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Abstract 

Protein homeostasis (proteostasis) is maintained by multiple processes, including protein 

degradation, which regulate proteins levels in cells, including neurons. Loss of proteostasis 

is often associated with defects in protein degradation and can lead to protein aggregation, 

a hallmark of ageing diseases including neurodegeneration. The ubiquitin-proteasome 

system (UPS) is the major selective protein degradation pathway in cells. It involves a 

number of enzymes that act in a sequential manner to post-translationally attach a small 

protein modifier, ubiquitin, onto lysine residues of a protein target. E3 ubiquitin ligases 

function in the last step of this cascade by mediating the transfer of ubiquitin onto the protein 

substrate. Protein ubiquitination is well characterised in dividing cells and different types of 

enzymes and ubiquitin chains have been shown to play various roles from DNA repair to 

regulation of mitosis. In contrast, the roles and functions of ubiquitin signalling are less well 

delineated for terminally differentiated neurons. In this thesis, I investigated the expression, 

localisation and mode of regulation of the E3 ubiquitin ligase HECTD1 in mouse-derived 

cortical neurons. I show that HECTD1 is expressed in adult mouse brain and mouse 

embryo-derived cortical neurons where it is cleaved in response to bath application of 

NMDA. This cleavage is mediated through extrasynaptic NMDA receptors in mature (12 

DIV) neurons whereas in young (7 DIV) neurons it requires the activation of both synaptic 

and extrasynaptic pools of the NMDA receptors. HECTD1 proteolytic cleavage is calcium-

dependent and requires calpain and caspase activity in a sequential process and is 

independent on apoptosis. It was also shown that HECTD1 cleavage can be induced using 

FCCP (a mitochondrial uncoupler), antimycin A (mitochondrial complex III inhibitor) and 

thapsigargin (ER stress inducer). Those drugs are known to induce an increase in 

intracellular calcium levels. Furthermore, using biochemical fractionation and 

immunofluorescence, a pool of HECTD1 was identified at the mitochondria. A more refined 

fractionation protocol in fact revealed that this E3 ligase might indeed be found at ER-MAMs 

(ER-mitochondria associated membranes). HECTD1 localisation at mitochondria and 

potentially ER-MAM, where much of calcium trafficking occurs, is of particular interest 

especially since HECTD1 cleavage is calcium-dependent. These results open new 

questions regarding the mode of regulation of E3 ubiquitin ligases by calcium as well as the 

role of ubiquitin signalling at ER-MAMs. These findings will likely give valuable insight for 

human disorders, in particular neurodegeneration and heart diseases where unbalanced 

calcium and dysfunctional ER-MAMs drive many of the damages associated with these 

pathologies.  
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Introduction 

1.1 Brain cells and synapses 

The brain is the centre of the nervous system and the most complex biological structure 

known. It can be divided into two main parts: the forebrain and brain stem, each with 

different regions and functions. The brain stem composed mainly of the cerebellum, 

thalamus and the hypothalamus whereas the cerebrum and the basal ganglia are the major 

areas in the forebrain (Watson et al., 2010). The cerebrum is the largest part of the brain 

and its functions include cognition, memory, sensory processing, language and behaviour. 

The outer most region of the cerebrum is called the cerebral cortex. It is a highly ordered 

structure and is responsible for sensory processing and cognitive function.  

The human brain consists of equal numbers of neuronal and non-neuronal cells (glial cells). 

It contains around 170 billion cells, among these, 86 billion are neurons with 19% located 

in the cortex (Azevedo et al., 2009). Glial cells, in particular astrocytes, are required for 

normal neuronal function. They support the growth and survival of neurons by providing the 

required neurotrophic factors (Lindsay, 1979; Banker, 1980). Furthermore, glial cells are 

involved in synapse formation and regulation (Witcher et al., 2007) in addition to their role 

in maintaining homeostasis (Camandola, 2018) (Figure 1. 1).  

Neuronal cells communicate through specialised contact sites called synapses, which are 

formed between the axonal terminal of a sending neuron, and the dendrites of a receiving 

neuron (Figure 1. 1). By forming pre- and post-synaptic structures, each with specialised 

components, neurons are able to communicate and transfer signals. These pre- and post- 

synaptic membranes are separated by the synaptic cleft, which is about 20 to 24 nm with a 

number of cell adhesion molecules that connect the two membranes together (Lucˇic´ et al., 

2005; Zuber et al., 2005). Postsynaptic regions contain synaptic receptors that bind 

neurotransmitters released form the presynaptic membranes into the synaptic cleft, and this 

initiates the activation of downstream signalling cascades. Most of the synapses are 

occurring at the dendritic spines which are membranous protrusions that are derived from 

dendrites and they receive signals from excited neurons. The spines contain the 

postsynaptic density (PSD) which is an electron-dense thickening of the postsynaptic 

membrane (Siekevitz, 1985). The PSD contains the postsynaptic receptors, scaffolding 

proteins, signalling proteins and enzymes (Bayés et al., 2010; Bayes et al., 2012a). The 

size and structure of the spine is important in determining the calcium signalling through the 

postsynaptic receptors (Noguchi et al., 2005). 
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1.2 Glutamate synaptic receptors 

Diverse neurotransmitters are found in mammalian brains, with glutamate being the major 

excitatory neurotransmitter, whereas inhibitory effects are mediated primarily by γ-

aminobutyric acid (GABA). A balance between synaptic  excitation and inhibition is required 

for normal neuronal function (Xing and Gerstein, 1996). Both glutamate and GABA are 

amino acid neurotransmitters. Other groups of neurotransmitters are found in mammalian 

nervous systems including peptides (such as endorphin) and monoamine neurotransmitters 

including catecholamines such as dopamine.  

Figure 1. 1 Different types of brain cells. The brain contains similar numbers of neuronal and non-neuronal 
cells (glial cells). Glial cells are divided into two groups: microglia and macroglia. Microglia (green) are phagocytes 
that are considered the primary immune defence of the nervous central system. Macroglia include different types 
of cells such as oligodendrocytes (yellow) and astrocytes (blue). Oligodendrocytes are responsible for covering 
the axons with myelin whereas astrocytes are involved in different functions including damage repair, metabolic 
support and neuronal communication (Vanderah and Gould, 2015). Astrocytes support neuronal function. They 
play a role in regulating the synaptic function by clearing neurotransmitters from the cleft. For example, excess 
glutamate is removed from synaptic cleft through the excitatory amino acid transporters (EAATs) which are found 
on neuronal and glial membranes (box). Resting glutamate concentration is ∼1–10 μM and it reaches 100µM–
1mM after neuronal depolarisation.  Neurons (pink) communicate through synapse where the synaptic signal is 
transduced from the presynaptic to the postsynaptic membranes (box). Different neurotransmitter receptors as 
well as ion channels are identified at postsynaptic membranes. They interact with cytoplasmic signalling molecules 

present in the post synaptic density region (PSD). Adapted from (Allen and Barres, 2009).    
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In glutamatergic neurons (i.e. neurons that use glutamate as neurotransmitter), two main 

types of glutamate receptor (GluR) are found at the synapses; the ionotropic glutamate 

receptors (iGluR) and the metabotropic receptors (mGluR). iGluRs are glutamate-gated ion 

channels that allow cation influx into neurons while mGluRs are G protein-coupled receptors 

that mediate synaptic transmission via secondary messenger signalling. iGluRs are 

subdivided into three groups based on their preferential agonist: N-methyl D-aspartate 

(NMDA) receptors, α-amino-3-hyroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors and kainate receptors (KRs). Among these, NMDARs are the most extensively 

studied glutamate receptors and had been frequently implicated in brain diseases 

(Holemans et al., 1989; Jansen et al., 1990). The three ionotropic glutamate receptor 

subtypes share a basic subunit structure that compose of four hydrophobic regions that 

form the transmembrane domains in addition to the extracellular N-terminus and 

intracellular C-terminus (Figure 1. 2A) (Hammond, 2014). The large extracellular N-terminus 

domain contains the ligand-binding domains (LBD) (Sobolevsky, 2015) whereas the C-

terminal domain (CTD) of iGluR is involved in the regulation and localisation of the receptors 

and deletion of the CTD does not eliminate the function of the receptor but affects its 

regulation (Sheng and Pak, 2000).  

  

Figure 1. 2 The structure of ionotropic glutamate receptors (iGluR). (A) Schematic representation of the 
iGluRs subunits showing the different domains. The N-terminal domain is the largest domain and contain the 
ligand binding domain. The C-terminal domain is a transmembrane domain that consists of 3 spanning helices 
(M1, M3 and M4) and the re-entered loop of M2 in addition to intracellular C-terminus which mediates the 
interaction with intracellular signalling molecules. (B) Representative structure of NMDA receptor obtained from 
the Protein Data Bank; PDT ID: 4PE5. It consists of four subunits: a compulsory GluN1 subunit in addition to a 
combination of GluN2 subunits (GluN2A, GluN2B, GluN2C or GluN2D) and/or GluN3 subunits (GluN3A or 
GluN3B). Adapted from (Hansen et al., 2017).  
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Little is known about the function of KRs but they are involved in regulating synaptic 

plasticity (Bortolotto et al., 1999). AMPA receptors are responsible for mediating the fast 

excitatory synaptic transmission (Trussell et al., 1994), while NMDA receptors mediate 

slower excitatory postsynaptic currents (EPSCs) (Sah et al., 1990). Another difference 

between the synaptic receptors is ion permeability. AMPA receptors and KRs are typically 

more Na+ and K+ permeable, whereas NMDA receptors have high affinity for Ca2+ ions. The 

high permeability of NMDA receptors to calcium is vital for synaptic plasticity since calcium 

influx can activate different gene expression and protein synthesis hence influence the 

synaptic function and plasticity. Synaptic plasticity represents the synaptic changes in 

response to experience and it is critical for memory formation and learning (Martin et al., 

2000). Hence NMDA receptors are important for brain function and disrupting its function is 

implicated in many diseases including neurodegeneration. 

 NMDA receptor activation depends on AMPA receptor-mediated membrane depolarisation 

because NMDA receptors are blocked by Mg2+ at resting membrane potential which 

prevents ion flow (Nowak et al., 1984). Unlike AMPA receptors, NMDA receptors are not 

activated by low levels of glutamate. When glutamate binds to AMPA receptors, it allows 

Na+ influx into neurons which leads to membrane depolarisation that results in the removal 

of the voltage-dependent Mg2+ blockage (Figure 1. 3). Thus, NMDA receptors activation 

requires dual input: the release of glutamate and the removal of the Mg2+ blockage. Hence, 

NMDA receptors act as a synaptic coincidence sensor that mediates the transfer of the 

synaptic signal from presynaptic to postsynaptic neuron after strong depolarisation of 

postsynaptic membrane and glutamate release from presynaptic membrane.   

Figure 1. 3 NMDA receptors activation requires dual input of glutamate release and magnesium blockage 
removal. When glutamate is released, it binds to AMPA receptors leading to Na+ influx into neurons. This will 
result in the depolarisation of the membrane which will remove the Mg2+ blockage and allow calcium influx through 
the NMDA receptors. NMDA receptors activation also requires glutamate binding in addition to membrane 
depolarisation which make NMDA receptor a coincidence sensor. Adapted from (Cooke and Bliss, 2006).    
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1.3 Glutamate excitotoxicity 

The hypothesis of glutamate excitotoxicity emerged in the late 1950s and was later 

confirmed when brain lesions were observed after toxic concentrations of glutamate 

treatment (Lucas and Newhouse, 1957; Olney, 1969). Glutamate excitotoxicity was 

implicated in ischemia and it was found to be calcium-dependent and mediated by 

accumulation of extracellular glutamate (Drejer et al., 1985). Later, it was found that 

glutamate excitotoxicity is mediated by NMDA receptors as blocking those receptors 

prevented neuronal death (Goldberg et al., 1987). Additionally, it was suggested that 

calpains, calcium-activated proteases, mediate glutamate excitotoxicity in neurons (Siman 

and Carl Noszek, 1988). Early studies had shown that intracellular calcium concentrations 

remain elevated for 1hr after treatment with toxic concentrations of glutamate before 

returning to resting condition and this resulted in subsequent neuronal death (Dubinsky, 

1993). This confirmed that glutamate excitotoxicity is associated with calcium overload and 

neuronal destruction.  In the late 1990s it was suggested that the NMDA receptor subunit 

composition and localisation was important for determining glutamate excitotoxicity (Tovar 

and Westbrook, 1999; Rumbaugh and Vicini, 1999; Sinor et al., 2000). It was implied that 

extrasynaptic, but not synaptic NMDA receptors, mediate glutamate-induced neuronal 

death (Sattler et al., 1998). However, it was found that bath application of exogenous NMDA 

or glutamate did not cause cell death, but excitotoxicity was caused by synaptic released 

glutamate which was induced by ischemic conditions (Sattler et al., 2000). This led to the 

hypothesis that both synaptic and extrasynaptic NMDA receptors contribute equally to 

calcium overload which depends on the location of the accumulated glutamate. However, 

activation of extrasynaptic NMDA receptors results in a higher amplitude of intracellular 

calcium concentration compared to synaptic NMDA receptor activation (Stanika et al., 

2009). Therefore, although it is accepted now that calcium-induced neurotoxicity is 

determined by the degree of calcium loading rather than the source of calcium entry, 

extrasynaptic NMDA receptors are implicated in calcium-mediated excitotoxicity as 

activation of extrasynaptic NMDA receptors alone is enough to induce high calcium 

overload (Stanika et al., 2012). Calcium overload induced neuronal death is mediated in 

part by mitochondria through cytochrome c release and signalling which initiates the death 

signal and caspase activation (Budd et al., 2000; Pivovarova et al., 2004; Jemmerson et al., 

2005).  
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1.4 NMDA receptors  

NMDA receptors are highly permeable to Ca2+ and Na+ ions (Xin et al., 2005). The NMDA-

mediated increase in intracellular Na+ levels results in the regulation of NMDA receptor 

activity, such as upregulating NMDA receptor expression (Xin et al., 2005), and it is 

necessary for propagating the action potential signal (Rose and Konnerth, 2001). Calcium 

influx triggers downstream signalling pathways that are involved in a variety of physiological 

processes that are involved in synaptic plasticity.  

Glutamate binding to NMDA receptors results in NMDA activation which allows calcium 

influx into neurons. Calcium influx triggers cascades of signalling events that result in 

changes in postsynaptic molecule expression, localisation and activity that can cause 

alterations in downstream signalling including gene expression and protein synthesis 

(Bading et al., 1993; Ghosh and Greenberg, 1995; Xia et al., 1996). NMDA-mediated 

calcium influx also affects the localisation and expression of synaptic receptors including 

the NMDA receptor itself (Rao and Craig, 1997).      

In addition to their synaptic localisation, NMDA receptors are also found at the presynaptic 

membranes and they play a role in facilitating glutamate release from neurotransmitter 

vesicles (Berretta and Jones, 1996). Furthermore, NMDA receptors are also found at 

extrasynaptic sites (Aoki et al., 1994; Momiyama, 2000). Electron microscopy analysis has 

shown that extrasynaptic NMDA receptors are found on the sides of the spines and along 

dendrite shafts and are usually concentrated at contact points with adjacent cell processes 

(Petralia et al., 2010). The subunit composition as well as the location of the NMDA 

receptors changes during development. The composition of each NMDA receptor is time- 

and tissue-specific and it affects the function as well as the distribution of NMDA receptors. 

Glutamate is released in the synaptic cleft by exocytosis; is calcium-dependent, and occurs 

in response to the arrival of action potential. Excess glutamate is removed from the synaptic 

cleft by endocytosis and is recycled (Arnth-Jensen et al., 2002). Glutamate can escape the 

synaptic cleft and diffuse into extrasynaptic sites and adjacent synapses, where it activates 

the receptors in extrasynaptic sites. This is known as glutamate spill over and it was first 

described in 1997 (Asztely et al., 1997). Glutamate is a potent neurotoxin that can cause 

cell death by excessive activation of NMDA receptors, therefore the levels of glutamate 

should be maintained below the toxic concentration. Glial cells, most often astrocytes, help 

in regulating glutamate availability to neurons through glutamate transporters (Figure 1. 1) 

(Minelli et al., 2001). Astrocytes processes adjacent to neuronal synapses take up excess 

glutamate through excitatory amino acid transporters (EAATs). Glutamate is converted to 

glutamine in astrocytes and is then transferred back into neurons where it is filled into 
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neurotransmitter vesicles in a fast refilling process (Prior and Clague, 1997; Arriza et al., 

1994; Hori and Takahashi, 2012).  

 

1.5 Calcium-mediated synaptic plasticity 

The NMDA receptor-mediated increase in postsynaptic calcium concentration leads to the 

activation of a network of kinases and phosphatases that are involved in different signalling 

pathways which affect synaptic plasticity. Synaptic plasticity relies on NMDA receptor-

mediated synaptic transmission which result in long term potentiation (LTP) and long-term 

depression (LTD). LTP results from brief bursts of high-frequency synaptic inputs mediated 

by the NMDA receptors that result in strengthening the synaptic connections. LTD is also 

mediated by NMDA receptors, but it results from low-frequency synaptic signals that 

weaken synaptic connections. Both LTD and LTP formation is dependent on NMDA-

mediated calcium influx into the spine and are determined by the timing of glutamate release 

from the presynaptic membrane and the AMPA receptor-mediated depolarisation of the 

postsynaptic membrane. Therefore, synaptic plasticity is dependent on AMPA receptor 

expression in postsynaptic membranes. AMPA receptors are critical for the initiation of 

action potentials, since they allow the influx of sodium which will lead to membrane 

depolarisation (Figure 1. 3).  

LTP is essential for learning and memory formation. It is dependent on calcium/calmodulin-

dependent protein kinase II (CaMKII) (Malenka et al., 1989) where its activation at the spine 

is mediated by NMDA receptors (Lee et al., 2009). CaMKII is a serine/threonine protein 

kinase that is activated by calcium-bound calmodulin (CaM) (Putkey and Waxham, 1996) 

which upon binding to CaMKII induces CaMKII autophosphorylation (Giese et al., 1998). 

CaMKII is required to phosphorylate AMPA receptors and increase their localisation at 

postsynaptic membranes which will enhance the response to glutamate and result in 

strengthening the synaptic transmission (Hayashi et al., 2000). On the other hand, AMPA 

receptor endocytosis and hence decreased postsynaptic expression is involved in LTD 

which will weaken the synaptic signal (Lee et al., 1998). Internalisation of AMPA receptors 

is also mediated by calcium influx through NMDA receptors. However, in LTD, calcium influx 

activates calcineurin which is a calcium-activated protein phosphatase (Beattie et al., 2000). 

It dephosphorylates AMPA receptors leading to their internalisation and hence weakening 

the synaptic signal (Man et al., 2007). Similar to CaMKII, calcineurin is activated by CaM 

which binds a regulatory domain on calcineurin leading to conformational changes that 

removes the autoinhibition (Rumi-Masante et al., 2012). In addition, calcineurin is also 

activated directly by calcium (Stemmer and Klee, 1994). However, calcineurin has higher 
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affinity for calcium than CaM which results in its activation at lower calcium concentrations 

(Saucerman and Bers, 2008). Thus, it is the calcium concentration that determines whether 

CaMKII or calcineurin is activated. Low frequency stimuli will lead to little increase in calcium 

concentration in the spine and the activation of calcineurin whereas higher frequency 

signals will result in higher elevation in calcium concentration and the activation of CaMKII 

(Li et al., 2012a). Thus, both LTP and LTD are triggered by calcium influx through NMDA 

receptors but the amplitude of calcium level increase determines the overall outcome.   

In addition, the composition of NMDA receptor also affects LTP. NMDA receptors are 

heterotetrameric complexes consisting of several subunits: an obligatory GluN1 subunit, 

and combinations of four GluN2 subunits (GluN2A-D), which determine the functional 

properties of the receptor, or two GluN3 subunits (GluN3A-B) (Figure 1. 2B). The subunit 

composition and the location of the NMDARs changes during development (Paoletti et al., 

2013). The four GluN2 subunits are the major determinants of the receptor’s functionality 

and localisation (Paoletti et al., 2013). The mechanism underlying NMDARs distributions 

involves differential binding of the intracellular domains (cytosolic tails) of GluN2A and 

GluN2B subunits with the cytoplasmic proteins. Among these cytoplasmic proteins are two 

scaffolding proteins; the postsynaptic density protein 95 (PSD-95) and the synapse-

associated protein 102 (SAP102) which interact with GluN2A and GluN2B, respectively 

(Sans et al., 2000). The subunits also have different affinity for signalling proteins such as 

CaMKII. GluN2B has higher affinity to CaMKII than GluN2A which affects LTP (Barria and 

Malinow, 2005).  

In addition to NMDA receptors, calcium can enter neurons through other synaptic channels 

such as voltage-gated calcium channels (VGCCs). They are found at pre- and postsynaptic 

membranes and are activated by membrane depolarisation. At presynaptic membrane, 

VGCCs are required for rapid release of neurotransmitters whereas at postsynaptic 

membranes VGCC-mediated calcium influx in neurons is important in electrical excitability 

and initiating synaptic transmission through converting the electrical signal of the membrane 

action potential to intracellular calcium signal (Wheeler et al., 1994). They are also 

regulators of neuronal firings by controlling the firing frequency through regulating other ion 

channels such as potassium channels (Alviña et al., 2009; Anderson et al., 2010b; 

Anderson et al., 2010a). In addition to that, VGCC-mediated calcium influx also regulates 

gene transcription and cAMP response element binding (CREB) protein and mitogen-

activated protein kinase (MAPK) signalling cascades and memory formation independent 

of NMDA receptors signalling (Moosmang et al., 2005). However, the main calcium effect 

in neurons is mediated by NMDA receptors (Stanika et al., 2012).  
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1.6 Regulation of synaptic proteins 

Synapses are highly dynamic structures in terms of their number and composition. This 

requires a tight regulation of synaptic proteins including synaptic receptors, scaffolding and 

signalling proteins. Synaptic protein regulation involves protein synthesis, postsynaptic 

localisation, protein activation and turnover. Below, the different mechanisms involved in 

the regulation of synaptic proteins are summarised including phosphorylation of synaptic 

proteins, receptor trafficking and protein turnover. 

1.6.1 Phosphorylation  

Phosphorylation is a post-translational modification that plays a role in regulating many 

cellular functions including synaptic plasticity and signalling. It is considered a key 

mechanism in protein regulation. Protein phosphorylation was discovered in the 1950s by 

Edmond Fischer and Edwin Krebs who received a Nobel Prize in medicine in 1992 for their 

pioneering work in understanding the phosphorylation process (Fischer and Krebs, 1955; 

Krebs and Fischer, 1956). Protein phosphorylation requires an ATP molecule and it is 

mediated by protein kinases and is reversed by protein phosphatases. Kinases are 

classified in two major classes depending on the modified residue: serine/threonine 

(Ser/Thr) or tyrosine (Tyr) kinases. Protein kinases mediate the transfer of a phosphate 

group from an ATP molecule to the hydroxyl group of the substrate residue (serine, 

threonine or tyrosine) by forming a phosphoester bond that can be hydrolysed by the protein 

phosphatases (Hunter, 1995).      

Calcium influx into neurons activates several kinases and phosphatases that play a role in 

regulating the synaptic receptors. Casein kinase II (CKII) phosphorylates Ser1480 on the 

C-terminus of GluN2B subunit leading to the disruption of the GluN2B-PSD95 interaction 

which results in the reduction of the NMDA receptor surface expression (Chung et al., 2004). 

Another serine kinase that regulates NMDA receptors is protein kinase C (PKC), however, 

it modulates NMDA receptor function by reducing the Mg2+ blockade which potentiates the 

NMDA receptor response (Chen and Mae Huang, 1992). Additionally, synaptic receptors 

are regulated by phosphatases. Striatal‐enriched tyrosine phosphatase (STEP) can react 

directly and dephosphorylate NMDA receptors which leads to decreased surface 

expression. This downregulation of the NMDA receptors affects synaptic plasticity through 

affecting NMDA receptor downstream signalling (Braithwaite et al., 2006).   

Synaptic scaffold proteins are also regulated by phosphorylation. PSD-95 is the most 

abundant synaptic scaffold protein that plays an important role in synaptic plasticity (Cheng 

et al., 2006). It is required to sustain the molecular organisation of the postsynaptic density 

and facilitates the interaction between glutamate receptors and the signalling molecules in 
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the spine (Chen et al., 2011). PSD-95 phosphorylation by partitioning-defective 1 (Par1) 

kinases leads to a conformational change in PSD-95 that decreases its interaction with 

other synaptic proteins including NMDA receptors which modulate the dendritic spine 

structure (Wu et al., 2017). Interestingly, Par1 kinase itself is activated through 

phosphorylation by protein kinase A (PKA) which is activated by NMDA receptor activation 

(Bernard and Zhang, 2015). Another kinase that regulates PSD-95 is glycogen synthase 

kinase-3β (GSK-3β). Phosphorylation of PSD-95 by GSK-3β leads to its instability which in 

turn reduces AMPA receptors surface expression and the induction of LTD (Nelson et al., 

2013). The phosphatase protein phosphatase 1 (PP1) plays a role in regulating PSD-95. 

PP1 is activated after NMDA receptor stimulation and dephosphorylates PSD-95 (Kim et 

al., 2007).  

1.6.2 Receptor trafficking 

Another mechanism that regulates synaptic function is synaptic receptor trafficking. The 

number and distribution of glutamate receptors at synaptic membranes is not static but it is 

affected by the neuronal development and activity. Receptor trafficking involves inserting 

the receptors into the plasma membrane by exocytosis, internalisation of the receptors by 

endocytosis and lateral diffusion across the plasma membrane. Changes in AMPA receptor 

number directly affects LTP and LTD, as LTP requires insertion of AMPA receptors in the 

plasma membrane while LTD is associated with their removal (Luthi et al., 1999). AMPA 

receptor lateral diffusion involves constitutive exchange of the receptors and their 

movement in and out of the dendritic spines. This affects spine morphology as well as the 

availability of receptors at the spine which influence synaptic function (Ashby et al., 2006). 

Furthermore, endocytosis plays a role in regulating the availability of AMPA receptors at the 

synapses. AMPA receptor endocytosis is mediated by calcineurin which is activated by 

NMDA-mediated calcium influx (Beattie et al., 2000). NMDA receptor levels at synapses 

are also regulated by endocytosis. Endocytosis of NMDA receptors is affected by their 

subunit composition. Different subunits have different endocytosis motifs at their C-termini 

which affect their interactions with cytoplasmic proteins. In addition, NMDA receptor 

subunits GluN2A and GluN2B are sorted into different pathways after endocytosis. Both 

GluN2A and GluN2B initially traffic to endosomes but they are then sorted to different 

compartments. GluN2B is preferably sorted to recycling endosomes while GluN2A is sorted 

into late endosomes (Lavezzari et al., 2004; Scott et al., 2004).  

1.6.3 Degradation   

Degradation of cellular proteins is essential to maintain protein homeostasis (proteostasis) 

and is carried out by the ‘’lysosomal degradation pathway’’ or the ‘’ubiquitin-proteasome 
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system’’ in cells. The lysosomal pathway is involved in regulating synaptic structure as 

inhibiting the lysosomal pathway decreases the number of dendritic spines (Goo et al., 

2017). In addition, defects in lysosomal degradation are associated with a number of 

neurodegenerative diseases such as Kufor-Rakeb syndrome, Parkinson’s disease and 

Alzheimer’s disease (Usenovic and Krainc, 2012; Gan-Or et al., 2015; Vidoni et al., 2016) . 

However, little is known about how the lysosomal pathway regulates synaptic function. 

Damaged macromolecular complexes and organelles are recycled by the autophagy 

pathway which ultimately leads to their lysosomal degradation. The first evidence showing 

that autophagy could regulate synaptic signalling was discovered in C.elegans when GABA 

receptors were identified as selective autophagy targets (Rowland et al., 2006). Only 

recently, it was found that AMPA receptors are removed from synapses by the lysosomal 

pathway and this is dependent upon NMDA activity. NMDA receptor stimulation recruits 

lysosomes but can also induce autophagy which results in the degradation of AMPA 

receptors (Shehata et al., 2012; Goo et al., 2017). It is also now known that lysosomes 

containing synaptic proteins are formed at the synapses and matured during their trafficking 

toward the cell body (Hill et al., 2019). In addition, PSD-95 and SHANK3, another synaptic 

scaffold  protein, have been identified as cargoes within autophagosomes suggesting that 

lysosomal protein turnover, either directly or via autophagy, is a key feature of synaptic 

regulation (Nikoletopoulou et al., 2017). 

While the lysosomal pathway degrades cellular organelles and large protein aggregates at 

synapses, the ubiquitin-proteasome system (UPS) is responsible for degrading individual 

proteins. Unlike the lysosomal pathway, the role of the ubiquitin-mediated degradation at 

synaptic is better understood. The degradation of synaptic proteins by the UPS is key in 

regulating the structure and function of the PSD through the regulation of synaptic activity 

as well calcium influx (Ehlers, 2003; Chen et al., 2003a). In the next section, the components 

of the UPS pathways and key mechanisms at play are summarised. 

 

1.7 The ubiquitin-proteasome system (UPS) 

Protein ubiquitination is a reversible post-translational modification that regulates the 

function, localisation or degradation of cellular proteins. It is an ATP-dependent process 

that involves covalent attachment of the small polypeptide, ubiquitin, to a substrate protein 

or another ubiquitin molecule. Ubiquitin is an 8.5-kilodalton polypeptide that consists of 76 

amino acids and is highly conserved among organisms from yeast to human. It was 

originally isolated by Goldstein and colleagues from the thyme in 1975 (Goldstein et al., 
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1975). Later in 2004, Hershko, Ciechanover and Rose were awarded the Nobel prize for 

their discoveries of the UPS (Giles, 2004).   

The process of attaching ubiquitin to the substrate requires three types of enzymes called 

E1-activating enzyme, E2-conjugating enzyme and an E3 ubiquitin ligase enzyme. It is a 

sequential process that starts with an E1, which adenylates (i.e. activates) the C-terminal 

glycine of the ubiquitin molecule in the presence of ATP. Upon adenylation of ubiquitin, the 

C-terminal glycine of ubiquitin then forms a high-energy thioester bond with the catalytic 

cysteine of the E1 (Figure 1. 4) (Hershko et al., 1983; Haas et al., 1982; Ciechanover et al., 

1980). Next, the ubiquitin molecule is transferred onto the catalytic cysteine residue of an 

E2 conjugating enzyme through a transthioesterification reaction, and this requires 

extensive conformational changes of the E1 and E2 enzymes. In the final step, ubiquitin is 

transferred onto the ε-amino group of a lysine residue on the target protein through 

isopeptide bond formation (Pickart and Rose, 1985). In humans, two E1 enzymes (Uba1 

and Uba6), around 40 E2 enzymes and >600 E3 ligation enzymes have been identified 

(Grabbe et al., 2011). Protein ubiquitination, just like protein phosphorylation, is reversible. 

A class of deubiquitinating enzymes (DUBs), are responsible for ubiquitin recycling in cells 

and these help maintain the free/available pool of ubiquitin. DUBs oppose the function of 

E3 ligases by hydrolysing ubiquitin from substrate proteins and they show high specificity 

towards their substrates and some DUB families also show high specificity towards the type 

of ubiquitin chains they can cleave (Ritorto et al., 2014; Gong et al., 2018; Clague et al., 

2019a). The human genome encodes about 90 DUBs (Nijman et al., 2005) which are 

classified into different classes: ubiquitin-specific proteases (UPSs), ubiquitin C-terminal 

hydrolases (UCHs), ovarian tumour proteases (OTUs), the Machado-Joseph domain 

(MJDs) containing proteases, Jab1/Pab1/MPN domain-containing (JAMM) proteases and 

motif interacting with Ub-containing novel DUB family (MINDY) proteases. Five groups of 

the DUBs (UPS, UCH, OUT, MJD and MINDY) are cysteine proteases whereas the JAMM 

family belongs to the metalloprotease enzymes (Nijman et al., 2005; Hutchins et al., 2013; 

Clague et al., 2019b).  

The classic theory of protein ubiquitination suggests that it is a degradation signal that leads 

to the proteasomal degradation of the substrate (Hershko and Ciechanover, 1998). 

However, it is now known that ubiquitination controls different cellular pathways including 

protein trafficking, signal transduction, transcription and DNA repair. The fate of the 

ubiquitinated proteins is largely determined by the type of ubiquitin chain that it is modified 

with.  
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1.8 Ubiquitin chains  

Ubiquitin contains seven lysine (K) residues at amino acids positions 6, 11, 27, 29, 33, 48 

and 63, in addition to its amino terminal methionine, which have free amine groups available 

for isopeptide bond formation, and the C-terminal COOH (glycine 76) which can serve as 

an attachment site for ubiquitin chains involved in different cellular functions (Figure 1. 5).   

Ubiquitination can occur in different forms; mono-, multi- or poly-ubiquitination. In mono-

ubiquitination a single ubiquitin molecule is attached to a lysine residue on the target protein 

whereas several lysine residues are labelled with ubiquitin in multi-mono-ubiquitination 

(Figure 1. 6). Mono-ubiquitination is involved in DNA repair, endocytosis and is considered 

the initial step in the assembly of the polyubiquitin chains (Haglund et al., 2003).  In poly-

ubiquitination, a chain of ubiquitin molecules is attached to the target protein. 

Polyubiquitination can be homotypic where the ubiquitin chain comprises of only single type 

of linkage (only K6, K11, K27, K29, K33, K48 or K63 linkages).  In contrast to the homotypic 

chains, heterotypic polyubiquitin chains contain mixed linkages in the same polymer (Yau 

Figure 1. 4 The ubiquitin-proteasome system (UPS). Schematic representation of the UPS cascade. The first 

step requires an ATP molecule to activate a ubiquitin molecule by forming a high-energy thioester linkage 
between E1 (orange), the activating enzyme, and the C-terminus of the ubiquitin molecule. This is followed by 
transfer of the activated ubiquitin molecule to the conjugating enzyme, E2 (green), through a 
transthioesterification reaction and finally attachment of the ubiquitin to a lysine (K) residue on the target protein 
by E3 ligases (purple). The UPS pathway target the substrates to proteasomal degradation. The protein 
ubiquitination is a reversible process where deubiquitinases (pink) hydrolyse the attached ubiquitin from target 
proteins. Ub: ubiquitin; DUB: deubiquitinase. Adapted from (Hegde and Upadhya, 2007). 
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and Rape, 2016). Furthermore, the polyubiquitin chain can be branched which adds to the 

complexity of the ubiquitin code, as each type of chain result in different outcome. In the 

branched ubiquitin chains, a one ubiquitin molecule is ubiquitinated at two or more sites 

(Akutsu et al., 2016). It is suggested that heterotypic branch ubiquitin chains enhance 

substrate recognition by the proteasome (Meyer and Rape, 2014). 

 

The different ubiquitin chains are involved in different pathways. The K48- and K11-linked 

ubiquitin chains are responsible for targeting proteins for proteasomal degradation. 

Whereas K63-linked chains lead to non-proteolytic pathways and their levels are not 

changing with proteasome inhibition (Xu et al., 2009b).  K63-linked chains involves signal 

transduction, protein trafficking and endocytosis (Mukhopadhyay and Riezman, 2007; 

Lauwers et al., 2009). However, branched K48/K63 and K11/K48 chains promotes 

proteasomal degradation of the target by enhancing proteasomal recruitment (Liang et al., 

2018; Ohtake et al., 2018).  

 

 

 

Figure 1. 5 Ubiquitin structure with annotated lysine residues. Ubiquitin is a small polypeptide that consists 
of 76 amino acid residues (8.5 kDa). It is conserved among organism from yeast to human. It is attached to 
target proteins through an enzymatic cascade resulting in affecting the localisation, interaction and degradation 
of target proteins. The seven lysine residues (yellow) in addition to the N-terminal (light blue) serve as acceptors 
on one ubiquitin molecule while the C-terminal Gly76 residue of another ubiquitin molecule serves as donor 
during isopeptide bond formation. Adapted from (Komander, 2009). Ubiquitin structure was obtained from 
Protein Data Bank; PDB ID: 1UBQ. 
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At synapses, different ubiquitin chain types have been identified and evidence suggest that 

a single protein can be ubiquitinated with more than one ubiquitin chain type. As an 

example, PSD-95 is found multi-monoubiquitinated as well as polyubiquitinated by K48-

linked or K63-linked ubiquitin chains and it is mediated by different E3 ligases, which result 

in different outcomes. Monoubiquitination of PSD-95 on multiple lysine residues is mediated 

by the E3 ligase Mdm2. The ubiquitination of the PSD-95 is mediated by NMDA receptors 

activation and results in AMPA receptor endocytosis (Bianchetta et al., 2011). The K48-

linked ubiquitin chain identified on PSD-95 results in its degradation by the UPS (Bingol et 

al., 2010), whereas PSD-95 polyubiquitination with K63-linked chains by TRAF6 E3 ligase 

promotes PSD-95 synaptic targeting and synaptic maturation (Ma et al., 2017b). AMPA 

receptors are also modified by the K63-linked chains in a calcium-dependent manner and 

Figure 1. 6 Complexity of the ubiquitin system. The ubiquitin system can be very complex through the 

assembly of different ubiquitin chains on the substrate. The target protein can be mono-ubiquitinated (A) on a 
single lysine residue (K) or multi-monoubiquitinated (B) where several K residues are mono-ubiquitinated. 
Additionally, a chain of ubiquitin can be assembled on the target protein in a process called polyubiquitination. 
Polyubiquitination can be homotypic (C) where a single K linkage is used. In contrast, multi-lysine linkage can 
form a heterotypic polyubiquitin chain where different K linkages are used and it can be linear (D) or branched 
(E). Adapted from (Yau and Rape, 2016).  
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this requires the activation of the VGCCs at synapse. AMPA receptor modification by K63-

linked chains regulates its internalisation (Widagdo et al., 2015). 

1.9 HECT E3 ubiquitin ligases 

E3 ligases are classified according to their conserved catalytic domain and fall into three 

main families: the really interesting new gene (RING) family, RING-between-RING (RBR) 

family and the homologous to E6-AP C-terminus (HECT) family. RING E3 ligases are the 

most abundant ubiquitin ligases representing ~95% of the human E3 ligases (Li et al., 

2008). They facilitate the direct transfer of ubiquitin from the E2 and onto the target protein 

(Lorick et al., 1999). In contrast, HECT and RBR E3 ligases require a thioester intermediate 

established on a conserved catalytic cysteine in their active site (Figure 1. 7) (Sluimer and 

Distel, 2018b). The RBR ligases are considered a RING/HECT hybrid, since they share 

some features with both HECT and RING E3 ligases (Wenzel et al., 2011).  

  

Figure 1. 7 Ubiquitin E3 ligases catalyse the last step in the ubiquitination cascade as they mediate the 

transfer of ubiquitin from the E2 and onto the substrate. (A) Members of the HECT E3 ligases family have 

a catalytic cysteine in their C-lobe of the HECT domain at the C-terminal. In order to transfer the ubiquitin from 
E2 to the target protein, HECT E3 ligases require a thioester intermediate bond between the ubiquitin molecule 
and the catalytic cysteine of the HECT E3. The ubiquitin then is transferred onto a lysine residue of a target 
protein. (B) RBR E3 ligases contain a catalytic cysteine on the RING2 domain which mediates the transfer of 
ubiquitin to target protein through a thioester intermediate bond. They use a hybrid mechanism that combines 
the HECT and RING mediated ubiquitin transfer. (C) RING E3 ligases mediate a direct transfer of ubiquitin from 
the E2 to the target protein. They do not require the thioester intermediate bond. Ub: ubiquitin, IBR: in between 
RING. The figure shows a schematic representation of only the catalytic domains of the E3 ligases. Adapted 

from (Spratt et al., 2014).  
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E6-AP was first identified as the HECT E3 ligase that mediates the ubiquitination and 

degradation of p53 (Scheffner et al., 1993). Later, other HECT family members were 

identified as HECT ubiquitin ligases that show amino acids sequence similarity at their C-

termini corresponding to the E6-AP (Huibregtse et al., 1995). HECT E3 ligases are 

characterized by the 350 amino acid HECT domain at their C-termini. The HECT domain 

comprises two lobes; the N-lobe and the C-lobe, connected by a short flexible hinge region. 

The N-lobe is the largest and it contains the E2 binding site (Huang et al., 1999), whereas 

the C-lobe is shorter and it contains the catalytic cysteine. The flexibility of the hinge region 

brings the E2 in close proximity to the catalytic cysteine at the C-lobe which facilitates the 

transfer of the ubiquitin molecule from the E2 to the catalytic cysteine (Verdecia et al., 2003; 

Kamadurai et al., 2009). Different E3 ligases can assemble different types of ubiquitin 

chains which affect different cellular functions. The chain type is dictated by the HECT 

domain of the HECT E3 ligases while for RING this is contributed by the E2 (Kim and 

Huibregtse, 2009). Furthermore, some E3 ligases can team up for polyubiquitinating a 

specific substrate (Hwang et al., 2010b).  

The N-terminal sequence upstream of the HECT domain usually contains motifs which 

determine the subfamily characterisation of the HECT E3 ligases. In particular these 

sequences have been shown to be responsible for the targeting of E3 ligases to particular 

cellular localisations as well as being important for regulating the ligase activity of the HECT 

domain itself (Sluimer and Distel, 2018b). HECT E3 ligases are classified in three 

subfamilies. The human neuronal precursor cell-expressed developmentally downregulated 

4 (NEDD4) subfamily consists of 9 HECT E3 ligases and they all contain multiple WW 

domains as well as a calcium binding domain (C2) at their N-termini which are required for 

regulating their activity as well as their substrate interaction. HERC E3 ligases are another 

subfamily of the HECT E3 ligases that consist of 6 members. HERC E3 ligases are common 

in containing one or more of the regulator of chromatin condensation 1 (RCC)-like domains 

(RLD). In addition to NEDD4 and HERC subfamily, 13 other E3 ligases that contain the 

HECT domains but lack WW and RLD domains are classified as ‘’other’’ E3 ligases (Sluimer 

and Distel, 2018b; Marin, 2010).  

 

1.10 E3 ligases at synapses 

Since protein ubiquitination determines the fate of a protein, it thus can control many cellular 

functions including synaptic plasticity. Remodelling of the PSD is regulated by the ubiquitin 

system. The UPS can therefore mediate the degradation, activation and trafficking of 

synaptic proteins which in turn affect synaptic signalling including CREB and MAPK 

signalling cascades, leading to changes in the dendritic spine and hence synaptic plasticity 
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(Ehlers, 2003; Kurup et al., 2015). Interestingly, the activity of E3 ligases is dependent on 

synaptic activity, where activation of NMDA and AMPA receptors induces ubiquitination of 

synaptic proteins and enhances proteasomal activity (Bingol et al., 2010; Scudder et al., 

2014; Ehlers, 2003). Table 1. 1 shows the main synaptic proteins (including synaptic 

receptors, scaffold and signalling proteins) and their associated E3 ligases.  

1.10.1 Synaptic receptors 

One synaptic receptor can be ubiquitinated by several E3 ligases. For example, 

ubiquitination of NMDA receptors is mediated by NEDD4, Mib2 and Fbx2 E3 ligases. Each 

one of those ligases can interact and ubiquitinate different subunits of the receptors. The 

WW domains (WW2 and WW3) of NEDD4 recognise the C-terminal of GluN2D subunit of 

NMDA receptor and mediates its ubiquitination which result in reduction in the NMDA 

receptors response (Gautam et al., 2013). Mib2 E3 ligase is a RING ligase and it co-

localises with NMDA receptor at synapses. It recognises and ubiquitinates the GluN2B 

subunit. This ubiquitination negatively affects NMDA receptor functional activity through 

proteasome-mediated degradation (Jurd et al., 2008). The RING E3 ligase Fbx2 also 

regulates NMDA receptor expression via inducing their proteasomal mediated degradation 

in neurons (Kato et al., 2005). 

AMPA receptors are regulated by two different E3 ligases; NEDD4 and APC/c. Surface 

expression of AMPA receptors is regulated by the opposing activities of NEDD-4 and the 

DUB ubiquitin-specific protease 8 (USP8). NEDD4 interacts with the C-terminus of the 

GluA1 subunit of AMPA receptors resulting in AMPA receptor endocytosis and trafficking to 

the lysosomes (Schwarz et al., 2010). The AMPA receptor-NEDD4 interaction is dependent 

on NMDA receptors activation which leads to AMPA reduced surface expression (Scudder 

et al., 2014). The Anaphase-Promoting Complex/cyclosome (APC/c) E3 ligase mediates 

AMPA receptor ubiquitination and degradation by the proteasome which leads to reduction 

in synaptic strength. APC/c-mediated ubiquitination of AMPA receptors requires AMPA 

receptor phosphorylation induced by chronic synaptic activity (Fu et al., 2011). Another 

example of how the UPS regulates synaptic function is the interaction between the E3 ligase 

RNF138 and the voltage-gated calcium channels on synaptic membranes. RNF138 co-

localizes with voltage-gated calcium channels at synapses in rat brain and promotes its 

proteasomal degradation through polyubiquitination (Fu et al., 2017).  
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1.10.2 Scaffolding proteins 

In addition to synaptic receptors, the UPS regulates the function of synaptic scaffolding 

proteins. Scaffold proteins regulate the interaction between the synaptic receptors and their 

downstream signalling molecules in addition to their role in defining the dendritic spine 

structures. GKAP is a scaffold protein that binds to NMDA receptors at synapses. It is a 

substrate for the RING E3 ligase TRIM3. TRIM3 regulates the levels of GKAP by inducing 

its proteasomal degradation at synapses which in turn modulates dendritic spine 

morphology (Hung et al., 2010). The ubiquitin-mediated degradation of PSD-95 is involved 

in regulating its function. It is ubiquitinated by the E3 ligase Mdm2 after NMDA receptor 

activation, and mutations blocking this ubiquitination result in AMPA receptor dysregulation 

(Colledge et al., 2003; Bingol et al., 2010).  

1.10.3 Signalling molecules  

The levels of the protein phosphatase STEP at synapses are regulated by ubiquitin-

mediated degradation. The RBR E3 ligase Parkin interacts and ubiquitinates STEP leading 

to its degradation by the proteasome (Kurup et al., 2015). Since STEP-mediated NMDA 

receptor dephosphorylation leads to a reduction in the surface expression of NMDA 

receptors, STEP degradation by the proteasome leads to the reduction of extrasynaptic 

NMDA receptor surface expression (Won et al., 2016).  

In addition to that, some E3 ligases are known to regulate the structure and shape of the 

dendritic spines, although their exact substrates are not identified yet. The APC/c is an E3 

ligase that is involved in regulating dendrite morphogenesis, axonal development and 

presynaptic differentiation (Fuchsberger et al., 2017; Bobo-Jimenez et al., 2017). The large 

HECT E3 ligase HERC1 is also involved in regulating the synaptic structure. Mice lacking 

functional HERC1 have immature dendritic spines (Perez-Villegas et al., 2018).  

Since the UPS controls many functions at synapses, it is not surprising that mutations in E3 

ligases are implicated in brain diseases (George et al., 2018). Mutations in E3 ligases are 

associated with many neurological disorders including but not limited to Parkinson’s 

disease, Alzheimer’s disease and epilepsy (Liu et al., 2008; Tanji et al., 2010; Wu et al., 

2015).  As an example, the levels of Ube3A are reduced in an Alzheimer’s disease mouse 

model and depletion of Ube3A is associated with deficit and loss in dendritic spines and 

accumulation of amyloid beta protein (Olabarria et al., 2019). Mutations in Ube3A are also 

implicated in Angelman syndrome (Greer et al., 2010). In addition, mice lacking the RING 

E3 ligase Dorfin show reduced neurogenesis and aberrations in LTP (Park et al., 2015).  
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Table 1. 1 E3 ligases are involved in regulating synaptic function and structure.  

Synaptic protein E3 ligases 

(Family) 

Function References 

Kainate receptors 

(KR) 

Cullin 3 

(RING) 

Proteasome-mediated 

degradation of KRs 

(Salinas et al., 2006) 

Parkin 

(RBR) 

Loss-of-function of parkin 

results in accumulation of KRs  

(Maraschi et al., 2014) 

Voltage-gated 

calcium channels 

RNF138 

(RING) 

Proteasome-mediated 

degradation by ubiquitinating 

the voltage gated Cav2.1 

channel  

(Fu et al., 2017) 

AMPA receptors NEDD4 

(HECT) 

Promote AMPA receptors 

endocytosis by ubiquitinating 

the GluA1 subunit  

(Schwarz et al., 2010) 

(Scudder et al., 2014) 

APC 

(RING) 

Proteasome-mediated 

degradation by interacting the 

GluA1 subunit of AMPA 

receptors 

(Fu et al., 2011) 

GKAP and Shank, 

scaffold proteins  

TRIM3 

(RING) 

Proteasome-mediated 

degradation of GKAP and 

Shank. Regulate dendritic 

spine structure 

(Hung et al., 2010) 

PSD-95 Mdm2 

(RING) 

Proteasome-mediated 

degradation of PSD-95 which 

results in AMPA receptors 

endocytosis 

(Colledge et al., 2003) 

(Bianchetta et al., 2011) 

 

Dorfin 

(RBR) 

Involved in neurogenesis and 

LTP regulation  

(Park et al., 2015) 

Arc, cytoskeleton 

associated protein 

Ube3A 

(HECT) 

Arc ubiquitination is associated 

with AMPA receptors 

endocytosis 

(Greer et al., 2010) 

PICK1, scaffold 

protein  

Parkin 

(RING) 

Monoubiquitination of PICK1 

affects its interaction with its 

partners  

(Joch et al., 2007) 

STEP, signalling 

protein  

Parkin 

(RING)  

Proteasome-mediated 

degradation 

(Won et al., 2016) 

(Kurup et al., 2015) 
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Ephexin5, 

signalling protein  

Ube3A 

(HECT) 

Proteasome-mediated 

degradation regulates synaptic 

formation 

(Margolis et al., 2010) 

NMDA receptors SCF 

(RING) 

Proteasome-mediated 

degradation by interacting the 

GluN1 subunit of NMDA 

receptors 

(Kato et al., 2005) 

Mib2 

(RING) 

Downregulate NMDA receptors 

activity by ubiquitinating the 

GluN2B subunit  

(Jurd et al., 2008) 

NEDD4 

(HECT) 

Reduction of surface NMDA 

receptors by ubiquitinating 

GluN2D subunit 

(Gautam et al., 2013) 

 

 

1.11 HECTD1 

HECTD1 (Homologous to E6-AP C-terminal domain 1) is a 2612-resudue E3 ligase that 

belongs to the HECT family and it is classified in the ‘’other E3 ligases’’ subfamily (Figure 

1. 8) (Marin, 2010). The N-terminal of HECTD1 includes different domains: four Ankyrin 

(ANK) repeats, Sad1/UNC motif, MIB/HERC2 domain (Grau-Bové et al., 2013; Tran et al., 

2013a). The ANK repeats are one of the most abundant motifs found in many proteins and 

they act as a scaffold for protein-protein interactions (Mosavi et al., 2004). The Sad1/UNC 

domain is found in several nuclear proteins especially those associated with the nuclear 

envelope. It is believed that Sad1/UNC domains are involved in nuclear migration (Zhou et 

al., 2012). MIB domains are poorly characterized, however, they are identified in a number 

of ubiquitin ligases (Itoh et al., 2003; Harlalka et al., 2013). 

 

 

 

Figure 1. 8 Representation of domains on HECTD1 E3 ligase. Hectd1 protein contains different domains 

including Ankyrin (ANK) repeats, Sad1, MIB and the HECT domains. ANK repeats are known to mediate protein-
protein interactions. The function of Sad/UNC and MIB domains are not fully understood. Sad1/UNC domain is 
found in several nuclear proteins associated with nuclear envelope while MIB is found in several E3 ubiquitin 
ligases. The HECT domain is found at the C-terminus of Hectd1 and it contains the catalytic cysteine that is 

responsible to mediate the transfer of ubiquitin. Adapted from (Tran et al., 2013b). 
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The role of HECTD1 was first implicated in the development of the head mesenchyme and 

neural tube closure (Zohn et al., 2007). Mutations in the HECT domain of HECTD1 lead to 

defects in the closure of the neural tube in developing mice by disturbing mesenchymal 

migration. This is mediated by HSP90, a substrate of HECTD1 (Sarkar and Zohn, 2012). 

HSP90 is a molecular chaperone that is required extracellularly to regulate the migration of 

brain mesenchymal cells. HECTD1 mediates the K63-linked polyubiquitination of HSP90 

which negatively regulates its secretion, and in turn affects the closure of the neural tube 

(Sarkar and Zohn, 2012). Another HECTD1 substrate that is modified with K63-linked 

chains and is involved in cell migration is adenomatous polyposis coli (APC). HECTD1 

negatively regulates APC which affects cellular migration in HEK293 cells (Tran et al., 

2013b). HECTD1 can also regulate cell migration through targeting PIPKIγ90 for 

proteasomal degradation (Li et al., 2012b). PIPKIγ90 interacts with focal adhesion 

molecules and regulates cell migration. Another role of HECTD1 in migration is seen in 

regulating cytoskeleton-focal adhesion interaction. In this scenario, HECTD1 mediates K48-

linked ubiquitin chains on ACF7, a major component of the focal adhesion complex which 

regulates cell migration. ACF7 ubiquitination leads to its proteasomal degradation which 

affects cytoskeleton reorganisation and migration (Duhamel et al., 2018). Additionally, 

HECTD1 can regulate cell movement and migration through regulating the levels of the 

scaffold protein IQGAP1, which regulates dynamic focal adhesion and cell directional 

migration (Shen et al., 2017).    

HECTD1 is expressed in several cell types in the placenta and is required for their 

differentiation. Loss of HECTD1 during placental development results in alterations in 

placental structure, increased apoptosis and reduced proliferation (Sarkar et al., 2014; 

Sarkar et al., 2016). The most recently identified substrate of HECTD1 is the retinoic acid 

receptor and it is involved in embryonic heart development. Indeed, it has been suggested 

that HECTD1 ubiquitinates and controls the levels of retinoic acid receptor A which drives 

retinoic acid signalling during aortic arch development (Sugrue et al., 2019). 

Apart from migration and development, HECTD1 is involved in gene transcription and 

cholesterol transport. HECTD1 assembles K48-linked ubiquitin chains on RIP140, a gene 

repressor, leading to its proteasomal degradation. This results in the activation of the 

estrogen-regulated enhancer complex ERα/eRNA+ , permitting full gene transcription (Li et 

al., 2015b). The role of HECTD1 in cholesterol transport is mediated through the cholesterol 

transporter, ABCA1. HECTD1 mediates ABCA1 proteasomal degradation which regulates 

cholesterol export (Aleidi et al., 2018).  
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HECTD1 seems to participate in the regulation of several pathways in different cell contexts 

by tagging target proteins for degradation or affecting their subcellular localization and 

secretion. Preliminary data in the Licchesi lab suggested that HECTD1 is a novel E3 

ubiquitin ligase expressed in mouse brain and cortical neurons. This novel finding opens 

the question about the role of HECTD1 in neurons which I further explored in this thesis. 

While some research had been carried out on the role of HECTD1 in development and 

cellular migration, no previous study has investigated the role of HECTD1 in neuronal 

signalling, in terminally differentiated cells. Since extensive research has shown that E3 

ligases play an important role in regulating synaptic function and plasticity, the aim of this 

thesis was to investigate the role and also mode of regulation of HECTD1 in mouse-derived 

cortical neurons. 
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1.12 Aims and objectives 

E3 ligases play important roles in proteostasis and are essential to ensure normal cellular 

functions and development. They are highly regulated in cells since their activity is a 

determining step in many cellular processes. In order to reveal the role of HECTD1 in 

terminally differentiated cells, this thesis set out to determine how HECTD1 is regulated and 

where it is localised in primary mouse cortical neurons.  

The key objectives of this thesis were to: 

1. Identify the mechanisms regulating HECTD1 protein levels in mouse cortical 

neurons in response to neuronal stimulation. This was investigated by applying 

specific small molecule inhibitors following neuronal excitation. The signalling 

pathways involving HECTD1 regulation were also defined in this chapter, specifically 

in response to synaptic and extrasynaptic signalling. This was achieved using 

specific pharmacological molecules to activate either synaptic or extrasynaptic 

receptors in mouse cortical neurons (Chapter 3). 

 

2. Investigate the regulation of HECTD1 protein in response to different cellular stress 

signals in mouse primary cortical neurons. This was explored through inducing 

cellular stress using metabolic inhibitors, mitochondrial and ER poisons. 

Immunoblots, MTT assays, cell viability assays and fluorescent staining were used 

to analyse the results (Chapter 4).  

 

3. Determine the subcellular localisation of endogenous HECTD1 protein in mouse 

primary cortical neurons using immunofluorescent and biochemical approaches. 

Density differential centrifugations were used to isolate and purify cellular 

organelles, in particular the mitochondria. Pure fractions were also prepared by 

optimising the fractionation protocol using different density gradient media and 

centrifugation steps (Chapter 5). 
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Materials and Methods 

2.1 Materials 

2.1.1 Antibodies  

The primary and secondary antibodies used in this thesis are summarised in Table 2.1 and 

Table 2.2. 

Table 2. 1 Primary antibodies. Primary antibodies used in western blot analysis (WB) and immunofluorescence 
staining (IF) with the used dilution, company name, catalogue number and species. 

Primary antibody Supplier (catalogue #) Species Dilution (application) 

GFAP Millipore (Mab360) Mouse  1:10,000 (IF) 

HSP60 Santa Cruz (sc-1052) Goat  1:1000 (WB) 

TOM20 Santa Cruz (sc-17764) Mouse 1:1000 (WB) 

NEDD4 Abcam (ab14592) Rabbit 1:5000 (WB) 

UBE3C Abcam (ab101512) Rabbit 1:500 (WB) 

HECTD1  Abcam (ab101992) Rabbit 1:2,500 (WB), 1:200 (IF) 

β-tubulin III Cell signalling (4466) Mouse 1:1000 (WB), 1:100 (IF) 

t-ERK1/2 Cell signalling (9102) Rabbit 1:1000 (WB) 

p-ERK1/2 Cell signalling (9101) Rabbit 1:1000 (WB) 

STEP Novus Biologicals (NB300-
202) 

Mouse 1:1000 (WB) 

t-p38 Cell signalling (9218) Rabbit 1:1000 (WB) 

p-p38 Cell signalling (4511) Rabbit 1:1000 (WB) 

Caspase 3 Cell signalling (9662) Rabbit 1:1000 (WB) 

PARP Cell signalling (9542) Rabbit 1:1000 (WB) 

Bim Cell signalling (2933) Rabbit 1:1000 (WB) 

Caspase 9 Cell signalling (9540) Mouse 1:1000 (WB) 

COX IV Abcam (ab14744) Mouse 1:1000 (WB) 

Histone H2B Abcam (ab1790)  Rabbit  1:1000 (WB) 

β-actin Cell signalling (3700) Mouse 1:1000 (WB) 

Syntaxin Sigma-Aldrich (S0664) Mouse  1:1000 (WB) 

VDAC1 Abcam (ab15895) Rabbit 1:1000 (WB) 

ACSL4 Abgent (AP2536B) Rabbit 1:1000 (WB) 

Calnexin Abcam (ab22595) Rabbit 1:1000 (WB) 

Grp75 Cell signalling (3593) Rabbit 1:100 (IF) 
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Table 2. 2 Secondary Antibodies. Secondary antibodies used in western blot analysis (WB) and 
immunofluorescence staining (IF) with the used dilution, the company name, catalogue number and species. 

Secondary antibody Supplier (catalogue #) Species Dilution (application) 

Anti-mouse IgG HRP Santa Cruz (sc-2054) Goat  1:5000 (WB) 

Anti-rabbit IgG HRP Santa Cruz (sc-2005) Goat  1:5000 (WB) 

Anti-goat IgG HRP  Santa Cruz (sc2020) Donkey 1:5000 (WB) 

Alexa Fluor488 anti-mouse Life Technologies (A11029) Goat  1:500 (IF) 

Alexa Fluor546 anti-rabbit Life Technologies (A10040) Donkey  1:500 (IF) 

 

 

2.1.2 Chemicals 

The chemicals and drugs used in this thesis are listed in Table 2. 3 Chemicals and drugs. The 

stock concentration is shown and the solvent used to prepare it. Several different working 

(final) concentrations were used for some chemicals were mentioned in related chapter. 

Some chemicals were prepared on the same day of experiment and no stock solution was 

stored. 

 

Table 2. 3 Chemicals and drugs. The stock and working concentrations of the reagents are shown and the 
solvent used to prepare it with the storage temperature, company name and catalogue number. 

Reagent Supplier (catalogue #) 
Stock 
concentration  

Storage 
Final 
concentration  

NMDA  TOCRIS (0114) 
10Mm 
(DMSO) 

-20oC 
100µM 
(DMSO) 

Calpeptin Sigma-Aldrich (C8999) 
30mM 
(DMSO) 

-20oC 30µM (DMSO) 

Z-VAD-FMK 
(pan caspase 
inhibitor) 

Enzo Life Sciences 
(ALX-260-020) 

10Mm 
(DMSO) 

-20oC 
100µM 
(DMSO) 

Bapta-AM Sigma-Aldrich (A1076) 
100µM 
(DMSO) 

-20oC 30µM (DMSO) 

Glutamate TOCRIS (0218) 
40mM 
(DMSO) 

Prepared on the 
experiment day 

100µM 
(DMSO) 

MK-801 TOCRIS (0924) 5mM (DMSO) 
Prepared on the 
experiment day 

5µM (DMSO) 

AP5 TOCRIS (0106) 100mM (H2O) 
Prepared on the 
experiment day 

100µM (H2O) 

GYKI 53655 TOCRIS (2555) 
100mM 
(DMSO) 

Prepared on the 
experiment day 

100µM 
(DMSO) 

Nimodipine  TOCRIS (0600) 5mM (DMSO) 
Prepared on the 
experiment day 

5µM (DMSO) 

Bicuculline TOCRIS (0130) 
10mM 
(DMSO) 

Prepared on the 
experiment day 

25µM (DMSO) 

4-AP TOCRIS (0940) 0.5M (DMSO) 
Prepared on the 
experiment day 

1mM (DMSO) 

FCCP Sigma-Aldrich (C2920) 1mM (DMSO) -20oC 
Different 
concentrations 
were used 
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Other chemicals used: sample loading buffer (LDS) (B0008) and phosphate buffer saline 

(PBS) (10209252) were purchased from ThermoFisher Scientific. Bovine serum albumin 

(BSA) (03482), sucrose (S7903), mannitol (M4125), Percoll (P1644), MTT (M2003) and 

paraformaldehyde (PFA) were purchased from Sigma-Aldrich.  

 

2.1.3 Buffers 

RIPA buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS). 

Sucrose buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl (pH 7.5), 1 mM EDTA 

(pH 7.5)). 

Nuclear isolation buffer (395nM sucrose, 0.1mM EGTA, 10mM HEPES, pH7.4). 

Homogenisation buffer (225mM mannitol, 75mM sucrose, 0.1-mM EGTA and 30-mM Tris–

HCl pH 7.4). 

Percoll buffer (225mM mannitol, 25mM HEPES (pH 7.4) and 1mM EGTA).  

 

  

Antimycin A Sigma-Aldrich (A8674) 
0.5mM 
(ethanol) 

-20oC 

Different 
concentrations 
were used 

Thapsigargin Sigma-Aldrich (T9033) 
10mM 
(DMSO) 

-20oC 
Different 
concentrations 
were used 

MitoTracker™ 
Red CMXRos 

ThermoFisher Scientific 
(M7512) 

1mM (DMSO) -20oC 
250nM 
(DMSO) 

Annexin V 
ThermoFisher Scientific 
(A35108) 

1 µg/µl 4oC 5µl/500µl/well 

Calcein-AM 
ThermoFisher Scientific 
(C3100MP) 

1 mM -20oC 
50nM (culture 
media) 
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2.2 Methods 

2.2.1 Primary neuronal cultures preparation and stimulation  

Primary cortical neuronal cultures were prepared from CD-1 mice at embryonic day 15 

(E15). Pregnant mice were sacrificed, and embryos were removed. The brains were 

removed from embryos and cortices were isolated and dissociated to isolate cortical 

neurons. Dissociated neurons were then pelleted by centrifugation at 1,400 RCF for 5min. 

Neurons were resuspended and cultured in Neurobasal media (12348-017, GIBCO), 

supplemented with B-27, 2mM glutamine and 100 unit Penicillin – 100 µg/ml Streptomycin 

in polystyrene tissue culture plates (COSTAR), pre-coated with poly-D-lysine for 2hrs prior 

to seeding. Cells were cultured for 7 or 12 days at 37oC in a humidified incubator with 5% 

CO2. Sister cultures were prepared on the same day to allow the use of the media for 

experiments require adding fresh media. 

 

2.2.1.1 Neuronal treatments 

On 7 or 12 DIV, neurons were treated with NMDA, FCCP, antimycin A, thapsigargin or H2O2. 

Inhibitors (EGTA, calpeptin, Z-VAD-FMK, AP5, Nimodipine or GYKI53655) were added to 

the culture media an hour prior to the treatment. Bapta was added 5min prior to the 

treatment. Culture media was removed and neurons were then harvested by being 

incubating in RIPA buffer (50 mM Tris-HCl pH7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 

0.1% SDS) for 15 min followed by 10 min centrifugation at 14,000 rpm at 4oC. The 

supernatant was collected and stored at -20oC. 

 

2.2.1.2 Brief NMDA exposure experiment 

For brief NMDA exposure experiment, 7 DIV neurons were incubated with 5 or 15 min 

NMDA at 37oC then washed three times with PBS. Fresh culture media (from sister cultures) 

was added and neurons incubated at 37oC for different time point before being harvested 

using RIPA buffer by incubating for 15min followed by centrifugation for 10min at 14,000 

rpm at 4oC. Supernatant were collected and samples were stored at -20oC until analysed 

Western blotting analysis. 

 

2.2.1.3 Media-change experiment 

For Media-change experiment, culture media of 7 DIV neurons were replaced with fresh 

media (with or without antioxidants) and H2O2 was added for 1hrs then harvested using 

RIPA buffer by incubating for 15 min followed by centrifugation for 10 min at 14,000 RCF at 
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4oC. Supernatant were collected and samples were stored at -20oC until analysed by 

Western blotting analysis.  

 

2.2.2 NMDA receptors activation 

2.2.2.1 Entire NMDAR activation 

To activate the entire population of NMDA receptors, NMDA or glutamate was added to the 

culture media on 7 or 12 DIV mouse primary cortical neurons and incubated at 37oC for 

different time points. Neurons were then harvested using RIPA buffer by incubating for 15 

min followed by centrifugation for 10 min at 14,000 RCF at 4oC. Supernatant were collected 

and samples were stored at -20oC until analysed by Western blotting analysis. 

 

2.2.2.2 Synaptic NMDAR activation 

On 7 or 12 DIV, culture media was replaced with fresh culture media (from sister cultures) 

and 4-AP and bicuculline were added and neurons were incubated at 37oC for different time 

points. Neurons were then harvested using RIPA buffer by incubating for 15 min followed 

by centrifugation for 10 min at 14,000 RCF at 4oC. Supernatant were collected and samples 

were stored at -20oC until analysed by Western blotting analysis. 

 

2.2.2.3 Extrasynaptic NMDAR activation 

On 7 or 12 DIV, MK-801, 4-AP and bicuculline were added to the culture media for 5 min. 

Neurons were then washed for 4 times with PBS. Fresh culture media (from sister cultures) 

was added in addition to NMDA and neurons were incubated at 37oC for different time 

points. Neurons were then harvested using RIPA buffer by incubating for 15 min followed 

by centrifugation for 10 min at 14,000 RCF at 4oC. Supernatant were collected and samples 

were stored at -20oC until analysed by Western blotting analysis. 

 

2.2.3 MTT assay 

Isolated cortical neurons (7 DIV) were treatment with FCCP then incubated at 37oC with 

MTT solution (0.75mg/ml) for 1hr at 37oC. The MTT solution was then replaced with DMSO 

to dissolve the particles and the supernatant was transferred to 96-well plate. The 

absorbance was measured at 490nm by iMark microplate reader (Bio-RAD).  
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2.2.4 Cell viability assays 

Neurons treated with NMDA or FCCP were washed with PBS then annexin V and calcein-

AM were added and neurons were incubated for 15 min at 37oC. Neurons were then imaged 

using EVOS FL Cell Imaging System. Cells were counted manually for data analysis.  

 

2.2.5 Immunofluorescent (IF) staining 

Neurons were seeded on coverslips (pre-coated with poly-D-lysine) in 12-well plates and 

cultured for 7 DIV. Neurons were fixed with 4% PFA for 10 min at room temperature then 

washed with PBS followed by 10min incubation with 0.1% PBS-TritonX-100 at room 

temperature. Neurons then were washed with PBS and blocked with 3% BSA in PBS for 

1hr at room temperature followed by three PBS washes. The neurons were incubated with 

primary antibodies for 1hr at room temperature followed by the appropriate secondary 

antibody for 1hr at room temperature. Neurons were washed with PBS and the final wash 

contained Heochst (1:1000) for 3min. Coverslips were then mounted with Vectashield (H-

1000, Vector Laboratories) and then were visualised either by LSM510META confocal 

microscope (Zeiss) or by EVOS FL Cell Imaging System (Thermofisher Scientific). For 

MitoTracker staining, cells were incubated at 37oC with 250nM of MitoTracker for 30min 

prior to fixation. 

For mitochondrial labelling with Mito-DsRed, primary cortical neurons where transfected 

using Lipofectamine on day 5 and incubated for 2 more DIV. The DNA-lipid complex was 

prepared by diluting Mito-DsRed in Opt-MEM media and mixed with Lipofectamine2000 

reagent for 5 min at room temperature. To each well, a total of 500ng of Mito-DsRed was 

added and incubated for 48 hrs. Neurons were then stained as previously. Mito-DsRed 

plasmid was kindly provided by Dr. Jon Lane from University of Bristol. 

 

2.2.6 Western blot analysis 

For western blot analysis, samples were mixed with 1xLDS loading buffer and 1mM DTT to 

reach a final volume of 50µl and heated at 70oC for 10min. Samples were loaded in wells 

and run on 4-12% Bis-Tris precast gels (NW04127BOX, ThermoFisher Scientific) in 1x 

MOPS running buffer (B0001, ThermoFisher Scientific) for 1hr at 140v. Gels then were 

transferred onto 0.45µm PVDF membranes in transfer buffer (12.5mM Tris, 96mM glycine, 

2mM SDS, 10% (v/v) methanol) at 100v for 1hr using Biorad wet transferring system. 

Membranes were then blocked with 5% fat-free milk in PBS-Tween20 (0.1%) for 1hr prior 

to incubation with primary antibodies which were incubated for 1hr at room temperature or 

overnight at 4oC. Then the membranes were washed with PBS-Tween20 (0.1%) and 

incubated for 1hr at room temperature with appropriate horseradish peroxidase-conjugated 
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secondary antibodies. Bands were visualised using ECL Prime western blotting detection 

reagents (ThermoFisher; 10308449) by Fusion SL System (Vilber Lourmat).  

 

2.2.7 Subcellular fractionation 

2.2.7.1 Mitochondria purification protocols 

2.2.7.1.1 Crude mitochondria preparation protocol 

Adult mouse brain (0.5g) or 7DIV cultured cortical neurons (two 10 cm dishes) were 

fractioned according to a protocol described by (Clayton and Shadel, 2014b). All the 

fractionation procedures were carried out at 4oC. Brain and neurons were rinsed twice with 

PBS before homogenization and brain samples were cut into small pieces. Samples were 

homogenised in 2ml of sucrose buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl 

(pH 7.5), 1 mM EDTA (pH 7.5)) with 30 strokes in glass pestle homogenizers then diluted 

with 1ml of sucrose buffer. The homogenisation process was checked under a phase-

contrast microscope after each 10 strokes to check the degree of homogenisation to avoid 

over or under homogenisation. 300 µl of the homogenates were removed into a clean tube 

and designated as the whole cell lysate fraction (W). Samples were then centrifuged at 

1,200xg for 5min twice, where the pellet was saved for preparing the nuclear fraction, 

whereas the supernatant was transferred to a new centrifugation tube and re-centrifuged 

for 10min at 15,000xg. The supernatant was designated as the cytosolic fraction (C) while 

the pellet was suspended in the homogenisation buffer and re-centrifuged for 10min at 

10,000xg at 4oC. The supernatant was discarded, and the pellet was re-suspended in 

sucrose buffer as the crude mitochondrial fraction (M). The nuclear fraction was prepared 

from the initial centrifugation where the pellet was re-suspended in in nuclear isolation buffer 

(395nM sucrose, 0.1mM EGTA, 10mM HEPES, pH7.4) and centrifuged at 600xg for 10min 

twice. The supernatant was discarded, and the pellet was re-suspended in nuclear isolation 

buffer as the nuclear fraction (N).  

A BSA standard curve was generated using the sucrose homogenisation buffer and the 

protein concentration of each fraction was measured by Bradford assay (23230, 

ThermoFisher Scientific) according to the manufacturer’s protocol. For nuclear fraction, 

BSA curved was generated using nuclear isolation buffer. The nuclear fractions were 

sonicated for 3sec on ice before protein quantification. Samples were stored at -20oC until 

analysed by Western blotting analysis. 
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2.2.7.1.2 Three-layer sucrose gradient protocol 

Whole cell lysate, cytosolic and crude mitochondria fractions were isolated as described 

above in the crude mitochondria preparation protocol (2.2.8.1). Crude mitochondria fraction 

was loaded on top of three-layer sucrose gradient (40%, 24% and 12%, prepared in sucrose 

buffer). Samples were centrifuged at 30,700xg for 5min in an MLS-50 rotor (Beckman) and 

the mitochondria fraction was isolated from the white mitochondrial band between the 24% 

and 40% of the sucrose layers and washed by centrifugation at 16,700xg for 10min. The 

supernatant was discarded, and the pellet was collected and designated as the 

mitochondrial sucrose fraction (Msuc). Samples were stored at -20oC until analysed by 

Western blotting analysis. Protocol was adapted from (Graham, 2001).   

 

2.2.7.1.3 Two-layer sucrose gradient protocol 

Whole cell lysate, cytosolic and crude mitochondria fractions were isolated as described 

above in the crude mitochondria preparation protocol (2.2.8.1). Crude mitochondria fraction 

was loaded on top of two-layer sucrose gradient (40% and 12%, prepared in sucrose buffer). 

Samples were centrifuged at 30,700xg for 5min in an MLS-50 rotor (Beckman) and the 

mitochondria fraction was collected from the bottom of the centrifugation tube while the 

synaptosome were collected from the band between the 12% and 40% of the sucrose 

layers. Both fractions were then washed by centrifugation at 16,700xg for 10min. The super 

was discarded, and the pellets were collected and designated as the mitochondrial sucrose 

fraction (Msuc) and synaptosomal fraction (Synp). Samples were stored at -20oC until 

analysed by Western blotting analysis. Protocol was adapted from (Clayton and Shadel, 

2014b).  

 

2.2.7.1.4 Percoll gradient protocol 

Whole cell lysate, cytosolic and crude mitochondria fractions were isolated as described 

above in the crude mitochondria preparation protocol (2.2.8.1). Crude mitochondria fraction 

was loaded on top of two-layer Percoll gradient (40% and 12%, prepared in sucrose buffer). 

Samples were centrifuged at 30,700xg for 5min in MLS-50 rotor (Beckman) and the 

mitochondria fraction was collected from the white band between the 23% and 40% of the 

Percoll layers. Mitochondrial fraction was then washed by centrifugation at 16,700xg for 

10min. The super was discarded, and the pellet was collected and designated as the 

mitochondrial Percoll fraction (MPercoll). Samples were stored at -20oC until analysed by 

Western blotting analysis. Protocol was adapted from (Kristian, 2010). 
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2.2.7.2 ER-MAM purification protocol 

Adult mouse brain (0.5g) or 7DIV cultured cortical neurons (two 10 cm dishes) were used 

to purify the ER-MAM fraction. All the fractionation procedures were carried out at 4oC. Brain 

and neurons were rinsed twice with PBS before homogenization and brain samples were 

cut into small pieces. Samples were homogenised in 2ml of homogenisation buffer (225mM 

mannitol, 75mM sucrose, 0.1-mM EGTA and 30-mM Tris–HCl pH 7.4) with 30 strokes in 

glass pestle homogenizers then diluted with 1ml of sucrose buffer. The homogenisation 

process was checked under a phase-contrast microscope after each 10 strokes to check 

the degree of homogenisation to avoid over or under homogenisation. 300 µl of the 

homogenates was removed into a clean tube and designated as the whole cell lysate 

fraction (W). Samples were then centrifuged twice at 740xg for 5min twice, where the pellet 

was saved discarded whereas the supernatant was transferred to a new centrifugation tube 

and re-centrifuged for 10min at 15,000xg twice. The supernatant was designated as the 

cytosolic fraction (C) while the pellet was suspended in the homogenisation as the crude 

mitochondrial fraction (M1). Crude mitochondria fraction was loaded on top of 30% Percoll 

solution prepared in Percoll buffer (225mM mannitol, 25mM HEPES (pH 7.4) and 1mM 

EGTA). Samples were centrifuged at 95,700xg for 30min in TLS-55 rotor (Beckman) and 

the ER-MAM fraction was collected from the white band in the Percoll gradient. ER-MAM 

fraction was then washed by centrifugation at 100,000xg for 60min. The supernatant was 

discarded, and the pellet was collected and designated as the ER-MAM fraction (MAM). 

Samples were stored at -20oC until analysed by Western blotting analysis. Protocol was 

adapted from (Wieckowski et al., 2009).  

 

The protein concentration of each fraction was measured by Bradford assay (23230, 

ThermoFisher Scientific) according to the manufacturer’s protocol. Different BSA standard 

curves were prepared using the fractions-specific buffers to dilute the BSA according to the 

manufacturer’s protocol. Samples were stored at -20oC until analysed by Western blotting 

analysis. 

 

2.2.8 Salt wash experiment 

Isolated crude mitochondria from mouse adult brain (isolated using crude mitochondria 

purification protocol) were incubated in 2 M KCl prepared in sucrose buffer or in the sucrose 

buffer alone (for control) for 1hr at 4oC. The samples were then centrifuged twice at 

15,000xg for 10 min at 4oC and the pellet was collected and designated as salt washed 

mitochondria (SW) or control mitochondria (M) fractions. Samples were stored at -20oC until 

analysed by Western blotting analysis. Protocol was adapted from (Carre et al., 2002).  
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2.2.9 Mitochondria targeting sequence analysis 

To identify mitochondria targeting sequence in HECTD1, MitoMiner was used (Smith and 

Robinson, 2016) (http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/begin.do). MitoMiner is 

an integrated data base that list and predict mitochondrial proteins through comparing the 

amino acid sequence of target protein with known mitochondrial proteins from mammals, 

zebrafish and yeast. 

 

2.2.10 Statistical analysis 

Graphpad Prism 6 and Excel software were used for statistical analysis and graph 

construction. All data are expressed as mean ± standard error of mean (S.E.M), unless 

otherwise indicated. Significance was tested using two-tailed unpaired t-tests; P-values < 

0.05 were considered significant. 

http://mitominer.mrc-mbu.cam.ac.uk/release-4.0/begin.do
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3.1 Introduction 

NMDA receptors (NMDARs) play essential roles in maintaining synaptic strength, 

memory formation and learning (Huerta et al., 2000). Paradoxically, NMDARs are also 

involved in mediating neuronal apoptosis and cell death (Hardingham et al., 2002). 

NMDARs localise to the plasma membrane of neurons, and can be synaptic and 

extrasynaptic (Figure 3.1) (Sattler et al., 2000; Hardingham et al., 2002). These 

distinct NMDARs pools interact with specific proteins and drive different downstream 

signal transduction pathways (Martel et al., 2012). For instance, while the 

postsynaptic density protein 95 (PSD-95) is associated with synaptic NMDARs, 

synapse-associated protein 102 (SAP102) is found at extrasynaptic sites where it 

binds extrasynaptic NMDAR subunits (Figure 3.1) (Sans et al., 2000).  

Calcium influx has different effects in neurons, depending on which NMDARs, 

synaptic or extrasynaptic is activated. Activation of synaptic NMDARs promotes 

mitogen-activated protein kinase (MAPK) signalling which enhances c-AMP response 

element binding protein (CREB) phosphorylation. This induces the expression of pro-

survival genes, including brain-derived neurotrophic factor (BDNF), and promote 

neuronal survival (Kim et al., 2005). In contrast, activating extrasynaptic NMDARs 

initiates a CREB shut-off signal (Hardingham et al., 2002) which triggers cell death 

through the p38-MAPK pathway (Figure 3.1) (Xiao et al., 2011). Therefore, the 

localisation of NMDARs in neurons influences the physiological outcome of NMDAR-

mediated calcium influx.  

The activation of calcium-dependent proteases, known as calpains, is another 

example of how the localisation of NMDARs impacts on downstream signalling events 

(Wang et al., 2013; Xu et al., 2009a). Two forms of calpains are expressed in brain: 

µ-calpain (calpain-1) and m-calpain (calpain-2). In contrast to m-calpains which are 

activated by millimolar concentrations of calcium, µ-calpains only require micromolar 

calcium (Cong et al., 1989). Synaptic NMDAR activation triggers the activation of µ-

calpains, and plays a neuroprotective role through activation of ERK1/2 (Wang et al., 

2013). In contrast, extrasynaptic NMDAR mediate m-calpain activation which is 

associated with apoptosis (Wang et al., 2013) and is implicated in many brain 

diseases including Alzheimer’s disease and Huntington disease (Li et al., 2011; 

Milnerwood et al., 2012). In addition, m-calpain levels are upregulated at synapses in 

amyloid precursor protein mice models and brains of Alzheimer’s disease patients 

highlighting the importance of these calcium-dependent proteases in brain 

homeostasis (Ahmad et al., 2018). 
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Synaptic signalling is a highly dynamic and tightly regulated process which in addition 

to Ca2+-dependent signalling also involves the turnover of synaptic proteins through 

the UPS (Guo and Wang, 2007). Indeed, several studies showed that proteins 

involved in synaptic signalling, including synaptic vesicle-associated proteins, 

scaffolding proteins and synaptic receptors, are regulated by the UPS. NMDA and 

AMPA receptors are perhaps the best examples highlighting how synaptic signalling 

is coupled to protein degradation (Colledge et al., 2003; Ehlers, 2003). For example, 

The HECT E3 ubiquitin ligase NEDD4 ubiquitinates AMPARs leading for its 

degradation by the proteasome. This in turn affects synaptic strength by reducing the 

number of AMPARs that are required for neuronal LTP (Scudder et al., 2014). The 

levels and hence the activity of the NMDAR subunit GluN2B, is regulated by the E3 

Figure 3.1 Synaptic versus extrasynaptic NMDARs signalling. Synaptic signalling: upon calcium 

influx into neurons through synaptic NMDARs, ERK phosphorylation is enhanced leading to Jacob 
activation, which in turn, will lead to CREB activation by phosphorylation and translocation to the 
nucleus. p-CREB will induce BDNF expression. Synaptic NMDARs also enhances Akt phosphorylation, 
which blocks FOXO-induced apoptosis. In addition, activation of the synaptic NMDARs will lead to 
STEP61 degradation by the proteasome and thus stabilise p-ERK signalling and neuronal survival. 
Extrasynaptic signalling: activation of extrasynaptic NMDARs lead to neuronal death through p38 
signalling. p-p38 activates caspases which can trigger cell death through apoptotic and non-apoptotic 
pathways. Caspases are also activated by mitochondrial damage, which can result from calcium 
overload through extrasynaptic NMDARs. Calpains activated by extrasynaptic NMDARs cleave STEP61 
into STEP33 which is unable to dephosphorylate p-p38 and hence stabilise p38-induced neuronal death. 
Adapted from (Parsons and Raymond, 2014). 
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ligase Mib2 (Jurd et al., 2008), while both GluN1 and GluN2A subunits are targeted 

by the E3 ligase Fbxo2, which regulates their expression level by ubiquitination, as 

well as their localisation which will affect synaptic connectivity (Atkin et al., 2015). 

Activation of synaptic NMDARs also induces the ubiquitin-dependent degradation of 

synaptic protein STEP and the scaffold protein PSD-95 (Xu et al., 2018; Colledge et 

al., 2003).  

Despite the fact that protein ubiquitination is clearly involved in the regulation of 

synaptic receptors, scaffold and cytosolic proteins, the regulatory mechanisms of the 

components of the UPS in neurons and in particular at synapses remains largely 

unexplored (Table 1.1). The human genome encodes around 35 E2s, ~600 E3 and 

~100 DUBs (Hutchins et al., 2013). Which of these enzymes function in neuronal cells, 

what function they exert, and how they are regulated, are outstanding questions in 

neuroscience. Preliminary data in the Licchesi lab identified HECTD1 as a novel E3 

ubiquitin ligase expressed in mouse-derived cortical neurons. HECTD1 is essential 

for correct neural tube formation during embryonic development suggesting a role of 

HECTD1 in neurons (Zohn et al., 2007).  Yet, the function and mode of regulation of 

HECTD1 in neurons has not been studied so far. 

Nevertheless, the underlying molecular mechanisms which regulate E3 ligases and 

DUB activity in the brain remains largely unexplored beyond a few examples including 

NEDD4 and Parkin. NEDD4 binds calcium through the N-terminus calcium-binding 

module C2 domain. In the absence of calcium, the C2 domain binds the C-terminal 

catalytic HECT domain, inhibiting its ubiquitin ligase activity. In contrast, increased 

calcium concentrations have been shown to outcompete this interaction and to 

release the C2-mediated inhibition of NEDD4 ligase activity. This in turn, leads to 

NEDD4 stabilisation and translocation to the plasma membrane, where it interacts 

with and ubiquitinates synaptic proteins (Scudder et al., 2014).  

The RBR E3 ligase Parkin is another example of the key functions that enzymes of 

the ubiquitin exert on brain cells. Parkin plays a key role in most cell types including 

neuronal cells by maintaining mitochondrial homeostasis through mitophagy. Parkin 

is activated through phosphorylation by the kinase PINK1 (PTEN-induced putative 

kinase 1) which is found at the mitochondria. Activated Parkin then ubiquitinates the  

outer membrane of the mitochondria (OMM) proteins including voltage-dependent 

anion channel (VDAC) (Geisler et al., 2010) and translocase of outer mitochondrial 

membrane 20 (TOM20) (Liang et al., 2015) leading to their degradation which results 

in mitophagy (Sha et al., 2010).  
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3.2 Aims and objectives 

While the UPS has been well characterised in the context of mitotically active cells, 

there is currently a lack of understanding of how protein degradation is regulated in 

fully differentiated cells. The discovery made in the Licchesi lab that HECTD1 is 

expressed in mouse-derived cortical neurons opens new avenues to explore the role 

of this novel neuronal E3 ubiquitin ligase as well as the mechanisms regulating its 

enzymatic activity. In this chapter, HECTD1 expression was studied using an in vitro 

assay recapitulating neuronal activation by NMDA. 

Thus, the objectives of this chapter were to:   

1. Investigate the expression of HECTD1 and four additional HECT E3 ligases in 

mouse brain samples and in neural cells. This was achieved through 

immunoblotting and immunofluorescence analysis of adult and embryo mouse 

brains, mouse-derived cortical neurons, striatal neurons and astrocytes, as 

well as the neuroblastoma cell line SH-SY5Y.   

 

2. Determine the effect of synaptic and extra synaptic NMDARs stimulation on 

HECTD1 levels. This was achieved using NMDA and pharmacological 

manipulation to specifically activate synaptic or extrasynaptic NMDARs in 

young (7 DIV) and mature (12 DIV) mouse-derived cortical neurons. 

 

3. Determine the proteases involved in the NMDA-mediated cleavage of 

HECTD1. This was carried out using established inhibitors of Calpain and 

caspase activities.  

 

4. Expand on observations made in 3, by studying HECTD1 regulation in 

response to glutamate, the physiological neurotransmitter in cortical neurons.  

 

5. Explore whether HECTD1 cleavage is associated with apoptotic cell death. 

This was achieved by assessing the levels of apoptotic marker proteins 

(PARP, Bim and activated caspase 3) by immunoblotting. In addition, 

apoptosis was examined using fluorescence analysis of the apoptotic marker 

annexin V in combination with calcein. 
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3.3 Results 

3.3.1 Endogenous HECTD1 is expressed in neural samples and a 

neuroblastoma cell line 

In order to start investigating HECTD1 in the brain, I first examined its expression by 

immunoblotting in adult and embryonic mouse brains, primary cortical and striatal 

neurons, astrocytes and the neuroblastoma cell line SH-SY5Y. I also assessed the 

expression of other HECT family members including NEDD4, TRIP12, HUWE1A, 

UBE3C and TRIP12 in these samples (Figure 3.2). NEDD4 is perhaps the best 

characterised E3 ligase in the brain. It is found expressed in adult mouse brain 

(Gautam et al., 2013), mouse primary cortical neurons (Scudder et al., 2014), 

astrocytes (Liao et al., 2013) and has a cytoplasmic expression in SHSY5Y cells 

(Wang et al., 2015). NEDD4 is essential for neurite growth (Hung et al., 2010) and it 

is involved in regulating the levels of synaptic receptors (Gautam et al., 2013) and 

postsynaptic proteins such as PSD-95 in response to synaptic activation (Colledge et 

al., 2003). The E3 ligase UBE3C in contrast, primarily associates with postsynaptic 

densities (Bayes et al., 2012b). The exact function of UBE3C in the brain is still 

unknown but it is found overexpressed in brain tumours (Pan et al., 2015) and 

downregulated in Parkinson’s disease (Filatova et al., 2014). HUWE1 is also 

expressed in neurons where it is involved in the regulation of the neuronal 

development (Opperman et al., 2017). TRIP12 is the closest relative of HECTD1 and 

they share UFD4 as their orthologue in the yeast S. Cerevisiae. Both UFD4 and 

HECT1, the C.elegans HECTD1 orthologue, function as E3 ligase of the ubiquitin 

fusion degradation pathway (Johnson et al., 1995; Segref et al., 2011). Interestingly, 

loss of function of some HECT E3 ligases have been linked with impaired neurological 

development including HECTD1, UBE3C, TRIP12 and HUWE1A. (Zohn et al., 2007; 

O’Roak et al., 2012; Bramswig et al., 2017).   

 

  

Figure 3.2 Phylogenetic tree of the HECT domain of human HECTD1, UBE3C, NEDD4, HUWE1 
and TRIP12. TRIP12 is the closest relative to HECTD1. The phylogenetic tree was generated using 
Clustal Omega protein alignment (Sievers et al., 2011). 
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I did not observe any signal by immunoblotting with HUWE1A or TRIP12 antibodies 

in any of the samples although IF revealed a possible nuclear localisation for these 

E3 ligases (Licchesi personal communication). NEDD4 was strongly expressed in 

mouse embryo and adult brains in addition to primary cortical and striatal neurons 

whereas its expression was much lower in astrocytes and SH-SY5Y cells, as the 

signal could only be detected by overexposing the membrane (Figure 3.3A; LE).  In 

contrast, both UBE3C and HECTD1 were detected in all samples which could reflect 

an important role of those E3 ligases in neurons.  

The expression of endogenous HECTD1 was also investigated in mouse-derived 

cortical neurons and astrocytes using immunofluorescence. This revealed that 

HECTD1 shows a diffuse cytoplasmic expression pattern in both cell types and can 

be detected in the cell body, dendrites and axons of neurons (Figure 3.3B and 

Licchesi personal communication). Together these data establish that HECTD1 is a 

novel E3 ubiquitin ligase found ubiquitously expressed in neurons and astrocytes. 

Given that NEDD4 activity is regulated by synaptic signalling (Scudder et al., 2014), 

the effect of NMDA signalling on HECTD1 expression in cortical neurons was next 

assessed. 
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Figure 3.3 HECTD1 is expressed in neurons and astrocytes. Cell lysates prepared from different 

neuronal samples were used to investigate the expression of the E3 ligases (HECTD1, NEDD4 and 
UBE3C). (A) Immunoblot images showing the expression of endogenous E3 ligases in indicated neural 
samples. GFAP was used as astrocyte marker and β-tubulin III as neuronal marker. 10 µg of samples were 
loaded per well. (B) Representative images of cortical neurons and astrocytes stained for endogenous 
HECTD1 (red) and β-tubulin III (green) or GFAP (green). Images were taken by confocal microscopy at x63 
and x40 magnifications in cortical neurons and astrocytes, respectively. Scale bars represents 20 µm. 
GFAP: glial fibrillary acid protein. LE: long exposure. Figure 3.3B was contributed by George Devitt. 
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3.3.2 Synaptic NMDARs activation does not affect HECTD1 levels in mouse 

primary cortical neurons  

The UPS modulates synaptic signalling by regulating  the levels of synaptic receptors. 

For example, RNF167 and NEDD4 E3 ubiquitin ligases regulate AMPARs levels 

following the activation of synaptic receptors, and this is important for synaptic 

plasticity (Lussier et al., 2012; Scudder et al., 2014). NEDD4-mediated AMPARs 

degradation requires NMDARs activation for its synaptic recruitment (Widagdo et al., 

2015). Calcium influx regulates NEDD4 ubiquitin ligase activity and this is particularly 

relevant in the brain given that NMDA signalling directly affects intracellular calcium 

concentrations. Therefore, having shown that HECTD1 is expressed in neuronal cells, 

the effect of synaptic activation on HECTD1 expression levels was assessed.  

To activate the synaptic NMDAR populations specifically, bursts of action potentials 

were induced in cultured mouse cortical neurons (Figure 3.4A and B). This was 

achieved by blocking GABAA receptors using bicuculline (Bic). Bicuculline is a plant 

alkaloid extracted from Dicentra cucullaria plant (Manske, 1932). It is an antagonist of 

GABA receptors and therefore can remove the inhibitory action of GABA, leading to 

increased glutamate release from the presynaptic membranes which in turn induces 

glutamate-driven neuronal network activity (Hardingham et al., 2002). To further 

increase the Bic-induced burst frequency, the potassium channel blocker, 4-AP, was 

combined with Bic (Hardingham et al., 2002; Ivanov et al., 2006). Bic/4-AP treatment 

was previously shown to activate synaptic NMDARs (Figure 3.4) (Ivanov et al., 2006). 

Since the composition of NMDARs changes during development, the effect of 

synaptic signalling on HECTD1 expression was studied in “young” (7DIV) and 

“mature” (12DIV) cortical neurons (Sun et al., 1998; Chatterton et al., 2002).  

Synaptic NMDARs activation by Bic/4-AP led to increased ERK1/2 phosphorylation 

as expected (Ivanov et al., 2006), but had no effect on HECTD1 protein levels (Figure 

3.5A and B). Interestingly, and although NEDD4 levels do not appear to increase 

following chronic synaptic activation by Bic/4-AP, NEDD4 is recruited to synapses  

(Scudder et al., 2014). I do not exclude that a relocation of HECTD1 might also occur. 

However, to fully establish whether NMDA treatment might affect HECTD1 levels, I 

next ask whether activating both synaptic and extra-synaptic NMDARs populations 

might affect HECTD1 levels. 
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Figure 3.4 Schematic representation of the synaptic NMDARs activation protocol. (A) The steps 
of activating the synaptic pool of NMDA receptors. Cortical neurons isolated from E15 mouse embryo 
and cultured for 7 or 12 DIV were treated with 25 µM of Bic and 1mM of 4-AP and incubated at 37OC for 
different time points. Neurons were then harvested and analysed by immunoblotting. (B) Bic/4-AP 
treatment was used to activate the synaptic NMDARs only by inducing burst of action potentials: 1. Bic 
binds to GABAA receptors and removes the inhibitory action of GABA. GABAA receptors are ion channels 
that allow the entrance of chloride ions across the neuronal membrane. This will lead to the release of 
glutamate from presynaptic membranes, which will stimulate glutamate-driven neuronal activity. Addition 
of 4-AP will increase the Bic-induced burst frequency by binding and blocking potassium channels on 
the presynaptic membrane. 2. Released glutamate molecules will bind to glutamate receptors on the 
postsynaptic membrane including the NMDARs. 3. Opened NMDARs will allow calcium influx into 
neurons which will lead to the activation of signalling pathways associated with synaptic NMDARs. 
ERK1/2 phosphorylation is upregulated in response to synaptic NMDARs activation leading to 
subsequent phosphorylation and activation of other proteins that lead to neuronal survival.  
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Figure 3.5 HECTD1 protein expression is not affected by the activation of synaptic NMDARs. 
Cortical neurons isolated from E15 mouse embryo were treated with Bic/4-AP for the indicated time 
points to activate synaptic NMDARs. ERK1/2 phosphorylation was induced in response to Bic/4-AP 
treatment which indicate that the synaptic NMDARs were activated although HECTD1 levels were not 
affected neither in 7DIV (A) or 12DIV (B) cortical neurons. Quantification of HECTD1 levels were 
compared to control (DMSO). Data plotted represent mean ± S.E.M of three and two separate 
experiments in (A) and (B), respectively.      
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3.3.3 NMDA bath application in mouse primary cortical neurons leads to 

HECTD1 protein cleavage. 

Since direct synaptic NMDARs activation showed no effect on HECTD1 protein levels, 

both synaptic and extrasynaptic NMDARs pools were activated by bath application of 

NMDA (Ivanov et al., 2006). 

Since NMDARs have different receptor compositions which impact on their sensitivity 

to NMDA treatment NMDA was bath-applied on 7 DIV and the more mature 12 DIV 

neurons (Xiao et al., 2011) (Wang et al., 2012). Interestingly, in contrast to direct 

synaptic activation, bath application of NMDA led to the cleavage of full-length 

HECTD1 into a smaller fragment of around 185 kDa (HECTD1_fragment 2) (Figure 

3.6B and C, fragment labelled with arrowhead). This cleavage event occurred from 

1hr post NMDA treatment in both young and mature cortical neurons. In addition to 

this, another band was also observed (HECTD1_Fragment 1) (Figure 3.6B and C, 

fragment labelled with asterisk) which migrated between full-length HECTD1 and the 

HECTD1_fragment 2 band. HECTD1_fragment 1 was more prominent from 15min 

and up to 1hr post-NMDA induction in both 7 and 12 DIV neurons. At the one hour 

mark, the HECTD1_fragment 1 started to disappear while HECTD1_fragment 2 

became more pronounced. It is interesting to note that the HECTD1_fragment 2 was 

detected after 1 hr of NMDA treatment and increased with time in the 7 DIV neurons 

whereas it remained almost constant in the 12 DIV neurons from the 1hr mark (Figure 

3.6B and C, lane 4). This change in kinetics might be explained by the fact that 12 

DIV neurons are indeed more responsive to NMDA exposure compared to the less 

mature 7 DIV neurons. Of note I also detected in the 12 DIV neurons an additional 

band (Figure 3.6C, band marked with white arrow) which was also prominent in the 

absence of NMDA in the control condition (i.e. untreated cells), which is likely being 

driven by endogenous NMDA signalling in the more mature cultures, indicating that 

this band might be a splice variant rather than a cleavage event. This effect on 

HECTD1 appears to be specific since I did not observe any cleavage product for other 

HECT family members including NEDD4 of UBE3C (Figure 3.6B and C). In the case 

of NEDD4, this is in line with a previous study which showed that NMDA treatment 

had no effect on NEDD4 protein levels while Bic treatment led to increased NEDD4 

levels (Scudder et al., 2014).  

Although some E3 ligases such as NEDD4, parkin and Itch have been shown to be 

cleaved during caspase-mediated cell death in epithelial cells, our data show for the 

first time that the neuronal E3 ubiquitin ligase HECTD1 is cleaved in neurons in 
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response to NMDARs activation (Harvey et al., 1998; Rossi et al., 2009; Kahns et al., 

2003). This raises the exciting possibility that HECTD1 cleavage, at least in neurons, 

might represent a novel regulatory mechanism. Although the cleaved product 

fragment 1 appears to be transient, HECTD1_fragment 2 seems more stable and was 

observed for at least 4 hrs post NMDA induction. The HECTD1 antibody used in these 

experiments detect the N-terminal epitope, and therefore it will be interesting to further 

study the C-terminal fragment since our prediction indicates that this fragment likely 

includes the intact C-terminal HECT domain of HECTD1. 

 

  

Figure 3.6 HECTD1 is cleaved in response to NMDA bath application in cortical neurons. Cortical 

neurons isolated from E15 mouse embryo and cultured for 7DIV (B) or 12DIV (C) treated with 100 µM 
NMDA for indicated time points. (A) Schematic representation of the treatment steps. Neurons were 
treated with 100 µM NMDA and incubated at 37OC for indicated times. Grey arrows indicate time points 
where neurons were harvested. (B) and (C) Immunoblot images showing HECTD1 protein is cleaved 
gradually with time in response to NMDA treatment. β-tubulin III was used as loading control. 10 µg of 
samples were loaded per well. For quantification, band intensities of HECTD1 were normalized to control 
(DMSO). Bars represent mean ± SEM of two separate experiments. Quantification was done for full 
length HECTD1 band and HECTD1_fragment 2 (185 kDa band, marked with arrowhead). 
HECTD1_Fragment 1 was labelled with asterisk and the white arrow marks a splice variant of HECTD1.  
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3.3.4 Activation of extrasynaptic NMDARs induces HECTD1 cleavage in 

cortical neurons  

Our previous data show that activation of the synaptic NMDAR pool via Bic/4-AP has 

no effect on HECTD1 levels, while activation of both the synaptic and extrasynaptic 

pools through bath NMDA application results in HECTD1 cleavage. This strongly 

suggests that HECTD1 cleavage requires activation of extrasynaptic NMDAR. The 

main signalling event induced by extrasynaptic NMDARs activation is intracellular 

calcium influx which leads to the cleavage and inactivation of the phosphatase STEP61 

by m-calpain (Xu et al., 2009a). Since phospho-p38 (p-p38) is a substrate for STEP61, 

extrasynaptic NMDARs activation also stabilises p-38, a key pathway in neuronal 

apoptotic cell death (Figure 3.7B). Therefore, STEP61 cleavage and p38 

phosphorylation status were used as positive control to validate the selective 

activation of extrasynaptic NMDRs. 

To further validate our hypothesis, a protocol was used to activate extrasynaptic but 

not synaptic NMDRs. To this end, neurons were treated first with Bic/4-AP in order to 

open synaptic NMDRs, so that they could then be specifically blocked by addition of 

the irreversible NMDARs blocker, MK-801 (Figure 3.7A). By first blocking synaptic 

NMDRs, I was then able to specially activate the extrasynaptic NMDR pool using bath 

application of NMDA to the neuronal cells.  

STEP61 cleavage and p-p38 were detected in 12 DIV but not 7 DIV neurons further 

indicating mature neurons are a better model for the pharmacological activation of 

extrasynaptic NMDRs. In line with this HECTD1 cleavage was observed in 12 but not 

7 DIV neurons (Figure 3.8A and B). In 12 DIV neurons the timing of HECTD1 cleavage 

coincided with the appearance of calpain-cleaved STEP33 band and an increase in 

p38 phosphorylation. In fact, a faint band corresponding to HECTD1_fragment 2 was 

detected within 30 min of NMDA treatment (Figure 3.8B, lane 4) which could suggest 

that HECTD1 cleavage occurs prior to STEP61 cleavage or p38 phosphorylation. 

It is interesting that activating the synaptic or extrasynaptic NMDARs on their own did 

not induce HECTD1 cleavage in the 7 DIV neurons (Figure 3.5A and Figure 3.8A), 

while bath application of NMDA did (Figure 3.6B). This likely indicates that HECTD1 

cleavage in 7 DIV requires the co-activation of the synaptic and extrasynaptic 

NMDARs. This suggest that the magnitude of the co-activation of synaptic and 

extrasynaptic NMDARs rather than the localization of the receptors activated 

determines the output, at least for some molecular events such as HECTD1 cleavage 

(Zhou et al., 2013). Interestingly, it has been suggested that synaptic or extrasynaptic 
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NMDARs activation protocols on their own induces an NMDA current that comprised 

about 50% of the current induced by NMDA bath application (Ivanov et al., 2006). 

Thus, HECTD1 cleavage may requires a stronger stimulus which is induced by the 

activation of the entire NMDARs population in younger neurons. In contrast, the 

composition of extrasynaptic NMDRs in mature neurons might be sufficient, or these 

neurons might be more sensitive to lower level of NMDAR activation. 
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Figure 3.7 Schematic representation of extrasynaptic NMDARs activation protocol. (A) The steps of 

activating the extrasynaptic pool of NMDA receptors. Cortical neurons isolated from E15 mouse embryo and 
cultured for 7 or 12 DIV were treated with 25 µM of Bic and 1mM of 4-AP for 5min. Neurons then were 
incubated with MK-801 which was followed by four washes steps. Neurons were then incubated with fresh 
media containing 100 µM of NMDA at 37OC for different time points. Harvested neurons were then analysed 
by immunoblotting. (B) Activating extrasynaptic NMDARs triggers pro-apoptotic signals: 1. Bic/4-AP 
treatment was used to activate synaptic NMDARs. 2. MK-801, a non-competitive NMDAR inhibitors addition 
will bind selectively to opened synaptic NMDARs leaving the extrasynaptic NMDARs unaffected.  3. NMDA 
then was applied to the culture. NMDA will only bind to the unblocked extrasynaptic NMDARs and calcium 
will influx into neurons. 4. Calcium influx through extrasynaptic will lead to the activation of calpains which in 
turn will cleave and deactivate STEP. STEP deactivation will stabilize p-38 phosphorylation leading to the 
activation of pro-apoptotic pathway and cell death.  
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Figure 3.8 HECTD1 protein is cleaved in response to extrasynaptic NMDARs activation. Cortical 
neurons isolated from E15 mouse embryo were treated with bic/4-AP for the indicated time points to 
activate synaptic NMDARs. This was followed by addition of MK-801 to block the opened NMDARs. After 
washing, NMDA was added to the culture where it will bind and activate extrasynaptic NMDARs only. 
(A) Immunoblots showing that the treatment failed to activate the extrasynaptic NMDARs in 7 DIV 
neurons as STEP was not cleaved which inhibited the phosphorylation of p-38. (B) Immunoblots showing 
HECTD1 protein cleavage after 60 and 120 min of NMDA application to 12 DIV neurons. HECTD1 
cleavage was accompanied with STEP cleavage and p-38 phosphorylation. Data obtained from two 

separate experiments.   
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3.3.5 HECTD1 cleavage is calcium-dependent and requires calpain and 

caspase activation during NMDARs signalling 

Having established that HECTD1 cleavage can be induced by NMDA treatment 

through the extrasynaptic NMDARs in 12 DIV neurons, the next aim was to 

characterize the proteolytic mechanism involved. NMDARs are calcium channels 

which when activated by NMDA drive calcium influx. This leads to activation of 

calcium-dependent enzymes (i.e. Calpains) which in turn proteolytically process a 

whole range of synaptic (e.g. spectrin, required for synaptic cytoskeleton support 

(Andres et al., 2013) and extrasynaptic (e.g. STEP61) substrates (Wang et al., 2013). 

Thus, I hypothesized that HECTD1 cleavage could be induced by calpains and/or 

caspases. Therefore, calpeptin was used, the membrane permeable inhibitor of µ- 

and m-calpains, and the pan-caspase inhibitor Z-VAD-FMK. In addition, EGTA, a 

calcium chelating agent, was also used to determine whether the proteolytic 

regulation of HECTD1 was calcium-dependent.  

Cultured cortical neurons (7 DIV) were pre-incubated with either DMSO, calpeptin, Z-

VAD-FMK or EGTA followed by NMDA bath treatment. Two hours post NMDA 

treatment, neurons were harvested, lysed, and HECTD1 protein levels were assessed 

(Figure 3.9A). I found that HECTD1 cleavage could be completely blocked by EGTA, 

clearly implicating calcium in the process (Figure 3.9B, lane 7). Similar blockage was 

seen with calpeptin (Figure 3.9B, lane 8) which indicates that calpains are absolute 

requirement for HECTD1 cleavage. Interestingly, caspases also appear to be involved 

in HECTD1 cleavage. However, and in contrast to EGTA or calpeptin, it was found 

that caspase inhibition using Z-VAD-FMK did not totally abrogate cleavage, but rather 

it caused a shift in the molecular weight of the cleaved product (Figure 3.9B, lane 6, 

band marked with asterisk). This strongly indicates that calpains and caspases are 

both involved in HECTD1 cleavage. However, the fact that calpain inhibition 

completely blocked the cleavage indicates that calpain-mediated cleavage is a pre-

requisite for the subsequent cleavage by caspases. Hence, shorter exposure to 

NMDA (30 min) only produced the calpain-cleaved fragment (Figure 3.6B and C, lane 

3), which indicates that caspases are activated later in the pathway. These data from 

the inhibitor treatment revealed that the process of HECTD1 cleavage is calcium-

dependent and involves the activity of both calpains and caspases. Based on these 

data, it seems likely that NMDA-mediated cleavage of full-length HECTD1 requires 

two sequential steps (Figure 3.9C). The first cleavage event is mediated by calpains 

while the second cleavage is caspase-dependent. 
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Some calpain-generated fragments are usually sort-lived as they are degraded by the 

proteasome through the N-end rule pathway (Piatkov et al., 2014). Our data indicate 

that the calpain-cleaved product of HECTD1 detected by western blot is an 

intermediate species which is then further processed by caspases. Interestingly, the 

fully processed N-terminal HECTD1 product (HECTD1_fragment 2) appears to be 

stable. It will be interesting to determine whether this is also the case for the C-

terminal fragment of HECTD1 and also how this affects its function.  
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Figure 3.9 NMDA-mediated HECTD1 cleavage in primary cortical neurons is calcium-dependent and involves calpains and caspases activation. (A) A schematic 
representation showing the treatment steps. Caspase inhibitor (CASPi: Z-VAD-FMK), calpain inhibitor (calpeptin) and EGTA were added to the culture media for 1 hr. Neurons 
were then washed and media containing 100 µM of NMDA was added for 2 hrs where neurons were then harvested. (B) Western blot images showing HECTD1 protein cleavage 
is calcium-dependent and requires both caspases and calpains. Cortical neurons isolated from E15 mouse embryo and cultured for 7DIV were treated with inhibitors followed by 
100µM NMDA for 2 hrs. Neurons were harvested and analysed by western blots. Asterisk indicates the intermediate product HECTD1_fragment 1 (produced by calpain-
dependent cleavage) which then becomes a substrate for caspase-mediated cleavage. Caspase-cleaved product marked with arrowhead (HECTD1_fragment 2). (C) Schematic 
representation of HECTD1 cleaving process. Full length HECTD1 is cleaved by calpains in response to calcium influx through NMDARs as a result of NMDA treatment. Caspases 
further cleave the calpain-mediated cleaved HECTD1 into a smaller fragment; HECTD1_fragment 2 (~185 kDa). 



 

57 
 

3.3.6 Glutamate treatment in cortical neurons induces HECTD1 cleavage through 

NMDARs 

Having shown that HECTD1 protein is cleaved in response to NMDA-mediated excitation, 

next glutamate, the physiological neurotransmitter in cortical neurons, was used to evaluate 

the potential mechanism of HECTD1 cleavage. However, glutamate can bind to a number 

of synaptic receptors which are ionic channels that can allow calcium influx upon activation 

(Liu and Cull-Candy, 2000). Therefore, channel-specific inhibitors were used to identify the 

potential involved receptors in inducing HECTD1 cleaving.  

To block AMPA and kainate receptors, GYKI 53655 which is a non-competitive, non-NMDA 

iGluRs inhibitor was applied. Using GYKI 53655 will allow to identify if AMPA and kainate 

receptors are participating in inducing HECTD1 cleavage. Furthermore, two NMDAR 

inhibitors were used to explore if the process is specific to NMDARs: MK-801, the selective 

non-competitive inhibitor, and AP-5 which is a competitive NMDAR inhibitor. In addition to 

that, calcium can flux into neurons through non-glutamate channels such the voltage-

dependent calcium channels, thus nimodipine was used here to block these channels 

(Figure 3.10B). 

Glutamate bath application to cultured primary cortical neurons induced HECTD1 cleaving 

(Figure 3.10A, lane 1). Similar to NMDA treatment (Figure 3.9B), the glutamate treatment 

resulted in the cleavage of the full length HECTD1 protein into a smaller fragment 

(HECTD1_fragment 2, ≈185 kDa) and this cleavage was calcium-dependent as it was 

completely blocked by EGTA (Figure 3.10A; lane 8). Moreover, blocking the iGluRs, 

AMPAR and kainate receptors, did not block the glutamate-induced HECTD1 cleavage 

(Figure 3.10A; lane 2 and 3) which shows that NMDARs were entirely responsible for 

inducing HECTD1 cleavage.  

The role of NMDARs was confirmed using MK-801, the selective non-competitive inhibitor 

of NMARs, which completely blocked the process (Figure 3.10A; lane 4). However, the 

competitive NMDARs inhibitor, AP-5, showed less blockade as the level of full length 

HECTD1 was higher compared to glutamate treated samples (Figure 3.10A; lane 5 

compared to lane 1).  This could be due to the concentration of AP-5 not being high enough 

since it is a competitive inhibitor of NMDARs and increasing the AP-5 concentration may 

result in complete inhibition of HECTD1 cleavage. Furthermore, the glutamate-induced 

HECTD1 cleavage also involved the two proteases, calpains and caspases. As seen with 

NMDA treatment, calpeptin completely blocked HECTD1 cleavage by inhibiting the first step 

in the process which involves the activity of calpains (Figure 3.10A; lane 7). On the other 

hand, the caspase inhibitor only blocked the second cleaving step which followed the 
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activity of the calpains, and resulted in an intermediate product HECTD1_fragment 1 (Figure 

3.10A; lane 9; band marked with asterisk). 

These data showed that HECTD1 is cleaved in cortical neurons in response to NMDA or 

glutamate application and this cleavage is induced by the activation of NMDARs. Moreover, 

the process of HECTD1 cleavage is calcium dependent and requires the activation of 

calpains as well as caspases in a sequential process. 
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Figure 3.10 Glutamate induces HECTD1 cleavage in mouse primary cortical neurons through 
NMDARs. (A) Mouse embryo-derived primary cortical neurons (7DIV) were treated with receptor-specific 
blockers prior to glutamate application (100 µM) for 2 hrs. HECTD1 is cleaved in response to glutamate 
treatment by a similar mechanism to NMDA-induced HECTD1 cleavage which is calcium-dependent and 
requires caspases and calpains. The glutamate-induced HECTD1 cleavage was mediated by NMDARs. 
Asterisk indicates HECTD1_fragment 1 and arrowhead indicates HECTD1_fragment 2. (B) Schematic 
representation of calcium channels at the synapses each with its inhibitor. Nimodipine is a selective non-
competitive inhibitor of the voltage-dependent calcium channels. GYKI 53655 is a non-competitive inhibitor 
that blocks the glutamate receptors AMPA and Kainate receptors but not NMDARs. NMDARs were blocked 
using MK-801, a non-competitive selective inhibitor, and AP-5 which is a competitive inhibitor of NMDARs. 
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3.3.7 Brief application of NMDA is enough to induce HECTD1 cleavage that last for 

up to 4 hrs in cortical neurons 

The first noticeable sign of cleavage of full length HECTD1 in cortical neurons was detected 

after an hour of NMDA application (Figure 3.6B and C) and it was time-dependent. However, 

long exposure to NMDA can induce neuronal death. Indeed, it has been shown that 50 min 

exposure of 100 µM NMDA leads to neurotoxicity (Tymianski et al., 1993). To start 

addressing the timing of these cleavage events with regards to cell death, I tested the effect 

of shorter NMDA bath application of NMDA by applying NMDA for 5 min or 15 min, which 

then was washed away and the neurons were incubated in NMDA-free culture media for 

different time points before being harvested (Figure 3.11A). The results show that brief 

application of NMDA is enough to induce HECTD1 cleavage (Figure 3.11B), suggesting 

that HECTD1 is highly sensitive to changes in intracellular calcium and persist following 

NMDA withdrawal. This is perhaps not surprising given that application of NMDA leads to 

an increase in intracellular calcium levels and this increase in calcium levels remains 

elevated even after NMDA withdrawal (Zhou et al., 2013). 

The fact that the main cleaved product detected corresponds to the dual cleavage by 

calpain and caspase suggests that the first cleavage event is tightly coupled with caspase 

activity. In support of this, even a 5 min NMDA treatment resulted in the production of the 

caspase-generated fragment. These observations are in line with the proteolytic activation 

of some caspases by calpains (Nakagawa and Yuan, 2000) 
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Figure 3.11 Brief application of NMDA (5 and 15 min) induces HECTD1 cleavage in mouse primary 
cortical neurons. (A) Schematic representation of the treatment steps. Cortical neurons isolated from E15 
mouse embryo and cultured for 7 DIV were treated with 100 µM of NMDA for 5 or 15 mins. Neurons then 
were washed to remove the NMDA and incubated in an NMDA-free media at 37OC for indicated times. Grey 
arrows indicate time points at where neurons were harvested. (B) Immunoblot images showing the cleavage 
of full-length HECTD1 protein induced by NMDA treatment. β-tubulin III was used as loading control. 10 µg 
of samples were loaded per well. Asterisk indicates HECTD1_fragment 1 while HECTD1_fragment 2 was 
labelled with an arrowhead. 
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3.3.8 HECTD1 cleavage in cortical neurons is not associated with apoptosis 

Extrasynaptic NMDAR signalling is involved in neuronal excitotoxicity and cell death 

(Hardingham et al., 2002). NMDA-induced neuronal death can be mediated through 

apoptotic and non-apoptotic pathways. The apoptotic NMDA-induced cell death requires 

the activation of caspases (Tenneti and Lipton, 2000) which in turn can disable some 

enzymes involved in DNA repair or the cell cycle. Poly(ADP-ribose) polymerase-1 (PARP) 

is a nuclear enzyme that is required for DNA repair and it is activated by DNA damage. It is 

a caspase substrate that is cleaved during apoptosis and its caspase-mediated cleavage is 

induced by NMDA treatment (Yu et al., 2002). However, NMDA can induce neuronal death 

through PARP activation and it is caspase-independent, as inhibiting caspases do not block 

NMDA neurotoxicity (Mandir et al., 2000; Yu et al., 2002). According to the previous results, 

HECTD1 cleavage was induced by the activation of extrasynaptic NMDARs (Figure 3.8B), 

and the cleavage requires caspases (Figure 3.9B and Figure 3.10A). However, whether 

HECTD1 cleavage by caspases is just a result of apoptosis induction or whether this 

processing contributes to cell death is unclear.  

To address this issue, cortical neurons were treated with bath application of NMDA for 

different time points to investigate whether HECTD1 cleavage coincided with induction of 

apoptosis. Surprisingly, caspase-3 and -9 activation were not detected following NMDA 

treatment (Figure 3.12A and B) whereas HECTD1 cleavage was clearly seen after 1hr of 

treatment in these same samples (Figure 3.6B and C). In support of this, NMDA treatment 

only increased PARP cleavage above background level at the 4hr time point in 7 DIV 

neurons (Figure 3.12A; lane 6). These data are consistent with previous observations that 

NMDA treatment in neurons induces cell death independently of caspase 3 activation or 

PARP cleavage (Luo et al., 2003; Ruiz et al., 2014b).  

Bim is a pro-apoptotic protein which is upregulated following NMDA application and gene 

silencing of Bim results in neuroprotection against NMDA-mediated excitotoxicity 

(Concannon et al., 2010). In line with our observation of caspases 3 and 9 and PARP, I did 

not detect any change in Bim expression for 7 DIV neurons (Figure 3.12A). On the other 

hand, a slight increase in Bim expression was seen only after prolonged application of 

NMDA in 12 DIV neurons at 2 and 4 hrs but not after 1hr of treatment which is when 

HECTD1 cleavage has been observed (Figure 3.12B; lane 5 and 6 & Fig 3.6 C). Therefore, 

our data suggest that HECTD1 proteolytic processing upon NMDA treatment in 7 or 12 DIV 

neurons is not through the canonical apoptotic cascade. This was also confirmed by the 

calcein/annexin V staining. Calcein-acetoxymethylester (calcein-AM) is a non-fluorescent 

cell permeable dye that is converted into green-fluorescent calcein by intracellular esterase. 
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Its fluorescence is used as an indicator of cellular metabolic activity which reflects cell 

viability (Gatti et al., 1998). Annexin V, on the other hand, is an apoptotic marker. It binds 

the phosphatidylserines (PS) in apoptotic cells. PS are located in the cytosolic side of the 

cellular membrane. During early apoptosis, the membrane asymmetry is lost and the PS 

are exposed to the outer layer of the membrane which can be detected using annexin V 

(van Engeland et al., 1998). Therefore, the number of green positive/red positive cells are 

indicative of live cells undergoing apoptosis. Unfortunately, I was not able to reliably quantify 

the number of these green/red doubly positive cells. Nevertheless, and in order to monitor 

the impact of NMDA treatment on cell health, we measured the ratio of calcein-AM/annexin 

V cells which revealed that only the 4 hrs NMDA time point led to an increase in cell death. 

Taken together, the data suggest that HECTD1 NMDA-induced cleavage is independent of 

apoptosis, although caspase cleavage clearly plays a role (Figure 3.13C). This is consistent 

with the decreased levels of β-tubulin III after 4 hrs of NMDA treatment (Figure 3.6B and 

C). However, no obvious changes in the gross morphology of neurons were detected in 

these NMDA treatments which is perhaps not surprising since only few dead cells could be 

detected by annexin V (Figure 3.14). In both conditions, control and NMDA-treated, neurons 

were showing clear nucleus with normal elongated processes and with no contraction. This 

observation is in contrast to other observations in which NMDA induced cell death, although 

this is likely due to the higher NMDA concentration used in other studies (Luo et al., 2003). 

Together, these data show that HECTD1 regulation by cleavage in neurons may not be 

induced by apoptosis. Therefore, more investigation is needed in order to identify the 

pathway involved in neurons.  
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Figure 3.12 Bath application of NMDA to mouse primary cortical neurons, which induces HECTD1 
cleavage, dose not induce apoptosis. Cortical neurons isolated from E15 mouse embryo and cultured for 7 
DIV (A) or 12 DIV (B) were treated with 100 µM of NMDA for the indicated time points. Caspases 3 and 9 were 
not activated after NMDA treatment. The treatment also did not up regulate Bim or activate PARP, which are 
apoptotic markers. The samples used in this figure correspond to those used in Figure 3.6.
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Figure 3.13 HECTD1 induced cleavage by NMDA bath application is not associated with apoptosis in mouse primary cortical neurons. Mouse embryo-derived cortical 

neurons (7 DIV) were treated with NMDA (100 µM) for indicated time points. Cell viability was assessed by live cell imaging of neurons labelled with calcein-AM (green) and 

annexin V (red). (A) Representative images of NMDA-treated neurons (lower panel) or vehicle-treated neurons (upper panel) for indicated time points and then stained with 

calcein-AM and annexin V for 15 min at 37OC. Images were taken by EVOS FL Cell Imaging System. NMDA treatment did not induce annexin V staining in neurons which 

indicates that 100 µM of NMDA treatment does not induce apoptosis in mouse primary cortical neurons. Scale bars represents 200 µm. (B) Quantification of calcein-AM intensity 

and (C) calculated calcein-AM/annexin V ratio from (A) measured by ImageJ. Data plotted represent mean ± S.E.M of two separate experiments. Comparison between groups 

were assessed with unpaired Student t test (statistical significance: *p<0.05).         
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Figure 3.14 NMDA treatment did not induce morphological changes in mouse primary cortical neurons. 
Phase contrast images of neurons treated with vehicle (DMSO) or 100 µM of NMDA for 30min, 1, 2 and 4 hrs. 
No detectable morphological alteration or characteristics of apoptosis in NMDA-treated neurons compared to 
the control. Neurons in the two conditions show well-developed neuronal network and no nuclear or cytoplasmic 
condensation was detected. Scale bars represents 200 µm.      
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3.4 Discussion 

The data presented in this chapter show that HECTD1 is expressed in mouse embryo and 

adult brains and in mouse cortical and striatal neurons and astrocytes in addition to the 

neuroblastoma cell line SH-SY5Y. HECTD1 was found to be cleaved in response to NMDA 

treatment in primary cortical neurons and this cleavage is mediated through extrasynaptic 

NMDARs in mature (12 DIV) neurons whereas in young (7 DIV) neurons it requires the 

activation of both synaptic and extrasynaptic pools of the NMDARs. This cleavage of 

HECTD1 was found to be calcium-dependent and requires calpains and caspase activity in 

a sequential process. In addition, HECTD1 cleavage was shown to be independent of 

apoptosis. 

HECTD1 cleavage requires global activation of NMDARs in 7DIV neurons and is 

mediated through extrasynaptic NMDARs in 12DIV neurons  

HECTD1 cleavage was only detected after bath application of NMDA to 7 DIV neurons or 

when the extrasynaptic NMDARs were activated in 12 DIV neurons. The common feature  

between global NMDARs activation and extrasynaptic NMDARs activation is that both result 

in higher cytoplasmic calcium levels compared to the modest increase in cytoplasmic 

calcium levels in response to synaptic NMDARs activation (Stanika et al., 2009). This could 

indicate that HECTD1 cleavage requires high calcium levels and is mediated by m-calpain. 

Another explanation of why HECTD1 was cleaved after extrasynaptic NMDARs activation 

in 12DIV neurons only, could be due to the subunit composition of the NMDARs. NMDARs 

form heterotetrameric complexes of several homologous subunits. They compose of two 

obligatory GluN1 subunits in combination with two GluN2 (GluN2A-D) and/or GluN3 

(GluN3A-B) subunits forming heterogeneous populations of NMDARs with different 

pharmacological properties, different cellular distributions (Sun et al., 1998) and different 

signalling cascades (Chatterton et al., 2002). Both the subunit composition and the location 

of the NMDARs changes during development. That could explain why extrasynaptic 

NMDARs activation only induced HECTD1 cleavage in 12 DIV neurons. However, the 

subunit composition of NMDARs is not the determinant factor of the synaptic signalling 

outcome. Rather, it is the receptor localisation that determines the signalling pathway 

(Stanika et al., 2009).  

NMDA-induced HECTD1 cleavage is mediated by calpain and it is calcium-dependent 

Neuroprotection achieved through synaptic NMDARs is mediated by µ-calpain activation 

that results in PH domain and leucine rich repeat protein phosphatase 1 (PHLPP1) 

degradation by µ-calpain and this in turn activates the ERK1/2 signalling pathway (Wang et 
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al., 2013). On the other hand, neurotoxicity is caused by extrasynaptic NMDAR activation 

which result in  the activation of m-calpains that cleave STEP61 (Wang et al., 2013) which 

leads to the activation of the p38 apoptotic pathway (Figure 3.1) (Xu et al., 2009a). Under 

basal conditions, µ-calpain co-localised with PSD-95 and this co-localisation significantly 

increases after synaptic NMDARs activation (it is recruited to synaptic NMDARs), whereas 

m-calpain localisation is not affected by synaptic NMDARs activation (Wang et al., 2013). 

Thus, µ-calpains are coupled to synaptic NMDARs while m-calpain activation is mediated 

by extrasynaptic NMDARs (Wang et al., 2013). Moreover, the main difference between µ- 

and m-calpains is the required calcium concentration for their activation as higher calcium 

levels are required to activate m-calpains compared to µ-calpains (Cong et al., 1989). 

Synaptic NMDAR activation induces low-amplitude and modest increases in cytoplasmic 

calcium levels compared to extrasynaptic NMDARs activation, which is similar to global 

NMDAR activation and results in higher cytoplasmic calcium levels (Stanika et al., 2009). 

This could explain why m-calpains are only activated by activating the entire NMDARs 

population or the extrasynaptic NMDARs pool as m-calpains require high calcium levels to 

be activated. Accordingly, since HECTD1 was only cleaved when extrasynaptic NMDARs 

were activated, then it is expected that HECTD1 is a substrate for m-calpains. Furthermore, 

the cleavage of HECTD1 in response to extrasynaptic NMDARs activation in older neurons 

only, could be explained by the fact that activation of extrasynaptic NMDARs in older 

neurons results in higher calcium elevation compared to younger neurons (Stanika et al., 

2009).  

A number of proteins are substrates for m-calpains including signalling enzymes (e.g. 

STEP) and transcription factors (e.g. E2F1). The cleavage of both STEP and E2F1 by m-

calpain in response to NMDA treatment results in apoptosis (Xu et al., 2009a; Zyskind et 

al., 2015). However, unlike STEP, E2F1 cleavage by calpains results in its stabilisation and 

the induction of cell death (Zyskind et al., 2015). Accordingly, calpain-mediated cleavage of 

HECTD1 could result in stabilising or abolishing its function. 

NMDA-induced HECTD1 cleavage requires the activity of calpains and caspases in a 

two-step process 

Cross-talk between calpains and caspases exists in neurons at different levels. Caspases 

regulate the function of calpains by degrading calpastatin, the endogenous calpain inhibitor 
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(Neumar et al., 2003). On the other hand, calpains can regulate caspase function. Calpains 

activate caspases in neurons during apoptosis such as calpain-mediated caspase-12 

activation in primary cortical neurons during apoptosis (Nakagawa and Yuan, 2000). In 

addition, UV-induced neuronal death is derived through caspase-3 activation by calpains 

(McCollum et al., 2002). Both caspase-12 and caspase-3 were activated by calpains in 

response to apoptotic stimulus. However, calpains can also cleave caspase-9, in response 

to NMDA treatment, to produce catalytically inactive caspase-9 fragment which in turn 

render the apoptotic pathway (Lankiewicz et al., 2000) and excitotoxic injury (Volbracht et 

al., 2005). Therefore, calpain-mediated cleavage of caspase can regulate the function of 

caspases. Consequently, the sequential cleavage of HECTD1 by calpains and caspases 

could be a result of the cross-talk between calpains and caspases. According to this context, 

high intracellular calcium levels resulted from NMDA treatment activated calpains which 

cleaved HECTD1 as well as activated caspases that result in the second cleavage of 

HECTD1 (Figure 3.15). 

  

Figure 3.15 Schematic representation of the proposed mechanism of HECTD1 cleavage at 
synapses. Upon neuronal stimulation with NMDA or glutamate, calcium influx into neurons through the 
NMDARs. This leads to increased levels of cytoplasmic calcium concentrations to levels that activate m-
calpains. (1) Activated m-calpains will cleaved HECTD1, first HECTD1 cleavage. (2) m-calpains will also 
inactivate STEP61 which in turns will stabilise the p-p38 signalling pathway which will result in the 
activation of caspases. The activated caspases will result in the second cleavage of HECTD1 and the 
production of the 185kDa fragment. (3) m-calpains can also directly activate caspases that will cleave 
HECTD1 the second cleavage. It is proposed that this process of HECTD1 is occurring at extrasynaptic 
sites as m-calpains are found at extrasynaptic sites and are activated by extrasynaptic NMDARs 
activation.
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In another scenario, the calpain-mediated cleavage of proteins can result in conformational 

changes in the protein structure. Calpains can cleave α-synuclein and the cleaved product 

adopts a new conformation leading to its aggregation (Dufty et al., 2007). Therefore, 

calpain-mediated cleavage of HECTD1 could induce conformational changes in HECTD1 

that would result in exposing the cleavage site of the caspases which will allow the caspases 

to cleave HECTD1. 

Caspases have many substrate proteins in cells including E3 ligases. As an example, 

NEDD4 is cleaved by various caspases in response to apoptotic stimulus (Harvey et al., 

1998). The cleavage of NEDD4 does not affect the WW domains or the HECT domains of 

NEDD4. However, the HECT domain was not detected after the cleavage as it was 

degraded, most likely by the N-end rule pathway (Harvey et al., 1998). Another example of 

an E3 ligase that is cleaved by caspases is Itch. Itch is a HECT E3 ligase that belongs to 

the NEDD4 family. It is cleaved during apoptosis (Rossi et al., 2009). In contrast to NEDD4, 

caspase-mediated cleavage of Itch resulted in the loss of the N-terminal but did not affect 

its catalytic activity. In fact, the N-terminal of Itch has a negative regulatory function and this 

cleavage of Itch resulted in enhanced catalytic activity as the HECT domain was released 

from the regulatory subunit (Rossi et al., 2009). Parkin is another E3 ligase that is cleaved 

by caspases during apoptosis. However, caspase-mediated parkin cleavage inhibited its 

activity (Kahns et al., 2003).  

Is HECTD1 cleavage a mechanism for regulating its function/activity at synapses?  

Full length HECTD1 protein is about 290 kDa and the final cleaved product is about 185 

kDa. The 185 kDa band (HECTD1_fragment 2) was detected using an antibody against the 

N-terminal of HECTD1 (Figure 3.9C). This means that the cleavage of HECTD1 results in 

releasing the HECT domain form the N-terminal, where the domains of the N-terminal were 

remained intact (Figure 3. 16A). A previous study reported that the E3 ubiquitin ligase 

NEDD4 is recruited to synapses upon synaptic activation, and that this recruitment is 

mediated through a calcium binding domain on NEDD4 (C2, Figure 3. 16B) (Scudder et al., 

2014). However, HECTD1 does not contain calcium-binding domains (Figure 3. 16B), and 

therefore it is unlikely that it is recruited to regions of high-calcium concentration. In contrast, 

HECTD1 contains different functional domains including ankyrin (ANK) repeats, Sad1/UNC 

and MIB domains. The ankyrin repeats are common in scaffold proteins that mediate 

protein-protein interaction (Li et al., 2006). At synapses, the ankyrin repeats of TANC protein 

mediate the binding of glutamate receptors (NMDA and AMPA receptors) with cytoplasmic 

proteins such as PSD-95 and CaMKII (Suzuki et al., 2005). However, there is currently no 

evidence implicating HECTD1 ANK repeats and a potential recruitment to synapses. 
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However, the fact that HECTD1 is cleaved in a calcium-dependent manner suggests that 

this proteolytic processing could be a way to regulate its function. Indeed, I evaluated that 

the cleavage events occurred upstream of the catalytic HECT domain using Caspase and 

Calpain database and estimated cleavage site based on the molecular weight of HECTD1 

cleaved fragments (Figure 3.9C and Figure 3. 16A) (Piatkov et al., 2014; Kumar et al., 

2014). Although proteolytic cleavage can lead to the degradation of cleaved products by 

the N-end rule pathway, I hypothesise that in the case of HECTD1, this releases the C-

terminal HECT domain intact and most likely active.  

 

Moreover, it had been shown that Aβ recruited NEDD4 to synapses leading to increased 

AMPAR ubiquitination and degradation which weaken the synaptic strength (Rodrigues et 

al., 2016). In contrast, Aβ treatment resulted in downregulation of HECTD1 gene in SH-

SY5Y neuroblastoma cell line (Morte et al., 2011). This suggest that HECTD1 and NEDD4 

have different functions at synapses and hence could have different regulatory 

mechanisms. NEDD4 at synapses is required to regulate synaptic proteins levels, and that’s 

why its activity increased in response to synaptic activation (Scudder et al., 2014). The 

Figure 3. 16 schematic representation of predicted product size of cleaved HECTD1 and the annotated 

domains of HECTD1 and NEDD4. (A) The cleavage of HECTD1 is predicted to maintain the different domains 

of HECTD1 protein functionally intact. Based on the cleaved product size, which is about 185kDa, the cleavage 
site of caspase is predicted to be between 1400 and 1900 amino acid residues with different probabilities, 
indicated by red lines on the figure, using CaspDB database (Kumar et al., 2014). (B) Annotated domains of 
HECTD1 and NEDD4. NEDD4 contains multiple WW domains, the calcium binding domain C2 in addition to the 
HECT domain. HECTD1 contains different domains compared to NEDD4. It has ankyrin repeats, Sad1/UNC 
and MIB domains in addition to the HECT domain. HECTD1 lacks the C2 domain that is found in NEDD4 and 
NEDD4-like family. HECTD1 is about 290 kDa whereas NEDD4 is 120 kDa. Adapted from (Sluimer and Distel, 
2018b).  
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absence of information on HECTD1 substrates, in particular at synapses, makes it difficult 

to predict whether the cleavage was to enhance or abolish its activity. 

Although HECTD1 is clearly expressed in neuronal cells and is cleaved by a mechanism 

involved in neuronal regulation, its exact role remains unclear. Although HECTD1 targets 

protein for degradation as part of the UPS, it may also exert proteasome-independent 

functions. For example. K63-linked polyubiquitination of HSP90 by HECTD1 leads to its 

secretion in mesenchymal cells (Sarkar and Zohn, 2012). HECTD1 can ubiquitinate APC 

by forming K63-linked ubiquitin chains affecting its interaction with other proteins which 

negatively affect Wnt signalling. Accordingly, cleaving HECTD1 could result in the 

stabilisation of its substrates and/or the relocalisation elsewhere in neurons of the released 

catalytic HECT domain where it could potentially ubiquitinate other substrates and drive 

other cellular processes. 
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3.5    Future work 

To fully understand the cleavage process of HECTD1, the involved caspases need to be 

identified as well as the caspase cleavage site. The caspases involved can potentially be 

identified using individual caspase inhibitors. However, the available inhibitors are not 

appropriate for investigating the activity of individual caspases in complex mixtures as 

caspases show high cross-reactivity for available peptide sequences (Poręba et al., 2013). 

Cell lines that lack functional specific caspases can also be used to confirm the involved 

caspase (Rossi et al., 2009). However, the cleavage of HECTD1 should be first tested in 

those cell lines as it is not known whether HECTD1 cleavage is specific to neurons or can 

happen in other cell types. Moreover, although HECTD1 cleavage was detected in the same 

pathway that induced STEP cleavage by m-calpains, it is still needs to be confirmed which 

calpain is involved. This can be accomplished using inhibitors specific to µ- or m-calpains.  

The cleavage site of the calpains/caspases can be narrowed down using calpain/caspase 

prediction databases (Kumar et al., 2014; Shinkai-Ouchi et al., 2016). Alternatively, the 

cleavage site can be identified by sequencing using automated Edman degradation (Edman 

and Begg, 1967). In contrast to the caspase-cleavage site which should be easily identified, 

it would be challenging to sequence the calpain cleavage site as the calpain product 

(HECTD1_fragment 1) is transient and is quickly processed by caspases into its fully 

cleaved product (HECTD1_fragment 2). Identifying the cleavage site will enable the 

production of a calpain/caspase site mutant construct of HECTD1 using mutagenesis, which 

will confirm the calpain/caspases involved and enable future functional studies for the 

effects of these cleavage events on HECTD1 protein stability, function and activity.  

Since HECTD1 is cleaved into two fragments, each with intact domains, it is very interesting 

to find the fate of each fragment. Proteins cleaved by calpains and caspases are targets for 

the N-end rule pathway where they are recognised by E3 ligases and degraded by the 

proteasome (Piatkov et al., 2014). The involved E3 ligases in the N-end rule pathway 

recognise a degradation signal at the N-terminal (N-degron) of the cleaved fragment. There 

are different branches of the N-end rule pathways that include the Arg/N-degron where an 

arginine is found at the N-terminal of the peptide (Bartel et al., 1990), the Ac/N-degron which 

involved N-terminal acetylation (Hwang et al., 2010a), Pro/N-degron (Chen et al., 2017a) 

and Gly/N-degron (Timms et al., 2019). The C-terminal fragment of cleaved HECTD1 could 

be a target for the N-end rule pathway and degraded by the UPS. To answer this question, 

we need to sequence the C-terminal fragment of HECTD1. To do that, neurons can be 

transfected with labelled HECTD1 (at the C-terminal) with an HA tag and pulled down after 

inducing its cleavage and then sequenced.  
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Another interesting question is why HECTD1 is cleaved in neurons. The cleavage could 

affect the global ubiquitination in neurons. Subsequently, measuring the amount of 

ubiquitinated proteins after inducing HECTD1 cleavage could give an indication of HECTD1 

activity after being cleaved. This can be achieved using pull-down techniques to isolate 

ubiquitinated proteins form cell lysates after HECTD1 is cleaved and compare the levels of 

the ubiquitinated proteins with a control sample (Sasaki et al., 2015). To enrich the 

ubiquitinated proteins in the lysates, DUB inhibitors or proteasomal inhibitors can be used 

to prevent the processing of the ubiquitinated proteins which could affect the results. It had 

been shown that loss of HECTD1 results in the reduction in the total amount of ubiquitinated 

proteins in cells (Sarkar and Zohn, 2012). 

Moreover, whether the C-fragment of HECTD1 is functional or not after cleavage is not 

known. This can be assessed using activity-based probes (ABPs) which can provide a direct 

readout of the enzymatic activity (Cravatt et al., 2008). ABPs mimic the substrate but are 

not processed by the enzyme, instead they are covalently attached to the enzyme’s catalytic 

site. Thus, ABPs do not react with inactive enzymes but can recognise the active catalytic 

site when it is exposed. They compose of a reactive group that react with the enzyme’s 

active site, a targeting group that gives the selectivity of the probe and a reporter tag to 

facilitate the detection. Reporter tags can be fluorophores or an epitope tags such as HA or 

FLAG which will allow both detection and isolation of the protein (Hewings et al., 2017). 

Ubiquitin-based probes allow direct monitoring of the ligase activity by measuring the 

transthiolation activity (Pao et al., 2016). ABPs can be used to assess whether the cleavage 

is affecting HECTD1 function as the probe will only bind to exposed active site (Pao et al., 

2016). If the probe binds to HECTD1 after NMDA-induced cleavage it means that the 

cleavage process is required for activating HECTD1 by exposing the HECT domain (Byrne 

et al., 2017).     

In addition to understand the purpose of the cleavage, it is very interesting to determine 

whether the cleavage of HECTD1 could affect the subcellular localisation of each of 

HECTD1 fragments. To track the cleaved fragments, multicolour techniques can be used. 

Auto-fluorescent protein tags can be used to monitor the cleaved products in vivo 

(Platonova et al., 2015). N-terminus and C-terminus of HECTD1 can be labelled with 

fluorescent tags for example GFP and RFP at the N- and C-terminals respectively. Upon 

inducing HECTD1 cleavage each fragment can be tracked using fluorescent microscopy or 

live-cell imaging (Figure 3. 17). This will allow to identify if HECTD1 cleavage result in the 

relocalisation of the fragments and using live cell imaging.  
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Figure 3. 17 Schematic representation of HECTD1 protein labelled with fluorescent tags. Each terminus 
of HECTD1 is labelled with fluorescent tags with different colour at each side. Upon inducing HECTD1 cleavage 

each fragment can be tracked using fluorescent microscopy or live-cell imaging techniques.  
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Chapter 4: HECTD1 regulation 

during mitochondrial and cellular 

stress
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4.1 Introduction 

Mitochondria are the energy generating organelles in cells. They provide cells with energy 

by producing adenosine triphosphate (ATP) molecules through the oxidative 

phosphorylation pathway. ATP production in neurons results from a series of reactions that 

start in the cytoplasm with glycolysis, where glucose is broken down to produce pyruvate. 

Pyruvate will then be converted, in the mitochondrial matrix, into acetyl CoA which is 

considered the starting point for the tricarboxylic acid (TCA) cycle that results in the 

production of the electron carrier molecules; nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FADH2). NADH and FADH2 are energy-rich molecules that 

contain electrons with high transfer potential. They are oxidised to NAD+ and FAD by a 

number of protein complexes embedded in the inner mitochondrial membrane (IMM) and 

are involved in the electron transport chain (ETC). The energy released by the electron 

transport through the ETC complexes is used to pump protons across the IMM through 

complex I, III and IV (Figure 4. 1). This results in the accumulation of protons in the 

mitochondrial intermembrane space, which forms a proton concentration gradient across 

the inner membrane.  Protons are pumped back into the matrix and this is coupled to ATP 

synthesis by the ATP synthase (complex V) (Mitchell, 1961; Liberman et al., 1969; Alberts 

et al., 2014).  

Neurons are very dependent on mitochondrial oxidative phosphorylation to produce energy 

which make them susceptible to mitochondrial dysfunction (Harris et al., 2012). 

Mitochondrial function is affected by the intracellular calcium levels. In fact, mitochondria 

are calcium-sensitive organelles. They can sense calcium levels and tune ATP production 

according to intracellular calcium concentrations (Kann et al., 2003). Transient calcium 

influx enhances the activity of mitochondrial enzymes and increases NADH production 

through the TCA cycle (Duchen, 1992). Calcium also helps mitochondria to navigate 

through the complex structure of the neurons (MacAskill et al., 2009b). At synapses, calcium 

influx through the NMDARs recruits mitochondria to high calcium concentration sites where 

the mitochondria are required for providing ATP (MacAskill et al., 2009b; Qiu et al., 2013). 

The ATP is required at synapses for a variety of  functions including glutamate recycling, 

ion efflux and synaptic signal transmission (Harris et al., 2012).  

In addition to ATP synthesis, mitochondria have important role in regulating intracellular 

calcium homeostasis. They are equipped with a tightly regulated calcium transport system. 

Mitochondria take up, and hence buffer, cytosolic calcium in response to neuronal excitation 

through mitochondrial calcium uniporter (MCU) (Qiu et al., 2013; Marland et al., 2016). 

Interestingly, it was shown that activating NMDARs induces a time-locked increase in 

cytosolic and mitochondrial calcium levels as they show similar time course and changing 
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rates in calcium levels (Peng and Greenamyre, 1998). This synchronised increase of 

cytosolic and mitochondrial calcium is important in neurons to ensure adequate ATP 

production needed in excited neurons. However, mitochondria have limited capacity for 

calcium uptake and mitochondrial calcium-overload leads to mitochondrial dysfunction (Qiu 

et al., 2013). High calcium concentration directly inhibits mitochondrial respiration (Pandya 

et al., 2013) and induces mitochondrial membrane depolarization (Stout et al., 1998). 

Furthermore, mitochondrial-calcium overload leads to neuronal excitotoxicity (Qiu et al., 

2013).  

 

  

Figure 4. 1 Electron transport chains at the inner mitochondrial membrane are responsible to provide 
cells with energy. Energy production in neurons starts with the TCA cycle in the mitochondrial matrix, where 
NADH and FADH2 are produced. NADH and FADH2 enter the ETC through complex I and II at the IMM, 
respectively, where they are oxidised. When oxidised, NADH and FADH2 donate their high-energy electrons 
that will be passed to oxygen molecules to form water. The released electrons are transferred across the ETC 
complexes. Complex I, III and IV of the ETC act as oxidation/reduction-driven proton pumps that pump out 
protons from the matrix across the IMM. This causes an electrochemical gradient across the membrane so 
protons are pumped back to the matrix. This is couples to ATP synthesis via complex V (ATP synthase). Thus, 
ATP production by the oxidative phosphorylation depend on the electrochemical proton gradient across the 
IMM. ATP: adenosine triphosphate; ADP: adenosine diphosphate; TCA: tricarboxylic acid; ETC: electron 
transport chain; IMM: inner mitochondrial membrane. 
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NMDA-mediated mitochondrial calcium-overload is an early event in NMDA-induced 

neuronal death (White and Reynolds, 1996). In fact, both synaptic and extrasynaptic 

NMDARs activation leads to increased mitochondrial calcium levels but higher levels that 

are associated with cell death are reached by extrasynaptic NMDARs activation (Stanika et 

al., 2009). Moreover, mitochondria initiate apoptosis by releasing apoptosis-inducing factors 

into the cytoplasm through the mitochondrial permeability transition pores (PTP), which are 

formed by NMDARs-mediated calcium overload (Schinder et al., 1996; White and Reynolds, 

1996). Therefore, there is an intimate relationship between intracellular calcium levels, 

mitochondrial function and neuronal death.  

Mitochondria are not the only organelles that can take up and accumulate cytosolic calcium. 

Endoplasmic reticulum (ER) (Montero et al., 1995), Golgi (Pinton et al., 1998), secretory 

vesicles (Mitchell et al., 2001) and peroxisomes (Lasorsa et al., 2008) can also sequester 

and buffer intracellular calcium (Figure 4. 2). Among those organelles, the ER is considered 

the main intracellular store for calcium as many proteins with high calcium-binding affinity, 

which can buffer calcium levels, reside in the ER (Macer and Koch, 1988). 

Figure 4. 2 Calcium concentration in different cellular compartments. Extracellular calcium concentration 
is estimated to be 1mM which is 10,000-fold higher than the intracellular calcium levels (100 nM). Most of the 
cellular calcium is sequestered in the ER (150 µM) (de Juan-Sanz et al., 2017) and mitochondria (100 µM). Both 
mitochondria and ER contain calcium binding proteins. The calcium channels on the mitochondrial membranes 
(VDAC, MCU and NCL) regulate calcium levels in mitochondria. On the ER, SERCA and IP3R mediates calcium 
influx and exit. Golgi can also sequester and buffer calcium and it contains calcium binding proteins such as 
CALNUC and p54/NEFA (Dolman and Tepikin, 2006). In addition, high calcium concentrations can be found in 
peroxisomes. VGCC: voltage-gated calcium channels, MCU: mitochondrial calcium uniporter, NCLX: sodium-

calcium exchanger, SERCA: sarco/endoplasmic reticulum Ca2+-ATPase. Adapted from (Orrenius et al., 2003). 
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The ER is a multifunctional organelle that mediates protein synthesis, folding and 

posttranslational modification in cells. It is also responsible for shipping different proteins 

and molecules toward their final destinations (Rizzolo and Kornfeld, 1988; Braakman and 

Hebert, 2013). In neurons, the ER forms a large continuous network that extends from the 

cell soma to the axons (Spacek and Harris, 1997; Terasaki, 2018) which facilitates rapid 

calcium transport across neurons (Choi et al., 2006). In addition to that, the ER contributes 

to the short-term neuronal plasticity by providing intracellular calcium levels needed for 

spontaneous neurotransmitters release (Emptage et al., 2001). However, triggering calcium 

release from the ER can induce neuronal apoptosis (Dong et al., 2017). In fact, over 

activation of NMDARs also induces calcium release from the ER, which contributes to 

NMDA-mediated mitochondrial dysfunction through increasing ROS production and 

inducing mitochondrial depolarisation (Ruiz et al., 2009). This highlights the important role 

of the ER-mitochondria crosstalk especially in neurodegenerative diseases where calcium 

is dysregulated and mitochondrial function is perturbed (Lee et al., 2018).  

Having established that HECTD1 is cleaved by a Calcium-dependent mechanism upon 

NMDA extrasynaptic signalling, the focus of this chapter is to determine whether changes 

in intracellular calcium levels also trigger HECTD1 cleavage. Indeed, NMDARs activation 

has been shown to trigger ER calcium release leading to elevated intracellular calcium 

levels and mitochondrial stress (White and Reynolds, 1996) (Ruiz et al., 2009). Therefore, 

does an increase in calcium release from the ER or mitochondria, caused by cellular 

stressors, also induces HECTD1 cleavage in a calcium-dependent manner? 
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4.2 Aims and objectives 

Mitochondrial function is linked to NMDARs activation and overstimulation of NMDARs is 

associated with mitochondrial dysfunction (White and Reynolds, 1996). Since HECTD1 is 

cleaved in response to NMDA-mediated neuronal excitation (Chapter 3), I next asked 

whether mitochondrial stressors, either directly or indirectly through the release of calcium 

from the ER, would result in HECTD1 proteolytic cleavage. The objectives were to: 

1. Investigate whether HECTD1 is cleaved during mitochondrial depolarisation by the 

uncoupler FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone). 

Dose/time response experiments were first carried out using MTT assay in order to 

find the optimum FCCP concentration that would affect mitochondrial respiration 

while minimizing cell death. The optimised conditions were then used to study 

HECTD1 cleavage by immunoblotting after FCCP treatment. 

 

2. Examine whether HECTD1 cleavage is a result of FCCP-induced apoptosis. 

Apoptosis was examined using the apoptotic marker annexin V in combination with 

calcein, an indicator of cellular metabolic activity. 

 

3. Investigate whether HECTD1 is cleaved in response to other mitochondrial stress 

inducer that block mitochondrial respiration. Antimycin A was used to block complex 

III of the ETC complexes and HECTD1 was analysed by immunoblotting.  

 

4. Examine whether HECTD1 is cleaved in response to calcium release from 

intracellular stores, specifically the ER. To investigate this, thapsigargin, an ER drug 

was used to release ER-stored calcium and HECTD1 cleavage was assessed using 

immunoblotting. 

 

5. Examine the effect of replacing the culture media with fresh media on HECTD1 

cleavage and investigate the possible mechanism involved. Extracellular and 

intracellular calcium chelators were used to identify the source of calcium inducing 

HECTD1 cleavage.  
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4.3 Results 

4.3.1. Mitochondrial membrane depolarization induces HECTD1 cleavage in a 

calcium-dependent manner. 

According to the results from the previous chapter (Chapter 3), HECTD1 is cleaved in 

neurons in response to bath application of NMDA or glutamate, or by activating the 

extrasynaptic NMDARs. Both conditions, glutamate treatment and extrasynaptic NMDAR 

activation, are known to cause the loss of mitochondrial membrane potential by inducing 

calcium overload in the mitochondria (Hardingham et al., 2002). Therefore, whether 

HECTD1 cleavage is due to mitochondrial depolarisation was investigated next. 

4.3.1.1 Optimization of FCCP treatment conditions 

In order to induce mitochondrial depolarisation, a mitochondrial uncoupler was used. 

Uncouplers are hydrophobic molecules with protonophoric activity. They can transfer 

protons across the membrane lipid bilayers leading to dissipating the proton gradient across 

the membrane. They allow the production of protons (from oxidation) but uncouple it from 

phosphorylation (Terada, 1990). Since ATP production in the mitochondria depends on the 

coupling of oxidation to phosphorylation, mitochondrial uncouplers inhibit ATP synthesis by 

preventing coupling reaction in a way that the energy produced by redox reactions cannot 

be used for phosphorylation.  

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), a mitochondrial uncoupler, 

was used to investigate HECTD1 cleavage in response to mitochondrial depolarisation. 

FCCP treatment also leads to the release of calcium from mitochondria which leads to the 

increase of cytosolic calcium levels (Ruiz et al., 2018). However, the loss of mitochondrial 

membrane potential is an early signal of excitotoxic cell death (White and Reynolds, 1996). 

Therefore, the aim was to induce mitochondrial depolarisation with minimum cell death in 

order to capture any potential calcium-dependent cleavage of HECTD1. Thus, optimization 

experiments were done prior to investigating HECTD1 cleavage. 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to 

measure cell viability after FCCP treatment. MTT is a colorimetric quantitative assay that 

depends on mitochondrial activity in reducing the soluble yellow MTT compound and 

converting it to formazan, which has a dark purple colour that can be measured at 495nm. 

Darker purple colours represent more active mitochondria and less purple colours indicate 

increased cell death. The intensity of the purple colour is directly proportional to the number 

of viable cells (van Meerloo et al., 2011).  
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Treatment of neurons with FCCP caused neuronal death in a dose-dependent manner over 

a 24-hour incubation time (Figure 4. 3). The decrease in the absorbance at 495nm indicating 

cell toxicity was confirmed by bright field images showing neuronal death. The absorbance, 

which reflects mitochondrial activity, was plotted against drug concentration to calculate the 

half maximal inhibitory concentration (IC50) of FCCP which reflect the concentration of an 

inhibitor where the response is decreased by half (IC50 of FCCP = 1 – 6 µM). 

 

 

 

  

Figure 4. 3 Calculating the IC50 of the mitochondrial drug FCCP in mouse embryo-derived cortical 

neurons. Mouse embryo-derived cortical neurons were cultured for 7days then treated with FCCP or the 

vehicle, DMSO, for 24hr in order to calculate the IC50 using the MTT assay. Images of neurons were taken 
before the MTT test where the absorbance at 495nm were measured by a spectrophotometer and plotted 
against the Log concentration (M) in order to determine the IC50 of FCCP. The estimated IC50 of FCCP is 1-6 
µM. Error bars represent ± S.E.M of three different replicates. 
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Based on the calculated concentration of the IC50 of FCCP, the treatment duration was 

determined next using 3 and 10 µM FCCP. MTT assay was used again to measure 

mitochondrial activity after FCCP treatment for different time-points to determine the 

suitable treatment duration (Figure 4. 4). The results showed a time-dependent reduction 

mitochondrial activity upon FCCP treatment, especially with higher concentrations (10 µM) 

of FCCP (Figure 4. 4). Based on this optimization I chose to investigate HECTD1 cleavage 

using FCCP concentration of 3, 5 or 10 µM and incubation time of 1 – 4 hrs. 

 

 

 

  

Figure 4. 4 Optimisation of the FCCP treatment duration in mouse embryo cortical neurons. Two different 
concentrations of FCCP (3 and 10 µM) were used for the indicated time-points. (A) Representative images of 
neurons treated with FCCP or vehicle (DMSO) before MTT test. (B) Percentage of the cell viability calculated 
using MTT assay.  Error bars represent ± S.E.M of two different experiments. 
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4.3.1.2 FCCP treatment induces HECTD1 cleavage in cortical neurons and is calcium 

dependent 

After optimizing the conditions of FCCP treatment concentration and duration for mouse 

cortical neurons, HECTD1 cleavage was investigated in 7 and 12 DIV neurons (Figure 4. 

5). The results showed that in both young and mature neurons (Figure 4. 5A and B), 

HECTD1 was cleaved following FCCP treatment and the cleavage increased with time and 

concentration of the mitochondrial stressor. This means that HECTD1 is cleaved in 

response to mitochondrial depolarisation. Importantly the cleavage product corresponded 

to HECDT1_fragment 2, which is the fragment obtained following calpain and caspase 

cleavage. Therefore just as in the case of NMDA or glutamate treatment, FCCP leads to a 

cleavage product reminiscent of the sequential cleavage of HECTD1 previously observed 

in chapter 3. 

HECTD1 cleavage in response to NMDA or glutamate treatment is calpain-dependent and 

requires extracellular calcium influx into neurons as both calpain inhibitor (calpeptin) and 

the calcium chelator EGTA completely block HECTD1 cleavage (Chapter 3). FCCP 

treatment triggers mitochondrial membrane collapse, which leads to the release of 

mitochondrial calcium into the cytosol in cortical neurons (Ruiz et al., 2018). In addition, 

calpains can be activated downstream of mitochondrial depolarisation (D'Orsi et al., 2012). 

Thus, the next question was whether FCCP-induced HECTD1 cleavage is calcium-

dependent and whether calpains are involved. To answer that, calpeptin was used to 

explore if calpains are involved in FCCP-induced HECTD1 cleavage. Calpeptin which 

inihibts calpains but also cathepsin completely blocked HECTD1 cleavage (Figure 4. 5C; 

lane 5). However, in order to chelate intracellular calcium release by FCCP treatment, Bapta 

was used instead of the extracellular calcium chelator EGTA. 

Pre-treating neurons with Bapta before FCCP exposure did not stop the cleavage of 

HECTD1 (Figure 4. 5C; lane 6). Surprisingly, Bapta alone induced HECTD1 cleavage and 

the appearance of a band of size similar to HECTD1_fragment 1 (Figure 4. 5C; lane 2, band 

indicated with asterisk). This suggests that Bapta treatment alone had somehow activated 

calpains but this did not lead to caspase cleavage of HECTD1. Bapta induces mitochondrial 

depolarization in cultured neurons (Buckman and Reynolds, 2001; Gandhi et al., 2012) and 

this could explain why a band corresponding to the size of HECTD1_fragment 1 was 

detected. Importantly, HECTD1 cleavage induced by FCCP treatment was not abbrogated 

by preincubation with Bapta (Figure 4. 5C; lane 6, band marked with arrowhead). This could 

indicate that under conditions of FCCP-induced mitochondrial stress HECTD1 is likely 

cleaved sequentially by calpain and caspase down to HECTD1_fragment 2 and that calpain 

activation in that context is calcium-independent. Another possible explanation could be 
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due to a technical issue with Bapta concentration. It will be important to optimize the Bapta 

concentration in our cellular model to determine whether FCCP induces the calcium-

dependent activation of clapains which leads to HECTD1 cleavage. It has been shown that 

higher concentration of 20 µM of Bapta can induce apoptosis in primary cortical neurons by 

overwhelming calcium buffering capacity (Turner et al., 2007) which could affect HECTD1 

cleavage in our neuronal model. During NMDA-induced HECTD1 cleavage, it was 

previously observed that the the second cleavage event of HECTD1 is mediated by 

caspases. Therefore a caspase inhibitor should confirm whether FCCP treatment also 

trigger similar pathway as the Molecular weight of the band observed on (Figure 4. 5, band 

marked with arrowhead) seem to suggest that the band obatined represent the fully 

cleavaged HECTD1 spcies (Calpain + caspase cleavage). Overall, these data show that 

HECTD1 is cleaved in neurons in response to mitochondrial stress and it is calpain-

mediated. 
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Figure 4. 5 HECTD1 is cleaved in response to FCCP treatment in mouse cortical neurons. Cortical neurons 
isolated from E15 mouse embryo and cultured for 7 DIV (A) or 12 DIV (B) treated with indicated concentrations of 
FCCP for indicated time points. Control samples were treated with vehicle (DMSO) for 4 hrs. (A) and (B) Immunoblot 
images showing HECTD1 protein is cleaved gradually with time in response to FCCP treatment. (C) Immunoblot 
images of 7 DIV cortical neurons treated with FCCP (10 µM for 2 hrs) with calpain inhibitor and Bapta. Inhibitors 
were added 1 hr prior to FCCP treatment except Bapta which was added 5 min before FCCP incubation. Samples 
were analysed on 4-12% SDS PAGE followed by western blot of PVDF membranes. β-tubulin III was used as 
loading control. 10 µg of samples were loaded per well. For quantification, band intensities of HECTD1 (normalised 
to β-tubulin III) were compared to control (DMSO). Data form one experiment. Asterisk indicates HECTD1_fragment 
1 while HECTD1_fragment 2 was labelled with an arrowhead. 
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4.3.1.3 HECTD1 is cleaved in neurons in response to FCCP-induced apoptosis 

HECTD1 is cleaved in response to FCCP treatment through a mechanism likely involving 

calpain and caspase cleavage. Mitochondrial stressor can induce cell death in neurons 

(Moon et al., 2005), therefore, whether HECTD1 cleavage was a by-product of apoptotic 

cell death was next examined. To test this, neurons were treated with 10 µM of FCCP for 

different time points and then were stained with calcein-AM and annexin V to measure cell 

viability and to evaluate apoptosis (Figure 4. 6A). Calcein-AM is an indicator of cellular 

metabolic activity which reflects cell viability (Gatti et al., 1998) whereas annexin V is an 

early apoptotic marker (van Engeland et al., 1998). The ratio of calcein-AM/annexin V is a 

good indicator of the ratio of live/dead cells. FCCP-induced apoptosis is commonly 

observed at the concentration used in our system. A significant decrease in calcein-AM in 

FCCP-treated cells was observed compared to control (DMSO) following FCCP treatment 

(Figure 4. 6C). This was accompanied by a significant increase in the number of apoptotic 

cells compared to the control suggesting that FCCP treatment led to increased cell death 

(Figure 4. 6D). Of note, given the complex growth pattern of neuronal cultures, we did not 

quantify the number of green/red doubly positive cells, which is a more direct quantification 

of apoptotic cells. As shown in Figure 4. 6B, treating neurons with FCCP induced HECTD1 

cleavage after 30 min and this was increased by time as stronger cleaved bands were 

detected after 60 and 120 min. These data show that FCCP-induced HECTD1 cleavage is 

occurring during apoptosis. Of note, 10 µM of FCCP was used in this experiment. This 

concentration of FCCP reduced cell viability by 50% and 70% after 1 hr and 2 hrs of FCCP 

exposure, respectively (Figure 4. 4B). At the concentration tested, FCCP induced HECTD1 

cleavage which is driven by apoptotic cell death and calpain and caspase activation. 
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Figure 4. 6 FCCP-induced HECTD1 cleavage is associated with apoptotic cell death. Mouse embryo-derived cortical neurons (7 DIV) were treated with FCCP (10 µM) for 
indicated time points and then stained with calcein-AM and annexin V for 15 min at 37OC. (A) Representative images of FCCP-treated neurons (or vehicle-treated neurons) for 
indicated time points and then stained with calcein-AM and annexin V for 15 min at 37OC. Images were taken by EVOS FL Cell Imaging System. Scale bars represent 200 µm. 
(B) Immunoblots images of FCCP-treated neurons. Samples were analysed on 4-12% SDS PAGE followed by western blot of PVDF membranes. β-tubulin III was used as 
loading control. 10 µg of samples were loaded per well. For quantification, band intensities of HECTD1 (normalised to β-tubulin III) were compared to control (DMSO). (C) 
Quantification of calcein-AM intensity and (D) calculated calcein-AM/annexin V ratio from (A) measured by ImageJ. Data plotted represent mean with error bars represent ± 
S.E.M of two separate experiments. Comparison between groups were assessed with unpaired Student t test (statistical significance: *p<0.05).      
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4.3.2. HECTD1 cleavage is induced by Antimycin A in young neurons 

In the previous section, it was shown that HECTD1 was cleaved in response to FCCP 

treatment which causes mitochondrial depolarisation. This indicates that HECTD1 levels of 

the full-length protein, and therefore perhaps its activity too, may be regulated during 

mitochondrial stress. To examine how sensitive is HECTD1 to other mitochondrial stressor, 

the effect of antimycin A was next evaluated. Antimycin A is an antifungal chemical 

compound produced by Streptomyces Kitazawensis (Nakayama et al., 1956). It is a 

mitochondrial respiratory chain inhibitor that inhibit complex III of the ETC and block the 

electron transfer (Slater, 1973). Inhibiting complex III will result in increased ROS production 

(Chen et al., 2003b) and reduced ATP production (Ma et al., 2011) leading to mitochondrial 

dysfunction. Antimycin A also activates calpains in cortical neurons and hence can lead to 

HECTD1 cleavage by calpains (Huang et al., 2013). 

Antimycin A was used to induce mitochondrial stress in 7 and 12 DIV neurons and HECTD1 

cleavage was assessed by immunoblotting. The results showed that antimycin A treatment 

induced HECTD1 cleavage in the 7 DIV neurons and the cleavage increased with higher 

antimycin A concentrations (Figure 4. 7A). However, no effect was detected on HECTD1 in 

12 DIV neurons (Figure 4. 7B) even at 10 µM of antimycin A. This could be explained by 

the different sensitivities of the developing and the mature neurons to mitochondrial drugs. 

Indeed, younger neurons (7 – 9 DIV) are shown to be vulnerable to mitochondrial 

impairment induced by antimycin A while more mature neurons are not (Voloboueva et al., 

2010). The cleavage product obtained upon Antimycin A treatment is around 185kDa which 

likely represents HECTD1_fragment 2. This could suggest that as in FCCP treatment, 

antimycin A treatment induces HECTD1 cleavage too. Determining whether calpain and 

caspase inhibitors as well as calcium are involved will validate that the mechanisms 

involved are similar between NMDA, FCCP and Antimycin A treatments. Antimycin A was 

shown to impair UPS activity and antagonised the degradation of a model substrate 

UbG76V-GFP (Segref et al., 2014). Interestingly, C. elegans HECD1-mutant worms, the 

homologue of mammalian HECTD1, also stabilised UbG76V-GFP and in addition to that 

these worms also sensitive to antimycin A treatment. This data could suggest that during 

mitochondrial stress UPS activity degradation decreases, perhaps through the cleavage of 

HECTD1. It would be interesting to explore whether this proteolytic event is part of a 

mitochondrial stress response. 
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Figure 4. 7 Antimycin A treatment only induces HECTD1 cleavage in young (7DIV) neurons. Cortical neurons isolated from E15 mouse embryo and cultured for 7 DIV (A) 
or 12 DIV (B) treated with indicated concentrations of Antimycin A for indicated time points. Control samples were treated with vehicle (ethanol). Samples were analysed on 4-
12% SDS PAGE followed by western blot of PVDF membranes. β-tubulin III was used as loading control. 10 µg of samples were loaded per well. For quantification, band 
intensities of HECTD1 were normalized. Data form one experiment.
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4.3.3. HECTD1 is cleaved in response to ER drug that increases intracellular calcium 

levels  

It was shown in the previous chapter that HECTD1 is cleaved in response to the influx of 

extracellular calcium into neurons. Here, whether elevated intracellular calcium levels could 

also induce HECTD1 proteolytic cleavage is investigated.  

The ER is the major intracellular calcium storage organelle in cells and ER stress results in 

increased intracellular calcium (Montero et al., 1995). Thapsigargin is a calcium ATPase 

inhibitor that blocks calcium uptake by the ER leading to increased cytosolic calcium levels 

by depleting and preventing calcium accumulation in the ER (Thastrup et al., 1990; Lytton 

et al., 1991). Therefore, thapsigargin was used to increase intracellular calcium levels to 

test HECTD1 cleavage. Treating 7 DIV neurons with thapsigargin did not affect HECTD1 

cleavage (Figure 4. 8A) except at high concentrations (500 µM) (Figure 4. 8A; lanes 5, 10 

and 15). This is consistent with a previous study that had shown that 8 DIV cortical neurons 

are not sensitive to thapsigargin treatment (Gruszczynska-Biegala and Kuznicki, 2013). 

Moreover, high concentrations of thapsigargin such as 500 µM result in irreversible effect 

on the ER function (Baudet et al., 1993). This explain why only 500 µM of thapsigargin 

induced HECTD1 cleavage.  

In 12 DIV neurons, low concentrations of thapsigargin did not induce HECTD1 cleavage 

(0.1 and 1 µM) (Figure 4. 8B). A previous study had shown that treating neurons with low 

concentrations of thapsigargin (1 – 2 µM)  induces small calcium increase in cortical 

neurons (Oliveira and Gonçalves, 2009). According to the result from the previous chapter 

(Chapter 3), HECTD1 cleavage requires high calcium levels to activate m-calpains. The 

lack of HECTD1 cleavage using this thapsigargin protocol likely reflects the fact that calcium 

concentration where not high enough to induce calpain-mediated cleavage. Subsequently, 

HECTD1 was not cleaved as thapsigargin treatment did not result in high intracellular 

calcium levels. Therefore, the concentration of intracellular calcium should be measured 

after thapsigargin treatment to confirm these observations. On the other hand, HECTD1 

was cleaved when 10 µM of thapsigargin was used (Figure 4. 8B; lanes 6 – 7 and 10 – 11). 

Since higher concentrations of thapsigargin induces higher elevation in calcium levels 

(Huang et al., 2011) this likely explains why HECTD1 was cleaved when higher 

concentrations of thapsigargin were used. Moreover, longer incubation with thapsigargin 

resulted in more cleavage of HECTD1 and at 6 hrs almost all full-length HECTD1 was 

cleaved (Figure 4. 8B; lane 11). Again, measuring the intracellular calcium concentration 

would further validate this data. 
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Since thapsigargin treatment in cortical neurons results in the activation of calpains and 

caspases (Siman et al., 2001), I argue that the HECTD1 cleaved band observed upon 

thapsigargin is likely from a calpain/caspase cleavage as for NMDA, FCCP and antimycin 

A. 

Interestingly, two bands of HECTD1 were detected in 7 DIV neurons when 500 µM of 

thapsigargin was used (Figure 4. 8A; lanes 5, 10 and 15). Similar cleaved bands were also 

detected in 12 DIV neurons at 10 µM concentration of thapsigargin for 2 hrs (Figure 4. 8B; 

lane 6). The estimated molecular weights of the HECTD1_fragment 1 (marked with an 

asterisk) and the HECTD1_fragment 2 (marked with arrowhead) match the calpain- and 

caspase- cleaved bands, respectively, after NMDA treatment. In contrast, when higher 

concentrations of thapsigargin were used (500 µM, Figure 4. 8B; lanes 7 and 11) or longer 

incubation time with 10 µM of thapsigargin (Figure 4. 8B; lane 7) only the caspase-produced 

band (HECTD1_fragment 2) was detected (band marked with arrowhead). This could mean 

that thapsigargin treatment resulted in increased calcium levels where calpains were 

activated and produced the first HECTD1 cleaved band (marked with asterisk). On the other 

hand, weak activation of caspases resulted in the second cleaved band (marked with 

asterisk) in 7 DIV neurons compared to 12 DIV neurons or when low concentrations of 

thapsigargin used in 12 DIV neurons. However, caspase and calpain inhibitors needed to 

confirm those observations. 

The difference between the results of thapsigargin treatment on 7 and 12 DIV neurons could 

be due to developmental differences between the two populations as it has been shown 

that thapsigargin can have opposing effects on mature and immature neurons (Levick et 

al., 1995). In addition, the ER calcium ATPase in microsomes isolated from younger 

neurons have lower activity compared to those in adult neurons (Pelled et al., 2003). This 

could explain why HECTD1 was only cleaved in 12 DIV neurons where the ATPase were 

most affected. Furthermore, thapsigargin had been shown to trigger calcium release from 

mitochondria through inducing the formation of mitochondrial permeability transition pores 

(Korge and Weiss, 1999). This could mean that the detected cleaved HECTD1 in 7 DIV 

neurons was a result of thapsigargin-mediated mitochondrial permeabilization which leads 

to an increase in intracellular calcium levels. In addition, as was seen with NMDA treatment, 

there might be a calcium threshold required for specific calpain activation and HECTD1 

cleavage. 

These results show that HECTD1 is cleaved in response to ER stress which can lead to an 

increased intracellular calcium level. HECTD1 cleavage could be a regulation mechanism 
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during cellular stress in neurons to regulate HECTD1 function Yet it is not clear how the 

cleavage affects HECTD1 function and in particular its ubiquitin ligase activity.  
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Figure 4. 8 HECTD1 is cleaved in response to thapsigargin. Cortical neurons isolated from E15 mouse embryo and cultured for 7 DIV (A) or 12 DIV (B) treated with indicated 
concentrations of thapsigargin for the indicated time-points. Control samples were treated with vehicle (DMSO). High concentrations and long incubation of thapsigargin (B, lanes 
11,14 and 15) led to cell death which affected the validity of the experiment. Samples were analysed on 4-12% SDS PAGE followed by western blot of PVDF membranes. β-
tubulin III was used as loading control. 10 µg of samples were loaded per well. For quantification, band intensities of HECTD1 were normalized to β-tubulin III. Data are form one 
experiment. Asterisk indicates HECTD1_fragment 1 while HECTD1_fragment 2 was labelled with an arrowhead. 
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4.3.4. HECTD1 cleavage is sensitive to culture media replacement 

It was shown that HECTD1 is cleaved after treatments with mitochondria and ER stressors. 

HECTD1 cleavage during cellular stress induced by hydrogen peroxide (H2O2) was next 

investigated. H2O2 is a reactive oxygen species that is produced by mitochondria during 

respiration. Treating neurons with H2O2 leads to increased intracellular calcium levels 

(Whittemore et al., 1995) and hence it may induce HECTD1 cleavage. Interestingly, H2O2 

upregulates NEDD4 expression in primary cortical neurons suggesting that some E3 ligases 

might be sensitive to changes in reactive oxygen species concentration (Kwak et al., 2012). 

Thus, neurons were treated with H2O2 and HECTD1 cleavage was assessed by 

immunoblotting. 

Treating cortical neurons with H2O2 did not induce HECTD1 cleavage nor did it affect 

HECTD1 levels (Figure 4. 9A). However, since neuronal culture media contain antioxidant 

that can protects neurons from the effect of H2O2, I also tested media without antioxidant (-

AO) (Desagher et al., 1997). Neurons were cultured with normal complete medium 

(containing antioxidants) for 7 days, then the medium was either replaced with fresh 

complete medium or –AO medium prior to the addition of H2O2. The results showed that 

replacing the media with media –AO alone resulted in HECTD1 cleavage even in the 

absence of H2O2 (Figure 4. 9B, lane 1). H202 treatment led to a dramatic decrease in β-

tubulin III levels, suggestive of extensive cell loss (Figure 4. 9B; lane 3). This indicates that 

replacing the culture media alone induced HECTD1 cleavage. To confirm this observation 

and determine whether the cleavage is the same as the one observed through various 

treatments, an experiment was conducted where complete medium was replaced after 7 

days of culture with fresh media AO (Figure 4. 9C; lane 3) or fresh complete media with 

antioxidant (Figure 4. 9C; lane 5). I found that in both cases, replacing the culture media 

with fresh media induced HECTD1 cleavage (Figure 4. 9C; lanes 3 and 5). Importantly this 

cleavage also appears to be calpain-dependent as calpeptin blocked this proteolytic event 

(Figure 4. 9C; lanes 4 and 6). 

A previous study showed that replacing culture media with fresh media induces neuronal 

damage and this is mediated through the NMDARs (Driscoll et al., 1993) (Rosenberg, 

1991). To confirm this, NMDARs blocker MK-801 and AP5 were used and incubation of 

neurons with these blockers abolished the HECTD1 cleavage (Figure 4. 9D; lanes 4 and 

5). Since HECTD1 cleavage induced by culture media change was through NMDARs, this 

implies the role of changes in calcium flux as a driver for this cleavage event. Thus, EGTA 

and Bapta were used to confirm the role of extracellular calcium. It was found that EGTA 

(Figure 4. 9E; lanes 3 and 4), but not Bapta, blocked the HECTD1 cleavage (Figure 4. 9E; 

lanes 6 and 8).  
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These results showed that replacing the neuronal culture media with fresh media results in 

HECTD1 cleavage through a mechanism reminiscent of what was observed in the previous 

chapter and implicating changes in calcium flux followed by calpain and caspase activation. 

Accordingly, replacing the culture media should be considered during experiments that are 

sensitive to calcium influx in neurons.    

 

Figure 4. 9 Characterising the HECTD1 cleavage in response to H2O2 and culture media replacement. 
Cortical neurons isolated from E15 mouse embryo and cultured for 7 DIV in neurobasal media containing 
antioxidants. (A) 7 DIV neurons treated with indicated concentration of H2O2 for 1hr. (B) Neurons were treated 
with H2O2 for 1hr after replacing the culture media with fresh media –AO. Control sample was treated with 
vehicle (DMSO). (C), (D) and (E) Neurons cultured in neurobasal media containing AO were replaced with fresh 
media (with or without AO) and pre-treated with calpeptin, MK-801, AP5, Bapta or EGTA. For control samples, 
no fresh media was used. The culture media was physically removed from wells and re-loaded. Samples were 
analysed on 4-12% SDS PAGE followed by western blot of PVDF membranes. β-tubulin III was used as loading 

control. 10 µg of samples were loaded per well. AO: antioxidants. 
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4.4 Discussion 

In this Chapter, it was found that HECTD1 proteolytic cleavage occurs in mouse cortical 

neurons treated with different stimuli including the uncoupler FCCP, the electron chain 

inhibitor antimycin A as well as thapsigargin-induced ER stress. Although I have not 

measured calcium levels, the effect of FCCP, Antimycin A and thapsigargin on calcium is 

well documented (Lytton et al., 1991; Huang et al., 2013). Our data show that HECTD1 

cleavage occurs sequentially just as what was observed with NMDA treatment (Chapter 3). 

Calpain cleavage is the first proteolytic event which is then followed by caspase mediated 

cleavage.  

Although our hypothesis implicates changes in calcium levels as the trigger of calpain 

proteolytic activity which leads to HECTD1 cleavage, the role of calcium remains to be 

confirmed. Indeed, Bapta experiments, which chelate intracellular calcium, did not inhibit 

HECTD1 cleavage while calpain inhibitor did. This is likely due to the Bapta concentration 

which would need to be optimized in our cellular model.  

HECTD1 cleavage triggered during mitochondrial stress can be a regulatory 

mechanism of HECTD1 function 

It is well understood how E3 ligases play different roles in regulating different aspect of the 

mitochondria including its function, dynamics, trafficking and elimination. However, little is 

known about how mitochondrial impairment can affect the E3 ligases function. The best-

understood example is the parkin E3 ligase, which is activated through phosphorylation by 

PINK1 upon mitochondrial depolarisation (Kondapalli et al., 2012). PINK1 is localised at the 

IMM and upon mitochondrial depolarisation it translocates and accumulates at the OMM 

where it recruits and phosphorylates parkin, resulting in the activation of the parkin ubiquitin 

ligase activity (Jin et al., 2010). Therefore, parkin is recruited to damaged mitochondria 

where it is activated and induces mitophagy. HECTD1 could also be recruited to damaged 

mitochondria and this recruitment could result in HECTD1 cleavage or HECTD1 could 

already be at the mitochondria and it is cleaved at the mitochondria and released rather 

than being recruited (Further investigated in Chapter 5). To the best of our knowledge, 

HECTD1 is the first E3 ligase that is cleaved in response to mitochondrial depolarisation 

through FCCP or antimycin A-induced mitochondrial stress in neurons. However, the impact 

of HECTD1 cleavage on its activity and function is still unclear. Interestingly, Segref and 

colleagues had shown that impairment in mitochondrial metabolism is associated with 

defects in the ubiquitin-mediated degradation (Segref et al., 2014). They also showed that 

loss of HECD1, the C. elegans orthologue of human HECTD1, results in increase ROS 

levels in C. elegans. Our finding could explain the link between the defects in the UPS 
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during mitochondrial stress and HECTD1 function. It can thus be suggested that HECTD1 

cleavage during mitochondrial stress (induced by FCCP or antimycin A) inhibits its activity 

which result in the impairment of the UPS. It worth mentioning that loss of HECTD1 leads 

to the reduction of the global cellular ubiquitin pool in cranial mesenchymal cells (Sarkar 

and Zohn, 2012).  

 

ER stress regulate the expression of E3 ligases and deubiquitinases  

Data in this chapter also show that HECTD1 is cleaved in a calcium dependent manner in 

response to ER stress. To the best of our knowledge, HECTD1 is the only E3 ligase that is 

proteolytically cleaved upon ER stress, and it will be interesting to measure the calcium 

concentration threshold at which this takes place. Yet, it is not known if HECTD1 cleavage 

enhance or abolish its activity. The ER has many important functions in cells including 

protein folding and calcium storage. The ER lumen contains the highest calcium 

concentration in the cell which is transferred into the ER through the calcium ATPase (Giorgi 

et al., 2018). Many molecular chaperons that reside in the ER, which are responsible for 

proteins folding and modification, are calcium-dependent enzymes such as Grp78 (also 

known as Bip) and calreticulin (Siman et al., 2001). Inhibiting the calcium ATPase function, 

using thapsigargin for example, results in the loss of the ER calcium-dependent chaperons. 

This results in the accumulation of unfolded or misfolded proteins which triggers a cellular 

response called unfolded protein response (UPR) (Corbett et al., 1999).  

Figure 4. 10 Suggested role of HECTD1 during mitochondrial stress that link impaired mitochondrial 
function with defects in the ubiquitin-mediated degradation. Loss of HECD1 in C. elegans results in 
impairment in mitochondrial function and increase ROS production (black arrows). Mitochondrial impairment 
induced by antimycin A is associated with defects in the UPS in C. elegans and human (black arrows)(Segref 
et al., 2014). Therefore, HECTD1 could be the link between mitochondrial impairment and the UPS defects. 
HECTD1 cleavage induced by mitochondrial stress could result in killing HECTD1 activity which in turn impairs 
the UPS function (red arrows). Another possible explanation is that HECTD1 cleavage leads to the activation of 
HECTD1 where it could have a protective role by degrading mitochondrial damaged proteins through 
mitochondria-associated degradation pathway (blue arrow).      
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One of the mechanisms activated during the UPR is the ER-associated protein degradation 

(ERAD) which is mediated by the UPS (de Virgilio et al., 1999; Travers et al., 2000). ERAD 

requires the retrograde translocation of the unfolded proteins from the ER to the cytosol 

where they are degraded by the proteasome. This results in the clearance of the 

accumulated unfolded proteins and restores homeostasis. Recently, a few E3 ligases have 

been found to be upregulated in response to UPR during ERAD. Hrd1 is one of those E3 

ligases. It is upregulated during ERAD in primary cortical neurons where it facilitates 

amyloid precursor protein (APP) degradation (Cui et al., 2018) and in SH-SY5Y cells, 

although its exact function is not known (Dibdiakova et al., 2019). Another E3 ligases that 

is activated in response to UPR is NEDD4-2, a NEDD4 related protein (Yang and Kumar, 

2010). UPR triggers NEDD4-2 upregulation to induce autophagy which results in the 

degradation of unfolded protein aggregates (Wang et al., 2016). Since thapsigargin 

treatment induces HECTD1 cleavage in neurons, it could be expected that HECTD1 may 

be involved in UPR induced by thapsigargin. The ER stress have only been found to 

upregulate the expression levels of some E3 ligases but no E3 ligase is known to be cleaved 

in response to ER stress. Furthermore, it is not known if calcium plays a role in the 

upregulation process of Hrd1 or NEDD4-2. However, it could conceivably be hypothesised 

that upon ER stress and the induction of UPR, HECTD1 is activated by the cleavage event 

which would play a role in degrading unfolded ER proteins. 

HECTD1 could be a calcium sensor during cellular stress 

The two major calcium storage organelles in cells are ER and mitochondria. FCCP and 

thapsigargin, mitochondria and ER stressors, respectively, are known to disturb calcium 

homeostasis in cells. According to our results, it is assumed that HECTD1 was cleaved in 

response to increased calcium concentration which indicates that HECTD1 is sensitive to 

changes in calcium levels and may be a calcium sensor that is involved in calcium 

homeostasis. Calcium influx in neurons is shown to upregulate proteasomal function 

(Djakovic et al., 2009) and ubiquitin E3 ligase activities (Ehlers, 2003). Although HECTD1 

does not contain calcium binding domain, such as NEDD4, it may bind calcium sensing 

proteins such as calmodulin. Calmodulin (CaM) is a calcium binding protein that binds and 

regulates the function of different proteins. Many proteins that interact with CaM are proteins 

unable to bind to calcium themselves. Therefore, CaM is the linker between the calcium 

and a specific protein. The function of the E3 ligase UBE3B is regulated by CaM. CaM-

UBE3B interaction is lost at high calcium concentration, leading to the increased ubiquitin 

ligase activity of UBE3B (Braganza et al., 2017). Interestingly, UBE3B is a mitochondria-

associated E3 ligase, which indicates that mitochondria-associated E3 ligases can be 

regulated by calcium levels.  
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Our data showed that HECTD1 is cleaved by calcium dependent processes where the 

HECT domain might be released upon cleavage are novel and exciting and raise multiple 

questions including the subcellular localisation of HECT1D in neurons (Addressed in 

chapter 5). It is tempting to speculate that given HECTD1 sensitivity to proteolytic cleavage 

triggered by calcium-dependent processes, this E3 ligase might reside at or near one or 

more calcium storage organelles such as the mitochondria and the ER.  
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4.5 Future work 

Our data showed that HECTD1 is cleaved in response to FCCP, which indicates that 

HECTD1 activity is regulated during mitochondrial depolarisation. Mitochondrial membrane 

depolarisation can result in neuronal death (White and Reynolds, 1996). Therefore, it is 

important to identify whether HECTD1 is cleaved before or during the loss of mitochondrial 

membrane potential which will help in understanding the role of HECTD1 cleavage. 

Mitochondrial membrane potential can be measured using fluorescent indicators such as 

rhodamine 123 (Duchen and Biscoe, 1992) or TMRE  (Smaili and Russell, 1999) which are 

fluorescent dyes where their sequestration in active mitochondria is driven by mitochondrial 

membrane potential. If HECTD1 was cleaved before or during early mitochondrial 

depolarisation, then this suggest a role for HECTD1 in mediating mitochondrial homeostasis 

or that HECTD1 may have a protective role during mitochondrial stress. Whereas if 

HECTD1 was only cleaved after mitochondrial depolarisation this may indicate that 

HECTD1 cleavage is occurring downstream in the event. The fact that the loss of HECD1 

in C.elegans is associated with impaired mitochondrial function reflects and important role 

of HECTD1 at the mitochondria (Segref et al., 2014).  

 

Further work is required to identify the pathway that involves HECTD1 cleavage. HECTD1 

was cleaved in response to two treatments: (1) thapsigargin-induced ER stress (which leads 

to increased cytosolic calcium concentration) and (2) mitochondrial depolarisation. 

However, ER stress can induce mitochondrial depolarisation (Gupta et al., 2010). 

Therefore, thapsigargin-induced HECTD1 cleavage could be a direct result of thapsigargin-

mediated elevated cytosolic calcium concentrations, or it could be cleaved downstream of 

ER stress-induced mitochondrial depolarisation. Thus, it would be interesting to study 

whether HECTD1 cleavage is a direct event of the ER stress or whether it requires 

mitochondrial depolarisation. This will illustrate whether HECTD1 cleavage is occurring in 

a pathway that involved ER and mitochondria, or it is a specific response that is initiated in 

response to different stress events.  

 

Another important question to be addressed in the future work is whether HECTD1 

relocalises during mitochondrial stress. Parkin is recruited to damaged mitochondria (or 

FCCP-treated mitochondria) where it is then activated through PINK1-mediated 

phosphorylation (Jin et al., 2010). Since HECTD1 is cleaved after FCCP treatment, it is 

possible that it is recruited to the mitochondria where it is cleaved by mitochondrial calpains. 

Using fluorescence techniques, HECTD1 protein can be tracked after inducing 
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mitochondrial stress using live imaging techniques such as time-lapse microscopy. 

HECTD1 can be tagged with GFP at its N-terminal and transfected into neurons that contain 

labelled mitochondria. Fluorescent microscopy can be used to track the GFP-tagged 

HECTD1 to test whether HECTD1 is translocated to the mitochondria after inducing 

mitochondrial stress. If this was the case, then HECTD1 may play a role in mitochondrial 

homeostasis or at least its translocation to the mitochondria is required for its cleavage. 

Another possibility is that HECTD1 is localised at the mitochondria at basal levels. Upon 

mitochondrial stress, it is cleaved and released to relocalise in the cell. In this scenario, it is 

possible that HECTD1 is activated by the cleavage upon mitochondrial stress and is 

released to relocalised in cells where it interacts with specific molecules. 

 

In addition, future research could investigate the potential effect of HECTD1 cleavage on 

overall ubiquitin levels in cells and UPS function. Segref and colleagues suggested that 

mitochondrial stress impairs the UPS function in C. elegans worms as well as in the human 

melanoma MelJuSo cell line (Segref et al., 2014). They also showed that mutant worms 

that lack HECD1 are very sensitive to antimycin A treatment. Since HECTD1 is cleaved in 

response to FCCP and antimycin A, thus it could be the link between mitochondrial stress 

and the UPS impairment. To explore that, HECTD1 cleavage could be induced in C. elegans 

model used in Segref and colleagues study that express UFV-GFP as a HECD1 substrate. 

HECD1 loss in UFV-GFP expressing worms resulted in stabilisation of the substrate (Segref 

et al., 2014). Accordingly, the purpose of HECTD1 cleavage (activation or inhibition) after 

inducing mitochondrial stress can be verified by assessing the levels of UFV-GFP.   

 

Measuring the increase in intracellular calcium level is an important issue here since 

HECTD1 cleavage is calcium-dependent in neurons. This was verified using EGTA and 

calpain inhibitor. Different stimuli were used to induce the calcium-dependent cleavage of 

HECTD1 including NMDA, FCCP, antimycin A and thapsigargin. However, each treatment 

should result in different levels of elevated intracellular calcium concentrations, although 

they showed similar results regarding HECTD1 cleavage. Therefore, measuring the 

intracellular calcium concentration will give an indication of the threshold of the required 

calcium for inducing HECTD1 cleavage for each stimulus. Calcium can be measured using 

calcium probes such as Fluo-4AM. Cells can be loaded with Fluor-4AM and then analysed 

using fluorescent microscopy (Ruiz et al., 2014a). Calcium concentration should be 

measured at resting state where no treatment is added. After FCCP or thapsigargin 

treatment, calcium concentration is measured again to calculate the increase in calcium 
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concentration after each treatment. This will help to identify the required stimulus-induced 

calcium concentrations that trigger HECTD1 cleavage by calpains in neurons.  

Research questions that could be asked include whether HECTD1 cleavage is specific to 

neurons or it can be induced in other cell types. Although other cells will not be sensitive to 

NMDA treatment, they all may be sensitive to mitochondria and ER stress. If HECTD1 

cleavage was detected in other cell types, this indicates that HECTD1 cleavage could be a 

common regulation mechanism that is induced during stress. Furthermore, if HECTD1 was 

cleaved in other cell types in response to mitochondrial or ER stress, this will raise another 

interesting question, which is whether other cell types use similar mechanism that involves 

calpain/caspase activity and whether it is calcium-driven.
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Chapter 5: Subcellular localisation 

of HECTD1 in mouse brain and 

cortical neurons
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5.1 Introduction 

In addition to its role in regular cellular bioenergetics, mitochondria also regulate other key 

cellular processes including cell division (Sesaki and Jensen, 1999; Smirnova et al., 2001), 

innate immunity (West et al., 2011), calcium homeostasis and cell death (Brookes et al., 

2004). Therefore, quality control pathways, including the UPS, are required to regulate 

many aspects of mitochondrial biology including their function, dynamics and degradation. 

Mitochondria are highly dynamic membrane-bound organelles. They undergo continuous 

cycles of fission and fusion that control their number and shape (Sesaki and Jensen, 1999; 

Meeusen et al., 2004). Mitochondrial fission represents the division of one mitochondrion 

into two or more independent organelles which results in fragmented structure, whereas 

mitochondrial fusion is the process where a single mitochondrion is formed when two or 

more mitochondria are fused together. The fusion process results in elongated and 

branched mitochondrial structures while mitochondrial fission produces smaller fragmented 

mitochondria. These processes are regulated by specific proteins. Mitochondrial fission 

requires Dynamin-related protein 1 (Drp1) and its interacting protein fission 1 (Fis1). The 

two proteins are mitochondrial outer-membrane proteins (Mozdy et al., 2000; Smirnova et 

al., 2001) and both are substrates for MITOL (also known as MARCH5 and RNF183) which 

is a mitochondrial transmembrane ubiquitin E3 ligase. It interacts and ubiquitinates Drp1 

and Fis1 leading to their proteasomal degradation which results in reduced mitochondrial 

fission (Yonashiro et al., 2006). MITOL also interacts with mitochondrial fusion proteins such 

as mitofusion 1 (Mfn) 1 which is important for mitochondrial elongation (Figure 5. 1) (Park 

et al., 2010).  

Mitochondrial fission and fusion processes are not only involved in controlling the number 

and shape of mitochondria. They are also important in maintaining mitochondrial function 

as they play a key role in mitochondrial quality control. Mitochondrial fission leads to 

fragmentation which allow elimination of damaged mitochondria by mitophagy (Ashford and 

Porter, 1962; Duve and Wattiaux, 1966). In contrast, mitochondrial fusion protects from 

accumulating damaged proteins by diluting the damage (Twig et al., 2008). Inhibiting the 

mitochondrial fusion through blocking MITOL function results in elongated interconnected 

mitochondria that induces cellular stress (Park et al., 2010). Therefore, disturbing the 

dynamics of mitochondria results in the accumulation of damaged mitochondrial protein and 

impaired mitochondrial function (Twig et al., 2008). The levels of fission and fusion proteins 

(Drp1, Fis1 and Mfn1/2) are disturbed in Alzheimer’s brains leading to impairment in 

mitochondrial dynamics (Wang et al., 2009). Since some E3 ligases are controlling the 

levels of those proteins responsible for mitochondrial dynamics, this highlights the important 

role of the E3 ligases in maintaining mitochondrial function.  
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E3 ligases, such as MITOL, are not only involved in regulating mitochondrial dynamics. 

They are also required for maintaining mitochondrial homeostasis (Figure 5. 1). The Ring-

between-Ring (RBR) E3 ligase Parkin is one of the widely studied mitochondria-associated 

E3 ligase. It is recruited to damaged mitochondria and triggers mitophagy. PINK1, an OMM 

protein kinase, accumulates on damaged mitochondria leading to the recruitment of 

cytosolic parkin which is then activated by PINK1-mediated phosphorylation. Upon 

activation, parkin ubiquitinates OMM proteins, including voltage-dependent anion-selective 

channel 1 (VDAC1) which is required for parkin-mediated mitophagy (Figure 5. 1) (Geisler 

et al., 2010). Interestingly, PINK1/Parkin pathway also promote mitochondrial fragmentation 

by targeting components of mitochondrial fission and fusion process, Mfn and Drp1, for 

ubiquitination (Poole et al., 2010). Glycoprotein 78 (Gp78) is another E3 ligase which also 

mediates mitophagy through ubiquitination of Mfn1/2 which results in mitochondrial 

fragmentation (Fu et al., 2013b).   

 

Figure 5. 1 Mitochondrial homeostasis and ER-mitochondria contact sites are regulated by the UPS. 
Different E3 ligases (open squares) interacts and ubiquitinates mitochondrial proteins (coloured squares), 
resulting in the regulation of different mitochondrial process including mitochondrial dynamics and function.  
RNF185 is a RING E3 ligase that regulate mitophagy through ubiquitinating BNIP1 on OMM (Tang et al., 2011). 
MULAN and MITOL E3 ligases regulates mitochondrial dynamics through ubiquitination and degradation of 
Fis1, Dep1 and Mfn which are OMM proteins (Li et al., 2008). MITOL also regulates mitochondrial function by 
regulating the levels of SOD1. Mutated SOD1 is produced during mitochondrial respiration and is eliminated by 
MITOL-mediated ubiquitination (Yonashiro et al., 2009). TRIM4 play a role in mitochondrial quality control by 
sensing the levels of hydrogen peroxides in cells and ubiquitinates the mitochondrial peroxidase PRX1 (Tomar 
et al., 2015). DUBs (open ovals) are also involved in regulating mitochondrial function by opposing the E3 ligases 
function. ER-MAM formation requires the interaction between ER proteins and OMM proteins which are 
regulated by several E3 ligases including Parkin, GP78 and RNF170 (Fu et al., 2013a; Wright et al., 2015).        
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Mitochondrial trafficking across cells is also regulated by E3 ligases. The mitochondrial 

adaptor protein Miro, which anchors mitochondria to motor proteins, can regulates 

mitochondrial transport across neuronal processes (MacAskill et al., 2009a). Miro itself is a 

degradation target for Parkin (Safiulina et al., 2018). Since ubiquitin E3 ligases are involved 

in regulating mitochondrial function, it is expected that DUBs also play a role. Indeed, DUBs 

such as USP30 and USP15 have been shown to oppose parkin-mediated ubiquitination 

that leads to mitophagy (Figure 5. 1) (Cornelissen et al., 2014; Bingol et al., 2014). 

Membrane-bound organelles in cells, such as mitochondria, peroxisomes and ER, 

communicate with one another through direct membrane contact sites (MCSs). MCSs form 

between two organelles where their membranes are closely tethered via bridging proteins 

found on both membranes. MCSs allow fast and direct transfer of calcium and signaling 

molecules between two organelles. This is very important especially in neurons where the 

distance between the axonal termini and the cell body can be long. MSCs can form between 

different organelles including ER-peroxisomes (Costello et al., 2017), ER-Golgi apparatus 

(Peretti et al., 2008), ER-lipid droplets (Weber-Boyvat et al., 2015), and ER-plasma 

membrane (Giordano et al., 2013). Additionally, specialized subdomains of the ER that form 

contact sites with the mitochondria are called ER-mitochondria-associated membranes 

(ER-MAMs). ER-MAMs were first visualised by the electron microscopy in the 1950s 

(Bernhard and Rouiller, 1956; Copeland and Dalton, 1959) and were isolated in 1973 from 

rat liver using gradient density which showed that the two organelles are interacting 

physically (Lewis and Tata, 1973). In 1990, J. Vance discovered that those ER-MAMs are 

specialised subdomains and highlighted its role in lipid homeostasis (Vance, 1990). ER-

MAMs facilitate ER-mitochondrial communications and are enriched in ER enzymes 

involved in different cellular functions including: calcium signaling (Csordás et al., 2006), 

lipid transfer and metabolism (Rusiñol et al., 1994), and mitochondrial dynamics (Friedman 

et al., 2011). It is obvious that those ER-MAM related functions are usually disrupted in brain 

diseases which indicate the importance of ER-MAMs as a potential therapeutic target (Liu 

and Zhu, 2017; Paillusson et al., 2016).  

Calcium homeostasis is fundamental for neuronal function and plasticity. ER and 

mitochondria are the main two organelles which regulate intracellular calcium levels. 

Calcium is released from the ER to the mitochondria through the ER inositol 1,4,5-

triphosphate receptor (IP3R) and inter the mitochondria via VDAC1 which is found at OMM 

(Figure 5. 1). IP3R-VDAC1 connection is regulated by the heat shock protein glucose 

regulated protein 75 (Grp75), a resistant which promote the interaction between the IP3R 

and VDAC, thus increases the mitochondrial calcium uptake efficiency (Szabadkai et al., 

2006). Intriguingly, both IP3R and VDAC1 are substrate for ubiquitination (Sun et al., 2012; 
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Sliter et al., 2011b). Mitochondrial fission and fusion are also controlled by ER-MAMs. 

Mitochondrial division sites are determined by the ER contact positions on the mitochondria 

(Friedman et al., 2011) and this adds to the versatility of MAMs in terms of their function. 

Although ER-MAMs are important to regulate calcium concentration in cells, there is still 

little understanding on how dynamic ER-MAMs are. In particular whether the UPS might 

play a role in the modelling/remodeling of these contact sites and if so how remains to be 

determined.  
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5.2 Aims 

Previous studies have reported a localisation for HECTD1 in the cytoplasm as well as 

nucleus in mitotically active cells. Additionally, previous unpublished IF data from the 

Licchesi lab revealed that a pool of HECTD1 might be found at mitochondria. In previous 

chapters, I showed that HECTD1 is cleaved upon mitochondrial depolarisation and ER 

stress in a calcium-dependent manner. Thus, I hypothesised that HECTD1 may be found 

near or at organelles with active calcium signalling including mitochondria but also perhaps 

ER-MAMs. Here I aimed to build on preliminary observations and determine HECTD1 

subcellular localisation in mouse-derived cortical neurons. To achieve this, the following 

objectives were addressed: 

1. Investigate whether HECTD1 is indeed found at mitochondria in mouse-derived 

cortical neurons by IF. Mitochondria were labelled using Mitotracker Red and co-

stained for endogenous HECTD1. In addition, the mitochondrial MitoDs-Red 

plasmid was also expressed in neurons to label the mitochondria prior to staining 

for endogenous HECTD1. 

 

2. HECTD1 co-localisation to the mitochondria was also investigated using 

biochemical subcellular fractionation analysis. To achieve that, mitochondria were 

isolated form mouse brains and mouse primary cortical neurons. Immunoblotting 

was used to analyse the isolated fractions and specific markers were used to confirm 

their purity. To optimise the purity of the isolated mitochondria fractionation, different 

protocols with different fractionation medium were used including sucrose and 

Percoll.   

 

3. Expand on 2 and investigate whether HECTD1 is an OMM, IMM, or matrix 

mitochondrial protein. To explore that, a high salt wash was done on mitochondrial 

fraction isolated from mouse brain followed by immunoblotting analysis. Specific 

markers for OMM and matrix were used to confirm the results.  

 

4. HECTD1 association with ER-MAMs was also investigated. ER-MAM was also 

isolated from adult mouse brain and mouse primary cortical neurons using 

biochemical subcellular fractionation technique. The presence of HECTD1 at ER-

MAMs fraction was confirmed by immunoblotting using ER-MAM markers.  
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5.3 Results 

5.3.1 Endogenous HECTD1 co-localises with mitochondrial markers 

In Chapter 3, it was shown that HECTD1 is expressed in mouse-derived cortical neurons. 

Here, the subcellular localisation of HECTD1 inside these neurons was investigated. As it 

has been shown that HECTD1 protein is cleaved in response to mitochondrial stress by 

calcium-activated calpains, I was interested to investigate whether HECTD1 is associated 

with the mitochondria. Preliminary proteomics and IF data by the Licchesi lab suggested 

that HECTD1 might be found at mitochondria. Therefore, I expanded on these preliminary 

observations using IF and biochemical fractionations.  

The first aim was to determine whether HECTD1 physically localises to the mitochondria 

using IF staining. To achieve that, MitoTracker or Mito-DsRed were used to label the 

mitochondria prior to staining for endogenous HECTD1. MitoTracker™ Red CMXRos is a 

fluorescent dye that labels the mitochondria through a chloromethoyl moiety. It accumulates 

in active mitochondria as it reacts with the reduced thiol groups present on specific 

mitochondrial matrix proteins. MitoTracker can covalently conjugate to its target proteins 

even after fixation (Dong et al., 2013). In contrast, the Mito-DsRed mammalian expression 

vector encodes a red fluorescent protein from Discosoma sp. fused with the mitochondrial 

targeting sequence from subunit VII of the human cytochrome c oxidase. Neurons were 

transfected with Mito-DsRed plasmid using lipofectamine 2000 and then co-stained for 

endogenous HECTD1.  

A pool of endogenous HECTD1 was found to co-localise with both MitoTracker and Mito-

DsRed (Figure 5. 2). However, the staining also suggests that HECTD1 is not constantly 

associated with the mitochondria as some mitochondria did not stain for HECTD1 (Figure 

5. 2, areas indicated with arrowheads). This could suggest that a pool of HECTD1 is found 

at mitochondria and that this association is transient under normal conditions.  

These results are genuine in at least two major respects. The first is the fact that an 

endogenous HECTD1 was detected in our mouse cortical neurons, in contrast to other 

investigated E3 ligases which where overexpressed in neurons such as Parkin (Van Laar 

et al., 2010; Rakovic et al., 2013). The second interesting point is that similar patterns of 

HECTD1 co-localisation with mitochondria was detected with two different mitochondrial 

markers; Mitotracker and the MitoDsRed which are delivered to the mitochondria differently. 

Mitotracker staining is dependent on the mitochondrial membrane potential and is 

sequestered in active mitochondria, whereas MitoDsRed contains a mitochondrial targeting 

sequence which mediates its localisation at the mitochondria. Therefore, the two markers 

helped to confidently asses the co-localisation of HECTD1 with mitochondria.    
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Figure 5. 2 Endogenous HECTD1 co-localises with mitochondrial markers in mouse primary cortical neurons. Representative images of mouse cortical neurons isolated 
from E15 mouse embryo were cultured for 7 DIV on coverslips and incubated with 250 nM MitoTracker in (A) and (B) for 30 min before fixation with 4% PFA then stained for 
endogenous HECTD1 and Hoechst. (C) Cortical neurons were cultured for 5 DIV on coverslips then were transfected with Mito-DsRed and incubated for 24 hrs where they were 
then stained for endogenous HECTD1 and Hoechst. Arrows indicate areas where HECTD1 and mitochondrial markers colocalise and arrowheads indicate areas where only 
mitochondrial markers are detected with no HECTD1 staining. Images were taken by confocal microscopy at x100 magnification. Scale bars represents 50 µm.  
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5.3.2 Endogenous HECTD1 is a novel mitochondria-associated E3 ligase in mouse 

brain and mouse cortical neurons 

To further validate the novel finding that HECTD1 is transiently associated with the 

mitochondria, I next used biochemical subcellular fractionation of neurons to isolate 

mitochondria and use immunoblotting to detect HECTD1 in the isolated mitochondrial 

fraction. Subcellular fractionation was developed in the 1930s and 1940s by Albert Claude, 

Christian de Duve and George E. Palade who were awarded the Nobel Prize in 1974 (Porter 

and Novikoff, 1974). Subcellular fractionation is achieved by differential centrifugation 

sedimentation using the advantage of gravity, where organelles are separated according to 

their size and weight. Using centrifugation, the sedimentation rate of different components 

of the cell is speeded up allowing the heaviest components (such as nucleus) to sediment 

first followed by other components based on their weights.  

There are a variety of mitochondrial isolation procedures but all follow a basic scheme that 

starts with sample homogenizing followed by two deferential centrifugation steps, one at 

low centrifugation speed that results in the sedimentation of the nucleus and unbroken cells 

and the second centrifugation at high speed to pellet the mitochondria (Figure 5. 3A) 

(Graham, 2001). For purer fractions, an additional density-gradient centrifugation step can 

be added at the end of the protocol. The level of fraction purity as well as the purpose of 

the experiment determine the medium used. To remain consistent with some of the work 

presented in this thesis; adult mouse brain and primary cortical neurons were used for 

fractionation. Different fractions were isolated; whole cell lysate (W), nuclear (N), cytosolic 

(C) and mitochondrial (M) fraction. Fraction-specific markers were used to verify each 

fraction and to check the purity.  

Using a basic protocol for mitochondrial purification, HECTD1 was detected in the 

mitochondrial fraction from both the brain and neurons (Figure 5. 3B). However, the 

mitochondrial fraction was found to be contaminated with cytosolic proteins (Figure 5. 3B). 

In addition, the nuclear marker histone was detected in the mitochondrial fraction. Histone 

proteins are responsible for the compaction of the DNA by the assembly and stabilization 

of the nucleosome and they are highly conserved through evolution (Postberg et al., 2010). 

Interestingly, histones are found to interact with the mitochondrial membrane. It has been 

shown that histones can bind effectively to mitochondrial membrane (Cascone et al., 2012) 

and this could explain why it was detected in the mitochondrial fractions. Nevertheless, to 

obtain a purer fraction of mitochondria, with no cytosolic contamination, a sucrose gradient 

protocol was used. 
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Figure 5. 3 Biochemical subcellular fractionation from mouse brain and cortical neurons. (A) Schematic 
diagram of mitochondria isolation from adult mouse brain and 7DIV cultured mouse primary cortical neurons. In 
brief, samples were homogenised in homogenisation buffer and a sample for whole cell lysate fraction (W) was 
aliquoted, then centrifuged at low speed (1200xg for 5min) to pellet nuclei, unbroken cells and cellular debris. A 
sample for the nuclear fraction (N) was isolated from the pellet. This was followed by another high-speed 
centrifugation (10,000xg for 10min) to pellet mitochondria (M) and the supernatant was collected as the cytosolic 
fraction (C). The protocol is adapted from (Clayton and Shadel, 2014a). (B) Immunoblot analysis of the isolated 
fractions to validate the fractionation procedure and check the purity of each fraction. β-tubulin III is a cytosolic 
marker, HSP60 and COX IV are mitochondrial markers and Histone H2B is a nuclear marker. Protein was 
quantified in each fraction using Bradford assay and were analysed on 4-12% SDS PAGE followed by western 
blot of PVDF membranes. 2 µg of samples were loaded per well. Data obtained from two separate experiments. 
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5.3.2.1 Optimisation of mitochondrial purification in mouse brain and cortical 

neurons using sucrose gradient 

Sucrose is a disaccharide medium that is used widely in mitochondrial isolation. Different 

sucrose gradient protocols have been described to purify mitochondria (Clayton and 

Shadel, 2014c; Williamson et al., 2015a; Graham, 2001). They differ mainly in the number 

of sucrose gradient layers and the centrifugation speeds but also in the composition of the 

isolation buffer. Here, two sucrose gradient isolation protocols were used. The difference 

between the two protocols is the number of sucrose layers; two and three layers. Three-

layer sucrose gradient was originally developed to isolate mitochondria from yeast but had 

been optimised to be used for mammalian systems (Beauvoit et al., 1989; Graham, 2001). 

It also requires the preparation and layering of three different sucrose concentrations, which 

consumes more time compared to the two-layer sucrose. However, the aim was to compare 

different protocols on the purity of the isolated mitochondrial fraction. Additionally, the 

sucrose gradient protocol may lack the resolution of other density gradient materials (such 

as Percoll) due to the high osmotic pressure, however, it is cheaper and readily available in 

most labs. 

Three-layer sucrose gradient was first used to purify mitochondria from mouse brain and 

cortical neurons (Figure 5. 4B) and the results were analysed by immunoblotting using 

fraction-specific markers to verify the purity. HECTD1 was detected in the mitochondrial 

fraction (MSuc) isolated from both the brain and cortical neurons (Figure 5. 4A). However, 

the presence of the cytosolic proteins β-actin and β-tubulin III might indicate that Msuc 

fractions were contaminated. Since mitochondria were isolated form the brain and cortical 

neurons, it could be that Msuc fractions in fact also contain synaptosomes as both 

mitochondria and synaptosomes have similar sedimentation density using the three-layer 

sucrose gradient (Levitan et al., 1972; Kristian, 2010). Synaptosomes are nerve terminals 

that contain presynaptic components, including synaptic vesicles, and postsynaptic proteins 

in addition to mitochondria and microtubules such as tubulin (Schrimpf et al., 2005). To 

confirm that Msuc indeed contained synaptosome, I used syntaxin, a component of the 

synaptic vesicles (Morciano et al., 2005). As predicted, syntaxin was detected in the 

mitochondrial fractions from both brain and cortical neurons (Figure 5. 4A). In order to 

improve the purity of the mitochondrial fraction, the two-layer sucrose gradient was used 

next (Figure 5. 5). For practicality, only mouse brain was used here in order to optimise the 

protocol which then can be applied to cortical neuronal cultures. The two-layer sucrose 

protocol should result in the separation of the mitochondria from the synaptosome which 

give a purer fraction of mitochondria (Kristian, 2010).  
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The two-layer sucrose gradient resulted in the separation of mitochondria from the 

synaptosomes in two separate layers and resulted in less cytosolic and synaptosomal 

contamination indicated by lower levels of tubulin, actin and syntaxin, compared to the 

three-layer sucrose protocols (Figure 5. 5B). However, to verify the association of HECTD1 

with the mitochondria, a cytosol- and synaptosome-free mitochondrial fraction is required. 

Therefore, Percoll, another density gradient medium was used next.  

 

 

Figure 5. 4 Biochemical subcellular fractionation from mouse brain and cortical neurons using a three-
layer sucrose gradient protocol. (A) Immunoblot analysis of the isolated fractions to validate the fractionation 
procedure and check the purity of each fraction. β-tubulin III and β-actin are cytosolic markers, COX IV is a 
mitochondrial marker and syntaxin is a synaptosomal marker. Protein was quantified in each fraction using 
Bradford assay and were analysed on 4-12% SDS PAGE followed by western blot of PVDF membranes. 2 µg 
of samples were loaded per well. Data obtained from two separate experiments. (B) Schematic diagram of 
mitochondria isolation from adult mouse brain and 7DIV cultured mouse primary cortical neurons. In brief, 
samples were homogenised in homogenisation buffer and a sample for whole cell lysate fraction (W) was 
aliquoted, then centrifuged at low speed (1200xg for 5min) to pellet nuclei, unbroken cells and cellular debris. A 
sample for the nuclear fraction (N) was isolated from the pellet. This was followed by another high-speed 
centrifugation (10,000xg for 10min) to pellet mitochondria and the supernatant was collected as the cytosolic 
fraction (C). Crude mitochondria were loaded onto a three-layer sucrose gradient (40%, 24, and 12%) and 
centrifuged at 30,700xg for 5min. mitochondrial layer was detected between 24 and 40% sucrose layers and 
was isolated and purified by a 10min spin at 16,700xg. The protocol is adapted from (Graham, 2001).   
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Figure 5. 5 Biochemical subcellular fractionation from mouse brain and cortical neurons using a two-
layer sucrose gradient. (A) Schematic diagram of mitochondria isolation from adult mouse brain. In brief, crude 
mitochondria (M1) was loaded onto a two-layer sucrose gradient (40% and 12%) and centrifuged at 30,700xg 
for 5min. mitochondrial layer was detected between 24 and 40% sucrose layers and was isolated and purified 
by a 10min spin at 16,700xg. Protocol adapted from (Clayton and Shadel, 2014c). (B) Immunoblot analysis of 
the isolated fractions to validate the fractionation procedure and check the purity of each fraction. β-tubulin III 
and β-actin are cytosolic markers, COX IV is a mitochondrial marker and syntaxin a synaptosomal marker. 
Protein samples were quantified in each fraction using Bradford assay and were analysed on 4-12% SDS PAGE 
followed by western blot of PVDF membranes. 2 µg of samples were loaded per well. Data obtained from two 
separate experiments. W: whole cell lysate fraction, C: cytosolic fraction, M1: crude mitochondria fraction, MSuc: 

mitochondria isolated from sucrose gradient and Synp: synaptosomal fraction.  
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5.3.2.2 Optimisation of mitochondrial purification in mouse brain and cortical 

neurons using Percoll gradient. 

Given that sucrose gradient protocols led to some detectable levels of cytosolic and 

synaptosomal markers, an alternative protocol using Percoll was next evaluated for its 

ability to produce purer mitochondrial fractions (Pertoft, 2000). Percoll is a commercial 

solution available as a colloidal suspension that compose of silica particles coated with 

polyvinylpyrrolidone (Ferrini and Moretta, 1998). Percoll gradient centrifugation allows the 

separation of mitochondria from synaptosomes as each has different sedimentation rate in 

Percoll gradient (Kristian, 2010). Synaptosomes are trapped between the 15/23% layers of 

Percoll whereas mitochondria are found at 23/40% layers of Percoll (Figure 5. 6). Therefore, 

mouse brain and cortical neurons were used to isolate mitochondria using Percoll gradient 

density (Figure 5. 7A). 

The Percoll gradient protocol resulted in a mitochondrial fraction (MPercoll) which stained 

positive for endogenous HECTD1 for fractionation from bran and neurons (Figure 5. 7B; 

lanes 4 and 8). In contrast to the two- and three-layer sucrose protocols previously used, 

the Percoll gradient protocol resulted in a very weak syntaxin band for both bran and neuron 

samples. However, fractionations carried out with brain samples seemed purer than those 

from neurons as shown by the absence of the cytosolic marker tubulin (Figure 5. 7B; lane 

4). This suggests that the tubulin contamination observed in the fractionation carried out 

using cultured cortical neurons is likely cytosolic rather than from synaptosomal 

contamination. This can be explained by the fact that mitochondria are tightly associated 

with β-tubulin III in cultured neurons during development where it is needed for neutrite 

growth (Ferreira and Caceres, 1992). In addition, it had been shown β-tubulin III is an 

inherent component of the OMM in a variety of cell lines, including neuronal cell lines, where 

it interacts with the OMM protein VDAC to regulate mitochondrial permeability (Carre et al., 

2002; Rostovtseva et al., 2008). Taken together, the Percoll gradient protocol used for 

mitochondrial fractionation resulted in much purer mitochondrial fractions compared to 

sucrose-based gradient. Together, IF and biochemical fraction indicate for the first time that 

a pool of HECTD1 is localised at mitochondria.  

To understand how HECTD1 can be targeted to the mitochondria, the sequence of HECTD1 

protein was used to search for a mitochondrial targeting sequence. To achieve that, 

MitoMiner, a mitochondrial proteomics database, was used (Smith and Robinson, 2016). It 

was found that HECTD1 does not contain a mitochondria targeting sequence. Thus, it is 

more likely that HECTD1 is associated with the OMM although at this stage it is not clear 

whether such interaction is direct or through another OMM-resident protein. The function of 

mitochondrial-bound HECTD1 is also unclear. Nevertheless, our finding that HECTD1 is 
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sensitive to changes in calcium levels in mouse-derived cortical neurons (Chapter 4) hints 

at a possible role for HECTD1 as a calcium sensor, linking calcium, mitochondrial 

homeostasis and proteostasis through the UPS. 

 

 

Figure 5. 6 Mitochondria and synaptosomes have different sedimentation rates in Percoll gradient 
density. A comparison between synaptosomes (A) and mitochondria (B) isolation protocols using sucrose and 
Percoll gradient density. Mitochondria and synaptosomes are isolated using similar protocol that starts with low 
centrifugation speed and followed by a higher centrifugation speed. They have similar sedimentation rates when 
separated using sucrose gradient density, which leads to the contamination of each fraction. Whereas Percoll 
gradient separate the mitochondria from the synaptosomes as each has different sedimentation rate when 
Percoll gradient is used. Synaptosomes are trapped between the 15% and 23% of Percoll layers whereas 
mitochondria are found between the 23% and 40% of Percoll layers (Kristian, 2010). 
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Figure 5. 7 Biochemical subcellular fractionation from mouse brain and cortical neurons using Percoll 
gradient. (A) Schematic diagram of mitochondria isolation from adult mouse brain and 7DIV cultured mouse 
primary cortical neurons. In brief, crude mitochondria (M1) was loaded onto a Percoll gradient (40% and 12%) 
and centrifuged at 30,700xg for 5min. mitochondrial layer was detected between 24 and 40% sucrose layers 
and was isolated and purified by a 10min spin at 16,700xg. Protocol adapted from (Kristian, 2010). (B) 
Immunoblot analysis of the isolated fractions to validate the fractionation procedure and check the purity of each 
fraction. β-tubulin III is a cytosolic marker, VDAC1 and TOM20 are mitochondrial markers and syntaxin is a 
synaptosomal marker. Protein was quantified in each fraction using Bradford assay and were analysed on 4-
12% SDS PAGE followed by western blot of PVDF membranes. 2 µg of samples were loaded per well. Data 
obtained from three separate experiments. W: whole cell lysate fraction, C: cytosolic fraction, M1: crude 

mitochondria fraction, MPercoll: mitochondria isolated from Percoll gradient.  
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5.3.3 A pool of HECTD1 is associated with OMM and is cleaved in response to 

NMDA treatment in cortical neurons. 

Having shown that a pool of HECTD1 is detected in mitochondrial fractions, the next aim 

was to further understand the nature of the association between HECTD1 and mitochondria. 

Interestingly, other ubiquitin E3 ligases can be associated with the OMM through 

transmembrane domains such as in TRIM4 and MITOL. TRIM4 is associated with OMM 

through its coiled-coil domain (Tomar et al., 2015) whereas MITOL through its N-terminal 

PHD domain (Yonashiro et al., 2006). In contrast, parkin is recruited to mitochondria upon 

mitochondrial depolarisation, indirectly and through a mechanism that includes the kinase 

PINK1 in neurons (Cai et al., 2012) and cell lines (Narendra et al., 2008). 

IF staining of cortical neurons showed some localisation of HECTD1 with mitochondria 

which could suggest that a pool of HECTD1 might be resident at mitochondria (Figure 5. 2). 

To explore this further, high salt wash experiment was carried out. High salt wash has been 

useful to disrupt the interaction of cytosolic proteins with the OMM (Carre et al., 2002). To 

test that, mitochondria isolated from mouse brain were incubated with high salt solution (2 

M of KCL) or sucrose purification solution as control. Samples were then analysed by 

immunoblotting to detect endogenous HECTD1 in addition to the OMM proteins VDAC1 

and TOM20, the IMM protein COX IV and the matrix protein HSP60 (Figure 5. 8A). The salt 

wash did not affect the OMM proteins, IMM protein or the matrix proteins as expected. In 

contrast, HECTD1 levels were reduced in the salt wash compared to control solution which 

indicates that HECTD1 likely associates transiently at the OMM through interaction with an 

OMM protein yet to be identified. 

Since HECTD1 is cleaved in response to NMDA treatment (Chapter 3) as well as to 

mitochondrial depolarisation (Chapter 4), the next aim was to try and explore which of the 

cleaved HECTD1 products remained localised at the mitochondria upon its proteolytic 

cleavage. Neurons were treated with 100 µM NMDA or DMSO for 2 hours prior to 

mitochondrial fractionation using Percoll gradient density protocol (Figure 5. 8B). 

Mitochondria-associated HECTD1 was found cleaved in response to NMDA treatment as 

the HECTD1_fragment 2 was detected in mitochondrial fraction (Figure 5. 8B; lane 6, band 

indicated with arrowhead). Since the HECTD1 antibody used detects the N-terminal of 

HECTD1, this likely indicates that HECTD1 might be interacting with OMM through its N-

terminus.  
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Figure 5. 8 The N–terminus of HECTD1 is involved in its transient localisation at the OMM. (A) Salt wash 
experiment showing HECTD1 association with OMM. Isolated brain crude mitochondria were incubated with 2 
M KCl (SW) or sucrose buffer (M) for 1hr and then pelleted. Protein concentration was quantified and 2 µg of 
protein was loaded per well and analysed on a 4-12% SDS PAGE followed by western blot using PVDF 
membranes. VDAC1 and TOM20 were used as OMM markers whereas HSP60 and COX IV are IMM proteins. 
High salt protocol adapted from (Carre et al., 2002). Data obtained from two separate experiments. (B) Cortical 
neurons were cultured for 7 DIV then treated with 100 µM of NMDA for 2 hrs. Neurons were then harvested and 
fractionated using Percoll density gradient to isolate mitochondria. Protein concentration was quantified and 2 
µg of protein was loaded per well. Samples were analysed on 4-12% SDS PAGE followed by western blot using 
PVDF membranes. Arrowhead indicates HECTD1_fragment 2 produced by calpain/caspase in response to 
NMDA treatment. (C) Schematic representation of data obtained in (A) and (B), showing the association of 
HECTD1 with OMM. HECTD1 is proposed to interact with OMM through its N-terminal domains.  
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5.3.4 Endogenous HECTD1 is a novel MAM-associated E3 ligase in mouse brain and 

cortical neurons 

The ER and mitochondria are the major organelles that regulate calcium in cells. They form 

membrane contact sites to facilitate calcium signalling and uptake between the two 

organelles (Szabadkai et al., 2006). HECTD1 was cleaved in response to FCCP which 

induces mitochondrial stress through mitochondrial membrane depolarisation, as well as in 

response to ER stress induced by thapsigargin (Chapter 4). Since HECTD1 cleavage is 

calcium-dependent and since both stressors (FCCP and thapsigargin) affect calcium 

intracellular concentrations, it was decided to investigate whether HECTD1 could in fact be 

present at ER-MAMs where it could perhaps serve as a sensor to changes in intracellular 

calcium concentration and flux from the ER and into mitochondria.  

To study the localisation of HECTD1 with ER-MAM, biochemical subcellular fractionation 

was used using adult mouse brain as well as cultured mouse primary cortical neurons 

(Figure 5. 9A). ER-MAMs have been successfully enriched using a protocol developed by 

Wieckowski (Wieckowski et al., 2009). This protocol differs from other Percoll-based 

protocols used to isolate mitochondria. It does not require layers of Percoll, instead only 

30% of Percoll solution is needed but it requires longer centrifugation step to generate the 

isolation gradient. The main difficulty in the field of membrane contact sites and in particular 

ER-MAMs has been the choice of markers that could specifically report on contact sites 

between organelles. While VDAC1 and calnexin are mitochondrial and ER proteins, 

respectively, they have also been shown to be reliable ER-MAMs (Wieckowski et al., 2009; 

Horner et al., 2015; Ma et al., 2017a). Perhaps the best reliable markers of ER-MAM are 

the acyl CoA synthetase ligases 4 (ACSL4, also known as FACL4: fatty acid-CoA ligase 4) 

and sigma-1 receptor (Sig-1R) (Lewin et al., 2002; Lewis et al., 2016; Kuch et al., 2014; 

Simmen et al., 2005). However, the signal of Sig-1R is very weak in ER-MAM fractions 

isolated from neurons compared to those from HEK-293 cells, CHO cells and astrocytes 

(Lewis et al., 2016). In addition, ACSL4 could be a better ER-MAM specific marker as it is 

sown to be present in ER-MAM fractions but not ER fractions prepared from HeLa and 

PH5CH8 cells (Horner et al., 2015; Yoboue et al., 2017). Therefore, only ACSL4 was used 

to confirm the isolation of the ER-MAM fraction from mouse brain and mouse cortical 

neurons. 

Biochemical fractionation resulted in fractions that were positive for calnexin, VDAC1 and 

ACSL4. (Figure 5. 9B, lanes 4 and 8). Cox IV, the mitochondrial matrix protein, did not stain 

in the ER-MAM fraction indicating that the fractions produced are from ER-MAMs rather 

than mitochondria, alone. However, a marker that only positive in ER is needed to roll out 

the ER contamination. Nevertheless, these data already suggest, that a pool of HECTD1 
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might be present under normal condition at ER-MAMs in mouse brain and primary cortical 

neurons. 
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Figure 5. 9 Biochemical subcellular fractionation for ER-MAM isolation from mouse brain and cortical 
neurons using Percoll gradient. (A) Schematic diagram of mitochondria isolation from adult mouse brain and 
7DIV cultured mouse primary cortical neurons. In brief, samples were homogenised in homogenisation buffer 
and a sample for whole cell lysate fraction (W) was aliquoted, then centrifuged at low speed (1200xg for 5min) 
to pellet nuclei, unbroken cells and cellular debris. This was followed by another high-speed centrifugation 
(10,000xg for 10min) to pellet mitochondria (M1) with its associated membranes and the supernatant was 
collected as the cytosolic fraction (C). The Isolated M1 fraction was loaded onto a 30% Percoll solution and 
centrifuged at 95,000xg for 30min. ER-MAM layer was isolated and pelleted by a 60min spin at 100.000xg and 
labelled as MAM. Protocol adapted from (Wieckowski et al., 2009). (B) Immunoblot analysis of the isolated 
fractions to validate the fractionation procedure and check the purity of each fraction. β-tubulin III is a cytosolic 
marker, VDAC1 and COX IV are a mitochondrial marker, ACSL4 is ER-MAM marker and calnexin is an ER 
marker. Protein was quantified in each fraction using Bradford assay and were analysed on 4-12% SDS PAGE 
followed by western blot of PVDF membranes. 2 µg of samples were loaded per well. W: whole cell lysate 

fraction, C: cytosolic fraction, M1: crude mitochondria fraction, MAM: ER-mitochondria-associated membrane.  
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5.4 Discussion 

In this chapter, it was shown that a pool of HECTD1 is associated with mitochondria in adult 

mouse brain and mouse primary cortical neurons. HECTD1 association with mitochondria 

is likely occurring at OMM given that salt wash reduced HECTD1’s enrichment in 

mitochondrial fractions. Furthermore, this pool of mitochondria-associated HECTD1 is 

cleaved during neuronal excitation by NMDA as the cleavage product could also be 

detected in mitochondrial fraction. This could implicate the N-terminus of HECTD1 in 

mediating its association with OMM. IF and subcellular fractionation studies were also 

carried out and revealed that a pool of HECTD1 is found at ER-MAMs in adult mouse brain 

and mouse primary cortical neurons. These findings reveal for the first time that HECTD1 

is a novel mitochondria- and ER-MAM- associated ubiquitin E3 ligase. 

Mitochondria isolation by density gradient centrifugation 

Numerous subcellular fractionation protocols had been described for mitochondrial isolation 

and they differ in the quantity and quality of the isolated fractions. Most of those protocols 

use similar isolation buffers that consist mainly of sucrose, mannitol and EDTA/EGTA. 

However, they differ in the centrifugation steps. The basic method is based on deferential 

centrifugation and it involves two centrifugation steps after sample homogenisation: a low 

speed spin followed by a high speed one. The low speed spin is required to remove nucleus 

and cellular debris whereas the high-speed centrifugation will pellet the mitochondria. 

Homogenisation step is very critical in this protocol. Different tissues and cell types require 

different homogenisation forces to break the cells which can affect the reproducibility of 

preparation because the homogenisation process highly depends on the experience of the 

researcher  (Frezza et al., 2007). Over-homogenisation can affect mitochondrial membrane 

integrity while under-homogenisation result in intact cells leading to the loss of mitochondria 

during the first centrifugation step (Clayton and Shadel, 2014b). Deferential centrifugation 

based protocols are used to isolate crude mitochondrial fractions which can be used for 

functional assays that do not require highly purified mitochondria such as proteomics 

(Fernandez-Vizarra et al., 2010). Additional centrifugation steps are usually added to 

produce purer fractions and those additional steps include density gradient centrifugations.  

For subcellular localisation investigations, a very pure fraction is needed to confirm the 

protein localisation as any contamination could affect the results. In this thesis, two gradient 

media were used in order to increase the purity of the mitochondrial fraction. Sucrose 

gradient protocols have some advantages on other separation mediums as they are cheap, 

easily prepared and can be used to separate broad range of densities. However, for 

neuronal samples sucrose gradients do not yield the required degree of purity as 
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mitochondrial fractions are contaminated with synaptosomes (Kristian, 2010). In contrast, 

synaptosomes and mitochondria have different sedimentation rates using Percoll gradient 

density and therefore resulted in a very pure mitochondrial fraction (Kristian, 2010). 

Therefore, Percoll-based protocols are better for isolating pure mitochondrial fraction from 

brain samples and neuronal cultures.  

In addition to density gradient centrifugations, new methods had been developed using 

magnetic beads to isolate mitochondria. These have the advantages that smaller starting 

material is needed and the integrity of the mitochondria is highly maintained. In these 

protocols, magnetic beads conjugated with antibodies against OMM protein (such as 

TOM22) are used to label the mitochondria, which allows the isolation of mitochondria by a 

magnetic field (Franko et al., 2013).  However, this protocol requires the deferential 

centrifugation steps in addition to the immunoprecipitation process. A More recent 

centrifugation and IP free mitochondrial isolation method had been designed where 

magnetic nanoparticles are used. This method depends on the mitochondrial membrane 

potential. The magnetic nanoparticles associates with healthy mitochondrion which allows 

the isolation of associated mitochondria by magnet (Banik and Dhar, 2017). Yet, the degree 

of purity on isolated mitochondria depends on the sample source and optimisation is 

required.   

HECTD1 is a novel mitochondria-associated ubiquitin E3 ligase which function is 

regulated by calcium 

HECTD1 was detected in the mitochondrial fraction isolated from mouse brain and cortical 

neurons. E3 ligases can be found integrated in the OMM such as MITOL and RNF185 

through their transmembrane domains. RNF185 is translocated to the mitochondrial by its 

mitochondria targeting sequence (Tang et al., 2011). HECTD1, on the other hand, does not 

contain MTS or transmembrane domains (Smith and Robinson, 2016), which omits the 

possibility that it is integrated into the OMM.  

Other E3 ligases are cytosolic proteins and are transiently interacting or recruited to the 

mitochondria in response to stimulus. As an example, TRIM4 interacts and ubiquitinates the 

mitochondrial protein PRX1 only after H2O2 treatment (Tomar et al., 2015). However, the 

biochemical fractionation analysis showed that HECTD1 is detected in the mitochondrial 

fraction in the control samples (basal condition), and NMDA treatment led to the cleavage 

of the mitochondria-associated HECTD1 pool (Figure 5. 8B). This indicates that HECTD1 

has a role at the OMM at basal conditions and its function is regulated by calcium-induced 

cleavage, which either enhance or inhibit its activity (Figure 5. 8C and Figure 5. 10A). The 

band of HECTD1 detected after NMDA treatment corresponds to the N-terminal fragment 
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of HECTD1, as the antibody used can detect the first 50 amino acids of HECTD at the N-

terminal. This suggests that HECTD1 is interacting with the mitochondria through its N-

terminal domains and remains associated with the mitochondria after NMDA-mediated 

cleavage and it may have a function at the mitochondria after being cleaved. However, the 

fate of the cleaved C-terminal is not known. It could be a target for degradation (i. e. by the 

N-end role pathway) or could be stable and translocate to other organelles in cells. Yet, this 

should be confirmed by an antibody that recognises the C-terminal of HECTD1.  

 

 

Figure 5. 10 Mitochondria-associated HECTD1 is cleaved in response to NMDA treatment. A pool of 
HECTD1 is associated with mitochondria and mitochondria-ER associated membrane in basal conditions in 
neurons. NMDA treatment in neurons lead to the increase in calcium levels intracellularly: in the cytosol, 
mitochondria and ER. (A) Elevated calcium levels in neurons in response to NMDA treatment is proposed to 
regulate HECTD1 function by inducing calpain-mediated cleavage of HECTD1 in cortical neurons where the N-
terminal of HECTD1 remained associated with the OMM. (B) At the ER-MAM, HECTD1 could be associated 
with the VDAC-Grp75-IP3R axis where m-calpain could be localised. It could be proposed that HECD1 play a 
role in regulating calcium signalling at the ER-MAM (VDAC-Grp75-IP3R axis) and that HECTD1 itself is 
regulated by m-calpains in a calcium-dependent manner. Yellow box on HECTD1 represent the C-terminal.  

 

 

HECTD1 is a novel ER-MAM-associated ubiquitin E3 ligase  

Components of the UPS are identified at the ER-MAMs isolated from mouse brains which 

include E1s, E2s, E3 ligases, DUBs and proteasomal subunits (Poston et al., 2013). Thus, 

ER-MAMs function must be regulated by the UPS. The role of only few ER-MAM-associated 

E3 ligases are known to date. They are involved in ER-mitochondria tethering such as 

MITOL, Parkin and Gp78 E3 ligases which regulate Mfn1 and 2 that attach mitochondria to 

the ER (Figure 5. 1) (Sugiura et al., 2013; Li et al., 2015a; Basso et al., 2018). Other E3 

ligases are involved in calcium transport between ER and mitochondria through regulating 
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the IP3R-Grp75-VDAC axis such as RNF170 (Wright et al., 2015). However, how those E3 

ligases are regulated at ER-MAM is not known except for Gp78 which is regulated by p38-

mediated phosphorylation (Li et al., 2015a).  

Neurons are polarised cells which enable a proper cell-cell communication. Discrete 

distribution of the ER and mitochondria throughout the complex structure of neurons 

facilitates calcium signalling, which is required for mitochondrial ATP production (Kann et 

al., 2003). The physical proximity between the ER and mitochondria in ER-MAM is required 

for direct and efficient calcium transfer from the ER to the mitochondria (de Brito and 

Scorrano, 2008). Thus, ER-MAMs play an important role in calcium signalling. It was shown 

in Chapters 3 and 4 that HECTD1 function could be regulated by calcium and that HECTD1 

may function as a calcium sensor in neurons. In this chapter, I showed that HECTD1 is 

located at the ER-MAM which calcium homeostasis is one of its main function. This 

indicates that HECTD1 function at the ER-MAM may be sensitive to calcium levels, or 

involved in calcium homeostasis.  

Additionally, HECTD1 was shown to be cleaved by calcium-activated calpains (Chapters 3 

and 4). However, it is not known if calpains are present in the ER-MAM but dysregulation 

of calcium homoeostasis at ER-MAM can cause calpain activation (Watanabe et al., 2016). 

In addition to that, disrupting ER-MAM formation and calcium transport to the mitochondria 

through IP3R can lead to calcium overload in mitochondria (Park et al., 2017) which also 

results in calpain activation (Polster et al., 2005). The fact that HECTD1 remained 

associated with mitochondria after cleavage indicates that the calpain/caspase-mediated 

HECTD1 cleavage is occurring at the mitochondria. However, it is not known which pool of 

calpain (cytosolic or mitochondrial) are activated during ER-MAM dysregulation or whether 

calpains are present at ER-MAM. Both µ- and m-calpains are found at the mitochondrial 

intermembrane space where they interact with and cleave mitochondrial proteins found in 

OMM and intermembrane space (Badugu et al., 2008; Ozaki et al., 2009). Interestingly, 

Grp75 regulates the VDAC1-IP3R interaction at the ER-MAM (Honrath et al., 2017) and is 

associated with mitochondrial m-calpain which mediates VDAC1 cleavage in a calcium-

dependent manner at the ER-MAM (Badugu et al., 2008). Since several proteasomal 

subunits are identified at the ER-MAM isolated from mouse brain (Poston et al., 2013), the 

role of HECTD1 could perhaps be through its E3 ligase activity targeting ER-MAM proteins 

for proteasomal degradation. Grp75 downregulation impairs the ER-MAM interaction which 

enhances mitochondrial resistant to oxidative stress and prevents glutamate excitotoxicity 

while over expression of Grp75 sensitises cells to glutamate-induced cell death (Honrath et 

al., 2017).  



 

130 
 

5.5 Future work 

HECTD1 was dissociated from the OMM by high salt wash, which indicates that HECTD1 

is not an integral protein in the OMM, but likely interacts with OMM, similar to most of 

mitochondria-associated E3 ligases. However, E3 ligases differ in their domains that are 

responsible for this interaction. For example, coiled-coil (CC) domain of TRIM4 is 

responsible for the interaction of TRIM4 with OMM (Tomar et al., 2015) whereas the PHD 

domain at the  N-terminus of MITOL is mediating its localisation to the mitochondria 

(Yonashiro et al., 2006). To identify the responsible domain of HECTD1 interaction with the 

OMM, deletion constructs of HECTD1 could be used for immunoprecipitation experiments. 

The N-terminal of HECTD1 contains several domains including four ANK repeats (Tran et 

al., 2013b). ANK repeats mediates protein-protein interactions (Mosavi et al., 2004). At 

mitochondria, the ANK repeats of the cytosolic ankyrin repeat and SOCS box protein 9 

(Asb9), a multi-protein complex E3 ubiquitin ligase, mediates the interaction of Asb9 with 

its mitochondrial substrate creatine kinase in HEK293 cells (Kwon et al., 2010). Deleting the 

ANK repeats of Asb9 abolishes the interaction between Asb9 and the mitochondrial creatine 

kinase. Thus, since HECTD1 contains four ANK repeats at its N-terminal, it is possible that 

those ANK repeats are mediating the interaction of HECTD1 with the mitochondria. This 

can be confirmed using HECTD1-ANK deletion mutant expression in cells followed by co-

staining of cells with HECTD1 and mitochondrial markers (such as MitoTracker). 

Since HECTD1 likely associated with the OMM, it could be involved in regulating the 

mitochondrial function, dynamics (fission and fusion) or motility. This can be addressed by 

investigating mitochondrial dynamics and movement after HECTD1 gene silencing which 

can be achieved using siRNA or shRNA. Mitochondrial motility and dynamics can be 

evaluated using time-lapse techniques. Neurons can be imaged by live-cell time-lapse 

confocal microscopy in HECTD1-knockdown cells. Using live cell imaging and MitoTracker 

fluorescent labelling of the mitochondria will allow the identification of elongated or 

fragmented mitochondria in cells which may suggest the involvement of HECTD1 in 

regulating mitochondrial dynamics.  

HECTD1 was detected in the ER-MAM fractions generated from mouse brain and cortical 

neurons. This may indicate that HECTD1 could be involved in ER-MAM formation or play a 

role in regulating the ER-mitochondria contact sites. To study test that, proximity ligation 

assay (PLA) can be used. PLA is an antibody-based method used to identify the physical 

proximity between two proteins in situ. It requires short DNA (oligonucleotides)-conjugated 

antibodies against two proteins that are expected to interact with each other. Connector 

oligonucleotides are then introduced to bind the antibody-oligonucleotides only when the 
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two antibodies are in close proximity, where ligation will occur to form a single circular DNA 

molecule. Adding a DNA polymerase will amplify the created DNA where labelled oligos 

can hybridised to a complimentary sequence on the created DNA which can be then 

visualised by microscope and quantified  (Bagchi et al., 2015). siRNA needed to knock down 

HECTD1 in cells followed by PLA to assess the interaction between two known interacting 

proteins at the ER-MAM interface; such as the OMM protein VDAC1 and IP3R which is 

found at the ER membrane (Tubbs and Rieusset, 2016; Honrath et al., 2017). HECTD1 

knocking-down could result in the reduction or increased in the VDAC1/IP3R interaction 

which will give an indication of the role of HECTD1 at ER-MAM. Another interesting question 

is whether HECTD1 association with ER-MAMs is specific to neurons or can be found in 

other cells types as the ER-MAMs have been identified in several primary cells (such as 

hepatocytes and pancreatic cells) as well as cancerous cell lines (such as HEK294 and 

HeLa cells) (Hayashi and Su, 2007; Williamson et al., 2015b; Honrath et al., 2017; Thivolet 

et al., 2017). 

Further work is required to establish HECTD1 function at the ER-MAMs. This include the 

role of HECTD1 in calcium signalling. The ER-MAM mediates the transfer of calcium from 

the ER to the mitochondria through the VDAC-Grp75-IP3R multi-protein complex 

(Szabadkai et al., 2006) and disrupting ER-MAM formation leads to calcium overload in 

mitochondria (Park et al., 2017). To study the role of HECTD1 in calcium signalling at ER-

MAMs, the cytosolic and mitochondrial calcium concentrations should be determined after 

HECTD1 knockdown. This can be achieved using mitochondria-specific calcium 

fluorescence-based probes such as Rho2 (the fluorescence of the probe increases upon 

calcium binding). An increase in mitochondrial calcium levels will indicate that HECTD1 is 

regulating the calcium transfer form ER to mitochondria. This also can be tested after 

inducing intracellular calcium levels using NMDA treatment in neurons.  

Additionally, it is interesting to investigate whether the role of HECTD1 at mitochondria or 

ER-MAM requires its ubiquitin ligase activity. This can be investigated by generating 

HECTD1 constructs that either lack the HECT domain or have a mutant catalytic active site. 

This construct can be used to study whether HECTD1 ligase activity is involved in ER-MAM 

formation. ER-MAM structure can be assessed using PLA or electron microscopy to 

measure the distance between OMM and the ER. 
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6. Discussion 

In this thesis, it was shown for the first time that the E3 ubiquitin ligase HECTD1 is localised 

at mitochondria. Through further biochemical fractionation and analysis of HECTD1 

interactome in neurons (not shown), the data further suggest that a pool of HECTD1 is in 

fact at ER-MAMs. Our findings that HECTD1 is cleaved in response to neuronal excitation 

as well as different treatments that disturb calcium homeostasis in neurons are novel in 

particularly as it might suggest that this E3 ligase might serve as a calcium sensor (Table 

6. 1). The cleavage of HECTD1 is calcium-dependent and requires the activity of calpains 

initially, followed by caspase-mediated cleavage. To the best of our knowledge, HECTD1 

is the only E3 ligase that is cleaved by such sequential activity of calpains/caspases. This 

novel finding could have implication in human diseases where calcium signalling is critical 

in regulating the cellular function such as in brain and heart diseases.  

Table 6. 1 The effects of different treatments on HECTD1 in 7 and 12 DIV mouse cortical neurons. 

Treatment Effect on 7 DIV neurons Effect on 12 DIV neurons Comments 

NMDA Calpain/caspase-dependent 
HECTD1 cleavage (requires 
synaptic and extrasynaptic 
NMDARs activation). 

Calpain/caspase-dependent 
HECTD1 cleavage (mediated 
by extrasynaptic NMDARs). 

Apoptosis-
independent. 

FCCP Calpain-dependent HECTD1 
cleavage. 
Caspase involvement needs 
to be confirmed. 

Calpain-dependent HECTD1 
cleavage. 
Caspase involvement needs 
to be confirmed. 

Induced apoptosis 
(using 10 µM 
FCCP). 

Antimycin A HECTD1 is cleaved. 
Calpain/caspase involvement 
needs to be confirmed. 

No effect on HECTD1 levels 
or cleavage. 

Younger neurons 
are very dependent 
on mitochondrial 
metabolic activity. 

Thapsigargin Only high concentration (500 
µM) induced HECTD1 
cleavage. 

HECTD1 is cleaved. 
Calpain/caspase involvement 
needs to be confirmed. 

 

 

Calcium-mediated HECTD1 cleavage could be a regulatory mechanism 

The activity of the E3 ligases is important to maintain cellular health, as dysregulation in E3 

ligases are implicated in many diseases. Different regulatory mechanisms are involved in 

regulating the function of E3 ligases including autoubiquitination, oligomerisation and 

calcium-mediated regulation. Many HECT E3 ligases are known to form oligomers as a 

regulatory mechanism, where it could enhance or abolish their activities (Sluimer and Distel, 

2018a). For example, oligomerisation of NEDD4-2 promotes its E3 ligase activity. NEDD4-

2 can form trimers and that is required for enhancing NEDD4-2-mediated polyubiquitin 

chains formation (Todaro et al., 2018).  In contrast, HUWE1 oligomerisation results in an 

auto-inhibitory effect. HUWE1 forms auto-inhibitory homodimers where the C-terminal 

domain form a dimer that is stabilised by hydrophobic interactions facilitated by a region 
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next to the HECT domain (Sander et al., 2017). Oligomerisation in other E3 ligases, such 

as MARCH5, a mitochondrial HECT E3 ligase, leads to their degradation. MARCH5 form 

homodimers that result in its self-clearance by the proteasomal degradation during normal 

conditions (Kim et al., 2016). Hypoxia triggers the disruption in MARCH5 oligomerisation 

leading to its stabilisation and activation (Chen et al., 2017b).  

 

Additionally, the activity of ubiquitin E3 ligases can also be regulated by caspase-mediated 

proteolytic cleavage. As an example, NEDD4 is cleaved by various caspases in response 

to apoptotic stimulus that result in the degradation and loss of the NEDD4 HECT domain 

(Harvey et al., 1998). Another example is Itch, a HECT E3 ligase that belong to NEDD4 

family. In contrast to NEDD4, caspase-mediated cleavage of Itch resulted in enhanced 

catalytic activity as the cleavage results in the loss of the N-terminal subunit that has a 

negative regulatory function on the HECT domain (Rossi et al., 2009). Parkin is another E3 

ligase that is cleaved by caspases during apoptosis leading to the loss of its activity (Kahns 

et al., 2003). Nevertheless, E3 ligases regulation by proteolytic cleavage is only observed 

during apoptosis and mediated by caspases. To the best of our knowledge, HECTD1 is the 

only E3 ligases that is cleaved by calpains and caspases in a sequential process and 

requires calcium. These findings, while preliminary, reveal a new regulatory mechanism of 

E3 ligases in neurons. 

HECTD1 cleavage could be associated with neuroprotection 

Although NMDA-induced HECTD1 cleavage was mediated by caspases, no apoptotic 

markers were detected in neurons following NMDA treatment. This could suggest that 

another pathway, rather than apoptosis, is involved in triggering the cascade that leads to 

HECTD1 cleavage. HECTD1 appears to be cleaved upon activation of calpain by the p38 

signalling pathway (Chapter 3; extrasynaptic NMDARs activation). The classical function of 

p38 is usually associated with apoptosis and cell death. However, p38 activation may not 

necessarily induce cell death, instead it can promote cell survival. Stress stimulus such as 

DNA damage results in p38-mediated activation of survival genes in Jurkat T cells and 

human T lymphocytes (Cappellini et al., 2005; Phong et al., 2010). p38 activation also 

promote cell survival during oxidative stress in mouse embryonic fibroblast through the 

activation of mTOR pathway (Gutierrez-Uzquiza et al., 2012). Moreover, it has been shown 

recently that p38 can mediate a protective role in hippocampal neurons by preventing 

neuronal death induced by low glucose conditions (Shigiyama et al., 2019). The fact that 

p38 could mediate a protective role explains why apoptosis was not detected in our 

neuronal model. Therefore, I propose that HECTD1 might be cleaved by p38 signalling in 

an attempt to protect neurons from excitotoxicity. Interestingly, p38 activation in early 
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ischemic brain stroke promotes neuronal survival. On the other hand, in the late stages of 

ischemia, overactivation of p38 promotes the activation of caspase activation and apoptosis 

(Nishimura et al., 2003). It seems that the timing and the level of p38 activation determine 

the effect of p38. This protective role of p38 could be mediated through the inhibition of 

voltage-gated calcium channels (Wilk-Blaszczak et al., 1998). However, in the absence of 

validated substrates and interactors of HECTD1 it is difficult to predict the function of 

HECTD1 during neuronal signalling. 

NMDAR activation is required for synaptic plasticity, however, excessively activated 

NMDARs leads to calcium-mediated neuronal death. During ischemia, glutamate 

accumulates extracellularly resulting in overactivation of NMDRs. Glutamate levels are 

regulated by transporters at the synaptic membranes that requires Na+/K+ ATPase function. 

However, when the required brain energy is not fulfilled during ischemia, the Na+ gradient 

collapses leading to failure in removing excessive glutamate. This then triggers the 

overactivation of NMDARs, including extrasynaptic pools, leading to elevated intracellular 

calcium levels and dysregulation in calcium homeostasis. (Szatkowski et al., 1990; 

Sánchez-Carbente and Massieu, 1999; Rossi et al., 2000). According to our data, HECTD1 

was cleaved in conditions where intracellular calcium levels are increased (Table 6. 1). This 

could indicate a role of HECTD1 during brain stroke. Ischemia/reperfusion is a common 

feature of brain stroke where blood is restored after a period of ischemia. During ischemia, 

active calcium efflux is limited and ER calcium uptake is reduced leading to intracellular 

calcium overload. This calcium overload can lead to calpain activation and HECTD1 

cleavage. In addition, although reperfusion restores blood supply it can also cause cell 

death through calcium overload and opening of the mitochondrial transition pores. Thus, 

ischemia/reperfusions induce calcium overload, which in turn can induce HECTD1 

cleavage. This could be tested in a cellular model of ischemia by oxygen-glucose 

deprivation and reoxygenation experiments. Mouse-derived cortical or hippocampal 

neurons can be cultured and exposed to a combination of low or no glucose and oxygen. 

Neurons then are allowed to recover in normal glucose and oxygen levels and HECTD1 

levels and cleavage can then be investigated in relation to ischemic markers such as NeuN 

which is downregulated during ischemia. Ischemia can also be studied using brain slices. 

Nitrogen can be used to replace the oxygen in the bathing solution in the absence of glucose 

to induce ischemia. 

Cross-talk between calcium and UPS-mediated protein degradation  

The fact that HECTD1 cleavage is calcium-dependent adds to mounting evidence linking 

calcium and the proteasome. For instance, it is known that calcium regulates proteasomal 

activity but can also enhance the activity of some E3 ubiquitin ligases (Ehlers, 2003; 
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Djakovic et al., 2009). This regulation can be direct through calcium binding to the UPS 

components or indirect where it is mediated by calcium-binding proteins such as CaM and 

CaMKII. NEDD4 for example directly binds calcium which release the C2 domain-mediated 

auto-inhibition, resulting in the activation of NEDD4 catalytic HECT domain (Wang et al., 

2010). CaMKII on the other hand can regulate the proteasomal activity by inducing the 

phosphorylation of the 20s proteasomal subunit Rpt6 in hippocampal neurons (Jarome et 

al., 2013). In addition, the function of the E3 ligase UBE3B is regulated by CaM. CaM-

UBE3B interaction is lost upon increased calcium concentration, leading to enhanced 

ubiquitin ligase activity of UBE3B (Braganza et al., 2017). CaM also binds to the 

deubiquitinase USP6 and enhance its activity in HeLa cells (Shen et al., 2005). Conversely, 

the UPS can regulate calcium homeostasis in cells by regulating the levels and activity of 

calcium binding proteins and calcium channels. The E3 ligase RNF138 regulate the levels 

of the voltage gated calcium channels (VGCC) on synaptic membranes. RNF138 co-

localizes with VGCCs at synapses in rat brain and promotes its proteasomal degradation 

through polyubiquitination (Fu et al., 2017). The Permeability of NMDARs to calcium is also 

regulated by the UPS where NEDD4-mediated ubiquitination of NMDARs results in 

reducing its responsiveness (Gautam et al., 2013).  

The UPS also impacts on calcium signalling by regulating protein at ER-MAMs. ER-MAMs 

indeed play a critical role in calcium homeostasis by being the main route for mitochondrial 

calcium uptake. An increasing number of ER-MAM components including the calcium 

channels, VDAC1 and IP3R, and the tether protein grp75 and mitofusin2 have all been 

shown to be regulated by the UPS (Sliter et al., 2011a; Sun et al., 2012; Sugiura et al., 

2013). These evidences therefore establish clear cross-talks between calcium homeostasis 

and the UPS. Our findings that the E3 ligase HECTD1 is regulated by a calcium-dependent 

cleavage mechanisms further support this.  

Calcium-mediated HECTD1 cleavage implication in diseases 

Calcium imbalance is a common feature in heart-related diseases (e.g. cardiomyopathies, 

cardiotoxicity), cancer and neurodegenerative diseases, and this has detrimental effects on 

mitochondrial function and cellular metabolism (Liu and Zhu, 2017; Paillusson et al., 2016). 

Neurodegenerative diseases such as Alzheimer’s disease are characterised by the 

accumulation of protein aggregates. One of the main hallmarks of Alzheimer’s disease is 

the aggregation of the β-amyloid protein which result from abnormal processing of amyloid 

precursor protein by γ-secretase. Mutations in presenilin1 and 2, the catalytic subunits of γ-

secretase, cause Alzheimer’s disease. Interestingly, presenilin1 and 2 are highly enriched 

in ER-MAM fractions and mutations in presenilin1 and 2 disturb the ER-MAM function (Area-
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Gomez et al., 2012; De Strooper et al., 2012). In addition to regulating calcium signalling, 

ER-MAMs also play important roles in lipid transfer and lipid biosynthesis and trafficking 

(Rusiñol et al., 1994), mitochondrial dynamics (Friedman et al., 2011) and autophagy 

(Hamasaki et al., 2013). Indeed, the function of the ER-MAM is shown to be upregulated 

resulted in altered lipid metabolism in Alzheimer’s disease. Cholesteryl ester and 

phospholipid synthesis are elevated significantly in fibroblasts from patients with 

Alzheimer’s disease (Area-Gomez et al., 2012). In addition, perturbed mitochondrial 

functions associated with Alzheimer’s disease could be a result of ER-MAM disruption. It is 

shown that ER-MAM contact is increased due to upregulation of ER-MAM tethering proteins 

in Alzheimer’s disease brain and amyloid precursor protein mouse model patients (Area-

Gomez et al., 2012; Hedskog et al., 2013). Since our preliminary data suggest that a pool 

of HECTD1 is found at ER-MAMs in neurons (Chapter 5), and that HECTD1 is sensitive to 

change in calcium concentration, it is tempting to speculate that HECTD1 in fact regulates 

some aspects of ER-MAMs. Our findings raise new questions and open up new avenues 

for the role of HECTD1 in neuronal signaling and in particular its regulation as well as the 

function of its localization at ER-MAMs. 

Similar to neurons, cardiomyocytes (cardiac muscle cells) are also heavily reliant on calcium 

homeostasis and heart disease, in particular myocardial infarction, are associated with 

calcium imbalance (Chen et. al, 2013) Beside its role in signalling and gene transcription, 

calcium is involved in heart excitation-contraction coupling. Cardiomyocytes contraction is 

initiated by plasma membrane depolarisation which allows calcium influx into 

cardiomyocytes through VGCCs causing an increase in intracellular calcium levels which 

triggers calcium release from the ER. The increase in calcium levels activates contractile 

proteins leading to cardiomyocytes contraction (Bolton et al., 2002; Eisner et al., 2017). The 

elevated calcium levels then required to be buffered by the ER and mitochondria and failure 

in restoring calcium basal levels leads to mitochondrial calcium overload and apoptosis. 

During hypoxia/reperfusion, apoptosis can be induced by IP3R-mediated increased calcium 

transfer from the ER to mitochondria causing mitochondria calcium overload and apoptosis 

(Lu et al., 2010). In cardiomyocytes, the molecular chaperone cyclophilin D (CypD) interacts 

with the VDAC-Grp75-IP3R multiprotein complex to regulate calcium signalling. This 

interaction increased during hypoxia/reperfusion leading to increased mitochondrial calcium 

overload. On the other hand, disturbing the interaction between CypD and Grp75 or IP3R 

attenuates mitochondrial calcium overload which protects cells during ischemia/reperfusion 

(Paillard et al., 2013). This regulation of the VDAC-Grp75-IP3R axis is also seen in the 

hippocampal neuronal cell line HT22, where disrupting the VDAC-Grp75-IP3R interaction 

protects neurons form glutamate-induced mitochondrial calcium overload (Honrath et al., 
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2017). Moreover, the levels of activated (phosphorylated) p38 are elevated during heart 

ischemia. However, early activation of p38 in cardiomyocytes have a protective role (Luss 

et al., 2000; Gysembergh et al., 2001; Gorog et al., 2004). HECTD1 cleavage was induced 

using treatment that induced p38 phosphorylation in neurons, which could indicate that 

HECTD1 cleavage and p38 phosphorylation are involved in one pathway. It is tempting to 

speculate that during ischemia in cardiomyocytes, HECTD1 is cleaved and that this might 

be part of a p38 protective response. 

Since HECTD1 was detected at the ER-MAM fraction isolated from mouse brain and 

mouse-derived cortical neurons (Chapter 5), I propose that HECTD1 may play a role, and 

in fact also be regulated, in neurons and cardiomyocytes during ischemia/reperfusion. 

Similar to NMDA and glutamate in the brain,  calpains are activated by increased calcium 

levels in heart (Goll et al., 2003). Therefore, it will be important to study whether HECTD1 

is cleaved during ischemia/reperfusion injury in neurons and cardiomyocytes as well as how 

HECTD1 might regulate ER-MAMs. 
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