (middle panels) or myc-DCX E2K (lower panels). Scale bars represent 10 mm. (B) Time-lapse monitoring of the GFP-a-tubulin fluorescence
intensity within ROIs (white rectangles) for 10min were applied (normalised to the fluorescence intensity prior to nocodazole treatment) versus time (min) for indicated constructs.
n¼ 10 randomly selected cells, mean values are presented.

M. Moslehi et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx

80
utilizing a fluorescence recovery after photobleaching (FRAP)
approach. The rate of fluorescence recovery in a defined photo-
bleached zone in these protocols indicates how fast neighboring
Fig. 3. FRAP analysis reveals that GFP-DCX E2K slows the time to reach the maximum
(control), DCX WT or DCX E2K. (A) A small ROI (indicated by the white rectangles) was pho
0.6 s intervals for 60 s. Images are shown at 3 s interval for 60 s. Scale bars represent 10 mm
proteins as indicated. (C) Plots of the recovery of fluorescence in the small area of bleach
The recovery of the ROI fluorescence for GFP-vector, GFP-DCX WT or GFP-DCX E2K. Results a
reach half-maximal recovery of fluorescence (t1/2) for GFP-tagged proteins in the bleached a
be statistically significantly different (****p � 0.0001, n.s. ¼ not significant; n ¼ 10 random
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fluorescent molecules and bleached molecules exchange. The
extent of fluorescence recovery reflects the exchangeable pool of
fluorescent molecules, with full recovery indicative of a complete
recovery. SH-SY5Y cells were transfected, as indicated, to express GFP-tagged vector
tobleached and the fluorescence recovery was subsequently monitored post-bleach at
. (B) Zoom images highlight photobleached area fluorescence recovery of GFP-tagged
are shown. Regression values for the accuracy of each curve fit are indicated. (D & E)
re for the mean± SEM for (D) the fluorescence maximum recovery and (E) the time to
rea. Error bars ¼ standard error of the means and asterisks indicate values calculated to
ly selected cells). (F) FRAP data summary.

ublecortin X (DCX) alters microtubule stabilisation and actin filament
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exchange but lower, fractional recoveries indicative of a less mobile
population of these fluorescent molecules [20]. Quantitative pa-
rameters obtained in FRAP have been instrumental in defining the
dynamics of DCX in association with cytoskeleton [13,18e20].

SH-SY5Y cells were transfected to express GFP-vector (control),
GFP-DCX WT or GFP-DCX E2K (Fig. 3A, panels as indicated) and
fluorescence recovery (shown as white rectangles) was monitored.
The progress of fluorescence recovery is further illustrated in the
zoom of each photobleached area (Fig. 3B). We observed a com-
parable, near-complete recovery of both GFP-DCXWTand GFP-DCX
E2K (Fig. 3C). Quantitative analyses of these FRAP studies indicate
the complete exchange within the MT network in all GFP-tagged
proteins (Fig. 3D). Despite the comparable maximum recovery of
GFP-tagged proteins, the time to reach the half-maximal recovery
(t1/2) was longer in the presence of GFP-DCX WT compared to GFP-
vector and t1/2 was even further increased in the presence of DCX
E2K mutant (Fig. 3E). A summary for the maximum recovery and
half-maximal recovery time (t1/2) values is also presented in Fig. 3F.
Thus, although DCX E2K retains its ability to interact with MTs, the
dynamics of its association with MTs are slowed suggesting that
DCX E2K might disrupt the cytoskeletal function by slowing the
DCX-MT association. Next, we addressed the effect of DCX E2K on
cytoskeketal dynamics by studying the tubulin exchange rate
within the MT network.
Fig. 4. FRAP analysis reveals that GFP-a-tubulin in association with DCX E2K shows lowe
were transfected, as indicated, to co-express GFP-a-tubulin together with myc-vector, my
photobleached and the fluorescence recovery was subsequently monitored post-bleach at
10 mm. (B) Zoom images highlight photobleached area fluorescence recovery of GFP-tagged p
are shown. Regression values for the accuracy of each curve fit are indicated. (D & E) The re
co-expression. Results are for the mean± SEM for (D) the fluorescence maximum recovery a
in the bleached area. Error bars ¼ standard error of the means and asterisks indicate value
randomly selected cells). (F) FRAP data summary.
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3.4. Exchange rates of a-tubulin within MTs are slowed in the
presence of DCX E2K

We previously reported that highly dynamic association of DCX
WT with MTs slows the rate of tubulin exchange within the MT
network [13]. Since the DCX E2K mutation slows its dynamics of
association with MTs, we next used FRAP protocols to investigate
the impact of DCX E2K on the rate of tubulin exchange within the
MT network.

SH-SY5Y cells were transfected to co-express GFP-a-tubulin and
myc-vector (control), myc-DCX WT or myc-DCX E2K to assess the
influence of DCX proteins on tubulin exchange within the MT
network (Fig. 4A, panels as indicated). The progress of fluorescence
recovery of GFP-tagged proteins was monitored and further illus-
trated in the zoom of each photobleached area (Fig. 4B and C).
Quantitative analysis of the GFP-a-tubulin fluorescence recovery
revealed that, relative to the fractional recovery recorded for GFP-a-
tubulin, a lower fractional recovery of GFP-a-tubulin was observed
in the presence of myc-DCX WT. In the presence of myc-DCX E2K,
the fractional recovery of GFP-a-tubulin was further reduced
compared to myc-DCX WT (Fig. 4D). Similarly, the time to reach
half-maximal recovery (t1/2) was longer for GFP-a-tubulin in the
presence of myc-DCX WT but an even longer t1/2 was recorded in
the presence myc-DCX E2K (Fig. 4E). A summary for the maximum
r maximum recovery and longer recovery time compared to DCX WT. SH-SY5Y cells
c-DCX WT or myc-DCX E2K. (A) A small ROI (indicated by the white rectangle) was
0.6 s intervals for 60 s. Images are shown at 3 s interval for 60 s. Scale bars represent
roteins as indicated. (C) Plots of the recovery of fluorescence in the small area of bleach
covery of the ROI fluorescence for GFP-a-tubulin with myc-vector or myc-DCX proteins
nd (E) the time to reach half-maximal recovery of fluorescence (t1/2) for GFP-a-tubulin
s calculated to be statistically significantly different (*p � 0.05, ****p � 0.0001; n ¼ 10

ublecortin X (DCX) alters microtubule stabilisation and actin filament
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recovery and half-maximal recovery time (t1/2) values is also pre-
sented in Fig. 4F. Therefore association of the DCX E2K mutant
slows tubulin exchange rate within the MT network emphasizing
the modulatory role of DCX E2K in MT dynamics.

Taken together, our results indicate that DCX E2K mutation
within the DCX-N enhances F-ACT association and slows dynamics
of association with MTs as well as the rate of tubulin exchange
within the MT network. Modulation of the DCX E2K-cytoskeleton
mode of association has the potential to disrupt communication
between F-ACT and MTs and so altered the cytoskeleton organisa-
tion in the presence of DCX E2K may drive the cortical malforma-
tion phenotypes observed in vivo [16]. Thus, we propose that the
pathogenic impact of DCX E2K can differ from other identified DCX
pathogenic mutants which disrupt DCX's interaction with the
cytoskeleton.
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6.1 Introduction 

DCX, the founding protein of the DCX family of MAPs, directly associates with MTs to 

decrease tubulin exchange dynamics and thus increase MT stability (Ayanlaja et al., 2017). 

There was considerable interest in elucidating the functions and regulation of the DCX protein 

following the initial discovery that mutations in the dcx gene result in cortical malformation 

during brain development (Des Portes et al., 1998; Gleeson et al., 1998). With the DCX 

pathogenic mutations predominantly residing within the DC domains to disrupt the interaction 

of DCX with the cytoskeletal components including MTs, many of the ensuing biochemical 

and cell-based studies have addressed how DCX-MT interactions contribute to DCX functions 

during brain development (Francis et al., 1999; Horesh et al., 1999; Taylor et al., 2000). Thus, 

the mode of interaction of the structured DC domains with MTs has been characterised through 

detailed structural analyses of complexes formed by polymerised tubulin and individual DC 

domains (Kim et al., 2003; Burger et al., 2016; Rufer et al., 2018). However, the DCX termini 

flanking the DC domains, DCX N-terminus (DCX-N, residues 1-44) and DCX C-terminus 

(DCX-C, residues 276-366), have not been amenable to detailed structural analyses and so their 

contributions to DCX regulation are not fully understood. The S/P-rich DCX-C can confer 

DCX phosphoregulation in the association with DCX-binding partners (Schaar et al., 2004), 

but the putative regulatory roles of DCX-N are yet to be investigated.  

The studies in this thesis present an investigation of the DCX termini flanking the DC domains 

to elucidate their regulatory roles. Therefore, two main areas have been explored: one directed 

to the C-terminal sequence and study of the regulatory role of DCX-C in the dynamics of DCX 

in association with MTs (Chapter 3), and the other to the N-terminal sequence. Because less is 

known about the roles of DCX-N, this area was further refined to address two specific aims: to 

investigate a possible phosphoregulatory role of the only identified phosphorylation site, DCX 

S28, within DCX-N (Chapter 4) and to characterise the effect of a pathogenic mutant identified 

within DCX-N, DCX E2K, on association of DCX with the cytoskeletal components (Chapter 

5). 

The results of the studies in this thesis contribute to a better understanding of the function of 

the different regions of DCX as the MT-stabilising protein and thus should be useful in future 

studies that address the involvement of DCX in neuronal migration during the brain 

development. Therefore, in the following sections of this final Discussion chapter, the 

regulatory role of the DCX-C in DCX dynamics of association with MT, DCX S28 

phosphoregulation in association of DCX with MTs and F-ACT, as well as the influence of 
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pathogenic mutant DCX E2K on the association of DCX with MTs and F-ACT are further 

discussed in section 6.2, section 6.3, section 6.4, respectively. These discussion sections are 

followed by general conclusions in section 6.5. 

6.2 The DCX-C: regulator of DCX dynamics and sensor of MT 

conformational changes 

In Chapter 3, the dynamics of DCX association with MTs and the possible regulatory role of 

DCX-C on this association in living cells were addressed through applying a combination of 

biochemical analyses (immunoprecipitation) and live cell imaging techniques (FRAP 

protocols). The results can be integrated to develop a schematic model of the impact of the 

deletion of DCX-C (DCXΔC, i.e. DCX residues 1-275, lacking the C-terminal 90 amino acids) 

on association with MTs, as summarised in Figure 6. 1.  

Quantitative evaluation of the MT dynamics indicated the slow tubulin exchange rate within 

the MT network in the presence of DCX WT. These results reinforce the previous findings that 

MAPs such as MAP1, tau and DCX can stabilize the MT cytoskeleton (Itoh et al., 2004). On 

the other hand, the exchange rate results of GFP-tagged DCX in association with MTs showed 

that association of DCX with MTs is highly dynamic suggesting that DCX exerts its stabilizing 

effects on MTs without the requirement of long DCX dwell times on MT filaments. These 

observations are the first to address the highly dynamic DCX exchange in association with 

MTs and are in agreement with the previously proposed model for MAP-tau in association with 

MTs (Janning et al., 2014). Tau is a neuronal MAP with the ability to stabilise axonal MTs 

(Breuzard et al., 2013). The regulation of MT dynamics by tau has been addressed by studies 

utilizing single-molecule tracking of tau in living neurons and measuring fluorescence decay 

after photo-switching of photoactivatable GFP-tagged tubulin (Janning et al., 2014). Tau 

dwells on a single MT for an unexpectedly short time (~ 40 ms) before it moves to the next 

MT; whilst this dwell time on MTs is sufficiently long to shift the free tubulin-MT equilibrium 

towards MT polymerization, it is not so prolonged to interrupt the association of other MT-

binding proteins which share the same MT-binding site with tau (Janning et al., 2014). Thus, 

in the proposed model, the critical feature is that MT-dependent intracellular transport events 

are not impeded by tau-MT interactions. In future studies, the live-imaging FRAP protocol 

results can be supplemented with the single molecule tracking to provide more detailed 

molecular information of the dynamics of the DCX-MT association.  
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When compared with the association of DCX WT with MTs, DCXΔC showed increased 

association suggesting the negative impact of DCX-C on the normal interaction of DCX with 

MTs. The enhanced association of DCXΔC supports the previous immunoprecipitation 

analysis of the DCXΔC in association with the polymerised tubulins (Taylor et al., 2000) 

however, the effects of this altered association has previously remained unstudied. Live-

imaging observations presented in this thesis are the first to address the impact of deletion of 

the DCX-C on dynamics of DCX in association with MTs. DCXΔC shows a slowed dynamic 

association with MTs highlighting the importance of DCX-C in regulation of DCX-MT 

interaction. To further address the role of DCX-C in DCX function, different intracellular 

conditions that affect DCX-MT interaction were explored and the impact of DCX-C deletion 

in each condition was studied, as discussed further in the following paragraphs.  

MTs contribute to the key cellular events through the dynamic alteration of MT conformation 

which regulates MT associations with its binding partners (Ayanlaja et al., 2017). To examine 

the sensitivity of DCX dynamics to MT conformational changes, a MT-stabilising drug, taxol 

was applied. DCX showed faster dynamics in association with the taxol-treated MTs than non-

treated MTs. One explanation for the altered dynamics of association is that taxol-induced MT 

straightening alters the DCX-binding pocket between adjacent tubulin dimers (Ettinger et al., 

2016) to modify the dynamics of DCX-MT association. A similar sensitivity to taxol has been 

observed previously for the tau protein, with the detachment of tau from the straight MTs 

treated with taxol (Samsonov et al., 2004). In the absence of DCX-C, the ability to respond to 

the taxol-induced MT conformational changes was lost. 

The sensitivity of DCX to environmental stress stimuli was investigated using high 

concentrations of non-metabolisable sugar, sorbitol, to induce hyperosmolarity (Zumbrun et 

al., 2009). Sorbitol treatment slowed the DCX dynamic exchange rate in association with MT 

whereas DCXΔC dynamic exchange remained unaltered during the sorbitol treatment. 

Collectively, these results reveal that DCXΔC lost the ability to respond to the taxol- and 

sorbitol-induced MT conformational changes suggesting that DCX-C is likely responsible for 

sensing the MT conformational changes and modulating the dynamics of association. In the 

future, a better understanding of the interactions between DCX-C and the polymerized MT will 

require improved approaches to defining their structural relationships. 

The impacts of the DCX-C deletion on MT-DCX association including the dynamics of 

association in living cell systems were studied for the first time in the study presented in this 
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thesis. The novel findings presented in Chapter 3 of this thesis will aid the better understanding 

of the impact of DCX-C in regulation of DCX functions. Given that the DCX-C is a target for 

multiple different S/T kinases including JNK (at DCX T321, T331 or S334) and Cdk5 (at DCX 

S297), further consideration of the role of phosphorylation-dependent regulation through 

applying the combination of point mutations is needed. Studying the possible changes such as 

allosteric modulation of DCX or altered recruitment of DCX-interacting partners might reveal 

the possible link between the phosphorylation status of DCX and the role of DCX-C as the 

regulator of DCX dynamics in association with MTs.  

 

Figure 6. 1 Schematic model of the impact of DCXΔC.  

The schematic model summarizes the findings presented in Chapter 3 of this thesis regarding the 

impact of DCXΔC on MTs. Compared to DCX WT, increased association of DCXΔC with MTs is 

observed. Moreover, lower tubulin exchange rate within the MT networks and less sensitivity to MT 

conformational alterations are observed for DCXΔC. 

6.3 DCX S28 phosphorylation acts as a regulatory switch 

increasing association of DCX with F-ACT but decreasing its 

interaction with MTs 

In Chapter 4, the potential regulatory impacts of the DCX-N on DCX function were studied by 

applying biochemical analysis (immunoprecipitation analyses) and microscopy techniques 

(live-imaging FRAP protocol). The previous identification of the major phosphorylation site 

within the DCX-N, DCX S28 (Graham et al., 2004), supported the previously proposed concept 

that DCX-N could play an important regulatory role for DCX function (Taylor et al., 2000). 

Since the actions of DCX, like many other proteins, can be regulated via the site-specific 

phosphorylation/dephosphorylation (Schaar et al., 2004), the focus of Chapter 4 was to probe 

and report the impact of DCX S28 phosphorylation on the association with MTs and F-ACT. 

DCX S28E phosphomimetic and DCX S28A non-phospho mutants were chosen in this 

approach to address the changes in interaction with cytoskeleton because their expression 

would provide a homogeneous population of stably modified DCX proteins. This is the first 

study to elucidate the possible phosphoregulatory impact of DCX-N.  
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Unlike the well-studied effect of DCX-C and its S/P-rich domain, the regulatory impact of 

DCX-N remains largely unknown. Cdk5, a member of the Cdk family of S/T kinases, targets 

DCX S297 and DCX S28 (Graham et al., 2004). Cdk5 phosphorylates DCX S297 within the 

DCX-C to regulate association of DCX with MTs and mutant lacking S297 phosphorylation 

site led to neuronal migration defect (Tanaka et al., 2004). This finding raises the possibility 

that DCX S28 might mediate the phosphoregulatory effect of DCX-N on DCX function. The 

studies in this thesis revealed that the DCX S28E phosphomimetic mutant decreases the 

association with MTs and enhances the dynamics of MT association. Moreover, the enhanced 

association of DCX S28E with F-ACT was reported. The schematic model of the impact of 

DCX S28E and DCX S28A are summarised in Figure 6. 2. The enhanced association with F-

ACT has been observed in the previous study of DCX S47, targeted by PKA (Toriyama et al., 

2012). Since the association of DCX with F-ACT is mediated by the adaptor protein Spn 

(Tsukada et al., 2005) the modulatory role of DCX S28 phosphorylation in the association of 

Spn, with DCX S28E was also tracked. The enhanced association of DCX S28E with Spn 

suggests the critical involvement of Spn as the regulator of the DCX-ACT association at DCX-

N via DCX S28 phosphorylation.   

Based on the results presented in Chapter 4 of this thesis, the possible modulatory role of DCX 

S28 phosphorylation in the regulation of the dynamics of association with MTs and F-ACT 

was for the first time explored, revealing the importance of DCX S28 phosphorylation in 

coordination of MTs and F-ACT by modulation of DCX association with the cytoskeleton. 

This novel finding emphasizes that, in addition to DCX-C, the short amino acid sequence of 

DCX-N can also act as the DCX phosphoregulator. Probing the reciprocal effects of 

phosphorylation of DCX-N and/or DCX-C via a combination of mutation analyses (e.g. with 

multiple phospho-mimetic sites targeted in combination) can be considered as future extensions 

of the study presented in Chapter 4 of this thesis. 
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Figure 6. 2 Schematic model of the impact of DCX S28A and DCX S28E.  

The schematic model presented in Chapter 4 of this thesis summarizes the findings regarding the impact 

of DCX S28 mutants, DCX S28A and DCX S28E, on MTs and F-ACT. Compared to DCX WT, 

increased association of DCX S28A with MTs but decreased association with F-ACT and Spn are 

observed. Conversely, DCX S28E phosphomimetic mutant shows enhanced association with F-ACT 

and Spn but decreased association with MTs as well as higher tubulin exchange rate with MT networks. 

6.4 MT stabilisation and F-ACT association are altered for the 

pathogenic DCX E2K mutant 

In Chapter 5, to further explore the role of DCX-N in the function of DCX as a regulator of the 

cytoskeleton, biochemical assessment (immunoprecipitation analyses) and microscopy 

techniques (FRAP protocols) were applied to address how a DCX E2K pathogenic mutant can 

impact its association with the cytoskeleton. The focus of previous studies has been largely 

restricted to the mechanism of the pathogenesis of DC domain mutant DCX proteins (Ayanlaja 

et al. 2017).  The identified pathogenic mutations within the DCX-N include the single point 

mutations DCX E2K and DCX D9N (Lawrence et al., 2010; Parisi et al., 2010). The DCX D9N 

mutant results in lissencephaly, the most common phenotype. However, DCX E2K, the focus 

of the study in Chapter 5, leads to a rare, but severe, familial form of epilepsy, Lennox-Gastaut 

syndrome (LGS) (Lawrence et al., 2010). LGS is an epileptic encephalopathy characterized by 

tonic seizures, atypical absences, and cognitive deterioration (Arzimanoglou et al., 2009). 

To address the distinct pathogenic impact of the mutant, DCX E2K along with the previously 

reported DCX pathogenic mutants within the DC1 domain, DCX R89G and DCX R102S, were 

examined. The results indicated that unlike DCX R89G and R102S, DCX E2K retains MT 

association and a MT bundling ability suggesting that a distinct phenotype of the DCX E2K 

mutant might relate to a different impact of DCX E2K on association with MTs. Indeed, DCX 

E2K exerts its pathogenic impact without disrupting the interaction with MTs. The similar 

disruptive impact without interrupting the DCX-MT interaction was previously reported in 

study of the DCX mutations within the linker sequence of DCX (Liu et al., 2012). In order to 

further address the unconventional impact of DCX E2K, its dynamics of association with MTs 
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were probed. The schematic model of the impact of DCX E2K is summarised in Figure 6.3. 

Compared to DCX WT, DCX E2K showed a slow dynamic of association with MTs and an 

enhanced association with F-ACT. Building on these results, the modulation of the DCX E2K-

cytoskeleton mode of association has the potential to disrupt communication between F-ACT 

and MTs and thus the altered cytoskeleton organisation in the presence of DCX E2K may drive 

the cortical malformation phenotypes in neuronal migration disorders including epilepsy 

(Lawrence et al., 2010). Therefore, it has been proposed that the pathogenic impact of DCX 

E2K can differ from the other identified DCX pathogenic mutants within the DC domains 

which disrupt DCX's interaction with the cytoskeleton. This is the first study to examine the 

impact of DCX E2K on association with MTs and F-ACT, with the results highlighting the 

importance of the DCX-N in regulation of DCX’s function. DCX E2K has been identified in 

LGS patients and therefore to address the link between the modulatory impact on cytoskeleton 

dynamics and neuronal migration disorders, the generation and analysis of mutant DCX E2K 

transgenic mice by tracking of brain development events should be future considerations based 

on the results presented in Chapter 5 of this thesis, albeit that interpretation of the results may 

be complicated by reported functional redundancies with the DCX family member DCLK 

(Sossey-Alaoui et al., 1999). 

 

 

Figure 6. 3 Schematic model of the impact of DCX E2K.  

The schematic model presented in Chapter 5 of this thesis summarizes the findings regarding the impact 

of DCX E2K mutant on MTs and F-ACT. Compared to DCX WT, increased association of DCX E2K 

with F-ACT is observed. Moreover, higher tubulin exchange rate with MT networks is observed in 

DCX E2K-associated MTs. 
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6.5 Conclusion 

Previous studies have shown that the DC domains of DCX are critical, but not sufficient, for 

the interaction of DCX with MTs (Kim et al., 2003; Moores et al., 2004). Therefore, in the 

studies presented in this thesis, the focus was directed towards the DCX N- and C-termini that 

can have regulatory impacts on DCX association with the cytoskeletal components, MTs and 

F-ACT (Schaar et al., 2004). Specifically, by addressing the role of the DCX termini in the 

regulation of the dynamics of the association with MTs and F-ACT, the work presented in this 

thesis shows that the DCX termini play irreplaceable roles in the regulation of dynamics of 

DCX in association with MTs and F-ACT. Because DCX is a critical contributor to important 

cellular events including migration, a better understanding the function of the different regions 

of DCX will provide new avenues in defining the roles of DCX as a cytoskeleton regulator in 

events such as neuronal migration during brain development.
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