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ABSTRACT 

CACHD1 is classified as a member of the α2δ protein family due to their shared organisation 

of structural motifs and domains. However, unlike α2δ, CACHD1 has been characterised as a 

modulator of the CaV3 low-voltage-activated voltage-gated Ca2+ channels (LVA VGCCs), 

distinguishing it as the sole auxiliary subunit of LVA VGCCs. As a relatively unstudied protein, 

CACHD1 research has primarily focused on its functional effects on LVA VGCCs and its 

potential role in disease. This study represents the first investigation into the mechanisms by 

which specific motifs govern CACHD1 modulation of LVA VGCCs, and its trafficking pathways. 

This thesis tested the hypothesis that structural motifs within CACHD1 play crucial roles in 

regulating its expression, sub-cellular localisation, trafficking, and function as a modulator of 

LVA VGCCs. 

This study first characterised the role of the variant MIDAS motif (D234xGxS) on CACHD1 

expression, sub-cellular localisation, and function as a modulator of CaV3 channels, using 

western blotting, immunocytochemistry, and whole-cell patch clamp electrophysiology. 

Interestingly, mutagenesis of the G236 residue to Ser showed similar CACHD1 expression and 

sub-cellular localisation in the absence of CaV3.1 compared to wild-type CACHD1 (CACHD1-

wt). Moreover, like CACHD1-wt, CACHD1-G236S significantly increased the current density 

and Gmax of rat CaV3.1 (rCaV3.1) VGCCs. In contrast, mutating all three key residues to Ala 

(DxGxS to AxAxA) led to significant reduction in CACHD1 expression levels and disrupted 

trafficking to cell surface. Additionally, the AxAxA mutant resulted in a significant decrease in 

rCaV3.1 currents and Gmax, underscoring the important role of an intact MIDAS motif in 

CACHD1 function. 

Next, this study investigated the internalisation, and post-endocytic mechanisms used by 

CACHD1. The use of endocytic inhibitors showed that methyl-β-cyclodextrin (MβCD), a 

cholesterol depleting agent, inhibited CACHD1 internalisation. Moreover, cholesterol 

recovery post-MβCD treatment restored CACHD1 internalisation, suggesting a caveolae 

pathway dependent on cholesterol was used by CACHD1. Additionally, CACHD1 co-localised 

with EEA1, Rab5, and Rab11, indicating CACHD1 recycling back to the membrane via a Rab11-

associated pathway. Further analysis identified a tyrosine internalisation motif (Y1197STM) 

present in the intracellular C-terminal tail of CACHD1. Mutagenesis of the Y1197 residue to Ala 

and Phe showed that the Y1197F slowed CACHD1 internalisation. Surprisingly, the removal of 
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the C-terminal tail, thus the YSTM signal motif, had no discernible effect on CACHD1 

internalisation, indicating the involvement of multiple motifs. Moreover, removal of the 

transmembrane domain led to intracellular retention of CACHD1, but modification of the 

natural signal peptide to Igκ signal peptide facilitated protein secretion, enabling the 

purification of soluble CACHD1 protein. 

 

LAY SUMMARY 

CACHD1 is a protein that belongs to a protein family involved in important cellular functions 

like muscle contraction, hormone release, and neuronal response to signals. What makes 

CACHD1 unique is its role in regulating a specific type of calcium channels known as low-

voltage-activated voltage-gated calcium channels (LVA VGCCs), which play a crucial role in the 

process of how neurons respond to signals in our body. However, despite its importance, 

CACHD1 has not been studied in depth, and researchers are only beginning to understand 

how it works. 

This study explored how different parts of the CACHD1 protein influence its behaviour and 

function. A specific part of the protein, called the MIDAS motif, is essential for CACHD1 to 

function properly. When the MIDAS motif was altered, the CACHD1 protein failed to reach the 

cell surface where it is needed to regulate the function of calcium channels, leading to reduced 

activity of LVA VGCCs. 

This study also examined how CACHD1 moves and recycles within cells, finding that 

cholesterol played a key role in its movement. CACHD1 was shown to use specific pathways 

to return to the cell surface after being internalised. Another part of CACHD1 called the 

tyrosine internalisation motif, could help regulate how quickly CACHD1 is internalised by the 

cellular machinery. 

These findings have several important implications. First, they enhance our understanding of 

how LVA VGCCs are regulated. This could lead to new insights into diseases linked to LVA 

VGCCs dysfunction, including many neurological diseases. If abnormalities in CACHD1 are 

found to contribute to these diseases, this protein could become a target for new disease 

treatments. 
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1. INTRODUCTION 

1.1 Intracellular calcium signalling and dynamics  

Calcium ions (Ca2+) are involved in several cellular processes, ranging from muscle contraction 

to neurotransmitter release, hormone secretion, cell proliferation, and gene expression. 

Intracellular Ca2+ signalling is typically initiated by external stimuli that trigger increase in 

intracellular Ca2+ levels which subsequently leads to downstream Ca2+ signalling pathways. An 

example of downstream signalling pathway activated by Ca2+ is the calmodulin and 

Ca2+/calmodulin-dependent kinase II (CaMKII) pathway. The signalling pathway often begins 

with the activation of cell surface receptors, such as G protein-coupled receptors (GPCRs), 

followed by a series of events, often involving phospholipase C (PLC) and inositol triphosphate 

receptors (IP3Rs) which mediate the release of Ca2+ ions from intracellular stores into the 

cytoplasm (Islam, 2019; Klocke et al., 2023). Ca2+ binds to calmodulin, causing a 

conformational change that allows it to interact with target proteins. One key target of the 

Ca2+/calmodulin complex is CaMKII. When Ca2+/calmodulin binds to CaMKII, it activates the 

kinase by exposing its active site. As Ca2+ levels decrease, calmodulin releases Ca2+ and returns 

to its inactive state. However, once CaMKII is activated and undergoes autophosphorylation, 

it can remain active even in the absence of Ca2+ until dephosphorylated by a protein 

phosphatase (Villalobo and Berchtold, 2020). This sustained activation of CaMKII therefore 

provides a molecular memory of the Ca2+ signal, playing an important role in processes like 

memory and learning (Lucchesi et al., 2011; Coultrap and Bayer, 2012). 

Additionally, activation of Ca2+-permeable AMPA receptors (Barron and Kim, 2019) and N-

methyl-D-aspartate receptors (NMDARs) (Lüscher and Malenka, 2012), as well as ligand-gated 

transient receptor potential (TRP) ion channels (Vangeel and Voets, 2019) leads to further 

increase in intracellular Ca2+ levels. Simultaneously, depolarisation of presynaptic neurons 

triggers Ca2+ influx from the extracellular environment through voltage-gated calcium 

channels (VGCCs). The elevation of cytosolic Ca2+ level can also lead to further depolarisation 

of membrane potential and subsequent activation of other ion channels. The rise in 

intracellular Ca2+ triggers the fusion of synaptic vesicles containing neurotransmitters with the 

presynaptic membrane, facilitating neurotransmitter release into the synaptic cleft. 

Neurotransmitters then bind to receptors on postsynaptic neurons, initiating various 
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downstream signalling events that lead to excitatory or inhibitory effects on the postsynaptic 

cell. Intracellular Ca2+ functions as an important secondary messenger, regulating 

neurotransmitter release, neuronal excitability, and synaptic plasticity, thus playing a crucial 

role in neuronal function. 

1.2 Regulation of intracellular calcium 

Ca2+ is essential for various cellular functions, and intracellular Ca2+ concentration is at 

significantly lower levels than outside the cell (Islam, 2019) to maintain Ca2+ homeostasis. This 

balance is meticulously regulated by a multitude of membrane pumps and channel proteins 

permeable to Ca2+ ions, such as sarcoendoplasmic reticulum Ca2+ ATPase (SERCA; Xu and Van 

Remmen, 2021), Na+/Ca2+ exchangers (Ottolia et al., 2013), ryanodine receptors (RyR), IP3Rs 

(Woll and Van Petegem, 2021) and VGCCs (Zamponi et al., 2015). This project further focuses 

on VGCCs as the key regulators of intracellular Ca2+
 levels.  

1.3 Voltage-gated calcium channels 

Voltage-gated calcium channels represent a class of transmembrane proteins important in 

cellular physiology, facilitating Ca2+ influx in response to changes in membrane potential. 

VGCCs are widely distributed across excitable cell types, including neurons, muscle cells and 

endocrine cells, where they fulfil diverse cellular functions, including but not limited to 

hormone secretion, transmitter release (Catterall et al., 2013), and excitation-contraction 

coupling (Bannister and Beam, 2013). 

VGCCs were first studied and purified in 1987 from transverse T-tubule membranes found in 

skeletal muscle (Takahashi et al., 1987). Analysis of the purified protein complex revealed it 

was composed of five distinct components: α1, α2, β, δ, and γ subunits. Out of these subunits, 

α1 subunit showed the ability to bind Ca2+ channel blockers 1,4-dihydropyridines (DHPs) and 

was therefore established as the pore-forming subunit within the VGCC complex. The 

remaining subunits (α2, β, δ, and γ) were classified as auxiliary subunits due to their supportive 

roles in channel assembly and modulation. The study by Takahashi et al. (1987) led to the 

identification and cloning of the first VGCC, and thus it was termed CaV1.1. Subsequent studies 

resulted in the cloning of ten α1 subunits, four β subunits, and four α2δ subunits, further 

expanding the knowledge on VGCCs (Zamponi et al., 2015). In this chapter, the structure, 

function, biophysical properties, and classification of VGCCs will be described in more detail. 
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1.3.1 General structure of VGCCs 

Structurally, VGCCs are multi-subunit protein complexes composed of the α1 pore-forming 

subunit and auxiliary subunits, each contributing to channel assembly, expression, and 

modulation. All VGCCs contain a main α1 pore-forming subunit which consists of four 

homologous domains (I-IV), each containing six transmembrane segments (S1-S6) with 

voltage-sensing residues (positively charged lysine/arginine residues) present within the S4 

segment of each domain, and hairpin-like loop between S5 and S6 segments as shown in 

Figure 1.1 (Weiss and Zamponi, 2020). These voltage-sensing residues serve as the voltage 

sensor and facilitate channel opening/closing in response to membrane depolarisation, and 

thereby regulate Ca2+ influx into the cell (Zamponi et al., 2015). Most types of VGCCs also 

require the auxiliary subunits to function correctly, and Figure 1.1 shows the general 

interaction sites of β and α2δ subunits. 

 
Figure 1.1 Schematic representation of the general membrane topology of VGCCs α1 pore-forming 
subunit. The α1 pore-forming subunit of VGCCs contains four homologous domains (I-IV). Each of 
these domains consists of six transmembrane segments (S1-6). Positively charged residues (lysine and 
arginine) in the S4 transmembrane segment form the voltage sensor, and the loop between segments 
S5 and S6 determines ion conductance and selectivity. The α1 subunit contains intracellular N-
terminus and C-terminus. In general, β subunit binds to the intracellular I-II loop, while α2δ subunit 
associates with the α1 subunit extracellularly. The α2δ subunit consists of an extracellular α2 subunit 
(pink) linked to a membrane-associated δ subunit (purple) via disulphide bonds. (Adapted from: Weiss 
and Zamponi, 2020). 
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1.3.2 Classification of VGCCs 

Depending on the voltage threshold required for channel activation, VGCCs are classified into 

high-voltage-activated (HVA) and low-voltage-activated (LVA) VGCCs, with LVA VGCCs 

requiring smaller depolarisation for activation compared to HVA VGCCs (Carbone and Lux, 

1984). VGCCs are further categorised into three main families based on their α1 pore-forming 

subunit: CaV1 and CaV2 as HVA VGCCs, and CaV3 as LVA VGCCs (Catterall et al., 2005). 

Moreover, each VGCC family exhibits distinct subtypes in terms of the type of current 

associated with the subunit, such as L-type, N-type, P/Q-type, and T-type currents, each with 

specific cellular distribution, function, and biophysical properties as summarised in Tables 1.1 

and 1.2. This complex categorisation underscores the diversity and specialisation of VGCCs, 

and while VGCCs possess distinctive properties, they do share structural and sequence 

similarities as shown by a phylogenetic tree of the α1 pore-forming subunits (Figure 1.2). 
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Table 1.1 Physiological properties of HVA and LVA VGCCs. 

Voltage-gated Ca2+ 
channel type 

Gene 
(chromosome) 

Localisation Function 

H
V

A
 V

G
C

C
s 

CaV1.1 
CACNA1S 
(1q31-32) 

skeletal muscle 
skeletal muscle 

contraction 

CaV1.2 
CACNA1C 
(12p13) 

neurons, 
cardiomyocytes, 

pancreatic islets, adrenal 
chromaffin cells, 

intestinal/bladder 
smooth muscle 

normal brain function, 
pacemaking activity, 

hormone release, 
excitation-contraction 

coupling 

CaV1.3 
CACNA1D 
(3p14.3) 

neurons, auditory and 
vestibular hair cells, 

cardiomyocytes, 
pancreatic islets, adrenal 
chromaffin cells, adrenal 

cortex 

normal brain function, 
neurotransmitter 

release, pacemaking 
activity, β-cell mass 

maintenance, 
hormone release 

CaV1.4 
CACNA1F 
(Xp11.23) 

retina 
normal visual function, 

neurotransmitter 
release 

CaV2.1 
CACNA1A 
(19p13.1) 

presynaptic nerve 
terminals, dendrites, 
neuroendocrine cells 

evoked synaptic 
transmission, action 

potential, 
neurotransmitter 
release, hormone 

release, dendritic Ca2+ 
transients, gene 

transcription 
regulation 

CaV2.2 
CACNA1B 

(9q34) 

CaV2.3 
CACNA1E 
(1q25-31) 

LV
A

 V
G

C
C

s 

CaV3.1 
CACNA1G 
(17q22) 

neuronal cell bodies 
dendrites, 

cardiomyocytes, smooth 
muscle myocytes 

neuronal excitability 
regulation, evoked 
hormone secretion, 
pacemaking activity, 

neurotransmitter 
release, sleep-wake 

cycle, gene 
transcription 

regulation 

CaV3.2 
CACNA1H 
(16p13.3) 

CaV3.3 
CACNA1I 
(22q13) 

neuronal cell bodies, 
dendrites 

Compiled from: Catterall et al., 2005; Zamponi et al., 2015; Zamponi, 2016; Weiss and Zamponi, 2020. 
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Table 1.2 Structural and biophysical properties of HVA and LVA VGCCs. 

Voltage-
gated Ca2+ 

channel type 

Structure Electrophysiological properties 

Pore-
forming 
subunit 

Auxiliary 
subunits 

Current 
Activation 
potential 

Inactivation 
potential 

Inactivation 
rate 

H
V

A
 V

G
C

C
S 

CaV1.1 α1S 

β, α2δ, γ L 
-20 mV 

to 
+10 mV 

-50 mV 
to 

-10 mV 
slow 

CaV1.2 α1C 

CaV1.3 α1D 

CaV1.4 α1F 

CaV2.1 α1A 

β, α2δ 

P/Q 
-30 mV 

to 
+10 mV 

-70 mV 
to 

+10 mV 

slow / 
moderate 

CaV2.2 α1B N moderate 

CaV2.3 α1E R fast 

LV
A

 V
G

C
C

s CaV3.1 α1G 

CACHD1 T 
-50 mV 

to 
-10 mV 

-70 mV 
to 

-10 mV 
fast CaV3.2 α1H 

CaV3.3 α1I 

Compiled from: Catterall et al., 2005; Yagami et al., 2012; Dolphin, 2018. 

 

 
Figure 1.2 Dendrogram showing evolutionary relationship and sequence similarity among the 
members of VGCC family. (From: Feng et al., 2017). 
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1.3.3 Modulation of VGCCs 

Mammalian VGCCs exhibit high functional diversity across the body, mainly due to the number 

of different subunit isoforms, including ten α1 pore-forming subunits, along with four α2δ, 

four β, and multiple γ subunits (Dolphin, 2012). VGCCs have been shown to be regulated 

through various modulation pathways. These pathways include GPCR inhibition of neuronal 

VGCCs, cyclic adenosine monophosphate (cAMP)-dependent phosphorylation of L-type 

VGGCs, and Ca2+-calmodulin control of Ca2+-dependent inactivation of L-type and P-type 

VGCCs (Dolphin, 2018), amongst others. This section further describes the modulation of 

VGCCs by the auxiliary subunits α2δ, β, and γ, with focus on α2δ subunits. 

1.3.3.1 Beta (β) subunits 

Initially cloned from skeletal muscle and termed β1 (Ruth et al., 1989), the β subunit family 

has since seen the identification of three more isoforms, β2, β3, and β4, each having multiple 

splice variants. For example, the β1 isoform has two distinct variants, with β1a primarily 

associated with skeletal muscle, while β1b is a non-muscle variant (Pragnell et al., 1991). 

β subunits are cytoplasmic proteins that interact with the intracellular loop between domains 

I and II of the HVA VGCCs α1 pore-forming subunit, via their variable β-interaction domain 

(BID) (Van Petegem et al., 2008). This interaction is facilitated by an 18-amino acid binding 

motif termed α-interaction domain (AID) located in the proximal part of the I-II linker (Pragnell 

et al., 1994). Structurally, β subunits contain a conserved Src homology-3 (SH3) and a 

guanylate kinase-like domains linked by a flexible loop, although due to mutations in the 

active site the guanylate kinase-like domain lacks kinase activity (Hanlon et al., 1999). Further 

structural studies revealed that the AID interaction site is situated in a groove of the guanylate 

kinase-like domain (Van Petegem et al., 2004). 

Functionally, β subunits are considered VGCC chaperones, facilitating correct folding and 

trafficking of the α1 subunits. β subunits have been shown to play important roles in the 

expression of CaV1 and CaV2 channels, whereas CaV3 channels do not appear to require β 

subunits for their expression (Berrow et al., 1995; Qin et al., 1998). Additionally, β subunits 

act as modulators of channel biophysical properties through direct interaction with VGCCs and 

by interacting with other proteins such as G proteins, in particular Gβγ dimers GPCRs (Meir et 

al., 2000; Dolphin, 2003b). 
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1.3.3.2 Gamma (γ) subunit  

The γ subunit, now termed γ1 subunit, has been shown to be associated exclusively with the 

skeletal calcium channel complex (Takahashi et al., 1987). Additionally, there are seven γ-like 

subunits, although their specific roles in relation to VGCCs have been subject to controversy. 

While the γ1 subunit has been shown to be involved in the modulation of VGCCs, other 

members of the γ subunit family are known for functions unrelated to VGCCs, including their 

role as trafficking proteins and modulators of the AMPA glutamate receptors (Tomita et al., 

2003). 

1.3.3.3 Alpha-2-delta (α2δ) subunit 

α2δ genes and proteins 

The first α2δ subunit was cloned from skeletal muscle (Takahashi et al., 1987), and now the 

α2δ family consists of four isoforms, α2δ-1, α2δ-2, α2δ-3, α2δ-4, encoded by the CACNA2D1, 

CACNA2D2, CACNA2D3, and CACNA2D4 genes, respectively (Gao et al., 2000; Barclay et al., 

2001; Qin et al., 2002). The CACNA2D genes undergo alternative splicing, thereby expanding 

the α2δ protein family and their functional roles. 

The α2 and δ proteins are encoded by the same gene and form the α2δ precursor protein 

linked via disulphide bonds (De Jongh et al., 1990). This precursor protein is post-

translationally cleaved by the metalloprotease ADAM17 into α2 and δ peptides (Figure 1.3), 

which remain linked by disulphide bonds formed prior to the cleavage (De Jongh et al., 1990; 

Jay et al., 1991; Wu et al., 2016). Further post-translational modifications of α2δ proteins 

include glycosylation and cleavage of the N-terminal signal peptide, and ultimately lead to a 

mature form of α2δ proteins (Ablinger et al., 2024). All these post-translational modifications 

have been shown to be essential for proper α2δ trafficking and function as a VGCC modulator 

(Kadurin et al., 2017). 

Bioinformatics analysis revealed several recognisable protein domains in α2δ, including a von 

Willebrand Factor A (VWA) domain involved in protein-protein interactions between the 

extracellular matrix and cell-adhesion proteins, generally through a metal ion-dependent 

adhesion site (MIDAS) motif which coordinates a divalent cation binding (Ca2+, Mg2+ or Mn2+) 

(Whittaket and Hynes, 2002). Moreover, the VWA domain was shown to be essential for the 

trafficking of α2δ subunits, as well as the α2δ-associated effects on the trafficking of the α1 

pore-forming subunit (Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). Surprisingly, 
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α2δ are predicted to contain cache domains which are normally found in bacteria and are 

used in a process called chemotaxis (Anantharaman and Aravind, 2000). Additionally, α2δ 

contain a short hydrophobic domain at their C-terminal, which classifies them into a type I 

transmembrane protein group; however, many proteomic studies suggest that α2δ proteins 

are linked to the plasma membrane through a glycosyl-phosphatidylinositol (GPI)-anchor as 

all α2δ subunits, especially α2δ-3 and α2δ-4, have a short or absent C-terminal cytoplasmic 

domain (Davies et al., 2010; Ablinger et al., 2024). Moreover, the cryo-EM (cryogenic electron 

microscopy) α2δ structure reported by Wu et al. (2016) and Chen et al. (2023) shows that the 

α2δ protein is entirely extracellular, with δ peptide linked to the plasma membrane via a 

glycophosphatidyl molecule, further supporting GPI-anchoring of α2δ. There is some evidence 

suggesting that α2δ-1, but not α2δ-2 or α2δ-3, interact with NMDARs via the C-terminus of 

α2δ-1, surprisingly after the GPI-anchor cleavage site (Chen et al., 2018). This would indicate 

that NMDARs interact with either a transmembrane version of α2δ-1 intracellularly, or with 

the C-terminal peptide of α2δ-1 that is cleaved off during GPI-anchor attachment (Hooper, 

2001). 
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Figure 1.3 Post-translational modifications of α2δ proteins. The pro-form of α2δ is post-
translationally modified within the endoplasmic reticulum (ER), including disulphide formations during 
translation, replacing the C-terminal hydrophobic sequence (orange) with a GPI-anchor by the GPI-
transamidase, cleavage of N-terminal signal peptide by an endopeptidase, and addition of several 
glycan moieties (yellow stars) in the Golgi apparatus. The metalloprotease ADAM17 is proposed to 
cleave α2δ into the mature disulphide-linked α2 and δ subunit found at the plasma membrane (PM). 
(From: Ablinger et al., 2024).  
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α2δ expression 

The α2δ isoforms, particularly α2δ1-3, are widespread across the central and peripheral 

nervous systems while showing distinct but partially overlapping distribution patterns 

(Ablinger et al., 2024). α2δ-1 is expressed in various neuronal cell types (Urao et al., 2001), 

including dorsal root ganglion (DRG) neurons (Bauer et al., 2009). On the other hand, α2δ-2 is 

predominantly expressed in GABAergic neurons, such as cerebellar Purkinje neurons (Barclay 

et al., 2001; Cole et al., 2005), while α2δ-3 is expressed in cerebral cortex and caudate 

putamen (Cole et al., 2005). In contracts, α2δ-4 exhibits a more restricted expression pattern, 

primarily found in photoreceptor cells of the retina (Wang et al., 2017). 

With regard to subcellular localisation, α2δ-1 and α2δ-2 are mainly localised to presynaptic 

terminals, with some expression in cell bodies (Taylor and Garrido, 2008) and the plasma 

membrane of primary afferent neurons (Bauer et al., 2009). Although there is limited 

evidence, some studies suggest that α2δ-3 can also target VGCCs to specific presynaptic sites 

(Dickman et al., 2008; Saheki and Bargmann, 2009). 

α2δ function as a modulator of VGCCs 

α2δ subunits have several reported effects on the biophysical properties of HVA VGCCs, 

including the increase of inactivation rate and the maximum current density (Dolphin, 2003), 

and hyperpolarisation of the mid-point potential for steady-state inactivation of HVA VGCCs 

(Cantí et al., 2005; Catterall et al., 2005). The α2δ-induced increase in maximum current 

density is believed to be caused by α2δ-associated increase in expression and decrease in 

protein turnover of CaV1 and CaV2 channels (Cantí et al., 2005; Bernstein and Jones, 2007). 

Although the precise underlying mechanisms for these effects remain unclear, studies suggest 

that the MIDAS motif plays an essential role in α2δ function (Cantí et al., 2005). Mutations in 

the MIDAS motif significantly reduce the ability of α2δ-1 (Hoppa et al., 2012) and α2δ-2 (Cantí 

et al., 2005) subunits to increase Ca2+ currents in heterologous expression systems, and lead 

to intracellular retention of α2δ-2 and its complexes with CaVα1 (Cantí et al., 2005). Studies 

also suggest that α2δ subunits may interact with the exofacial loops of the α1 pore-forming 

subunit, with supporting evidence showing the α2 subunit of α2δ-1 binding to domain III of 

the CaV1.1 channel (Gurnett et al., 1997). Moreover, investigation into the trafficking of α2δ 

subunits alone revealed interactions with other cellular trafficking proteins; however, these 
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are yet to be identified (Cantí et al., 2005; Davies et al., 2010; Tran-Van-Minh and Dolphin, 

2010). 

α2δ subunits as drug targets for hyperexcitability diseases 

The α2δ subunits are key therapeutic targets for gabapentinoids, a class of widely prescribed 

drugs that includes gabapentin, its advanced form pregabalin (Lyrica), and the more recent 

mirogabalin. Gabapentinoids exhibit a high binding affinity for the α2δ-1 and α2δ-2 subunits 

and are commonly used in the treatment of hyperexcitability disorders such as epilepsy and 

chronic pain. They are classified as anticonvulsants and antiepileptic agents, and function by 

inhibiting excessive neuronal firing during seizures (Calandre et al., 2016). Additionally, they 

are used in the management of neuropathic pain, diabetic neuropathy, fibromyalgia, and 

restless leg syndrome (Deng et al., 2019). The binding of gabapentinoids is facilitated by the 

RRR gabapentin binding motif in the α2δ-1 and α2δ-2 subunits. In vitro studies have 

demonstrated that although gabapentin does not acutely affect the functional CaV complexes 

at the plasma membrane, it interferes with the trafficking of newly synthesised α2δ subunits 

and the Rab11a-dependent recycling of α2δ and CaV complexes (Hendrich et al., 2008; Bauer 

et al., 2009; Domon et al., 2023). This interference results in reduced α2δ protein levels at the 

plasma membrane, decreasing Ca2+ currents (Hendrich et al., 2008), and therefore reducing 

excitatory neurotransmission following gabapentin treatment, which likely explains their 

therapeutic mechanism of action. 

In addition to gabapentinoids, thrombospondin (TSP) proteins, particularly TSP-1, TSP-2, and 

TSP-4, have been identified as ligands for the α2δ-1 subunit, playing a key role in forming 

excitatory synapses and contributing to neuronal sensitisation (Risher et al., 2018). This 

interaction has been linked to neuropathic pain, with gabapentin shown to inhibit the process. 

Animal studies have shown that nerve injuries lead to increased levels of α2δ-1 in the DRGs 

2and spinal cord neurons, causing heightened synaptic activity (Luo et al., 2001; Boroujerdi et 

al., 2011). TSP-4, in particular, has been found to promote central sensitisation and 

neuropathic pain through direct interaction with α2δ-1 (Li et al., 2014; Pan et al., 2015). 

Moreover, TSP-4 was found to reduce gabapentin binding to α2δ-1, which may influence its 

effectiveness (Lana et al., 2016). Overall, the TSP-4/α2δ-1 interaction presents a potential 

target for new treatments for neuropathic pain. 
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1.3.3.4 T-type VGCCs modulation by auxiliary subunits 

Several studies show a modest increase in CaV3 VGCCs expression associated with α2δ 

subunits (Dolphin et al., 1999; Dubel et al., 2004); however, CaV3 channels do not require any 

known auxiliary subunits for correct expression, trafficking, or physiological function. Recent 

studies have identified various modulators, including the actin binding protein kelch-like 1 

(KLHL1) (Aromolaran et al., 2010), calnexin (Proft et al., 2017) and the stac adaptor protein 1 

(Stac1) (Rzhepetskyy et al., 2016a). An important study by Cottrell et al. (2018) described a 

member of the α2δ protein family, CACHD1 (cache domain containing 1), as a CaV3 channel 

modulator. CACHD1 showed regulatory effects on T-type currents similar to those observed 

in α2δ subunits and HVA VGCCs, suggesting that it may act as an auxiliary subunit for CaV3 LVA 

VGCCs. 

1.3.4 VGCCs and the α2δ subunits in disease 

VGCCs are involved in numerous physiological functions and their dysfunctions are associated 

with a variety of diseases. It is therefore not surprising that their auxiliary α2δ subunits have 

been associated with many of these diseases as well. Tables 1.3 and 1.4 summarise HVA and 

LVA VGCC-associated diseases, and Table 1.5 summarises α2δ-associated diseases.  

CaV3 LVA VGCCs are of particular interest in this project, and while they seem to be associated 

with a considerable number of diseases, pharmacological targeting has been mainly limited 

to absence seizure treatment. Sections 1.4.2 and 1.4.3 further describe the role of CaV3 VGCCs 

in hyperexcitability diseases, namely in neuropathic pain, and their potential as drug targets. 
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Table 1.3 Diseases associated with HVA VGCCs. 

Calcium 
Channel 

Disease Reference 

CaV1 (L-type) 

CaV1.1 
Hypokalemic periodic paralysis Jurkat-Rott et al., 1994 

Malignant hyperthermia subtype 5 Yarotskyy and Dirksen, 2013 

CaV1.2 
Autism Bader et al., 2011 

Timothy syndrome Barrett and Tsien, 2008 

CaV1.3 

Autism spectrum disorders Azizan et al., 2013 

Bradycardia Baig et al., 2011 

Congenital deafness Baig et al., 2011 

Parkinson’s disease Zamponi et al., 2015 

CaV1.4 Congenital stationary night blindness type 2 Hoda et al., 2005 

CaV2 (P, Q, N, R-type) 

CaV2.1 
Familial hemiplegic migraine Tottene et al., 2009 

Neuropathic pain Zamponi et al., 2015 

CaV2.2 
Myoclonus-dystonia Groen et al., 2015 

Developmental and epileptic 
encephalopathies 

Helbig et al., 2019 

CaV2.3 Parkinson’s disease Benkert et al., 2019 
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Table 1.4 Diseases associated with LVA VGCCs. 

Calcium 
Channel 

Disease Reference 

CaV3 (T-type) 

CaV3.1 

Absence epilepsy Ernst et al., 2009 

Autosomal dominant cerebellar ataxia Coutelier et al., 2015 

Bradycardia Mangoni et al., 2006 

Cerebellar ataxia Kimura et al., 2017 

Parkinson’s disease 
Chandrasekaran and 

Bonchev, 2013 

Spontaneous absence seizures Song et al., 2004 

CaV3.2 

Absence epilepsy Powell et al., 2009 

Amyotrophic lateral sclerosis Rzhepetskyy et al., 2016b 

Autism spectrum disorder Splawski et al., 2006 

Cardiac hypertrophy David et al., 2010 

Chronic pain Reynders et al., 2015 

Diabetic neuropathy Duzhyy et al., 2015 

Idiopathic generalised epilepsy Heron et al., 2007 

Irritable bowel syndrome Marger et al., 2011 

Nerve injury (chronic pain) Jagodic et al., 2008 

Primary aldosteronism Daniil et al., 2016 

CaV3.3 

Hemiplegic migraine Maksemous et al., 2022 

Schizophrenia Gulsuner et al., 2013 

Sporadic early onset Alzheimer’s disease Antonell et al., 2013 
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Table 1.5 Diseases associated with α2δ auxiliary subunits. 

α2δ 
subunit 

Disease Reference 

α2δ-1 

Autism Iossifov et al., 2014 

Brugada syndrome Burashnikov et al., 2010 

Epilepsy Mefford et al., 2011 

Short QT syndrome Templin et al., 2011 

West syndrome Hino-Fukuyo et al., 2015 

α2δ-2 
Epilepsy 

Valence et al., 2019 
Edvardson et al., 2013 
Pippucci et al., 2013 

Schizophrenia Rodríguez-López et al., 2018 

α2δ-3 
Autism 

Guo et al., 2018 
Redin et al., 2017 

Central pain processing Neely et al., 2010 

α2δ-4 

Bipolar disorders Van Den Bossche et al., 2012 

Inherited retinal dystrophy Huang et al., 2015 

Night blindness Ba-Abbad et al., 2016 

Retinitis pigmentosa Cheng et al., 2021 
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1.4 CaV3 (T-type) VGCCs 

CaV3 LVA VGCCs are discussed in more detail in the following sections. 

The CaV3 channel family comprises CaV3.1, CaV3.2 and CaV3.3 channels, which are encoded by 

the CACNA1G (Perez-Reyes et al., 1998), CACNA1H (Cribbs et al., 1998) and CACNA1I (Lee et 

al., 1999) genes, respectively. Similarly to HVA VGCCs, LVA channels consist of a single α1 pore 

forming subunit (α1G – CaV3.1, α1H – CaV3.2, α1I – CaV3.3) that contains four homologous 

domains (I-IV) each made of six transmembrane segments (S1-6) as shown in Figure 1.1. Unlike 

HVA VGCCs, CaV3 channels do not require auxiliary subunits to assemble and function 

correctly. Studies showed that while co-expression of CaV3 channels with α2δ subunits 

increased T-type current density, they did not form protein complexes (Dolphin et al., 1999; 

Dubel et al., 2004), further supporting the consensus that CaV3 channels do not require α2δ, 

β or γ auxiliary subunits to function. 

1.4.1 Physiological roles of CaV3 VGCCs 

CaV3 VGCCs belong to the LVA VGCCs group due to their biophysical properties (summarised 

in Table 1.2). CaV3 channels are widely expressed in the nervous (Perez-Reyes, 2003), 

neuroendocrine and cardiovascular systems where they have a variety of functions, including 

the control of vascular tone (Kuo et al., 2014), pacemaking (Mesirca et al., 2014), and hormone 

release. In the central nervous system, CaV3 channels play a key role in the regulation of 

neuronal excitability (Cain and Snutch, 2010b ; Cheong and Shin, 2013) mainly due to their 

hyperpolarised range of activation and inactivation. A much smaller depolarisation is required 

for activation in comparison to CaV1 and CaV2 channel families, and only a brief membrane 

hyperpolarisation is sufficient to recover CaV3 channels from partial inactivation and facilitate 

membrane depolarisation and neuronal firing. The fast recovery of CaV3 channels from 

inactivation allows the generation of Ca2+ spikes during hyperpolarisation which in turn leads 

to rebound burst firing (Figure 1.4B; Beurrier et al., 1999; Cain and Snutch, 2010a). While most 

of CaV3 channels are inactive at or near resting membrane potentials of neurons, a small 

fraction of CaV3 channels remains open allowing a passive influx of Ca2+. This overlap between 

activation and inactivation potentials of CaV3 channels creates a window current which allows 

the generation of low frequency oscillations in thalamic neurons (Figure 1.4C; Williams et al., 

1997; Cain and Snutch, 2010a), further contributing to neuronal excitability regulation 

(Dreyfus et al., 2010). Another way CaV3 channels regulate neuronal excitability is the 
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formation of functional protein complexes with calcium- and voltage-activated potassium 

channels, allowing them to function at lower membrane potentials (Weiss and Zamponi, 

2020). 

Based on the distribution of CaV3 channels in cortical neurons of rat brain, T-type currents 

may be responsible or contribute to a variety of neuronal activities (McKay et al., 2006). In 

addition to regulating neuronal excitability, CaV3 channels have been linked to hormone 

secretion (Carabelli et al., 2007) and neurotransmitter release (Jacus et al., 2012). Moreover, 

CaV3 channels have been shown to play roles in the function of cardiovascular system (Hansen, 

2015), as well as being important in sleep-wake cycles (CaV3.1) (Uebele et al., 2009), in 

relaxation of cerebral arteries (CaV3.2) (Harraz et al., 2014) and in smooth muscle contraction 

in cerebral arteries in cooperation with CaV1.2 (Harraz et al., 2015).  
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Figure 1.4 Alteration of neuronal firing patterns by CaV3 channel activity. Recordings from reticular 
thalamic (A, B) and thalamic lateral geniculate (C) neurons displaying altered firing properties 
depending on the level of T-type currents. (A) Neurons with a depolarised membrane potential 
(inactivated CaV3 channels) or neurons with low expression of CaV3 channels are more likely to fire 
single or tonic action potentials. CaV3 channels will conduct Ca2+ during single or tonic action potentials 
if the firing occurs from a sufficiently hyperpolarised membrane potential and if the expression density 
of CaV3 channels is too low to induce burst firing. (B) Burst firing occurs if the expression of CaV3 
channels is high and the neuron is held at a hyperpolarised membrane potential to ensure CaV3 
channels are not activated. (C) Slow oscillations (< 1 Hz) occur because of bistability of particular 
neurons depending on whether the T-type window current is “on” or “off”, however it is also highly 
dependent on leak potassium and the non-specific cationic conductance. (From: Cain and Snutch, 
2010a). 
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1.4.2 CaV3 VGCCs in neuropathic pain 

Neuropathic pain is estimated to affect approximately 7-10% of the global population 

(International Association for the Study of Pain, IASP), and has various causes, including 

physical injury, inflammation, or chronic diseases. The most common neuropathic pain 

symptoms are associated with the disturbances in sensitisation mechanisms and abnormal 

neuronal firing along the primary nociceptive pathways of the somatosensory system, in 

particular the peripheral nociceptive Aβ, Aδ, and C nerve fibres (also called nociceptors) 

(Colloca et al., 2017; Finnerup et al., 2021). The nociceptive signals are processed in several 

brain regions, including the thalamus, hypothalamus, midbrain, somatosensory cortices, 

prefrontal cortex, and cingulum (Apkarian et al., 2012). Notably, the activity of anterior 

cingulate cortex was shown to be upregulated in animal models of pain (Ning et al., 2013), 

suggesting that it plays a key role in persistent neuropathic pain (Wei et al., 2002; Xu et al., 

2008). Neuropathic pain is associated with the sensitisation of nociceptive neurons in the 

dorsal horn (Ji et al., 2003), but to fully comprehend the underlying mechanisms of 

neuropathic pain, it is important to understand the nociceptive sensory pathway and the 

involvement of various ion channels (Figure 1.5), such as TRP channels, acid-sensing ion 

channels (ASIC), hyperpolarisation-activated cyclic nucleotide-gated channels (HCNs), voltage-

gated sodium (NaV), potassium (KV), and calcium (CaV) channels (Finnerup et al., 2021) which 

are often altered in disease states, leading to an imbalance of electrophysiological responses 

(Rangel-Galván et al., 2023). 

CaV3 VGCCs have been shown to play an important role in the initiation and maintenance of 

neuropathic pain. CaV3 channels can regulate the release of pain mediators, while their 

biophysical properties facilitate the regulation of neuronal excitability (Zamponi et al., 2015), 

thereby contributing to nociceptive signalling. CaV3 VGCCs are expressed in key regions 

associated with pain processing, including the dorsal root ganglia and dorsal horn. Among the 

CaV3 channel isoforms involved in pain processing, CaV3.2 is the predominant isoform involved 

in pain modulation (Zamponi et al., 2009). CaV3.2 contributes to the excitation of primary 

afferent fibres, synaptic transmission, and overall pain processing (Weiss and Zamponi 2019; 

Harding and Zamponi 2022). Understanding the role of CaV3 VGCCs provides valuable insights 

into the mechanisms and potential therapeutic targets for the treatment of neuropathic pain. 
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Figure 1.5 N-type and T-type VGCCs in the primary afferent signalling pathway. LVA VGCCs are 
primarily localised more upstream in the pathway and are thought to be both involved in generating 
sensory potentials out near free nerve endings, as well as being present in dorsal root ganglion (DRG) 
cell bodies where they likely contribute to the generation and frequency of action potentials. Action 
potentials carried along DRG cell axons (mainly C and Aδ afferents) trigger the opening of pre-synaptic 
CaV2.2 VGCCs which in turn initiate the release of nociceptive transmitters such as glutamate, 
substance P and CGRP onto spinal interneurons and projection neurons. (From: Zamponi et al., 2009). 
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1.4.3 CaV3 VGCCs as drug targets for neuropathic pain 

Numerous studies highlight the involvement of CaV3 VGCCs in the pathogenesis of 

neuropathic pain, particularly CaV3.2, where its elevated expression in the peripheral 

nociceptive nerve fibres (nociceptors) has been associated with neuropathic pain 

development (Bourinet et al., 2016). In a spared nerve injury animal model, increased CaV3.2 

expression in the excitatory neurons in the dorsal horn resulted in thermal hyperalgesia and 

allodynia, while silencing CaV3.2 appeared to reduce neuropathic pain (Zhi et al., 2022). 

Furthermore, increased expression of CaV3.2, but not CaV3.1 or CaV3.3, resulted in mechanical 

allodynia in a partial sciatic nerve ligation-induced animal model of neuropathic pain (Feng et 

al., 2019), and in a spinal cord injury model, the activity of CaV3 VGCCs appeared to be 

responsible for the hyperexcitability state of nociceptors (Lauzadis et al., 2020). Moreover, 

following nerve injury, CaV3 VGCCs can upregulate the function and expression of pain 

mediators, such as glutamate and substance P, in the spinal dorsal horn, contributing to 

neuropathic pain (Ghazisaeidi et al., 2023).  

Current treatments for neuropathic pain offer symptomatic relief but can take long time to 

show any analgesic effects. Furthermore, many of these treatments have limited efficacy 

(approx. 50% maximum) and can cause serious side effects (Rangel-Galván et al., 2023), 

underscoring the need for novel therapeutic strategies. Several studies hypothesise that CaV3 

VGCCs modulators, channel blockers in particular, could provide neuropathic pain relief. 

Several compounds (Figure 1.6), including mibefradil, ethosuximide (ETX), TTA-A2 and Z944 

can block the activity of CaV3 VGCCs; however, some of them lack specificity. Many studies 

consistently report an upregulation of CaV3 VGCCs in neuropathic pain conditions, and 

therefore the development of neuropathic pain treatment has been focused on more specific 

CaV3 channel blockers. 

ETX, known for its antiepileptic properties and as a CaV3 channel blocker, showed analgesic 

effects in several chronic pain models; however, clinical trials in humans revealed that ETX not 

only failed to reduce overall pain, it also caused a high number of adverse side effects, and 

consequentially had to be withdrawn (Kerckhove et al., 2018). In another approach, alleviation 

of neuropathic pain was achieved by modulating CaV3 VGCCs with a blocker (NNC 55-0396) 

and subsequently inhibiting the neuronal activity of anterior cingulate cortex in a chronic 

constriction injury rat model (Shen et al., 2015). Additionally, in a varicella-zoster virus 

infection mice model, an upregulation of CaV3.2 in dorsal root ganglion led to increased 
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mechanical and thermal sensitivity, which were alleviated by the treatment with (2T/S)-6-PNG 

inhibitor (Gaifullina et al., 2019). Novel prenylated flavonoids have shown potential to 

alleviate neuropathic and visceral pain by inhibiting CaV3.2 and CaV3.3 activity (Rangel-Galván 

et al., 2021; Nguyen et al., 2019). Moreover, a study by Cai et al. (2020) reported that a 5bk 

compound could reverse mechanical sensitivity associated with CaV3 VGCCs independently 

from the opioid receptors in a paclitaxel and spinal nerve ligation-induced models of pain, 

providing a potential non-addictive treatment for neuropathic pain. 

While these molecules show promise for the treatment of neuropathic pain in animal models, 

many of them still lack specificity or show poor efficacy. Consequently, there is a pressing need 

for more targeted and specialised therapy for CaV3 VGCC-associated neuropathic pain. 

Another approach to managing CaV3 channel-associated neuropathic pain involves targeting 

their modulators, such as the α2δ and β auxiliary subunits for HVA VGCCs, as highlighted in 

section 1.3.3.3. However, CaV3 VGCCs do not require any known auxiliary subunits to function. 

Despite this, the study conducted by Cottrell et al. (2018) describing CACHD1 as a modulator 

of CaV3 VGCCs, and the similarities between CACHD1 and α2δ subunits suggest that CACHD1 

could represent a potential drug target. Therefore, the subsequent sections discuss CACHD1 

protein in more detail. 
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Figure 1.6 Known inhibitors of CaV3 channels with analgesic properties. (a) Left: structure of the high 
affinity and selectivity CaV3 channel inhibitor Z944. Right: Z944 shown within the binding pocket of 
CaV3.1. (b) Structures of commonly utilised CaV3 channel inhibitors, with varying degrees of affinity 
and selectivity. Many of these compounds mediate analgesia in preclinical pain models. (From: Harding 
and Zamponi 2022). 
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1.5 CACHD1 as an α2δ-like protein 

CACHD1 is encoded by the cache (Ca2+ channel and chemotaxis receptor) domain containing 

1 gene located on chromosome 1 (1p31.3) and represents a highly conserved protein across 

various organisms, including vertebrates, fish, and insects. CACHD1 orthologues were 

identified in numerous species, included but not limited to Homo sapiens, Drosophila 

melanogaster, Caenorhabditis elegans, Bos taurus, Danio rerio, and Xenopus laevis as shown 

in Figure 1.7. CACHD1 was first cloned by Nagase et al. (2000) and identified to be related to 

α2δ auxiliary subunits by Whittaker and Hynes (2002) using bioinformatics approach. Despite 

relatively low gene homology (13-16%) and protein identity (<21%) with α2δ subunits, there 

are key structural similarities between CACHD1 and α2δ subunits that support the 

classification of CACHD1 as a member of the α2δ protein family. 

  



26 

 
Figure 1.7 Phylogenetic tree showing CACHD1 gene in various species. (Generated using Ensembl; 
ENSG00000158966). 
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1.5.1 Structure of CACHD1 

Structural studies show that while the sequence homology of CACHD1 and α2δ subunits may 

be limited, there are structural similarities in terms of protein motifs and their arrangement 

(Figure 1.8). These structural features include a von Willebrand Factor A domain (VWA), 

chemosensory-like cache domains and a N-terminal signal sequence (Cottrell et al., 2018; 

Stephens and Cottrell, 2019). However, there are also several important differences between 

CACHD1 and α2δ subunits. α2δ subunits have multiple glycosylation sites, a fully conserved 

metal ion-dependent adhesion site (MIDAS) motif (DxSxS), a RRR gabapentin binding motif 

(α2δ-1 and α2δ-2) or RNR variant motif (α2δ-3 ad α2δ-4) (Wang et al., 1999; Marais et al., 

2001; Chen et al., 2023), and are also reported to be glycophosphatidylinositol (GPI)-anchored 

proteins (Davies et al., 2010). On the other hand, CACHD1 is predicted to have seven potential 

N-glycosylation sites (Dahimene et al., 2018), a variant MIDAS motif (DxGxS), a RSR variant 

gabapentin binding motif, and a single transmembrane domain with a large intracellular C-

terminal tail containing putative tyrosine and dileucine internalisation motifs (Whittaker and 

Hynes, 2002; Cottrell et al., 2018; Stephens and Cottrell, 2019). A recent report by Gumerov 

et al. (2022) has described an additional amino acid binding motif, YRWYD, located within 

cache domains of CACHD1 and α2δ where gabapentinoids may also bind. In CACHD1, this 

binding motif is located entirely within the dCache2 domain, unlike in α2δ where the N-

terminal (YRW) and C-terminal (YD) parts of the motif straddle the VWA domain. 
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Figure 1.8 Schematic comparison of the major structural domains and motifs of human α2δ-1 and 
CACHD1 proteins. (Adapted from: Stephens and Cottrell, 2019). 
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1.5.1.1 Cache domains 

Chemoreceptors commonly found in bacteria and archaea are important in recognising 

extracellular signalling molecules involved in various cellular pathways (Parkison et al., 2015; 

Ortega et al., 2017). These chemoreceptors typically contain cache domains that serve as their 

sensory modules. In bacteria, cache domains bind various ligands, including amino acids, 

organic acids, sugars, and nucleotides, which then initiate downstream signalling pathways 

(Ortega et al., 2017; Matilla et al., 2022). Cache domains are rarely present in eukaryotic 

proteins; however, they are found in the VGCC α2δ protein family that includes α2δ-1, α2δ-2, 

α2δ-3, α2δ-4 and CACHD1 proteins. Initial studies reported that α2δ subunits contained a 

single cache domain, which was later revised to two cache domains (Uniprot P54289). 

Subsequent crystallographic studies by Wu et al. (2016) revealed that α2δ subunits contain 

four individual cache domains. On the other hand, as a relatively unstudied protein with 

limited research, CACHD1 is predicted to contain two individual cache domains (Whittaker 

and Hynes, 2002; Cottrell et al., 2018; Stephens and Cottrell., 2019). However, recent study 

by Gumerov et al. (2022) introduced new organisation of the cache domains within α2δ and 

CACHD1 proteins. This study proposes that both α2δ and CACHD1 contain two double cache 

domains (termed dCache1 and dCache2) instead of the previously assumed four individual 

domains (Figure 1.9A-C). Figure 1.5C shows the proposed organisation of α2δ and CACHD1 

structural features, where the VWA domain is inserted into the first dCache1 domain, 

followed by the second dCache2 domain containing an insertion. Moreover, the overlay of 3D 

protein structures of CACHD1 and α2δ-1 (Figure 1.9D-E) underscores the structural similarities 

between these proteins, further supporting the classification of CACHD1 as a member of the 

α2δ protein family. 
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Figure 1.9 Structural comparison of α2δ-1 and CACHD1. (A) α2δ-1 and CACHD1 structural domains 
recognised by Pfam database and (B) experimental studies. (C) Newly proposed domain organisation 
for α2δ-1 and CACHD1 showing two dCache domains instead of previously assumed individual four 
and two cache domains for α2δ-1 and CACHD1 respectively. (D) 3D structure of CACHD1 modelled by 
AlphaFold. (E) Overlay of human CACHD1 and rabbit α2δ-1 proteins showing structural similarities. 
(Adapted from: Gumerov et al., 2022). 
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1.5.1.2 Metal ion dependent adhesion site (MIDAS) motif 

The MIDAS motif is a conserved structural motif found in several transmembrane proteins 

involved in cell adhesion and signalling. These proteins include, but are not limited to integrins 

(Brown et al., 2018) and cadherins (Higgins et al., 2000), where the MIDAS motif coordinates 

divalent cations like magnesium (Mg2+), calcium (Ca2+), and manganese (Mn2+), playing a 

crucial role in ligand recognition and binding (Valdramidou et al., 2008; Zhang and Chen, 

2012). CACHD1 and α2δ subunits share a common VWA domain that contains a MIDAS motif, 

and while α2δ subunits contain a MIDAS motif with fully conserved key residues (DxSxS), 

CACHD1 contains a variant MIDAS motif (DxGxS) with a glycine residue in place of the serine 

residue shown to be critical in α2δ subunits (Briot et al., 2018). A fully conserved MIDAS motif 

is not required for metal ion binding (Whittaker and Hynes, 2002); however, it was shown to 

be functionally important for VGCCs trafficking and synaptic function (Cantí et al., 2005; 

Hoppa et al., 2012; Cassidy et al., 2014). Previous studies show that mutations in the key 

MIDAS residues result in disruption of α2δ-1-CaV2.2 interaction (Dahimene et al., 2018), 

impairment of α2δ-1 trafficking to cell surface (Cassidy et al., 2014), and an ablation of CaV1 

and CaV2 current increases normally seen in wild type α2δ-1 and α2δ-2 (Cantí et al., 2005; 

Hoppa et al., 2012; Cassidy et al., 2014).  

1.5.1.3 Transmembrane domain 

CACHD1 is classed as type I transmembrane protein due to its N-terminal signal peptide and 

an intracellular C-terminal domain (Sharma and Schiller, 2019). Many transmembrane 

proteins utilise their cytoplasmic endocytic motifs to facilitate endocytosis and subsequent 

post-endocytic sorting within the cell (Sharma and Schiller, 2019). Although α2δ subunits are 

generally considered transmembrane proteins, there has been some debate regarding their 

membrane topology, with some studies suggesting that α2δ subunits could be GPI-anchored 

instead (Davies et al., 2010), therefore lacking a cytoplasmic tail and endocytic motifs. On the 

other hand, CACHD1 possesses a transmembrane domain and a long intracellular C-terminal 

tail (Cottrell et al., 2018). Therefore, it is possible that CACHD1 and α2δ utilise different 

molecular mechanisms for endocytosis at the cell surface and subsequent intracellular 

processing. 

1.5.2 Expression of CACHD1 

A study by Cottrell et al. (2018) showed that CACHD1 is widely expressed in the mammalian 

central nervous system. In rat tissue, CACHD1 transcripts were highly expressed in thalamus, 
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hippocampus, and cerebellum, showing unique expression pattern in comparison to α2δ-1 

subunits that were mostly expressed in cortex, superior cervical ganglia, and hippocampus 

(Figure 1.10). Furthermore, immunocytochemistry of adult human brain showed CACHD1 

protein was abundantly expressed in hippocampus, cortical regions, and thalamus (Figure 

1.11), showing similar distribution to CaV3 channels, in particular CaV3.1, in the central nervous 

system (Talley et al., 1999). In terms of neuronal expression, CACHD1 was shown to be 

strongly expressed on the surface of cell soma, axon and the dendrites including dendritic 

spines of primary hippocampal neurons (Figure 1.12; Ablinger et al., 2022). 
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Figure 1.10 Relative expression profile of CACHD1 and α2δ-1 mRNA in rat tissue determined using 
SYBR green real-time quantitative PCR. HPRT1 was used as the housekeeping gene. DRG, Dorsal root 
ganglion; SCG superior cervical ganglion. (From: Cottrell et al., 2018). 
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Figure 1.11 CACHD1 protein expression in human brain. Immunocytochemistry of adult human brain 
using rabbit anti-CACHD1 primary antibody with peroxidase anti-rabbit secondary antibody with DAB 
stain (brown). CA1-4, Cornu ammonis 1-4; DG, dentate gyrus. (From: Cottrell et al., 2018). 
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Figure 1.12 CACHD1 can be expressed on the somato-dendritic and axonal surface. (A) Live cell 
surface staining of wildtype primary hippocampal neurons overexpressing soluble eGFP together with 
HA-tagged constructs of α2δ subunits or CACHD1. The somatic expression pattern of the anti-HA 
labelling revealed that all α2δ subunits and CACHD1 can be expressed on the neuronal surface. (B) 
Anti-HA and synapsin immunofluorescent labelling revealed that all α2δ and CACHD1 show synaptic 
and dendritic membrane targeting (white arrowheads). (C) Quantification of the average HA 
fluorescent intensities illustrated that the surface expression of α2δ-1 was reduced compared to those 
of the other subunits. α2δ-2 expression in soma, dendrites, and axons was higher compared to α2δ-1, 
α2δ-4, and CACHD1. (From: Ablinger et al., 2022). 
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1.5.3 CACHD1 as a modulator of VGCCs 

As CACHD1 is a novel modulator of VGCCs, the number of studies describing its full potential 

as VGCC modulator is currently limited and therefore it is of great importance to gain the 

understanding of the mechanisms of how CACHD1 modulates CaV3 and other VGCCs. The 

main findings to date show that CACHD1 modulates CaV3 and CaV2.2 channels (Cottrell et al., 

2018; Dahimene et al., 2018, respectively).  

CACHD1 showed modulation of CaV3 channels by increasing the i) peak current density with a 

corresponding increase in maximal conductance for CaV3.1 (Figure 1.13), ii) channel open 

probability for CaV3.1, iii) calcium current levels for CaV3.2 and CaV3.3 (Figure 1.14); while also 

promoting CaV3.1 cell surface localisation as well as formation of CACHD1-CaV3.1 protein 

complexes in heterologous expression system and native neurons (Figure 1.15), as opposed 

to α2δ-1 which showed no effect on T-type calcium currents under the same conditions 

(Cottrell et al., 2018; Stephens and Cottrell, 2019). While α2δ-1 showed no effect on CaV3 

family calcium channels (Cottrell et al. 2018), it plays a similar role for CaV1 and CaV2 channels 

(Dolphin, 2012).  

Furthermore, CACHD1 may act as a modulator for CaV2.2. While human CACHD1 did not result 

in significant increase of human CaV2.2 currents (Soubrane et al., 2012), zebrafish and rat 

Cachd1 showed significant increase in rat CaV2.2 currents, while promoting CaV2.2 cell surface 

expression by reducing endocytosis (Dahimene et al., 2018). However, while a significant 

increase in CaV2.2 currents caused by Cachd1 was observed, this was not as profound as for 

α2δ-1 modulated current increase (Figure 1.16A-B). Dahimene et al. (2018) suggests that 

Cachd1 may compete with α2δ-1 for the same structural motif. However, mutagenesis of the 

CaV2.2 D122 interaction site did not affect Cachd1 modulated CaV2.2 current increase (Figure 

1.16B), suggesting that Cachd1 may utilise different domains to interact with CaV2.2, perhaps 

its cache domains. Moreover, Cachd1 did not modulate CaV2.1 (Figure 1.16C) (Dahimene et 

al., 2018), showing that α2δ subunits and Cachd1 may modulate VGGCs utilising different 

modes of action. 
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Figure 1.13 Effects of CACHD1 on CaV3.1channels. (A) CACHD1 significantly increased current density 
while α2δ-1 had no significant effect as shown by representative current density traces at -25 mV, and 
(B) I-V relationship for CaV3.1, holding potential -90 mV. (C) CACHD1, but not α2δ-1 significantly 
increased maximal conductance. (From: Cottrell et al., 2018). 
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Figure 1.14 Effects of CACHD1 on CaV3.2 and CaV3.3 channels. CACHD1 significantly increased current 
density for CaV3.2 (A) and CaV3.3 (B) as shown by representative traces at -20 mV and -25 mV, and (C, 
D) I-V relationships, holding potential -90 mV. (From: Cottrell et al., 2018). 
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Figure 1.15 CaV3.1 and CACHD1 are expressed in close proximity at the cell surface. HEK cells were 
transiently transfected with empty vector (VC), VC + Myc-CACHD1, VC + GFP-CaV3.1-HA, Myc-CACHD1 
+ GFP-CaV3.1-HA, or CLR-RAMP1 (positive control), and live cells were labelled with antibodies to HA 
and Myc, washed, and fixed with 4% PFA. (A) Cells were then incubated with appropriate secondary 
antibodies and immunoreactive proteins were visualised by confocal microscopy. GFP-CaV3.1-HA and 
Myc-CACHD1 are both expressed on cell surface as indicated by the detection of HA (white arrows) 
and Myc (yellow arrows) fluorescent signals. (Scale bar 10 µm). (B) PLA confirmed GFP-CaV3.1-HA and 
CACHD1 co-localisation and CaV3.1/CACHD1 complex formation (arrows) at the cell surface. (Scale bar 
20 µm). (From: Cottrell et al., 2018). 
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Figure 1.16 D122A mutation of CaV2.2 abolishes CaV2.2 current enhancement by α2δ-1 but not 
CACHD1. (A) Example CaV2.2-WT and CaV2.2-D122A current traces co-expressed with β1b only, or with 

either α2δ-1 or rCACHD1. (B) I-V relationships (meanSEM) for the conditions shown in (A). α2δ-1 
significantly increased CaV2.2 currents. CACHD1 also significantly increased CaV2.2 currents; however, 
the increase was not as profound as observed for α2δ-1. Mutagenesis of CaV2.2 D122 interaction site 
to Ala abolished α2δ-1-mediated CaV2.2 current increase but had no effect on CACHD1-mediated 
CaV2.2 current increase, suggesting that α2δ-1 and CACHD1 use different modes of action for CaV2.2 
modulation. (C) CACHD1, unlike α2δ-1, did not modulate CaV2.1 VGCCs. (From: Dahimine et al., 2018). 
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1.5.4 CACHD1: A potential drug target? 

Results from Cottrell et al. (2018) showed that CACHD1 plays a role in the modulation of CaV3 

channels and increases neuronal T-type currents, which in turn promote an increase in action 

potential firing frequency resulting in increased neuronal excitability, suggesting that CACHD1 

may play a role in the management of hyperexcitability diseases such as pain and epilepsy. 

Furthermore, recent studies link CACHD1 to malignant peripheral nerve sheath tumours in a 

BL1391 cell line established from a primary tumour, where a YAP1-CACHD1 in-frame fusion 

resulted in a mutant protein (1325aa, 1-188 YAP1 + 88-1224 CACHD1) (Tolomeo et al., 2020). 

CACHD1 was also identified as a substrate for β-site amyloid precursor protein (APP) cleaving 

enzyme 1 (BACE1) protease (Hemming et al., 2009; Njavro et al., 2019) and for γ-

secretase/presenilin complex (Güner and Lichtenthaler, 2020) involved in the generation of 

pathogenic amyloid-β peptide in Alzheimer’s disease, and proposed as a novel biomarker for 

non-alcoholic steatohepatitis-associated liver preneoplastic and neoplastic lesions due to its 

elevated expression levels (Kakehashi et al., 2021). Modulation of CACHD1 gene expression 

was also found in patients with type 1 diabetes (Rassi et al., 2008). Moreover, study by Tian 

et al., (2021) reported that Cachd1-deficient mice exhibit hearing and balance defects 

associated with the disturbance of Ca2+ homeostasis presumably caused by the loss of Cachd1 

regulatory effects on VGCC activity. 

Cachd1 is also widely expressed in mouse DRG (Ray et al., 2018), which play a critical role in 

the nociceptive signalling pathway. Moreover, human brain atlas database shows CACHD1 co-

expression with CaV3.2 channels that act as key mediators of neuropathic and inflammatory 

pain (García-Caballero et al., 2014). This evidence further implicates CACHD1 as a potential 

therapeutic target for pain. It is also worth noting that while the exact biological function and 

relationship of CACHD1 to different diseases are not yet fully understood, CACHD1 may have 

multiple functions in the nervous system and therefore represents a potential target for novel 

treatments for diseases associated with CACHD1 and VGCCs modulated by CACHD1.  
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1.6 Project aims 

α2δ subunits are widely studied because of their interaction with different VGCCs. CACHD1 

shares structural and functional similarities with the α2δ subunits, acting as a 

modulator/auxiliary subunit of CaV3 LVA VGCCs, therefore it is of great interest to gain deeper 

understanding of CACHD1 mechanisms of action. The aims of this project were to characterise 

the role of different structural motifs in CACHD1. 

• The first aim of this project was to characterise the role of the MIDAS motif in CACHD1 

expression and function as modulator of CaV3 VGCCs. This aim is addressed in Chapters 

3 and 4. 

• The second aim was to investigate the endocytic pathway and post-endocytic sorting 

pathway used by CACHD1, as well as to characterise the roles of the tyrosine 

internalisation motif, transmembrane domain, and the intracellular C-terminal tail in 

CACHD1 on its expression and trafficking, as addressed in Chapter 5. 

• The third aim of this project was to clone and purify a soluble form of CACHD1 for 

future ligand binding studies, and this aim is addressed in Chapter 6. 
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2. MATERIALS AND METHODS 

2.1 Secondary cell culture 

2.1.1 Cell lines 

Table 2.1 List of cell lines. 

Cell line Species Tissue Medium Source 

293T tsA201 

human 
embryonic 

kidney 
 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP 

ECACC 

293 Flp-In™ T-REx™ 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP,  

zeocin (100 µg/ml), 
blasticidin (5 µg/ml) 

Invitrogen 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-

CACHD1 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

generated in 
this study 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-

CACHD1-AAA-MIDAS 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-

CACHD1-G236S-
MIDAS 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

Lenti-X™ 293T 
DMEM, 10% (v:v) FBS, D-

glucose (4.5 g/L), 
glutaMAX™-I, SP 

Clontech 
Laboratories 

293 Flp-In™ T-REx™ 
pLenti6.3-TetO-

CACHD1 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 
G418 (200 µg/ml) 
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293 Flp-In™ T-REx™ 
pLenti6.3-TetO-

CACHD1-AAA-MIDAS 

  

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 
G418 (200 µg/ml) 

 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-TO-
CACHD1-G236S-

MIDAS 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-NSS-

Myc-CACHD1-trunc-
Avi-GG-12His 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

293 Flp-In™ T-REx™ 
pcDNA5/FRT-Igκ-

Myc-CACHD1-trunc-
Avi-GG-12His 

DMEM, 10% (v:v) FBS, D-
glucose (4.5 g/L), 
glutaMAX™-I, SP, 

hygromycin B (50 µg/ml), 
blasticidin (5 µg/ml) 

DMEM – Dulbecco’s modified eagle’s serum; FBS – foetal bovine serum; SP – sodium pyruvate. (ECACC 
– the European Collection of Authenticated Cell Cultures). 

2.1.2 Tissue culture 

All cell lines were cultured in an appropriate medium (Table 2.1) in a T75 culture flask and 

maintained in a humidified atmosphere at 37°C, 5% CO2. Cells were regularly tested for 

mycoplasma infection using a DNA staining method. This method uses DAPI (4’6-diamidino-2-

phenylindole) nuclear stain that binds to adenine-thymine-rich regions in DNA (DAPI 

fluorescence increases approx. 20-fold when DAPI is bound to double-stranded DNA), and 

therefore detects mycoplasma double-stranded plasmid DNA. 

Briefly, cells were plated on coverslips coated with poly-D-lysine (section 2.3.2) and incubated 

in antibiotic-free medium at 37°C, 5% CO2, for 72 h. Cells were then washed, fixed with 4% 

paraformaldehyde (PFA), and mounted on microscope slides using DAPI mounting medium 

(Duolink (Sigma) or Vectashield (Vector Laboratories)). 
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2.1.3 Cell passaging and cell counting 

Sub-confluent cells were first washed with Dulbecco’s phosphate buffered saline (DPBS, 3.3 

mM KCl, 170 mM NaCl, 2.8 mM Na2HPO4, 10.6 mM H2PO4) without CaCl2 and MgCl2 (DPBS-

CM; Invitrogen). Cells were then detached using an appropriate volume of 1x trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA) solution (Sigma) and incubated at 37°C, 5% 

CO2 for 2-3 min. Detachment of cells was checked, and culture medium was added to 

inactivate trypsin-EDTA. The suspended cells were collected by centrifugation at 100 g for 5 

min, and the culture medium was then discarded. The cell pellet was resuspended in fresh 

culture medium and passaged in 1:5 - 1:10 ratio to make a fresh culture. 

Trypsin is a proteolytic enzyme that cleaves adhesion proteins involved in cell-cell and cell 

matrix interaction, specifically at the lysine and arginine residues (unless the upstream amino 

acid is proline) on their C-terminal. EDTA is used as a divalent cation chelator that binds Ca2+ 

and Mg2+ into a hexadentate, weakening cell-cell adhesion and enhancing trypsin activity. 

To count cells, 100 µl of the remaining cell suspension was diluted 1:10 in culture medium, 

and 10-15 µl of the diluted cell suspension were added between the cover glass and 

haemocytometer. Cells in all four outer squares were counted and the total number was 

divided by four to obtain a mean number of cells/square. To obtain the number of cells/ml, 

the mean number was multiplied by 104 (haemocytometer dilution factor) and by 10 (dilution 

factor). A desired number of cells were used for subsequent experiments. 

2.1.4 Cryopreservation and cell recovery 

For all cell lines, sub-confluent cells were detached and resuspended as described above. Cell 

suspension was then centrifuged at 100 g for 5 min to collect cells. Culture medium was 

discarded, and cell pellet was resuspended in a freezing solution (90% culture medium, 10% 

dimethyl sulphoxide (DMSO)). The mixture was then aliquoted into cryotubes at 1 ml each 

(five tubes per T75 cell culture flask), and frozen slowly using a polystyrene box at -80°C before 

being transferred to liquid nitrogen storage. 

To recover cells from liquid nitrogen, cells were thawed quickly in a 37°C water bath. Thawed 

cells were added to 9 ml of warm fresh culture medium and gently mixed. Cells were collected 

by centrifugation at 100 g for 5 min. After centrifugation, the medium containing freezing mix 

was discarded and cells were resuspended in 10 ml of fresh culture medium. Resuspended 
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cells were then seeded in a T75 culture flask and allowed to recover to 80-95% confluency 

before use, changing medium every 2-3 days. 

2.1.5 Transient transfection 

Cells were plated at an appropriate density (6x105 in 12-well plate, 2x106 in 6-well plate) and 

incubated in an appropriate culture medium (Table 2.1) at 37°C, 5% CO2, overnight. After 

overnight incubation and 30 min prior transfection, culture medium was replaced with fresh 

medium without antibiotics (0.8 ml/well in 12-well plate, 1.5 ml/well in 6-well plate). To 

prepare the transfection mix, Opti-MEM® medium (Invitrogen) (200 µl for 12-well plate, 500 

µl for 6-well plate) and appropriate amount of DNA were added to a sterile microcentrifuge 

tube. For co-transfection of multiple vectors, vector sizes were used to calculate the molar 

ratio. Polyethyleneimine (PEI) was used for transient transfection at a 3:1 (transfection 

reagent : DNA (µg)) ratio. Transfection mix was incubated at room temperature for 15-20 min 

before adding to cells. Cells with the transfection mix were incubated at 37°C, 5% CO2, for 4-

6 h. Culture medium was then replaced with fresh medium and cells were incubated for 

further 48 h before analysis. For biotinylation assay, cells were detached as described in 

section 2.1.3 and transferred to poly-D-lysine (20 µg/ml) coated 100 mm cell culture dishes. 

Little is known about how PEI-DNA complexes are processed and transported from cytoplasm 

to the nucleus (Bieber et al., 2002), but most agree PEI works via the so called “proton 

sponge”. PEI is a cationic polymer that binds to DNA, forming positively charged polyplexes 

that electrostatically interact with the external cell membrane. The polyplexes are then 

internalised through endocytosis. During the intracellular trafficking process, PEI attraction of 

protons (“proton sponge”) combined with an acidification of the endosomes by the 

endosomal ATPases (influx of chloride ions) result in lower pH (Remy et al., 1998), increased 

ionic strength and osmotic swelling, disturbing the endosome, and eventually releasing the 

polyplexes into the cytoplasm (Sabin et al., 2022). Once the polyplexes reach the nucleus, PEI 

binds to and stabilises spontaneously formed holes or defects in the nuclear membrane 

causing decomplexation of the polyplexes and release of DNA into the nucleus, while PEI 

remains bound to the nuclear membrane, never entering the nucleus (Sabin et al., 2022). 

2.1.6 Stable cell line generation: Flp-In™ system 

The Flp-In™ system was used to generate stable cell lines (Table 2.1). This system uses pOG44 

vector for the expression of Flp recombinase which allows a Flp recombinase-mediated 
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integration of the gene of interest into the genome of HEK293 Flp-In™ T-REx™ cells. An 

expression vector containing a FRT site and a hygromycin resistance gene, in this case 

pcDNA5/FRT, is used to integrate the gene of interest into the genome by DNA recombination 

at the FRT site. 

Briefly, HEK293 Flp-In™ T-REx™ cells were plated at a density of 2x106 cells/well in a 6-well 

plate (3 wells for each cell line to be generated) and incubated in an appropriate culture 

medium (Table 2.1) at 37°C, 5% CO2, overnight. After overnight incubation and 30 min prior 

transfection, culture medium was replaced with 1.5 ml/well of fresh medium without 

antibiotics. For each well, transfection mix was prepared by adding 500 µl of Opti-MEM®, 9:1 

DNA ratio of pOG44 : FRT vector containing a gene of interest (3 µg of DNA in total), and 8 µl 

of Lipofectamine 2000 reagent (Invitrogen) into a sterile microcentrifuge tube. Transfection 

mix was incubated at room temperature for 15-20 min before adding to cells. Cells with the 

transfection mix were incubated at 37°C, 5% CO2, for 24 h. This was followed by medium 

change (no antibiotics) and incubation for further 48 h. After the incubation period, 

appropriate cells were detached as described in section 2.1.3, added to a centrifuge tube, and 

collected at 100g for 5 min. Cells were then resuspended in an appropriate volume of culture 

medium containing hygromycin B (Table 2.1), split into four 100 mm dishes at approximately 

25% confluency, and incubated at 37°C, 5% CO2. To allow the selection of stably transfected 

cells, hygromycin B was used at 50-100 µg/ml. Whilst undergoing hygromycin selection, cells 

were incubated at 37°C, 5% CO2, for 2-3 weeks, changing medium every 2-3 days. 

Following hygromycin B selection and when multiple colonies of cells were observed, cells 

were detached and collected as described in section 2.1.3. Cell pellet was then resuspended 

in 1 ml of fresh medium containing antibiotics and added to one well of a 12-well plate. When 

cells reached 90-95% confluency, they were detached and transferred to a 6-well plate, T25 

flask and then T75 flask. Once confluent, cells were detached and frozen according to section 

2.1.4. 

2.1.7 Stable cell line generation: Viral transduction 

293 Lenti-X™ cells were plated at a density of 2x106 cells/well in a 6-well plate (1 well for each 

cell line to be generated) and incubated in an appropriate culture medium (Table 2.1) at 37°C, 

5% CO2, overnight. After overnight incubation and 30-60 min prior transfection, culture 

medium was replaced with 1.5 ml/well of fresh medium without antibiotics. For each well, 
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transfection mix was prepared by adding 500 µl of Opti-MEM®, 4:1 PEI:DNA ratio, and 5 µg of 

DNA into a sterile microcentrifuge tube. Molar ratio of vectors was calculated, and each vector 

made up the following parts of the final 5 µg – 1 part pMD2.5 (VSV-G), 1 part pCMV-dR8.74, 

2 parts pLenti6.3 vector containing a gene of interest. Transfection mix was incubated at room 

temperature for 20 min before adding to cells. Cells with the transfection mix were incubated 

at 37°C, 5% CO2, for 6 h. Following incubation, medium containing the transfection mix was 

replaced with DMEM (D-glucose (4.5 g/L), glutaMAX™-I, SP) containing 2% (v:v) FBS, and cells 

were incubated at 37°C, 5% CO2, for 48 h. After 48 h incubation, medium from transfected 

cells containing lentivirus with a gene of interest was collected, centrifuged at 100 g for 5 min 

to remove cell debris, and filtered through a 0.45 µm filter. Filtered media containing lentivirus 

was then diluted 1:10 in DMEM containing 10% FBS and 8 µg/ml polybrene (cationic polymer 

used to neutralise the charge repulsion between the lentivirus and cell membrane, increasing 

infection efficiency), and stored at -80°C until needed. 

A day prior to viral transduction, HEK293 Flp-In™ T-REx™ cells were plated at a density of 1x104 

cells/well in a 24-well plate and incubated at 37°C, 5% CO2, overnight. Once the cells were 

ready for transduction, 200 µl of the viral dilution was mixed with 200 µl of DMEM (10% FBS, 

8 µg/ml polybrene), and added to cells. Cells were incubated with the viral dilution at 37°C, 

5% CO2, for 24 h. After 24 h incubation, the viral dilution was removed, fresh DMEM (10% FBS) 

was added to the cells, and cells were incubated at 37°C, 5% CO2, for further 48 h. After 48 h, 

transduced cells were detached as described in section 2.1.3, resuspended in 2 ml of culture 

medium containing G418 antibiotic, and plated in 1 well of a 6-well plate (25% final 

confluency). To allow the selection of stably expressing cells, G418 was used at 400 µg/ml. 

Whilst undergoing G418 selection, cells were incubated at 37°C, 5% CO2, for 3-4 weeks, 

changing medium every 2-3 days.  

Following G418 selection and when cells reached 95-100% confluency, cells were detached, 

collected, and counted as described in section 2.1.3. Cells were then plated at a density of 1 

cell/ml in a 100 mm cell culture dish or 0.5 cell/well in a 96-well plate to allow for monoclonal 

selection. Leftover cells were resuspended and frozen as described in section 2.1.4, obtaining 

polyclonal cell lines. 

Single cells were grown in culture medium containing G418 until colonies started forming. 

Single clones were then picked and allowed to grow confluent in a 12-well followed by a 6-



49 

well plate at which point each clone was tested by immunocytochemistry and western 

blotting. Once the expression of gene of interest was confirmed, cells were moved to a T75 

flask and allowed to grow. Once confluent, cells were detached and frozen according to 

section 2.1.4. 

2.2 Biochemistry 

2.2.1 Antibodies 

Table 2.2 List of primary antibodies used for Western blotting. 

Primary antibodies 

Target Species 
Type 

(clone) 
Dilution Source (cat. no.) 

HA mouse 
monoclonal 

(15B12) 
1:5000 BioLegend (901502) 

c-Myc 
rabbit polyclonal 1:5000 Sigma (C3956) 

mouse 
monoclonal 

(9E10) 
1:5000 Sigma (M4439) 

6-His rabbit polyclonal 1:5000 Sigma (SAB4301134) 

β-actin mouse 
monoclonal 

(AC-15) 
1:20000 Sigma (A5441) 

TFR mouse 
monoclonal 

(H68.4) 
1:1000 Invitrogen (136800) 

All antibodies were stored in glycerol (1:1) at -20°C. 

Table 2.3 List of secondary antibodies used for Western blotting. 

Secondary antibodies 

Antibody Conjugate Type Dilution Source (cat. no.) 

Donkey-anti-rabbit 
IgG (H+L) 

HRP polyclonal 1:10000 
Jackson ImmunoResearch 

(711-035-152)  

Donkey anti-mouse 
IgG (H+L) 

HRP polyclonal 1:10000 
Jackson ImmunoResearch 

(715-035-151) 

Goat anti-mouse 
IgG 

HRP polyclonal 1:10000 
Jackson ImmunoResearch 

(115-035-166) 

HRP – horseradish peroxidase. All antibodies were stored in glycerol (1:1) at -20°C. 
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2.2.2 Buffers and solutions 

Table 2.4 List of buffers and solutions used for western blotting. 

Buffer Composition Purpose 

Lysis buffer (pH 7.4) 
50 mM Tris/HCl 
0.1% Triton-X-100 

Cell lysis 

RIPA buffer (pH 7.4) 

50 mM Tris/HCl 
150 mM NaCl 
10 mM NaF 
10 mM NaP2O7 
0.1 mM Na3VO4 
1 mM EGTA 
0.5% NP-40 
1 mM MgCl2 

10% Sodium dodecyl 
sulphate (SDS) 

10% (w:v) SDS 
100% (v:v) ddH2O 

SDS-PAGE 
electrophoresis 

5x Loading buffer 
(LB) 

50% (v:v) Glycerol  
10% (w:v) SDS 
0.25 M Tris/HCl (pH 6.8) 
0.0125% (w:v) Bromophenol blue 
23% (v:v) β-mercaptoethanol 

1x Running buffer  
(pH 8.3) 

25 mM Trizma® base 
250 mM Glycine 
1% (v:v) 10% SDS 

1x Transfer buffer  
(pH 8.3) 

48 mM Trizma® base 
39 mM Glycine 
1.29 mM SDS 
10% (v:v) Methanol 

Protein transfer onto 
Polyvinylidene difluoride 

(PVDF) membrane 

1x Phosphate buffered 
saline (PBS) 

137 mM NaCl 
2.7 mM KCl 
8.1 mM Na2HPO4 
1.8 mM KH2PO4 

Protein detection 

1x PBS-Tween® 20 (PBST) 
0.1% (v:v) Tween® 20 
99.9% (v:v) 1X PBS  

5% milk blocking buffer 
5% (w:v) Milk powder 
100% (v:v) 1X PBS 
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2.2.3 Protein extraction 

Cell lysis was performed using 50 mM Tris/HCl 0.1% Triton-X 100 lysis buffer. Briefly, working 

on ice throughout the whole process, cells were washed 3x with DPBS with CaCl2 and MgCl2 

(DPBS+CM; Invitrogen) to ensure removal of all media containing serum before adding lysis 

buffer. Cells were agitated for 30 min at 4°C, followed by harvesting cells using a cell scraper. 

Cell suspension was then transferred to a microcentrifuge tube and centrifuged at 12,000 g, 

20 min, at 4°C, to pellet insoluble material. Supernatant was transferred to separate chilled 

microcentrifuge tube and protein concentration for each sample was determined using a 

protein quantification assay described in section 2.2.5. 

2.2.4 Cell surface biotinylation 

48 h post transfection, working on ice throughout the whole process, cells were washed 3x 

with cold DPBS+CM to ensure removal of all media containing serum. Cells were then 

incubated in 3 ml of EZ-LinkTM sulfo-NHS-SS-Biotin (0.3 mg/ml in DPBS+CM; Thermo Fisher 

Scientific) and gently agitated for 1 h at 4°C. Following incubation, cells were washed 3x with 

cold DPBS+CM, lysed with RIPA buffer (1 ml/dish, 30 min, 4°C; Table 4), and harvested using a 

cell scraper. After cell lysis and removal of insoluble material by centrifugation (12,000 g, 20 

min, 4°C), whole lysate samples (100 µl) were collected for further analysis. 

To capture biotinylated proteins, high capacity NeutrAvidin agarose beads (20 µl/tube; 

Thermo Fisher Scientific) were added and incubated on a rotator at 4°C, overnight. 

NeutrAvidin agarose beads were then collected by centrifugation and washed with RIPA 

buffer (3x, 12,000 g, 1 min, 4°C). After the last wash, beads were resuspended in 20 µl of 2x 

loading buffer (diluted 5x LB; Table 2.4) and stored at -20°C. 

2.2.5 Protein quantification 

Bicinchoninic acid (BCA) assay was performed to determine the concentration of total protein 

in each sample. To prepare the protein standards, 0, 2, 4, 6, 8 or 10 µl of bovine serum albumin 

(BSA, 1 mg/ml) were added to a 96-well plate in duplicates, and 2 µl of each sample in 

triplicates. Distilled deionised water (ddH2O) was then added to a total volume of 10 µl. 200 

µl of BCA reagent A and B mix (50:1 ratio) were added to each well, and the plate was 

incubated at 37°C for 30 min before read at 562 nm using the SoftMaxPro5.4.6 software and 

SPECTRAmax 340PC Molecular devices plate reader. 
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The principle of BCA assay is the formation of purple coloured solution when proteins reduce 

Cu2+ to Cu1+ in an alkaline solution during a biuret reaction (Wiechelman et al., 1988). The 

cuprous cation is then detected by bicinchoninic acid.  

2.2.6 Affinity column chromatography 

The purification procedure is shown in Figure 2.1. All buffers (Table 2.5) and protein samples 

were filtered through a 0.2 µm filter before purification, and flow rate of 1 ml/min was used 

throughout the whole process. Briefly, PureCube Ni-NTA (nickel-nitrilotriacetic acid) agarose 

(Cube Biotech) column was equilibrated with 20 column volumes of binding buffer. Protein 

sample was added to the column and flow-through was collected. Column was then washed 

with wash buffer and absorbance at 280 nm was measured. Protein of interest was eluted 

with 10 ml of elution buffer and analysed using western blot (section 2.2.10) and Coomassie 

staining (section 2.2.9). 
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Figure 2.1 Protein purification method using Ni-NTA agarose column. Cells expressing His-tagged 
protein were plated and allowed to attach overnight, followed by media change to Opti-MEM®.  
Cells were allowed to grow for 72-96 h, collecting media containing secreted proteins every 48 h. 
Collected media was concentrated and resuspended in binding buffer (20 mM Tris/HCl, 5 mM 
imidazole, pH 8.0). Ni-NTA agarose column was equilibrated with binding buffer, followed by protein 
binding at a 1 ml/min flow rate. Column was then washed with wash buffer (20 mM Tris/HCl, 20 mM 
imidazole, pH 8.0) and absorbance (280 nm) was measured until no protein was present in the flow-
through. His-tagged proteins were eluted with elution buffer (20 mM Tris/HCl, 300 mM imidazole, pH 
8.0) and stored at -80°C until analysis. (Made in Biorender.com). 
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Table 2.5 List of buffers and solutions used for protein purification. 

Buffer Composition Purpose 

Binding buffer 
(pH 8.0) 

20 mM Tris/HCl 
5 mM Imidazole 

Column equilibration 
Protein binding 

Wash buffer 
(pH 8.0) 

20 mM Tris/HCl 
20 mM Imidazole 

Column wash 

Elution buffer 
(pH 8.0) 

20 mM Tris/HCl 
300 mM Imidazole 

Protein elution 

 

2.2.7 Protein sample preparation 

Protein samples for western blot analysis were prepared by adding 5x loading buffer to cell 

lysates containing 30 µg of protein at a 1:4 (v:v) ratio and stored at -20°C until needed. Before 

analysis, samples were boiled at 95-100°C for 5 min and briefly centrifuged. 

2.2.8 Protein separation 

Proteins were separated on SDS-PAGE gel using the Mini-PROTEAN® Tetra System (BioRad). 

1.5 mm 3% stacking, and 7% and 9% resolving gels were used, and their composition is shown 

in Table 2.6. To prepare a gel, short and spacer glass plates were cleaned with ddH2O and 

acetone and placed in a stand. Resolving gel was poured between the glass plates and covered 

with 200 µl of water-saturated butan-2-ol to exclude air. Once the gel had set, it was rinsed 

with ddH2O to remove the butan-2-ol. Stacking gel was then poured on top, a 1.5 mm wide 

10-well comb was inserted between the glass plates, and gel was allowed to set. Once the gel 

had set, it was removed from the stand, placed in the gel holder of the Mini-PROTEAN® Tetra 

System and submerged in 1x running buffer. The comb was carefully removed, and each well 

was flushed with 1x running buffer to remove excess non-polymerised acrylamide. 
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Table 2.6 Composition of SDS-PAGE gels. 

Ingredient 
Stacking gel Resolving gel 

3% 7% 9% 

ddH2O 1.92 ml 5.55 ml 5.05 ml 

40% (w:v) Acrylamide/Bis 
solution 37.5:1 

380 µl 1.75 ml 2.25 ml 

500 mM Tris/HCl (pH 6.8) 2.5 ml - 

1.5 M Tris/HCl (pH 8.8) - 2.5 ml 

10% (w:v) SDS 100 µl 100 µl 

10% (w:v) ammonium 
persulphate (APS) 

100 µl 100 µl 

N,N,N’,N’-
Tetramethylethylenediamine 

7.5 µl 2.5 µl 

Stacking gel – 5 ml/gel; Resolving gel – 10ml/gel. 

Protein samples were loaded onto the gel, together with a protein marker (Precision Plus 

Protein™; BioRad). Proteins were separated according to their size by SDS-PAGE 

electrophoresis under constant current (20 mA/gel for 30 min, increased to 25-30 mA/gel for 

2-2.5 h) until the loading dye ran off the bottom of the gel. Gels were then used for western 

blotting and Coomassie staining. 

2.2.9 Coomassie staining 

Coomassie staining was used to detect all proteins in lysate samples. Following SDS-PAGE 

electrophoresis, gels were removed from glass plates, placed in Coomassie stain (50% (v:v) 

methanol, 10% (v:v) glacial acetic acid, 0.1% (w:v) Coomassie Brilliant Blue powder, 39.9% (v:v) 

ddH2O) and incubated on a rocking platform at room temperature, overnight. Stained gels 

were placed in a de-staining solution (50% (v:v) methanol, 10% (v:v) glacial acetic acid, 40% 

(v:v) ddH2O) at room temperature for 4 h (changing solution every hour) and overnight, 

followed by re-hydration in ddH2O and imaging using white light. 
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2.2.10 Electrophoretic transfer 

Following SDS-PAGE electrophoresis, wet electrophoretic transfer was performed to transfer 

proteins from the gel onto polyvinylidene difluoride (PVDF) membrane (Immobilon®-P, 

Sigma), using the Mini Trans-Blot system (BioRad). PVDF membrane was activated with 100% 

methanol for 15 s, agitated in ddH2O for 1 min and then placed in 1x transfer buffer for at 

least 10 min. Gels were removed from glass plates, placed in a 1x transfer buffer, and allowed 

to equilibrate for approx. 10 min. Following equilibration, fibre pad and extra thick blotting 

paper soaked in 1x transfer buffer were added onto the transfer cassette. PVDF membrane 

was placed on top of the blotting paper, and a gel was placed onto the membrane. Gel was 

then covered with another blotting paper and a fibre pad, and the transfer cassette was 

closed, and placed in the transfer tank filled with pre-chilled 1x transfer buffer. Cooling unit 

was filled with dry ice to prevent overheating and was replaced every 15-20 min. Proteins 

were transferred onto PVDF membrane under constant current (1 A) for 1 h.  

2.2.11 Immunoblotting 

Following protein transfer, PVDF membrane was placed in 1x PBS for 5 min. PVDF membrane 

was then blocked with 5% milk blocking buffer on a rocking platform at room temperature for 

1 h. After blocking period, blocking buffer was replaced with 10 ml of fresh blocking buffer 

containing appropriate primary antibodies (Table 2.2) and PVDF membrane was incubated on 

a rocking platform at 4°C overnight. Following overnight incubation, PVDF membrane was 

washed with 1x PBST (6x 5 min) and incubated in 10 ml of fresh blocking buffer containing 

appropriate secondary antibodies (Table 2.3) on a rocking platform at room temperature for 

1 h. This was followed by another wash step with 1x PBST (6x 5 min) before imaging. 

2.2.12 Imaging 

After immunoblotting, blots were imaged using the ImageQuant™ LAS 4000 mini detection 

system for HRP-linked secondary antibodies activated by enhanced chemiluminescence (ECL) 

solution (BioRad).  

2.2.13 Densitometry – protein quantification 

Densitometry was used to determine the signal density for proteins detected by western blot. 

To ensure reliability of this method, protein amount, antibody dilutions, and gel and blot 

conditions were optimised and kept the same for each set of experiments. 
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Blot images that showed protein saturation, wavy, streak or smear patterns, or band ghosting, 

were excluded from quantitative comparison. For each individual experiment, multiple images 

were taken in 10-30 s increments and once protein bands became overexposed, imaging was 

stopped, and the overexposed image was discarded, keeping only viable blot images. 

ImageQuant TL (v8.1.0.0; Cytiva) was used to create protein lanes, detect protein bands of 

interest, and remove background from the blots to obtain protein-only signal density. Briefly, 

for each sample lane, the signal form the protein of interest band was normalised to the 

corresponding β-actin (loading control) protein band signal by dividing the protein data by 

loading control data, resulting in a sample/control ratio. This process was repeated for at least 

two separate images of the same blot captured at 10-60 s intervals (technical repeats), and an 

average of the sample/control ratios was obtained, representing one biological repeat for 

each sample. Raw data was then analysed using an appropriate statistical test. 

2.3 Immunocytochemistry 

2.3.1 Antibodies 

Table 2.7 List of primary antibodies used for ICC. 

Primary antibodies 

Target Species Type (clone) Dilution Source (cat. no.) 

c-Myc 
rabbit polyclonal 1:500 Sigma (C3956) 

mouse 
monoclonal 

(9E10) 
1:500 Sigma (M4439) 

HA mouse 
monoclonal 

(15B12) 
1:500 BioLegend (901502) 

All antibodies were stored in glycerol (1:1) at -20°C. 
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Table 2.8 List of secondary antibodies used for ICC. 

Secondary antibodies 

Antibody Conjugate Type Dilution Source (cat. no.) 

Donkey anti-mouse 
IgG (H+L) 

Alexa Fluor 
™ 546 

polyclonal 1:1000 Invitrogen (A10036) 

Donkey anti-mouse 
IgG (H+L) 

Alexa Fluor 
™ 647 

polyclonal 1:1000 Invitrogen (A31571) 

Donkey anti-rabbit 
IgG (H+L) 

Alexa Fluor 
™ 555 

polyclonal 1:1000 Invitrogen (A31572) 

Donkey anti-rabbit 
IgG (H+L) 

Alexa Fluor 
™ 488 

polyclonal 1:1000 Invitrogen (A21206) 

All antibodies were stored in glycerol (1:1) at -20°C. 

2.3.2 Cell seeding 

Glass coverslips were coated with poly-D-lysine (20 µg/ml) for 10 min, rinsed 3x with ddH2O 

to remove any excess poly-D-lysine and placed in a 12-well plate. Following transient 

transfection (section 2.1.5), cells were detached (section 2.1.3), and plated at 1x105/ml 

density. Cells were allowed to grow for further 48 h at 37°C, 5% CO2. This was followed by 

detection using appropriate antibodies (Table 2.7 and 2.8). 

2.3.3 Fixation method 

Coverslips with transfected cells were washed 3x 5 min with DPBS+CM and incubated in 100 

mM PBS containing 4% (w:v) paraformaldehyde (PFA) at room temperature for 20 min. Cells 

were then washed with blocking solution (1x PBS, 2% normal horse serum (NHS), 0.1% 

saponin), 3x 5 min, at room temperature.  

2.3.4 Live cell labelling 

Cells on coverslips were washed, 3x 5 min, with DPBS+CM, followed by addition of appropriate 

primary antibody (Table 2.7) in DMEM 0.1% BSA and incubation in a humidity chamber at 4°C 

for 1 h. After incubation period, cells were fixed at 4°C and incubated in appropriate antibody 

according to the methods described in sections 2.3.3 and 2.3.5. 

2.3.5 Fixed cell labelling 

Cells on coverslips were fixed according to the method described in section 2.3.3. Appropriate 

primary antibody (Table 2.7) in blocking solution was added (50 µl/coverslip) and cells were 
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incubated in a humidity chamber at room temperature for 1 h. This was followed by washing, 

3x 5 min, with blocking solution and incubation in appropriate secondary antibody (Table 2.8) 

in blocking solution (50 µl/coverslip) in a humidity chamber at room temperature for 1 h. After 

incubation period, cells were washed, 3x 5 min, with blocking solution and rinsed 3x with 

DPBS+CM. Coverslips were then mounted on microscope slides using mounting medium with 

DAPI nuclear stain (section 2.1.2). 

2.3.6 Imaging 

Cells were observed and imaged using epifluorescence and confocal microscopy. For 

epifluorescence microscopy, EVOS imaging system and x10, x20 and x40 objectives were used. 

For confocal microscopy, Nikon Eclipse Ti laser-scanning microscope and a 100x/1.45 Oil DIC 

N2 objective were used. Images were taken at 2x zoom with 5 sections at 0.5µm intervals. 

Images were processed using the NIS-Elements AR software and Adobe Photoshop. 

 

 

 

 

 

 

 

 

 

 



60 

2.4 Molecular biology 

2.4.1 Primers 

Table 2.9 List of primers used for construct generation and colony PCR screening. 

Primer Sequence TM 

bGHrev 5’-AGAAGGCACAGTCGAGGC-3’ 59.1°C 

CMVfwd 5’-CGCAAATGGGCGGTAGGCGTG-3’ 76.9°C 

hCACHD1-ATG-fwd 
5’-TAATAAAAGCTTCCACCATGGCCCGCCAGCCGGA 

GGAAGAGGAGACGGCCG-3’ 
92.6°C 

hCACHD1-Myc-fwd 
5’-GAGCAGAAGCTGATTAGTGAAGAAGACCTGGAA 

GCCGACTTCTCCATCCTG-3’ 
85.4°C 

hCACHD1:247-
229rev 

5'-GACCACATCCAAGTAACGG -3' 60.5°C 

CACHD1:2406-
2426fwd 

5’-GGGCATTGACTTCACACTCAG-3’ 64.7°C 

CACHD1:3016-
3035fwd 

5’-GTGCTGGATTGTGAATGGTG-3’ 64.1°C 

CACHD1:Y1197A 
5’-CAGAAAGTGATCATGGTGCCAGCAC 

CATGAGCCCACAG-3’ 
86.2°C 

CACHD1:Y1197F 
5’-CAGAAAGTGATCATGGTTTCAGCAC 

CATGAGCCCACAG-3’ 
83.1°C 

CACHD1-Avi-GG-rev 
5’-CCCGCCCTCGTGCCACTCGATCTTCTGGGCCTCG 

AAGATGTCGTTCAGGCCAGGGGCGCTTTTAATCATGT-3’ 
97.0°C 

CACHD1-12His-ApaI-
rev 

5’-TATATAGGGCCCCTAATGGTGATGGTGATGGTGAT 
GGTGATGGTGATGGTGCCCGCCCTCGTGCCACTCGAT-3’ 

95.7°C 

CACHD1-TM-ApaI-
rev 

5’-TATATAGGGCCCTTAAATCTGGTGGC 
GGTAGGCATA-3’ 

77.0°C 

HindIII-KS-Igκ-Myc 
5’-TATATAAAGCTTCCACCATGGAGACAGACACACTCCT 
GCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGG 

TGACGAGCAGAAGCTGATTAGTGAAGAAGACCTG-3’ 
93.9°C 

Primers were stored at -20°C. 
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2.4.2 Plasmids 

Table 2.10 List of plasmids. 

Plasmid vector 
Resistance 

(prokaryotic/eukaryotic) 
Source 

pOG44 ampicillin/none Invitrogen 

pcDNA3-HE3-rCaV3.1 ampicillin/hygromycin B 
Dr. E. Perez-

Reyes* 

pcDNA5/FRT-rCaV3.1 ampicillin/hygromycin B 
generated in 

this study 
pcDNA5/FRT-HA-rCaV3.1 ampicillin/hygromycin B 

pcDNA5/FRT ampicillin/hygromycin B 

Dr. G.S. Cottrell 

pcDNA5/FRT-Myc-CACHD1 ampicillin/hygromycin B 

pcDNA5/FRT-Myc-CACHD1-AAA-MIDAS ampicillin/hygromycin B 

pcDNA5/FRT-Myc-CACHD1-G236S-MIDAS ampicillin/hygromycin B 

pcDNA5/FRT/TO ampicillin/hygromycin B 

pcDNA5/FRT/TO-Myc-CACHD1 ampicillin/hygromycin B 

generated in 
this study 

pcDNA5/FRT/TO-Myc-CACHD1-AAA-MIDAS ampicillin/hygromycin B 

pcDNA5/FRT/TO-Myc-CACHD1-G236S-MIDAS ampicillin/hygromycin B 

pcDNA5/FRT-Myc-CACHD1-Y1197A ampicillin/hygromycin B 

pcDNA5/FRT-Myc-CACHD1-Y1197F ampicillin/hygromycin B 

 



62 

pcDNA5/FRT-NSS-Myc-CACHD1-trunc-Avi-
GG-12-His 

ampicillin/hygromycin B 

generated in 
this study 

pcDNA5/FRT- Igκ-Myc-CACHD1-trunc-Avi-GG-
12-His 

ampicillin/hygromycin B 

pcDNA5/FRT-Myc-CACHD1-trunc-TMD ampicillin/hygromycin B 

pLenti6.3 ampicillin/blasticidin Invitrogen 

pLenti6.3-TO-Myc-CACHD1 ampicillin/blasticidin 

generated in 
this study 

pLenti6.3-TO-Myc-CACHD1-AAA-MIDAS ampicillin/blasticidin 

pLenti6.3-TO-Myc-CACHD1-G236S-MIDAS ampicillin/blasticidin 

pLenti6.3-Neo-TO ampicillin/G418 

pLenti6.3-Neo-TO-Myc-CACHD1 ampicillin/G418 

pLenti6.3-Neo-TO-Myc-CACHD1-AAA-MIDAS ampicillin/G418 

pLenti6.3-Neo-TO-Myc-CACHD1-G236S-
MIDAS 

ampicillin/G418 

pLenti6.3-Neo ampicillin/G418 Dr. G.S. Cottrell 

Purified plasmids were stored at -20°C (long-term) or 4°C (short-term). * University of Virginia. 
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2.4.3 Restriction enzymes and buffers 

Table 2.11 List of restriction enzymes and buffers used for DNA cloning. 

Enzyme Cut site 
Units/

µl 
Incubation 

(°C) 
Source 

(cat. no.) 
Optimal 
buffer 

Source 
(cat. no.) 

Afl II C/TTAAG 20 

37°C 

NEB 
(R0520L) 

10x 
rCutSmart™ 

NEB 
(B7204S) 

Age I-HF A/CCGGT 20 
NEB 

(R3552S) 

Apa I GGGCC/C 50 25°C 
NEB 

(R0114L) 

Apa LI G/TGCAC 10 37°C 
NEB 

(R0507S) 

Bam HI-HF G/GATCC 20 37°C 
NEB 

(R3136S) 

Cla I AT/CGAT 10 

37°C 

NEB 
(R0197S) 

Eco RV-HF GAT/ATC 20 
NEB 

(R3195S) 

Hind III-HF A/AGCTT 20 
NEB 

(R3104S) 

Mfe I-HF C/AATTG 20 
NEB 

(R3589S) 

Nhe I G/CTAGC 20 
NEB 

(R3131S) 

Nsi I-HF ATGCA/T 20 
NEB 

(R3127S) 

Sex AI A/CCWGGT 5 
NEB 

(R0605S) 

Sna BI TAC/GTA 5 
NEB 

(R0130S) 

Not I GC/GGCCGG 10  
NEB 

(R0189S) 
10x NEBuffer™ 

3.1 
NEB 

(B6003S) 

- - - - - 
10x NEBuffer™ 

2.1 
NEB 

(B7202S) 

100x BSA  
10mg
/ml 

- 
NEB 

(B9001S) 
- - 

All buffers and enzymes were stored at -20°C. *IUPAC (International Union of Pure and Applied 
Chemistry) single letter codes used to designate more than one nucleotide: R – A or G, Y – C or T, W – 
A or T. 
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2.4.4 Bacteria 

Table 2.12 List of competent bacterial cells. 

Strain Genotype Source 

GM2163 
F- dam-13:Tn9(CamR) dcm-6 ara-14 hisG4 leuB6  

thi-1 lacY1 galK2 galT22 glnV44 hsdR2 xlyA5 mtl-1 rpsL 
136(Str R) rtbD1 tonA31 tsx78 mcrA mcrB1 

NEB 

Mach1 
F- φ80(lacZ)∆M15 ∆lacX74 hsdR(rK

-, mK
+) ∆recA1398 

endA1 tonA 
Invitrogen 

Stbl3 
F- mcrB mrr hsdS20(rB

-, mB
-) recA13 supE44 ara-14 

galK2 lacY1 proA2 rpsA2 rpsL20(StrR) xyl-5 λ- leu mtl-1 
Invitrogen 

All bacterial cells were stored at -80°C prior to use. 

2.4.5 Competent bacterial cells preparation – Inoue method 

Chemically competent bacterial cells were prepared by using the Inoue method (Inoue et al., 

1990). Mach1 or Stbl3 bacteria were streaked on antibiotic-free super optimal broth (SOB) 

agar (20% (w:v) tryptone, 5% (w:v) yeast extract, 8.5 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

1.5% (w:v) agar bacteriological) plates and incubated at 37°C, overnight. The next evening, 

200 ml of antibiotic-free SOB medium (20% (w:v) tryptone, 5% (w:v) yeast extract, 8.5 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl2) was inoculated with 5 different clones and grown at room 

temperature, 200-250 rpm, overnight. Following incubation, optical density at 600 nm (OD600) 

was measured using a UV-Vis spectrophotometer (fresh SOB medium used as a blank). Once 

the OD600 value reached 0.5-0.6, bacterial pellet was collected by centrifugation at 3000 g (10 

min, 4°C), resuspended in 30 ml of transformation buffer (TB; Table 13), and incubated on ice 

for 10 min. This was followed by centrifugation at 3000 g (10 min, 4°C) to collect bacterial 

pellet and resuspension in 20 ml of TB + DMSO mix (93% TB, 7% DMSO). Competent bacteria 

were then aliquoted at 250 µl and flash-frozen in liquid nitrogen before storing at -80°C. 

TB was prepared by dissolving KCl, CaCl2·2H2O and PIPES (piperazine-1,2-bis[2-ethanesulforic 

acid]; in milli-Q pure H2O, pH 6.7, filter sterilised) in 800 ml of ddH2O and pH was adjusted to 

6.7 with KOH. MnCl2·4H2O was dissolved in 100 ml of ddH2O, and gradually added to the 

mixture. Drop in pH is expected after the addition of MnCl2·4H2O and should not be adjusted 

back to 6.7 as this will precipitate a yellow/brown hydroxide. TB was filter sterilised through 

a pre-washed 0.20 µm filter and stored at 4°C. 
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Table 2.13 List of reagents used for preparation of transformation buffer. 

Reagent Volume Final concentration 

PIPES (0.5 M) 20 ml 10 mM 

CaCl2·2H2O 2.20 g 15 mM 

KCl 18.65 g 250 mM 

MnCl2·4H2O 10.88 g 55 mM 

ddH2O up to 1 L - 

 

2.4.6 Polymerase Chain Reaction (PCR) 

Table 2.14 PCR components. 

Reagent 
Source 

(cat. no.) 
Volume Final concentration 

5x Q5 reaction buffer 
NEB 

(B9027) 
10 µl 1x 

dNTPs  
(10 mM each) 

Qiagen 
(1005631)  

or NEB (N0447) 
1 µl 0.2 mM 

Q5 DNA polymerase 
(2 U/µl) 

NEB 
(M0491) 

0.5 µl 0.02 U/µl 

Forward primer 
(10 µM) 

Sigma 2 µl 0.4 µM 

Reverse primer 
(10 µM) 

Sigma 2 µl 0.4 µM 

ddH2O - 32.5-34.0 µl - 

Template - 0.5-2.0 µl - 

Total volume of 50 µl/reaction. 
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Table 2.15 Cycling condition for PCR. 

Temperature Time Step Cycles 

98°C 5 min initial denaturation 1 

98°C 30 s denaturation 

25-35 55°C 30 s annealing 

72°C 1 min elongation 

72°C 10 min final elongation 1 

12°C ∞ hold hold 

 

2.4.7 DNA cloning 

DNA cloning was used to insert genes of interest into expression vectors. Workflow of DNA 

cloning is shown in Figure 2.2. 
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Figure 2.2 DNA cloning method. Plasmid vectors and PRC products were digested with restriction 
enzymes, and DNA fragments containing appropriate restriction sites on each end were extracted. 
These DNA fragments were then ligated using a T4 DNA ligase for at least 4 h at 14°C, followed by 
bacterial transformation where the full construct was inserted into competent bacteria using a heat 
shock at 42°C. Following bacterial transformation, bacteria were plated on SOB agar plates containing 
appropriate antibiotics and incubated for 16-24 h at 28°C or 37°C depending on the cell line, allowing 
antibiotic selection of successfully transformed bacterial cells. Colony PCR was used to screen single 
clones, and positive clones were used to inoculate 200 ml of SOB media to prepare a bacterial culture 
from which the final plasmid DNA construct was purified. Accurateness of DNA ligation and any 
mutagenesis performed was confirmed by restriction digest and DNA sequencing. (Made in 
Biorender.com). 
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2.4.8 Restriction digest 

Appropriate restriction enzymes were determined using NEBcutter V2.0, Mendelgen.com and 

Serial Cloner 2.6 software. Digestion reactions were set up by adding restriction enzymes, 

DNA, appropriate buffer and ddH2O up to 20 µl, and incubating at required temperature 

(Table 2.11). 

For cloning experiments, digestion reactions were incubated overnight, whilst for diagnostic 

purposes reactions were incubated for 1-2 h. 

2.4.9 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate DNA fragments in the range 100 bp - 10 kbp. 

Depending on the expected fragment size, 0.8-2% (w:v) agarose gels were made with 1x tris-

acetate EDTA (TAE) buffer. Gels were prepared by dissolving an appropriate amount of 

agarose in 1x TAE buffer (50 ml/gel) using a microwave, until the solution became clear. The 

solution was allowed to cool down to approx. 50°C before adding SYBR® Safe DNA gel stain 

(1:25,000; Thermo Fisher Scientific) to allow visualisation of DNA under UV and blue light. The 

solution was poured into a gel casting tray, making sure to remove any bubbles. Appropriate 

comb was used to create sample wells. Once the gel had set, it was placed in the 

electrophoresis tank together with the casting tray and submerged in 1x TAE, ensuring the 

wells were fully covered. Samples were prepared by adding 6x loading dye (NEB, B7025) to a 

final concentration of 1x to the desired DNA concentration. 1kb or 100bp DNA marker (NEB, 

N0468S and N3231S) and samples were loaded into wells and DNA fragments were separated 

under constant voltage (70-80 V, 1-1.5 h). DNA separation was checked using a Dark Reader® 

Transilluminator (Clare Chemical Research) before imaging with U:GENIUS3 system and 

U:GENIUS 3.0.7.0 software (Syngene). For DNA cloning purposes, only Dark Reader® 

Transilluminator was used to visualise DNA fragments to avoid DNA damage by UV light. 

2.4.10 DNA extraction 

DNA fragments of interest were extracted from agarose gel using the QIAquick gel extraction 

kit (Qiagen, 28704) following manufacturer’s guidelines. Briefly, DNA fragment of interest was 

cut out of agarose gel, placed in a 1.5 ml tube, and weighed. Appropriate volume of QG buffer 

(1:3 ratio of gel (mg) : buffer volume (µl)) was added to the tube, and gel was melted in a 

water bath (50°C, 5-7 min). Once melted, the mixture was poured into a spin column and 

centrifuged (17,000 g, 30-60 s) to allow DNA binding to the silica membrane inside the spin 
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column. This was followed by wash steps with QG and PE (containing ethanol) buffers, and 

elution of DNA with ddH2O.  

2.4.11 DNA ligation 

Extracted DNA fragments were ligated to generate plasmid vector of interest. For each 

experiment, two reactions were set up - one containing vector DNA fragment only which 

served as a negative control and second one containing vector and insert DNA fragments. 

Ligation reactions were incubated at 14°C for at least 4 h or overnight. Components for ligation 

reaction are shown in Table 2.16. 

Table 2.16 Components used for DNA ligation. 

Component Source (cat. no.) Vector Vector + insert 

10x Ligation buffer NEB (B0202S) 0.5 µl 0.5 µl 

Vector - 0.5 µl 0.5 µl 

Insert - - 2 µl 

ddH2O - 3.75 µl 1.75 µl 

T4 DNA ligase NEB (M0202M) 0.25 µl 0.25 µl 

5 µl total volume/reaction. 

2.4.12 Bacterial transformation 

Competent bacterial cells (Table 2.12) were thawed slowly on ice for 30 min. Once thawed, 

50 µl were aliquoted into pre-cooled sterile tubes and ligation reactions were added, gently 

mixed, and incubated on ice for further 30 min (plasmid DNA binds to cell surface). Following 

incubation period, cells were heat shocked at 42°C for 38 s (increases permeability of the cell 

wall allowing DNA entry into the bacterial cell), and placed immediately back on ice for 5 min. 

950 µl of super optimal broth with catabolite repression (SOC) medium (20% (w:v) tryptone, 

5% (w:v) yeast extract, 8.5 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) were added 

and cells were allowed to recover at an appropriate temperature for 1 h to obtain optimal 

transformation efficiency. Cells were then collected by centrifugation at 3500 g for 3 min or 

until pellet formed. Supernatant was discarded (poured out) and cells were resuspended in 

remaining supernatant and plated on SOB agar plates containing appropriate antibiotic (100 
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µg/ml ampicillin or 50 µg/ml kanamycin). Plates were then incubated at an appropriate 

temperature for 16-24 h. 

2.4.13 Colony PCR 

Colony PCR was used for screening of bacterial colonies to verify the presence of DNA insert 

in the plasmid construct. Colony template was prepared by adding a colony to 10µl of ddH2O 

and mixed. PCR reactions were set up (Table 2.17) and placed in a thermal cycler (BioRad 

MJMini) with cycling conditions as shown in Table 2.18. 

 

 

Table 2.17 Colony PCR components. 

Reagent Source (cat. no.) Volume Final concentration 

10x PCR buffer Qiagen (1005479) 2 µl 1x 

dNTPs (10 mM) Qiagen (1005631) 0.4 µl 0.2 mM 

Taq enzyme  
(5 U/µl) 

Qiagen (201203) 0.1 µl 0.025 U/µl 

Forward primer 
(10 µM) 

Sigma 1 µl 0.5 µM 

Reverse primer 
(10 µM) 

Sigma 1 µl 0.5 µM 

ddH2O - 13.5 µl - 

Template - 2 µl - 

Total volume of 20 µl/reaction. PCR master mix excluding colony template was prepared and aliquoted 
at 18 µl/reaction. 
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Table 2.18 Cycling condition for colony PCR. 

Temperature Time Step Cycles 

95°C 5 min initial denaturation 1 

95°C 30 s denaturation 

35 55°C 30 s annealing 

68°C 1 min elongation 

68°C 10 min final elongation 1 

12°C ∞ hold hold 

 

2.4.14 Bacterial culture 

Bacterial glycerol stocks or bacterial colonies from SOB agar plates were used to inoculate an 

appropriate volume (5 ml for miniprep, 200 ml for maxiprep) of SOB medium. Inoculated 

medium was incubated at an appropriate temperature, 200-250 rpm for up to 16 h. 

2.4.15 Plasmid purification 

Plasmid DNA was purified using the QIAprep spin miniprep kit (Qiagen, 27115) or Plasmid maxi 

kit (Qiagen, 12162) following manufacturer’s guidelines. 

For QIAprep spin miniprep kit, bacterial culture was centrifuged at 6800 g (5 min, room 

temperature). Bacterial pellet was resuspended in buffer P1 and lysed with buffer P2. The 

mixture was incubated at room temperature for 2 min before adding buffer P3. The mixture 

was then centrifuged at 17,900 g for 10 min to separate cell bodies and supernatant 

containing plasmid DNA. After centrifugation, supernatant was transferred to a spin column 

and centrifuged to allow DNA binding to the silica membrane inside the spin column. This was 

followed by wash steps with buffer PB, buffer PE (containing ethanol), and elution of DNA with 

ddH2O. 

For Plasmid maxi kit, similar protocol was followed. Briefly, bacterial pellet was collected by 

centrifugation at 6800 g (20 min, 4°C), resuspended in buffer P1, and lysed with buffer P2 for 

5 min at room temperature. After cell lysis, neutralisation buffer N3 was added and the 

mixture was incubated at room temperature for 10 min, followed by brief centrifugation to 
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remove cell debris, and filtration into a clean 50 ml tube. Buffer ER was added to the filtered 

lysate and the mixture was incubated on ice for 30 min. Meanwhile, filter column was 

equilibrated with QBT buffer. After 30 min, lysate mixture was added to the filter column and 

filtered by gravity flow, allowing binding of DNA to the membrane inside the column. This was 

followed by wash step 2x with buffer QC, and elution of DNA with buffer QN into a clean tube. 

DNA was then precipitated with isopropanol, centrifuged at 15,000 g (30 min, 4°C) and 

supernatant was discarded. Endotoxin free ethanol was added to DNA pellet and centrifuged 

for further 10 min. Supernatant was discarded and DNA pellet was air dried for approx. 5-10 

min before resuspending in an appropriate volume of ddH2O. The mixture was then 

centrifuged at 17,900 g (10 min) and supernatant containing DNA was transferred to a sterile 

tube. 

2.4.16 DNA quantification 

Purified plasmid DNA was quantified using NanoDrop 2000 UV-Vis spectrophotometer 

(Thermo Fisher Scientific). Briefly, 2 µl of plasmid DNA were added onto the measurement 

surface. DNA concentration was measured, and the purity of plasmid DNA was assessed by 

measuring the 260/280 and 260/230 absorbance ratios. Values of   ̴1.8 (DNA) for 260/280 

ratio, and 1.8-2.2 for 260/230 ratio were accepted as ‘pure’ for DNA.  
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2.5 Electrophysiology  

2.5.1 Electrical properties of a cell 

Electrical signals are fundamental for nervous system function, and understanding the 

electrical properties of cells is important to determine how electrical signals spread along the 

plasma membrane. These electrical properties depend on the physical properties of the 

plasma membrane. All eukaryotic cells have a thin lipid bilayer that acts as an insulating barrier 

separating the charged particles in the extracellular fluid from those present in the cytoplasm, 

thus behaving as a combined capacitor and resistor.  

In general, a capacitor consists of two conducting plates separated by an insulating barrier. 

Similarly, the lipid barrier is made up of two layers of lipid molecules, where the hydrophilic 

heads act as conducting plates, and the hydrophobic tails congregated together act as an 

insulating barrier. The ability of plasma membrane to store charge or membrane capacitance 

(CM, [F]) is inversely proportional to the distance between the two lipid layers of the lipid 

bilayer, and directly proportional to the cell size (larger cell = larger plasma membrane = more 

charge is stored).  

Membrane resistance (RM [Ω]) prevents the flow of ions through plasma membrane according 

to their concentration gradients. At a resting state, more negatively charged ions are present 

in the cytoplasm compared to the extracellular fluid, resulting in a negative resting membrane 

potential (Vm) and a separation of charge across the membrane. This charge separation results 

in a driving force (voltage V [V]), allowing the movement of charge (current I [A]) across the 

membrane through ion channels. 

The movement of charge (current I [A]) in excitable cells is dependent on voltage V [V] as the 

driving force, conductance G [S] of ions through ion channels, and membrane resistance R [Ω]. 

Ohm’s law relates these properties together as: 

V = I x R          or          V = I / G 

As such, the plasma membrane can be modelled as a resistor-capacitor (RC) circuit (Figure2.3), 

where the capacitor and resistors are in parallel. The ion channels act as both conductors and 

resistors, while the plasma membrane acts as a capacitor. 
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Figure 2.3 Schematic of the electrical properties of a plasma membrane. Membrane capacitance (CM) 
and membrane resistance (RM) are in parallel to each other. Ion channels (K+, Cl-, Ca2+, Na+) act as 
conductors and resistors, while the plasma membrane acts as a capacitor.  
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2.5.2 Whole-cell patch clamp: methodology 

The patch-clamp electrophysiology technique is the most common method used to study the 

electrical properties of excitable cells and the function of ion channels. It allows the control of 

voltage across the plasma membrane and measurement of current flow across it (voltage 

clamp), or control of current and measurement of changes in potential across the membrane 

(current clamp). The first voltage-clamp experiments on a squid giant axon were conducted 

by Alan Hodgkin and Andrew Huxley (1952). Based on this work, the patch-clamp technique 

was developed by Bert Sakmann and Erwin Neher in 1976, and further improved in 1981 by 

using a glass electrode with low resistance and larger diameter tip (Hamill et al., 1981). From 

this breakthrough several different recording configurations were established as shown in 

Figure 2.4.  

Briefly, a recording electrode inside a pipette filled with intracellular solution (ICS) is 

submerged in extracellular solution (ECS), resulting in closed pipette-bath-amplifier circuit 

where the voltage between the reference and recording electrodes should be 0 mV. A 

rectangular current stimulus (termed ‘test pulse’) that allows the monitoring of pipette 

resistance (Rpip, [MΩ]) is injected and the amplifier’s offset voltage is adjusted to 0 mV. Prior 

to approaching a cell, positive pressure is applied to the pipette to prevent cell debris or tissue 

from obstructing the pipette tip. The pipette is then lowered onto a cell, and once the pipette 

comes in contact with cell membrane, pipette resistance increases while current amplitude 

decreases. Positive pressure is released, and mild suction is applied to form a high-resistance 

seal (giga-seal [GΩ]), further increasing pipette resistance. At this point, a negative command 

voltage that matches the expected potential (   ̴-70 mV, depending on cell type) is applied to 

the recording electrode, resulting in a cell-attached configuration. From this configuration, 

different steps can be taken to achieve a whole-cell, inside-out or outside-out configurations 

(Figure 2.4). During this project, the whole-cell configuration was used. 

Once a tight seal is formed, sharp suction is applied to rupture cell membrane under the 

pipette tip, allowing the ICS and cytoplasm contents to exchange. When the cell membrane is 

ruptured, membrane components can obstruct the current flow from recording electrode to 

the cell, resulting in a so-called access resistance (Ra). The sum of initial Rpip and Ra is referred 

to as series resistance (Rs), which is an important experimental parameter that indicates the 

quality of the pipette-cell membrane seal. Generally, Rs above 20 MΩ indicates a poorly 

ruptured membrane. During whole-cell configuration, the pipette and cell become ‘one’, and 
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the current flow across the cell membrane in response to voltage change can be measured 

using the voltage-clamp technique. In theory, as the potential (voltage) becomes more 

positive, the cell is depolarised and voltage-gated ion channels open, allowing more current 

flow through the cell membrane.  

As described in section 2.5.1, the cell membrane behaves as a capacitor and stores charge. 

This charge can become visible in the form of artefactual transient currents during the cell-

attached and whole-cell configurations, at the start and end of the test pulse. These ‘fast’ 

capacitive currents can be corrected using the amplifier’s capacitance compensation option; 

the level of compensation is proportional to the surface area of the cell membrane, thus 

indicating cell size.  
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Figure 2.4 Patch-clamp recording methods. Cell-attached: recording electrode is attached to cell 
membrane and mild suction is applied to gain a tight seal (GΩ). Whole-cell: strong suction pulse and/or 
zap is applied to rupture the cell membrane and gain access to the cytoplasm. Outside-out: in the 
whole-cell configuration, recording electrode is retracted, resulting in two pieces of cell membrane 
that anneal and form a small vesicle with the extracellular side facing the bath solution. Inside-out: in 
the cell-attached configuration, recording electrode is retracted, resulting in a membrane patch that 
is separated from the rest of the membrane. The intracellular side is facing the bath solution, giving 
access to the intracellular domain of ion channels. (Adapted from: Neuroscience: Canadian 1st Edition, 
Chapter 3.1, eCampusOntario Pressbooks). 
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2.5.3 Whole-cell voltage clamp: Experimental approach 

Fire-polished borosilicate glass capillaries with internal filaments (O.D. 1.2 mm, I.D. 0.68 mm; 

WPI, USA, 1B120F-4, lot no.: 2605333) were used to fabricate patch clamp pipettes using a 

horizontal puller (Intracel, model P-1000, Sutter Instrument, USA). A pre-set program 

consisting of several heat and pull steps was used to produce two fine-tip pipettes. All pipettes 

were used on the day they were made. Patch clamp pipettes were backfilled with ICS (Table 

2.22) and upon entering the ECS (Table 2.22) in the ‘bath’ mode, the pipette resistance ranged 

from 1.8-2.8 MΩ. 

The electrophysiology ‘rig’ set-up is shown in Figure 3. Cells were observed using an upright 

microscope (Olympus) with a 40x/0.80W LUMPlan FL N objective (Olympus, Japan), and X-Cite 

Series 120 Q (Lumen Dynamics) light source at a wavelength of 470 nm was used to detect 

fluorescent cells expressing CaV3.1 channel. A silver-chloride pellet was used as a grounding 

electrode in a petri dish with ECS, and a micromanipulator (Scientifica, UK) was used to move 

the head-stage (Scientifica, UK) holding a patch pipette. Data were acquired using Clampex 

11.2 software using a MultiClamp 700B amplifier and Digidata 1550B (Axon Instruments, USA). 

MultiClamp 700B software was used for pipette offset, capacitance compensation and 

formation of the whole-cell configuration, and Clampex 11.2 software was used to record 

currents. A sampling rate of 30 kHz was used to accurately capture rapid changes in T-type 

currents, while a filtering frequency of 10 kHz was used to effectively remove high-frequency 

noise, ensuring a clear and accurate recording of T-type currents. 
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Table 2.19 Solutions used for whole-cell patch clamp electrophysiology. 

Intracellular solution (ICS) Extracellular solution (ECS) 

Component 
Final concentration 

(mM) 
Component 

Final concentration 
(mM) 

CsCl 135 BaCl2 10 

EGTA 10 (C2H5)4N+Cl- 130 

Mg-ATP 4 HEPES 10 

Na3GTP 0.3 - - 

HEPES 10 - - 

Solution pH was adjusted to 7.3 (ICS) and 7.4 (ECS) with CsOH. Freezing-point depression test (The 
Advanced™ Micro Osmometer, model 3300) was used to measure and obtain the correct osmolarity 
(ICS   3̴00mOsm, ECS   3̴00-310mOsm). Solutions were stored at -20°C (ICS) and 4°C (ECS). ICS: CsCl 
blocks K+ currents, EGTA stabilises intracellular concentration of free Ca2+ ions, Mg-ATP provides 
energy for the Na+/K+ ATPase that maintains sodium-potassium gradients across the membrane. ECS: 
BaCl2 is a charge carrier that passes through VGCCs and produces larger currents compared to Ca2+, 
(C2H5)4N+Cl- (TEA-Cl) blocks voltage-gated K+ channels. HEPES maintains physiological pH. 

 

 

 
Figure 2.5 Electrophysiology rig set-up. (Made in Biorender.com). 
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Briefly, cells were transfected as described in section 2.1.5 and allowed to grow for 48 h. 30-

60 min before experiments, cells were detached (section 2.1.3), plated on poly-D-lysine coated 

coverslips, and incubated at 37°C, 5% CO2, for 30-60 min to allow cells to settle and attach 

while remaining rounded. Cells were then kept in culture medium at room temperature for 

the duration of the experiment. Whole-cell voltage clamp electrophysiology was performed 

at room temperature. Cells on coverslip were placed in an ECS bath and used for recording for 

no longer than 1 h. Only cells with fluorescent signal as a marker for successful transfection of 

CaV3.1 Ca2+ channel were recorded from. Before lowering a pre-filled pipette into ECS, slight 

positive pressure was applied (  ̴0.2 ml air) to stop any debris from entering the pipette. Whilst 

in the ‘bath’ mode (command holding voltage 0 mV), the pipette was lowered into ECS and 

used to approach a cell until a ‘dimple’ in the cell membrane was observed. At this point, 

positive pressure was released, and slight negative pressure was applied. The mode was 

changed to ‘patch’ (command holding voltage -70 mV), allowing the establishment of a high-

resistance seal (‘giga-seal’) between the pipette and cell. Once a stable giga-seal was 

established, more negative pressure was applied to ‘break in’ and establish a whole-cell 

configuration. Using MultiClamp 700B the mode was changed to ‘whole cell’ and capacitance 

compensation was adjusted using the ‘auto’ function. A voltage clamp recording was taken 

using appropriate protocols (detailed in Chapter 4). Data were collected from at least three 

separate transfections. Rs was compensated for during seal formation with no additional 

correction performed during recording. 

2.5.4 Whole-cell voltage clamp: Data analysis 

Leak-subtracted (P/4 leak subtraction, opposite to waveform) voltage-clamp data were 

analysed in Clampfit11.2. Maximal current amplitudes were measured for each voltage step 

and normalised to cell capacitance (pF), resulting in current-voltage-capacitance data (pA/pF). 

These data were fitted with a modified Boltzmann equation, as follows: 

I = Gmax (V - Vrev) / [1 + exp [-(V – V1/2) / k]] 

Gmax is the maximal conductance (nS/pF), V is voltage, Vrev is reversal potential, V1/2 is the 

midpoint of activation or the voltage at which 50% of the channels are open, and k is the slope 

factor (Stephens et al., 2000). 

Following curve fitting with Boltzmann equation, current-voltage-capacitance (pA/pF), Gmax, 

Vrev, V1/2, and slope factor k data were checked for normal distribution using Shapiro-Wilks 
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normality test. Normally distributed data were analysed using two-way ANOVA with 

Bonferroni post hoc test or two-tailed unpaired Student’s t test as appropriate and as stated 

in text. If data was not normally distributed, non-parametric tests (e.g. Kruskal-Wallis and 

Welch’s test) could be used. 

All data were shown as mean  standard error of the mean (SEM), and only data with 

coefficient of determination (R2) > 0.9 were used. Data outside two standard deviations (SD) 

were considered outliers and were excluded from the analysis. 

2.6 Bioinformatics and statistics 

2.6.1 Primer design for PCR 

All primers were designed manually, using Primer3, Clustal Omega and Mendelgen.com 

software programs/websites, using plasmid DNA constructs as templates. Where possible, 

primers were designed based on the following criteria – 18-21 bases long, GC content 40-60%, 

GC clamp, no runs of same base, no secondary structure, no primer dimer. 

2.6.2 Statistical analysis 

GraphPad Prism was used for statistical analysis. Raw data was analysed using an appropriate 

statistical test (stated in text or figure legend) and graphs were drawn with mean and SEM. 

SEM was used to indicate the precision/reliability of the sample mean, as opposed to SD which 

would show the variability of individual data points around the mean of a dataset. p < 0.05 

was considered significant throughout and values of p < 0.01, p < 0.005, and p < 0.001 are 

specified where appropriate. 

All data were checked for normal distribution using Shapiro-Wilks normality test. Normally 

distributed data were analysed using two-tailed unpaired Student’s t test (two groups, one 

variable), two-way ANOVA (two groups, two variables), or one-way ANOVA (three or more 

groups, one variable). Data that were not normally distributed were analysed using non-

parametric tests, including Kruskal-Wallis test (three or more groups, one variable) and 

Welch’s test (two groups, unequal group sample sizes). 
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3. THE ROLE OF MIDAS MOTIF IN EXPRESSION AND TRAFFICKING OF 

CACHD1 PROTEIN IN A HETEROLOGOUS EXPRESSION SYSTEM 

3.1 Introduction 

The MIDAS motif is a conserved structural motif found in several transmembrane proteins 

involved in cell adhesion and signalling. These proteins include, but are not limited to integrins 

(Brown et al., 2018) and cadherins (Higgins et al., 2000), where the MIDAS motif coordinates 

divalent cations like magnesium (Mg2+), calcium (Ca2+), and manganese (Mn2+), playing a 

crucial role in ligand recognition and binding (Valdramidou et al., 2008; Zhang and Chen, 

2012). 

Of particular interest to this project are the α2δ subunits, which are well-known modulators 

of HVA VGCCs, and contain a fully conserved MIDAS motif (DxSxS) within their VWA domain 

(Cantí et al., 2005). In α2δ subunits, the MIDAS motif is involved in protein-protein interactions 

essential for HVA VGCCs regulation. CACHD1 was identified as a member of the α2δ family by 

Whittaker and Hynes (2002) using bioinformatics approach, leading to identification of 

CACHD1 as a modulator of CaV3 LVA VGCCs by Cottrell et al. (2018). Similarly to α2δ subunits, 

CACHD1 also contains a MIDAS motif within its VWA domain; however, unlike the fully 

conserved MIDAS motif observed in α2δ subunits, CACHD1 contains a variant MIDAS motif 

(D234xGxS), where the second key serine residue in α2δ subunits is replaced by glycine in 

CACHD1 (Cottrell et al., 2018; UniProt, Q5VU97). While a fully conserved α2δ-1 MIDAS motif 

is not required for metal ion binding (Whittaker and Hynes, 2002), it is functionally important 

for HVA VGCCs trafficking and synaptic function (Cantí et al., 2005; Hoppa et al., 2012; Cassidy 

et al., 2014). Previous studies showed that mutations in the three key residues of α2δ-1 MIDAS 

motif, either through single amino acid substitution (D112A) or mutagenesis of all three key 

residues (D112A, G114A, S116A, termed AAA), resulted in disruption of α2δ-1-CaV2.2 

interaction (Dahimene et al., 2018) and impairment of α2δ-1 trafficking to cell surface (Cassidy 

et al., 2014). 

Given the role of MIDAS motif in α2δ subunit trafficking and interaction with HVA VGCCs, an 

in-depth investigation into the role of the variant MIDAS motif in CACHD1 is important. In this 

chapter, the effects of MIDAS motif key residue mutagenesis on CACHD1 protein expression 

and trafficking in a heterologous expression system are outlined. 
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3.2 Objective 

CACHD1 is considered a member of the α2δ protein family (Cottrell et al., 2018), and it is 

therefore of importance to determine the functional effects of the key residues in the variant 

CACHD1 MIDAS motif (D234xGxS). Previous studies showed that mutations in the MIDAS motif 

of α2δ subunit, in particular the three key residues (DxSxS), resulted in reduced trafficking of 

the subunits to cell surface (Cassidy et al., 2014). Due to the structural similarities of α2δ and 

CACHD1, it is therefore of interest to mutate the three key residues in the variant MIDAS motif 

(DxGxS) of CACHD1 (Cottrell et al., 2018). 

• The first objective of this chapter was to characterise CACHD1 wild-type expression 

and localisation in a heterologous expression system. 

• The second objective was to investigate the effects of mutating the three key residues 

in MIDAS motif on the expression and localisation of CACHD1 in a heterologous 

expression system. 

Hypothesis: Mutagenesis of the three key residues, D234xGxS, within the variant MIDAS motif 

of CACHD1 will disrupt CACHD1 trafficking to cell surface.  

This hypothesis is based on the results shown for α2δ subunits where mutagenesis of the key 

residues in MIDAS motif of α2δ subunits to alanine resulted in reduced cell surface expression 

of α2δ-1 (Cassidy et al., 2014), and on preliminary data produced by Ince (MSc thesis, 2018). 
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3.3 Experimental approach 

3.3.1 Optimisation of protein expression and detection 

Protein expression and detection methods, including transfection, western blot and 

immunocytochemistry used throughout this project required several optimisation steps to 

determine optimal experimental conditions. 

To obtain efficient expression of Myc-CACHD1 proteins, transient transfection was performed 

as described in section 2.1.5. Several conditions were simultaneously compared in a 12-well 

plate, including varying DNA amounts (1-5 µg), DNA:PEI ratios (1:2, 1:3, 1:4), and cell densities 

(5-10x105 cells/well; 12-well plate). For the purposes of this project, the following transfection 

conditions were determined as optimal: 3 µg (12-well plate) and 6 µg (6-well plate) of DNA, 

1:3 DNA:PEI ratio, and 6x105 (12-well plate) and 2x105 (6-well plate) cells/well cell densities. 

To optimise western blot conditions, the binding of primary and secondary antibodies, as well 

as chemiluminescence of secondary HRP-conjugated antibodies were tested using a dot blot. 

Briefly, nitrocellulose membrane was spotted with 2 µl of primary antibodies and allowed to 

air dry. The membrane was then blocked with 5% milk, incubated with secondary antibodies 

(1:10000), and imaged. The dot blot results (Figure 3.1) showed successful binding of primary 

and secondary antibodies, while also confirming the chemiluminescence of secondary 

antibodies. Next, the optimal antibody dilutions were determined by running 30 µg of protein 

samples on a SDS-PAGE gel and immunoblotting with different antibody dilutions. The 

following antibody dilutions were determined as optimal for the purposes of this project: 

rabbit anti-Myc 1:5000, mouse anti-HA 1:5000, rabbit anti-6-His 1:5000, mouse anti-β-actin 

1:20000, mouse anti-TFR 1:1000. 

To optimise immunocytochemistry conditions, different antibody dilutions (1:200 - 1:1000) 

were compared. For the purposes of this project, it was determined that the optimal dilutions 

for primary and secondary antibodies were 1:500 and 1:1000, respectively. 
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Figure 3.1 Dot blot analysis of primary and secondary antibody binding and chemiluminescence. 2 
µl of rabbit anti-Myc, rabbit anti-6His, mouse anti-β-actin and mouse anti-TFR (transferrin receptor) 
were spotted on a nitrocellulose membrane and allowed to air dry. Blots were blocked for 1 h with 5% 
milk, followed by incubation with horseradish peroxidase (HRP)-linked secondary antibodies for 1 h at 
room temperature. Blots were then washed 6x 5 min with 1X PBST before imaging. (A) Incubation with 
donkey anti-rabbit HRP-linked secondary antibody showed successful binding of rabbit primary 
antibodies and donkey anti-rabbit secondary antibodies. (B) Incubation with donkey anti-mouse HRP-
linked secondary antibody showed successful binding of mouse primary antibodies and donkey anti-
mouse secondary antibodies. Chemiluminescence of both secondary antibodies was confirmed. 
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3.3.2 Characterisation of Myc-CACHD1 expression in a heterologous expression system 

Human CACHD1 was previously N-terminally tagged by inserting a Myc tag (EQKLISEEDL) after 

the natural signal peptide and between the Ala35 and Glu36 residues by Ince (MSc thesis, 2018). 

The first step in the current study was the characterisation of expression and sub-cellular 

localisation of CACHD1 in the absence of CaV3.1 in HEK293 tsA201 cells. 

HEK293T tsA201 cells were plated at a 2x106 cells/well density in a 6-well plate and transiently 

transfected with 6 µg of pcDNA5/FRT-Myc-CACHD1-wt or pcDNA5/FRT (vector control) as 

described in section 2.1.5. Subsequently, transfected cells were seeded onto poly-D-lysine 

coated coverslips (1x105 cells/well, 12-well plate) for immunocytochemistry, while the 

remaining cells were allowed to grow in the 6-well plate for western blot analysis. Cells were 

cultured at 37°C, 5% CO2, for 48 h before analysis. To investigate sub-cellular localisation, cells 

on coverslips were labelled live and fixed (section 2.3.4 and 2.3.5) with rabbit and mouse anti-

Myc antibodies, respectively. Live cell labelling allowed the detection of proteins located 

exclusively at the cell surface. To confirm molecular mass of CACHD1 protein, transfected cells 

were lysed and extracted proteins were analysed by western blotting as described in section 

2.2.11, using rabbit anti-Myc (1:5000) and mouse anti-β-actin (1:20000) antibodies. Cell 

surface expression of CACHD1 was further investigated by the cell surface biotinylation 

method as detailed in section 2.2.4. 

3.3.3 Mutagenesis of the variant MIDAS motif in Myc-CACHD1  

Considering the structural similarities between α2δ and CACHD1, including the presence of a 

MIDAS motif within the VWA domains of both proteins, it is of interest to investigate the 

effects of mutating the key residues of the variant MIDAS motif in CACHD1 on its expression 

and trafficking.  

In a preliminary study conducted by Ince (MSc thesis, 2018), two Myc-CACHD1 MIDAS motif 

mutants were generated; the specific amino acid mutagenesis is illustrated in Figure 3.2. The 

first CACHD1 MIDAS mutant was created by mutating the three key residues (aspartic acid, 

glycine, serine) to alanine (D234A, G236A, S238A; AxAxA, termed AAA mutation/mutant), 

containing the same mutation that was previously studied in α2δ subunits. Interestingly, the 

AAA mutation showed varied effects in different α2δ subunits, and while it reduced cell 

surface expression in α2δ-1 (Cassidy et al., 2014), it had no significant effects on the total 

protein expression or trafficking of α2δ-2 to cell surface (Cantí et al., 2005). The second 
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CACHD1 MIDAS mutant was generated by mutating a single residue, glycine, to serine 

(G236S), thereby generating a CACHD1 protein containing a MIDAS motif with three key 

residues identical to those found in α2δ subunits. 

A two-step Q5 DNA polymerase PCR approach was used to generate both CACHD1 MIDAS 

mutants. Initially, forward primers containing the mutations were used in the first PCR 

reaction, generating PCR fragments that were then used as megaprimers in the subsequent 

PCR reaction. The PCR products were digested with Nhe I + Cla I restriction enzymes, and 

pcDNA5/FRT-Myc-CACHD1 construct was digested with Not I + Cla I and with Nhe I + Not I 

restriction enzymes. A 3-way ligation was then used to ligate all fragments together, resulting 

in the final constructs pcDNA5/FRT-Myc-CACHD1-AAA and pcDNA5/FRT-Myc-CACHD1-G236S. 

 

 

 

Figure 3.2 Amino acid modifications of the key MIDAS motif residues in CACHD1 by site-directed 
mutagenesis. Q5 DNA polymerase PCR method was used to generate two CACHD1 MIDAS motif 
mutants. For the first mutant termed CACHD1-AAA, the three key residues within the MIDAS motif 
were mutated to alanine (D234A, G236A, S238A), resulting in a CACHD1 mutant containing a mutation 
previously studied in α2δ subunits. The second mutant termed CACHD1-G236S was generated by 
mutagenesis of single residue (G236) to serine, resulting in a CACHD1 mutant containing MIDAS motif 
with key residues identical to those found in α2δ MIDAS motifs (DxSxS). 
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3.3.4 Characterisation of MIDAS motif mutants in a transient expression system 

To investigate the effects of MIDAS motif mutagenesis on the expression, sub-cellular 

localisation, and molecular mass of Myc-tagged CACHD1-wt, CACHD1-AAA and CACHD1-

G236S, several techniques, including western blotting, densitometry, and 

immunocytochemistry were employed. 

HEK293T tsA201 cells were plated, transiently transfected with pcDNA5/FRT-Myc-CACHD1-

wt, pcDNA5/FRT-Myc-CACHD1-AAA, pcDNA5/FRT-Myc-CACHD1-G236S or pcDNA5/FRT 

(vector control), and expression and sub-cellular localisation were analysed by western 

blotting and immunocytochemistry as described in section 3.3.2. 

3.3.5 Analysis of CACHD1 expression levels in heterologous expression systems  

To determine any effects of MIDAS motif mutagenesis on CACHD1 expression levels, 

densitometry analysis of appropriate immunoblots was conducted as described in section 

2.2.13. For each sample lane, the signal of CACHD1 protein band was normalised to the 

corresponding β-actin (loading control) protein band signal, resulting in a sample/control 

ratio. This process was repeated for at least two separate images of the same blot captured 

at 10-60 s intervals (technical repeats), and an average of the sample/control ratios was 

obtained, representing one biological repeat for each sample (e.g. Myc-CACHD1-wt, Myc-

CACHD1-AAA and Myc-CACHD1-G236S). The raw data were statistically analysed by one-way 

ANOVA with Tukey’s post hoc test. The data were then normalised to CACHD1-wt, where 

CACHD1-wt expression was considered as 100%, and representative graphs with mean  SEM 

were plotted using GraphPad Prism. Significant changes were indicated at p < 0.05. 

Upon statistical analysis of densitometry data for transiently expressed CACHD1 MIDAS motif 

mutants, notable differences in expression levels between CACHD1-wt and both MIDAS motif 

mutants were observed. The underlying cause for this observation remains unclear; however, 

the process of transient transfection poses number of potential challenges, and any results 

should be interpreted with caution. The inherent variability of transient transfection can affect 

the consistency and reliability of protein expression, potentially confounding the results. To 

address any challenges related to transient transfection efficiency, stable cell lines were 

generated to provide a more robust and consistent system for studying protein expression 

levels. Stable cell lines expressing Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-

G236S were generated using the Flp-In™ system, following the protocol detailed in section 



89 

2.1.6. Co-transfection of pOG44 and pcDNA5/FRT-Myc-CACHD1-wt, pcDNA5/FRT-Myc-

CACHD1-AAA or pcDNA5/FRT-Myc-CACHD1-G236S into HEK293 Flp-In™ T-REx™ cells 

facilitated Flp recombinase-mediated integration of the CACHD1 genes into the genome of 

HEK293 Flp-In™ T-REx™ cells, allowing selection of positive clones with 100 µg/ml of 

hygromycin B in DMEM 10% FBS cell culture medium. The resulting stable cell lines were 

maintained with 50 µg/ml of hygromycin B. Subsequently, the analysis process outlined for 

transiently transfected cells was repeated for stably expressing cell lines to further understand 

the effects of MIDAS motif mutagenesis on CACHD1 expression levels. 

3.4 Results 

3.4.1 Myc-CACHD1 is expressed in transiently transfected HEK293 tsA201 cells 

Sub-cellular localisation of Myc-tagged CACHD1 in transiently transfected HEK293 tsA201 cells 

was determined by immunocytochemistry, using rabbit anti-Myc antibody for live cell 

labelling (section 2.3.4), and mouse anti-Myc antibody for fixed cell labelling (section 2.3.5). 

Live cell labelling allowed the detection of proteins located exclusively at the cell surface, 

while fixed cell labelling allowed the visualisation of protein expression throughout the cell. 

As shown in Figure 3.3A, no immunoreactive signals were detected for vector control. 

Immunoreactive Myc-CACHD1 was expressed on cell surface, with some expression in 

intracellular vesicles. It is important to note that visual identification of staining in intracellular 

compartments can be subjective and does not provide a quantitative measurement. The 

fluorescence intensity in different cellular compartments could be quantified using an image 

analysis software. 

Western blot analysis was used to determine the molecular mass of Myc-tagged CACHD1 

protein expressed in transiently transfected HEK293 tsA201 cells. In Figure 3.3B, 

immunolabelling with rabbit anti-Myc antibody showed immunoreactive Myc-CACHD1-wt 

present in cell lysates. The expected molecular mass of CACHD1 was 142 kDa (UniProt, 

Q5VU97), and Myc-CACHD1-wt was detected at    1̴50-170 kDa, suggesting that CACHD1 might 

undergo post-translational modifications, such as glycosylation. CACHD1 is known to have up 

to seven glycosylation sites (Dahimene et al., 2018), therefore the 150 kDa protein band could 

be un-glycosylated CACHD1, while the 170 kDa protein band could be fully glycosylated 

CACHD1 protein. 
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Figure 3.3 Characterisation of Myc-CACHD1-wt expression and sub-cellular localisation using 
western blotting and ICC. HEK293T tsA201 cells were transiently transfected with Myc-CACHD1-wt or 
empty vector (control), and expression was analysed by western blotting and ICC. (A) Transfected cells 
were labelled live with rabbit anti-Myc antibody, fixed with 4% PFA, and labelled with mouse anti-Myc 
antibody. Myc-CACHD1-wt was detected with rabbit and mouse anti-Myc antibodies, showing some 
expression in intracellular compartments (yellow arrows), but mostly on cell surface (white arrows). 
(B) Cells were incubated with EZ-LinkTM sulfo-NHS-SS-Biotin (0.3 mg/ml in DPBS+CM) at 4°C to label 
cell surface proteins. Cells were then lysed with RIPA buffer and whole-cell lysate samples were 
collected. Biotinylated proteins were captured by NeutrAvidin agarose beads at 4°C overnight. Proteins 
were then separated by SDS-PAGE and blots were incubated with rabbit anti-Myc antibody. 
Immunoreactive Myc-CACHD1 was detected in cells transfected with Myc-CACHD1 only, confirming 
antibody specificity. Myc-CACHD1-wt was detected at 150-170 kDa in whole-cell lysates, and at 
approx. 170 kDa in membrane samples. Signals for β-actin and TFR (transferrin receptor; loading 
controls) were present in both cell types. (Epifluorescence microscopy; Scale bar 10 µm, n=3). 



91 

3.4.2 Amino acid substitution mutations in the MIDAS motif of CACHD1 protein affect 

CACHD1 protein expression levels in HEK293 cells 

The effects of amino acid mutagenesis of three key residues in the MIDAS motif of CACHD1 

were determined by western blotting and densitometry. Immunoreactive Myc-CACHD1-wt, 

Myc-CACHD1-AAA and Myc-CACHD1-G236S were detected at 150-170 kDa by rabbit anti-Myc 

antibody (Figure 3.4A and 3.5A), showing that the AAA and G236S mutations did not change 

the molecular mass of CACHD1 protein. In transiently transfected cells, the total protein 

expression levels of the Myc-CACHD1-AAA and Myc-CACHD1-G236S mutants were 

significantly lower in comparison to Myc-CACHD1-wt, where the protein levels of Myc-

CACHD1-AAA and Myc-CACHD1-G236S mutants were reduced to 7.11.1% and 13.64.1% 

(meanSEM), respectively (Figure 3.4B). In stable cell lines, while the Myc-CACHD1-G236S 

mutant was expressed at similar levels compared to Myc-CACHD1-wt, 93.34.2% 

(meanSEM), the Myc-CACHD1-AAA mutant remained significantly reduced at 21.66.8% and 

22.36.2% (meanSEM) compared to Myc-CACHD1-wt and Myc-CAHD1-G236S mutant, 

respectively (Figure 3.5B). The exact reason for the observed difference in Myc-CACHD1-

G236S expression levels in transiently and stably expressing HEK293 cells is unknown; 

however, as highlighted in section 3.3.5, it could be due to many different factors, including 

transfection efficiency, cell confluency, integration into cells, and protein stability.  
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Figure 3.4 Analysis of expression of Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S in 
transiently transfected HEK293T tsA201 cells by western blotting. (A) Expression of Myc-CACHD1-wt, 
Myc-CACHD1-AAA and Myc-CACHD1-G236S in transiently transfected HEK293T tsA201 cells was 
determined by western blotting. Cells were lysed, proteins separated by SDS-PAGE and blots incubated 
with rabbit anti-Myc and mouse anti-β-actin (loading control) antibodies. Immunoreactive Myc-
CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S proteins were detected at 150-170kDa, 
which corresponded with the predicted size of CACHD1 protein. Signals for β-actin were present in all 
cell types. (B) Densitometry was performed on viable blots and raw data was analysed by one-way 
ANOVA with Tukey’s post hoc test. Results showed that Myc-CACHD1-AAA and Myc-CACHD1-G236S 

were expressed at significantly lower levels compared to Myc-CACHD1-wt, 7.11.1% and 13.64.1%, 

respectively (meanSEM). (n=5, **p < 0.01, ns – non-significant). 
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Figure 3.5 Analysis of expression of Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S in 
stably expressing HEK293 cells by western blotting. (A) Expression of Myc-CACHD1-wt, Myc-CACHD1-
AAA and Myc-CACHD1-G236S in stable HEK293 cells was determined by western blotting. Cells were 
lysed, proteins separated by SDS-PAGE and blots incubated with rabbit anti-Myc and mouse anti-β-
actin (loading control) antibodies. Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-
CACHD1-G236S proteins were detected at 150-170 kDa. Signals for β-actin were present in all cell 
types. (B) Densitometry was performed on viable blots and raw data was analysed by one-way ANOVA 
with Tukey’s post hoc test. Results showed that Myc-CACHD1-AAA was consistently expressed at 

significantly lower levels in comparison to Myc-CACHD1-wt (21.36.8%, meanSEM) and Myc-

CACHD1-G236S (22.36.2%, meanSEM), while Myc-CACHD1-G236S was expressed at similar levels to 

Myc-CACHD1-wt (93.34.2%, meanSEM). (n=5, *p <0.05, ns – non-significant). 
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3.4.3 The AAA mutation in the MIDAS motif of CACHD1 protein abolishes CACHD1 

protein trafficking to cell surface in stable HEK293 cells 

Sub-cellular localisation of Myc-tagged CACHD1-wt and MIDAS mutants was determined by 

immunocytochemistry, using live and fixed cell labelling with rabbit and mouse anti-Myc 

antibodies, respectively (Figure 3.6). Live cell labelling showed immunoreactive Myc-CACHD1-

wt and Myc-CACHD1-G236S mutant expressed on cell surface, while the Myc-CACHD1-AAA 

mutant could not be detected on cell surface, suggesting that the AAA mutation affected 

trafficking of the final protein. Fixed cell labelling showed immunoreactive Myc-CACHD1-wt, 

Myc-CACHD1-G236S and Myc-CACHD1-AAA expressed in intracellular compartments. The 

same expression pattern was observed in transiently (data not shown) and stably expressing 

HEK293 cells. 
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Figure 3.6 Analysis of expression and sub-cellular localisation of Myc-CACHD1-wt, Myc-CACHD1-AAA 
and Myc-CACHD1-G236S in stable HEK293 cells by immunofluorescence. Stable HEK293 cells 
expressing Myc-tagged CACHD1-wt, CACHD1-AAA and CACHD1-G236S were labelled live with rabbit 
anti-Myc antibody, fixed with 4% PFA, and labelled with mouse anti-Myc antibody. Myc-CACHD1-wt 
and Myc-CACHD1-G236S were detected at the cell surface (white arrows) by live cell staining, and in 
intracellular compartments (yellow arrows) by staining of permeabilised cells. Myc-CACHD1-AAA could 
not be detected at the cell surface and was only detected in intracellular compartments. (Scale bar 10 
µm, n=5). 
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3.5 Discussion 

α2δ subunits are well-known and characterised modulators of HVA VGCCs. Previous studies 

have shown the importance of an intact MIDAS motif within the VWA domain of α2δ subunits 

in their expression and trafficking in heterologous expression systems (Cantí et al., 2005; 

Hoppa et al., 2012; Cassidy et al., 2014). The classification of CACHD1 protein as a member of 

the α2δ protein family (Whittaker and Hynes, 2002), its characterisation as a modulator of 

LVA VGCCs, and structural similarities between α2δ subunits and CACHD1 (Cottrell et al., 

2018) underscore the significance of understanding whether the MIDAS motif of CACHD1 

protein functions similarly to the MIDAS motif present in α2δ subunits. It is important to note 

that the CACHD1 protein contains a variant MIDAS motif (DxGxS), where the second key 

residue is glycine instead of the serine typically observed in α2δ subunits (DxSxS; Whittaker 

and Hynes, 2002). This chapter investigated the variant MIDAS motif by mutating key residues 

within the motif, aiming to understand its role in CACHD1 expression and localisation in 

heterologous expression systems. It is important to note that, here, CACHD1 was studied in 

the absence of CaV3.1 expression. 

3.5.1 Characterisation of CACHD1 protein expression in a heterologous expression 

system 

As a first step, the expression and sub-cellular localisation of Myc-tagged CACHD1 were 

characterised in a transient expression system. Through a series of experiments, it was shown 

that Myc-CACHD1 was successfully expressed in transiently transfected HEK293 tsA201 cells, 

showing localisation in intracellular compartments and at the cell membrane which 

corresponds with the findings reported by Ince (MSc thesis, 2018). Detection of CACHD1 at 

the cell membrane by live cell immunolabelling indicates that CACHD1 may interact with the 

extracellular environment and other membrane proteins (Chataigner et al., 2020). CACHD1, 

unlike α2δ subunits which are generally accepted to be GPI-anchored (Davies et al., 2010), is 

predicted to be a type-I transmembrane protein, and the sub-cellular localisation observed 

during the current study supports the classification of CACHD1 as a transmembrane protein. 

Western blot analysis revealed that Myc-CACHD1 molecular mass ranged between   ̴150-170 

kDa. The predicted molecular mass of CACHD1 is 142 kDa (UniProt, Q5VU97), therefore the 

varying molecular mass could indicate that CACHD1 undergoes post-translational 

modifications, in particular glycosylation, as CACHD1 was previously shown to have up to 
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seven glycosylation sites (Dahimene et al., 2018). The addition of sugar molecules to specific 

amino acid residues within the protein can increase its molecular mass by approx. 2.5 kDa per 

site (Kornfeld and Kornfeld, 1985); therefore, the presence of multiple protein bands could 

indicate differentially glycosylated forms of the CACHD1 protein, with the lower molecular 

mass protein band representing a non-glycosylated form of CACHD1, and the higher molecular 

mass protein bands representing partially or fully glycosylated forms of CACHD1. Additionally, 

the 170 kDa protein band appears to be notably stronger in intensity compared to the lower 

molecular mass protein bands, therefore indicating that fully glycosylated CACHD1 may be the 

most abundant form of CACHD1 in the samples collected from HEK293 tsA201 cells. 

Moreover, protein stability, protein folding, levels of glycosylation and cellular localisation can 

affect the half-life of a protein, resulting in faster protein turnover (synthesis  degradation) 

(Watanabe et al., 2004; Lee et al., 2023), which could also explain the detection of lower 

molecular mass CACHD1 proteins. Furthermore, cell surface biotinylation analysis showed 

that the 170 kDa protein band was the membrane associated CACHD1, consistent with the 

suggestion that a fully glycosylated form of CACHD1 is trafficked to cell surface where it 

interacts with the extracellular environment, including other proteins such as LVA VGCCs 

(Cottrell et al., 2018). 

3.5.2 MIDAS motif within the VWA domain of CACHD1 is important for protein 

expression and trafficking 

The preliminary study conducted by Ince (MSc thesis, 2018) explored the impact of amino acid 

substitution within the MIDAS motif on CACHD1 expression and trafficking in a transient 

expression system and showed that mutating the second key residue to serine had no effect 

on CACHD1 trafficking to cell membrane, but it significantly reduced the total CACHD1 protein 

expression levels. On the other hand, mutagenesis of all three key residues to alanine not only 

reduced total CACHD1 expression levels but also impaired trafficking to cell surface. This 

chapter aimed to confirm the results presented by Ince (MSc thesis, 2018) and deepen the 

understanding of the role of the variant MIDAS motif in CACHD1 protein.  

CACHD1 is classified as a member of the α2δ protein family, therefore it is important to 

consider previous investigations into α2δ subunits and their MIDAS motif as a foundation for 

the current study. Amino acid substitutions in the key residues of α2δ MIDAS motif, in 

particular the AAA mutation where all three key residues (aspartic acid, serine, serine; DxSxS) 

were mutated to alanine (AxAxA), showed varied effects on different α2δ subunits. While the 
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AAA mutation reduced cell surface expression in α2δ-1 (Cassidy et al., 2014), it had no 

significant effects on the total protein expression or trafficking of α2δ-2 in tsA201 or Cos-7 

cells (Cantí et al., 2005). Similarly to α2δ-1, the AAA mutation in CACHD1 impaired its 

trafficking and expression at the cell membrane. Furthermore, the AAA mutation significantly 

reduced total CACHD1 protein expression levels in both transiently and stably expressing 

HEK293 cells, corresponding with preliminary results reported by Ince (MSc thesis, 2018). The 

exact reasons for these observations remain unknown, but one could speculate that the 

mutagenesis of all three key residues causes conformational changes in CACHD1 protein 

structure, leading to protein misfolding. Protein misfolding could interrupt CACHD1 

interaction with trafficking proteins, explaining why it was not detected at the cell membrane. 

Moreover, misfolded proteins are often recognised and degraded by intracellular mechanisms 

to prevent accumulation of potentially toxic protein aggregates, which could explain the low 

expression levels of CACHD1-AAA. Furthermore, the AAA mutation could disrupt CACHD1 

interaction with other cellular proteins that may be required for its trafficking, explaining the 

disrupted trafficking of CACHD1 to cell surface. 

It is important to note that the second key MIDAS residue of CACHD1, glycine (G236), is not 

fully conserved in comparison to the typical MIDAS motif containing serine, which is present 

in approx. 46% of the proteins that have a MIDAS motif within their VWA domain (Whittaker 

and Hynes, 2002). However, it is yet to be established whether the key residues of the variant 

MIDAS motif found in CACHD1, DxGxS, are equally as important for the functionality of the 

motif as in other proteins, especially α2δ subunits. To further understand the role of the 

glycine residue, it was mutated to serine, generating a CACHD1 protein with a fully conserved 

MIDAS motif as found in α2δ subunits. The G236S mutation had no observable effects on the 

trafficking and cell surface expression of CACHD1; however, similarly to the AAA mutation, it 

significantly reduced total CACHD1 protein levels in transiently expressing HEK293 cells, 

corresponding with the findings shown by Ince (MSc thesis, 2018). Interestingly, in stably 

expressing HEK293 cells, the G236S mutation had no significant effect on total CACHD1 

protein levels and was comparable to wild-type CACHD1. The exact reason for the difference 

in expression levels between transiently and stably expressing cells remains unknown; 

however, many different factors could be the cause, including DNA preparation, transfection 

efficiency, cell confluency, integration into cells, and protein stability. In transiently 

transfected cells, the integration and folding of the G236S mutant protein could be affected, 
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resulting in a misfolded protein that is degraded by intracellular degradation mechanisms and 

could pose as a possible explanation for low levels of CACHD1-G236S detected in transiently 

expressing HEK293 cells.  

Previous studies investigating the MIDAS motif in other proteins showed that the key MIDAS 

residues may bind Ca2+, Mn2+ or Mg2+ ions, causing conformational changes within the VWA 

domain and subsequently promote protein function. Cantí et al. (2005) hypothesised that, in 

α2δ subunits, the key MIDAS motif residues bind Ca2+/Mg2+ when the concentration of 

divalent cations is high in the endoplasmic reticulum, causing conformational changes in α2δ 

that allow correct folding and subsequent trafficking of the CaVα1 complex to cell membrane. 

Interestingly, the mutagenesis of all three key residues to alanine (DxSxS  AxAxA) showed 

no effect on α2δ-2 protein folding or trafficking when expressed alone; however, it reduced 

cell surface expression of its complexes with the pore-forming CaVα1 and CaV2.2 subunits 

(Cantí et al., 2005). In integrin β1 subunit, mutation of the first key residue, aspartic acid (D130), 

to alanine within the MIDAS motif disrupted Mn2+ and Mg2+ ion binding, leading to inhibition 

of conformational changes within the VWA domain and subsequent ligand binding (Mould et 

al., 2002; Valdramidou et al., 2008). Furthermore, studies showed that an intact MIDAS motif 

is required for correct folding of α4β7 integrins and the binding of Mn2+ and Mg2+ ions (de 

Château et al., 2001; Chen et al., 2003; Yu et al., 2012). These studies support the theory that 

the loss of membrane expression in CACHD1-AAA mutant may be due to the inhibition of 

metal ion binding to MIDAS motif residues and interruption of subsequent conformational 

changes that stabilise the protein and promote its cell surface expression. In contrast, the 

mutagenesis of second key residue to serine (G236S) did not appear to affect the trafficking 

of CACHD1, suggesting that CACHD1 can function in a similar way whether it contains a variant 

or a fully conserved MIDAS motif within its VWA domain. This theory is further supported by 

the results reported by Cantí et al. (2005) showing the serine residue in α2δ subunits to be 

important for metal ion binding that leads to correct protein processing.  

3.5.3 Conclusion 

The results presented in this chapter emphasise the criticality of key residues within the 

MIDAS motif of CACHD1. Mutagenesis of all three key residues to alanine disrupted protein 

trafficking and caused pronounced decrease in expression levels. Conversely, mutating only 

the second key residue to serine had minimal impact on total protein expression and 

trafficking to the cell surface, suggesting that the variant MIDAS motif in CACHD1 functions 
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similarly to the fully conserved MIDAS motif found in α2δ subunits. Although the G236S 

mutation showed no significant effects on CACHD1 trafficking and expression, it raises the 

question about its effects on the modulation of CaV3 VGCCs by CACHD1 (Cottrell et al., 2018). 

The effects of MIDAS motif mutagenesis on CACHD1 as a subunit of CaV3 VGCCs are further 

investigated in Chapter 4. 

3.6 Future work 

Although the findings in this chapter show the importance of key residues within the MIDAS 

motif of CACHD1, further investigation into the significance of individual residues is required. 

Site-directed mutagenesis of single key residues, one at a time, could provide insights into the 

importance of each key amino acid residue in CACHD1 expression, trafficking, and function. 

Additionally, mutagenesis of the key residues to more conserved residues instead of alanine 

(e.g. D234E and S238T) could provide deeper understanding into the importance of individual 

amino acid residues within the MIDAS motif. Using fluorescence microscopy to further 

investigate the sub-cellular co-localisation of CACHD1-wt and its MIDAS motif mutants with 

other proteins, in particular trafficking proteins, could deepen the understanding of the 

underlying mechanisms behind the disrupted trafficking of CACHD1-AAA to cell surface. This 

investigation could reveal whether the disruption is caused by protein misfolding and 

subsequent degradation or due to the mutation disrupting CACHD1 binding to its associated 

trafficking proteins that facilitate its trafficking to cell membrane. Furthermore, structural 

analysis with X-ray crystallography or cryo-EM could provide insights into how mutations in 

the MIDAS motif alter CACHD1 protein structure and interaction with other proteins or 

ligands. 

In this study, heterologous expression systems were used to study CACHD1. While they are 

useful for an initial exploration of protein expression, trafficking and localisation, the findings 

may not fully translate to native physiological conditions. Therefore, it is important to further 

investigate the effects of MIDAS motif mutagenesis in native expression systems, such as 

SH5YSY neuronal cell line or native neurons. Additionally, by using a native expression system, 

questions related to the physiological relevance of the findings can be addressed better. 

Combination of data from both heterologous and native expression systems can provide a 

more comprehensive understanding into the role of the MIDAS motif in CACHD1 function, 

cellular physiology, and disease pathology. 
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4. EFFECTS OF MIDAS MOTIF MUTAGENESIS ON CACHD1 FUNCTION AS A 

MODULATOR OF CaV3.1, T-TYPE CALCIUM CHANNEL 

4.1 Introduction 

Chapter 3 highlighted the importance of key residues within the MIDAS motif of CACHD1 

(D234HGAS) on protein expression and trafficking. Through various experiments, it was shown 

that mutating all three key residues to alanine (DxGxS to AxAxA) led to a disruption in CACHD1 

trafficking to cell surface, coupled with a significant decrease in protein expression levels. On 

the other hand, mutating only the second key residue to serine (G236S) had minimal impact 

on CACHD1 trafficking or protein expression levels. These findings suggested the possibility 

that the variant MIDAS motif in CACHD1 functions similarly to the fully conserved MIDAS motif 

(DxSxS) found in α2δ subunits. However, despite the lack of significant effects on CACHD1 

trafficking and expression resulting from the G236S mutation, questions arise about its 

modulatory effects on CaV3 VGCCs. 

As CACHD1 is a relatively novel modulator of CaV3 VGCCs, the number of studies describing 

its full potential is limited and therefore it is of great importance to gain the understanding of 

the mechanisms of how CACHD1 modulates CaV3 VGCCs. The main findings to date show that 

CACHD1 modulates CaV3 channels by increasing the i) peak current density with a 

corresponding increase in maximal conductance for CaV3.1, ii) channel open probability for 

CaV3.1, iii) T-type calcium current levels for CaV3.2 and CaV3.3; while also promoting CaV3.1 

cell surface localisation as well as formation of CACHD1-CaV3.1 protein complexes in 

heterologous expression system and native neurons (Cottrell et al., 2018; Stephens and 

Cottrell, 2019). Moreover, α2δ-1 showed no effect on CaV3 calcium channels (Cottrell et al., 

2018), but it plays a similar role for CaV1 and CaV2 channels (Dolphin, 2012).  

Previous studies showed that mutagenesis of the three key residues of α2δ-1 MIDAS motif, 

either through single amino acid substitution (D112A) or mutagenesis of all three key residues 

(D112A, G114A, S116A, termed AAA), results in the ablation of CaV1 and CaV2 current increase 

normally seen in wild-type α2δ-1 (Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). 

Furthermore, the AAA mutation in α2δ-2 was reported to prevent α2δ-2-mediated increase 

in CaV2.2 current density (Cantí et al., 2005; Hoppa et al., 2012). Therefore, this chapter 

further investigates the effects of MIDAS motif mutagenesis on CACHD1 function as a 

modulator of CaV3 VGCCs, CaV3.1 in particular. 
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4.2 Objective 

Previous studies have shown that mutations in the MIDAS motif of α2δ subunit, particularly 

the key residues (DxSxS), led to the abolishment of α2δ-1 and α2δ-2-associated increases in 

current of CaV1 and CaV2 channels (Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). 

CACHD1, unlike α2δ subunits, has been identified and described as a modulator of CaV3 VGCCs 

(Cottrell et al., 2018), it is therefore of interest to understand whether CACHD1 and α2δ 

subunits use similar mechanisms to modulate the biophysical properties of VGCCs, and how 

mutagenesis of the variant MIDAS motif in CACHD1 affects its function as a modulator of CaV3 

VGCCs. 

Considering the variation in expression levels of CACHD1-wt, CACHD1-AAA, and CACHD1-

G236S reported in Chapter 3, it is important to understand whether any effects on CACHD1-

associated CaV3.1 T-type current increase caused by the MIDAS motif mutagenesis stem from 

the mutations themselves rather than the difference in expression levels.  

• The first objective of this chapter was to generate inducible stable cell lines expressing 

CACHD1-wt, CACHD1-AAA, or CACHD1-G236S, where expression levels can be 

regulated by an inducing agent. 

• The second objective was to tag rat CaV3.1 (rCaV3.1) with a HA epitope tag and 

characterise rCaV3.1 expression in a heterologous expression system. 

• The final objective was to investigate the impact of mutating the three key residues in 

MIDAS motif on CACHD1 modulatory effects on rCaV3.1 in the inducible CACHD1 stable 

cell lines using patch clamp electrophysiology. 

Hypothesis: Mutagenesis of the three key residues, D234xGxS, within the variant MIDAS motif 

of CACHD1 will reduce CACHD1-mediated current increase of rCaV3.1.  

This hypothesis is based on the results shown for α2δ subunits where mutagenesis of the key 

residues in MIDAS motif of α2δ-1 and α2δ -2 subunits to alanine resulted in ablation of α2δ-1 

and α2δ-2-associated current increase of CaV1 and CaV2 channels (Cantí et al., 2005; Hoppa et 

al., 2012; Cassidy et al., 2014). 
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4.3 Experimental approach 

Given the varying expression levels of CACHD1-wt, CACHD1-AAA and CACHD1-G236S mutants 

reported in Chapter 3, it is important to standardise their expression and achieve similar 

protein expression levels. The standardisation of expression levels will allow the 

understanding of CACHD1 functional effects on CaV3.1 T-type currents associated with MIDAS 

motif mutagenesis independently of any effects caused by the varying protein expression 

levels. To achieve equal protein expression of CACHD1-wt, CACHD1-AAA and CACHD1-G236S 

mutants, a tetracycline-ON (TetON) regulatory system that requires tetracycline to induce 

gene expression was used. Addition of tetracycline causes conformational changes in the 

reverse tetracycline transactivator (rtTA) which is comprised of the tetracycline repressor 

(TetR) and the VP16 transactivation domain (Gossen and Bujard, 1992). These conformational 

changes enable rtTA binding to the tetracycline operator (TetO), initiating the transcription of 

the gene of interest (Gossen and Bujard, 1992). 

4.3.1 Generation and characterisation of inducible CACHD1-wt, CACHD1-AAA, and 

CACHD1-G236S stable HEK293 cell lines 

The generation of stable HEK293 Flp-In™ T-REx™ cell lines where the expression of CACHD1 

can be regulated with tetracycline consisted of two main steps: i) the addition of TetO and ii) 

generation of stable cell lines using viral transduction method. 

4.3.1.1 Addition of a tetracycline operator to regulate protein expression 

The process of adding a TetO to Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S 

constructs consisted of three steps.  

1) TetO was inserted into the existing pcDNA5/FRT-Myc-CACHD1-wt/AAA/G236S constructs 

using Hind III and Apa I restriction enzymes (Figure 4.1).  

2) The TetO-Myc-CACHD1-wt/AAA/G236S were transferred into a lentiviral vector that would 

facilitate stable CACHD1 expression through lentiviral transduction. In this case, pLenti6.3-neo 

was used because it contains the necessary elements for packaging lentiviral particles, 

including the lentiviral genome backbone, a CMV promoter to drive gene expression, and long 

terminal repeats (LTRs) required for integration into the host genome. Due to limited 

restriction sites available, this transfer required two steps. TetO-Myc-CACHD1-wt/AAA/G236S 
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were first inserted into pLenti6.3-blast using Sna BI and Bam HI restriction sites as shown in 

Figure 4.2.  

3) Using Mfe I and Sex AI restriction sites, TetO-Myc-CACHD1-wt/AAA/G236S were inserted 

into pLenti6.3-neo plasmid (Figure 4.3) which contains the G418 resistance gene. However, 

prior to this step, pLenti6.3-neo plasmid had to be demethylated as the Sex AI restriction site 

is sensitive to methylation by the DNA methyltransferase enzyme (Dcm). To obtain non-

methylated pLenti6.3-neo plasmid DNA, GM2163 competent bacterial cells were transformed 

with pLenti6.3-neo. E. coli (GM2163) lack the Dcm enzyme and therefore transformation into 

these cells prior to cloning results in a non-methylated DNA construct, avoiding cloning issues 

related to DNA methylation along the line, such as low restriction enzyme digestion efficiency 

(Marinus and Løbner-Olesen, 2014). The non-methylated pLenti6.3-neo plasmid DNA was 

then obtained according to protocols outlined in sections 2.4.14 and 2.4.15. 

When working with lentiviral vectors, Mach1 competent bacterial cell were used for 

transformation at 28°C to slow down their growth rate. This reduces the chance of 

homologous recombination which is particularly important for lentiviral vectors containing 

LTRs. Following Mach1 bacterial transformation, the final pLenti6.3-neo-TO-Myc-CACHD1-

wt/AAA/G236S plasmid DNA was transformed into Stbl3 competent cells for propagation and 

prepared according to sections 2.4.14 and 2.4.15. Stbl3 competent cells have mutations in the 

recA gene which reduces homologous recombination, helping to maintain the stability of DNA 

constructs and prevent rearrangements during bacterial transformation. 
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Figure 4.1 Cloning procedure for the addition of TetO to Myc-CACHD1-wt/AAA/G236S. 
pcDNA5/FRT/TO and pcDNA5/FRT-Myc-CACHD1-wt/AAA/G236S were digested with Hind III-HF and 
Apa I to introduce single-stranded overhangs. The final pcDNA5/FRT/TO-Myc-CACHD1-wt/AAA/G236S 
constructs were generated by a 2-way ligation with T4 DNA ligase. 

 

 
Figure 4.2 Cloning procedure for the insertion of TO-Myc-CACHD1-wt/AAA/G236S into pLenti6.3. 
pLenti6.3 and pcDNA5/FRT/TO-Myc-CACHD1-wt/AAA/G236S were digested with Sna BI and Bam HI-
HF to introduce single-stranded overhangs. The final pLenti6.3-TO-Myc-CACHD1-wt/AAA/G236S 
constructs were generated by a 2-way ligation with T4 DNA ligase. 



106 

 
Figure 4.3 Cloning procedure for generation of pLenti6.3-neo-TO-Myc-CACHD1-wt/AAA/G236S. 
pLenti6.3 was demethylated using GM2163 competent bacterial cells. (A, B) pLenti6.3-neo and 
pLenti6.3-TO-Myc-CACHD1-wt/AAA/G236S were digested with Mfe I-HF and Sex AI to produce 5678 
bp and 6421 bp DNA fragments with single-stranded overhangs, respectively. The final pLenti6.3-neo-
TO-Myc-CACHD1-wt/AAA/G236S constructs were generated by a 2-way ligation with T4 DNA ligase. 
(C) Positive colony PCR with CMV fwd and hCACHD1:247-229rev primers (450 bp fragment for 
pLenti6.3-TO-Myc-CACHD1-wt, control; 559 bp fragment for pLenti6.3-neo-TO-CACHD1-
wt/AAA/G236S), (D) and restriction digest of final product with Afl II showed expected DNA fragments, 
suggesting successful insertion of TetO-Myc-CACHD1-wt/AAA/G236S into pLenti6.3-neo. (B: 0.8% 
agarose gel, 1 kb DNA ladder, NEB; C: 2% agarose gel, 100 bp DNA ladder, NEB; D: 1% agarose gel, 1 
kb DNA adder, NEB). 
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4.3.1.2 Stable cell line generation and characterisation 

HEK293 Flp-In™ T-REx™ stable cell lines expressing CACHD1, and the MIDAS mutants were 

generated by viral transduction, following the protocol outlined in section 2.1.7. Following 

antibiotic selection, monoclonal CACHD1-wt, CACHD1-AAA and CACHD1-G236S clones were 

picked, and their expression and sub-cellular localisation were assessed by western blotting 

and immunocytochemistry. 

Stable HEK293 cells in a 12-well plate were treated with 1 µg/ml of tetracycline or plain culture 

medium (negative control), followed by overnight incubation at 37°C, 5% CO2. Some cells were 

seeded onto poly-D-lysine coated coverslips (1x105 cells/well, 12-well plate) for 

immunocytochemistry, while the remaining cells were lysed and extracted proteins were 

analysed by western blotting as described in section 2.2.11, using rabbit anti-Myc (1:5000) 

and mouse anti-β-actin (1:20000) antibodies. To evaluate sub-cellular localisation of Myc-

tagged CACHD1-wt, CACHD1-AAA and CACHD1-G236S, cells on coverslips were labelled live 

and fixed (section 2.3.4 and 2.3.5) with rabbit and mouse anti-Myc antibodies, respectively, 

followed by imaging using epifluorescence microscopy.  

4.3.2 Tagging and characterisation of rCaV3.1 in a heterologous expression system 

Untagged rCaV3.1 construct was provided by Dr. Perez-Reyes for the purposes of this project. 

While a human CaV3.1 (hCaV3.1) construct was available, there were issues with its detection 

and usability during initial expression and electrophysiology experiments. rCaV3.1 serves as a 

suitable alternative to hCaV3.1, as the proteins share approx. 94% amino acid sequence 

homology (alignment of hCaV3.1 (UniProt, O434497) and rCaV3.1 (UniProt, O54898) amino 

acid sequences was carried out using Clustal Omega multiple sequence alignment tool; 

Appendix II, Figure 9.1). While studies comparing hCaV3.1 and rCaV3.1 are limited, studies have 

compared the human and rat CaV3 families. Study by Gomora et al. (2002) compared human 

and rat CaV3 channels, and while they did not specifically use CaV3.1, the results showed that 

human and rat CaV3.3 channels shared similar biophysical properties. Moreover, both human 

and rat CaV3 channels showed similar activation thresholds (< -35 mV), with rat CaV3 currents 

activated at slightly lower potentials compared to human CaV3 currents (Hartung et al., 2022). 

These similarities suggest that the functional characteristics, including their biophysical 

properties, are likely to be conserved between species, supporting the suitability of rCaV3.1 as 

a model for studying CaV3.1 modulation throughout this project.  
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The Q5 DNA polymerase PCR method was used (section 2.4.6) to insert a HA epitope tag (Y2-

A10: YPYDVPDYA) after M1 residue of rCaV3.1. Given the poor quality of available anti-rCaV3.1 

antibodies, the decision to use an epitope tag was made to ensure reliable detection of 

rCaV3.1 during biochemical experiments, such as sub-cellular localisation, expression levels 

and trafficking. The cloning procedure is shown in Figure 4.4. Required DNA fragments were 

ligated with T4 DNA ligase and Mach 1 bacteria were transformed with ligation reactions. CMV 

fwd and rCaV3.1:1014-994rev primers were used for screening of positive colonies, resulting 

in 1154 bp and 1189 bp DNA fragments for pcDNA5/FRT-rCaV3.1 (control) and pcDNA5/FRT-

HA-rCaV3.1, respectively. Final constructs were sequenced to confirm successful addition of a 

HA epitope tag in rCaV3.1. 

The expression of HA-rCaV3.1 was then characterised by western blotting and 

immunocytochemistry. HEK293T tsA201 cells were plated at a 2x106 cells/well density in a 6-

well plate and transiently transfected with 6 µg of pcDNA5/FRT-HA-rCaV3.1 or pcDNA5/FRT 

(vector control) as described in section 2.1.5. Subsequently, transfected cells were seeded 

onto poly-D-lysine coated coverslips (1x105 cells/well, 12-well plate) for 

immunocytochemistry, while the remaining cells were allowed to grow in the 6-well plate for 

western blot analysis. Cells were cultured at 37°C, 5% CO2, for 48 h before analysis. To 

investigate sub-cellular localisation, cells on coverslips were fixed with 4% PFA (section 2.3.3) 

and labelled with mouse anti-HA antibodies (section 2.3.5). To confirm molecular size of HA-

rCaV3.1 protein, transfected cells were lysed and extracted proteins were analysed by western 

blotting as described in section 2.2.11, using mouse anti-Myc (1:5000) and mouse anti-β-actin 

(1:20000) antibodies. 



109 

 

Figure 4.4 Cloning procedure for the addition of HA epitope tag in rCaV3.1. Afl II-HA-rCaV3.1 and 
rCaV3.1:1014-994rev primers were used to produce 1058 bp rCaV3.1 fragment with Afl II and Age I 
restriction sites, and a HA epitope tag sequence following the start codon (ATG) of rCaV3.1 (PCR 
product 1). rCaV3.1:5864-5883 and rCaV3.1-Not I-rev primers were used to produce 1053 bp rCaV3.1 
fragment with Apa LI and Not I restriction sites (PCR product 2). PCR product 1, PCR product 2, pcDNA3-
HE3-rCaV3.1, and pcDNA5/FRT were digested with Afl II + Age I, Apa LI + Not I, Age I + Apa LI, and Afl II 
+ Not I respectively to introduce single-stranded overhangs. The final pcDNA5/FRT-HA-rCaV3.1 
construct was generated by a 4-way ligation with T4 DNA ligase.  
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4.3.3 Patch-clamp electrophysiology of rCaV3.1 channels 

Transient transfection with rCaV3.1 or HA-rCaV3.1 with mVenus was carried out as described 

in section 2.1.5. The presence of mVenus in cells can be a good indicator of successful 

transfection and protein expression, while aiding with cell visualisation during patch-clamp 

electrophysiology experiments. HEK293 tsA201 were used to assess the impact of the addition 

of HA tag on rCaV3.1 currents, and inducible HEK293 stable cell lines expressing CACHD1-wt, 

CACHD1-AAA, or CACHD1-G236S were used to assess the effects of MIDAS motif mutagenesis 

on rCaV3.1 channel biophysical properties.  

Inducible stable cell lines expressing CACHD1 were transfected as detailed above, and after 4-

6 h incubation period the cells were divided between two separate 30 mm dishes. The day 

before electrophysiological experiments, culture medium containing 1 µg/µl tetracycline was 

added to cells in one dish to induce CACHD1 expression, while the cells in the second dish 

underwent media change without tetracycline induction. This approach was implemented to 

maintain consistent experimental conditions across both conditions. On the day of the 

experiment, cells were plated onto coverslips and labelled as A and B to maintain blinding 

throughout. 

Voltage-clamp recordings were obtained as described in Vogl et al. (2015; section 2.5) and 

performed with 10 mM Ba2+ as the charge carrier. Ba2+ was chosen as a standard charge carrier 

to measure channel activity due to its high permeability and avoidance of Ca2+-dependent 

current inactivation processes. rCaV3.1 currents were induced by depolarisation from a 

holding potential of -90 mV to +60 mV, using 10 mV incremental steps. Ba2+ current density 

(IBa (pA/pF)) was determined by measuring peak currents at different voltage potentials and 

dividing by individual cell capacitance values, as measured using Clampfit11.2 (Molecular 

Devices). Subsequently, current density-voltage data were analysed according to section 

2.5.4, and Gmax, Vrev, V1/2, and slope factor k values were determined to compare any effects 

on rCaV3.1 channel biophysical properties associated with HA tag addition and CACHD1 MIDAS 

motif mutagenesis. Liquid junction potential was +8.5 mV and all results are shown 

uncorrected. 
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4.4 Results 

4.4.1 CACHD1 MIDAS mutants are expressed in stable HEK293 cells, and their 

expression can be regulated with tetracycline 

Western blot analysis was used to confirm the molecular mass, and inducibility and regulation 

of Myc-tagged CACHD1-wt, CACHD1-AAA and CACHD1-G236S expression by tetracycline in 

stable HEK293 cells. Figure 4.5A shows immunoreactive Myc-CACHD1 proteins at   ̴150-170 

kDa, which is consistent with findings reported in Chapter 3. Moreover, immunoreactive Myc-

tagged CACHD1-wt, CACHD1-AAA and CACHD1-G236S were detected in whole cell lysate 

samples treated with tetracycline only, indicating that the addition of tetracycline induced 

gene transcription and subsequent protein expression. These results were further confirmed 

by immunocytochemistry, where immunofluorescent Myc-tagged CACHD1-wt, CACHD1-AAA 

and CACHD1-G236S were detected only in cells treated with tetracycline (Figure 4.5B). 

Furthermore, the sub-cellular localisation of Myc-tagged CACHD1-wt, CACHD1-AAA and 

CACHD1-G236S in stably expressing HEK293 cells was evaluated using rabbit anti-Myc 

antibody for live cell labelling (section 2.3.4), and mouse anti-Myc antibody for fixed cell 

labelling (section 2.3.5). As shown in Figure 4.5B, both CACHD1-wt and CACHD1-G236S were 

expressed on cell surface and in intracellular compartments, while CACHD1-AAA was detected 

exclusively in intracellular compartments, aligning with the expression patterns reported in 

Chapter 3. 

Following the selection of CACHD1-wt, CACHD1-AAA and CACHD1-G236S clones that showed 

similar protein expression levels, cells were treated with 1 µg/ml of tetracycline, and the total 

expression levels were assessed by densitometry prior to any functional studies. Statistical 

analysis of total protein expression levels showed that treatment with 1 µg/ml of tetracycline 

resulted in comparable expression levels of 100.00.0%, 138.232.8% and 125.834.9% for 

CACHD1-wt, CACHD1-AAA and CACHD1-G236S, respectively, showing no significant 

differences in total CACHD1 expression (Figure 4.6). 
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Figure 4.5 Characterisation of Myc-tagged CACHD1-wt and MIDAS mutants expression regulation 
and sub-cellular localisation using western blotting and ICC. Stably expressing HEK293T cells were 
treated with 1 µg/ml of tetracycline or culture medium (-ve control), and expression was analysed by 
western blotting and ICC. (A) Cells were lysed and whole-cell lysate samples were collected. Proteins 
were then separated by SDS-PAGE and blots were incubated with rabbit anti-Myc antibody. 
Immunoreactive Myc-CACHD1 proteins were detected in cells treated with tetracycline only, 
confirming inducibility and regulation of CACHD1 expression. Myc-tagged CACHD1-wt, CACHD1-AAA 
and CACHD1-G236S were detected at 150-170 kDa in whole-cell lysates. Signals for β-actin (loading 
control) were present in treated and non-treated cells. (9% SDS-PAGE gel, n=3). (B) Cells were labelled 
live with rabbit anti-Myc antibody, fixed with 4% PFA, and labelled with mouse anti-Myc antibody. 
Myc-tagged CACHD1 proteins were detected with rabbit antibodies, showing expression on cell 
surface, and with mouse anti-Myc antibodies, showing some expression in intracellular compartments. 
(Scale bar 10 µm, n=3). 
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Figure 4.6 Analysis of expression of Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S in 
inducible stably expressing HEK293 cells by western blotting. (A) Expression of Myc-CACHD1-wt, Myc-
CACHD1-AAA and Myc-CACHD1-G236S in induced stable HEK293 cells was determined by western 
blotting. Cells were lysed, proteins separated by SDS-PAGE and blots incubated with rabbit anti-Myc 
and mouse anti-β-actin (loading control) antibodies. Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-
AAA and Myc-CACHD1-G236S proteins were detected at 150-170 kDa. Signals for β-actin were present 
in all cell types. (B) Densitometry was performed on viable blots and raw data was analysed by One-
way ANOVA with Tukey’s post hoc test. Results showed that Myc-CACHD1-wt, Myc-CACHD1-AAA, and 
Myc-CACHD1-G236S expression induced with 1 µg/ml of tetracycline was consistently at comparable 

levels (100.00.0%, 138.232.8%, 125.834.9% for CACHD1-wt, CACHD1-AAA and CACHD1-G236S 

respectively; meanSEM). (n=8, ns – non-significant). 
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4.4.2 The HA-tagged rCaV3.1 is expressed in transiently transfected HEK293 tsA201 

cells 

Western blot analysis was used to confirm the expression and size of HA-tagged rCaV3.1 

protein expressed in transiently transfected HEK293 tsA201 cells. In Figure 4.4A, 

immunolabelling with mouse anti-HA antibody showed immunoreactive HA-rCaV3.1 present 

in whole-cell lysates. HA-rCaV3.1 was detected at a molecular mass of   ̴ 300 kDa which 

corresponds with the predicted molecular mass of rCaV3.1 protein reported by UniProt (>250 

kDa with multiple N-glycosylation sites; O54898). 

Expression of HA-tagged rCaV3.1 in transiently transfected HEK293 tsA201 cells was further 

confirmed by immunocytochemistry, using mouse anti-HA antibody for fixed cell labelling 

(section 2.3.5). As shown in Figure 4.4B, immunoreactive HA-rCaV3.1 was expressed mainly in 

intracellular compartments. No immunoreactive signals were detected for vector control. 
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Figure 4.7 Characterisation of HA-rCaV3.1 expression using western blotting and ICC. HEK293T tsA201 
cells were transiently transfected with HA-rCaV3.1 or empty vector (control), and expression was 
analysed by western blotting and ICC. (A) Cells were lysed and whole-cell lysate samples were 
collected. Proteins were then separated by SDS-PAGE and blots were incubated with mouse anti-HA 
antibody. Immunoreactive HA-rCaV3.1 was detected in cells transfected with HA-rCaV3.1 only, 
confirming antibody specificity. HA-rCaV3.1 was detected at   3̴00 kDa in whole-cell lysates. Signals for 
β-actin (loading controls) were present in both cell types. (9% SDS-PAGE gel, n=2) (B) Transfected cells 
were fixed with 4% PFA and labelled with mouse anti-HA antibody. HA-rCaV3.1 was detected by 
epifluorescence microscopy showing some expression on cell surface but mostly in intracellular 
compartments. (Scale bar 10 µm, n=2). 
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4.4.3 The presence of HA tag appears to have no effect on rCaV3.1 currents 

Following co-transfection of rCaV3.1 or HA-rCaV3.1 with mVenus in HEK293 tsA201 cells, 

voltage-clamp electrophysiology was carried out to investigate the potential impact of adding 

a HA tag at the N-terminus of rCaV3.1 on the biophysical properties of the channel. Analysis of 

the modified Boltzmann curve fitting to current-voltage relationships showed that the 

addition of HA tag had no significant effect on peak current density (Figure 4.8A). 

Representative Ba2+ current density traces following depolarisation from -90 mV to -20 mV 

are shown in Figure 4.8B. Moreover, the addition of HA tag did not cause changes in 

conductance (Gmax), midpoint activation (V1/2), reversal potential (Vrev), or slope factor k of 

rCaV3.1, as shown in Figure 4.8C-F and summarised in Table 4.1. 

 

Table 4.1 Effects of HA-tag addition on biophysical properties of rCaV3.1 

Cell line n Gmax (pS/pF) Vrev (mV) V1/2 (mV) 
Slope k 

(mV) 

H
EK

2
9

3
 

ts
A

2
0

1
 rCaV3.1 10 970  140 46.8  1.6 -35.4  1.2 4.7  0.3 

HA-rCaV3.1 7 920  150 50  2.7 -34.5  3.0 4.6  0.3 

In all cases, comparisons were performed in culture-matched experiments, and data was collected 
from a minimum of three separate transfections. All data were normally distributed (Shapiro-Wilk test, 

p > 0.05; mean  SEM; two-tailed unpaired Student’s t test; *p < 0.05). 
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Figure 4.8 Effects of HA tag addition on rCaV3.1 channel. Addition of HA tag had no effect on current 
density as shown by (A) I-V relationships (holding potential -90 mV; p > 0.05; two-way ANOVA with 
Bonferroni post hoc test; curve fitted with modified Boltzmann) and (B) representative current density 
traces at -20 mV. Addition of HA tag had no effect on (C) maximal conductance (Gmax), (D) reversal 
potential (Vrev), (E) midpoint activation (V1/2), or (F) slope factor k (p > 0.05; two-tailed unpaired 
Student’s t test; rCaV3.1, n = 10; HA-rCaV3.1, n = 7). 
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4.4.4 Effects of MIDAS motif mutagenesis on CACHD1 modulation of rCaV3.1 

During this study, the effects of CACHD1 MIDAS motif mutagenesis on rCaV3.1 currents were 

determined by voltage patch-clamp electrophysiology. Stable CACHD1-wt/AAA/G236S 

HEK293 Flp-In™ T-REx™ cells were transfected with rCaV3.1 + mVenus, and comparison was 

made between non-induced cells that served as control, and cells where CACHD1 expression 

was induced and regulated with 1 µg/ml of tetracycline, considered as the “treatment” group 

within each respective cell line. Consequently, any observed effects on rCaV3.1 biophysical 

properties associated with CACHD1-wt, CACHD1-AAA or CACHD1-G236S were assessed within 

their corresponding cell lines, rather than across the different cell lines to limit unnecessary 

variation. For example, the effects of CACHD1-wt on rCaV3.1 channel properties were 

evaluated within the HEK293 CACHD1-wt inducible cell line, while the effects of CACHD1-AAA 

and CACHD1-G236S were evaluated within their respective inducible cell lines. 

Following co-transfection of rCaV3.1 with mVenus in inducible CACHD1 stable cells, voltage-

clamp electrophysiology was carried out to investigate the impact of MIDAS motif 

mutagenesis on CACHD1 function as a modulator of CaV3.1 channels, and the results are 

summarised in Table 4.2. Furthermore, the effects of CACHD1 MIDAS mutants on rCaV3.1 

currents at a range of voltage steps are summarised in Table 4.3. 

Subsequently, power calculations on Gmax data (α = o.o5, power = 0.8) were carried out in SPSS 

for each cell line to determine the optimal sample size (Appendix II, Figures 9.2-4), which 

confirmed that the obtained n numbers were sufficient. 
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Table 4.2 Effects of CACHD1 MIDAS mutants on biophysical properties of rCaV3.1 

Cell line n Gmax (pS/pF) Vrev (mV) V 1/2 (mV) 
Slope k 

(mV) 
C

A
C

H
D

1
-w

t -T
e

t 
rCaV3.1 22 980  100 54.9  1.6 -36.2  1.1 4.5  0.2 

+T
et

 

rCaV3.1+CACHD1-
wt 

18 1430  120** 51.0  1.4 -38.8  1.7 4.2  0.2 

C
A

C
H

D
1

-A
A

A
 

-T
e

t 

rCaV3.1 13 820  120 51.5  0.7 -35.2  1.3 4.2  0.2 

+T
et

 

rCaV3.1+CACHD1-
AAA 

14 510  60* 49.1  2.3 -33.5  1.4 4.8  0.5 

C
A

C
H

D
1

-G
2

3
6

S 

-T
e

t 

rCaV3.1 10 390  60 52.0  1.9 -35.2  2.0 5.0  0.3 

+T
et

 

rCaV3.1+CACHD1-
G236S 

15 580  50* 48.0  2.6 -37.9  1.6 4.5  0.3 

In all cases, comparisons were performed in culture-matched experiments, and data was collected 
from a minimum of three separate transfections. All data were normally distributed (Shapiro-Wilk test, 

p > 0.05; mean  SEM; two-tailed unpaired Student’s t test; * p < 0.05, ** p < 0.01). 
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Table 4.3 Comparison of the effects of CACHD1 MIDAS mutants on rCaV3.1 currents at a range of 
voltage steps. 

Voltage step 
(mV) 

rCaV3.1 +/- 
CACHD1-wt 

rCaV3.1 +/- 
CACHD1-AAA 

rCaV3.1 +/- 
CACHD1-G236S 

-90 ns ns ns 

-80 ns ns ns 

-70 ns ns ns 

-60 ns ns ns 

-50 ns ns ns 

-40 ns ns ns 

-30 ** **** *** 

-20 ** **** *** 

-10 ** *** * 

0 * ** ns 

10 ns ns ns 

20 ns ns ns 

30 ns ns ns 

40 ns ns ns 

50 ns ns ns 

60 ns ns ns 

Two-way ANOVA with Bonferroni post hoc test; * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. 

4.4.4.1 Wild-type CACHD1 protein increases rCaV3.1 currents 

Depolarisation of cells co-expressing rCaV3.1 and CACHD1-wt from holding potential of -90 mV 

to +60 mV resulted in an increase in peak current density by approx. 1.36-fold compared to 

cells expressing rCaV3.1 alone. Ba2+ current density was significantly higher at depolarisation 

steps ranging from -30 mV to 0 mV, with a peak Ba2+ current density at -20 mV significantly 

increased from -73.4  8.0 pA/pF to -99.4  7.5 pA/pF (Figure 4.9A; p < 0.01, two-way ANOVA 

with Bonferroni post hoc test). Representative Ba2+ current density traces following 

depolarisation from -90 mV to -20 mV are shown in Figure 4.9B. Moreover, CACHD1-wt 

significantly increased rCaV3.1 Gmax from 980  100 pS/pF to 1430  120 pS/pF (p < 0.01, two-

tailed unpaired Student’s t test) but had no significant effect on midpoint activation (V1/2), 

reversal potential (Vrev), or slope factor k of rCaV3.1, as shown in Figure 4.9C-F and summarised 

in Table 4.2. 



121 

Figure 4.9 Effects of CACHD1-wt on rCaV3.1 channels. CACHD1-wt significantly increased peak current 
density 1.36-fold as shown by (A) I-V relationships (holding potential -90 mV; *p < 0.05, **p < 0.01; 
two-way ANOVA with Bonferroni post hoc test; curve fitted with modified Boltzmann) and (B) 
representative current density traces at -20 mV. CACHD1-wt significantly increased (C) maximal 
conductance (Gmax) but had no effect on (D) reversal potential (Vrev), (E) midpoint activation (V1/2), or 
(F) slope factor k (**p < 0.01, ns – non-significant; two-tailed unpaired Student’s t test; rCaV3.1, n = 22; 
rCaV3.1+CACHD1-wt, n = 18). 
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4.4.4.2 The AAA mutation in CACHD1 MIDAS motif prevents CACHD1-mediated rCaV3.1 

current increase, and further decreases rCaV3.1 currents  

Depolarisation of cells co-expressing rCaV3.1 and CACHD1-AAA from holding potential of -90 

mV to +60 mV showed that CACHD1-AAA MIDAS mutant abolished the CACHD1-associated 

rCaV3.1 current increase shown in section 4.4.4.1, and further decreased rCaV3.1 currents by 

0.55-fold compared to rCaV3.1 alone. Ba2+ current density was significantly lower at 

depolarisation steps ranging from -30 mV to 0 mV, with a peak Ba2+ current density at -20 mV 

significantly decreased from -59.2  9.5 pA/pF to -32.4  4.6 pA/pF (Figure 4.10A; p < 0.0001, 

two-way ANOVA with Bonferroni post hoc test). Representative Ba2+ current density traces 

following depolarisation from -90 mV to -20 mV are shown in Figure 4.10B. Moreover, 

CACHD1-AAA significantly decreased rCaV3.1 Gmax from 820  120 pS/pF to 510  60 pS/pF (p 

< 0.05, two-tailed unpaired Student’s t test) but similarly to CACHD1-wt it had no significant 

effect on midpoint activation (V1/2), reversal potential (Vrev), or slope factor k of rCaV3.1, as 

shown in Figure 4.10C-F and summarised in Table 4.2. CACHD1-AAA-associated decrease in 

rCaV3.1 T-type currents and Gmax were caused by the mutagenesis of the key residues to 

alanine, and not due to any significant differences in expression levels. 
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Figure 4.10 Effects of CACHD1-AAA MIDAS mutant on rCaV3.1 channels. CACHD1-AAA abolished 
rCaV3.1 current increase seen for CACHD1-wt, and significantly decreased peak current density 0.55-
fold as shown by (A) I-V relationships (holding potential -90 mV; **p < 0.01, ***p < 0.001, ****p < 
0.0001; two-way ANOVA with Bonferroni post hoc test; curve fitted with modified Boltzmann) and (B) 
representative current density traces at -20 mV. CACHD1-AAA significantly decreased (C) maximal 
conductance (Gmax) but had no effect on (D) reversal potential (Vrev), (E) midpoint activation (V1/2), or 
(F) slope factor k (*p < 0.05, ns – non-significant; two-tailed unpaired Student’s t test; rCaV3.1, n = 13; 
rCaV3.1+CACHD1-wt, n = 14). 

 

 

 

 

  



124 

4.4.4.3 The G236S mutation in CACHD1 MIDAS motif increases rCaV3.1 currents 

Depolarisation of cells co-expressing rCaV3.1 and CACHD1-G236S from holding potential of -

90 mV to +60 mV resulted in an increase in peak current density by approx. 1.49-fold 

compared to cells expressing rCaV3.1 alone. Ba2+ current density was significantly higher at 

depolarisation steps ranging from -30 mV to -10 mV, with a peak Ba2+ current density at -20 

mV significantly increased from -25.8  4.1 pA/pF to -38.9  2.9 pA/pF (Figure 4.11A; p < 0.001, 

two-way ANOVA with Bonferroni post hoc test). Representative Ba2+ current density traces 

following depolarisation from -90 mV to -20 mV are shown in Figure 4.11B. Moreover, similarly 

to CACHD1-wt, CACHD1-G236S significantly increased rCaV3.1 Gmax from 390  60 pS/pF to 

580  50 pS/pF (p < 0.05, two-tailed unpaired Student’s t test) but had no significant effect on 

midpoint activation (V1/2), reversal potential (Vrev), or slope factor k of rCaV3.1, as shown in 

Figure 4.11C-F and summarised in Table 4.2. CACHD1-G236S-associated increase in rCaV3.1 T-

type currents and Gmax were caused by the mutagenesis of the second key residue (G236) to 

serine, and not due to any significant differences in expression levels. 
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Figure 4.11 Effects of CACHD1-G236S MIDAS mutant on rCaV3.1 channels. CACHD1-G236S 
significantly increased peak current density 1.49-fold as shown by (A) I-V relationships (holding 
potential -90 mV; *p < 0.05, ***p < 0.001; two-way ANOVA with Bonferroni post hoc test; curve fitted 
with modified Boltzmann) and (B) representative current density traces at -20 mV. CACHD1-G236S 
significantly increased (C) maximal conductance (Gmax) but had no effect on (D) reversal potential (Vrev), 
(E) midpoint activation (V1/2), or (F) slope factor k (*p < 0.05, ns – non-significant; two-tailed unpaired 
Student’s t test; rCaV3.1, n = 10; rCaV3.1+CACHD1-wt, n = 15). 
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4.5 Discussion 

α2δ subunits are well characterised modulators of HVA VGCCs. Several studies have 

demonstrated the MIDAS motif within their VWA domain has an important role in the function 

of α2δ as VGCC modulators (Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). 

CACHD1 has been classified as a member of the α2δ protein family by Whittaker and Hynes 

(2002), and its role as a modulator of LVA VGCCs has been described by Cottrell et al. (2018), 

showing an increase in CaV3.1-3 current densities accompanied with corresponding increases 

in conductance (Gmax), as well as increased expression of CaV3.1 channels at the cell surface 

when co-expressed with CACHD1. Up until the study by Cottrell et al. (2018), there have been 

no known auxiliary subunits associated with the correct function of LVA VGCCs, and therefore 

it is important to understand what mechanisms are involved in CACHD1-associated 

modulation of LVA VGCCs. 

In this chapter, the role of the variant MIDAS motif (DxGxS) within CACHD1 was investigated 

by mutating the key residues, aiming to determine whether the variant MIDAS motif has a 

similar role to the fully conserved MIDAS motif (DxSxS) found in α2δ subunits. Voltage patch-

clamp electrophysiology was used to assess the functional effects of the mutagenesis on 

rCaV3.1 biophysical properties, shedding light on the involvement of the variant MIDAS motif 

in CACHD1 modulation of LVA VGCCs. 

4.5.1 TetON regulatory system is an efficient way to regulate CACHD1 protein 

expression levels 

Building on results from Chapter 3 showing that mutagenesis of all three key residues to 

alanine resulted in a significant reduction in expression levels accompanied by disruption in 

CACHD1-AAA trafficking to cell surface, the first objective of this chapter was to normalise the 

expression levels of CACHD1-wt, CACHD1-AAA and CACHD1-G236S. To ensure comparable 

expression levels, a TetON expression system was used, enabling the investigation of MIDAS 

motif mutagenesis effects on rCaV3.1 independently from any effects that may have been 

caused by the varying expression levels, especially for the CACHD1-AAA mutant. 

This study demonstrated the effective regulation of CACHD1 expression levels in HEK293 cells 

using the TetON system, validated by western blotting and immunocytochemistry 

experiments which confirmed tetracycline-induced gene transcription and subsequent 

CACHD1 protein expression. Through a series of experiments, it was shown that Myc-tagged 
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CACHD1-wt, CACHD1-AAA and CACHD1-G236S were expressed only in the presence of 

tetracycline. Moreover, the selected clones showed similar expression levels of CACHD1-wt, 

CACHD1-AAA and CACHD1-G236S when treated with 1 µg/ml of tetracycline, indicating 

successful regulation of expression. Western blot analysis further confirmed CACHD1-wt, 

CACHD1-AAA and CACHD1-G236S molecular mass, ranging between 150-170 kDa, showing 

consistency throughout the project and with the molecular mass reported by Cottrell et al. 

(2018) and Dahimine et al. (2018). Additionally, assessment of sub-cellular localisation of Myc-

tagged CACHD1-wt, CACHD1-AAA and CACHD1-G236S confirmed findings from Chapter 3, 

showing consistent expression patterns with CACHD1-wt and CACHD1-G236S present both at 

the cell surface and in intracellular vesicles, while CACHD1-AAA was detected exclusively in 

intracellular vesicles. 

4.5.2 Characterisation of HA-tagged rCaV3.1 protein in a heterologous expression 

system 

The second objective of this chapter was the tagging of rCaV3.1 with a HA epitope tag, aiming 

to facilitate better detection during expression, protein-protein interaction, and functional 

studies. However, the addition of an epitope tag to a protein, particularly in a complex 

membrane protein like rCaV3.1, could interfere with protein folding, assembly, or interaction 

with other proteins. Such interference could lead to alterations in the biophysical properties 

of the rCaV3.1 channel complex. Therefore, it was important to characterise and validate that 

any effects on rCaV3.1 biophysical properties were associated with CACHD1 rather than the 

HA tag. Voltage patch-clamp recordings of untagged and HA-tagged rCaV3.1 were carried out 

in culture matched experiments, and statistical analysis revealed that the HA tag had no 

significant impact on rCaV3.1 biophysical properties, indicating that the tag itself did not 

interfere with channel function. Additionally, assessment of HA-rCaV3.1 expression and sub-

cellular localisation in transiently transfected HEK293 tsA201 cells showed rCaV3.1 localisation 

predominantly in intracellular compartments. HA-rCaV3.1 molecular mass of approx. 300 kDa 

was confirmed by western blotting, corresponding with CaV3.1-HA molecular mass reported 

by Cottrell et al. (2018). Several studies have used various tags to investigate the biophysical 

and biochemical properties of CaV3 VGCCs. For example, study by Cottrell et al. (2018) used a 

GFP and HA-tagged CaV3.1 (GFP-CaV3.1-HA), while study by Dubel et al. (2004) showed that 

adding a N-terminal GFP tag, or HA and FLAG epitope tags between the S1 and S2 

transmembrane segments of CaV3.1-3 had no significant effects on channel properties. A 
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review by Maue (2007) further summarised the use of epitope tags to study ion channels, 

showing that HA tag is one of the most widely used tag that can be inserted at the N- or C-

terminus, as well as within the coding region of a channel protein without significantly 

affecting its properties in biochemical and functional studies (Poteser et al., 2006). In this 

study, the HA tag was inserted at the N-terminus following the start codon of rCaV3.1 and 

showed no significant effects on biophysical properties of rCaV3.1 channel, corresponding 

with results from other studies (Dubel et al., 2004; Poteser et al., 2006). These findings 

combined with the results outlined in this chapter validate the reliability of the HA epitope tag 

for detecting rCaV3.1 in biochemical experiments, including trafficking, expression, and 

protein-protein interaction studies. 

4.5.3 Variant MIDAS motif within the VWA domain of CACHD1 is important for CACHD1 

modulation of rCaV3.1 channel 

The study conducted by Cottrell et al. (2018) characterised CACHD1 as a modulator of LVA 

VGCCs, showing significant increase in current density and maximal conductance (Gmax). This 

chapter aimed to replicate and expand upon their findings, focusing on the effects of CACHD1 

on rCaV3.1 channels. Here, the impact of mutagenesis in the three key residues within the 

variant MIDAS motif on CACHD1 function as rCaV3.1 modulator were investigated to deepen 

the understanding of what mechanisms may be used by CACHD1 for modulation of CaV3.1 

channels. As highlighted in Chapter 3, CACHD1 contains a variant MIDAS motif (DxGxS) within 

its VWA domain, where the second key residue is glycine instead of the serine typically found 

in α2δ subunits. The similarities between CACHD1 and α2δ subunits, and the characterisation 

of CACHD1 as a modulator of LVA VGCCs underscore the significance of understanding 

whether CACHD1 and α2δ subunits utilise similar modulation mechanisms, namely their 

MIDAS motif. Previous studies of α2δ subunits and their MIDAS motif provided the foundation 

for the current study, showing that amino acid substitutions in the key residues of α2δ MIDAS 

motif, in particular the AAA mutation where all three key residues were mutated to alanine, 

resulted in ablation of CaV1 and CaV2 current increases normally associated with wild type α2δ 

-1 and α2δ-2 subunits (Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). Cantí et al. 

(2005) also reported that α2δ-2-AAA mutant showed no stimulation of channel complexes co-

expressed with their auxiliary subunits (e.g. CaV2.2/β1b, CaV1.2 or CaV2.1/β4). Moreover, α2δ-

2-AAA further reduced the current density compared to CaV2.2/β1b alone (Cantí et al., 2005). 
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Additionally, previous studies investigating the effects of MIDAS motif mutagenesis on other 

proteins showed that the key residues (DxSxS) are essential for Mn2+ and Mg2+ ion binding 

required for correct folding of α4β7 integrins (de Château et al., 2001; Chen et al., 2003; Yu et 

al., 2012), and ligand binding in integrin β1 subunit (Mould et al., 2002; Valdramidou et al., 

2008). In addition to the effects on protein folding, MIDAS motif has been shown to be 

important for the physiological function of other proteins. Mutations in the MIDAS motif of 

β2 integrin (D134LSYS) resulted in nonfunctional β2 integrins Mac-1 and LFA-1, leading to 

leukocyte adhesion deficiency (Hogg et al., 1999). Study by Valdramidou et al. (2008) showed 

that mutations of the MIDAS motif (D130xSxS) present in the βI domain of integrin α2β1 

completely blocked collagen binding to α2β1, while highlighting the importance of an intact 

MIDAS motif for the interaction between αI and βI domains of α2β1. Moreover, mutation of 

the D130 residue to alanine (D130A) resulted in nonfunctional integrins (Valdramidou et al., 

2008). In addition to integrins, a recent study by Sacharok et al., (2023) reported that Kingella 

kingae bacteria require an intact MIDAS motif for bacterial adherence, showing that mutating 

the key residues to alanine (D90xSxS  AxAxA) led to significant disruption in binding to 

epithelial cells and extracellular matrix proteins. 

In this study, the effects of CACHD1 MIDAS motif mutants (CACHD1-AAA and CACHD1-G236S) 

on rCaV3.1 currents were investigated, aiming to understand CACHD1 modulatory 

mechanisms. Cottrell et al. (2018) reported that α2δ-1 had no significant effects on CaV3.1 

currents or any other biophysical properties of the channels; however, while it appears that 

CACHD1 and α2δ subunits may not modulate the same VGCCs, they likely share common 

interaction mechanisms with their respective VGCCs. The MIDAS motif appears to play an 

equally important role in CACHD1 as previously reported for α2δ, as supported by the results 

presented in this chapter. Here, CACHD1-wt was found to significantly increase rCaV3.1 

current density by 1.36-fold compared to rCaV3.1 alone, while also increasing maximal 

conductance (Gmax). These results correspond with the findings reported by Cottrell et al. 

(2018) where CACHD1-wt significantly increased CaV3.1 currents and Gmax. Next, the CACHD1-

AAA, similarly to α2δ-2-AAA, abolished the observed rCaV3.1 current increase induced by 

CACHD1-wt, and even further reduced rCaV3.1 current density by 0.55-fold compared to 

rCaV3.1 alone, while also reducing Gmax. These results mirror the effects seen for α2δ-2, where 

the α2δ-2-AAA significantly reduced current density compared to CaV2.2/β1b alone (Cantí et 

al., 2005). On another hand, CACHD1-G236S did not disrupt CACHD1 modulatory function. 
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CACHD1-G236S resulted in rCaV3.1 current density and Gmax increase (1.49-fold) similar to 

CACHD1-wt (1.36-fold), showing that the G236 residue can be substituted for serine without 

affecting CACHD1 modulation of rCaV3.1. Both CACHD1-wt and CACHD1-G236S resulted in a 

significant increase in rCaV3.1 currents in cells treated with tetracycline in comparison to 

rCaV3.1 expressed in non-induced cells, further confirming CACHD1 as a modulator of CaV3.1 

channels as previously reported by Cottrell et al. (2018) and Stephens and Cottrell (2019). The 

observed increase could be caused by more Ba2+ entering the cell because the same number 

of channels allowed more ions through. Additionally, the significant difference observed for 

rCaV3.1 currents in the presence of CACHD1 further confirms successful regulation of CACHD1 

expression using the TetON system. These results also indicate that CACHD1 variant MIDAS 

motif functions similarly to the fully conserved MIDAS motif found in α2δ subunits.  

A plausible hypothesis, based on the ability of CACHD1 to promote CaV3.1 cell surface 

expression (Cottrell et al., 2018), is that the higher current density associated with CACHD1-

wt and CACHD1-G236S may result from an increased number of rCaV3.1 channels present at 

the cell surface. This hypothesis is supported by previous findings suggesting that α2δ-

mediated current increase may be linked to enhanced forward trafficking of VGCCs complexes 

to cell surface (Barclay et al., 2001; Hendrich et al., 2008). On the other hand, further 

investigation into the effects of CACHD1 on single-channel conductance could provide 

additional insights and confirm this theory, as previous work on α2δ subunits showed that 

α2δ-1 and α2δ-2 subunits have no effects on single-channel conductance (Barclay et al., 2001; 

Hendrich et al., 2008). These studies suggest that α2δ-associated current increases are due to 

enhanced forward trafficking of CaV1 and CaV2 channels to cell surface (Barclay et al., 2001; 

Hendrich et al., 2008). It is important to consider the possibility that CACHD1 and α2δ subunits 

function in a similar way, which would indicate that both CACHD1-wt and CACHD1-G236S may 

contribute to enhanced rCaV3.1 expression at the cell surface, explaining the elevated rCaV3.1 

current increase. 
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4.5.4 Conclusion 

In conclusion, this study further emphasised the importance of the variant MIDAS motif in 

CACHD1 on its function as a modulator of rCaV3.1 channels. Mutagenesis of all three key 

residues to alanine (CACHD1-AAA) not only abolished the current increase associated with 

wild-type CACHD1, but further reduced current density and maximal conductance of rCaV3.1, 

showing similar effects to those reported for α2δ-2-AAA/CaV2.2/β1b (Cantí et al., 2005). On 

the other hand, mutating only the second key residue to serine (CACHD1-G236S) resulted in 

rCaV3.1 current and maximal conductance increase comparable with the increase associated 

with CACHD1-wt. The findings suggest that the variant MIDAS motif in CACHD1 functions 

similarly to the fully conserved MIDAS motif found in α2δ subunits, and CACHD1 and α2δ 

subunits may utilise the same mechanisms for modulation of their respective VGCCs. 

4.6 Future work 

The findings in this chapter show the importance of key residues within the MIDAS motif of 

CACHD1 on its function as a modulator of rCaV3.1 T-type VGCCs; however, further 

experiments are required to gain deeper understanding of the mechanisms behind CACHD1 

modulatory function. There are several experiments that could be considered, and they are 

outlined in the following sections. 

4.6.1 Single-channel conductance  

As previously discussed, investigating the effects of CACHD1 and its MIDAS mutants on single-

channel conductance could shed more light on the mechanisms involved in CACHD1 

modulation of CaV3 channels. If CACHD1-wt or its MIDAS mutants showed no effects on single-

channels conductance, it would support the theory that CACHD1-wt and CACHD1-G236S 

modulate rCaV3.1 current increase by promoting rCaV3.1 expression at the cell surface. This 

would also further support the hypothesis that CACHD1 and α2δ subunits may utilise the same 

mechanisms for modulation of their representative VGCCs. 

To measure single-channel conductance, voltage patch-clamp electrophysiology can be used 

as described in sections 2.5.3 and 4.3.3. However, instead of using whole-cell configuration 

where the cell membrane is ruptured by applying suction (Figure 2.4), a cell-attached 

configuration is used instead. In this configuration, the recording electrode is attached to cell 

membrane, allowing the measurement of Ba2+ currents for individual channels without 

interference from the intracellular environment. 



132 

4.6.2 Trafficking and protein interaction studies 

It has been shown that CACHD1-wt and CaV3.1 are in close proximity (Cottrell et al., 2018), 

but it is not known if this is the case for CACHD1-AAA and CACHD1-G236S. The effects caused 

by the AAA mutation showed significant disruptive effects on CACHD1 function as a modulator 

of rCaV3.1, while also resulting in reduced protein expression levels and disrupted trafficking 

to cell surface as shown in Chapter 3. These effects warrant further investigation into the 

interaction between rCaV3.1 and CACHD1-AAA to determine how these two proteins interact 

and where the interaction takes place within a cell. There are several experiments that could 

be considered, including cell surface biotinylation of CACHD1+rCaV3.1 expressing cells that 

would show how CACHD1-wt and its MIDAS mutants affect the levels of rCaV3.1 channels 

expressed at the cell surface. Another experiment is a proximity ligation assay (PLA) that could 

determine where within a cell CACHD1 interacts with rCaV3.1, and whether CACHD1-AAA 

causes intracellular retention of rCaV3.1, leading to subsequent reduction in rCaV3.1 currents. 

Furthermore, cell surface PLA could provide insights into CACHD1-rCaV3.1 interactions 

specifically at the cell surface, while whole cell PLA could detect any interactions occurring 

inside the cell, including those in various cellular compartments. CACHD1-AAA does not traffic 

to cell surface, and it significantly reduces rCaV3.1 currents. Whole cell PLA could reveal 

whether its effects on rCaV3.1 are due to rCaV3.1 intracellular retention resulting from 

CACHD1-AAA-rCaV3.1 interaction inside the cell. Additionally, investigation of sub-cellular 

localisation and trafficking of rCaV3.1 in the absence and presence of CACHD1-wt or MIDAS 

mutants could further deepen our understanding of CACHD1-CaV3.1 interaction. 

4.6.3 Functional studies in native tissues 

In this study, heterologous expression systems were used to study CACHD1 modulation of 

rCaV3.1. As highlighted in Chapter 3, these systems are useful for initial studies, but the 

findings may not fully translate to native physiological conditions. Therefore, further 

investigations of the effects associated with MIDAS motif mutagenesis in native expression 

systems, such as SH5YSY neuronal cell line or native neurons could provide a more 

comprehensive understanding into the role of the MIDAS motif in CACHD1 function as a CaV3 

channel modulator. 

4.6.4 Animal studies 

Furthermore, Prof. Patel has recently provided CACHD1 knockout mice that offer a valuable 

resource for investigating the role of CACHD1 in cellular and physiological processes, and 
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disease pathology. Electrophysiological recordings from knockout mice could reveal how 

CACHD1 deletion affects synaptic transmission and neuronal excitability associated with CaV3 

VGCCs. Techniques such as patch-clamp or multi-electrode array analysis of brain slices and 

native neurons could be used to understand the effects of CACHD1 deletion, and the potential 

effects of reintroducing CACHD1 via transfection in neurons. Reintroduction of CACHD1 into 

these neurons may help understand if and how transiently transfected CACHD1 can mitigate 

any inhibitory effects resulting from endogenous CACHD1 deletion. 
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5. INVESTIGATING THE ROLE OF THE C-TERMINAL TAIL IN THE 

TRAFFICKING OF THE CaV3 CALCIUM CHANNEL AUXILIARY SUBUNIT, 

CACHD1 

5.1 Introduction 

The movement of membrane proteins is regulated through various intricate pathways within 

cells, divided into two basic pathways – endocytosis and exocytosis. The endocytic pathway 

facilitates the internalisation of cargo from cell surface into intracellular compartments, and 

the exocytic pathway transports cargo from intracellular compartments to cell surface, 

ensuring turnover and replenishment of membrane components (Wu et al., 2014). Together, 

these pathways help in maintaining cellular homeostasis and response to extracellular stimuli. 

Here, the endocytic pathway and its components will be discussed in more detail. 

5.1.1 The endocytic pathway 

Endocytosis is a fundamental cellular process that governs the entry of macromolecules into 

cells. For membrane proteins it involves internalisation at the plasma membrane and 

subsequent post-endocytic processing. Proteins present at the plasma membrane either 

remain at the membrane or undergo internalisation into coated pits and vesicles (Goldstein 

et al., 1979; Sorkina et al., 2005), with numerous studies describing the role of endocytic 

pathway in this process (Goldstein et al., 1979; Marks et al., 1996; Bonifacino and Dell’gelica, 

1999; Bonifacino and Traub, 2003). Following internalisation, membrane proteins undergo 

degradation by lysosomes (von Zastrow and Sorkin, 2007) or are recycled back to plasma 

membrane via process called retro-endocytosis (Deng et al., 2001; Pandey et al., 2002). Two 

primary endocytic pathways are usually involved in the internalisation of membrane proteins, 

namely clathrin-mediated endocytosis, and caveolae-dependent endocytosis. 

Clathrin-mediated endocytosis (Figure 5.1) is a well-established internalisation pathway used 

by many membrane receptors and proteins (Bonifacino and Traub, 2003; Ungewickell and 

Hinrichsen, 2007; Antonescu et al., 2009), and involves the short-sequence signal motifs 

recognition by adaptor protein-2 (AP-2) that also binds clathrin (Traub, 2003). During clathrin-

mediated endocytosis, a clathrin-coated pit is formed by invagination and separation from the 

plasma membrane, resulting in the formation of a clathrin-coated vesicle. The vesicle then 

undergoes scission through the mechanochemical activity of the scission GTPase, dynamin 
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(Sauvonnet et al., 2005), which constricts the neck of the vesicle, leading to subsequent 

detachment from the plasma membrane. 

Caveolae-dependent endocytosis (Figure 5.1) is involved in the internalisation of various 

proteins, for example transforming growth factor-β (TGF-β), integrins, and adenosine 

receptors (Gines et al., 2001; Di Guglielmo et al., 2003; Sharma et al., 2005). Caveolae, 

composed of caveolin and cavin proteins, serve as docking sites for intracellular signalling 

networks (Gines et al., 2001; Di Guglielmo et al., 2003; Sharma et al., 2005). Similarly to 

clathrin-coated pits, caveolae are created by plasma membrane invagination (Parton, 2018). 

The functionality of caveolae largely depends on the lipid cluster structure of membrane lipids, 

particularly cholesterol which promotes caveolae-dependent endocytosis (Choudhury et al., 

2006). Caveolae-dependent endocytosis, like clathrin-mediated endocytosis, uses dynamin to 

constrict the neck of the caveolae (Shajahan et al., 2004). Even though there is limited 

similarity between clathrin and caveolae-dependent pathways, the Src-dependent 

phosphorylation of dynamin residues (Y231 and Y597) enhances dynamin assembly, which can 

in turn facilitate both internalisation pathways (Shajahan et al., 2004). Additionally, a 

dynamin-related ATPase, EH-domain-containing protein 2 (EHD2), contributes to membrane 

fission leading to separation of caveolae from the plasma membrane (Rennick et al., 2021). 

The plasma membrane contains various types of microdomains, and caveolae are thought to 

form from specialised microdomains within the plasma membrane with the help of caveolin 

proteins (Pani and Singh, 2010). These dynamic microdomains, known as lipid rafts, are rich 

in cholesterol, glycosphingolipids and glycerophospholipids (Anderson, 1998; Kurzchalia and 

Parton, 1999; Simons and Toomre, 2000). They are thought to originate from regions of the 

membrane characterised by a liquid-ordered phase consisting mainly of saturated 

sphingolipids, which floats within a liquid-disordered phase predominantly made up of 

unsaturated glycerophospholipids that are stabilised by cholesterol (Anderson, 1998; Pike et 

al., 2002). Lipid rafts are involved in many different cellular processes, including cell adhesion, 

membrane trafficking and signal transduction by facilitating the segregation and sorting of 

proteins into different cellular compartments (Simons and Toomre, 2000; Pike, 2006; Patel et 

al., 2008). Additionally, lipid rafts are involved in the endocytosis of GPI-anchored proteins, 

such as α2δ, through the invagination of rafts into endocytic vesicles. These vesicles are then 

transported to early endosomes and processed through late endosomal pathways, such as the 

Rab11a-dependent recycling pathway for α2δ subunits (Tran-Van-Minh and Dolphin, 2010). 
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Furthermore, the presence of raft-like domains in late endosomes indicates that these 

microdomains may also form from the endocytosis of plasma membrane rafts via both 

clathrin-dependent and clathrin-independent pathways (Pani and Singh, 2010). 
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Figure 5.1 Clathrin and caveolae dependent endocytic pathways. Clathrin-mediated endocytosis is 
driven by the adaptor complex, AP-2, that recruits clathrin to cytosolic receptor domains, initiating the 
formation of clathrin-coated pit and subsequent clathrin-coated vesicle. Clathrin-coated vesicle 
undergoes scission by dynamin, leading to detachment from the plasma membrane. Clathin coat is 
disassembled, and the vesicle is targeted to early endosomes. Formation of caveolae is dependent on 
caveolin and cavin proteins. Caveolin, a structural protein, coats the caveolae. Cavin 1-3 proteins 
contribute to oligomerisation of caveolin proteins and facilitate their incorporation into the caveolar 
membrane, thus improving structural integrity of caveolae. EH-domain-containing protein 2 (EHD2) 
stabilises and constricts the neck of the caveolae leading to separation of caveolae from the plasma 
membrane. (Adapted from: Rennick et al., 2021).,  
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5.1.2 Short-sequence signal motifs 

Complex trafficking mechanisms, such as the clathrin-mediated and caveolae-dependent 

endocytosis, are directed by a set of short-signal sequence motifs commonly found in the 

cytoplasmic domains of membrane proteins. Several studies have demonstrated the 

importance of the C-terminal domain in mediating internalisation and post-endocytic sorting 

to intracellular compartments in various membrane proteins, facilitated by the short-signal 

sequence motifs (Bonifacino and Dell’gelica, 1999; Miranda et al., 2001; Brothers et al., 2002; 

Bonifacino and Traub, 2003). These motifs typically consist of short linear sequences of 

conserved amino acids (Bonifacino and Traub, 2003; Kozik et al., 2010), with one to three 

residues crucial for the motif function, often represented by bulky hydrophobic amino acids. 

An early study described two major classes of short-signal sequence motifs commonly utilised 

by membrane proteins for endocytosis and post-endocytic sorting, namely tyrosine and di-

leucine based signals (Bonifacino and Dell’gelica, 1999). Here, the tyrosine-based signals are 

discussed in more detail.  

The tyrosine-based signal motifs consist of YXXɸ residues, where Y is the tyrosine residue, X 

is any amino acid, and ɸ is an amino acid with a large bulky hydrophobic side chain (Pandey, 

2009). They are usually located at the C-terminal tail, approximately 6-8 amino acids from the 

transmembrane domain (Rohrer et al., 1996; Bonifacino and Traub, 2003). The YXXɸ motifs 

direct membrane proteins internalisation and sorting by interacting with adaptor protein 

complexes AP-1, AP-2, AP-3, and AP-4 (Hirst et al., 2001; Bonifacino and Traub, 2003), 

providing critical trafficking and sorting information. In the YXXɸ signal motif, the Tyr residue 

serves as the critical residue because of its phenolic hydroxyl group that is required for 

generation of endocytic and sorting signals (Pandey, 2009). Several studies have 

demonstrated the importance of YXXɸ signal motifs in protein internalisation; for example, 

YSGL motif in the chemokine-CXCR3 receptor protein regulates internalisation (Meiser et al., 

2008) and YKKL motif in the GPCR protease-activated receptor 1 (PAR-1) mediates constitutive 

internalisation in a clathrin- and dynamin-dependent mechanism (Paing et al., 2004).  
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5.1.3 Rab protein network 

The intricate process of transporting proteins between intracellular compartments involves a 

series of meticulously coordinated steps. Initially, proteins are selected and segregated by 

adaptor proteins, forming complexes that are encapsulated within a clathrin-coated pits or 

caveolae. This is followed by dynamin scission that leads to the formation of a transport vesicle 

that is navigated towards their target compartments or membranes, guided by protein 

complexes that work in conjunction with Rab GTPases (Yarwood et al., 2020). The regulation 

of these steps is associated with the Rab family of small GTPases, which cycle between active 

(GTP-loaded) and inactive (GDP-loaded) states (Hutagalung and Novick, 2011; Homma et al., 

2021), and localise to early, late, and recycling endosomes via their prenylated C-terminal 

group (Martínez-Morales et al., 2022). Approximately 60 Rab proteins have been identified 

(Hutagalung and Novick, 2011; Homma et al., 2021), each playing distinct roles in vesicle 

formation, translocation, anchoring and fusion during endocytic transport (Figure 5.3; Grant 

and Donaldson, 2009). Here, the focus is on the role of Rab proteins in protein internalisation 

and recycling, particularly Rab5 and Rab11. 

Rab5, associated with early endosomes (Yuan and Song, 2020), facilitates the internalisation 

and sorting of various proteins, including many GPCRs, for example, the dopamine D2 

receptors (De Vries et al., 2019), the cannabinoid receptor 2 (Grimsey et al., 2011), and the 

FFA1 and FFA4 receptors (Qian et al., 2014; Flores-Espinoza et al., 2020). Proteins within early 

endosomes can undergo processing via different trafficking pathway. As endosomes mature, 

Rab5 is replaced by Rab7, a marker for late endosomes, which directs proteins towards 

degradation pathways within lysosomes (Wartosch et al., 2015). However, some endocytic 

cargo can avoid the degradation pathway through protein recycling to cell surface, resulting 

from the formation of intermediate vesicles that separate from the endosomes and are 

directed towards the membrane (Cullen and Steinberg, 2018). The recycling process involves 

a rapid recycling associated with Rab4 (van der Sluijs et al., 1992) or a slow indirect route 

through recycling endosomes associated with Rab11 (Goldenring, 2015). Rab11, localised at 

the trans-Golgi network, post-Golgi vesicles, and recycling endosomes, serves as an important 

intersection between endocytic and exocytic trafficking pathways (Welz et al., 2014). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7197876/#DMM043448C345
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Figure 5.2 Rab GTPases are molecular switches for endocytic trafficking. Rab4 medicates fast 
endocytic recycling directly from the early endosome to the plasma membrane. Rab5, which is 
localized to the early endosome, mediates endosomal fusion of clathrin-coated vesicles and the 
maturation of early endosomes. Rab11 and Rab35 regulate the slow endocytic recycling (that delivers 
the cargo back to the cell surface) through recycling endosomes. Rab7 modulates the transport from 
late endosomes to lysosomes. Rab9 functions in the pathway from late endosomes to the Golgi 
apparatus. Rab10 is localized to sorting endosomes and operates in the route from sorting endosomes 
to recycling endosomes. EE: early endosome; SE: sorting endosome; RE: recycling endosome; LE: late 
endosome; TGN: trans-Golgi network; ER: endoplasmic reticulum. (Adapted from: Zhang et al., 2022). 
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5.1.4 CACHD1 and α2δ subunits 

CACHD1 is a relatively unstudied protein and current research focuses on its functional effects 

on LVA VGCCs and its potential role in disease; however, at present, no studies have 

investigated the trafficking or processing of CACHD1. Given the lack of available data, it is 

imperative to consider any studies investigating the trafficking of α2δ subunits. An initial study 

by Tran-Van-Minh and Dolphin (2010) demonstrated constitutive endocytosis and recycling of 

α2δ-2 to be dependent on Rab11a. This study showed that cell surface localisation of α2δ -2 

was increased by recycling through Rab11a-associated endosomes back to plasma membrane, 

while in the presence of a dominant-negative mutant Rab11a(S25N), which inhibits Rab11a-

dependent recycling (Eisfeld et al., 2011), the cell surface expression of α2δ-2 was reduced. 

Subsequent research showed Rab11a-dependent recycling increased α2δ-1 at the cell surface, 

associated with an increase in forward trafficking of CaV2.2 VGCCs; by contrast, Rab11a-

dependent recycling had no effects on α2δ-3 cell surface expression levels (Meyer and 

Dolphin, 2021), suggesting that α2δ-3 recycling and cell surface expression are not mediated 

by the same endosomal recycling pathway. Additionally, while α2δ-1 intracellular levels were 

reduced in the presence of Rab11a(S25N) mutant, it had no effect on α2δ-3 expression levels 

(Meyer and Dolphin, 2021), suggesting that blocking of the Rab11a-dependent recycling 

pathway may result in re-routing of α2δ-1 to degradation pathways. Moreover, considering 

α2δ subunits are GPI-anchored proteins (Davies et al., 2010; Wu et al., 2016), these results 

indicate the possibility of an adaptor protein that bridges the interaction between α2δ 

subunits and intracellular trafficking pathways. A study by Kadurin et al. (2017), investigated 

LRP1 (low density lipoprotein (LDL) receptor-related protein-1) as a potential linker between 

α2δ subunits and intracellular trafficking pathways. LRP1 was investigated because of its 

involvement in forward trafficking of other GPI-anchored proteins, such as prion protein (PrP) 

(Parkyn et al., 2008) and in clathrin-mediated endocytosis (Lillis et al., 2008; Fuentealba et al., 

2010). The results showed that α2δ-1 acts as a ligand for LRP1, and their interaction is 

modulated by receptor-associated protein (RAP) (Kadurin et al., 2017). However, whether 

α2δ-1 uses clathrin or caveolae-dependent endocytic pathways remains to be determined, as 

LRP1 has been shown to be recruited to caveolae (Zhang et al., 2004) and play role in caveolae 

(Taylor and Hooper, 2007) and clathrin-mediated endocytosis (Lillis et al., 2008; Fuentealba et 

al., 2010). 
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5.2 Objective 

Unlike α2δ subunits, which are GPI-anchored proteins, CACHD1 is predicted to be a 

transmembrane protein. Transmembrane proteins are often internalised via clathrin-

mediated or caveolae-dependent endocytic pathways, utilising tyrosine-based YXXɸ signal 

motifs for protein internalisation and post-endocytic sorting. 

Sequence analysis of CACHD1 revealed the presence of a putative YXXɸ endocytic motif 

(termed tyrosine internalisation motif, TyrIM) within its intracellular C-terminal tail, 

(Y1197STM), suggesting a potential role in mediating CACHD1 endocytosis and post-endocytic 

sorting. This chapter aimed to address several objectives, as outlined below: 

• The first objective was to characterise constitutive internalisation of CACHD1. 

• The second objective was to determine if CACHD1 uses clathrin-mediated or caveolae-

dependent endocytic pathways. 

• The third objective was to characterise the interaction of CACHD1 with Rab proteins, 

specifically Rab5 and Rab11, as well as early endosomal antigen-1 (EEA1), an early 

endosomal Rab5 effector protein associated with the docking of incoming endocytic 

vesicles before fusion with early endosomes. 

• The fourth objective was to determine if CACHD1 internalisation and processing are 

facilitated by its putative TyrIM. 

• The final objective was to determine the role of the C-terminal tail and the 

transmembrane domain of CACHD1 in protein internalisation. 
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5.3 Experimental approach 

5.3.1 Endocytosis assay design 

A general trafficking assay was designed and optimised during this study based on the 

requirements for different experiment. Any modifications are described in the appropriate 

sections. Depending on the experiment, transiently and stably expressing HEK293 cells were 

used. 

HEK293 cells were seeded onto coverslips (1-2x105 cell/well density; 12-well plate) and 

allowed to attach at 37°C 5% CO2 overnight. The subsequent steps were performed on ice or 

at 4°C where possible. Cells were washed 3x with DPBS+CM to remove any residual serum, 

and live-labelled with appropriate primary antibodies in DMEM 0.1% BSA for 1 h. Cells were 

then washed again with DPBS+CM and incubated at 37°C 5% CO2 for 0-4 h to allow for protein 

internalisation. At each timepoint, cells were washed with ice cold DPBS+CM and fixed with 

4% PFA at 4°C for 20 min. Following fixation, the protocol for fixed cell labelling outlined in 

section 2.3.5 was used and all subsequent steps were performed at room temperature. 

Briefly, cells were washed with a blocking buffer (3x 5 min), incubated with appropriate 

secondary antibodies, and imaged using epifluorescence (x40 objective) or confocal 

microscopy (x100 objective). 

5.3.2 Constitutive internalisation of CACHD1 

HEK293 Flp-In™ T-REx™ cells stably expressing Myc-CACHD1-wt and rabbit anti-Myc primary 

antibodies were used. 

5.3.3 Endocytosis inhibition studies 

HEK293 Flp-In™ T-REx™ cells stably expressing Myc-CACHD1-wt were used. Before 

immunolabelling, cells were pretreated with DMEM 0.1% BSA (control), 400 mM sucrose, 5 

mM methyl-β-cyclodextrin (MβCD), or 30 µg/ml nystatin (all diluted in DMEM 0.1% BSA) for 1 

h at 37°C. For cholesterol recovery experiments, following treatment, cells were washed with 

DPBS+CM (3x) to remove all inhibitors. Cells were then allowed to incubate in DMEM 0.1% 

BSA at 37°C 5% CO2 for 0-2 h to allow for cholesterol replenishment at the plasma membrane 

through cholesterol synthesis. The trafficking assay outlined in section 5.3.1 was then carried 

out, using rabbit anti-Myc primary antibodies. 
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Sucrose (400 mM) was used as an inhibitor for the clathrin-mediated endocytic pathway. 

Sucrose is known to disrupt the formation of clathrin-coated pits at the plasma membrane, 

thus inhibiting the clathrin-mediated endocytosis (Im et al., 2011). 

MβCD (5 mM) and nystatin (30 µg/ml) were used as inhibitors of the caveolae-dependent 

endocytic pathway. MβCD and nystatin inhibit caveolae pathway through cholesterol 

disruption. MβCD strips cholesterol from membrane, while nystatin forms complexes with 

cholesterol, disrupting the lipid composition and integrity of caveolae (Zhu et al., 2010; Harvey 

and Calaghan, 2014), thus inhibiting the caveolae-dependent endocytosis. 

5.3.4 Characterisation of CACHD1 post-endocytic sorting via the Rab protein network  

HEK293 Flp-In™ T-REx™ cells stably expressing Myc-CACHD1-wt were used. The cells were 

further transiently transfected with pEGFP-C1-dRab5 or pEGFP-C1-dRab11 constructs and 

allowed to grow for 48 h before performing the trafficking assay. Here, the timepoints were 

changed to 0, 15, 30 and 60 min. 

For co-localisation studies with endogenous early endosomal antigen-1 (EEA1), following 

fixation with 4% PFA, cells were additionally labelled with mouse anti-EEA1 primary 

antibodies. For co-localisation studies with dRab5 (dog Rab5) and dRab11 (dog Rab11), no 

additional primary antibodies were used due to their GFP tags. 

5.3.5 Determining the role of Tyrosine internalisation motif in CACHD1 trafficking 

Sequence analysis of CACHD1 revealed the presence of a putative YXXɸ endocytic motif 

(termed tyrosine internalisation motif, TyrIM) within its intracellular C-terminal tail, 

(Y1197STM). Mutations of the Tyr residue to Ala or Phe was shown to increase cell surface 

expression associated with impaired or slower rate of internalisation of H+/K+-ATPase 

(Courtois-Coutry et al., 1997), PAR-1 (Pain et al., 2004), and LRP (Li et al., 2000) proteins. Here 

the Tyr1197 residue was mutated to Ala or Phe to determine the role of the YSTM signal motif 

in CACHD1 internalisation (Figure 5.3).  
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5.3.5.1 Mutagenesis of TyrIM in CACHD1 

A two-step Q5 DNA polymerase PCR approach was used to generate both CACHD1 TyrIM 

mutants (Figure 5.4). Initially, forward primers containing the mutations were used in the first 

PCR reaction, generating PCR fragments that were then used as megaprimers in the 

subsequent PCR reaction. The PCR products and pcDNA5/FRT-Myc-CACHD1 construct were 

digested with Nsi I + Apa I restriction enzymes. 2-way ligation was then used to ligate all 

fragments together, resulting in the final constructs pcDNA5/FRT-Myc-CACHD1-Y1197A and 

pcDNA5/FRT-Myc-CACHD1-Y1197F. 

 

 

 
Figure 5.3 Amino acid modifications of the Y1197 residue in the TyrIM motif of CACHD1 by site-
directed mutagenesis. Q5 DNA polymerase PCR method was used to generate two CACHD1 TyrIM 
mutants. For the first mutant termed CACHD1-Y1197A, the Tyr residue was mutated to alanine 
(Y1197A). For the second mutant termed CACHD1-Y1197F, the Tyr residue was mutated to 
phenylalanine (Y1197F). 
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Figure 5.4 Cloning procedure for CACHD1 tyrosine internalisation motif site-directed mutagenesis. A 
two-step PCR strategy was used to obtain CACHD1 containing a Y1197A/F mutation. First, 
CACHD1:Y1197A(F) and bGHrev primers were used to generate a PCR fragment containing the 
Y1197A/F mutation. Second PCR was performed using CACHD1:3016-3035 forward primer and the PCR 
product as a reverse megaprimer to generate PCR fragment containing the Y1197A/F mutation and 
Nsi I and Apa I restriction sites. Nsi I-HF and Apa I restriction enzymes were used to digest the second 
PCR product and a pcDNA5/FRT-Myc-CACHD1 construct to introduce single-stranded overhangs (sticky 
ends) that were ligated with T4 DNA ligase to generate the final pcDNA5/FRT-Myc-CACHD1-Y1197A/F 
construct.  
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5.3.5.2 Characterisation of TyrIM mutant expression in HEK293 cells 

HEK293 tsA201 were transiently transfected with pcDNA5/FRT (control), pcDNA5/FRT-Myc-

CACHD1-wt, pcDNA5/FRT-Myc-CACHD1-Y1197A or pcDNA5/FRT-Myc-CACHD1-Y1197F and 

allowed to grow for 48 h before analysis. 

The expression and sub-cellular localisation were determined using western blotting, 

densitometry and immunocytochemistry as described in sections 2.2.11, 2.2.13 and 2.3, 

respectively. To determine the effects of the Y1197A/F mutations on CACHD1 expression at 

the cell surface, cell surface biotinylation assay, and live and fixed cell labelling were used as 

described in sections 2.2.4, 2.3.4 and 2.3.5, respectively. 

Cell surface and total protein expression levels were determined by densitometry analysis of 

appropriate immunoblots as described in section 2.2.13. For each sample lane, the signal of 

CACHD1 protein band was normalised to the corresponding β-actin or TFR (loading controls) 

protein band signal, resulting in a sample/control ratio. This process was repeated for at least 

two separate images of the same blot captured at 10-60 s intervals (technical repeats), and an 

average of the sample/control ratios was obtained, representing one biological repeat for 

each sample (e.g. Myc-CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S). The cell 

surface data were then normalised to total expression by dividing the sample/control ratio 

value for cell surface expression by the sample/control ratio value for total expression levels. 

The raw data were statistically analysed by one-way ANOVA with Tukey’s post hoc test 

(normally distributed) or Kruskal-Wallis test with Dunn’s post hoc test (not normally 

distributed). The data were then normalised to CACHD1-wt, where CACHD1-wt expression 

was considered as 100%, and representative graphs with mean  SEM were plotted using 

GraphPad Prism. Significant changes were indicated at p < 0.05. 

The effects of the Y1197A and Y1197F mutations on CACHD1 constitutive internalisation were 

then determined using the endocytosis assay outlined in section 5.3.1. 
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5.3.6 Determining the roles of the transmembrane domain and C-terminal tail in 

CACHD1 trafficking 

Previous studies have shown the importance of the C-terminal tail in mediating internalisation 

in various membrane proteins, often facilitated by the short-signal sequence motifs 

(Bonifacino and Dell’gelica, 1999; Miranda et al., 2001; Brothers et al., 2002; Bonifacino and 

Traub, 2003). Here, two truncated version of CACHD1 were generated – first mutant where 

the C-terminal tail only was removed (CACHD1ΔH1122-C1274), and a second mutant where 

the C-terminal tail and the transmembrane domain were removed (CACHD1ΔV1096-C1274). 

Avi and 12His tags were added to this mutant for future ligand-binding studies. 

5.3.6.1 Mutagenesis of C-terminal tail in CACHD1 

To generate the first truncated version of CACHD1, the C-terminal tail was removed by Q5 PCR 

method (Figure 5.5). A reverse primer was used to introduce a stop codon and an Apa I 

restriction site after the I1131 residue of Myc-CACHD1. The PCR product and pcDNA5/FRT-

Myc-CACHD1 construct were digested with Eco RV-HF + Apa I restriction enzymes. 2-way 

ligation was then used to ligate all fragments together, resulting in the final pcDNA5/FRT-Myc-

CACHD1-TMD construct.  

To generate the second truncated version of CACHD1, the C-terminal tail and the 

transmembrane domain were removed by 2-step Q5 PCR method (Figure 5.6) Reverse primer 

was used to remove the transmembrane domain and add a stop codon and an Avi tag after 

the P1105 residue. The second PCR was used to add the 12His tag and introduce an Apa I 

restriction site to PCR1 product. The PCR2 product and pcDNA5/FRT-Myc-CACHD1 construct 

were digested with Eco RV-HF + Apa I enzymes. 2-way ligation was then used to ligate all 

fragments together, resulting in the final pcDNA5/FRT-Myc-CACHD1-trunc-Avi-GG-12His 

construct. 

All final constructs were sequenced to confirm successful truncation of CACHD1 and sequence 

identity. 
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Figure 5.5 Cloning procedure for the generation of a truncated CACHD1 protein without its 
intracellular C-terminal tail. CACHD1:2406-2426 and CACHD1-ApaI-rev primers were used to 
introduce and Apa I restriction site after the transmembrane domain of CACHD1. The PCR product and 
pcDNA5/FRT-Myc-CACHD1 were digested with Eco RV-HF and Apa I restriction enzymes to introduce 
blunt end at the Eco RV site and a single-stranded overhang (sticky end) at the Apa I site. DNA 
fragments were ligated with T4 DNA ligase to generate the final pcDNA5/FRT-Myc-CACHD1-TMD 
construct. TMD – transmembrane domain. 
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Figure 5.6 Cloning procedure for the generation of a truncated CACHD1 protein without its 
intracellular C-terminal tail and transmembrane domain. A two-step PCR strategy was used to obtain 
a truncated CACHD1 without the transmembrane domain and C-terminal tail. Using CACHD1 wild type 
as a template, CACHD1:2406-2426 and CACHD1-Avi-GG primers were used to truncate CACHD1 and 
introduce an Avi tag. The PCR product was then used as a template for the second PCR, where CACHD1-
Avi-GG-12His-ApaI reverse primer was used to introduce a 12-histidine tag and an Apa I restriction 
site. Eco RV-HF and Apa I restriction enzymes were used to digest the second PCR product and a 
pcDNA5/FRT-Myc-CACHD1 construct to introduce blunt end at Eco RV site and a single-stranded 
overhang (sticky end) at the Apa I site. The digested fragments were then ligated with T4 DNA ligase 
to generate the final pcDNA5/FRT-Myc-CACHD1-trunc-Avi-GG-12His construct. 



151 

5.3.6.2 Characterisation of truncated CACHD1 variants in HEK293 cells 

HEK293 tsA201 were transiently transfected with pcDNA5/FRT (control), pcDNA5/FRT-Myc-

CACHD1-wt, pcDNA5/FRT-Myc-CACHD1-TMD or pcDNA5/FRT-Myc-CACHD1-trunc-Avi-GG-

12His and allowed to grow for 48 h before analysis. 

The expression and sub-cellular localisation were determined using western blotting and 

immunocytochemistry as described in sections 2.2.11 and 2.3, respectively. To determine the 

effects of truncation on CACHD1 expression at the cell surface, live and fixed cell labelling with 

rabbit and mouse anti-Myc antibodies were used as described in sections 2.2.4, 2.3.4 and 

2.3.5, respectively. The effects of the truncation on CACHD1 constitutive internalisation were 

then determined using the endocytosis assay outlined in section 5.3.1. 

5.4 Results 

5.4.1 CACHD1 constitutively traffics from cell surface to intracellular compartments 

To characterise constitutive trafficking of Myc-CACHD1, stably expressing HEK293 cells were 

live-labelled with rabbit anti-Myc primary antibody. Using live cells enabled specific labelling 

of proteins present at the cell surface, allowing the observation of protein movement over 

time. Following incubation at 37°C for 0-4 h, the localisation of immunoreactive Myc-CACHD1 

was determined using immunofluorescence and confocal microscopy. As shown in Figure 5.7, 

initially (0 h timepoint), Myc-CACHD1 was localised exclusively at the cell surface. In contrast, 

at subsequent 1, 2 and 4 h timepoints, Myc-CACHD1 was detected in intracellular vesicles, 

indicating Myc-CACHD1 internalisation. Interestingly, at the 4 h timepoint, less CACHD1 

appeared to be localised to intracellular vesicles, suggesting the possibility of CACHD1 

recycling and transport back to cell surface as part of its constitutive trafficking pathway. 
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Figure 5.7 Constitutive trafficking of Myc-CACHD1 in stably expressing HEK293 cells. Stable HEK293 
cells expressing Myc-CACHD1 were plated on poly-D-lysine coated coverslips and incubated overnight. 
Cells were labelled live with a rabbit anti-Myc antibody at 4°C, incubated in DMEM 0.1% BSA at 37°C 
for 0 h, 1 h, 2 h or 4 h, fixed with 4% PFA at 4°C, and labelled with Alexa Fluor™ 488 secondary antibody. 
Immunoreactive Myc-CACHD1 was detected exclusively at the cell surface at 0 h, and at the cell surface 
(white arrows) and in intracellular compartments (yellow arrows) at 1, 2 and 4 h, showing CACHD1 
internalisation. (Scale bar 10 µm, n = 5). 
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5.4.2 CACHD1 internalisation is inhibited by MβCD, but can be rescued by cholesterol 

recovery 

The next steps aimed to determine the endocytic pathway utilised by CACHD1. Two main 

pathways were investigated, specifically the clathrin-mediated and caveoale-dependent 

endocytosis, by using 400 mM sucrose, 5 mM MβCD, and 30 µg/ml nystatin as inhibitors, 

respectively. Following treatment with these inhibitors, stably expressing HEK293 cells were 

live-labelled, and incubated at 37°C for 0-4 h. Untreated cells served as control for CACHD1 

constitutive trafficking. The impact of sucrose, MβCD, and nystatin were assessed using 

confocal microscopy. 

Figure 5.8A shows that at 0 h, immunoreactive Myc-CACHD1 was localised exclusively at the 

cell surface in all cells (untreated and treated). Similar to untreated cells, Myc-CACHD1 

underwent endocytosis in cells treated with 400 mM sucrose, as early as 1 h post-treatment, 

indicating clathrin-independent CACHD1 internalisation. In contrast, 5 mM MβCD inhibited 

CACHD1 internalisation at 1 and 2 h timepoints. However, by the 4 h timepoint, some 

internalisation was observed, although less pronounced compared to control and sucrose-

treated cells. These results indicate that CACHD1 may utilise the MβCD-sensitive endocytosis 

pathway. 

Subsequent experiments were carried out using nystatin (30 µg/ml), another caveolae 

pathway inhibitor. Surprisingly, unlike MβCD, nystatin did not inhibit CACHD1 internalisation, 

showing similar internalisation pattern as observed in untreated cells (Figure 5.8B). These 

results contradict the effects observed for MβCD; however, the reason for these discrepancies 

between two different cholesterol depleting agents remains unclear. 

Another experiment where the cholesterol levels were allowed to recover post-treatment 

with 5 mM MβCD was carried out by incubating cells in DMEM 0.1% BSA for 0-2 h, and the 

effects were assessed by confocal microscopy. Interestingly, even brief cholesterol recovery 

(1 h) partially reversed the inhibition of CACHD1 internalisation caused by MβCD, with normal 

levels of CACHD1 internalisation observed after 2 h of cholesterol recovery (Figure 5.9), 

indicating that CACHD1 endocytosis may primarily rely on cholesterol. 
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Figure 5.8 Inhibition of clathrin-mediated and caveolae-dependent endocytosis in stable HEK293 
cells. Stable HEK293 cells expressing Myc-CACHD1 were plated on poly-D-lysine coated coverslips and 
incubated overnight. Cells were then treated with 400 mM sucrose, and 5 mM MβCD or 30 µg/ml 
nystatin (clathrin/caveolae pathway inhibitors, respectively) in DMEM + 0.1% BSA at 37°C for 1 h. 
Untreated cells were used as control. Cells were labelled live with a rabbit anti-Myc antibody at 4°C, 
incubated in DMEM 0.1% BSA at 37°C for 0 h, 1 h, 2 h or 4 h, fixed with 4% PFA at 4°C, and labelled 
with Alexa Fluor ™ 488 secondary antibody. (A) Immunoreactive Myc-CACHD1 was detected 
exclusively at the cell surface (white arrows) in control and treated cells at 0 h. At 1, 2 and 4 h, 
immunoreactive Myc-CACHD1 was detected in intracellular compartments (yellow arrows) of control 
cells and cells treated with 400 mM sucrose. Conversely, in cells treated with 5 mM MβCD, Myc-
CACHD1 internalisation did not occur until 4 h post-treatment. (Scale bar 10 µm, n = 5). (B) 
Immunoreactive Myc-CACHD1 was detected at the cell surface in all cells at 0 h, and at cell surface and 
in intracellular compartments in untreated cells and cells treated with 30 µg/ml nystatin at 1 h, while 
showing no internalisation in cells treated with 5 mM MβCD at 1 h. (Scale bar 10 µm, n = 3). 
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Figure 5.9 Cholesterol recovery reversed MβCD-associated CACHD1 endocytosis inhibition. Stable 
HEK293 cells expressing Myc-CACHD1 were plated on poly-D-lysine coated coverslips and incubated 
overnight. Cells were then treated with 5 mM MβCD in DMEM + 0.1% BSA at 37°C for 1 h. Cells were 
washed with DPBS+CM and cholesterol was allowed to recover in DMEM 0.1% BSA for 0-2 h. Cells 
without recovery period were used as control. Cells were then labelled live with a rabbit anti-Myc 
antibody at 4°C, incubated in DMEM 0.1% BSA at 37°C for 0 or 1 h, fixed with 4% PFA at 4°C, and 
labelled with Alexa Fluor™ 488 secondary antibody. Immunoreactive Myc-CACHD1 was detected 
exclusively at the cell surface (white arrows) in all cells at 0 h. At 1 h, immunoreactive Myc-CACHD1 
was detected in intracellular compartments (yellow arrows) of all cells that underwent cholesterol 
recovery, while control cells showed no Myc-CACHD1 internalisation. (Scale bar 10 µm, n = 3). 
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5.4.3 CACHD1 is processed through Rab protein network 

In addition to characterisation of endocytic pathway, the endosomal processing of CACHD1 

was investigated in stable HEK293 cells. Co-localisation of CACHD1 with endosomes was 

determined by confocal microscopy. 

HEK293 cells expressing Myc-CACHD1 were used to determine CACHD1/EEA1 interaction. 

Cells were labelled live with rabbit anti-Myc antibody and incubated at 37°C for 0-60 min. 

After fixation with 4% PFA cell were additionally labelled with mouse anti-EEA1 antibody. 

Figure 5.10 shows immunoreactive Myc-CACHD1 expressed at the cell surface at 0 h, with 

subsequent internalisation at 15, 45 and 60 min. Immunoreactive EEA1 was detected inside 

the cells at all timepoints. Co-localisation of Myc-CACHD1 with EEA1 occurred as early as 15 

min post-incubation with anti-Myc antibody. 

To determine CACHD1/Rab5 and CACHD1/Rab11 interactions, HEK293 cells stably expressing 

Myc-CACHD1 were transiently transfected with pEGFP-C1-dRab5 or pEGFP-C1-dRab11 

plasmid. Following transfection, cells were labelled live with rabbit anti-Myc antibody and 

incubated at 37°C for 0-60 min. To note, additional labelling with anti-Rab5 or Rab11 

antibodies was not required due to their GFP tags. Figures 5.11-12 show immunoreactive Myc-

CACHD1 expressed exclusively at the cell surface at 0 h, and immunofluorescent dRab5 and 

dRab11 expressed inside the cells at all timepoint. Myc-CACHD1 internalisation was detected 

at 15, 30 and 60 min, with CACHD1/Rab5 and CACHD1/Rab11 co-localisation evident as early 

as 15 min post-incubation. 

These results indicate CACHD1 internalisation at early timepoints, with its post-endocytic 

processing mediated through endosomal protein network, particularly involving EEA1, Rab5 

and Rab11 that are indicative of early sorting and recycling endosomes. 
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Figure 5.10 CACHD1 localises to EEA1 in stable HEK293 cells. Stable HEK293 cells expressing Myc-
CACHD1 were labelled live with rabbit anti-Myc antibody, fixed with 4% PFA, and labelled with mouse 
anti-EEA1 antibody. Secondary anti-rabbit and anti-mouse Alexa Fluor™ 555 and 647 (respectively) 
were then used. Immunoreactive Myc-CACHD1 was detected at the cell surface at 0 h, and 
immunoreactive EEA1 was detected inside cells at all timepoints. Myc-CACHD1 co-localised with EEA1 
(white arrows) at the 15, 30 and 60 min timepoints. (Scale bar 10 µm, n = 4).  
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Figure 5.11 CACHD1 localises to dRab5 early sorting endosomes. Stable HEK293 cells expressing Myc-
CACHD1 were transiently transfected with pEGFP-C1-dRab5 plasmid and grown for 48 h. Cells were 
labelled live with rabbit anti-Myc antibody, fixed with 4% PFA, and labelled with anti-rabbit Alexa 
Fluor™ 555 secondary antibody. Immunoreactive Myc-CACHD1 was detected at the cell surface at 0 h, 
and EGFP-tagged dRab5 endosomes were detected inside cells at all timepoints. Myc-CACHD1 co-
localised with dRab5 (white arrows) at the 15, 30 and 60 min timepoints. (Scale bar 10 µm, n = 4). 



159 

 
Figure 5.12 CACHD1 localises to dRab11 recycling endosomes. Stable HEK293 cells expressing Myc-
CACHD1 were transiently transfected with pEGFP-C1-dRab11 plasmid and grown for 48 h. Cells were 
labelled live with rabbit anti-Myc antibody, fixed with 4% PFA, and labelled with anti-rabbit Alexa 
Fluor™ 555 secondary antibody. Immunoreactive Myc-CACHD1 was detected at the cell surface at 0 h, 
and EGFP-tagged dRab11 endosomes were detected inside cells at all timepoints. Myc-CACHD1 co-
localised with dRab11 (white arrows) at the 15, 30 and 60 min timepoints. (Scale bar 10 µm, n = 4). 
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5.4.4 Amino acid substitution mutations in the TyrIM of CACHD1 have no effect on 

CACHD1 expression or internalisation at the cell surface 

The impact of mutagenesis of the Y1197 residue within the TyrIM of CACHD1 was investigated 

by western blotting and immunocytochemistry techniques. Using western blotting, 

immunoreactive Myc-CACHD1-wt, Myc-CACHD1-Y1197A, and Myc-CACHD1-Y1197F were 

detected at 150-170 kDa by rabbit anti-Myc antibody (Figure 5.13A,C), showing that the 

Y1197A and Y1197F mutations did not alter the molecular mass of final CACHD1 protein in 

transiently transfected HEK293 tsA201 cells. Cell surface biotinylation assay further confirmed 

the presence of CACHD1-wt and both TyrIM mutants at the cell surface (Figure 5.13A). 

In transiently transfected cells, the total protein expression levels of the Myc-CACHD1-Y1197A 

and Myc-CACHD1-Y1197F mutants were significantly higher in cell surface and whole-cell 

lysate samples in comparison to Myc-CACHD1-wt. The cell surface protein levels of Myc-

CACHD1-Y1197A and Myc-CACHD1-Y1197F mutants were elevated to 177.633.5% and 

191.622.2% (meanSEM), respectively (Figure 5.13B). The total protein levels of Myc-

CACHD1-Y1197A and Myc-CACHD1-Y1197F mutants were elevated to 135.45.4% and 

146.810.6% (meanSEM), respectively (Figure 5.13D). Although the TyrIM mutants showed 

elevated expression, transient transfection efficiency can vary, as previously discussed in 

chapter 3. While transient transfection is useful for preliminary assessment, stable cell line 

approach provides a more robust and consistent method, supported by results presented in 

section 3.4.2.  

Sub-cellular localisation of Myc-tagged CACHD1-wt, CACHD1-Y1197A and CACHD1-Y1197F 

was determined by immunocytochemistry, using live and fixed cell labelling with rabbit and 

mouse anti-Myc antibodies to determine CACHD1 expression at the cell surface and in 

intracellular compartments, respectively (Figure 5.14). Live cell labelling of cell surface 

proteins showed immunoreactive Myc-CACHD1-wt, Myc-CACHD1-Y1197A and Myc-CACHD1-

Y1197F expressed at the cell surface, while labelling of permeabilised cells showed 

immunoreactive Myc-CACHD1-wt, Myc-CACHD1-Y1197A and Myc-CACHD1-Y1197F present in 

intracellular compartments. 

Following characterisation of TyrIM mutants, the effects of Y1197 mutagenesis on CACHD1 

internalisation at the cell surface were investigated through immunocytochemistry and 

trafficking assay as described in section 5.3.1. Figure 5.15 shows that neither Y1197A or 
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Y1197F mutation inhibited CACHD1 internalisation. However, while the CACHD1-Y1197F 

mutants internalised, the internalisation rate appeared to be slower compared to CACHD1-wt 

or CACHD1-Y1197A, despite no statistical or quantitative evidence. These results indicate that 

CACHD1 internalisation may be mediated by its TyrIM; however, more experimentation is 

required to fully understand the involvement of the TyrIM in CACHD1 endocytosis. 
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Figure 5.13 Analysis of expression of Myc-CACHD1-wt, Myc-CACHD1-Y1197A and Myc-CACHD1-
Y1197F in transiently transfected HEK293T tsA201 cells by western blotting. (A,C) Expression of Myc-
CACHD1-wt, Myc-CACHD1-AAA and Myc-CACHD1-G236S in transiently transfected HEK293T tsA201 
cells was determined by western blotting. Cells were incubated with EZ-LinkTM sulfo-NHS-SS-Biotin 
(0.3 mg/ml in DPBS+CM) at 4°C to label cell surface proteins. Cells were then lysed with RIPA buffer 
and whole-cell lysate samples were collected. Biotinylated proteins were captured by NeutrAvidin 
agarose beads at 4°C overnight. Proteins were separated by SDS-PAGE and blots were incubated with 
rabbit anti-Myc, mouse anti-β-actin or mouse anti-TFR (transferrin receptor; loading controls) 
antibodies. Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-Y1197A and Myc-CACHD1-Y1197F 
proteins were detected at 150-170kDa at the cell surface (A) and in whole cell lysates (C), which 
corresponded with the predicted size of CACHD1 protein. Signals for TFR were preset in all cell surface 
samples (A), and β-actin signals were present in all whole-cell lysate samples (C). Densitometry was 
performed on viable blots and raw data was analysed by (B) Kruskal-Wallis with Dunn’s post hoc test 
and (D) One-way ANOVA with Tukey’s post hoc test. (B) Myc-CACHD1-Y1197A and Myc-CACHD1-
Y1197F were expressed at significantly higher levels compared to Myc-CACHD1-wt in membrane 

samples, 177.633.5% and 191.622.2%, respectively (meanSEM). (n=3, *p < 0.05). (D) Myc-CACHD1-
Y1197A and Myc-CACHD1-Y1197F were expressed at significantly higher levels compared to Myc-

CACHD1-wt in whole-cell lysates, 135.45.4% and 146.810.6%, respectively (meanSEM). (n=3, **p 
< 0.01). 
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Figure 5.14 Characterisation of expression and sub-cellular localisation of Myc-CACHD1-wt, Myc-
CACHD1-Y1197A and Myc-CACHD1-Y1197F in transiently transfected HEK293 tsA201 cells. HEK293 
tsA201 cells were transiently transfected with Myc-CACHD1-wt, Myc-CACHD1-Y1197A, Myc-CACHD1-
Y1197F or empty vector (control). Transfected cells were labelled live with rabbit anti-Myc antibody, 
fixed with 4% PFA, and labelled with mouse anti-Myc antibody. Immunoreactive Myc-CACHD1-wt, 
Myc-CACHD1-Y1197A and Myc-CACHD1-Y1197F were detected with rabbit and mouse anti-Myc 
antibodies, showing expression at the cell surface (white arrows) and in intracellular compartments 
(yellow arrows). No immunoreactive signals were detected in control cells. (Scale bar 10 µm, n = 4). 
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Figure 5.15 Analysis of TyrIM-mediated internalisation of Myc-CACHD1 in transiently transfected 
HEK293 tsA201 cells. Transiently transfected HEK293 tsA201 cells were labelled live with rabbit anti-
Myc antibody at 4°C, incubated in DMEM 0.1% BSA at 37°C for 0 h, 1 h, 2 h or 4 h, fixed with 4% PFA 
at 4°C, and labelled with Alexa Fluor™ 488 secondary antibody. Immunoreactive Myc-CACHD1-wt, 
Myc-CACHD1-Y1197A and Myc-CACHD1-Y1197F were detected exclusively at the cell surface at 0 h, 
and at the cell surface (white arrows) and in intracellular compartments (yellow arrows) at 1, 2 and 4 
h, showing CACHD1 internalisation. CACHD1-Y1197F appeared to internalise slower compared to 
CACHD1-wt and CACHD1-Y1197A. (Scale bar 10 µm, n = 5). 
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5.4.5 The transmembrane domain and C-terminal tail are important for CACHD1 

trafficking to cell surface 

Here, the role of the CACHD1 C-terminal tail and transmembrane domain in CACHD1 

trafficking was investigated. First, the expression and sub-cellular localisation of Myc-tagged 

CACHD1-wt, CACHD1-TMD (CACHD1ΔH1122-C1274), and CACHD1-trunc (CACHD1ΔV1096-

C1274) were determined by western blotting and immunocytochemistry.  

Western blot analysis showed immunoreactive Myc-CACHD1-wt, Myc-CACHD1-TMD and 

Myc-CACHD1-trunc protein bands at 140-170 kDa in whole-cell lysates, with truncated 

variants exhibiting 140-150 kDa molecular mass (Figure 5.16B). Additionally, cell surface 

biotinylation assay confirmed the expression of Myc-CACHD1-wt and Myc-CACHD1-TMD at 

the cell surface, with molecular mass of 150-170 kDa and 140-150 kDa, respectively (Figure 

5.16A). By marked contrast, the CACHD1-trunc was absent in membrane samples (Figure 

5.16A). Immunocytochemistry experiments further supported these findings, showing that 

unlike CACHD1-wt and CACHD1-TMD, the CACHD1-trunc was not expressed at the cell surface 

(Figure 5.16C). All three CACHD1 variants were detected in intracellular compartments (Figure 

5.16C). These observations suggested two potential explanations for the absence of Myc-

CACHD1-trunc at the cell surface: i) Myc-CACHD1-trunc protein is not transported to the 

membrane, or ii) if transported, it lacks the means to anchor to the membrane due to the 

removal of the transmembrane domain and C-terminal tail, leading to secretion out of the 

cell. To address these theories, western blot analysis of cell lysates and culture supernatant 

was carried out. Figure 5.17 shows that Myc-CACHD1-trunc was not present in the culture 

medium, confirming the first theory that Myc-CACHD1-trunc is not transported to the 

membrane. 

Furthermore, the predicted molecular mass of Myc-CACHD1-TMD and Myc-CACHD1-trunc 

was 126 kDa (Uniprot); despite the removal of C-terminal tail and transmembrane domain 

from Myc-CACHD1-trunc, the predicted size is similar to Myc-CACHD1-TMD due to the 

addition of Avi and 12-His tags for future ligand binding studies. While the predicted molecular 

mass is 126 kDa, both proteins were detected at 140-150 kDa. This difference in molecular 

mass is most likely the result of post-translational modifications, such as glycosylation, as 

CACHD1 is predicted to have up to 7 glycosylation sites (Dahimene et al., 2018). 
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Following characterisation of truncated CACHD1 variants, their effects on CACHD1 

internalisation at the cell surface were investigated through immunocytochemistry and 

trafficking assay as described in section 5.3.1. Figure 5.18 shows that similarly to CACHD1-wt, 

the CACHD1-TMD variant was internalised. Despite no statistical or quantitative evidence, its 

internalisation appeared to be slower in comparison to CACHD1-wt, especially visible at the 1 

h timepoint.  
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Figure 5.16 Characterisation of expression and sub-cellular localisation of Myc-CACHD1-wt and its 
truncated variants in transiently transfected HEK293 tsA201 cells. HEK293 tsA201 cells were 
transiently transfected with Myc-CACHD1-wt, Myc-CACHD1-TMD, Myc-CACHD1-trunc or empty vector 
(control), and expression was analysed by western blotting, cell surface biotinylation assay and ICC. 
(A,B) Cells were incubated with EZ-LinkTM sulfo-NHS-SS-Biotin (0.3 mg/ml in DPBS+CM) at 4°C to label 
cell surface proteins. Cells were then lysed with RIPA buffer and whole-cell lysate samples were 
collected. Biotinylated proteins were captured by NeutrAvidin agarose beads at 4°C overnight. Proteins 
were separated by SDS-PAGE and blots were incubated with rabbit anti-Myc antibody. 
Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-Y1197A and Myc-CACHD1-Y1197F were detected in 
cells transfected with CACHD1 constructs only, confirming antibody specificity. Myc-tagged CACHD1-
wt and CACHD1-TMD were detected at 150-170 and 140-150 kDa in whole-cell lysates (B) and in 
membrane samples (A), while the Myc-CACHD1-trunc was only detected in whole cell lysates (B). 
Signals for β-actin and TFR (transferrin receptor; loading controls) were present in both cell types. (9% 
SDS-PAGE gel; n = 4). (C) Transfected cells were labelled live with rabbit anti-Myc antibody, fixed with 
4% PFA, and labelled with mouse anti-Myc antibody. Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-
TMD were detected with rabbit and mouse anti-Myc antibodies, showing expression at the cell surface 
and in intracellular compartments, while the Myc-CACHD1-trunc was absent at the cell surface. No 
immunoreactive signals were detected in control cells. (Scale bar 10 µm, n = 4). 
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Figure 5.17 Analysis of expression and secretion of Myc-CACHD1-trunc variant by western blotting. 
HEK293 tsA201 cells were transiently transfected with Myc-CACHD1-wt, Myc-CACHD1-TMD, Myc-
CACHD1-trunc, or vector control, and protein expression and secretion were determined by western 
blotting. Culture supernatant containing secreted proteins was collected and remaining cells were 
lysed. Proteins were separated by SDS-PAGE and blots incubated with rabbit anti-Myc antibody. 
Immunoreactive Myc-CACHD1-wt, Myc-CACHD1-TMD and Myc-CACHD1-trunc proteins were detected 
in cell lysates (L). No Myc-CACHD1-trunc was detected in the culture supernatant (M). (7% SDS-PAGE 
gel, n=3). 
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Figure 5.18 Analysis of internalisation of Myc-CACHD1-wt and its truncated variants in transiently 
transfected HEK293 tsA201 cells. Transiently transfected HEK293 tsA201 cells were labelled live with 
rabbit anti-Myc antibody at 4°C, incubated in DMEM 0.1% BSA at 37°C for 0 h, 1 h, 2 h or 4 h, fixed 
with 4% PFA at 4°C, and labelled with Alexa Fluor™ 488 secondary antibody. Immunoreactive Myc-
CACHD1-wt and Myc-CACHD1-Y1197A were detected exclusively at the cell surface at 0 h, and at the 
cell surface (white arrows) and in intracellular compartments (yellow arrows) at 1, 2 and 4 h, showing 
CACHD1 internalisation. Myc-CACHD1-trunc was not detected. (Scale bar 10 µm, n = 5). 

 
 



170 

5.5 Discussion 

Protein trafficking within cells involves a complex network of molecules that serve various 

functions in the regulation of protein internalisation and sorting. In this chapter, a series of 

experiments were conducted to explore the trafficking and processing mechanisms of 

CACHD1 protein. As CACHD1 is a relatively unstudied protein, this study represents the first 

investigation into the various mechanisms potentially involved in CACHD1 trafficking. 

Initial findings showed that CACHD1 undergoes constitutive internalisation in HEK293 cells, 

showing internalisation at 1-, 2- and 4-hour timepoints, with an observed decrease in 

intracellular CACHD1 levels at the 4-hour mark. This observation suggests the possibility of 

CACHD1 recycling back to the cell surface following endocytosis. Further evidence and 

discussion on this topic are provided in the following sections. 

5.5.1 CACHD1 endocytosis appears to be cholesterol-dependent 

The intricate mechanisms responsible for protein endocytosis are commonly studied using 

pharmacological inhibitors (Iversen et al., 2011). In this study, two main endocytic pathways 

were investigated, namely clathrin-mediated and caveolae-dependent pathways.  

Clathrin-mediated endocytosis is important in the internalisation and recycling of many 

transmembrane proteins (Goh and Sorkin, 2013), facilitated by their interaction with AP-2, 

which then recruit clathrin to the vesicles (Cocucci et al., 2012; Kaksonen and Roux, 2018). 

Following vesicle formation, scission protein, dynamin, facilitates the separation of the vesicle 

from plasma membrane (Antonny et al., 2016). AP-2 recognises YXXɸ signal motifs in 

transmembrane proteins (Ohno et al., 1995; Kelly et al., 2008), and given that CACHD1 

contains a YSTM signal motif, the clathrin-mediated pathway was investigated using sucrose 

as an inhibitor. 

The caveolae-dependent pathway, characterised by invaginations of the plasma membrane 

enriched in cholesterol (Palade, 1953), is another route for protein internalisation. The two 

main components of caveolae are cholesterol and caveolin proteins. Cholesterol is an 

important component of caveolae, and normal levels of free cholesterol are essential for 

maintaining caveolae endocytosis (Lay et al., 2006). Caveolin proteins play a structural role in 

caveolae formation at the plasma membrane (Williams and Lisanti, 2004). Caveolins 

oligomerise and the oligomers are stabilised by cholesterol binding (Monier et al., 1996). 
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Various proteins, including transforming growth factor-β (TGF-β) (Di Guglielmo et al., 2003) 

and integrins (del Pozo et al., 2005), use the caveolae-dependent endocytic pathway. Here, 

the possibility of CACHD1 internalisation through the caveolae-dependent endocytosis was 

also examined. Typically, the involvement of caveolae in protein endocytosis is assessed 

through cholesterol and caveolin dependence, by depletion of cholesterol or knockdown of 

caveolin-3 expression (Woodman et al., 2002; Balijepalli et al., 2006). In this study, the 

cholesterol depletion method was investigated using the commonly used cholesterol stripping 

agents, MβCD and nystatin (Vercauteren et al., 2010). MβCD and nystatin inhibit caveolae 

pathway through cholesterol disruption. MβCD strips cholesterol from membrane, while 

nystatin forms complexes with cholesterol, disrupting the lipid composition and integrity of 

caveolae (Zhu et al., 2010; Harvey and Calaghan, 2014). It was previously shown that 

cholesterol depletion can induce flattening of caveolae within just a few minutes (Rothberg et 

al., 1992; Hailstones et al., 1998). 

In this study, out of the three inhibitors tested, only MβCD resulted in the inhibition of 

CACHD1 internalisation, indicating a potential involvement of caveolae and dependency of 

CACHD1 endocytosis on cholesterol. Surprisingly, treatment with nystatin showed no effect 

on CACHD1 internalisation, necessitating further experimentation to understand how 

CACHD1 utilises the caveolae-dependent pathway. It is important to note, that while MβCD is 

a cholesterol depleting agent commonly used for the study of endocytosis, it was reported to 

cause several secondary effects at the membrane, such as reduced number of invaginated 

caveolae and clathrin-coated pits (Rodal et al., 1999), and depolymerisation of the actin 

cytoskeleton (Mundhara et al., 2019). Recovery of cholesterol for 1 hour following treatment 

with MβCD resulted in partial reversal of MβCD-associated inhibition of CACHD1 

internalisation, with a complete restoration of internalisation observed after 2 hours. Similar 

outcomes were reported for I-transferrin, where inhibition of cholesterol synthesis indicated 

that the restored I-transferrin internalisation following MβCD treatment was due to 

cholesterol synthesis in cells (Rodal et al., 1999). Moreover, cholesterol recovery with serum-

free medium in Jurkat T cells resulted in fluorescence levels comparable to control cells 

(Mahammad and Parmryd, 2008). The dependence of CACHD1 endocytosis on caveolin 

proteins could be further assessed through caveolin knockout (KO) experiments, using 

CRISPR/Cas9 caveolin-1 KO HeLa cell line (Abcam; ab255371). Additionally, several alternative 
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pathways could be explored to gain further understanding into CACHD1 endocytosis, such as 

dynamin-dependent or macropinocytosis pathways.  

Although the results presented in this chapter suggest that the cholesterol-dependent 

caveolae endocytic pathway may serve as the primary endocytic pathway for CACHD1, further 

studies are needed. Nonetheless, these findings represent a step forward towards the 

characterisation of endocytosis mechanisms used by CACHD1. 

5.5.2 CACHD1 localises to Rab5- and Rab11-positive vesicles post-endocytosis, 

indicative of a recycling pathway 

Following endocytosis, proteins undergo sorting and processing through a complex network 

of intracellular mechanisms, involving Rab proteins associated with various endosomes, each 

playing distinct role in vesicle formation, translocation, anchoring and fusion during endocytic 

transport (Grant and Donaldson, 2009). In this study, the involvement of EEA1, Rab5 and 

Rab11 in the post-endocytic sorting of CACHD1 was investigated. 

EEA1, an early endosomal Rab5 effector protein, is associated with the docking of incoming 

endocytic vesicles before fusion with early endosomes. Following vesicle fusion with early 

endosomes, Rab5 facilitates the internalisation and sorting of various proteins, including many 

GPCRs, such as the dopamine D2 receptors (De Vries et al., 2019), the cannabinoid receptor 2 

(Grimsey et al., 2011), and the FFA1 and FFA4 receptors (Qian et al., 2014; Flores-Espinoza et 

al., 2020). Proteins within early endosomes can undergo processing via different trafficking 

pathways. As endosomes mature, Rab5 is replaced by Rab7 which directs proteins to late 

endosomes and eventually towards lysosome for degradation (Wartosch et al., 2015). Many 

proteins, including α2δ-1 and α2δ-2 subunits, are recycled back to cell surface through a 

Rab11-dependent mechanisms (Tran-Van-Minh and Dolphin 2010; Goldenring, 2015; Meyer 

and Dolphin, 2021). Here, CACHD1 was added to the list of proteins utilising this recycling 

pathway. Co-localisation studies showed that CACHD1 co-localised with EEA1, Rab5 and 

Rab11, suggesting early sorting by Rab5-associated endosomes, and subsequent recycling by 

Rab11-associated recycling endosomes. The initial study describing constitutive 

internalisation of CACHD1 showed prominent internalisation at 1- and 2-hour timepoints, 

while at the 4 hour timepoint the levels of intracellular CACHD1 appeared to be decreased, 

which suggested possible recycling back to cell surface, and this theory was confirmed by the 

co-localisation of CACHD1 with Rab11. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7197876/#DMM043448C345
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The Rab11-dependent recycling pathway is also used by α2δ-1 and α2δ-2 subunits, and 

inhibition of this pathway by introducing dominant-negative Rab11a mutant resulted in α2δ 

re-routing towards the degradation pathway (Tran-Van-Minh and Dolphin 2010; Meyer and 

Dolphin, 2021). It is important to note that α2δ subunits, unlike CACHD1, are predicted to be 

GPI-anchored and do not possess an intracellular C-terminal tail (Davies et al., 2010; Wu et al., 

2016), and therefore it is unlikely they possess a YXXɸ based signal motif that could regulate 

their internalisation. This suggests that α2δ subunits may use their extracellular domains for 

mediating the internalisation process. While the Rab5 and Rab11-dependent trafficking 

pathway was demonstrated for CACHD1, it is possible that alternative trafficking pathways 

may also be involved. 

5.5.3 The transmembrane domain and C-terminal tail comprising YXXɸ signal motif are 

involved in CACHD1 trafficking 

In addition to characterising constitutive internalisation and determining endocytic pathway 

used by CACHD1, the last two objectives of this chapter aimed to investigate the roles of the 

TyrIM located on the C-terminal tail, as well as the transmembrane domain and the C-terminal 

tail itself in mediating CACHD1 internalisation. Previous studies have described the 

significance of YXXɸ signal motifs, typically situated on the C-terminal tail of membrane 

proteins (Rohrer et al., 1996; Bonifacino and Traub, 2003), in regulating protein internalisation 

and subsequent processing. Some examples of proteins include the transferrin receptor 

(YXRF; Girones et al., 1991), H+/K+-ATPase (FRHY; Courtois-Coutry et al., 1997), CD63 (YEVM; 

Metzelaar et al., 1991) and CTLA-4 (YVKM; Chuang et al., 1997). Moreover, GPCRs, including 

5-HT2a, PAR-1, TRH, and acetylcholine M2 and M4 (Marchese et al., 2010), as well as connexin 

proteins (Cx; Fisher and Falk, 2023) were shown to use their YXXɸ motifs for directing protein 

endocytosis. For instance, Cx43 utilises its two YXXɸ motifs (Y265AYF and Y286KLV) to recruit 

clathrin and mediate its endocytosis (Piehl et al., 2006; Fong et al., 2013), and in PAR-1, the 

YXXL motif was shown to produce the trafficking signal (Paing et al., 2004). Furthermore, in 

aquaporin-4 (AQP4), the YXXɸ plays a critical role in internalisation, subcellular localisation, 

and lysosomal degradation, while also generating signal for AQP4 degradation through 

proteasomes under specific conditions (Wang et al., 2023). These studies provide the evidence 

that YXXɸ signal motifs found in many membrane proteins play critical roles in directing 

proteins to specific cellular compartments, such as endosomes, lysosomes or back to plasma 

membrane, through interactions with adaptor proteins, such as AP2 (Traub, 2003). 
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The tyrosine residue within YXXɸ motifs is considered critical in mediating protein 

internalisation and subsequent post-endocytic sorting, as evidenced by numerous studies. 

Mutations of this Tyr residue frequently result in disruptions in protein internalisation caused 

by the loss or impairment of YXXɸ-associated signal required for effective interaction with the 

cellular sorting machinery. For example, mutation of the Tyr residue to Ala in the YXXL signal 

motif of LRP has been shown to decrease the endocytosis rate of LRP mini receptors, leading 

to their accumulation at the cell surface (Li et al., 2000). Similarly, to LRP, mutating Tyr to Ala 

in the YXXɸ signal motif of H+/K+-ATPase and PAR-1 resulted in increased cell surface 

expression caused by impaired internalisation mechanism (Courtois-Coutry et al., 1997; Pain 

et al., 2004; respectively). Additionally, mutations of the Y487 and Y498 residues to Ala or Phe 

in two individual YXXɸ signal motifs found in the BVL (bovine leukaemia virus) transmembrane 

envelope protein resulted in increased cell surface expression due to slower endocytosis rate 

(Novakovic et al., 2004). Interestingly, mutating the Y487 residue resulted in slower endocytosis 

rate in comparison to the Y498 mutants (Novakovic et al., 2004). Furthermore, studies on SARS-

CoV 3a protein revealed it utilised a YXXV motif for intracellular trafficking, and mutations 

within this motif resulted in lysosomal degradation (Minakshi and Padhan, 2014). 

To investigate the role of the Y1197STM signal motif in CACHD1, mutations of the Tyr1197 

residue to Ala (Y1197A) or Phe (Y1197F) were introduced. The preliminary findings presented 

in this chapter suggest differential effects on CACHD1 internalisation dependent on the amino 

acid residue in place of Y1197. While the Y1197A mutation did not show any apparent effects 

on CACHD1 internalisation, the Y1197F mutation appeared to slow down the rate of 

internalisation, which corresponds with the effects observed for LRP (Li et al., 2000) and BVL 

transmembrane envelope protein (Novakovic et al., 2004). These results imply the potential 

involvement of the YSTM signal motif in mediating CACHD1 internalisation. Furthermore, 

further analysis of cell surface expression of CACHD1-wt, CACHD1-Y1197A and CACHD1-

Y1197F by cell surface biotinylation assay showed elevated expression levels of both Y1197A 

and Y1197 CACHD1 mutants compared to CACHD1-wt, accompanied by significantly increased 

overall expression levels in whole-cell lysates. The variation in expression levels of could be 

attributed to many factors, including transfection efficiency, cell confluency, integration into 

cells, protein stability, and variation in the data, necessitating additional experimentation for 

a comprehensive understanding on the cell surface expression of CACHD1 TyrIM mutants. To 

address this issue, regulation of expression to standardise expression levels, as used for 



175 

CACHD1 MIDAS motif mutants in Chapter 4, would help determine whether the observed 

increase in cell surface expression was caused by disrupted internalisation mechanisms of 

CACHD1 or merely variation in transfection efficiency.  

While mutagenesis of Y1197 showed effect on the rate of internalisation, it remains to be 

determined whether either TyrIM mutant affects CACHD1 post-endocytic sorting. Co-

localisation studies with Rab5, Rab7 and Rab11 could shed light on whether CACHD1-

Y1197A/F undergo recycling to cell surface or get directed for degradation. Furthermore, co-

expression with dominant-negative Rab11 could further elucidate Rab11-dependent recycling 

mechanism in CACHD1, as in α2δ-1 and α2δ-2 the introduction of dominant-negative Rab11a 

resulted in a redirection towards the degradation pathway (Tran-Van-Minh and Dolphin 2010; 

Meyer and Dolphin, 2021). Additionally, using fluorescence-activated cell sorting (FACS) to 

analyse expression and internalisation could provide insights beyond single-cell analysis. 

While the TyrIM may play role in facilitating CACHD1 endocytosis, it is likely not the only 

mechanism used by CACHD1. This proposal is supported by the finding that truncating 

CACHD1 by removing its intracellular C-terminal tail did not prevent CACHD1 internalisation. 

Previous studies have demonstrated the importance of the C-terminal tail in mediating 

internalisation in various membrane proteins, often facilitated by the short-signal sequence 

motif (Bonifacino and Dell’gelica, 1999; Miranda et al., 2001; Brothers et al., 2002; Bonifacino 

and Traub, 2003). The lack of effect on CACHD1 internalisation upon C-terminal tail removal 

suggests that CACHD1 may employ additional trafficking mechanisms beyond the YSTM signal 

motif. Moreover, it would be interesting to investigate the effects of this truncation on the 

post-endocytic sorting of CACHD1. 

On the other hand, further truncation of CACHD1 by removing the transmembrane domain 

resulted in disruption of CACHD1 trafficking to cell surface as shown by live cell ICC and cell 

surface biotinylation assay. These results raised the question of whether CACHD1 was not 

transported to cell surface, or it simply lacked the means to anchor to the membrane leading 

to secretion out of the cell. Western blot analysis of culture supernatant showed that CACHD1 

was not secreted out of the cell, supporting the theory that CACHD1-trunc is not transported 

to the cell surface at all. The absence of CACHD1-trunc at the cell surface is likely due to 

potential protein misfolding or the absence of motifs or domains crucial for interacting with 

proteins mediating CACHD1 transport to cell surface.  
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5.5.4 Conclusion 

The endocytic pathway used by CACHD1, as well as the exact mechanism of CACHD1 

internalisation and trafficking remains to be fully elucidated; however, this was the first study 

to investigate a variety of trafficking pathways used by CACHD1 protein. The post-endocytic 

processing and recycling of CACHD1 through endosomes positive for EEA1, Rab5 and Rab11 

was shown, suggesting that CACHD1 recycles back to cell surface after internalisation. 

Moreover, mutagenesis of a key Tyr1197 residue within the YSTM signal motif to Phe resulted 

in CACHD1 internalisation that appeared slower compared to CACHD1-wt, suggesting that 

CACHD internalisation may be mediated through the YSTM signal motif. However, this is likely 

not the only mechanism used by CACHD1, as the removal of the C-terminal tail had no effect 

on CACHD1 internalisation, suggesting that CACHD1 internalisation may be mediated by other 

mechanisms, possibly through its extracellular domains. Interestingly, further removal of the 

predicted transmembrane domain resulted in intracellular retention of CACHD1, showing no 

trafficking to cell surface. In conclusion, this chapter has laid the groundwork for further 

investigations into the regulation of CACHD1 trafficking. 

5.6 Limitations 

The co-localisation study, which involved tracking the interaction of CACHD1 with endosomal 

markers (EEA1, Rab5, and Rab11), provided valuable insights into the internalisation and post-

endocytic processing of CACHD1. However, there are notable limitations that should be 

considered. Firstly, light microscopy has a diffraction limit of approx. 200 nm, which restricts 

the resolution. This means that any interactions occurring within this range may appear as 

overlapping or co-localised, therefore the close proximity of CACHD1 to EEA1, Rab5, or Rab11 

could be misinterpreted as direct interaction when, in reality, the proteins could be in adjacent 

but distinct endosomal compartments. Secondly, the co-localisation results shown lack 

quantitative analysis, therefore it is difficult to fully understand the extend of co-localisation 

or interaction of CACHD1 with EEA1, Rab5, or Rab11. Addressing these limitations with 

alternative approaches like super-resolution microscopy, PLA, and quantitative co-localisation 

analysis would provide a more comprehensive understanding of CACHD1 interactions with 

endosomal pathways. 
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5.7 Future work 

This chapter represents the first study into the trafficking mechanisms governing CACHD1. The 

results presented here open the doors for future experiments and deeper investigation into 

these intricate mechanisms, required to fully grasp the trafficking intricacies of CACHD1. Some 

experiments to consider include the investigation into the potential involvement of 

alternative endocytic pathways, such as dynamin-dependent pathway or macropinocytosis, 

using specific inhibitors like dynasore and wortmannin, respectively. Additionally, live cell 

imaging is a useful method for the characterisation of protein dynamics and movement within 

a cell over time, which could help determine a more detailed time course by which CACHD1 

internalises and recycles back to the membrane. Another technique, FACS, could be useful to 

study cell population as opposed to single cell. Here, the cell surface is immunolabelled, 

followed by incubation to allow protein internalisation. Afterward, the cell surface is washed 

to remove any residual antibodies, allowing the tracking of protein movement for proteins 

that were internalised during the incubation period, thus facilitating the monitoring of protein 

recycling. Furthermore, considering the apparent slower internalisation rate caused by the 

CACHD1-Y1197F mutant, investigating the effects of this mutant on CaV3.1 channel 

biophysical properties could shed some light on whether this CACHD1 mutant causes CaV3.1 

retention at the cell surface, thus increasing CaV3.1 currents. 
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6. CLONING AND PURIFICATION OF A SOLUBLE FORM OF CACHD1 FOR 

LIGAND BINDING STUDIES 

6.1 Introduction 

Protein purification is a fundamental method providing specific protein targets for a wide 

range of applications, including structural and functional studies, drug development, quality 

control, and diagnostics assays. Chromatography techniques are often used to separate 

proteins based on their size, charge, or affinity to specific ligands (Coskun, 2016). The isolation 

of specific proteins from complex biological mixtures ensures that a protein can be studied 

without any interference from other cell components. Protein purification plays an essential 

role in the understanding of cellular processes, disease mechanisms, and protein structure 

and dynamics. 

Once a purified protein is available, a variety of analytical methods are available for an in-

depth protein characterisation. These methods include advanced techniques such as X-ray 

crystallography and nuclear magnetic resonance (NMR) spectroscopy for determination of 

protein 3D structure and dynamics (Szymczyna et al., 2009; Hu et al., 2021), enzyme-linked 

immunosorbent assay (ELISA) for determination of antibody/antigen presence in a sample 

(Alhazmi and Albratty, 2023), mass spectrometry for measurement of the mass-to-charge 

ratios important for protein characterisation and post-translational modification analysis 

(Hermann et al., 2022), surface plasmon resonance (SPR), co-immunoprecipitation and 

fluorescence resonance energy transfer (FRET) assays for investigation of protein-protein and 

protein-drug interactions (You et al., 2006; Rath et al., 2020; Wu et al., 2022). More 

conventional techniques include SDS-PAGE, 2D PAGE and western blotting for separation, 

detection, and quantification of proteins (Magdeldin et al., 2014; Mishra et al., 2017). 

In this chapter, the procedures for the cloning and purification of a soluble CACHD1 protein 

using affinity column chromatography method are outlined. The aim was to clone and purify 

a soluble form of CACHD1 protein that could be utilised for a number of future experiments, 

such as structural or ligand-binding studies. Of particular interest would be the discovery of a 

small molecule modulator for CACHD1, which would have significant therapeutic implications 

for diseases associated with CaV3 VGCCs and their modulator, CACHD1. These applications 

include the inhibition of CACHD1-induced effects on CaV3 VGCCs and the reversal of 

physiological responses, such as changes in membrane potential and neurotransmitter 
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release. Similarly, the generation of soluble α2δ subunits has been instrumental in drug 

discovery (Brown and Gee, 1998; El-Awaad et al., 2019), particularly for gabapentinoids like 

gabapentin, pregabalin, and mirogabalin. These widely prescribed drugs function by binding 

to the α2δ-1 and α2δ-2 subunits at the RRR gabapenting binding motif, disrupting the 

trafficking and Rab11a-dependent recycling of α2δ subunits. This disruption reduces Ca2+ 

currents (Hendrich et al., 2008), decreasing excitatory neurotransmission. Producing soluble 

CACHD1 protein, much like soluble α2δ subunits, could facilitate drug discovery by enabling 

structural analysis and screening of potential modulators, potentially leading to innovative 

treatments for hyperexcitability diseases associated with CaV3 VGCCs, much like 

gabapentinoids do for HVA VGCCs. Moreover, an antagonist could be used to confirm the 

specificity of CACHD1 effects on CaV3 VGCCs, further aiding in drug development for 

hyperexcitability diseases. 

6.2 Objective 

In Chapter 5, a truncated CACHD1 was generated, however, this protein did not traffic to cell 

surface, nor was it secreted out of the cell. 

• The first objective of this chapter was to determine if the replacement of CACHD1 

native signal peptide with an Igκ signal peptide could facilitate the secretion of 

truncated CACHD1 out of the cell. The Igκ signal peptide was selected due to its 

capacity to improve protein expression and secretion (Liu et al., 2016; Wang et al., 

2016). Furthermore, modification of signal peptides was previously shown to be 

successful in enhancing protein production and secretion in mammalian cells (Güler-

Gane et al., 2016; Peng et al., 2016; You et al., 2018).  

• The second objective was to purify soluble CACHD1 from culture supernatant using 

affinity column chromatography. 

6.3 Experimental approach 

6.3.1 Modification of signal peptide and tagging of CACHD1 with Avi and 12-His tags 

In Chapter 5, a truncated CACHD1 was generated. After truncation, two tags were added – a 

12-His tag for protein purification with Ni-NTA affinity column chromatography, and an Avi 

tag for ligand screening studies using SPR platform. 
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Here, Q5 DNA polymerase PCR method was used (section 2.4.6) to replace the native signal 

peptide (M1-A35: MARQPEEEETAVARARRPPLWLLCLVACWLLGAGA; UniProt, Q5VU97) with 

Igκ signal peptide (METDTLLLWVLLLWVPGSTGD) to facilitate CACHD1 protein secretion from 

cell. The cloning procedure is shown in Figure 6.1. All final constructs were sequenced to 

confirm successful modification of the signal peptide in CACHD1. 
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Figure 6.1 Cloning procedure for the modification of the signal peptide in CACHD1. (A) HindIII-KS-Igκ-
Myc and hCACHD1:247-229rev primers were used to produce 314 bp Myc-CACHD1 fragment (B) with 
Hind III restriction site and Igκ signal sequence upstream of Myc tag. The PCR product, pcDNA5/FRT-
NSS-Myc-CACHD1-trunc-Avi-GG-12His and pcDNA5/FRT were digested with Hind III-HF + Nhe I, Nhe I 
+ Apa I, and Hind III-HF + Apa I respectively to introduce single-stranded overhangs. The final 
pcDNA5/FRT-Igκ-Myc-CACHD1-trunc-Avi-GG-12His construct was generated by a 3-way ligation with 
T4 DNA ligase. (C) Positive colony PCR with CMV fwd and hCACHD1:247-229rev primers (450bp 
fragment), (D) and restriction digest of final product (lanes 1-4) and pcDNA5/FRT-Igκ-HA-CACHD1-
trunc-Avi-GG-12His control (lane C) with Hind III-HF + Cla I showed expected DNA fragments, 
suggesting successful modification of the signal peptide in CACHD1. (B-C: 2% agarose gel, 100 bp DNA 
ladder, NEB; D: 1% agarose gel, 1 kb Plus DNA ladder, NEB). 
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6.3.2 Validation of Igκ-Myc-CACHD1-trunc-Avi-12His expression and secretion in 

transiently transfected HEK239 cells 

HEK293 cells in a 6-well plate were transiently transfected with 6 µg of pcDNA5/FRT-NSS-Myc-

CACHD1-trunc-Avi-12His or pcDNA5/FRT-Igκ-Myc-CACHD1-trunc-Avi-12His construct as 

described in section 2.1.5 and cultured at 37°C, 5% CO2, overnight. Culture medium was then 

discarded, cells were washed 2x with DPBS+CM, and 2 ml of Opti-MEM™ reduced-serum 

medium (L-glutamine, HEPES, no phenol red; Thermo Fisher Scientific) were added to each 

well. Cells were allowed to grow at 37°C, 5% CO2. After 48 h, culture supernatant was 

collected, concentrated (10x) by centrifugation (4500 g, 4°C) using the X12 Membrane 

Vivaspin 20 concentrator (100 kDa; Sartorius) and resuspended in 10 ml of binding buffer 

(Table 2.5). The centrifugation-resuspension steps were repeated 3x to remove all serum, and 

finally concentrated 10x for analysis. Remaining cells were lysed as described in section 2.2.3 

to extract non-secreted CACHD1 protein from cells. Western blot was then used to confirm 

Igκ-Myc-CACHD1-trunc-Avi-12His protein expression and secretion in HEK293 cells (sections 

2.2.7-8 and 2.2.10-12). 

6.3.3 Generation of stable cell line expressing Igκ-Myc-CACHD1-trunc-Avi-12His 

protein 

To further upscale the production of soluble CACHD1 protein, stable cell line expressing Igκ-

Myc-CACHD1-trunc-Avi-12His (section 2.1.1, Table 2.1) was generated using the Flp-In system 

as outlined in section 2.1.6. 

6.3.4 Protein purification method for production of Igκ-Myc-CACHD1-trunc-Avi-12His 

in mammalian expression system  

Stable cells expressing Igκ-Myc-CACHD1-trunc-Avi-12His were plated at 5x106 cells/plate 

density in five 100 mm cell culture dishes coated with poly-D-lysine and incubated in antibiotic-

free DMEM 10% FBS medium at 37°C, 5% CO2, overnight. The next day, DMEM 10% FBS was 

removed, and cells were washed 2x with DPBS+CM to remove all serum. 10 ml of Opti-MEM™ 

reduced-serum medium was then added to each dish and cells were incubated at 37°C, 5% 

CO2, for 48 h. Culture supernatant containing secreted proteins was then collected, replaced 

with 10 ml of fresh Opti-MEM™ medium and cells were incubated for further 24-48 h before 

supernatant collection. This process was repeated until 500 ml of culture supernatant 

containing secreted proteins was collected. The culture supernatant was then concentrated 
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(100x) by centrifugation (4500 g, 4°C) using the X12 Membrane Vivaspin 20 concentrator (100 

kDa; Sartorius) and resuspended in 50 ml of binding buffer resulting in a 10x concentration. 

The concentration-resuspension process was repeated 3x to remove all serum and exchange 

Opti-MEM® medium for binding buffer. After the last concentration step, proteins were 

resuspended in 20 ml of binding buffer (final Opti-MEM® concentration approx. 0.25%; 

binding buffer in section 2.2.6, Table 2.5). Following this process, the concentrated protein 

mixture was stored at -80°C until needed for purification. 

Ni-NTA affinity column chromatography method described in section 2.2.6 was used to purify 

CACHD1 protein from the concentrated protein mixture. A peristaltic pump was used to 

maintain a flow rate of 1 ml/min (set-up in Figure 6.2). To maintain protein stability and 

activity throughout the purification procedure, ice cold 20 mM Tris/HCl buffer (pH 8.0) was 

used because of its stability over a broad pH range (7-9) and ensuring optimal and stable 

conditions shown in previous studies (Budde et al., 2006; Yadav et al., 2020). Imidazole was 

used to elute the 12-His-tagged CACHD1 protein from the column. Imidazole is often used in 

Ni-NTA affinity chromatography because it competitively binds to the immobilised metal ions 

on the column, therefore releasing the histidine-tagged proteins, allowing selective protein 

purification (Bornhorst and Falke, 2000; Vançan et al., 2002; Völzke et al., 2023). To determine 

the lowest imidazole concentration required for protein elution, the elution process was 

optimised by gradually increasing imidazole concentration (10-400 mM). Dot blot (Figure 6.3) 

showed that 300 mM imidazole was sufficient to elute all CACHD1 protein from the column 

and was therefore used in the elution buffer. 5 mM and 20 mM imidazole were also used in 

the binding and wash buffers respectively to reduce binding of non-specific proteins to the Ni-

NTA column and thus increasing the purity of the final protein. 

The protein purification method consisted of four steps: 1) column equilibration with 20 

volumes of binding buffer containing 5 mM imidazole; 2) CACHD1 protein binding to the Ni-

NTA agarose column; 3) column wash with wash buffer containing 20 mM imidazole; 4) elution 

of CACHD1 from the column with 20 ml of elution buffer containing 300 mM imidazole. 

Purified CACHD1 protein was then concentrated and resuspended in 20 mM Tris/HCl buffer. 

The concentration-resuspension step was repeated three times to remove residual imidazole 

that could interfere with further analysis (Kanoh et al., 2023). Purified protein was then 

analysed using western blot (section 2.2.10) and Coomassie Blue staining (section 2.2.9) to 
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assess the protein size, purity, and degradation levels. A BCA assay (section 2.2.5) was used to 

determine the final protein yield. 

 
 

 

 
Figure 6.2 Ni-NTA affinity column chromatography set-up for CACHD1 protein purification. (1) Buffer 
or sample, (2) peristaltic pump maintaining flow rate of 1 ml/min, (3) tubing, (4) Ni-NTA affinity 
column, (5) vessel for flow-through collection. 
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Figure 6.3 Determination of imidazole concentration required for Igκ-CACHD1-trunc protein elution 
from Ni-NTA chromatography agarose column. Opti-MEM® medium containing secreted proteins 
underwent a series of concentration-resuspension steps to exchange medium with binding buffer (20 
mM Tris/HCl, 5 mM imidazole, pH 8.0). Concentrated protein mixture was put through a Ni-NTA affinity 
agarose column to allow binding of the 12-His-tagged Igκ-Myc-CACHD1-trunc protein, washed with 20 
mM Tris/HCl (pH 8.0), and gradually eluted with 20 mM Tris/HCl (pH 8.0) containing 10-400 mM 
imidazole. Flow-through was collected for each step (binding, wash, elution). Dot blot analysis was 
performed by spotting a nitrocellulose membrane with 10 µl of each elution step (10-400 mM 
imidazole) and controls (CACHD1 wt, culture supernatant, vector control), and dried at 37°C. Blot was 
blocked for 1 h with 5% milk, followed by incubation with Myc antibody. Immunoreactive Myc-CACHD1 
was detected in all controls except the vector control, confirming antibody specificity. The elution of 
Igκ-Myc-CACHD1-trunc was observed within the 100-300 mM imidazole range, with 300 mM imidazole 
being sufficient to elute all Igκ-CACHD1-trunc from the chromatography column. No Igκ-Myc-CACHD1-
trunc was detected in 10 mM, 50 mM and 400 mM imidazole elution steps. (n=3). 
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6.4 Results 

6.4.1 Igκ signal peptide facilitates Myc-CACHD1-trunc-Avi-12His protein secretion in 

transiently transfected HEK293 cells 

Sub-cellular localisation of Myc-tagged CACHD1 proteins was determined by 

immunocytochemistry, using rabbit anti-Myc antibody for live cell labelling (section 2.3.4), 

and mouse anti-Myc antibody for fixed cell labelling (section 2.3.5). Immunoreactive Myc-

CACHD1 wild type was expressed at the cell surface and inside the cell (Figure 6.4A). 

Expression of truncated CACHD1 variants with native and Igκ signal peptides was restricted to 

only inside the cell, with no detection on cell surface, as shown in Figure 6.4A. No 

immunoreactive signals were detected for vector control cells, confirming the specificity of 

detection. Although these results suggested a similar expression pattern for both truncated 

CACHD1 variants, they did not confirm whether the signal peptide modification facilitated 

CACHD1-trunc trafficking to cell surface and subsequent secretion. 

To address the question of whether modification of the signal peptide in CACHD1 facilitates 

protein secretion, western blot analysis of cell lysates and culture supernatant was performed. 

In Figure 6.4B, immunolabelling with rabbit anti-Myc antibody showed the presence of 

immunoreactive CACHD1-wt, NSS-CACHD1-trunc and Igκ-CACHD1-trunc in cell lysates, with 

only Igκ-CACHD1-trunc detected in culture supernatant. Notably, no immunoreactive signal 

was detected in NSS-CACHD1-trunc culture supernatant. Furthermore, Igκ-CACHD1-trunc was 

detected at the same molecular mass as the NSS-CACHD1-trunc (  1̴40 kDa). These findings 

confirmed that signal peptide modification in CACHD1 had no effect on the final protein size 

and it facilitated protein secretion. 
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Figure 6.4 Analysis of expression and secretion of truncated Myc-CACHD1 variants by western 
blotting and immunofluorescence. HEK293 cells were transiently transfected with Myc-CACHD1-wt, 
NSS-Myc-CACHD1-trunc, Igκ-Myc-CACHD1-trunc, and vector control, and protein expression and 
secretion were determined by ICC and western blotting. (A) Cells were labelled live with rabbit Myc 
antibody, fixed with 4% PFA and labelled with mouse Myc antibody. Myc-tagged CACHD1-wt was 
detected at the cell surface and in intracellular compartments by the rabbit and mouse Myc antibodies, 
respectively. Myc-tagged NSS-CACHD1-trunc and Igκ-Myc-CACHD1-trunc were only detected in 
intracellular compartments, with no immunofluorescent signals detected at the cell surface. (n=3, 
Scale bar, 10 µm). (B) Culture supernatant containing secreted proteins was collected and remaining 
cells were lysed. Proteins were separated by SDS-PAGE and blots incubated with antibodies to Myc 
and β-actin (loading control). Immunoreactive Myc-CACHD1-wt, NSS-Myc-CACHD1-trunc and Igκ-Myc-
CACHD1-trunc proteins were detected in cell lysates (L), with only Igκ-Myc-CACHD1-trunc detected in 
the culture supernatant (M), confirming secretion. Both truncated CACHD1 variants were detected at 
the same molecular mass, confirming the modification of signal peptide had no effect on final protein 
size. (9% SDS-PAGE gel, n=3). 
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6.4.2 Secreted Igκ-Myc-CACHD1-trunc-Avi-12His protein presents at larger molecular 

mass in comparison to intracellular Igκ-Myc-CACHD1-trunc-Avi-12His protein 

Analysis of expression and subsequent secretion of Igκ-Myc-CACHD1-trunc-Avi-12His protein 

in stable HEK293 Flp-In™ T-REx™ revealed that the secreted Igκ-Myc-CACHD1-trunc exhibited 

a higher molecular mass (  ̴150 kDa) in comparison to the Igκ-Myc-CACHD1-trunc protein 

detected in cell lysate (  1̴40 kDa), as shown in Figure 6.5. This difference in molecular mass is 

most likely to be the result of post-translational modifications, such as glycosylation. 

Furthermore, the expected molecular mass of Igκ-Myc-CACHD1-trunc is 126 kDa (Uniprot), 

suggesting that the Myc-CACHD1-trunc present in cell lysate (native and modified signal 

peptide) may already have undergone some post-translational modifications, and the addition 

of Igκ signal peptide facilitated further processing and secretion. 

In addition to the results showing that modification of the signal peptide to Igκ facilitated 

secretion of CACHD1-trunc protein (Figure 6.4), the difference in molecular sizes of Igκ-

CACHD1-trunc suggested that the modification of the signal peptide may also influence the 

localisation and subsequent processing of Igκ-CACHD1-trunc protein in stably expressing 

HEK293 cells. However, the results shown in Figure 6.5 did not confirm that the modification 

of the signal peptide facilitated glycosylation, and therefore further investigation of the 

secreted Igκ-Myc-CACHD1-trunc protein glycosylation levels are required. 
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Figure 6.5 Analysis of expression of Igκ-Myc-CACHD1-trunc-Avi-12His protein in stably expressing 
HEK293 cells. Culture supernatant was collected, and remaining cells were lysed. Proteins were 
separated by SDS-PAGE and blots incubated with antibodies to Myc and β-actin (loading control). 
Immunoreactive Myc-CACHD1-wt and Igκ-Myc-CACHD1-trunc proteins were detected at 150-170 kDa 
and 140-150 kDa, respectively. Secreted Igκ-Myc-CACHD1-trunc (M) was detected at higher molecular 
mass (  1̴50 kDa) compared to Igκ-Myc-CACHD1-trunc protein detected in cell lysate (  1̴40 kDa), 
suggesting differential glycosylation.  
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6.4.3 Ni-NTA affinity column chromatography is an efficient technique for the 

purification of Igκ-Myc-CACHD1-trunc-Avi-12His protein from mammalian cells 

SDS-PAGE followed by western blotting and Coomassie Blue staining were used to confirm 

isolation and purification of the soluble form of truncated CACHD1 protein from a mammalian 

expression system. 

Figure 6.6A-B shows successful purification of Igκ-Myc-CACHD1-trunc-Avi-12His protein using 

the method outlined in section 6.3.4, with detection of CACHD1-wt and Igκ-CACHD1-trunc 

proteins in cell lysates and culture supernatant (140-170 kDa) consistent with previous 

findings shown in sections 6.4.1 and 6.4.2. Furthermore, a band at approx. 150 kDa was 

detected by anti-Myc and anti-6His antibodies in the flow-through collected during protein 

binding step, suggesting that the flow rate was too fast or potential Ni-NTA column overload. 

No protein bands were detected in the flow-through collected during the wash step. 

Immunoreactive protein bands were detected by rabbit anti-Myc (Figure 6.6A) and rabbit anti-

6His (Figure 6.6B) antibodies, confirming the presence of Igκ-Myc-CACHD1-trunc-Avi-12His in 

the eluate. Lower molecular mass protein bands at 50-120 kDa were also detected, indicating 

potential protein degradation. It is important to note that the smaller protein bands showed 

different patterns when labelled with anti-Myc and anti-6His antibodies (Figure 6.6C). 

Respective SDS-PAGE gels were stained with Coomassie Blue stain, showing Igκ-Myc-CACHD1-

trunc-Avi-12His presence in culture supernatant, binding flow-through, and the eluate. No 

proteins were detected in the wash flow-through, suggesting that 20 mM imidazole may not 

be sufficient to elute histidine-rich proteins other than Igκ-Myc-CACHD1-trunc-Avi-12His 

bound to the column, and therefore these proteins were detected by anti-6His antibody in 

the final eluate. Increasing imidazole concentration in the wash buffer and size exclusion 

column (SEC) chromatography could be used to enhance purity of the final protein, and to 

clarify the nature of the smaller protein bands. 

Final protein quantity was assessed by BCA assay, and 500 ml of culture supernatant collected 

from approx. 25-30x107 cells (  1̴400 cm2 total growth area) yielded 3.5 mg of Igκ-Myc-

CACHD1-trunc-Avi-12His protein (2 ml at 1.75 µg/µl concentration).  
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Figure 6.6 Analysis of Igκ-Myc-CACHD1-trunc-Avi-12His protein purification by western blotting. 
Lysates and culture supernatant were collected from transiently (vectrol control (VC)) and stably 
expressing cells (CACHD1-wt, NSS-Myc-CACHD1-trunc, Igκ-Myc-CACHD1-trunc). CACHD1-trunc 
proteins were purified from culture supernatant using Ni-NTA affinity column chromatography. 
Proteins were separated by SDS-PAGE and blots were incubated with anti-Myc (A) and anti-6-His (B) 
antibodies. Immunoreactive CACHD1 proteins were detected at 140-170 kDa in all cell lysate samples, 
with only Igκ-Myc-CACHD1-trunc detected in culture supenatant (M) and binding flow-through. No 
immunoreactive proteins were detected in wash flow-through. A strong protein band was detected at 
140-150 kDa in the final protein eluate, confirming Igκ-Myc-CACHD1-trunc purification. Smaller protein 
bands were detected at 50-120 kDa in the final protein eluate (A, B), showing different band pattern 
when detected with anti-Myc and anti-6-His antibodies (C), indicating protein breakdown or cleavage 
at different domains. (7% SDS-PAGE gel; Protein loading: lysates 30 µg, culture supernatant, binding 
and wash flow-through 50 µl, purified protein 10 µg; n=3). 
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Figure 6.7 Analysis of Igκ-Myc-CACHD1-trunc-Avi-12His protein purification by Coomassie Blue 
staining. Lysates and culture supernatant were collected from transiently (vectrol control (VC)) and 
stably expressing cells (CACHD1-wt, NSS-Myc-CACHD1-trunc, Igκ-Myc-CACHD1-trunc). CACHD1-trunc 
proteins were purified from culture supernatant using Ni-NTA affinity column chromatography. 
Proteins were separated by SDS-PAGE and gel was stained with Coomassie Blue stain. Igκ-Myc-
CACHD1-trunc was detected in culture supernatant (M), binding flow-through and the final protein 
eluate, confirming successful purification. No CACHD1 protein was detected in lysate samples, possibly 
due to low protein concentration. (7% SDS-PAGE gel; Protein loading: lysates 30 µg, culture 
supernatant, binding and wash flow-through 50 µl, purified protein 10 µg; n=3). 
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6.5 Discussion 

Protein purification is an important method that allows the isolation of specific proteins from 

complex protein mixtures, and affinity column chromatography, in particular Ni-NTA affinity 

chromatography is a commonly used technique for the isolation of histidine-tagged proteins 

(Coskun, 2016; Völzke et al., 2023). In this chapter, the modification and purification of soluble 

CACHD1 protein utilising the Ni-NTA affinity chromatography technique was investigated, 

with the aim to obtain purified CACHD1 protein for future structural and ligand-binding 

studies. 

6.5.1 Signal peptide modification in CACHD1 facilitates protein secretion 

Proper localisation and processing are important for the structure and function of proteins in 

mammalian cells. Signal peptides play an important role in directing and transporting proteins 

to the correct locations in the endoplasmic reticulum, allowing correct post-translational 

modifications (Ramazi and Zahiri, 2021). The first objective of this study was to investigate 

whether the modification of the native signal peptide of CACHD1 to an Igκ signal peptide could 

facilitate the secretion of truncated CACHD1 protein. Through a series of experiments, it was 

determined that this modification indeed facilitated the expression and subsequent secretion 

of truncated CACHD1 in transiently and stably expressing HEK293 cells, corresponding with 

findings from previous studies showing enhancement of protein expression and secretion by 

the Igκ signal peptide (Peng et al., 2016; Wang et al., 2016). Furthermore, the Igκ signal 

peptide was previously used to secrete proteolytic enzymes (Cottrell et al., 2004) and improve 

expression of GPCRs (Rojas et al., 2016). Western blot results revealed that truncated CACHD1 

exhibited a higher molecular mass of approximately 140-150 kDa compared to the expected 

125 kDa. This difference may be related to post-translational modifications, such as 

glycosylation, as CACHD1 is known to have up to seven glycosylation sites (Dahimene et al., 

2018). Furthermore, molecular mass difference of approximately 10 kDa was observed 

between the intracellular (  ̴140 kDa) and secreted (  ̴150 kDa) truncated CACHD1, suggesting 

that the addition of Igκ signal peptide facilitated further processing and secretion of CACHD1 

protein in HEK293 cells. However, further investigation of CACHD1 glycosylation levels is 

required, and enzymatic deglycosylation with Peptide-N-Glycosidase F (PNGase F) or 

Endoglycosidase H (Endo H), or mutagenesis of predicted glycosylation sites could be used to 

confirm this theory (Kim and Leahy, 2013). 
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6.5.2 Ni-NTA affinity column chromatography is an effective method for purification of 

histidine-tagged CACHD1 

This study demonstrated efficient production and purification of a soluble truncated form of 

CACHD1 using HEK293 mammalian expression system and Ni-NTA affinity column 

chromatography. Western blotting and Coomassie Blue staining confirmed the isolation of 

truncated CACHD1 from the culture supernatant. However, several smaller protein bands 

were detected, suggesting protein degradation at some stage during the process. Protein 

degradation may have occurred during cell culture where enzymes such as proteases cause 

proteolytic cleavage. To address this concern, lower culture temperature, such as 30°C, could 

be utilised (Chakrabarti et al., 2016). Additionally, protein degradation might have occurred 

during the concentration of culture supernatant or the purification procedure (Ryan and 

Henehan, 2016). It is important to note that the smaller protein bands showed different 

patterns when labelled with anti-Myc and anti-6His antibodies, indicating potential protein 

cleavage or breakdown at different domains. Additionally, if Igκ-Myc-CACHD1-trunc-Avi-12His 

polymerised, denaturation during SDS-PAGE would result in monomeric Igκ-Myc-CACHD1-

trunc-Avi-12His and partially degraded proteins, explaining the smaller protein bands 

detected (Lee et al., 2011). Furthermore, detection of smaller proteins by anti-6His antibody 

could indicate presence of other histidine-rich proteins bound to the Ni-NTA agarose column 

during affinity column chromatography (Rees and Lilley, 2011). More investigation is required 

to clarify the nature of the smaller proteins present in the final eluate. Methods such as SEC 

chromatography and high-performance liquid chromatography (SEC-HPLC) could be used to 

determine the nature of these proteins, as well as detect any impurities present in the final 

protein eluate. Furthermore, native-PAGE could be used to analyse the native state and size 

of the purified protein, providing clarity on CACHD1 dimerisation or even oligomerisation. 

6.5.3 HEK293 mammalian expression system is effective and efficient for the 

production of soluble CACHD1 protein 

Various expression systems are available for protein production, including bacteria, yeast, and 

insect cells. However, the recombinant proteins produced in these systems often lack the 

correct post-translational modifications that are added in eukaryotic cells, or the proteins do 

not fold properly and/or are inactive (Nosaki et al., 2021) and therefore often require further 

processing, which may result in reduced protein yield (Gomes et al., 2018). To overcome the 

limitations of non-mammalian expression systems, HEK293 cells were used for CACHD1 
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production due to their capacity to correctly assemble, fold and post-translationally modify 

proteins (Goh and Ng, 2018). HEK293 cells are often used for initial development and 

screening before transitioning to scalable systems. To further upscale the production of 

CACHD1 protein, Chinese hamster ovary (CHO) cells could be used. CHO cells are commonly 

used for production of recombinant proteins in the biopharmaceutical industry, as they offer 

advantages such as high productivity, scalability of protein production, and their capacity to 

be cultured in suspension and in serum-free culture media (Omasa et al., 2010; Le Fourn, et 

al., 2014). However, while CHO cells can produce recombinant proteins with human-

compatible post-translational modifications, they are not completely able to reproduce 

human glycostructures, due to the lack of α1,3/4 fucosyl transferase, β-galactoside α2,6-

sialyltransferase and β-1,4-N-acetylglucosaminyltransferase III expressed in human cell lines 

(Goh and Ng, 2018), giving HEK293 cells an advantage of producing recombinant proteins with 

the desired glycosylation profile. Furthermore, suspension culture HEK293S cells could be 

used to easily scale up recombinant protein production as they are not limited by surface area 

like adherent HEK293 cells (Sun et al., 2023). 

Currently, two human soluble recombinant CACHD1 proteins are commercially available, one 

produced in insect cells (Antibodies-Online, AA 36-1095) and one in HEK293 cells (BioTechne, 

10750-CA). Commercially available CACHD1 can be very costly, costing over £12000 for 1 mg. 

The method outlined in this chapter demonstrated the feasibility of producing and purifying 

comparable amount of recombinant CACHD1 protein at a fraction of the cost, with HEK293 

expression system yielding 3.5 mg of CACHD1 protein from 500 ml of culture supernatant. 

While this is a relatively good yield, the purity of the protein needs to be increased, which will 

likely lead to reduction in the final yield of purified CACHD1. 

6.5.4 Conclusion  

In conclusion, the modification of native signal peptide to Igκ signal peptide in CACHD1 

facilitates protein secretion in HEK293 cells. Moreover, a HEK293 mammalian expression 

system combined with Ni-NTA affinity column chromatography provided an effective and 

efficient method for the purification of truncated CACHD1. These findings lay the foundations 

for future research aimed at exploring the therapeutic potential of CACHD1 as a modulator of 

CaV3 VGCCs. 
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6.6 Future work 

More work is required to further improve the purity of CACHD1 protein generated during this 

study. SEC chromatography could be used to separate the full size CACHD1-trunc from any 

degraded proteins present in the final eluate, followed by enzymatic deglycosylation to fully 

understand the glycosylation profile of the purified Igκ-Myc-CACHD1-trunc-Avi-12His protein. 

Once the protein is characterised more fully, it could be used for a variety of experiments 

outlined below. 

6.6.1 Ligand identification and characterisation 

The aim was to purify a soluble form of CACHD1 protein that could be used for further 

experiments, such as ligand binding studies. Of particular interest would be the discovery of a 

small molecule modulator for CACHD1. Such discovery would hold significant therapeutic 

applications in diseases associated with CaV3 VGCCs. SPR could be used to screen for CACHD1 

ligands as it allows high throughput screening of large compound libraries, and can detect 

protein-protein, protein-small molecule, and protein-nucleic acid interactions, providing a 

wide range of screening opportunities.  

Once a ligand is identified, kinetic studies could be performed to characterise its affinity to 

CACHD1. The Octet platform could be used to quantitively analyse binding kinetics and affinity 

of CACHD1-ligand interactions. While the Octet platform is useful for studying protein-protein 

interactions, it also has sensitivity and precision limitations when it comes to studying small 

molecule-protein interactions (Kamat and Rafique, 2017). Alternatively, the Biacore system 

could be utilised to study small molecule-protein binding kinetics, affinity, and specificity 

(Singh, 2016). 

Furthermore, identification of CACHD1 ligand, antagonist in particular, could be beneficial in 

the investigation of CACHD1 effects on CaV3 VGCCs expression, trafficking, and their 

electrophysiological properties. 

6.6.2 Further characterisation of CACHD1 MIDAS motif 

The next step in the characterisation of CACHD1 MIDAS motif would be the modification of 

native signal peptide to Igκ signal peptide in CACHD1-AAA MIDAS motif mutant. As shown in 

Chapter 3, the AAA mutation prevented CACHD1 trafficking to cell surface. It would be of 

interest to see if modification of the signal peptide facilitated CACHD1-AAA trafficking to cell 
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surface, subsequently impacting the effect of CACHD1-AAA on T-type currents described in 

Chapter 4. 

Furthermore, other proteins have been shown to contain metal ions within their MIDAS motif, 

including α2δ subunits (Mg2+ or Ca2+ ion; Cantí et al., 2005), VWA domains (Mg2+ ion; Lacy et 

al., 2004), and integrins (Mg2+ ion; Carman and Springer, 2003). Techniques like atomic ion 

spectroscopy (AIS) and atomic absorption spectroscopy (AAS) could be used to identify the 

metal ion present in the MIDAS motif of CACHD1, and its role in CACHD1 function and 

structural stability. 

6.6.3 CACHD1 antibody production 

The purified CACHD1 protein could be used to produce new CACHD1 antibodies. Currently 

available antibodies against CACHD1 are useful for western blotting; however, there is a lack 

of reliable antibodies available for immunocytochemistry. The development of new 

antibodies against CACHD1 could prove beneficial for studying untagged CACHD1 protein, 

enabling investigation of its sub-cellular localisation and interaction with other proteins.  
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7. DISCUSSION 

This study aimed to address two primary objectives: i) to characterise the variant MIDAS motif 

in CACHD1 and determine its importance in both, the expression of CACHD1 and CACHD1 

function as a modulator of CaV3.1 VGCCs; ii) to investigate the trafficking and post-endocytic 

mechanisms employed by CACHD1, with a specific focus on the roles of the transmembrane 

domain, intracellular C-terminal tail, and the YSTM signal motif located on the C-terminal tail. 

Initially identified as a member of the α2δ family by Whittaker and Hynes (2002) using a 

bioinformatics approach, CACHD1 was later characterised as a modulator of CaV3 LVA VGCCs 

by Cottrell et al. (2018). This project sought to expand upon previous findings by investigating 

the involvement of the variant MIDAS motif (DxGxS) in CACHD1 expression, sub-cellular 

localisation, and modulation of CaV3.1. Additionally, this study represents the first 

investigation into the trafficking mechanisms of CACHD1. Furthermore, a soluble form of 

CACHD1 was purified during this project, providing a valuable resource for further 

understanding of the functional and mechanistic aspects of CACHD1 in cellular processes and 

signalling pathways. 

7.1 The variant MIDAS motif in CACHD1 functions similarly to the fully 

conserved MIDAS motif found in α2δ subunits 

The fully conserved MIDAS motif (DxSxS) found in α2δ subunits has been studied extensively 

and has been shown to be important in the function and trafficking of α2δ and HVA VGCCs 

(Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). Here, the variant MIDAS motif 

(DxGxS) present in CACHD1 was investigated; specifically its role in CACHD1 expression, sub-

cellular localisation, and modulation of CaV3.1 VGCCs. 

Initially, the variant MIDAS motif of CACHD1 was characterised to determine if it has a similar 

role to the fully conserved MIDAS motif found in α2δ subunits, focusing on CACHD1 expression 

and sub-cellular localisation in heterologous expression systems in the absence of CaV3.1. The 

results reported in Chapter 3 showed that mutating all three key residues (DxGxS) to Ala 

significantly reduced total CACHD1 expression levels (Figure 3.5) and disrupted CACHD1 

trafficking to cell surface (Figure 3.6). Conversely, mutating only the second key residue (G236) 

to Ser, which led to CACHD1 with a MIDAS motif identical to those found in α2δ subunits, had 

no significant effects on CACHD1 expression levels or trafficking. Next, the role of the variant 

MIDAS motif in CACHD1 function as a modulator of rCaV3.1 VGCCs was investigated. To study 
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the effects of MIDAS motif mutagenesis on CACHD1 modulation of rCaV3.1, stable cell lines 

where the expression levels of CACHD1-wt, CACHD1-AAA and CACHD1-G236S could be 

regulated and standardised were generated. The standardisation of expression levels allowed 

the investigation of CACHD1 functional effects on rCaV3.1 T-type currents associated with 

MIDAS motif mutagenesis independently of any effects caused by the varying protein 

expression levels. Both, CACHD1-wt and CACHD1-G236S, significantly increased rCaV3.1 T-

type currents and Gmax by 1.36-fold (Figure 4.9) and 1.49-fold (Figure 4.11), respectively, while 

the CACHD1-AAA mutant abolished CACHD1-wt-associated current increase and further 

reduced rCaV3.1 T-type currents by 0.55-fold (Figure 4.10). 

The combined results from chapters 3 and 4 mirror the effects seen in α2δ subunits, where 

the AAA mutation was shown to impair α2δ-1 trafficking to cell surface (Cassidy et al., 2014), 

and abolish the CaV1 and CaV2 current increase normally associated with wild-type α2δ-1 

(Cantí et al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). Furthermore, the AAA mutation 

in α2δ-2 was reported to prevent α2δ-2-mediated increase in CaV2.2 current density (Cantí et 

al., 2005; Hoppa et al., 2012). While CACHD1 with a variant (DxGxS) or a fully conserved 

(DxSxS) MIDAS motif can function equally well, this study demonstrated that CACHD1 

modulation of rCaV3.1 is dependent on the MIDAS motif integrity. Taken together, these 

results indicate that the variant MIDAS motif (DxGxS) in CACHD1 and the fully conserved 

MIDAS motif in α2δ subunits function in a similar way.  

7.1.1 Proposed mechanism of CACHD1-CaV3.1 interaction 

CACHD1 appears to modulate CaV3.1 VGCCs through two different mechanisms: i) by 

promoting forward trafficking to cell surface as CACHD1 was shown to promote CaV3.1 cell 

surface expression (Cottrell et al., 2018), and ii) by a MIDAS motif-dependent interaction 

between CACHD1 and CaV3.1, important for modulation of CaV3.1 function. Figure 7.1 

illustrates the two proposed mechanisms of interaction between CACHD1 and CaV3.1. 

Hypothesis 1: CACHD1 and CaV3.1 interact intracellularly and are trafficked to cell surface as 

a CACHD1/CaV3.1 complex. 

This hypothesis tests that the variant MIDAS motif of CACHD1 is involved in CACHD1-CaV3.1 

interaction. This hypothesis is based on the reports that the MIDAS motif in other proteins is 

known to bind Ca2+, Mn2+ or Mg2+ ions, which then in turn leads to conformational changes 

within the VWA domain that promote protein function, and mutations in the MIDAS motif 
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have been reported to disrupt the ion binding, leading to disrupted protein function (Mould 

et al., 2002; Valdramidou et al., 2008). Cantí et al. (2005) proposed that, in α2δ subunits, the 

key MIDAS motif residues bind Ca2+/Mg2+ when the concentration of divalent cations is high 

in the endoplasmic reticulum, causing conformational changes in α2δ that allow correct 

folding and subsequent trafficking of the CaVα1 complex to cell membrane. Interestingly, the 

mutagenesis of all three key residues to alanine (DxSxS  AxAxA) had no effect on α2δ-2 

protein folding or trafficking when expressed alone; however, it reduced cell surface 

expression of its complexes with the pore-forming CaVα1 and CaV2.2 subunits (Cantí et al., 

2005). This suggests that binding of divalent cations in the ER or other intracellular 

compartments may be critical for CACHD1-CaV3.1 interaction and trafficking to the cell 

surface. Disruption of this binding caused by MIDAS motif mutagenesis could alter the 

intracellular interaction between CACHD1 and CaV3.1, potentially resulting in intracellular 

retention of CaV3.1. PLA could be used to investigate this hypothesis, and to determine 

whether CACHD1 and CaV3.1 interact intracellularly. While the mutagenesis of G236 residue to 

Ser, resulting in CACHD1 with a ”fully conserved” MIDAS motif (DxSxS), showed no effect on 

normal function of CACHD1, mutating the key residues to Ala (AxAxA) resulted in disrupted 

CACHD1 function, potentially causing intracellular retention of CaV3.1. If CACHD1 and CaV3.1 

interact intracellularly, the AAA-associated disruption of CACHD1-trafficking to cell surface 

(Figure 3.6) could account for the observed decrease in rCaV3.1 T-type current (Figure 4.10), 

similar to the effects reported for α2δ-1-AAA/CaV1 and α2δ-1-AAA/CaV2 complexes (Cantí et 

al., 2005; Hoppa et al., 2012; Cassidy et al., 2014). 

Hypothesis 2: CACHD1 and CaV3.1 are trafficked to cell surface separately and then 

interact at the cell surface. 

This hypothesis tests that CACHD1 and CaV3.1 are trafficked separately to the cell surface 

where they interact. However, this is an unlikely scenario due to the results presented in 

Chapter 4, where CACHD1-AAA significantly reduced rCaV3.1 T-type currents in comparison to 

rCaV3.1 expressed alone (Figure 4.10). Given that CACHD1-AAA could not be detected at the 

cell surface (Figure 3.6), if CACHD1 and CaV3.1 only interacted at the cell surface, one would 

expect no additional decrease in rCaV3.1 T-type currents.  
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Figure 7.1 Proposed mechanisms of CACHD1-CaV3.1 interaction. (A) CACHD1 and CaV3.1 interact 
intracellularly, forming a complex that is trafficked to the membrane. Mutagenesis of the variant 
MIDAS motif in CACHD1, DxGxS, to AxAxA, disrupts CACHD1 and potentially CACHD1-AAA/CaV3.1 
complex trafficking to the membrane, possibly due to protein misfolding and subsequent protein 
degradation by lysosome. (B) CACHD1 and CaV3.1 traffic to the membrane independently of each other 
and interact at the membrane. (Made in Biorender.com and Photoshop). 
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7.2 CACHD1 trafficking 

The intricate mechanisms governing protein trafficking in cells have been the subject of this 

study. As a relatively new protein, CACHD1 research has primarily focused on its functional 

effects on LVA VGCCs and its potential role in disease, while the mechanisms governing the 

trafficking and processing of CACHD1 in cells have remained unexplored. This study represents 

the first attempt to define the internalisation and post-endocytic sorting mechanisms used by 

CACHD1 in heterologous expression systems. 

Starting with the characterisation of CACHD1 constitutive internalisation, the results showed 

a consistent internalisation pattern of CACHD1 over time, accompanied by an apparent 

decrease in intracellular CACHD1 levels at the 4-hour timepoint. This observation suggested 

that CACHD1 was recycled back to the cell surface, as no decrease in cell surface CACHD1 was 

observed. Furthermore, this is supported by the fact that CACHD1 was detected in Rab11-

positive recycling endosomes (Figure 5.12). Notably, if CACHD1 underwent degradation, one 

would expect the cell surface CACHD1 levels to decrease over time.  

Subsequently, two primary endocytic pathways, clathrin-mediated and caveolae-dependent, 

were investigated as the possible pathways used by CACHD1 for internalisation. Inhibitors, 

namely hypotonic sucrose, MβCD and nystatin, were used to determine which endocytic 

pathway is used by CACHD1. Out of the three inhibitors, only MβCD exhibited inhibition of 

CACHD1 internalisation, suggesting that CACHD1 internalises via caveolae in a cholesterol-

dependent manner. This was further supported by the results showing that recovery of 

cholesterol levels for one hour partially reinstated CACHD1 internalisation, with complete 

restoration of CACHD1 internalisation after two hours of cholesterol recovery. Similar 

outcomes were reported for I-transferrin, where restored internalisation post-MβCD 

treatment was attributed to cholesterol synthesis and restoration in cells (Rodal et al., 1999). 

Moreover, the post-endocytic sorting of CACHD1 was investigated, and the results showed 

CACHD1 co-localisation with EEA1, Rab5 and Rab11 proteins. This suggests post-endocytic 

sorting of CACHD1 via Rab5-associated early endosomes followed by recycling back to the 

membrane via Rab11-associated recycling endosomes. These findings draw further parallels 

between CACHD1 and α2δ subunits, as α2δ-1 and α2δ-2 subunits have been shown to use a 

Rab11a-mediated recycling pathway (Tran-Van-Minh and Dolphin, 2010; Meyer and Dolphin, 

2021). 



203 

In addition to exploring the endocytic and post-endocytic pathways, this study investigated 

the roles of the transmembrane domain, intracellular C-terminal tail, and the YSTM signal 

motif identified on the C-terminal tail of CACHD1. The YSTM motif is a tyrosine-based signal 

motif where, typically, the Tyr residue is critical for its function (Pandey, 2009). To investigate 

the role of the YSTM motif, mutations of the Tyr1197 residue to Ala (Y1197A) and Phe (Y197F) 

were introduced. Previous studies indicated that such mutations often slow down or inhibit 

protein internalisation (Li et al., 2000; Novakovic et al., 2004; Pain et al., 2004; Minakshi and 

Padhan, 2014). Interestingly, while the Y1197F mutation resulted in an apparent slower 

internalisation rate compared to CACHD1-wt, the Y1197A mutation appeared to have no 

discernible effect on CACHD1 internalisation; suggesting that CACHD1 internalisation may be 

mediated by its YSTM signal motif. However, further investigation revealed that a truncated 

version of CACHD1 lacking the C-terminal tail, thus the YSTM signal motif, internalised in a 

similar manner to CACHD1-wt. This implies that CACHD1 does not solely rely on the YSTM 

motif but may also use other motifs, possibly extracellular ones, for internalisation. 

Further truncation of CACHD1 by removing its transmembrane domain disrupted CACHD1 

trafficking to the cell surface, resulting in intracellular retention of CACHD1. This suggested 

that the removal of the transmembrane domain resulted in either a misfolded protein or in a 

loss of interaction sites required by trafficking proteins which may interact with CACHD1. This 

truncated CACHD1 was further studied in Chapter 6, with the aim of obtaining a soluble form 

of CACHD1. Initially, the natural signal peptide was replaced with an Igκ signal peptide, which 

facilitated the secretion of CACHD1-trunc out of the cells. Subsequently, CACHD1-trunc was 

purified from culture media using the Ni-NTA column chromatography method. Using this 

method, 3.5 mg of CACHD1-trunc were obtained, although additional work is required to 

enhance the purity of the final product. 

Overall, the findings presented in Chapters 5 and 6 highlight the complexity of CACHD1 

trafficking mechanisms and underscore the importance of individual structural motifs and 

domains in mediating its internalisation and processing. While the exact internalisation and 

trafficking mechanisms remain to be fully elucidated, Figure 7.2 illustrates the proposed 

pathways used by CACHD1. 
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7.2.1 Proposed CACHD1 internalisation and post-endocytic sorting mechanisms 

 
 

 

Figure 7.2 Proposed endocytic and post-endocytic sorting mechanisms used by CACHD1. (1-2) 
CACHD1 is constitutively trafficked to the membrane. (3) CACHD1 is internalised via the caveolae-
dependent pathway, primarily relying on cholesterol. EHD2 (EH-domain-containing protein 2) 
constricts the caveolae neck, leading to vesicle separation from the membrane. (4) EEA1 (early 
endosomal antigen 1) is present at the vesicle before fusion with early endosomes. (5) The vesicle 
fuses with Rab5-associated early endosomes. (6-7) CACHD1 is recycled back to the membrane through 
Rab11-associated recycling endosomes. (8-9) Alternative pathway: CACHD1 is degraded through the 
Rab7-associated late endosome and lysosome pathway, but this remains to be determined. 
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7.3 Conclusions 

The findings presented in this study have significant implications for therapeutic interventions 

targeting CaV3 VGCCs, especially in the context of hyperexcitability diseases such as epilepsy, 

neuropathic pain, and other disorders associated with the dysregulation of neuronal 

excitability. By characterising the variant MIDAS motif in CACHD1 and identifying its 

importance in modulating CaV3.1 VGCCs, this study highlights a new mechanism by which 

CACHD1 influences calcium currents. Results showing that mutagenesis of the MIDAS motif 

significantly reduces CACHD1 expression and cell surface trafficking, mirroring effects seen in 

α2δ subunit, demonstrates the critical role of this motif in CaV3 VGCC modulation. 

Furthermore, the MIDAS-dependent increase in CaV3.1 currents suggests that CACHD1 could 

be a novel target for modulating CaV3 VGCCs in hyperexcitability conditions. Similar to 

gabapentinoids targeting α2δ subunits in HVA VGCC associated diseases, drugs could be 

developed to target CACHD1-CaV3 interaction to reduce calcium influx and excitability. 

Moreover, the exploration of CACHD1 trafficking mechanisms, particularly its caveolae-

mediated internalization and Rab11-dependent recycling, draws parallels to the trafficking 

mechanisms of α2δ subunits. This opens avenues for therapeutic strategies aimed at 

disrupting CACHD1 trafficking or recycling to control its regulatory effects on CaV3 channels. 

If specific inhibitors or modulators can be identified to target these processes, they could offer 

new treatment options for conditions where excessive CaV3 VGCC activity contributes to 

disease pathology. Additionally, the purification of a soluble form of CACHD1 provides a tool 

for future structural studies and high-throughput screening of potential modulators, 

accelerating drug discovery in this area. Ultimately, these findings suggest that targeting 

CACHD1, either by disrupting its surface trafficking or modulating its interaction with CaV3 

VGCCs, holds therapeutic potential for managing hyperexcitability diseases. 
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8. APPENDICES 

8.1 Appendix I: Materials information 

Antibodies 

Target Source (cat. no.) Batch no. 

HA BioLegend (901502) B220767, B326653 

c-Myc 
Sigma (C3956) 087M4765V 

Sigma (M4439) 016M4762V, 0000085774 

6-His Sigma (SAB4301134) 492635533 

TFR Invitrogen (136800) 136800, 1100424A 

Donkey anti-mouse IgG 
(H+L) Alexa Fluor ™ 546 

Invitrogen (A10036) 1078784 

Donkey anti-mouse IgG 
(H+L) Alexa Fluor ™ 647 

Invitrogen (A31571) 1069838 

Donkey anti-rabbit IgG 
(H+L) Alexa Fluor ™ 555 

Invitrogen (A31572) 1891766 

Donkey anti-rabbit IgG 
(H+L) Alexa Fluor ™ 488 

Invitrogen (A21206) 1110071 

 

Cell culture 

Item Source (cat. no.) Batch no. 

FBS 

Lonza (DE14-801FH) 

Sigma (F7524) 

Biowest (S181T-500) 

Biowest (S1810-500) 

Biowest (S181H-500) 

1SB011H2 

0001662869 

S00JW 

S00GT 

S00FL 

 

 



249 

8.2 Appendix II: Chapter 4 supplementary data 
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Figure 8.1 Amino acid sequence alignment of hCaV3.1 and rCaV3.1. Alignment was performed in 
Clustal Omega multiple sequence alignment tool using amino acid sequences from UniProt (hCaV3.1: 
O434497; rCaV3.1: O54898). 
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Figure 8.2 Power calculations to determine optimal sample size for CACHD1-wt. 

 

Figure 8.3 Power calculations to determine optimal sample size for CACHD1-AAA. 

 

Figure 8.4 Power calculations to determine optimal sample size for CACHD1-G236S. 
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8.3 Appendix IV: List of publications 

The MIDAS motif of voltage-gated calcium channel CACHD1 subunit contributes to protein 
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8.4 Appendix V: List of posters, presentations and conferences attended 

• The MIDAS motif of voltage-gated calcium channel CACHD1 subunit contributes to 

protein trafficking; Pharmacology 2022, Liverpool; 15 min presentation 

• The ‘AAA’ MIDAS motif mutation reduces expression and impairs trafficking of CACHD1 

in HEK293 cells, UoR Doctoral Research Conference 2022, Reading; Poster (People’s 

choice prize) 

• The ‘AAA’ MIDAS motif mutation reduces expression and impairs trafficking of CACHD1 

in HEK293 cells; European Calcium Channel Conference 2022, Alpbach; Poster 

• The ‘AAA’ MIDAS motif mutation reduces expression and impairs trafficking of CACHD1 

in HEK293 cells; Calcium Channels in Excitable Cells Symposium 2022, Innsbruck; 

Poster 

• The ‘AAA’ MIDAS motif mutation reduces expression and impairs trafficking of CACHD1 

in HEK293 cells; Cambridge Ion Channel Forum 2022, Cambridge; Poster (2nd place for 

best poster) 

• The effects of MIDAS motif mutations on the expression and function of CACHD1 

protein; UoR School of Pharmacy PhD Showcase 2022, Reading; 10 min presentation 

• The novel role of the CACHD1 protein in hyperexcitability disease; UoR School of 

Pharmacy PhD showcase 2021, Reading; 5 min presentation 
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