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The Role of Protein Degradation in Neuronal Cell Death 
 

Joanna Norman, MRC Toxicology Unit, University of Leicester, Leicester,  
LE1 9HN 
 
In neuronal systems, the degradation of intracellular proteins, controlled by the 
ubiquitin-proteasome system and autophagy, is of paramount importance for normal 
cellular homeostasis. The dysfunction of either of these pathways leads to the 
accumulation of protein aggregates, as seen in neurodegenerative conditions, 
culminating in neuronal cell death. In the current study I investigated the cleavage of 
the proteasome subunits, S1, S6´ and S5a in cerebellar granule neurons induced to 
undergo apoptosis through the withdrawal of potassium. The cleavage of S1 and S6´ 
and the loss of proteasomal activity corresponded with the activation of caspase-3; 
however the role of the proteasome was shown to be limited in this model as cells had 
passed the death commitment point. In addition, I developed a multiubiquitinated 
fluorescent sensor for the analysis of the proteasomal function on a single cell level, 
and characterised its use in SH-SY5Y cells. I have also constructed epitope-tagged 
plasmids encoding the autophagy-related proteins and examined their potential 
regulation by cell death proteases in an in vitro cleavage assay. Most of the autophagy-
related proteins were cleaved in the in vitro model and the potential cleavage sites 
were identified for mutagenesis. The cleavage of Beclin 1 was also observed in 
apoptotic cerebellar granule neuron lysates. Finally, I investigated the mechanisms by 
which the HDACi, TSA, exerts a neuroprotective effect in cerebellar granule neurons. I 
have demonstrated that it increases the expression of a number of BCL2 family 
proteins, in particular MCL1, which was hypothesised to contribute to the 
neuroprotection observed. Taken together, I have demonstrated in this thesis that there 
are multiple levels of control during cell death; defining their importance is essential for 
the development of future drug targets. 
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GAPDH  Glyceraldehyde-3-phosphate Dehydrogenase 
GATE-16  Golgi Associated ATPase Enhancer of 16 kDa 
GFAP   Glial Fibrillary Acidic Protein 
GFP   Green Fluorescent Protein 
Glu   Glutamine 
Gly   Glycine 
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HCl   Hydrochloric acid 
HD   Huntington’s Disease 
HDAC   Histone Deacetylase 
HDACi   Histone Deacetylase Inhibitor/s   
HDM   human homologue of MDM2 
HECT   Homologous to E6-AP C-terminus 
HeLa   Human Cervix Adenocarcinoma Cell Line 
HEPES  N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulphonic acid] 
His   Histidine 
His6   6-Histidine residue tag 
HRP   Horseradish Peroxidase 
HRK   Harakiri 
HRP   Horseradish Peroxidase 
HSP   Heat Shock Protein 
Htt   Huntingtin Protein 
IAP   Inhibitor of Apoptosis Proteins 
IB   Immunoblot 
ICAD   Inhibitor of caspase-activated DNase 
ICE   Interleukin-1-converting enzyme 
IETD.AFC  N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylcoumarin 
IFN-γ   Interferon-γ 
IgG   Immunoglobulin Gamma 
IGL   Internal Granule Layer 
IL-1β   Interleukin-1β 
Ile   Isoleucine 
IGF-1   Insulin-like growth factor 
IM   Isolation Membrane 
IP   Immunoprecipitation 
IP3   Inositol-1, 4, 5-Triphosphate 
IPTG   Isopropyl-beta-D-thiogalactopyranoside 
IRS1   Insulin Receptor Substrate 1 
JNK   c-Jun N-Terminal Kinase 
K+   Potassium 
K25   Control Salt solution with 25 mM K+ 

K5   Control Salt Solution with 5 mM K+ 

KCl   Potassium Chloride 
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KSR   Kinetic Scan Reader 
Leu   Leucine 
LC3   Microtubule-associated protein 1 Light Chain 3 
LLVY.AMC  Succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin 
LLVYase Ability to process the fluorogenic substrate Leucine-Leucine-

Valine-Tyrosine-7-amino-4-methyl-coumarin 
Lys   Lysine 
MAPK   Mitogen-Activated Protein Kinase Kinase 
MCL1   Myeloid Cell Leukaemia Sequence-1 
MDM   Mouse Double Minute -2 
MEFs   Mouse Embryonic Fibroblast cells 
MEM   Minimum Essential Medium 
Mg   Magnesium 
MG115  Z-Leu-Leu-Norvalinal 
MG132  Cbz-Leu-Leu-Leucinal 
MgCl2   Magnesium Chloride 
MJD   Machado Joseph Disease 
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MK-801 (5S, 10R)-(+)-5-methyl-10, 11-dihydro-5H-dibenzo[a, 
d]cyclohapten-5, 10-imine hydrohen maleate 

mRNA   Messenger Ribonucleic Acid 
MTT   3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
N-BAK   alternatively spliced form of BAK expressed in neuronal cells 
NaCl   Sodium Chloride 
NAD+   Nicotinamide Adenine Dinucleotide (oxidised form) 
NCI   National Cancer Institute 
NCS   Newborn Calf Serum 
NEDD Neuronal Precursor Cell Expressed Developmentally Down 

Regulated Protein 
NGF   Nerve Growth Factor 
NK   Natural Killer cells 
NMDA   N-methyl-D-aspartic Acid 
nPIST   Novel Form of Protein Interacting Specifically with Tc10 
OD   Optical Density 
OMM   Outer Mitochondrial Membrane 
OTU   Ovarian Tumour Proteases 
P   Postnatal day 
PAC   Proteasome Assembling Chaperone 
PAGE   Polyacrylamide gel electrophoresis 
PAN   Proteasome Activating Nucleotidases 
PARP   Poly (ADP-ribose) Polymerase 
PAS   Phagophore Assembly Site 
PBS   Phosphate Buffered Saline 
PCR   Polymerase Chain Reaction 
PD   Parkinson’s Disease 
PE   Phosphatidylethanolamine 
Phe   Phenylalanine 
PI(3)K   Phosphatidylinositol 3-Kinase 
Pro   Proline 
PS   Phosphatidylserine 
PS-341  Bortezomib/Velcade 
PUMA   p53 Upregulated Modulator of Apoptosis 
r   Recombinant 
Rad23   Radiation Gene 23 
Raptor   Regulatory Associated Protein of mTOR 
Rheb   Ras Homologue Enriched in Brain 
RING   Really Interesting New Gene 
RIP   Receptor Interacting Protein 
RIPA   Radio Immuno Precipitation Assay 
RNA   Ribonucleic Acid    
ROS   Reactive Oxygen Species 
RP   Proteasome 19S Regulatory Particle 
RPT   Regulatory Particle Triphosphatase 
RT   Room temperature 
S1   human homologue of proteasome subunit Rpn2 
S2   human homologue of proteasome subunit Rpn1 
S5a   human homolgue of proteasome subunit Rpn10 
S6   human homologue of proteasome subunit Rpt5 
S6K1   Ribosomal S6 Kinase 1 
S. cerevisae  Saccharomyces cerevisae 
SDS   Sodium dodecyl sulphate 
SEM   Standard Error of the Mean 
Ser   Serine 
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siRNA   Small Interfering Ribonucleic Acid 
SMAC   Second Mitochondrial-derived Activator of Apoptosis 
SOD   Superoxide Dismutase 
Strep-HRP  Strepavidin-biotinylated-HRP 
SUMO   Small Ubiquitin Like Modifier 
SVM   Support Vector Machine 
SYTOX  SYTOX orange, nucleic acid stain 
TBS-T   Tris-Buffered Saline +0.1% (v/v) Tween 
Thr   Threonine 
TNF   Tumour Necrosis Factor 
TNT   Transcription/Translation System 
(m)TOR(C)  (mammalian) Target of Rapamycin (Complex) 
TRADD  TNF Receptor-associated DD protein 
TRAF2   TNR Receptor-associated factor-2 
TRAIL   TNF-related apoptosis-inducing ligand 
TRIS   2-Amino-2-(hydroxymethyl)-1, 3-Propanediol 
tRNA   Transfer Ribonucleic Acid 
Trp   Tryptophan 
TSA   Trichostatin A 
TSC   Tuberous Sclerosis Complex 
TWEENTM 20  Polyoxyethylenesorbitan monolaurate 
Tyr   Tyrosine 
UV   Ultraviolet 
UBA   Ubiquitin Associated Domain 
Ubi   ubiquitin 
UBL   Ubiquitin-Like domain 
UCH   Ubiquitin C Terminal Hydrolases 
ULK1/2  human homologues of Atg1   
ULP   UBL Specific Proteases 
UPR   Unfolded Protein Response 
UPS   Ubiquitin Proteasome System 
USP   Ubiquitin Specific Proteases 
UVRAG  UV Irradiated Resistance Associated Tumour Suppressor Gene 
Val   Valine 
VC   Vehicle Control 
VEID   N-acetyl-Val-Glu-Ile-Asp-7-amino-4-trifluoromethylcoumarin 
VPA   Valproic Acid 
Vps   Vacuolar Protein Sorting 
v/v   Volume to Volume 
w/v   Weight to Volume 
WT   Wild-type 
z-VAD.fmk Benzyloxycarbonyl-Valine-Alanine-Aspartic acid-

fluoromethylketone 



 Introduction
 

 20

 
Chapter 1 

 
 
 
 
 

Introduction 



 Introduction
 

 21

1.0. Introduction 
 
1.1. Apoptosis 
The term ‘apoptosis’ was coined in the seminal paper by Currie and colleagues in 

1972, in which they described a highly regulated, programmed form of cell death for the 

normal turnover of various cell types and tissues (Kerr et al., 1972). This was an 

alternative to the ‘violent’ form of cell death – necrosis that resulted in the disruption of 

cellular homeostasis (Bras et al., 2005). Apoptosis is involved in a number of important 

biological processes, including the development of the nervous system, the immune 

system, hormone dependent atrophy and cell death induced by chemical and 

environmental stressors such as UV (Nagata, 1997; Oppenheim, 1991). Furthermore, 

inappropriate apoptosis has been implicated in a number of human diseases including 

autoimmune diseases, several neurodegenerative diseases and many forms of cancer 

(reviewed in (Hanahan and Weinberg, 2000; Munoz et al., 2008; Yuan and Yankner, 

2000)). 

 

Apoptosis is initiated by two main pathways: the extrinsic pathway, in which 

extracellular death ligands bind to transmembrane death receptors; and the intrinsic 

pathway that is stimulated in response to cell stress or damage (Taylor et al., 2008). 

The extrinsic and intrinsic pathways will be discussed in further detail in section 1.1.4 

and 1.1.5 respectively. Both extracellular and intracellular apoptotic signals converge at 

the activation of a group of cysteine proteases, the caspases, which are responsible for 

the majority of the characteristics of apoptotic cells and will be discussed in greater 

detail in section.1.1.3. 

 

The understanding of the genetic basis of apoptosis was gained from studies into the 

development of the nematode Caenorhabditis elegans (C. elegans) (Degterev and 

Yuan, 2008; Ellis and Horvitz, 1986). The activation of programmed cell death in C. 

elegans is controlled by the genes ced-3, ced-4, ced-9 and egl-1 (Conradt and Horvitz, 

1998; Hengartner and Horvitz, 1994; Yuan and Horvitz, 1992; Yuan et al., 1993). 

Multiple mammalian homologues to the identified genes have since been discovered 

and it was found that the key players in the apoptotic pathway are highly conserved in 

mammals, C.elegans and the fruitfly Drosophila melanogaster. The proteins encoded 

by ced-3 and ced-9 are homologues of the mammalian proteins interleukin-1β-

converting enzyme (ICE, caspase-1(Yuan et al., 1993)) and anti-apoptotic BCL2 (B-cell 

lymphoma 2) protein (Hengartner and Horvitz, 1994) respectively. Furthermore, the 

mammalian homolog of CED-4 is the adaptor protein APAF1 (apoptotic protease 



 Introduction
 

 22

activating factor 1 (Zou et al., 1997)) and EGL-1 closely resembles the BCL2 

homology-3 (BH3)-only proteins of the BCL2 family (Conradt and Horvitz, 1998). 

 

1.1.2. Morphological and Biochemical features of Apoptosis 
Apoptosis is a morphologically and biochemically distinct form of cell death (Bratton et 

al., 2000). Hundreds of proteins undergo proteolysis during apoptosis and most of the 

features described for apoptotic cells are the result of protease cleavage. The most 

noticeable feature of apoptosis is the condensation and fragmentation of the nucleus. 

Nuclear fragmentation is induced in part by the proteolysis of lamin A, B and C by 

caspases, which is thought to facilitate nuclear breakdown (Rao et al., 1996). In 

addition, the degradation of DNA is also the result of chromatin cleavage by caspase 

activated DNase (CAD) at internucleosomal sites. In healthy cells, CAD is associated 

with its inhibitor ICAD (inhibitor of CAD), however during apoptosis ICAD is cleaved by 

caspases and CAD is released (Enari et al., 1998; Sakahira et al., 1998). However, 

studies from cells expressing caspase-resistant ICAD or CAD deficient cells suggest 

that it is not indispensable for early-stage apoptotic DNA degradation, and that there 

are contributions from other factors such as acinus during apoptosis (Nagata et al., 

2003; Sahara et al., 1999; Samejima et al., 2001; Samejima et al., 1998). 

 

In the early stages of apoptosis, the rounding and retraction of the cell is observed. 

This is the result of caspase-mediated proteolysis of many of the cytoskeletal 

constituents, including gelsolin and spectrin (Kothakota et al., 1997; Martin et al., 

1995). Plasma membrane blebbing is also thought to be the result of a weakened 

cytoskeleton. In addition, caspase activation is required for the exposure of phagocytic 

signals on the cell surface, including phosphatidylserine (PS) (Fadok et al., 1992; 

Taylor et al., 2008). The release of cytochrome c (cyt c) from the intermembrane space 

of the mitochondria is the result of the permeabilization of the outer mitochondrial 

membrane mediated by the BCL2 proteins, BAX (BCL2-associated X protein) or BAK 

(BCL-antagonist/killer-1) (Kluck et al., 1997; Liu et al., 1996; Yang et al., 1997). In 

addition, the caspase-mediated dismantling of the electron transport chain and 

secondary release of cyt c is associated with the loss of the mitochondrial 

transmembrane potential, energy depletion and the subsequent production of reactive 

oxygen species (ROS) (Chen et al., 2000; Ricci et al., 2004). 

 
1.1.3. The Caspase Family 
In 1992, two independent studies simultaneously identified ICE as the human protease 

responsible for the activation of the precursor interleukin-1 β (Cerretti et al., 1992; 
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Thornberry et al., 1992). This protease is today referred to as caspase-1 and is a 

member of a family of cysteine proteases that have a preference for cleaving after an 

aspartic acid residue in their target proteins. Fourteen mammalian caspases have been 

identified including eleven in humans (Cohen, 1997; Fuentes-Prior and Salvesen, 

2004). Seven caspases are thought to be involved in apoptosis. In addition, caspase-1, 

caspase-4, caspase-5, caspase-11 and caspase-12 are thought to be involved in the 

response to inflammation (reviewed in (Martinon and Tschopp, 2007)); caspase-14 

may be involved in keratinocyte differentiation. 

 

Caspases are synthesized as inactive zymogens or proenzymes, consisting of an N-

terminal pro-domain followed by a large subunit of ~20 kDa and a small subunit of 

~10 kDa joined by a small spacer (Figure 1.1.1). The caspase family are subdivided 

into two categories, the “initiator” caspases (including caspase-2, -8, -9, and –10) and 

the “effector” caspases (caspase-3, -6 and –7) (Shi, 2002).  

 

1.1.3.1. The Initiator Caspases 
The initiator caspases are characterised by long pro-domains of more than 90 amino 

acids, which allow them to interact with death effector domains (DEDs) or caspase-

activation recruitment domains (CARDs) in specific adapter proteins (Bratton et al., 

2001). In contrast to the effector caspases, cleavage of the initiator caspases is not 

required nor is it sufficient for their activation (Stennicke et al., 1999). The zymogens of 

the initiator caspases exist as inactive monomers in the absence of an apoptotic 

stimulus. They are recruited to multiprotein complexes via their respective N-terminal 

recruitment domains (CARD for caspase-9 and DED for caspase-8) (Boldin et al., 

1996; Li et al., 1997; Muzio et al., 1996). The increase in the local concentration of the 

monomers allows them to adopt a dimeric active conformation. The processing of the 

initiator caspases then occurs (Boatright et al., 2003; Donepudi et al., 2003). Once 

active, caspase-8 is capable of processing caspase-3, caspase-7 and caspase-9 

(Muzio et al., 1997; Srinivasula et al., 1996a); caspase-9 activates caspase-3 and 

caspase-7 (Li et al., 1997). 

 

1.1.3.2. The Effector Capases 
Zymogens of the effector caspases exist as inactive heterodimers at physiological 

concentrations. The activation of effector caspases is carried out by initiator caspases 

through cleavage at specific internal aspartate residues between the large and small 

subunits (Boatright et al., 2003). A secondary autocatalytic event removes the pro-

domain. The structure of ICE was solved simultaneously by two independent groups  
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Degterev and Yuan, 2008; Twiddy, 2005). The inactive caspase zymogens have 
three main domains: a prodomain and large (p20) and small (p10) subunits. The 
prodomains of the initiator and inflammatory caspases contain protein-protein 
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(A). These are proteolytically cleaved during activation after aspartate residues 
(D-X) to remove the prodomain and separate the p20 and p10 subunits. The large 
subunits contain the active site cysteine residue. Not all caspases contain the 
linker (L) domain (B).  
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and provided an insight into the mechanism of effector caspase activation (Walker et 

al., 1994; Wilson et al., 1994). It revealed that two cleaved caspase heterodimers, 

consisting of a large and small subunit combine to form an active heterotetramer 

containing the acive site systeine, a conserved residue in the active site of all 

caspases. The active site is formed by residue contributions from the p10 subunit of 

one heterodimer and the p20 subunit of the other; the active heterotetramer therefore 

contains two active sites. The studies also suggested that each heterodimer is 

proteolytically activated prior to the formation of the heterotetramer, allowing the 

structural rearrangements necessary for active site formation (Walker et al., 1994; 

Wilson et al., 1994). Once active, the effector caspases are able to cleave a broad 

array of structural and regulatory components of the cell, ultimately resulting in many of 

the apoptotic features already described. 

 

Caspases recognise specific tetra- or pentapeptide motifs (P4-P3-P2-P1) in substrates, 

cleaving on the C-terminal side of P1, which is usually an aspartic acid residue. The 

optimal recognition motif for caspase-3 and -7 is DEXD. In comparison, caspase-6, -8 

and -9 prefer the motif (L/V)EXD. Besides the near absolute requirement for Asp, 

N-terminal to the scissile bond at position P1; a critical determinant of specificity has 

been shown to be position P4. In general, the caspases also have a preference for Glu 

at position P2, although this is not absolute (Thornberry et al., 1997). At least for 

caspase-3 and -7, there does not seem to be a favourable specificity for amino acids at 

P5 (Talanian et al., 1997). Small amino acids such as Ser, Gly and Ala seem to be 

preferred at position P1’ (Stennicke et al., 2000). The ability of caspases to recognise 

specific amino acid sequences results in a selective cascade of caspase activation, the 

motifs being present in many of the proforms of the inactive enzymes themselves. 

 

1.1.4. The Extrinsic Pathway 
The extrinsic pathway of apoptosis is responsible for the elimination of unwanted cells 

during immune system education, immunosurveillance and during development. It is 

triggered by the binding of a tumour necrosis factor (TNF) family member ligand (such 

as TNF, CD95L/FasL/APO-1L and TNF-related apoptosis-inducing ligand (TRAIL)) with 

their cognate receptors on the cell surface (Figure 1.1.2; reviewed in (Bratton et al., 

2000; MacFarlane, 2003)). The ligation of CD95L to the CD95 receptor induces 

receptor trimerization. This stimulates the recruitment of the adaptor protein 

FADD/Mort-1 (Fas-associated death domain) to the receptor’s intracellular cytoplasmic 

domain known as the death domain (DD), forming the DISC (death-inducing signalling 

complex). FADD binds directly to the DD, through its own C-terminal DD (Boldin et al.,  
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Figure 1.1.2. The Extrinsic and Intrinsic Pathways of Apoptosis (adapted from 
Hill et al, 2003). During the extrinsic pathway the binding of a death ligand to its 
cognate receptor, such as FasL, induces the recruitment and oligomerization of 
procaspase-8 via the adapter molecule FADD. Active caspase-8 processes and 
activates caspase-3, initiating a caspase cascade and substrate proteolysis. 
Active caspase-8 can also cleave the BCL2 family protein BID in certain cells, 
resulting in the activation of BAX/BAK, release of cyt c from the mitochondria and 
the formation of the apoptosome. Active caspase-9 can then process and activate 
caspase-3 and –7, and downstream caspase activation continues. The intrinsic 
pathway is initiated by BH3-only protein induction or post-translational activation 
that inactivate the pro-survival BCL2 proteins, leading to the activation of 
BAX/BAK as discussed above.
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1995; Chinnaiyan et al., 1995). The complete DISC is formed when FADD recruits 

procaspase-8, which binds to the death effector domain (DED) at the N-terminus of 

FADD through its own DED located in its prodomain (Boldin et al., 1996; Medema et 

al., 1997; Muzio et al., 1996). Multiple monomeric procaspase-8 molecules are 

recruited via the dual adapter molecule FADD and the subsequent generation of active 

caspase-8 then occurs by dimerization followed by transcatalysis (Muzio et al., 1998). 

Caspase-8 then activates a caspase cascade that results in the death of the cell (Muzio 

et al., 1997; Srinivasula et al., 1996a). 

 

There are four TRAIL receptors that bind the ligand TRAIL. However, only TRAIL-R1 

and TRAIL-R2 signal to apoptosis; TRAIL-R3 and -R4 do not have functional DDs. The 

TRAIL DISC also contains FADD and caspase-8 (Ashkenazi, 2002). In contrast to the 

TRAIL and Fas/CD95 DISCs, TNF-receptor 1 (TNF-R1) initially recruits a different 

adapter protein: TNF receptor-associated DD protein (TRADD) (Hsu et al., 1995), 

which is then believed to associate with FADD. However, FADD and caspase-8 are not 

recruited to the DISC and are activated elsewhere in the cell (Harper et al., 2003). In 

addition, TRADD acts as a platform for the interaction with other signalling molecules, 

including RIP (receptor-interacting protein) and TRAF2 (TNF receptor-associated factor 

2), which signal to the JNK (c-Jun N-terminal kinase) and NF-κB pathways respectively 

(Hsu et al., 1996a; Hsu et al., 1996b). 

 

1.1.5. The Intrinsic Pathway of Apoptosis 
The intrinsic pathway is triggered in response to various stress stimuli such as 

chemotherapeutic agents, ionising radiation and growth factor withdrawal (reviewed in 

(Bratton et al., 2000; Cain et al., 2002; Hengartner, 2000). The co-ordinated released of 

several proteins from the mitochondrial intermembrane space into the cytosol is a key 

event in the intrinsic apoptotic pathway (Figure 1.1.2). The release of cytochrome c in 

particular is important for the subsequent activation of caspases. Cytochrome c 

associates with APAF1 in the cytoplasm, possibly via the WD-40 repeats at the C-

terminus of APAF1. This results in the unfolding of APAF1 and exposes its central 

nucleotide domain, which facilitates the binding and hydrolysis of dATP/ATP causing 

APAF1 oligomerisation and exposure of the APAF1 CARD domain (Hu et al., 1998; 

Jiang and Wang, 2000; Li et al., 1997; Saleh et al., 1999). Multiple monomeric 

molecules of procaspase-9 are recruited through the interaction of the CARD regions 

on both proteins. The APAF1: cyt c: caspase-9 multimeric complex is known as the 

apoptosome. The molecules of multimeric caspase-9 dimerize and undergo 

autocatalysis to generate active caspase-9 (Srinivasula et al., 1998). Caspase-9 then 
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recruits and activates caspase-3/-7 at the apoptosome (Bratton et al., 2001). Caspase-

3 processes and activates caspase-6 (Srinivasula et al., 1996b), followed by activation 

of caspase-8 and 10. Caspase-3 also feeds back on caspase-9 and produces a 

differentially processed form of caspase-9 (p37) (Slee et al., 1999; Srinivasula et al., 

1996b). 

 

There is also crosstalk between the intrinsic and extrinsic signalling pathways. The 

BCL2 family member, BID (BH3-interacting domain death agonist), is processed by 

caspase-8, initiating its translocation to the mitochondria, where it induces the release 

of cytochrome c and the assembly of the apoptosome (Li et al., 1998; Sun et al., 1999).  

 

Endogenous controls exist to delay cell death mediated by the apoptosome. Apoptosis 

can be suppressed by the direct inhibition of caspases by the inhibitor of apoptosis 

proteins (IAPs) (Bratton et al., 2001; Deveraux et al., 1998; Twiddy et al., 2006). 

However, the anti-apoptotic activity of the IAPs can be neutralized by the mammalian 

IAP inhibitor SMAC (second mitochondria-derived activator of caspases)/DIABLO 

(direct IAP-binding protein with low PI), which is released from the mitochondria at the 

same time as cytochrome c (Du et al., 2000; Srinivasula et al., 2001; Verhagen et al., 

2000) or as a secondary event in a caspase-dependent manner (Adrain et al., 2001). 

 

1.1.6. The BCL2 family 
The intrinsic pathway of apoptosis is strictly controlled by the actions of the BCL2 

family proteins (Figure 1.1.2; reviewed in (Desagher and Martinou, 2000; Walensky, 

2006; Youle and Strasser, 2008)). The BCL2 family is divided into three groups based 

on their structure and function (Figure 1.1.3). One class contains the anti-apoptotic 

BCL2 family members, BCL2, BCLxL, BCLW (BCL2-like-2), MCL1 (myeloid cell 

leukaemia sequence-1), BCLB/BCL2L10 and A1/BCL2A1 (BCL2-related protein A1) 

which share three to four conserved BCL2-homology domains (BH1-4). In contrast, the 

second group are anti-survival and include BAX, BAK and BOK/MTD. These are 

essential inducers of the permeabilization of the outer mitochondrial membrane (OMM) 

and the release of cytochrome c and share three conserved domains (BH1-3). The 

BH3-only proteins make up the third class. This includes BAD (BCL2-antagonist of cell 

death), BIK/BLK/NBK (BCL2-interacting killer), BID, HRK (harakiri)/DP5 (death 

protein-5), BIM/BOD (BCL2-like-11), BMF, NOXA and PUMA/BBC3 (BCL2-binding 

component-3). They all contain a BH3 domain, which binds to the anti-apoptotic BCL2 

members to promote apoptosis. In addition, most anti-apoptotic BCL2 proteins contain  
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a C-terminal membrane-targeting hydrophobic domain and are typically found 

associated with membranes (Goping et al., 1998).  

 

BAX exists as a monomer and is mainly localised in the cytosol in healthy cells. Upon 

the induction of apoptosis, BAX translocates to the mitochondria and undergoes an N-

terminal conformational change to reveal a hidden N-terminal epitope, which is coupled 

to its oligomerization and insertion in the mitochondrial membrane (Goping et al., 1998; 

Hsu and Youle, 1998; Nechushtan et al., 1999; Wolter et al., 1997). In contrast, BAK 

resides on the OMM bound to BCLxL and MCL1, however it also undergoes a 

conformational change and oligomerises during apoptosis stimulation (Griffiths et al., 

1999; Willis et al., 2005).  

 

BAX and BAK activation is inhibited by the anti-apoptotic BCL2 family proteins. Several 

models have been proposed for the derepression of BAX and BAK. The indirect model 

of BAX/BAK activation was recently demonstrated, in which the BH3-only proteins bind 

and inhibit the BCL2 anti-apoptotic proteins, and in doing so relieve their constraints on 

BAX and BAK (Willis et al., 2007). In contrast, an alternative model proposes the direct 

activation of BAX and BAK by the BH3-only proteins tBID and BIM, while the other 

BH3-only proteins act as sensitizers, displacing the activators (BIM, tBID) from the pro-

survival proteins (Certo et al., 2006; Kuwana et al., 2005; Letai et al., 2002). However, 

apoptosis is still induced in BID/BIM-/- mice, suggesting that the indirect mechanism is 

correct (Willis et al., 2007). The protein binding specificity of the BH3-only proteins is 

shown in Figure 1.1.3.  

 
1.1.7. The Calpain Family 
The calpain family are a heterogenous family of calcium-activated cysteine proteases, 

also implicated in the cell death process (reviewed in (Goll et al., 2003; Huang and 

Wang, 2001; Saez et al., 2006)). There are multiple isoforms that are both ubiquitious 

and tissue specific. The two ‘classical’ calpains are calpain 1 and 2, which are activated 

by low and high micromolar concentrations of free calcium (Ca2+) respectively; these 

are the most abundant and well studied members of the calpain family. They exist as 

heterodimers consisting of a large 78-80 kDa catalytic subunit and a small 29 kDa 

regulatory subunit. The binding of Ca2+ to calpain 1 and 2 induces a conformational 

change to form the active site. In addition, a short N-terminal prodomain in the large 

subunit is removed (Hosfield et al., 1999; Strobl et al., 2000). Calpain 1 and 2 also 

have the ability to interact with membrane phospholipids via an alternative domain in 

their structure. At normal intracellular levels of Ca2+ calpain is involved the modulation 



 Introduction
 

 32

of Ca2+-regulated events such as cell cycle progression, cell proliferation, 

differentiation, platelet activation and apoptosis. The activation of calpain under 

pathological concentrations of Ca2+ is associated with excitotoxicity, metastasis and 

neuronal degeneration (Bano et al., 2005; Huttenlocher et al., 1997; Saito et al., 1993). 

 

Calpain cleavage of substrates is generally an action to modify rather than terminate 

the action of their substrates and occurs in a limited manner. The identification of 

cleavage motifs for calpain 1 is complex. The preferred residues of the ubiquitous 

calpains – µ- and m-calpain at position P2 are Leu, Val or Thr; Arg or Lys (and to a 

lesser extent Tyr) are often found at position P1. There is also a preference for the 

amino acids at positions P3 (Phe, Trp, Leu, Val or Pro) and at position P1’ (Arg, Lys, 

Leu or Pro) but these are weaker than those stated for P2 and P1 (Sasaki et al., 1984; 

Stabach et al., 1997; Tompa et al., 2004). Amino acid preferences seem to extend over 

11 residues around the scissile bond (Tompa et al., 2004). The secondary structure of 

a substrate is also an important determinant of calpain cleavage. In general, proteases 

cleave in sterically accessible and flexible regions; the majority of calpain recognition 

sites are in disordered and unstructured regions of proteins (Tompa et al., 2004).  

 

1.1.8. Neuronal Apoptosis 
Excessive numbers of neurons are produced during development in order to compete 

to establish contacts with their target partners, with subsequent refinements during 

their life span. Neuronal differentiation and death are therefore tightly controlled and 

regulated in postmitotic systems to achieve and preserve a functional nervous system. 

This is accomplished by the activation of several signalling pathways, one of which is 

apoptosis (Buss et al., 2006; Oppenheim, 1991; Pettmann and Henderson, 1998). The 

basic apoptotic programme is shared by neurons with all other cell types. The 

specificity of regulation is provided by the expression of different neurotrophic factors, 

BCL2 family members and caspase family members in different types of neurons and 

at different stages of development. . 

 

The importance of apoptosis in the developing brain is exemplified by mice with a 

targeted deletion of caspase-3, caspase-9 or APAF1. These animals displayed gross 

brain abnormalities, the result of reduced progenitor cell death and increased embryo 

lethality (Kuida et al., 1998; Kuida et al., 1996; Yoshida et al., 1998). However, 

subsequent studies demonstrated that there may be a strain-dependent redundancy for 

the action of caspase-3 (Houde et al., 2004; Leonard et al., 2002). In addition, 
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excessive cell death was observed in the dorsal root ganglia and spinal cord of the 

BCLxL-/- mice (Motoyama et al., 1995). 

 

Classically, the form of cell death associated with ischemia is necrosis, however, 

morphological and biochemical features of apoptosis have been documented in 

experimental animals. Moreover, caspase-3 activity has been demonstrated in 

ischemic brain, hypothesised to be the result of activation by caspase-11 (Kang et al., 

2000; Namura et al., 1998). Neurodegenerative diseases in the adult are often caused 

by protein aggregation for example by the expression of expanded polyglutamine 

tracts, which cause neuronal death in specific neuronal populations. There is some 

evidence that the expression of expanded polyglutamine tracts in primary cerebellar, 

striatal and cortical neurons, results in protein aggregates that induce apoptosis 

(Sanchez et al., 1999). In addition, caspase-mediated proteolysis of proteins with 

expanded polyglutamine tracts may result in the generation of highly toxic fragments 

(Graham et al., 2006). In mutant superoxide dismutase (SOD-1) transgenic mice, a 

model for amyotrophic lateral sclerosis (ALS), active caspase-1 and caspase-3 were 

observed. In addition, a delay in disease progression in the transgenic mouse model 

was demonstrated by the inhibition of caspase-1. It is thought that caspase-1 

predisposes neurons to cell death by directly activating caspase-3 and by increasing 

the levels of IL-1β, a pro-inflammatory cytokine (Li et al., 2000; Yuan and Yankner, 

2000). 

  

1.2. Protein and Organelle Degradation 
The intracellular concentration of proteins in a cell is determined by the balance 

between their rate of synthesis and degradation. There are two predominant, highly 

regulated degradative pathways for short and long-lived protein and organelle turnover 

in the cell. These are the ubiquitin proteasome system and autophagy. These 

pathways are critical for maintaining cell growth and development by controlling the 

balance between anabolism and catabolism. Furthermore, they have essential roles in 

aging, cell death, differentiation, starvation and also in the prevention of several types 

of cancer (Ciechanover, 1994; Ciechanover et al., 1978; Reggiori and Klionsky, 2002; 

Schwartz and Ciechanover, 1999; Wilkinson, 2004). 

 

The lysosome was initially thought to be the site for most protein degradation, due to 

the organelle’s high concentration of lysosomal proteases and its ability to degrade 

endocytosed proteins. The existence of nonlysosomal proteases and the almost total 

depression of protein degradation by inhibitors of energy production indicated that 
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there is a simultaneous process (Ciechanover, 2005). In 1978, Ciechanover et al 

reported the first molecular dissection of the proteasomal system (Ciechanover et al., 

1978). Since then much has been discovered regarding the proteolysis of intracellular 

proteins and its importance in biological systems.  
 

The demonstration of a non-lysosomal, ATP-dependent system in cell free extracts 

was carried out by Etlinger and colleagues in 1977 (Etlinger and Goldberg, 1977). This 

protein degradation system was shown to be composed of a small heat stable protein 

(ATP-dependent proteolysis factor – APF-1). This was devoid of proteolytic activity until 

it was combined with two further components, which contained complementary activity, 

one of which interacted directly with ATP (Ciechanover et al., 1978; Hershko et al., 

1980; Hershko et al., 1979). APF-1 was later identified as ubiquitin, a ubiquitous protein 

initially identified from bovine thymus (Goldstein et al., 1975; Wilkinson et al., 1980).  

 

1.2.1. The Ubiquitin-Proteasome System 
The ubiquitin-proteasome system (UPS) enforces protein quality control and regulates 

many cellular processes in the cytosol and nucleus of eukaryotic cells, by its 

degradation of intracellular proteins (Tanaka et al., 2004; Wolf and Hilt, 2004). It 

controls the levels of many regulatory proteins involved in fundamental biological 

reactions, such as cell-cycle progression, DNA repair, transcription, metabolism, signal 

transduction, development and apoptosis. In addition, it plays a role in the stress 

response. Defects in the UPS have been implicated in several human diseases such 

as cancers, neurological disorders and inflammation (reviewed in (Glickman and 

Ciechanover, 2002)). The degradation of proteins via the UPS begins with the 

attachment of an ubiquitin tag to the substrate in a multi-step process. The substrates 

are then targeted to the 26S proteasome, where the degradation takes place.  

 
1.2.1.1. The Ubiquitin Conjugation Pathway 
Ubiquitin is a 76 amino acid, heat stable, evolutionally conserved peptide. Ubiquitin 

molecules can be conjugated to one another to form extended polymers on a protein 

substrate (Chau et al., 1989). A specific amide (isopeptide) linkage is formed between 

the ε-amino group of a lysine residue in one ubiquitin (or the protein substrate) and the 

C-terminal carboxyl group (glycine 76, G76) of the next ubiquitin in the chain 

(Goldknopf and Busch, 1977). In ubiquitin there are seven potential lysine residues for 

ubiquitin chain synthesis. The attachment of four or more ubiquitin moieties to lysine-48 

(K48) targets the protein substrate for degradation by the 26S proteasome (Cook et al., 

1994; Thrower et al., 2000). Tetraubiquitin chains are the shortest polymer that binds 
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efficiently to proteasomes. It appears that chains of four or more ubiquitin molecules 

are recognised differently to those with just one (Thrower et al., 2000). 

 

The process of polyubiquitination involves the sequential action of three enzymes: an 

ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin-

protein ligase (E3) (Figure 1.2.1; reviewed in (Glickman and Ciechanover, 2002; 

Pickart, 2001)). In most organisms a single E1 activates ubiquitin for the subsequent 

conjugating reactions; in yeast the enzyme is UBA1 (McGrath et al., 1991). The human 

orthologue was idenitifed as UBE1 (Ciechanover et al., 1984; Finley et al., 1984; 

Handley et al., 1991). However, this was recently challenged by the identification of a 

novel tissue specific E1, UBE1L2, which is highly expressed in the testis (Pelzer et al., 

2007) and the identification of a divergent E1 in vertebrates, UBA6 (Jin et al., 2007). 

 

The ‘activation’ of ubiquitin begins when the E1 binds Mg2+-ATP and ubiquitin 

(Ciechanover et al., 1982) and catalyses the adenylation of glycine-76 (G76) at the 

C-terminus of ubiquitin (Hershko et al., 1981), which extends away from the core 

ubiquitin molecule (Cook et al., 1992). The ubiquitin-adenylate is attacked by the E1’s 

catalytic cysteine, forming a covalent thioester linkage between the C-terminus of 

ubiquitin and the active site cysteine of the E1. A second molecule of ubiquitin then 

noncovently binds to the E1 via its C-terminal G76 at the adenylation active site (Haas 

et al., 1982). Thus, during the activation cycle two molecules of ubiquitin are bound to 

the E1 at two of the E1’s three distinct domains: the adenylation domain (ATP and 

ubiquitin) and the catalytic cysteine domain; the acyl carrier for ubiquitin (Walden et al., 

2003).  

 

E1s bind their E2 substrates with high affinity when they are doubly loaded (Hershko et 

al., 1983; Pickart and Rose, 1985a). The third E1 domain, the C-terminal ubiquitin-fold 

domain, which is required to recruit specific E2’s (Huang et al., 2007; Huang et al., 

2005; Walden et al., 2003), is unmasked by a conformational change in the doubly-

loaded E1 (Huang et al., 2007; Lee and Schindelin, 2008). The thioester-linked 

ubiquitin is released from the E1 and transferred to the E2’s conserved catalytic 

cysteine in a transthiolation reaction and the E1 reverts back to its singly-loaded 

conformation. In addition, this is necessary for the subsequent binding of the E2s to 

E3s as there is a structural overlap of the E2 binding sites for E1 and E3s (Eletr et al., 

2005; Huang et al., 2005). The activation cycle continues, with the E1 cycling between 

its doubly and singly loaded forms as it binds and releases ubiquitin. The E2-ubiquitin 

thioester then associates with the E3. 
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Figure 1.2.1.The Ubiquitination Pathway (adapted from Weissman, 2001). The 
covalent attachment of ubiquitin (Ub) to the substrate protein (S) occurs through the 
sequential actions of ubiquitin-activating enzyme (E1), ubiquitin-conjugating 
enzyme (E2) and ubiquitin-ligase (E3). For HECT domain E3s, the ubiquitin is 
transferred to the active site cysteine of the E3, then transferred to the substrate 
protein. For RING domain and U box E3s, ubiquitin is directly transferred to the 
substrate protein. After sequential rounds of ubiquitination (n), a polyubiquitin chain 
is attached to the protein and the protein is targeted to the proteasome and/or 
induce downstream signalling pathways.



 Introduction
 

 38

The E3s catalyse the transfer of ubiquitin from the E2 to the ε-amino group of a lysine 

residue (K48 for proteasomal degradation (Chau et al., 1989)) in the substrate target to 

generate a covalent isopeptide bond. Three main families of E3s have been identified, 

which contain conserved protein domains. The best-characterised member of the 

HECT (Homologous to E6-AP C Terminus) domain E3s is E6-AP (E6-Associated 

Protein), which targets the tumour-suppressor protein, p53 for ubiquitin-dependent 

proteolysis (Huibregtse et al., 1995; Huibregtse et al., 1991; Huibregtse et al., 1993). 

HECT domain E3s have a conserved domain of ~350 amino acids at their C-terminus, 

which harbours the essential active site cysteine through which the E3s form the 

thioester with ubiquitin and interact with the E2s (Huibregtse et al., 1995; Huibregtse et 

al., 1991; Huibregtse et al., 1993; Scheffner et al., 1995). The N-terminal regions are 

variable and are thought to have an involvement in the recognition of the protein 

substrate. Following its association with the charged E2, the HECT domain E3 forms a 

thioester linkage between its active site cysteine and the C-terminal glycine of ubiquitin. 

Two models have been proposed for the subsequent transfer of the thioester ubiquitin 

to the protein target. The first of which involves the direct transfer via an isopeptide 

bond of ubiquitin to the protein substrate; successive addition of ubiquitin molecules to 

the previously transferred ubiquitin elongates the ubiquitin chain. In contrast, the 

second model involves the sequential addition of noncovalently bound ubiquitin 

molecules to the E3, the ubiquitin chain is elongated at the E3 prior to transfer onto the 

target protein (Verdecia et al., 2003; Wang and Pickart, 2005). The mechanisms 

employed by the HECT domain E3s for the synthesis of polyubiquitin chains are 

distinct between enzymes (Wang and Pickart, 2005). 

 

The globular E2-binding domain of the RING (Really Interesting New Gene) domain 

E3s are stabilised by the coordination of two zinc ions by multiple cysteine (Cys) and 

histidine (His) residues. RING E3s do not form covalent linkages with ubiquitin, instead 

they act as scaffolds that position and orientate the E2-thioester ubiquitin conjugate 

and target proteins for ubiquitin transfer (Zheng et al., 2002; Zheng et al., 2000). From 

mechanistic studies using the cullin-RING ligase SCFCdc4 (Kkp1-Cdc53-F Box), it is 

thought that both the E2-thioester ubiquitin and the target protein bind to separate 

domains on the E3 and the lysine residue (K48) of the protein substrate attacks the C-

terminal G76 ubiquitin. The ubiquitin molecule is then transferred to the target protein. 

The rapid successive addition of ubiquitin molecules to the substrate protein elongates 

the ubiquitin chain (Petroski and Deshaies, 2005). Well-characterised members of the 

RING-ligase E3 family include c-Cbl proto-oncogene (Joazeiro et al., 1999), the IAP 

(Inhibitor of Apoptosis Proteins) family of anti-apoptotic proteins (Huang et al., 2000), 
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the proto-oncogene MDM2 (Mouse Double Minute-2) (Fang et al., 2000) and the multi-

subunit SCF and anaphase-promoting complex (APC) cell cycle regulatory complexes 

(Cardozo and Pagano, 2007). It is thought that the E3s determine the specific lysine 

residue in the target protein for ubiquitination during chain assembly (Wang et al., 

2006). 

 

The third family of E3s is the U box E3s. Their three dimensional structure is similar to 

that of the RING domain E3s. In contrast to the HECT domain E3s, the U box E3s do 

not form thioester intermediates with ubiquitin, it is directly transferred to the target 

protein (Hatakeyama and Nakayama, 2003). 

 

Several E3 ligases have been demonstrated to be associated with the proteasome and 

may directly transfer polyubiquitinated proteins via their ubiquitin-like (UBL) domains. 

This includes the RING E3, Parkin (Sakata et al., 2003) and the HECT domain-

containing E3-ligase Hul5 (Leggett et al., 2002). In addition, Rad23 (radiation gene 23), 

Dsk2 (Elsasser et al., 2002; Rosenzweig et al., 2008; Saeki et al., 2002; Schmidt et al., 

2005), Ddi 1(Schmidt et al., 2005), and Shp1/p47 in complex with cdc48/p97 have also 

been proposed to mediate the transfer of polyubiquitinated proteins. In addition to their 

UBL domains, these proteins contain polyubiquitin-interacting ubiquitin-associated 

domains (UBA) domains, which bind polyubiquitin chains. The UBL domains interact 

with the proteasome, delivering the substrates for degradation (Welchman et al., 2005).  

 

1.2.1.1.1. Variations on Ubiquitination 
Polyubiquitin chains can also be assembled on other lysine residues in ubiquitin to 

regulate a number of cellular processes (reviewed in (Haglund and Dikic, 2005; 

Weissman, 2001)). All seven lysine residues (K6, K11, K27, K29, K33, K48 and K63) in 

ubiquitin are involved in cell signalling. The attachment of ubiquitin chains to K63, in 

particular, is a well characterised alternative to conjugation at K48. Ubiquitination at 

alternative lysine residues has also been demonstrated to be important for ribosomal 

function (Spence et al., 2000), post replication DNA repair (Spence et al., 1995), the 

initiation of the inflammatory response (Deng et al., 2000) and the function of certain 

transcription factors (Kaiser et al., 2000).  

 

1.2.1.1.2. Ubiquitin-like (UBL) proteins 
Many ubiquitin-like modifiers (UBLs) have been identified (reviewed in (Hochstrasser, 

2000; Welchman et al., 2005)). The basic set of ubiquitinylation enzymological 

reactions is used for their conjugation to target substrates, a requirement for their 
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function, in a wide range of cellular processes. The best characterised UBLs include 

NEDD8 (neuronal-precursor-cell-expressed developmentally downregulated protein-8), 

which is involved in the regulation of E3s such as cullins and MDM2 (Hori et al., 1999; 

Xirodimas et al., 2004) and SUMO (small ubiquitin-like modifier) -1, -2, -3 that have 

been implicated in nuclear localisation, transcriptional regulation, the antagonism of 

ubiquitination and mitosis (Azuma et al., 2003; Eaton and Sealy, 2003; Gill, 2004). In 

addition, the autophagy-related proteins (Atg), Atg8 and Atg12 are involved in the 

elongation of the autophagic vesicle and in the cytoplasm-to-vacuole- targeting (Cvt) 

pathway (discussed in further detail in section 1.2.2.2.6). 

 

1.2.1.2. Deubiquitinating enzymes 
Deubiquitinating enzymes (DUBs) and UBL-specific proteases (ULPs) serve to 

deconjugate the UBL/ubiquitin modified proteins and counteract the actions of 

ubiquitin- or UBL-ligases (reviewed in (Chung and Baek, 1999; Love et al., 2007; 

Nijman et al., 2005)). The function of deubiquitination is to recycle ubiquitin (which is 

transcribed at low levels), to rescue substrates from proteasomal degradation or to 

control trafficking (Millard and Wood, 2006). There are five subclasses of DUB, in 

which specific structural diversity exists: ubiquitin C-terminal hydrolases (UCHs), 

ubiquitin-specific proteases (USPs), ovarian tumour proteases (OTUs), Machado 

Joseph disease protein domain proteases (MJDs) and JAMM motif (zinc metallo) 

proteases. 

 

1.2.1.3. The 26S Proteasome 
The eukaryotic proteasome is a 26S, ATP-dependent, multisubunit protease that 

controls the degradation of polyubiquitinated proteins involved in numerous intracellular 

processes (reviewed in (Pickart and Cohen, 2004; Wolf and Hilt, 2004)). It is composed 

of two subcomplexes – the 20S core particle (CP) is responsible for the catalytic 

activity, and one or two 19S regulatory particles (RP; PA700), which are attached to 

one or both ends of the CP (DeMartino and Slaughter, 1999).  

 

1.2.1.3.1. The 20S Core Particle 

The CP is a barrel-like structure, with the catalytic active sites residing on the inside of 

the cylinder. It is composed of four heptameric rings stacked axially (Groll et al., 1997; 

Lowe et al., 1995). The two distal rings contain seven highly homologous α-subunits 

(α1-7) and seven highly homologous β-subunits (β1-7) form the two central rings. 

Proteolysis is catalysed in the central chamber by the N-terminal threonine residues of 

the β-subunits, β5, β2 and β1. The proteasome has three distinct hydrolysing abilities, 
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namely chymotrypsin-like, trypsin-like and peptidyl-glutamyl, enzymatic activities 

respectively (Groll et al., 1997; Groll et al., 1999); the latter also being referred to as 

caspase-like (Kisselev et al., 1999). However, the 20S-CP requires the binding of the 

regulatory complex to become fully active (Kohler et al., 2001).  

 

Eukaryote and prokaryote β subunits of the 20S are expressed in precursor form with 

an N-terminal propeptide sequence. Proteasome assembly is initiated by the formation 

of the α-subunit ring. Subsequently, half proteasomes are formed composed of one 

seven membered α-subunit ring and one unprocessed β-subunit ring. A 

prehaloproteasome if formed by the association of two half proteasomes and the 

processing of the β-subunits results in the mature haloproteasome (α7β7β7α7) (Chen 

and Hochstrasser, 1996; Seemuller et al., 1996; Sharon et al., 2007). The removal of 

the propeptide sequence exposes the N-terminal threonine, ensuring that the formation 

of the active sites occur upon completion of 20S assembly (Zuhl et al., 1997). In 

addition, the chaperones, proteasome assembling chaperone-1 (PAC1) and PAC2 are 

proposed to facilitate the assembly of the precursor proteasomes, by providing a 

scaffold for α-ring formation (Hirano et al., 2005). 

 

The immunoproteasome is induced by the major immunomodulatory cytokine, 

interferon-γ (IFNγ) and is responsible for antigen presentation. The β-subunits, β1, β2 

and β5 are replaced by the catalytically active iβ1 (LMP2), iβ2 (MECL-1) and iβ5 

(LMP7) in the immunoproteasome (Kloetzel and Ossendorp, 2004). 

 

1.2.1.3.2. The 19S Regulatory Particle 
The 19S-RP is composed of at least eighteen individual subunits and is split into two 

subcomplexes: the lid and the base. The base contains six AAA-ATPases (Regulatory 

Particle Triphosphatase (Rpt) 1-6) that are adjacent to the 20S α-subunits (Glickman et 

al., 1998). In addition, three further non-ATPase subunits (Regulatory Particle Non-

ATPase 1 (Rpn1), Rpn2 and Rpn10) are also assigned to the base. The remaining 

subunits make up the lid subcomplex, which sits above the base and is linked by 

Rpn10. The lid subcomplex is required for ubiquitin-dependent proteolysis. The 19S 

performs a set of important functions including recognition of the polyubiquitin chain 

(Lam et al., 2002; Young et al., 1998), selective binding and unfolding of substrates 

tagged for degradation, degradation-coupled deubiquitination (Verma et al., 2002; Yao 

and Cohen, 2002) and opening of the pore into the 20S-CP (da Fonseca and Morris, 

2008; Smith et al., 2007; Whitby et al., 2000). In addition, they provide the force to drive 

the substrates into the proteolytic chamber (Kohler et al., 2001). In archaea, the six 
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identical subunits that make up the proteasome-regulatory complex, PAN, are close 

homologues of the 19S ATPases (Zwickl et al., 1999). The subunit composition of the 

S.cerevisae regulatory particle and the corresponding nomenclature for the human 

homologues are shown in Table 1.2.1. (Finley et al., 1998). 

 

Table 1.2.1. The Unified Nomenclature of the S.cerevisae Regulatory Particle and 
the Corresponding Human Forms (adapted from (Finley et al., 1998)). 

 

S.cerevisae Human homologues 

Rpn1 S2 

Rpn2 S1 

Rpn3 S3 

Rpn4  

Rpt1 S7 

Rpt2 S4 

Rpt3 S6 

Rpt4 S10b 

Rpt5 S6´ 

Rpn5  

Rpn6 S9 

Rpn7 S10 

Rpt6 S8 

Rpn8 S12 

Rpn9  

Rpn10 S5a 

Rpn11 Poh1 

Rpn12 S14 

 

When the CP and RP are not associated, the N-termini of the α-subunits occlude the 

centrally located channel into the catalytic core (Groll et al., 2000; Smith et al., 2007). 

The association of the putative AAA-ATPase subunits of the 19S-RP, with the adjacent 

α-ring of the 20S-CP seems to involve the interaction of α5, α6 and the interface 

between α7 and α1 with the C-terminus of Rpt2, Rpt5 and possibly Rpt1 (da Fonseca 

and Morris, 2008; Smith et al., 2007; Whitby et al., 2000). This is proposed to initiate 

gate opening and proteasome activation. Furthermore, the attachment of the 19S-RP 

subunits with the α-subunits induces a radial movement in each of the α-subunits and 
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in the β-subunits. This converts the relatively narrow inner chamber into a wider 

accessible channel for unfolded protein substrates. This is proposed to be required for 

the translocation of the target protein into the proteasomal core, after it has been 

recognised and unfolded by the 19S and may contribute to enhanced proteolytic 

activity (da Fonseca and Morris, 2008). ATP binding and hydrolysis play distinct roles 

in 26S proteasome function. The assembly of the 19S with the 20S requires ATP 

binding, but not hydrolysis; ATP removal promotes disassembly and inactivation of the 

26S proteasome. ATP binding is also required for gate opening. ATP hydrolysis 

couples mechanisms for degradation including substrate unfolding. The translocation of 

unfolded substrates into the chamber can occur through the ATPase by facilitated 

diffusion (Liu et al., 2006; Smith et al., 2005). 

 

An additional regulator of the 20S, induced by IFN-γ, the 11S regulator (PA28), binds to 

the 20S-CP and activates proteolysis, in an ubiquitin and ATP-dependent manner. 11S 

regulators may form hybrids, capping the 20S at one end, with a 19S at the other (da 

Fonseca and Morris, 2008; Hendil et al., 1998; Kloetzel and Ossendorp, 2004). 

 
1.2.1.4. Inhibitors of Proteasomal Activity 
Proteasome inhibitors are commonly used tools in the laboratory for the rapid analysis 

of protein degradation. Inhibitors of the proteasome include the peptide aldehydes, 

which are reversible transition state substrate analogue inhibitors that primarily target 

the proteasomal chymotrypsin-like activity. This group includes Cbz-leu-leu-leucinal 

(MG132), Cbz-leu-leu-norvalinal (MG115) and acetyl-leu-leu-norleucinal (ALLN). 

However, the peptide aldehydes may also inhibit calpains and lysosomal hydrolases. In 

contrast, lactacystin (and its derivative clasto-lactacystin β-lactone) and peptides 

containing a C-terminal vinyl sulfone moiety are more specific (Lee and Goldberg, 

1998). These inhibitors covalently modify the active site threonine of the β-subunits. 

The boronic dipeptides, MG262 and bortezomib (Velcade™, formerly PS-341 (Adams 

et al., 1998; Adams et al., 1999)) form stable, reversible tetrahedral intermediates with 

the N-terminal threonine resides of the β-subunits active site, exhibiting high selectivity 

for the inhibition of the chymotrypsin-like activity of the proteasome. Bortezomib was 

shown to have potent anticancer activity in a National Cancer Institute (NCI) screen of 

60 cancer cell lines derived from multiple human tumours (Adams et al., 1999). 

Bortezomib has U. S. Food and Drug Administration (FDA) and European Medicines 

Agency (EMEA) approval for its use in the treatment of patients with multiple myeloma 

and clinical trials are ongoing for its use in solid and haematological malignancies 

(Zavrski et al., 2005). 
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1.2.1.5. The Proteasome and Apoptosis 
It was revealed in the early 1990’s that the proteasome plays a specific role in the 

regulation of apoptosis. Through the identification of ubiquitinated substrates, it 

appears that ubiquitination regulates the function and levels of several apoptosis-

related proteins (Shinohara et al., 1996; Yang and Yu, 2003). 

 

One such protein is the tumour suppressor and nuclear transcription factor, p53, which 

is activated by DNA damage, oncogene activation, and cellular stress (Culmsee and 

Mattson, 2005). The level of p53 is regulated post-transcriptionally by MDM2 (murine 

double minute-2 (human homologue – HDM2)), a RING domain E3 that binds p53 in 

the nucleus, and mediates its transportation into the cytosol, where it is ubiquitinated 

and undergoes proteasomal degradation. In addition, MDM2 mediates its own 

ubiquitination and degradation (Culmsee and Mattson, 2005; Fang et al., 2000; 

Kubbutat et al., 1997)  

 

Other apoptosis-related proteins known to be targets of the ubiquitin-proteasome 

pathway include the IAPs. Several IAP family members act as RING domain E3 

ubiquitin-ligases, targeting caspase-3, caspase-7 and Smac/DIABLO for degradation 

(Huang et al., 2000; MacFarlane et al., 2002). The BCL2 family members such as BIM, 

BID, BIK and MCL1 have also been demonstrated to be substrates of the UPS, thought 

to be important for the regulation of the apoptotic threshold (Fennell et al., 2008). 

 
1.2.2. The Autophagy Pathway 
The alternative site for protein degradation in eukaryotic cells takes place at the 

lysosomes. These contain a range of acidic hydrolases, which are capable of rapid and 

efficient degradation of all cellular constituents. The process of autophagy takes place 

at these sites and is exclusively responsible for the turnover of organelles and long-

lived proteins (Juhasz and Neufeld, 2006; Reggiori and Klionsky, 2002). Autophagy 

(derived from the Greek terms; “auto” oneself, “phagy” to eat or “self-eating”) is 

evolutionarily conserved among animal, plant and yeast cells. Three main forms of 

autophagy have been identified: chaperone-mediated autophagy, macroautophagy and 

microautophagy (Levine and Kroemer, 2008; Xie and Klionsky, 2007). Microautophagy, 

which is not well characterised in higher eukaryotes, involves the uptake of the 

cytoplasm at the lysosome surface by invagination. This is in contrast to 

macroautophagy, in which the sequestering membrane is distinct from the lysosome 

(Rubinsztein et al., 2007). Chaperone-mediated autophagy is regarded as a secondary 

response to starvation; it is induced under conditions of prolonged nutrient inadequacy. 
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During this process misfolded proteins are translocated directly across the lysosomal 

membrane (Dice, 2007; Majeski and Dice, 2004). The primary response to nutrient 

limitation is macroautophagy; this is the major lysosome-dependent mechanism for 

degradation and will be referred to as autophagy in the rest of this thesis.  

 

While autophagy is generally thought of as being relatively non-selective, several types 

of selective autophagy have been described (van der Vaart et al., 2008). These include 

the well-characterised biosynthetic cytoplasm-to-vacuole targeting (Cvt) pathway in 

yeast, necessary for the transport of the vacuolar protease aminopeptidase I (Ape I) 

and ER-phagy in which autophagy participates in the degradation of excessive ER 

during the unfolded protein response (UPR) (Bernales et al., 2006). In addition, 

mitophagy refers to the selective elimination of non-functional mitochondria by 

autophagy, a process that can prevent aging (van der Vaart et al., 2008) and is 

hypothesised to occur upon treatment with an apoptotic stimulus in the presence of 

caspase inhibitors (Xue et al., 2001). Pexophagy refers to the selective degradation of 

the peroxisomes. There is an overlap in the autophagic machinery that is required for 

the functioning of the selective autophagy processes and the non-selective ‘bulk’ 

autophagy (discussed below). The key difference is the signal for membrane 

biogenesis, which is a result of the direct activation of the autophagic machinery for 

non-selective autophagy, whereas it comes from the cellular component targeted for 

degradation in selective autophagy (Kundu and Thompson, 2008).  

 

Low basal levels of autophagy occur in virtually all cells. When cells need to generate 

energy and intracellular nutrients, for example during growth factor withdrawal (Lum et 

al., 2005), starvation (Kang et al., 2007; Kuma et al., 2004), or to meet high 

bioenergetic demands, autophagy is rapidly upregulated (Levine and Kroemer, 2008). 

The autophagic response is also enhanced as a defence mechanism during infection 

(Orvedahl and Levine, 2008), oxidative stress (Scherz-Shouval et al., 2007) and protein 

aggregate accumulation (Hara et al., 2006; Komatsu et al., 2006; Pandey et al., 2007). 

Furthermore, autophagy is thought to contribute to the clearance of dead cells during 

embryonic development (Qu et al., 2007). 

 

1.2.2.1 Morphological features 

The morphology of autophagic cells was initially described in the 1960’s from studies 

using electron microscopy (EM) (Ashford and Porter, 1962). The induction of 

autophagy is characterised by the presence of a fold of membrane, known as the 

isolation membrane (IM) or phagophore in mammals, which enwraps part of the 
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cytoplasm. Sealing the edges of the IM sequesters the cytoplasmic constituents into a 

double-membrane cytosolic vesicle, known as an autophagosome. This then fuses with 

the lysosome and the inner vesicle of the autophagosome is released into the 

lysosomal lumen. This so called ‘autophagic body’ is degraded by hydrolases along 

with the cytoplasmic load (Juhasz and Neufeld, 2006; Reggiori and Klionsky, 2002). 

Lysosomal membrane permeases then release the resulting macromolecules for 

recycling (Xie and Klionsky, 2007). The number of autophagic vacuoles observed in 

dying cells is far greater than that associated with the cytoplasmic turnover in normal 

cells (Clarke, 1990). 

 

1.2.2.2. The Autophagic Process 
The molecular control of the autophagic process was discovered by independent 

genetic screens in the yeast Saccharomyces cerevisiae (S. cerevisiae) (Thumm et al., 

1994; Tsukada and Ohsumi, 1993). These were referred to as the APG genes 

(AutoPhaGy, (Tsukada and Ohsumi, 1993)) or the AUG genes (AUTophagocytosis, 

(Thumm et al., 1994)). To date at least thirty genes have been identified and 

demonstrated to be involved in starvation-induced autophagy, the Cvt pathway and 

pexophagy. Many known orthologues of the genes have been described in higher 

eukaryotes. The large number of names associated with the autophagy-related genes 

led to the adoption of a unified gene and protein nomenclature. The new gene and 

protein names - ATG and Atg (AuTophaGy-related) respectively were employed and 

are used below in the description of the pathway (Klionsky et al., 2003). Among the 

ATG genes, a subset is required for autophagosome formation in all subtypes, the 

products of which are known as the ‘core’ autophagic machinery. These can be 

organised by function into three main groups, which include (1) the cycling system of 

Atg9, the Atg1 kinase complex, Atg2 and Atg18; (2) the phosphaditylinositol 3-OH 

kinase (PI(3)K) complex; (3) the ubiquitin-like protein (UBL) system (Reggiori and 

Klionsky, 2002; Xie and Klionsky, 2007). 

 

1.2.2.2.1. The Phagophore Assembly Site 
The basic mechanism of the autophagic process occurs in four discrete steps: 

induction and cargo packaging, formation and completion of the autophagosome, 

docking and fusion with the lysosome and the breakdown and release of the contents. 

The induction of vesicle formation during autophagy is stimulated by cellular signals as 

discussed above and is proposed to take place at the phagophore assembly site (PAS) 

(Kim et al., 2002; Suzuki et al., 2001). It is here in which the phagophore undergoes 

expansion and evolves into the autophagosome by the concerted actions of the core 
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machinery. Most of the core machinery proteins are excluded from the completed 

autophagosome and relocated to peripheral sites; the exception being Atg8. The co-

localisation of the phagosome with components of the core machinery has previously 

been demonstrated in both mammalian and yeast cells (Kirisako et al., 1999; 

Mizushima et al., 2001).                                                                                                                           

 

1.2.2.2.2. The Target of Rapamycin (TOR)-dependent and independent induction 
of autophagy 

Autophagy is negatively regulated by the actions of the target of rapamycin (TOR; in 

mammals, referred to as the mammalian target of rapamycin (mTOR)). TOR, a 

serine/threonine phosphatidylinositotol kinase-related kinase, is maintained in an active 

conformation in response to amino acids and growth factors, where it is responsible for 

coordinating many aspects of cell growth. (Noda and Ohsumi, 1998).  

 

In mammals mTOR resides in a complex (mTOR complex 1; mTORC1) that is 

composed of the mTOR catalytic subunit, regulatory associated protein of mTOR 

(raptor) and mLST8 (GβL). Analogous complexes are also found in yeast (Pattingre et 

al., 2008). The key negative regulator of mTORC1 is the tuberous sclerosis 1 (TSC1) 

and TSC2 tumour suppressor complex. TSC1 and TSC2 form a heterodimer, which is 

a GTPase activating protein for Rheb (Ras homologue enriched in brain). Rheb is a 

small GTP-binding protein that binds and activates the kinase domain of mTOR 

(Saucedo et al., 2003; Stocker et al., 2003). Multiple stimuli such as DNA damage, 

energy depletion, hypoxia and insulin signal to TSC1-TSC2 through the regulation of 

several kinases that directly phosphorylate TSC2. The downstream targets of mTORC1 

include the regulators of translation, 4EBP1 (eukaryotic translation initiation factor 4E 

binding protein 1) and S6K1 (ribosomal S6 kinase 1). S6K1 is an important regulator of 

cell growth and in conditions of high mTORC1 activity, its direct phosphorylation of the 

insulin receptor substrate 1 (IRS1) via a feedback loop is responsible for the inhibition 

of Akt (Harrington et al., 2004). In addition, rapamycin, a macrolide antifungal agent, in 

complex with its intracellular receptor FKBP12 directly binds to mTORC1, suppressing 

the phosphorylation of S6K1 and 4EBP1 and stimulates autophagy (Sabatini, 2006). 

Inhibition of the TOR pathway is required for the Atg1 kinase-dependent regulation of 

autophagosome formation (Kamada et al., 2000). Furthermore, suppressing TOR 

activity increases the transcription of ATG8 (Abeliovich et al., 2000).  

 

mTOR-independent routes have also been described for the induction of autophagy. 

Lithium was proposed to increase the clearance of aggregates by autophagy induced 
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in response to the reduced intracellular levels of myo-inositol-1, 4, 5-triphosphate (IP3). 

In addition, the mood stabilisers carbamazepine and valproic acid (VPA) were shown to 

have the same effect (Sarkar et al., 2005). Furthermore, the disaccharide Trehalose 

was demonstrated to induce autophagy independently of mTOR and increase the 

clearance of aggregates in cell lines transfected with EGFP-tagged huntingtin exon 1 

with 74 polyglutamine repeats (EGFP-HDQ74) (Sarkar et al., 2007). In addition, many 

other molecules that have been demonstrated to regulate autophagy include calcium, 

the eukaryotic initiation factor 2α (eIF2α), the pro-survival BCL2 family proteins, 

reactive oxygen species (ROS) and calpain 1 and 2 (Demarchi et al., 2006; Hoyer-

Hansen et al., 2007; Kouroku et al., 2007; Pattingre et al., 2005; Shimizu et al., 2004).  

 

1.2.2.2.3. Atg1 Kinase Complex 
In yeast the activity of Atg1 (mammalian homologues, ULK1 and ULK2 (Chan et al., 

2007; Yan et al., 1998; Yan et al., 1999), a serine/threonine kinase is modulated by the 

phosphorylation state of Atg13. Autophagy is repressed in nutrient rich conditions when 

Atg13 is hyperphosphorylated by TOR, and its affinity for Atg1 kinase is low (Figure 

1.2.2). In contrast, the rapid dephosphorylation of Atg13 and its interaction with Atg1 

kinase during starvation for example, enhances the activity of autophagy (Abeliovich et 

al., 2000; Kamada et al., 2000). An additional regulator of Atg1 is Atg17, which binds to 

the Atg1 kinase-Atg13 complex in an Atg13-dependent manner. In addition, the 

interaction of Atg13 with Atg17 is required by Atg1 for its kinase activity (Kabeya et al., 

2005). The Atg1-Atg13-Atg17 complex is essential for the localisation of the 

subsequent Atg proteins to the PAS and is proposed to facilitate the assembly of the 

autophagosome. However, the kinase activity of Atg1 is not required for this purpose; it 

is more likely to be important for the dissociation of the Atg proteins from the completed 

vesicle or for the disassembly of the PAS (Cheong et al., 2008). While the majority of 

the autophagy pathway has been characterised in yeast, mammalian homologues of 

the Atg proteins display high homology with their yeast counterparts. In addition, most 

of the core autophagic machinery are considered critical for autophagosome formation, 

the autophagic process being inhibited in their absence. However, a mammalian 

orthologue of the yeast protein Atg13 has not been identified. Interestingly, a novel  

mammalian autophagy factor, FIP200 has been described, which functions with ULK1 

in autophagy (Hara et al., 2008) 
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Figure 1.2.2. The Autophagy Pathway (adapted from Maiuri et al, 2007; Yorimitsu
and Klionsky, 2005). Autophagy begins with the engulfment of cytoplasmic 
material, such as intracellular proteins or organelles, by the isolation membrane. 
The material is eventually sequestered in a double-membraned vesicle, known as 
the autophagosome. The induction of autophagy is regulated in many cellular 
settings by mTOR, which phosphorylates Atg13 (13), leading to its dissociation 
from the Atg1 kinase complex, which also contains Atg17 (17). The re-association 
of dephosphorylated Atg13 with Atg1 stimulates autophagy when mTOR is inhibited 
(1). The initial steps of vesicle nucleation involves the activation of Vps34, which 
requires the formation of a multiprotein complex, involving Atg8 (Beclin 1 in 
mammalian cells) and Vps15 (p150 in mammals). In mammals the complex also 
includes UVRAG and Bif-1, and is regulated by the interaction of Beclin 1 with 
BCL2/BCLxL; in yeast the complex contains Atg14 in addition to the core proteins. 
The activation of Vps34 generates PtdIns3P, which may recruit PtdIns3P-binding 
proteins such as Atg18 (2). Atg9 is recruited to the PAS by the Atg1kinase complex 
and interacts with Atg2 and 18. Exit of Atg9 from the PAS involves Atg1, Atg2 and 
Atg18. It is thought that Atg9 may contribute to the delivery of the membrane to the 
PAS (3). The two UBL conjugation systems that are essential for vesicle elongation 
(4) involves the conjugation of Atg12 to Atg5, catalysed by Atg7 (E1-like) and Atg10 
(E2-like). In addition, LC3/Atg8 is cleaved by Atg4 to expose the C-terminal glycine
residue, which is conjugated to PE by the actions of Atg7 and Atg3 (E2-like). This 
then becomes associated with the phagophore membrane, in a process that 
requires the Atg12:Atg5:Atg16 complex. Autophagosomes fuse with lysosomes (5), 
and the inner vesicle of the autophagosome and the constituents are released into 
the lumen of the lysosome and are degraded by hydrolases.  
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1.2.2.2.4. Atg9, Atg2 and Atg18 
Atg9 is a multi-spanning membrane protein with both termini residing in the cytoplasm. 

It is localised on the juxta-nuclear Trans Golgi membrane, and peripherally on late 

endosomes in mammalian cells (Young et al., 2006). In yeast, it seems to shuttle 

between the mitochondria and PAS. The role of Atg9 in autophagy is not well-

characterised, but it has been proposed that it may contribute towards the delivery of 

the membrane to the PAS (Figure 1.2.2) (Reggiori et al., 2005). The suggested process 

of Atg9 recruitment to the PAS begins with the individual recruitment of Atg9 and the 

Atg1 kinase complex. Atg2 and Atg18 are then recruited and the Atg1 kinase complex 

mediates their interaction with Atg9. The final step involves the exit of Atg9 from the 

PAS, a step that requires the Atg1 kinase complex and Atg2:Atg18 (Reggiori et al., 

2004). It is unknown whether Atg9 cycles continuously during autophagosome 

formation or cycles only once. Two mammalian homologues of yeast Atg9 have been 

identified; Atg9L1 (autophagy-related protein 9-like 1; Atg9A) is ubiquitously expressed, 

in contrast Atg9L2 (Atg9B) is mainly expressed in the placenta and pituitary gland 

(Yamada et al., 2005). 

 

1.2.2.2.5. The Phosphatidylinositol 3-Kinase Complex 
The initiation of vesicle nucleation involves the activation of the class III 

phosphatidylinositol 3-kinase (PI3K), vacuolar protein sorting (Vps) 34. In yeast, Vps34 

forms two discrete PI3K complexes: complex I contains Vps34, Vps15 (p150 in 

humans), a myristylated kinase required for the membrane association and activation 

of Vps34 (Stack et al., 1993); Vps30/Atg6 and Atg14. It is complex I that localises to 

the PAS and functions in autophagy (Kihara et al., 2001). The activation of Vps34 

generates phosphatidylinositol-3-phosphate (PtdIns3P) (Petiot et al., 2000). It is 

thought that the role of the PI3K complex at the PAS is to recruit PtdIns3P binding 

proteins, including Atg18. The localisation of Atg2:Atg18 is dependent on the 

interaction of Atg18 with PtdIns3P and is essential for full autophagic activity (Obara et 

al., 2008). In mammalian cells, Vps34 is similar to yeast Vps34 and it depends upon 

the formation of the multi-protein complex with Beclin 1 (the mammalian homologue of 

Atg6 (Furuya et al., 2005)), UVRAG (UV irradiation resistance-associated tumour 

suppressor gene (Liang et al., 2006)), Bif-1 (Endophilin B1 (Takahashi et al., 2007)) 

and Vps15 for activation (Figure 1.2.2). However, in contrast to Atg6, there is no 

proposed role for Beclin 1 in endocytosis or in the delivery of proteins to the lysosome. 

Beclin 1 primarily functions in autophagy (Zeng et al., 2006). In addition, no mammalian 

homologue of Atg14 has been described. In mammals, Beclin 1 was demonstrated to 

be an essential component of autophagy. Furthermore, Beclin 1-/- mice die early in 
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embryogenesis and there is an increased incidence of Beclin 1+/- mice with 

spontaneous tumours. Beclin 1 was therefore established as a haploinsufficient tumour 

suppressor gene (Yue et al., 2003). In the nervous system, Beclin 1 has also been 

demonstrated in complex with the glutamate receptor δ2 (Yue et al., 2002) and Ambra1 

during the development of the nervous system (Fimia et al., 2007). 

 

1.2.2.2.6. The Ubiquitin-like Protein Conjugation Systems 
Two ubiquitin-like (UBL) conjugation systems are essential for the biogenesis and 

expansion of the vesicle (Figure 1.2.2) (Ichimura et al., 2000; Mizushima et al., 1998). 

While the UBL proteins, Atg8 and Atg12, are structurally similar to ubiquitin, there is no 

clear homology. The initial steps of expansion involve the activation of Atg12 by the 

formation of a high energy thioester bond between the C-terminal glycine of Atg12 and 

the active site cysteine (Cys-507 in yeast) of Atg7, in an ATP-dependent manner 

(Figure 1.2.4). Atg7 is a homologue of the E1 ubiquitin-activating enzyme UBA1 (Kim et 

al., 1999; Mizushima et al., 1998; Tanida et al., 1999). Atg12 is then transferred to the 

active site cysteine of the E2-like ubiquitin-conjugating enzyme, Atg10, forming a new 

thioester bond (Mizushima et al., 1998; Nemoto et al., 2003). The covalent linkage of 

Atg12 to lysine-149 (K149) of Atg5 is the final step in the sequence of reactions 

(Mizushima et al., 1998). The two domains at the N- and C-terminus of Atg5 then 

associate with Atg16, to form the trimeric complex: Atg12:Atg5:Atg16. The interaction 

site of Atg5 with Atg16 is on the opposite side to its association with Atg12 (Matsushita 

et al., 2007). This complex is then capable of undergoing oligomerization via the self-

interaction of Atg16, while Atg5 mediates the association with the membrane (Kuma et 

al., 2002; Mizushima et al., 1999). Multiple isoforms of Atg16 (Atg16L) are generated in 

mammals by alternative splicing events (Mizushima et al., 2003). 

 

The second UBL system involves the initial cleavage of newly synthesised Atg8 by 

Atg4, a cysteine protease. This removes the C-terminal arginine residue of Atg8, 

resulting in the exposure of the glycine residue (Figure 1.2.4), which is required for 

subsequent conjugation reactions (Kirisako et al., 2000). Atg8 is then activated by the 

formation of a thioester bond between the C-terminal glycine and the active site 

cysteine of the E1-like Atg7. Atg8 is transferred and forms a new thioester bond with 

Atg3 (at Cys-234), an E2-like enzyme (Ichimura et al., 2000). In the final reaction, Atg8 

is covalently conjugated with a phosphatidylethanolamine (PE) molecule and becomes 

strongly associated with the membrane of the phagophore. The two UBL conjugation 

systems proceed independently with only a dual requirement for Atg7. However, while 

the Atg12:Atg5 complex with Atg16 forms in the absence of the Atg8 pathway, the 



 Introduction
 

 53

Atg12 system is essential for Atg8:PE conjugation (Mizushima et al., 2001).  It has 

been proposed the Atg12:Atg5:Atg16L complex localises to an as yet undetermined 

membrane, in a step that requires Atg16L. The high energy Atg3:Atg8 conjugate is 

then recruited via the interaction of Atg3 with Atg12, hypothesised to display E3-like 

activity. In this way, Atg8 is brought into the vicinity of PE in the membrane, resulting in 

its lipidation; the Atg12:Atg5:Atg16L complex acts as a scaffold for the conjugation of 

Atg8 with PE (Fujita et al., 2008a; Hanada et al., 2007).  

 

The Atg12:Atg5:Atg16 complex is associated with the outer leaflet of the phagophore 

during its expansion; upon completion the complex is released (Mizushima et al., 2003; 

Mizushima et al., 2001). Atg8:PE localises to the entire preautophagosome membrane. 

The amide bond linking Atg8 to PE is cleaved by Atg4 when the autophagosome is 

completed and the pool of Atg8 on the outer leaflet of the membrane dissociates 

(Kirisako et al., 2000). Atg8 that is trapped in the autophagosome, together with the 

autophagic body is degraded in the lumen. 

 

The core autophagic machinery is mostly conserved in mammalian cells. There are 

three mammalian homologues of yeast Atg8: microtubule-associated protein 1 light 

chain 3 (LC3), which is directly implicated in autophagy, Golgi associated ATPase 

enhancer of 16 kDa (GATE-16) and GABAA receptor associated protein (GABARAP) 

(Kabeya et al., 2000; Paz et al., 2000). There are also four mammalian homologues of 

the yeast Atg4: Atg4B/autophagin-1, Atg4A/autophagin-2,  Atg4C/autophagin-3 and 

Atg4D/autophagin-4 (Marino et al., 2003). The mammalian Atg4 homolgues differ in 

their tissue distribution and in their substrate efficiencies. Atg4B is capable of removing 

the C-terminal amino acids to expose the conserved glycine residue in all three 

mammalian Atg8 homologues for subsequent conjugation. In addition, it delipidates 

LC3 and GABARAP (Tanida et al., 2004b); Atg4A cleaves GATE-16 (Scherz-Shouval 

et al., 2003). 

 
1.2.2.2.7. Maturation of the Autophagosome and Fusion with the Lysosome 
The mechanisms of the progression of late autophagosomes into degradative 

autolysosomes are not well characterised. The machinery for autophagosome 

formation and the trafficking of endosomes, and the fusion of both with lysosomes may 

overlap (Levine and Klionsky, 2004; Liang et al., 2008) . A role for the small GTP 

binding protein, Rab7 in the maturation of late autophagosomes and their fusion with 

lysosomes has been described in mammalian cells (Gutierrez et al., 2004; Jager et al., 

2004; Kimura et al., 2007). Furthermore, it seems that UVRAG, a component of the 
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PI3K complex through its interaction with Beclin 1 (Liang et al., 2006), also promotes 

late autophagosome maturation, endocytic trafficking and fusion with 

endosomes/lysosomes. This is mediated by its association with the class C Vps (C-

Vps) proteins and was demonstrated to be independent from its interaction with Beclin 

1 and its upstream autophagic role (Liang et al., 2008). After the formation of the 

autolysosome the luminal contents are degraded by acidic lysosomal hydrolases such 

as cathepsin B, D and L (Tanida et al., 2005). 

 
1.2.2.3. Autophagy and Apoptosis 
Aged, damaged and superfluous cells or organelles are eliminated by apoptosis or 

autophagy. A complex functional relationship exists between the induction of 

autophagy and apoptosis. In some cellular settings autophagy is induced as a survival 

mechanism to avoid cell death; in others, morphological features of autophagy are 

observed in dying cells and the cell death is termed autophagic cell death (or type II 

cell death) (Clarke, 1990). In addition, the simultaneous induction of both autophagy 

and apoptosis is obvious upon the treatment of cells with several cell death stimuli. 

However, other stimuli predominantly induce one form of cell death over the other, 

suggesting that the development of the processes may controlled by a cellular 

‘decision’ (Maiuri et al., 2007b).  

 

Several overlapping processes that link apoptosis and autophagy have been 

described. The most widely studied is the interaction of the members of the antiapototic 

BCL2 family with Beclin 1 (Erlich et al., 2007; Liang et al., 2006; Liang et al., 1998; 

Maiuri et al., 2007a; Oberstein et al., 2007; Pattingre et al., 2005; Shimizu et al., 2004; 

Wei et al., 2008). BCL2 was demonstrated to be important for the regulation of the 

autophagic threshold induced by starvation (Pattingre et al., 2005). Furthermore, the 

regulation of the ability of BCL2 to regulate Beclin 1 function was shown to involve 

multisite phosphorylation of BCL2 by JNK1 (Wei et al., 2008). 

 

The caspase-8-mediated proteolysis of RIP has also been implicated in the regulation 

of Beclin 1/Atg7-dependent autophagy (Lin et al., 1999). The induction of autophagy in 

response to inhibition of caspase-8 by zVAD was shown to require the simultaneous 

blockage of a calpain-like protease (Madden et al., 2007). In contrast, calpain 1 and 2 

were hypothesised to be required for the promotion of autophagy in mammalian cells. 

The point at which calpain played a role in the autophagic process was not identified, 

but it was suggested that it may play a part in the delivery of the membrane to the 
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autophagosome or modulate the action of one of the components of the pathway 

(Demarchi et al., 2006). 

 

The critical autophagic factor, Atg5 has been implicated in both the autophagic and 

apoptotic response to stimuli. It was shown in complex with FADD in resting cells and 

during the simultaneous induction of autophagy and apoptosis by interferon-γ (Pyo et 

al., 2005). The cleavage of Atg5 by calpain 1 and 2 was detected in a variety of cell 

types undergoing both intrinsic and extrinsic apoptosis. The truncation of Atg5 was 

proposed to be a critical pro-apoptotic event for some forms of apoptosis, but had no 

effect on the autophagic response (Yousefi et al., 2006). The Atg proteins, particularly 

those of the UBL-conjugation pathways are essential for the process of autophagy. 

This is demonstrated by the early neonatal death of the ATG5- and ATG7 conditional 

knockout mice (Komatsu et al., 2005; Kuma et al., 2004). It is therefore likely that there 

are multiple levels of regulation, which remain uncharacterised. It is essential to 

investigate these points of control to further our understanding of the autophagic 

process. 

 

While autophagy is primarily a survival response, in conditions of defective apoptosis or 

when autophagy is excessively induced; self-destruction may be initiated by the 

autophagic machinery. The mechanism for this cellular decision remains unclear 

(Levine and Yuan, 2005). 

 

1.2.2.4. Degradation in the Nervous System 
During neuronal development axonal guidance is required for axons to locate the 

appropriate target. At the outer end of the developing axon, a growth cone resides, 

which determines axonal branching. The UPS induce rapid local changes in protein 

levels to regulate growth cone behaviour (Campbell and Holt, 2001). In addition, local 

protein synthesis and degradation are involved in the regeneration of the axon after 

axotomy (Verma et al., 2005) and in degeneration during axonal pruning in Drosophila 

(Watts et al., 2003). The regulation of several neuronal proteins such as 

neurotransmitter receptors by the UPS is thought to be essential for the control of 

synaptic strength and transmission. Taken together, this suggests that a fully 

functioning UPS during development and in fully differentiated neurons is highly 

important for the efficient operation of these processes  (van Tijn et al., 2008). 

The loss of UPS function is directly linked to the accumulation of ubiquitinated 

aggregates in several neurological conditions such as Parkinson’s disease (PD), 
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Alzheimer’s disease (AD) and an array of polyglutamine diseases including 

Huntington’s disease (HD) and ALS (Ciechanover and Brundin, 2003). In addition, 

genetic mutations in several UPS related genes have been described in forms of 

familial variants of PD (Kitada et al., 1998). 

It has been proposed that aggregates formed when UPS function is diminished can be 

transported to aggresomes, perinuclear aggregates of protein at the microtubule-

organising centre, where they become encapsulated by vimentin (Johnson et al., 

1998). Aggresomes are thought to develop when a threshold of misfolded protein has 

been exceeded and may be the cell’s way of concentrating the protein aggregates in 

one location to sequester them from the cytosol (Kopito, 2000; Taylor et al., 2003a). 

Evidence for the importance of autophagy in the nervous system is highlighted in 

studies using conditional knockout mutant mice. The specific ablation of ATG7 in 

cerebellar Purkinje cells demonstrated that it is essential for axonal homeostasis and in 

the prevention of axonal degeneration (Komatsu et al., 2007). In addition, progressive 

neurodegeneration and massive neuronal death, associated with the accumulation of 

polyubiquitinated aggregates was evident in neural cell specific ATG5 and ATG7 

deficient mice (Hara et al., 2006; Komatsu et al., 2006). It was therefore suggested that 

the clearance of cytosolic proteins by autophagy is critical for the prevention of 

neurodegeneration. 

In Drosophila it was demonstrated that autophagy is induced as a compensatory 

degradation system when there is an impairment in the UPS. In addition histone 

deacetylase 6 (HDAC6) was shown to be an essential mechanistic link between the 

UPS and autophagy system (Pandey et al., 2007). HDAC6, a microtubule associated 

deacetylase (Hubbert et al., 2002) has previously been demonstrated to regulate the 

formation of aggresomes and their subsequent removal by autophagy in mammalian 

cells (Iwata et al., 2005; Kawaguchi et al., 2003).  
 
1.3. The HDAC Family 
Chromatin is a highly dynamic complex of DNA, histones and non-histone proteins. 

The basic unit of chromatin is formed by nucleosomes, which consists of DNA wrapped 

around histone octomers (Luger et al., 1997). Higher-order nucleosome structure can 

be altered by post-translational methylation, phosphorylation and acetylation of the 

histone tails. Nucleosome structure is regulated by the opposing actions of histone 

acetylases (HATs) and histone deacetylases (HDACs). HATs acetylate the ε-NH2 
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group on lysine residues in the histone tails, inducing an open chromatin conformation 

and active gene transcription in the open regions. In contrast HDACs function by 

catalysing the deacetylation of the histone tails and chromatin condensation, resulting 

in transcription repression (Bolden et al., 2006; Johnstone, 2002). 

 

In humans, eighteen HDACs have been identified and are subdivided into four classes 

according to their homology to yeast HDACs, their enzyme activities and their 

subcellular localisation (Bolden et al., 2006). The class I HDACs (1, 2, 3 and 8) are 

expressed ubiquitously in human cell lines and tissues and generally have a nuclear 

localisation. Class II HDACs (4, 5, 6, 7, 9 and 10) shuttle between the nucleus and the 

cytoplasm and their expression is cell-type specific. In contrast to the other HDACs, 

HDAC6 and HDAC10 contain an additional deacetylase domain (de Ruijter et al., 

2003). HDAC6 also has unique substrate specificities for α-tubulin (Hubbert et al., 

2002; Matsushita et al., 2007) and heat shock protein 90 (HSP90) (Bali et al., 2005; 

Kovacs et al., 2005) and has the ability to bind ubiquitinated proteins (Boyault et al., 

2006). Class III HDACs (SIRT1-7), homolgues of the yeast protein Sir2, require NAD+ 

to regulate the cellular redox status. The sole member of the class IV HDACs, is the 

novel HDAC11 (Gao et al., 2002). 

 

Many HDAC inhibitors (HDACi) have been developed to inhibit the class I, II and IV 

HDACs. In our laboratory the use of HDACi as sensitizers for TRAIL-induced apoptosis 

was demonstrated (Inoue et al., 2004; Inoue et al., 2006a; Inoue et al., 2006b)and 

clinical trials for their use in various types of cancer are ongoing. In addition, the use of 

HDACi for the treatment of HD is currently being investigated (Butler and Bates, 2006). 
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1.4. Aims 
 

In our laboratory it was shown for the first time that the proteasomal subunits S1, S6´ 

and S5a are cleaved by caspase-3 during apoptosis. The initial aim of this project was 

therefore to investigate the cleavage in a physiological model of neuronal cell death 

and to determine the functional significance in the cleavage of proteasomal subunits. 

For this purpose, a model of cell death induced by the withdrawal of potassium (K+) in 

murine CGNs was employed. K+ withdrawal-induced cell death is a well-characterised 

model for neuronal cell death and is thought to mimic the first afferent stimulation of the 

granule neurons in vivo. 

 

In addition, there are multiple levels of regulation for the autophagic pathway that 

remain uncharacterised. Therefore, the second aim of this project was to investigate 

the potential regulation of the autophagic response during apoptosis. An in vitro 

cleavage assay would be used to investigate the cleavage of several autophagy-

related proteins by cell death proteases in vitro.  

 

Furthermore, neuroprotection mediated by HDACi has been demonstrated in several 

neuronal models. However, the definitive mechanism of HDACi-induced survival is not 

yet known. The aims of this work were to compare the effects of the HDACi, TSA, in 

immature and mature CGNs and to explore the possible mechanisms of its 

neuroprotective action. 
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2.0. Materials and Methods 
 

All chemicals were of the highest quality and were purchased from Sigma-Aldrich or 

Fisher Scientific unless otherwise stated. 

 

2.1. Primary Culture of Mouse Cerebellar Granule Neurons 
Balb/c mice were obtained from the Division of Biomedical Services at the University of 

Leicester. Cerebellar Granule Neurons (CGNs) were isolated from 6-8 day-old 

pathogen free Balb/c mice as previously described (Leist et al., 1997). Freshly 

dissected cerebella were dissociated briefly by mechanical disruption, and enzymatic 

digestion at 37 °C for 12 min in 1% trypsin. Dissociated neurons were plated on poly-L-

lysine (100 µg/ml for plastic, 250 µg/ml for glass) coated dishes (Greiner) at a density 

of ~4 x 105 per well (24-well plate), ~9 x 105 per well (12-well plate) and ~2.4 x 106 per 

well (6-well plate). CGNs were cultured in Eagle’s Basal Medium (2 x containing 

L-glutamine and without phenol red; Invitrogen) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS; Invitrogen), 25 mM KCl and 1% penicillin-

streptomycin (Invitrogen) at 37 °C in an atmosphere of 5% CO2. Cytosine arabinoside 

(10 µM) was added to prevent the proliferation of nonneuronal cells such as fibroblasts 

and glial cells, 48 h after plating. There were no further medium changes until neurons 

were used at 7 days in vitro (DIV). In general, the frequency of granule cells in CGN 

cultures is thought to be >95% (Berliocchi et al., 2005). However, while the level of 

astrocytes was found to be approximately 2% in this study at DIV7, levels of other glial 

cells such as microglia and oligodendrocytes were not assessed. 

 

2.2. Potassium (K+) withdrawal-induced apoptosis 
Under normal conditions CGNs are grown in a depolarising concentration of KCl 

(25 mM). At DIV7 apoptosis can be stimulated through the withdrawal of K+. CGNs 

were first incubated with MK-801 (2 µM) and MgCl2 (2 mM) to prevent NMDA receptor 

activation and excitotoxic neurodegeneration (Leist et al., 1998). CGNs were then 

washed in control salt solution (CSS buffer; 120 mM NaCl, 25 mM KCl, 1.8 mM CaCl2, 

25 mM HEPES, 15 mM glucose, 2 mM MgCl2, pH 7.4) and switched to CSS-5 buffer 

(CSS with 5 mM KCl; K5) containing 2 µM MK-801 and 2 mM MgCl2. Control CGNs 

were treated as above but maintained in CSS buffer (K25). 

 

To determine the extent of involvement of proteases implicated in the cell death 

pathway, CGNs were incubated with the poly-caspase inhibitor z-VAD(OMe).fmk 

(Enzyme Systems), the caspase-3/7 inhibitor DEVD(OMe).fmk (Bachem) and the 
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calpain-specific inhibitor calpeptin (Merck) for 1 h prior to the withdrawal of K+. The 

inhibitors were then added to the maintenance CSS-5 buffer as indicated. 

 
For experiments in which the proteasome inhibitors MG132 (Calbiochem) or PS-341 

(Millenium Pharmaceuticals) were used the inhibitors were added simultaneously with 

the withdrawal of K+ (CSS-5). 

 
2.3. Treatment with inhibitors of histone deaceylases (HDACi) 
CGNs were treated with TSA (100-500 nM), MC1568 (1-10 µM; a kind gift from 

Prof. A. Mai) or the necessary vehicle control (Dimethyl sulfoxide; DMSO) at the 

indicated times. 

 

2.4. Assessment of neuronal viability 
Nuclear condensation and shrinkage, morphological changes that occur during 

apoptosis, can be assessed through the use of nuclear stains. Hoechst 33342 

(H33342) is a membrane permeant nucleic acid stain that emits a blue fluorescence 

when bound to double-stranded DNA. It also allows the distinction between live cells 

(diffuse blue nuclei) and those undergoing apoptosis (condensed highly fluorescent 

blue nuclei). SYTOX Orange (SYTOX) emits a green fluorescence when it interacts 

with nucleic acids in cells with compromised membranes. These two fluorescent 

chromatin-binding dyes were used to measure CGN viability by distinguishing live, 

apoptotic and necrotic cells. 

 

CGNs were incubated with a combination of H33342 (0.5 µg/ml) and SYTOX (0.5 µM; 

both Molecular Probes) for 10 min at 37 °C. Nuclear morphology was then analysed by 

fluorescent microscopy (objective 40x). Each treatment was performed in duplicate with 

three different fields scored per well from three independent cultures unless otherwise 

indicated. 
 
In addition, the 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

assay was employed to assess cellular viability. In functional intact mitochondria, active 

mitochondrial dehydrogenases reduce the water soluble MTT salt (yellow solution) to 

insoluble purple formazan. This conversion measures the functionality of the 

mitochondria and can be directly related to the number of viable cells in a given 

sample; therefore it is used as a measure of cytotoxicity. 
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MTT (0.5 mg/ml) was added to the treatment medium and incubated at 37 °C, 5 % CO2 

for 1 h. The capacity of the neurons to reduce the MTT to formazan was then quantified 

by removal of the reaction media, and solubilisation in MTT lysis buffer (5 % (v/v) 

formic acid, 95 % (v/v) isopropanol). The absorbance of the formazan product was 

measured at 550 nm using a Tecan Genios Fluorescence, Absorbance and 

Luminescence Reader. Results were analysed in Excel after being imported by the 

Magellan program. The viability of treated neurons was expressed as a percentage of 

its corresponding control. 

 
2.5. Preparation of CGN whole cell extracts for immunoblot 
As described previously (Berliocchi et al., 2005). CGNs were lysed in Radio Immuno 

Precipitation Assay (RIPA) buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 1% (v/v) 

Nonidet-P40 (NP-40), 0.25%  (w/v) sodium deoxycholate, 1 mM EGTA, supplemented 

with complete protease inhibitors without EDTA (1 tablet/10 ml; Roche). Cell debris 

were removed by high speed centrifugation at 16060 x g, and the protein content of the 

lysate determined by the Bradford assay. 

 

For experiments in which CGN lysates were incubated with recombinant enzymes, the 

CGNs were lysed in caspase lysis buffer (section 2.11). 

 

2.6. Preparation of isolated cerebella for immunoblot 
Cerebella were isolated from postnatal Balb/c mice at the indicated times, frozen on dry 

ice and stored at -80 °C until all samples were collected. Tissue was lysed in 1% SDS 

on ice for 30 min, sonicated for five cycles (5 sec on, 5 sec off) and boiled for 5 min. 

The protein content of the lysate was determined by the Bradford Assay. Lysates 

(50 µg) were then loaded onto SDS polyacrylamide gels for immunoblot. 

 

2.7. Bradford Assay 
The protein content of the CGN lysates was established using the Bradford Protein 

Assay. This assay is based upon the absorbance shift that occurs when Coomassie 

Brilliant Blue dye binds to proteins on arginine and hydrophobic residues (Bradford, 

1976). 

 

BioRad Protein Assay Concentrate was diluted according to the manufacturers 

instructions (1:5 with deionised water) and 1 ml was added to 1 cm path length 

polystyrene cuvettes. The appropriate dilution of lysate was added and the cuvette 

inverted several times. The absorbance of the sample was then measured at a 
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wavelength of 595 nm on a Perkin Elmer Lamba 2S UV/VIS spectrophotometer. BSA 

standards (1-8 µg/ml) were used to produce a standard curve of protein concentration 

vs. OD595 and the protein concentration of the lysate was quantified by comparing its 

absorbance against the reference BSA curve in Excel. 

 
2.8. SDS-Polyacrylamide Gel Elecrophoresis (SDS-PAGE)  
In a given sample, unknown/known proteins can be separated on the basis of their 

molecular weight by SDS-PAGE. 

 

CGN lysates (5-50 µg protein) were equally loaded onto 7, 10, 12, 13 or 15% 

SDS-polyacrylamide gels (Protean III mini SDS-PAGE Kits; BioRad), and the proteins 

were separated by SDS-polyacrylamide gel electrophoresis against a molecular marker 

(See Blue; Invitrogen). Gels were then either electroblotted to nitrocellulose for western 

blot analysis (Hybond-C Extra, Amersham) or stained with Coomassie Blue. 

 

2.9. Coomassie Blue Staining 
After SDS-PAGE electrophoresis the gels were incubated for 1 h in Coomassie Blue 

Stain (0.25% Coomassie brilliant blue, 45% (v/v) methanol, 10% (v/v) acetic acid) and 

destained (10% (v/v) acetic acid, 40% (v/v) methanol) until clear. 

 
2.10. Western blotting 
Immunodetection of the protein of interest was essentially carried out as described 

previously (MacFarlane et al., 1997). Membranes were blocked in 5% milk in Tris-

buffered Saline Tween-20 (TBST; 20 mM Tris, 137 mM NaCl, 0.1% (v/v) Tween 20, 

pH 7.6) in the presence of 0.5% BSA and incubated in primary antibody at room 

temperature (RT) for 1 h unless indicated otherwise (Table 2.10.1). After incubation 

with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody 

(1 h, RT; Table 2.10.2), enhanced chemiluminescence (ECL; Amersham) was used to 

detect the HRP activity on X-ray film. 

 

Table 2.10.1.  

Antibody Host Source Concentration 

Fodrin Mouse Chemicon 1/500 

S1 Mouse BIOMOL (formerly Affiniti) 1/2000 

S6´ Mouse BIOMOL (formerly Affiniti) 1/2000 

S5a Rabbit AG Scientific 1/500 
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Antibody Host Source Concentration 

S5a Mouse Novus 1/500 

S2 Rabbit Abcam 1/2000 

Caspase-3 Rabbit In house, XMSR894 1/2000 

Active caspase-3 Rabbit Cell Signalling 1/500 o/n at 4 °C 

GAPDH Mouse Abcam 1/5000 

LC3 Mouse Nanotools (5F10) 1/20 

BID (human) Rabbit Gift from Xiao-Dong Wang 1/1000 

FLAG (M2) Mouse Sigma 1/2500 

myc Mouse Cell Signaling 1/1000 o/n at 4 °C 

Beclin 1 Rabbit Cell Signaling 1/1000 o/n at 4 °C 

GFP Rabbit Clontech 1/400 

HDAC1 Rabbit Cyclex 1/1000 o/n at 4 °C 

HDAC2 Rabbit Cyclex 1/1000 o/n at 4 °C 

HDAC3 Rabbit Bethyl Labs 1/5000 o/n at 4 °C 

HDAC4 Mouse Abcam 1/2000 o/n at 4 °C 

HDAC5 Rabbit Cell Signalling 1/1000 o/n at 4 °C 

HDAC6 Rabbit Cell Signalling 1/1000 o/n at 4 °C 

HDAC7 Rabbit Cell Signalling 1/1000 o/n at 4 °C 

HDAC8 Mouse Sigma 1/600 o/n at 4 °C 

Ac-H3 Rabbit Upstate 1/2000 

Ac-Tub Mouse Sigma 1/2000 

Ac-Tub Mouse Abcam 1/2000 

Tubulin Mouse Oncogene 1/2000 

Caspase-9 Mouse MBL 1/1000 

Caspase-7 Rabbit In house, XMSR151 1/1000 

BCL2 Rabbit Cell Signalling 1/1000 o/n at 4 °C 

BCLxL Mouse Santa Cruz 1/250 o/n at 4 °C 

MCL1 Rabbit Rocklands 1/2000 o/n at 4 °C 

BIM Rabbit Chemicon 1/1000 o/n at 4 °C 

PUMA Rabbit Proscience 1/500 o/n at 4 °C 

BID Mouse BD Biosciences 1/1000 o/n at 4 °C 

BAX Rabbit Upstate 1/500 

BAK Rabbit Santa Cruz 1/500 o/n at 4 °C 

BAD Mouse BD Biosciences 1/500 o/n at 4 °C 
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Table 2.10.2.  

Antibody Host Source Concentration 

Anti-mouse Goat Sigma 1/2000 (for Fodrin, 1/1000) 

Anti-rabbit Goat Dako 1/2000 

 

In some experiments, the membranes were re-probed with primary antibody after 

stripping in stripping buffer (62.5 mM Tris, 0.5% SDS, pH 6.8, 10 mM 

β-mercaptoethanol) at 55 °C for 30 min. 

 
2.11. Assay of Caspase-3/7 Activity 
Caspase-3 and caspase-7 preferentially cleave substrates after the recognition site 

DEVD. This is also a well characterised caspase-3/7 cleavage motif in PARP 

(Nicholson et al., 1995). Based on this observation and using results from positional 

scanning substrate combinatorial libraries, the fluorogenic substrate Ac-DEVD.AFC 

was developed for assay of caspase-3/7 activity (Stennicke et al., 2000; Thornberry et 

al., 1997). The cleavage to the C-terminus of the tetrapeptide releases 7-amino-4-

trifluoromethylcoumarin (AFC), which can be measured using U.V. spectrofluorometry. 

 

DEVDase activity (Ac-DEVD.AFC cleavage) was measured as described previously 

(Berliocchi et al., 2005). CGNs were lysed in ice-cold lysis buffer (25 mM HEPES, 

5 mM MgCl2, 1 mM EGTA, 0.5% (v/v) Triton X-100, pH 7.5, and 1 mM PEFA Block, 

supplemented with one protease inhibitor tablet without EDTA/10 ml (Roche), and 

subjected to high-speed centrifugation at 16060 x g for 30 min at 4 °C. 50 µg of protein 

was incubated in assay buffer (50 mM HEPES, 10 mM DTT, 1% (w/v) sucrose, 0.1% 

(w/v) CHAPS) in 96-well plates at 37 °C for 15 min. Ac-DEVD.AFC (40 µM final 

concentration in assay buffer; Enzyme Systems) was added and assayed for 10 cycles 

(λex/λem=400-505 nm) on a Wallac Victor2 1420 multilabel counter at 37 °C. Cleavage 

rates were determined by linear regression and expressed as activity in pmol/min/mg 

protein.  

 

For experiments in which the DEVDase activity of recombinant pro/active caspase-3 

was measured, recombinant enzyme and the substrate Ac-DEVD.AFC were diluted in 

assay buffer (100 mM HEPES, 10% (w/v) sucrose, 0.1% (w/v) CHAPS, pH 7, 10 mM 

DTT) and Ac-DEVD.AFC was used at a final concentration of 20 µM. 
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The activities of the recombinant caspases-6, -7 and -8 were assayed as above using 

the substrates VEID.AFC, DEVD.AFC and IETD.AFC (all Enzyme Systems) 

respectively, at a final concentration of 40 µM. 

 
2.12. Assay of the Chymotrypsin-like Activity of the 20S Proteasome 
The measurement of the chymotrypsin-like activity of the 20S proteasome was carried 

out by monitoring the release of 7-amino-4-methylcoumarin (AMC) after cleavage to 

the C-terminus of the tetrapeptide LLVY of Suc-LLVY.AMC. This was based on the 

method described previously (Beyette et al., 1998). CGNs were lysed in ice-cold buffer 

(20 mM Tris/HCl, pH 7.2, 0.1 mM EDTA, 1 mM 2-mercaptoethanol, 5 mM ATP, 20% 

(v/v) glycerol, 0.4% (v/v) NP-40), and subjected to centrifugation at 16060 x g at 4 °C 

for 30 min. 10 µg of protein lysate was incubated at 37 °C in reaction buffer (50 mM 

Hepes, pH 8.0, 5 mM EGTA) for 15 min in 96-well plates. Suc-LLVY.AMC (80 µM final 

concentration) in reaction buffer; BIOMOL) was added, and assayed for 30 cycles 

(λex//λem=380-460 nm) on a Wallac Victor2 1420 multilabel counter at 37°C. Cleavage 

rates were determined by linear regression and expressed as activity in pmol/min/mg 

protein or as a percentage of the corresponding control. 

 

2.13. Production and Purification of Recombinant Caspase-3 
As described previously (Stennicke and Salvesen, 1999), BL21 cells (DE3; Novagen) 

were transformed with a pET-21b plasmid containing the gene for His6-tagged 

procaspase-3. Colonies were grown in terrific broth, 1% (w/v) glucose and the antibiotic 

ampicillin (100 µg/ml; Melford laboratories) for selection. Isopropyl β-D-1-

thiogalactopyranoside (IPTG (1 mM); Melford laboratories) was added when the culture 

density reached an OD600 of 0.6, and incubated at 30 °C for 3 h. The bacteria were 

then pelleted and lysed in lysis buffer (20 mM HEPES, 100 mM NaCl, 10 mM 

imidazole, 1 protease inhibitor tablet – EDTA/10 ml, pH 8.0) and 8 cycles of sonication 

on ice (15 sec on, 45 sec off). The His6-tagged protein was then incubated with Ni-NTA 

Agarose beads (QIAgen) for 2 h at 4 °C on a daisy wheel. The beads were washed in 

wash buffer (20 mM HEPES, 500 mM NaCl, 20 mM imidazole, pH 8.0), the His6-tagged 

protein was eluted (20 mM HEPES, 5% (w/v) sucrose, 0.1% (w/v) CHAPS, 0.5 mM 

DTT, 250 mM imidazole, pH 8.0) and its purity determined by Coomassie staining after 

SDS-PAGE (section 2.9 and 2.8 respectively). The purification profile of recombinant 

active caspase-3 is shown in Figure 2.13.1. 

 

The total concentration of the recombinant active caspase-3 was determined by active 

site titration with unmethylated z-VAD.fmk (Enzyme Systems). The recombinant  
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enzyme was incubated with varying concentrations of the inhibitor for 30 min at 37 °C 

and then assayed with Ac-DEVD.AFC on the Wallac fluorimeter. The total 

concentration of the enzyme was determined from the intercept with the X axis when 

the linear rate of hydrolysis was plotted against the inhibitor concentration (Stennicke 

and Salvesen, 1999). Recombinant active caspase-3 was stored at – 80 °C in 10% 

glycerol. 

 

Recombinant caspases-6, -7 and -8 were prepared as above by Dr. X. M. Sun and 

assayed using their corresponding substrates as described in section 2.11 for their 

active site titration. 

 

2.14. Construction of 26S Proteasome Sensor 
This was essentially carried out as described in Stack et al, 2000. A schematic of the 

process can be found in Figure 2.14.1 (Stack et al., 2000).  

 

The full length wild type (WT) ubiquitin gene was amplified by Pfx Polymerase 

(Invitrogen) in a two-step PCR reaction from the mammalian expression vector pHis6-

ubiquitin (gratefully received from Dr. R Hays) using oligonucleotides to introduce a 5’ 

BglII site and a 3’ BamHI site. The upstream primer also contained an ATG start site, a 

Kozak consenus sequence, which was required to target protein synthesis to the 

correct ATG start site and a mutation for an internal BglII site that was found in the 

ubiquitin sequence. 

 

Ubiquitin was then excised (Gel Extraction Kit, QIAgen) and ligated using T4 DNA 

ligase (Promega) into the BamHI restriction site of pcDNA3.1 + (HYGRO) (Invitrogen). 

All restriction enzymes were purchased from Invitrogen and the reactions were carried 

out at 37 °C for 1-2 h. By exploiting the compatible ends of BglII and BamHI, the 5’ 

BamHI site in the vector was destroyed, and the 3’ lower BamHI site was free for the 

sequential additions of ubiquitin/fusion protein. Ligation reactions were transformed into 

Library Efficient DH5α cells (Promega) and DNA from the resulting clones was purified 

using a DNA Miniprep Kit according to the manufacturers instructions (QIAgen). All 

manipulations of the DNA were verified by sequencing either in the 5’ or 3’ direction or 

both. 

 

Further amplification and addition of ubiquitin to the vector was carried out in a similar 

manner using the same oligonucleotides without the Kozak sequence in the upstream  
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primer. This was carried out until there were four sequential ubiquitin sequences in the 

vector (Stack et al., 2000). 

 

In order to prepare ubiquitin that resists cleavage by ubiquitin C-terminal hydrolases, it 

was necessary to mutate the final amino acid in the ubiquitin sequence. The 

QuikChange® Multi Site-Directed Mutagenesis Kit (Stratagene) was used according to 

the manufacturers instructions to introduce a glycine to valine mutation at amino acid 

76 (G76V) in all ubiquitin sequences. 

 

The gene for enhanced yellow fluorescent protein (EYFP; CLONTECH) was then 

amplified from pEYFP-Bid-ECFP (a kind gift from Dr. K. Taira and modified to pECFP-

Bid-EYFP by Dr Davina Twiddy) using oligonucleotides to introduce a 5’ BamHI site 

and a 3’ XbaI site. EYFP was then excised and ligated into the p(1-4x)G76V-ubi 

vectors/2xWT-ubi vector at the BamHI/XbaI restriction sites. For use as a negative 

control EYFP was also ligated into the same sites of pcDNA3.1 + (HYGRO) containing 

no ubiquitin sequences. A Kozak consensus sequence was then introduced using the 

QuikChange® Site-Directed Mutagenesis Kit (Stratagene) according to the 

manufacturers instructions. 

 

2.15. Extraction of RNA from HeLa cells 
HeLa cervical adenocarcinoma cells (European Collection of Animal Cell Cultures 

(ECACC)) were grown in Dulbecco’s Modified Eagle Medium (high glucose, without 

pyruvate DMEM, Invitrogen) supplemented with 10% FBS at 5% CO2, 37 °C. RNA was 

extracted from approximately 5 x 106 cells in 150 µl RNase-free water using the 

RNeasy Kit according to the manufacturers instructions (QIAgen). RNA was stored at 

-80 °C until further use. 

 
2.16. Reverse Transcription-PCR 
cDNA was prepared from 1 µg RNA using the Omniscript Reverse Transcription Kit 

(QIAgen) according to the manufacturers instructions. Oligo-dT primers (Promega) that 

specifically hybridise to the poly-A-tail of mRNAs were used at a final concentration of 

1 µM.  

 

2.17. Construction of plasmids for hAtg3, 4A, 4B, 4C, 4D, 5, Beclin 1, 7, LC3, 
GABARAP, 9, 10 and 12 
Expression vectors containing the cDNA sequences of the human forms of Atg3 

(hAtg3), 4A, 4B, 4C, 4D, 7, 9 (Atg9A), 10 and 12 were constructed as follows, a 
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schematic of which is shown in Figure 2.17.1. The sequences for the hAtg proteins 

were acquired from NCBI and oligonucleotides were designed against the 5’ and 3’ 

ends of the mRNA sequence. In addition oligonucleotides to incorporate the coding 

sequence for an epitope tag to the 5’ and 3’ ends of the construct were designed. 

 

Multiple rounds of PCR was used to amplify desired sequences from HeLa cDNA, 

followed by the addition of an epitope tag to the 5’ end of the sequence. The resulting 

amplified PCR products were then excised and purified using the QIAgen PCR 

Purification Kit as per manufacturers instructions. The tagged cDNA sequence was 

excised using the 5’/3’ restriction sites introduced and ligated into pcDNA6/myc-His B 

(Invitrogen) 5’ to the myc-His epitope tag sequence. The ligated vectors were 

transformed with DH5α library efficient cells and a PCR screen was performed to 

identify positive clones; which were purified and sequenced in both the 5’ and 3’ 

direction. Sequences also underwent a NCBI BLAST search to confirm sequence 

integrity. 

 

The constructs for pAtg5, pFLAG-Beclin 1, pYFP-3xmyc-GABARAP and pEGFP-LC3 

were gratefully received from Profs. A. Tolkovsky, N. Mizushima and T. Yoshimori 

respectively. The DNA for each was amplified by PCR (Pfx Polymerase) using 

oligonucleotides to introduce restriction sites for the restriction enzymes Nhe I, Bam HI,  

Xba I and Kpn I. The amplified DNA was then excised and cloned into the same 

restriction sites of pcDNA3.1 (+) (HYGRO). Schematics of the subcloned constructs 

given as gifts and those prepared from HeLa cDNA are shown in Figure 2.17.2. 

 

2.18. In Vitro Translation (TNT Reaction)  
For the in vitro translation of the constructs prepared in sections 2.14 and 2.17 the 

TNT™ Coupled Reticulocyte Lysate System (Promega) for in vitro translation was 

used. The reactions were prepared according to the manufacturers instructions with the 

addition of Transcend™ tRNA (Promega). During translation, Transcend™ tRNA 

incorporates biotinylated lysine residues into nascent proteins that can be detected 

using Strepavidin conjugates, eliminating the need for radioactivity.  

 

1 µl (2 µl for experiments with pcDNA3.1-YFP, pEGFP-LC3, pFLAG-Atg9, pFLAG-

Atg12-myc/His) of Transcend™ tRNA was added to the reaction mixture and the 

reaction was allowed to proceed for 60 min at 30 °C. 3 µl of the TNT reaction was then 

added to 15 µl of 2xSDS sample buffer and heated to 99 °C for 5 min. 15 µl was then 

loaded onto an SDS-polyacrylamide gels and electroblotted to nitrocellulose. Detection  
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of the TNT reaction was carried out by incubation with Strepavidin-biotinylated-HRP 

complex (Strep-HRP; Amersham Biosciences; 1:5000 in TBST) and exposure to x-ray 

film following ECL. 

 
2.19. In Vitro Protease Cleavage Assays 
The in vitro cleavage by recombinant calpain 1 (rCalpain 1) was performed essentially 

as described by Bano et al, 2005. TNT reactions (prepared in the presence of 

Transcend™ tRNA as described in section 2.20) were incubated in calpain buffer 

(50 mM NaCl, 10 mM EGTA, 0.1% (v/v) Triton, 100 mM HEPES, pH 7.5) with 

recombinant calpain 1 (Calbiochem). Reactions were carried out in the presence of 

CaCl2 at a final concentration of 20 mM for 1 h at 37 °C (Bano et al., 2005; Munarriz et 

al., 2005). Similarly for the in vitro assay of recombinant caspase cleavage, TNT 

reactions (prepared in the presence of Transcend™ tRNA were incubated in caspase 

assay buffer (100 mM HEPES, 10% (w/v) sucrose, 0.1% (w/v) CHAPS, pH 7.0, 10 mM 

DTT) at 37 °C for 60 min. The reactions were stopped by the boiling the reaction in 

2xSDS sample buffer and then run on SDS PAGE and immunoblotted as described 

previously (sections 2.8 and 2.10 respectively). 

 

2.20. SH-SY5Y Cell Culture 
Human neuroblastoma cells (SH-SY5Y; American Type Culture Collection (ATCC)) 

were cultured in Minimum Essential Medium (MEM; Invitrogen) supplemented with 5% 

(v/v) FCS, 5% (v/v) Newborn Calf Serum (NCS), 1% glutamax and 1% penicillin-

streptomycin at 5% CO2, 37 °C. Cells were passaged every 3-4 days at 7.5x105/ml. 

Cells were seeded at 7x105/well (6 well plate, Nunc) at least 16 h prior to treatment. 

 

For experiments in which SH-SY5Y cells were used for immunoblot, cells were lysed 

as described previously in RIPA buffer (section 2.5). SH-SY5Y cells were lysed in 

LLVYase lysis buffer for assay of the chymotrypsin-like activity (section 2.12). 
 
2.21. Transfection of SH-SY5Y cells 
SH-SY5Y cells were seeded at 4 x 105 and 7.5 x 104/well in 6 well and 12 well plates 

respectively. 5 µl Lipofectamine™ 2000 Reagent (Invitrogen) and 2 µg DNA were 

incubated with 400 µl Optimem (Invitrogen) for 30 min at RT. The transfection mix was 

then added to each well of a 6 well plate. For 12 well plates 2.5 µl Lipofectamine™ 

2000 reagent, 1 µg DNA in 200 µl Optimem was used. 
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2.22. FACS Analysis for the measurement of YFP expression 
Treatment of SH-SY5Y cells was carried out at least 16 h after transfection. Inhibitors 

used to characterise the 26S Proteasome sensor in transfected SH-SY5Y cells were 

PS-341, MG132, z-VAD.fmk, Calpeptin and Bafilomycin A1 (Calbiochem) as indicated. 

 

At the indicated times, SH-SY5Y cells were harvested in trypsin/EDTA and 

resuspended in media. They were then pelleted in a FACS tube (Becton Dickinson) 

and resuspended in PBS. The tubes were gently vortexed and YFP expression was 

measured on a FACS Calibur Flow Cytometer (Becton Dickinson). 

 

2.23. Mouse Embryonic Fibroblast Cell Culture 
Mouse Embryonic Fibroblast cells (MEFs; a kind gift from Dr C. Borner) were grown in 

Dulbecco’s Modified Eagle Medium (high glucose, without pyruvate DMEM, Invitrogen) 

supplemented with 10% FCS at 5% CO2, 37 °C. Cells were seeded at 3 x 105/ml and 

passaged every 3-4 days.  

2.24. Treatment of MEFs with HDACi 
Cells were seeded at 7.5 x 104/well (12-well plate), 16 h prior to treatment. MEFs were 

then treated with the indicated HDACi for 4 h, and lysed on ice in RIPA buffer as 

described previously. MS-275 was purchased from Calbiochem. 

 

2.25. HDAC4 activity following immunoprecipitation 
As described by Inoue et al, 2006. CGNs (approximately 14 x 106 cells per treatment) 

were lysed on ice for 20 min in lysis buffer (20 mM Tris/HCl pH 8.0, 150 mM NaCl, 10% 

(v/v) glycerol, 0.5% (v/v) NP-40). After high speed centrifugation (16060 x g, 30 min), 

900 µg lysate was incubated with 10 µg mouse IgG or anti-HDAC4 (Sigma) o/n at 4 °C. 

Protein Sepharose A beads (50 µl; Amersham) were then added to the cell lysate for 

3 h at 4 °C, after which beads were washed with PBS and resuspended in 50 µl HDAC 

assay buffer (20 mM Tris/HCl pH 8.0, 120 mM NaCl, 1% (v/v) glycerol) (Inoue et al., 

2006a). HDAC4 activity was then measured using the HDAC Fluorimetric Activity 

Assay (Fluor de Lys kit, BIOMOL) according to the manufacturers instructions. HeLa 

nuclear extract (3 µg; provided by the manufacturer) was used as a positive control. 

For experiments in which the HDAC activity was measured directly in CGN lysates, 

50 µg of the lysates was used and the assay was carried out as above.  

 

2.26. Statistical Analysis 

All comparative tests were carried out using Student’s t. test. Unless otherwise 

indicated these were one-tailed based on the a priori explicit expectation that 
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experimental treatments would produce an expected increase or decrease in the 

direction as stated in the text. Appropriate Bonferroni correction was applied to the 

p-value dependent on the number of comparisons made with the control (Strassburger 

and Bretz, 2008). 
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Chapter 3 

 
 
 
 
 

S1 and S6´ are Cleaved in CGNs during K+ Withdrawal-
induced Cell Death 
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3.1. Introduction 
 

The 26S proteasome regulates cellular processes and enforces protein quality control 

in the cytosol and nucleus of eukaryotic cells through its degradation of intracellular 

proteins (Rechsteiner and Hill, 2005). Degradation by the UPS begins with the 

attachment of ubiquitin to the protein substrate. This is followed by the sequential 

addition of further ubiquitin moieties forming a polyubiquitin chain, which is recognised 

by the 19S regulatory particle  of the 26S proteasome. The tagged protein is then 

threaded into the 20S core where degradation takes place. 

 

The proteasome plays an important role in the control of apoptosis by regulating the 

function and level of several apoptosis related proteins. As a consequence, the use of 

proteasome inhibitors such as PS-341 (also known as Bortezomib or Velcade) either 

alone or in combination with other therapeutics are promising agents for the treatment 

of various cancers. Investigations into the mechanisms of cell death by proteasome 

inhibitors indicate that different points in the apoptotic pathway are stabilised by 

proteasome inhibition depending on the cell type studied (Almond and Cohen, 2002). 

 

An early role for the proteasome during cell death was proposed by Canu et al, 2000 in 

CGNs undergoing apoptosis through the withdrawal of K+. They demonstrated a rapid 

increase in proteasomal activity early in the apoptotic process, followed by a 

progressive decline past that of the constitutive resting level, accompanied by an 

accumulation of ubiquitinated proteins. The reduction in proteasomal activity was 

hypothesised to be downstream of caspase activation (Canu et al., 2000). 

 

In our laboratory the regulation of proteasomal function by caspase-3 was recently 

demonstrated for the first time. The proteasomal subunits S1 (Rpn2 in yeast), S6´ 

(Rpt5) and S5a (Rpn10), components of the 19S regulatory particle of the proteasome, 

were cleaved by caspase-3 during apoptosis induced by both extrinsic and intrinsic 

apoptotic stimuli in a variety of cells, resulting in loss of proteasome function (Sun et 

al., 2004). Furthermore, in an independent study, the same subunits plus the 11S 

activator, PA28γ, were found to be caspase substrates in Jurkat cells (Adrain et al., 

2004) 

 

The aim of this investigation is to observe the potential caspase-dependent inactivation 

of the proteasomal subunits in a primary neuronal system and to determine the 

functional significance of the cleavages. For this purpose, the well-characterised model 
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of K+ withdrawal-induced apoptosis in CGNs was utilised, the death of which by this 

stimulus is thought to mimic the in vivo elimination of granule neurons during cerebellar 

development (Yan et al., 1994).
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3.2. Results 

 
3.2.1. The caspase-3 cleavage sites in S1 and S6´ are conserved in the mouse. 
 

To investigate the potential cleavage of the proteasome subunits S1, S5a and S6´ in 

the K+ withdrawal model of cell death in cerebellar granule neurons from mouse, it was 

first necessary to confirm the presence of the previously identified cleavage sites by 

Sun et al, 2004. The caspase-3 cleavage sites in S1 at Asp-857 and S6´ at Asp-27 

were confirmed through the alignment of the human with mouse protein sequences 

from NCBI as shown (Figure 3.2.1, A-B). The S5a cleavage sites are yet to be 

determined therefore were not verified in the mouse. Based on the best alignment of 

the protein sequences for S5a, there was an estimated 97% conservation between the 

two species (Figure 3.2.1, B). 

 

3.2.2 The proteasomal subunits S1 and S6´ are cleaved by recombinant 
caspase-3 in CGN lysates in vitro. 
 
To initially observe caspase-3 cleavage in vitro, it was decided to assess the ability of 

recombinant caspase-3 to cleave the proteasomal subunits in lysates prepared from 

untreated CGNs. His-tagged recombinant active human caspase-3 was therefore 

prepared from E-coli and its concentration determined by active site titration.  

 

The activity of active caspase-3/7 can be measured by following its cleavage of the 

highly specific fluorogenic substrate Ac-DEVD-AFC. In order to confirm the activity of 

the recombinant active caspase-3, its activity was compared with that of the ‘inactive’ 

recombinant procaspase-3 using the DEVDase assay. 

 

The activity of the recombinant active caspase-3 was significantly higher than that of 

the recombinant procaspase-3, which exhibited no activity when measured with the 

DEVDase assay (Figure 3.2.2 A). In agreement, the immunoblot demonstrated the 

cleavage of recombinant active caspase-3 to its p17 fragment, thought to be the 

mature active form of caspase-3 (Han et al., 1997) that was absent from the 

recombinant procaspase-3 (Figure 3.2.2 B). 

 

To further confirm that the recombinant active caspase-3 cleaves substrates under the 

experimental conditions, the ability of recombinant active caspase-3 to cleave α-fodrin 

in CGN lysates was assessed. α-Fodrin (non-erythroid α-spectrin) is an  
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HUMAN 801 QYKSNCKPSTFAYPAPLEVPKEKEKEKVSTAVLSI 835

MOUSE 801 QYKSNCKPSTFAYPAPLEVPKEKEKEKVSTAVLSI 835

836 TAKAKKKEKEKEKKEEEKMEVDEAEKKEEKEKKKE 870

836 TAKAKKKEKEKEKKEEEKMEVDEAEKKEEKEKKKE 870

871 PEPNFQLLDNPARVMPAQLKVLTMPETCRY      900

871 PEPNFQLLDNPARVMPAQLKVLTMPETCRY      900

HUMAN 1      MNLLPNIESPVTRQEKMATVWDEAEQDGIGEE 32

MOUSE 1   MQEMNLLPTPESPVTRQEKMATVWDEAEQDGIGEE 35

33  VLKMSTEEIIQRTRLLDSEIKIMKSEVL        60

36  VLKMSTEEIVQRTRLLDSEIKIMKSEVL        63

A – S1

B – S6´

Figure 3.2.1. Sequence alignment of the human S1, S6´ and S5a proteins with 
those from the mouse. The protein sequences of human and mouse S1 (A), S6´
(B) and S5a (C) were obtained from NCBI and sequence alignment was assessed. 
The regions surrounding the identified caspase-3 cleavage sites in S1 and S6´ are 
shown in black. NCBI Accession Numbers: S1 - NP_002798 (human), NP_081633 
(mouse); S6´ - NP_002795 (human), NP_032974 (mouse); S5a - NP_002801 
(human), NP_032977 (mouse). 
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C – S5a
HUMAN 1 MVLESTMVCVDNSEYMRNGDFLPTRLQAQQDAVNI 35
MOUSE 1 MVLESTMVCVDNSEYMRNGDFLPTRLQAQQDAVNI 35

36  VCHSKTRSNPENNVGLITLANDCEVLTTLTPDTGR 70
36  VCHSKTRSNPENNVGLITLANDCEVLTTLTPDTGR 70

71  ILSKLHTVQPKGKITFCTGIRVAHLALKHRQGKNH 105
71  ILSKLHTVQPKGKITFCTGIRVAHLALKHRQGKNH 105

106 KMRIIAFVGSPVEDNEKDLVKLAKRLKKEKVNVDI 140
106  KMRIIAFVGSPVEDNEKDLVKLAKRLKKEKVNVDI 140

141  INFGEEEVNTEKLTAFVNTLNGKDGTGSHLVTVPP 175
141  INFGEEEVNTEKLTAFVNTLNGKDGTGSHLVTVPP 175

176  GPSLADALISSPILAGEGGAMLGLGASDFEFGVDP 210
176  GPSLADALISSPILAGEGGAMLGLGASDFEFGVDP 210

211  SADPELALALRVSMEEQRQRQEEEARRAAAASAAE 245
211  SADPELALALRVSMEEQRQRQEEEARRAAAASAAE 245

246  AGIATTGTEDSDDALLKMTISQQEFGRTGLPDLSS 280
246  AGIATPGTEDSDDALLKMTINQQEFGRPGLPDLSS 280

281  MTEEEQIAYAMQMSLQGAEFGQAESADIDASSAMD 315
281  MTEEEQIAYAMQMSLQGTEFSQ-ESADMDASSAMD 314

316  TSEPAKEEDDYDVMQDPEFLQSVLENLPGVDPNNE 350
315  TSDPVKEEDDYDVMQDPEFLQSVLENLPGVDPNNA 349

351  AIRNAMGSLASQATKDGKKDKKEEDKK 377
350  AIRSVMGALASQATKDGKNDKKEEEKK 376
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Figure 3.2.2. Active rCaspase-3 is able to cleave S1 and S6´ in mouse CGN 
lysates. Recombinant active caspase-3 was prepared and its DEVDase activity 
was compared against that of procaspase-3 (A). An aliquot was taken from each 
sample and immunoblotted for active (p17) caspase-3 (B). CGN lysates (50 µg) 
were incubated with recombinant active caspase-3, separated by SDS PAGE and 
immunoblotted for α-fodrin (C), S1, S6´, S5a and S2 (D). The incubation of THP-1 
cell lysates with recombinant active caspase-3 was used as a positive control. 
Arrowheads indicate possible cleaved forms of the proteins.
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abundant membrane-associated cytoskeletal protein. It lines the cortical cytoplasm of 

neurons, having binding sites for actin, calmodulin and microtubules (Jänicke et al., 

1998; Siman et al., 1984). α-Fodrin is cleaved during apoptosis induced by both 

extrinsic and intrinsic apoptotic stimuli, disruption of which is thought to be at least 

partly responsible for the membrane blebbing seen during apoptosis (Martin et al., 

1995). Full length α-fodrin contains two potential caspase-3 cleavage sites, resulting in 

cleavage fragments of 150 and 120 kDa. The calcium-dependant proteases, calpains 

are also able to cleave full-length α-fodrin. Active calpains cleave to produce a doublet 

at 150/145 kDa. Due to the overlapping cleavage pattern by caspase-3 and calpains, 

the 120 kDa caspase-3 cleavage fragment in particular is used to illustrate caspase-3 

activation (Nath et al., 1996; Siman et al., 1984)  

 

The cleavage of α-fodrin was observed at all recombinant caspase-3 concentrations 

(Figure 3.2.2 C). The complete loss of full length α-fodrin was evident at the higher 

caspase-3 concentrations, in concurrence with the increase in the 120 kDa cleavage of 

α-fodrin. Interestingly the observed 150 kDa cleavage fragment was evident at the 

lowest caspase-3 concentration and declined in a concentration-dependent manner, 

again in association with the enhanced level of the 120 kDa fragment. It was therefore 

concluded that the recombinant caspase-3 was able to recognise and cleave 

substrates in a manner analogous to that of endogenous caspase-3. 

 

To investigate the in vitro cleavage of the proteasomal subunits – S1, S5a and S6´ by 

caspase-3 as shown by Sun et al, 2004, CGN lysates were incubated with recombinant 

active caspase-3. THP-1 cell lysates were used as a positive control. Active caspase-3 

cleaved S1 in a concentration- and time-dependent manner in CGN lysates (Figure 

3.2.2 D). This cleavage fragment was analogous to that observed upon caspase-3 

cleavage of the S1 protein in THP-1 cell lysates at approximately 90 kDa. There was 

little loss in the full length S1 protein, however this seemed to have reached saturation 

on the immunoblot, and therefore no discernible difference within the detection limit of 

the immunoblot would be observed. 

 

In contrast to that seen with the full length S1 protein; full length S6´ was lost in a time 

and concentration-dependent manner (Figure 3.2.2 D). The cleavage pattern by active 

caspase-3 was similar to that observed in THP-1 cell lysates, although there was 

evidence of further cleavage in the CGN lysates as shown by the additional cleavage 

fragments at the higher concentrations (~32-40 kDa). The primary cleavage fragment 

identified by Sun et al, 2004 (at Asp-27, producing a cleavage fragment of 
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approximately 49 kDa) did not seem to be the initial cleavage fragment in the CGN 

lysates as this was only apparent at higher concentrations and at later time points. In 

contrast, the other cleavage fragments were observed relatively earlier. This suggests 

alternate in vitro cleavage sites in the mouse S6´ protein for active caspase-3. 

However, this may also have been the result of using recombinant human caspase-3 

rather than that from the mouse. The higher molecular weight form of full length S6´, 

which also declined in a time and concentration-dependent manner, was thought 

represent the post-translational modification of S6´ such as phosphorylation. The 

phosphorylation of another proteasomal ATPase, S6, was described previously and 

was thought to be involved in the regulation of its ATPase activity (Mason et al., 1998).  

 

The loss of full length S5a was used to indicate caspase mediated cleavage of the 

protein by Sun et al, 2004 rather than the observation of cleavage fragments. This was 

due to antibody problems and in subsequent studies the group were able to detect the 

fragments resulting from cleavage by caspases-3 using an alternative antibody. The 

same problems were experienced in detection of S5a in CGNs and only the loss of full 

length protein was assessed. There was no evidence of loss of full length S5a protein 

at any time or concentration of active caspase-3 added to the lysates (Figure 3.2.2 D), 

suggesting that in this in vitro system, the proteasome subunit S5a is not cleaved. 

 

The inclusion of S2, a further component of the 19 S proteasome was to serve as a 

negative control. As expected there was no loss of full length S2 protein and cleavage 

fragments were absent until the highest concentration of active caspase-3 (400 nM; 

Figure 3.2.2 D), upon which there was an indication of cleavage on higher immunoblot 

exposure. Similarly, in TRAIL-treated MCF-7 cells overexpressing caspase-3, there 

was some evidence of S2 cleavage (Sun et al., 2004). Taken with the very small 

amount of cleavage observed at high recombinant caspase-3 concentrations in CGN 

lysates this supports the observation of a minimal level of S2 cleavage upon 

overexpression of caspase-3. 

 

3.2.3. The loss of CGN viability correlates with the activation of caspase-3/7. 
 

The largest homogenous population of neurons in the mammalian brain are granule 

neurons from the deepest layer of the trilaminar cerebellar cortex. Cerebellar granule 

neurons largely undergo postnatal neurogenesis, enabling the in vitro culture of primary 

neurons from explanted cerebella isolated from neonatal mice and rats. The primary 
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culture of CGNs is well established and useful for the study of neurobiology 

(Contestabile, 2002). 

 

The in vivo differentiation and migration of post mitotic granule cells through the 

Purkinje layer to their final destination in the internal granule layer, occurs during early 

postnatal life (days 4-10). It is here that they receive their first synaptic input from the 

glutaminergic mossy fibres (D'Mello et al., 1993; Gallo et al., 1987; Hack et al., 1993; 

Yan et al., 1994). The in vitro survival of cerebellar granule neurons requires the 

presence of a depolarising concentration of K+ in the culture medium (Lasher and 

Zagon, 1972). Depolarising concentrations of K+ are thought to mimic the physiological 

innervations of the post migratory granule cells by the mossy fibres. This is mediated 

by depolarisation-induced Ca2+ entry through voltage sensitive Ca2+ channels and the 

activation of a Ca2+/calmodulin-dependent protein kinase (Gallo et al., 1987; Hack et 

al., 1993). The reduction of K+ to a more physiological concentration of 5 mM results in 

the degeneration and death of differentiated CGNs in culture. The ensuing apoptosis is 

extremely well characterised, making it an ideal model in which to study neuronal cell 

death (D'Mello et al., 1993; Yan et al., 1994). 

 

In order to assess the time course of viability in CGNs undergoing apoptosis through 

the withdrawal of K+, CGNs were cultured in medium containing 25 mM K+ and in the 

presence of serum for 7 days. At DIV 7, neuronal viability was reduced through the 

simultaneous lowering of the K+ concentration to 5 mM and the removal of serum. Cell 

death was determined by means of a combination of double nuclear staining with 

H33342 and SYTOX and the MTT assay. Control CGNs were maintained in 25 mM K+ 

by the addition of CSS25 (K25) as described in section 2.2, however the K25 neurons 

were also subjected to the removal of serum.  

 

There was a time-dependent decline in the viability of neurons as shown by the 

mitochondrial reduction of MTT in the CGNs in low K+ (K5; Figure 3.2.3 A). This was 

evident from the first time point at 6 h in K5 when there was already more than a 15% 

loss of MTT reduction. The ability of the mitochondria to reduce MTT further declined to 

12 h. Following this initial rapid loss, the fall in the reduction of MTT by the 

mitochondria progressed at a steady state to 27% (± 2%) by 48 h in K5 (Figure 3.2.3 

A). The loss of MTT reduction by the mitochondria in the CGNs in high K+ (K25) closely 

paralleled the time-dependent loss in the K5 neurons, but to a lesser extent. It is 

possible that the mitochondrial function is reduced in the K25 neurons due to the  

 



87

S1 and S6` are Cleaved in CGNs during K+ Withdrawal-induced Cell Death

0

20

40

60

80

100

120

0 8 16 24 32 40 48

Series1
Series2

120

100

80

60

40

20

0
8 16 24 32 40 48

K25
K5

M
TT

 R
ed

uc
tio

n 
(a

s 
a 

%
 o

f 0
 h

)

Time (h)

0

20

40

60

80

100

120

0 8 16 24 32 40 48

K25
K5

5339251730% apoptotic cells

312100± % SEM

4824181260

120

100

80

60

40

20

0
8 16 24 32 40 48

K25
K5

Time (h)

N
eu

ro
na

l V
ia

bi
lit

y 
(a

s 
a 

%
 o

f 0
 h

)

A

B

C

*

* ***
***

***

***
***

***

Figure 3.2.3. The time course of K+ withdrawal in CGNs . At DIV 7 CGNs were 
switched to K5 buffer and viability was assessed over time by the MTT assay (A) 
and H33342/SYTOX staining (B) at the indicated time, and expressed as a % of 
0h. The percentage of apoptotic cells was also quantified from the H33342/SYTOX 
counts (C). Data expressed as mean ± % SEM from three independent cultures 
(n=3). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. The K+ withdrawal-induction of cell 
death is also a serum withdrawal challenge.
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simultaneous withdrawal of serum from the cultures when the treatment medium 

(CSS25) was added.  

 

There are some problems associated with the use of the MTT assay as a measure of 

viability. In addition to its reduction by mitochondrial enzymes, MTT has also been 

shown to be reduced by cytosolic and microsomal enzymes, which may give an 

enhanced view of the function of the mitochondria and the viability of the cells 

(Gonzalez and Tarloff, 2001). This does not seem to be a problem in this investigation 

as there was a decrease in the level of MTT reduction rather than an increase as would 

be expected if the cytosolic enzymes were contributing to the reduction. In addition, the 

reduction of MTT in the K25 and K5 neurons was significantly different at all time points 

(Figure 3.2.3 A). This indicates that the mitochondrial function in the K25 neurons was 

greater than that of the K5 neurons throughout the K+ withdrawal time course. 

 

The nuclear features of apoptosis were not observed at 6 h in K5. The initial loss of 

viability in the K5 neurons was demonstrated by the nuclear stains H33342/SYTOX 

between 6 and 12 h (Figure 3.2.3 B). This was followed by a period of progressive 

decline in the viability of the neurons in K5. The loss of viability in the K25 neurons 

estimated by H33342/SYTOX was extremely small over the 48 h period and the 

difference in viability observed between the K5 and the K25 neurons was highly 

significant after 18 h (Figure 3.2.3 B). Furthermore there was a corresponding increase 

in the number of apoptotic cells as estimated using H33342/SYTOX staining (Figure 

3.2.3 C). These results are consistent with those demonstrated by D’Mello et al, 1993.  

 

The H33342/SYTOX measurements of neuronal viability were consistent with that 

observed by the MTT assay. However, the loss in viability of the CGNs assessed by 

H33342/SYTOX was observed at a later time point than that measured by the MTT 

assay. This is not surprising given that the mitochondrial role during the intrinsic 

pathway of apoptosis is upstream of apoptosome formation and activation of the 

effector caspases -3, -7 and -6. These enzymes are the executioners of the nuclear 

changes assessed using the nuclear stains H33342/SYTOX. The nuclear changes 

would therefore be observed at a later stage in the apoptotic process in comparison to 

the effects on the mitochondria as assessed using the MTT assay. 

 

In order to investigate the possible caspase-3 mediated cleavage of the proteasomal 

subunits – S1, S6´ and S5a during K+ withdrawal-induced cell death in CGNs it was 

first necessary to assess the activity of caspase-3/7. CGN lysates were prepared from 
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neurons at the indicated times of K+ withdrawal and the lysates were assayed for 

DEVDase activity. Due to the assay being repeated only twice, the results can only be 

considered a trend and were not statistically verified. The range of the results was 

therefore included to provide some indication of the variance. 

 

The DEVDase activity of the K25 and K5 CGN lysates overlapped at 8 h of K+ 

deprivation (Figure 3.2.4, mean of 11 pmol/min/mg vs. 12 pmol/min/mg respectively), 

indicating low caspase-3/7 cleavage of the fluorogenic substrate, Ac-DEVD.AFC. There 

was a peak in the DEVDase activity of the K5 lysates at 16 h, and while the range of 

variance was large at this time, there was no observed overlap with that of the K25 

lysates, suggesting that this time period is one of maximal caspase-3/7 activity. This is 

consistent with the significant loss of viability described in the K5 neurons when 

compared to those in K25 (Figure 3.2.3 B). A decrease in DEVDase activity was 

observed at 20 h, before further declining by 24 h in low K+ (Figure 3.2.4). The range in 

the activities between the K5 and K25 lysates at 20 h and 24 h again overlapped. The 

large range of variance observed for the DEVDase assay was the result of a delay in 

the repetition of the experiment. This resulted in the use of different aliquots of 

Ac-DEVD.AFC, and the lower overall enzymatic activity in both the K5 and K25 lysates 

when the experiment was performed for the second time. 

 

Collectively these data indicate the initial activation of caspase-3 is between 6 h and 

16 h in low K+ at which point active caspase-3 cleaves its substrates; mitochondrial 

effects occur prior to the activation of caspase-3 in K5 neurons.  

 

3.2.4. The detection of the cleavage fragments of S1 and S6´ correlate with the 
peak in caspase-3/7 activity. 
 
In order to investigate the possibility of caspase-3-mediated cleavage of the 

proteasomal subunits – S1, S5a and S6´, their processing by caspase-3 in this model 

was analysed. CGN lysates were prepared from neurons at the indicated times of K+ 

withdrawal and proteins resolved using Western blot analysis. 

 

The processed form of caspase-3, detected using the antibody to the p17 cleaved from 

of caspase-3 was evident by 8 h in low K+ (Figure 3.2.5, Lane 4), in agreement with the 

enzyme assay and immunofluorescence data. The cleaved (p17) form of caspase-3 

was also observed at a very low level in the negative control CGN lysates (K25, 8 h, 

Lane 1), consistent with the slight increase in DEVDase activity (Figure 3.2.4). Further  
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processing of caspase-3 was apparent at 12 h with the accumulation of the p17 form of 

the active enzyme (Lane 5). In addition, the initial processing of caspase-3 was shown 

by the reduction in the proform of caspase-3 by 4 h in low K+ compared with that of the 

CGN lysates at 0 h and negative control lysates (Figure 3.2.5, Lanes 3-5).  

 

In order to evaluate whether the processing of caspase-3 resulted in an activated, 

functional enzyme that was itself capable of cleaving at recognised cleavage motifs, its 

ability to cleave α-fodrin was investigated. The 120 kDa caspase-3 cleavage fragment 

was evident in the CGN lysate at 8 h in low K+, with a progressive build-up of this 

degradation fragment at 12 h (Figure 3.2.5, Lanes 4-5). The same cleavage fragment 

was largely absent in the negative control lysate (K25, 8 h, Lane 1), and at the earlier 

time points (Lanes 2-3). The 150 kDa fragment gradually increased over time, 

indicating a build up of protein, probably due to caspase-3 cleavage. There was also 

some residual p150/145 in all CGN lysates, however, these sites in the protein are 

highly sensitive to protease cleavage (Nath et al., 1996). 

 

The proteasomal subunits S1, S6´ and S5a identified by Sun et al, 2004 as caspase-3 

substrates, were unchanged in CGN lysates between 0 –12 h in low K+ when 

compared to the negative control CGN lysate (K25, 8 h). There were no changes in full-

length protein and cleavage fragments were not detected at any time. Interestingly a 

band at approximately 70 kDa was consistently observed in the CGN lysates at 0 h, 

which was lost upon the incubation with K5 and K25. This has previously been 

suggested to be a post-translational modified form of S5a (Ram et al., 2003). It is also 

important to note that the immunoblot for S5a in Figure 3.2.5 is representative of S5a 

during K+ withdrawal-induced cell death in CGNs but is not from the same experiment 

as the other immunoblots in the figure. A commercially available antibody was only 

recently developed for detection of S5a in murine cells. 

 

Overall, these data indicate that the fragments are not observably cleaved by 12 h in 

CGN lysates; the subunits at later time points were therefore investigated. CGNs were 

exposed to K5 and lysates prepared at the indicated times for SDS-PAGE and 

immunoblot. The caspase-3 mediated cleaved form of S1 was observed at 16 h in K5 

when compared to 0 h (Figure 3.2.6 A), correlating with the peak in caspase-3/7 activity 

demonstrated by the DEVDase activity assay. The cleaved form was also observed at 

20 h in K5, but at 24 h the fragment was absent. In addition, the cleaved form of S6´ 

was observed by 16 h in K5, however its detection was limited to overexposed 

immunoblots. The cleavage fragment observed for S6´ seemed to correspond to that  
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produced at 200-400 nM rCaspase-3 for 90 min in the in vitro cleavage assay (~32 

kDa, Figure 3.2.2 D). In addition a possible cleavage fragment at approximately 16 kDa 

was also identified upon overexposure. There did not appear to be any cleavage of 

S5a. The ‘modified’ form of S5a was evident at 0 h and was again lost upon withdrawal 

of K+. Interestingly in the absence of the modified form of S5a, the full length form 

increased (compare Lanes 2-5 with 1, Figure 3.2.6 A), suggesting the reversal of 

modification upon exposure to the cell death stimulus. This was also evident in lysates 

prepared from K25 lysates (Figure 3.2.6 B, Lanes 7, 9 and 11), indicating that it is not a 

specific response to the cell death process. 

 

In comparison with 0 h and their corresponding time controls (K25), there was a 

decrease in the full length forms of S1 and S6´  at 24 h, 32 h and 48 h in K5 (Figure 

3.2.6 B). In addition, the full length form of S2 also declined during this period, a trend 

not observed at the earlier time points (Figure 3.2.6 A). In contrast there was little 

change in the full length form of S5a after 0 h with the exception of the increase already 

discussed above. There were no cleavage fragments observed at any time point for 

any of the proteasomal subunits assessed.  

 

Collectively these data suggest that the proteasomal subunits S1 and S6´ are cleaved 

during K+ withdrawal-induced cell death in CGNs at a point when caspase-3/7 is at its 

most active. 

 

3.2.5. The loss of 20S proteasomal activity is restored by caspase inhibitors. 
 
Having established that the proteasomal subunits S1 and S6´ are cleaved during cell 

death in CGNs, it was necessary to evaluate its consequence for proteasomal 

degradation. For this purpose CGNs were deprived of K+ and lysates were prepared for 

assay of the chymotrypsin-like activity of the 20S proteasome (LLVYase assay). As 

with the DEVDase assay, the results could not be verified by statistical analysis 

because the experiment had only been performed twice. The range in the activities was 

therefore included to provide an indication of the variance in the results. 

 

There was an early peak in the LLVYase activity of the lysates from CGNs in K5 

compared to CGNs in K25 at the same time point (Figure 3.2.7 A). This is consistent 

with the findings of Canu et al, 2000, in which an initial surge in LLVYase activity was 

demonstrated during K+ withdrawal-induced cell death (Canu et al., 2000). It is possible 

that the preliminary increase in LLVYase activity is a response to the apoptotic signal to  
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mediate the degradation of anti-apoptotic proteins, ensuring an unrestricted cell death. 

Alternatively, the rapid increase in proteasomal activity may be a defence against the 

early induction of reactive oxygen species (ROS) (Valencia and Moran, 2001); a 

corresponding upregulation in the proteasomal-regulated antioxidant activity has 

previously been described at 3 h in low K+ (Atlante et al., 2003). This was followed by a 

progressive decline in activity between 4 and 16 h. In fact by 8 h in low K+ the activity of 

the CGN lysates had fallen below that of the resting constitutive activity of the 20S 

proteasome. The low range of variance observed indicates that the trend described 

above was consistent between the two cultures. 

 

In an attempt to clarify whether the caspase-3 mediated cleavage of the proteasomal 

subunits S1 and S6´ was responsible for the loss in 20S proteasomal activity, CGNs 

were incubated with z-VAD.fmk, DEVD.fmk and calpeptin for 1 h prior to the withdrawal 

of K+. Lysates were then prepared after 8 h in low K+ and assayed for LLVYase activity. 

 

The loss of LLVYase activity demonstrated by the neurons in K5 was restored by 

z-VAD.fmk, a pan caspase inhibitor and DEVD.fmk, a proposed caspase-3/-7 inhbitor 

(Figure 3.2.7 B). Interestingly, calpeptin, a highly specific calpain inhibitor (Lee et al., 

2000) also enhanced the LLVYase activity lost during low K+ induced apoptosis. The 

complete loss of LLVYase activity was evident in K5 CGNs co-incubated with the 

proteasome inhibitors MG132 and PS-341 verifying the activity being measured was in 

fact proteasomal rather than that of another protease in the lysates. However, the data 

presented here is the mean of the assay performed in triplicate from only one CGN 

culture and therefore cannot be verified by statistical analysis. While the experiment 

was repeated with other CGN cultures and the caspase inhibitors, z-VAD.fmk and 

DEVD.fmk abrogated the loss of proteasome activity, problems with the control CGNs 

prevented their inclusion here. The range in the LLVYase activities was included to 

demonstrate the deviation in the results. There was little variation in the activities; 

however this was expected as the lysates were prepared from the same CGN culture. 

It is therefore essential to repeat this experiment with healthy CGN cultures to enable 

accurate conclusions to be made.  

 

These data propose that proteasomal degradation has an early role in K+ withdrawal-

induced apoptosis in CGNs, which is lost at a point when caspase-3 becomes active. 

There is also a suggestion that caspase inhibitors can restore the proteasomal 

LLVYase activity. It is therefore possible that that caspase-3/7 are responsible for the 

loss of activity at this time. However, as demonstrated previously, the subunit cleavage 
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fragments were not observed until 16 h (Figure 3.2.6 A). In previous experiments, the 

cleavage of S1 was detected at ~12 h when a pre-lysis centrifugation step was 

introduced to the lysis procedure, to assess the apoptotic cells that had detached from 

the wells during the cell death process (data not shown). This still suggests that the 

loss of proteasomal activity is upstream of the subunit cleavage, but that caspases 

contribute at least in part to the decline in function.  

 

To confirm that the cleavage of the proteasomal subunits S1 and S6´ during K+ 

withdrawal-induced cell death is caspase-dependent, CGNs were pre incubated with 

the above inhibitors and deprived of K+. Lysates were then prepared after 16 h for 

immunoblot. The loss of procaspase-3 was evident in the K5 CGNs alone and in 

combination with calpeptin when compared to the negative control (K25, Figure 3.2.8 

compare Lanes 1 with 2 and 5). Both z-VAD.fmk and DEVD.fmk inhibited the cleavage 

of caspase-3 to its p17 active form as seen in the K5 CGN lysates and the lysates from 

CGNs incubated with K5 and calpeptin. Interestingly MG132 also seemed to partially 

protect against the loss of procaspase-3 and the p17 active form of caspase-3 when 

compared to the K5 lysates (Figure 3.2.8, Lanes 1 and 6).  

 

Consistent with this, the cleavage of α-fodrin to its p120 form was detected in the 

lysates from K5 CGNs alone and in combination with calpeptin (Figure 3.2.8, Lanes 2 

and 5). The p150 form was also present in the CGN lysates from CGNs treated with K5 

and calpeptin, probably the result of caspase-3 cleavage, the p145 cleaved form being 

absent, verifying the inhibition of calpain by calpeptin. The caspase inhibitors zVAD 

and DEVD both prevented the cleavage of α-fodrin to the p120; the p150 form was also 

reduced by these inhibitors (Figure 3.2.8, Lanes 3 and 4), confirming caspase-3 was 

not active in these lysates. Interestingly, although there was some α-fodrin cleavage 

(p120) in the lysates prepared from CGNs exposed to a combination of low K+ and 

MG132, it was greatly reduced in comparison with those from CGNs in K5 alone. 

Furthermore the p145 cleaved form was also absent from these lysates (Figure 3.2.8, 

Lane 6 vs. 2). 

 

S1 cleavage was clearly apparent in K5 alone CGN lysates (Figure 3.2.8, Lane 2). The 

cleavage fragment was also evident in lysates from CGNs treated with a combination 

of K5 and calpeptin and to a lesser extent MG132; detection in these lysates required 

overexposure of the film. Furthermore, overexposure of the film revealed the same 

cleavage fragment in lysates from K25 CGNs. This is not surprising given the low level 

of caspase-3 activation in K25 CGNs at this time point, shown by the active p17 form of  
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caspase-3 and the small amount of p120 (α-fodrin) detected. The caspase inhibitors 

z-VAD.fmk and DEVD.fmk completely inhibited the cleavage of S1. The cleavage 

fragment of S6´ at ~16 kDa, previously identified (Figure 3.2.6 A, Lanes 3-5) was the 

only fragment detected in Figure 3.2.8. This was evident in lysates prepared from K5 

CGNs alone and in combination with calpeptin. There also seemed to be a slight loss in 

the full length form of S6´ in the presence of these treatments. S5a and S2 remained 

unchanged after all treatments. 

 

Collectively, these data support the suggestion that the cleavage of the proteasomal 

subunits in CGNs during K+ withdrawal-induced cell death is mediated by caspases.  

 
3.2.6. The proteasome inhibitor MG132 delays the cell death stimulated by 
withdrawal of K+ in CGNs. 
 
Having established that the pan caspase inhibitor z-VAD.fmk and the specific caspase-

3/7 inhibitor, DEVD.fmk, prevented the cleavage of the proteasomal subunits S1 and 

S6´, it was necessary to investigate the functional significance of the cleavage. CGNs 

were therefore incubated with the protease inhibitors prior to the withdrawal of K+ and 

cell death was assessed using the nuclear stains H33342/SYTOX and the MTT assay. 

 

The caspase inhibitors z-VAD.fmk and DEVD.fmk slightly enhanced ability of the 

mitochondria to reduce MTT when compared with the CGNs in K5 alone. MG132 also 

offered partial protection against the loss of MTT reduction in response to withdrawal of 

K+, whereas another proteasome inhibitor, PS-341 had no effect (Figure 3.2.9 A). This 

is consistent with the immunoblots showing reduced levels of caspase-3 activation and 

subsequent α-fodrin and proteasomal subunit cleavage in K5 CGNs in the presence of 

MG132 (Figure 3.2.8, Lane 6). Statistical analysis was performed on the data in Figure 

3.2.9 A, however the p values were greater than 0.05, and were therefore not 

considered significant. 

 

In agreement, the simultaneous induction of apoptosis by the withdrawal of K+ and 

inhibition of the proteasome in CGNs has previously been demonstrated to reduce the 

normal levels of apoptotic cell death by low K+ in CGNs (Atlante et al., 2003; Bobba et 

al., 2002; Butts et al., 2005; Canu et al., 2000). This was hypothesised to be upstream 

of caspase-3 activation (Canu et al., 2000) and prior to cytochrome c release from the 

mitochondria (Atlante et al., 2003; Bobba et al., 2002). It was later hypothesised that 

the stabilisation of MEF2 transcription factors by proteasome inhibitors accounted for  
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Figure 3.2.9. MG132 delays low K+ induced cell death in CGNs. CGNs (DIV7) 
were incubated with z-VAD.fmk (100 µM), DEVD.fmk (50 µM) and calpeptin (5 µM; 
CLP) for 1 h prior to treatment with K5 for 16 h. MG132 and PS-341 were 
simultaneous added with K5. Viability was assessed by the MTT assay (as a % of 
K25) and H33342/SYTOX (A). Data expressed as mean ± % SEM from three 
independent cultures. CGNs were incubated with calpeptin (5 µM, 1 h; CLP) prior 
to the withdrawal of K+. PS-341 was simultaneously added with K5 (B). The MTT 
assay was used to assess viability at 16 h (as a % of K25). Data expressed as 
mean ± % SEM from three independent cultures.
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their pro-survival effects in K+ withdrawal-induced apoptosis in CGNs (Butts et al., 

2005). However, PS-341, a highly specific dipeptide boronic inhibitor of the proteasome 

(Adams et al., 1998; Adams et al., 1999) did not offer any protection against the loss of 

viability, indicating the effects of the two proteasome inhibitors are quite different in low  

K+ induced cell death. In agreement, the proteasome inhibitor, lactacystin, had no 

effect on the loss of viability observed in the K5 neurons at 24 h (data not shown). It 

was therefore necessary to establish the target of MG132 inhibition.  

 

The p145 calpain mediated cleavage fragment of α-fodrin was greatly reduced upon 

treatment of CGNs with a combination of K5 and MG132 (Figure 3.2.8). In addition, 

MG132 was previously reported to inhibit calpains at high concentrations (Lee and 

Goldberg, 1998). Therefore, it was possible that the partial protection by MG132 was 

through inhibition of calpains. However, calpeptin had little effect on the ability of the 

mitochondria to reduce MTT. It was therefore proposed that the combined actions of a 

proteasome and calpain inhibitor may be responsible for the effects seen. 

 

To assess this, CGNs were pre-incubated with calpeptin (where indicated), and cell 

death was induced by the withdrawal of K+. PS-341 was also simultaneously added to 

the K5 buffer. Viability and mode of cell death were measured at 16 h (Figure 3.2.9 B). 

The loss of the mitochondria’s ability to reduce MTT did not alter in the K5 treated 

CGNs compared to K5 neurons with either calpeptin or PS-341 or both. Apoptotic cell 

levels also remained largely constant between treatments. It was therefore concluded 

that the partial protection from cell death was not due to the combined actions of 

MG132 on the proteasome and calpain systems. 

 

Taken together these data suggest that by 24 h, inhibition of the cleavage of the 

proteasomal subunits does not greatly reduce the level of cell death induced through 

the withdrawal of K+ in CGNs. Furthermore, the delay in cell death through the actions 

of MG132 is an effect additional to its role as a proteasome and calpain inhibitor. 

 

3.2.7. The induction of autophagy is an early event in K+ withdrawal in CGNs. 
 

The proliferation of the autophagosomal-lysosomal compartments prior to the activation 

of caspases following serum and K+ deprivation in CGNs was previously demonstrated 

by Canu et al, 2005. The induction of the autophagic process was also reported by 

Kaasik et al in the same year. The potential induction of autophagy by the 

simultaneous withdrawal of K+ and serum in CGNs is unsurprising given the numerous 
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reports regarding autophagy as a survival mechanism particularly in times of nutrient 

deprivation (Boya et al., 2005; Kang et al., 2007; Kuma et al., 2004; Lum et al., 2005). 

Furthermore, autophagy was also shown to be activated in response to apoptotic 

signals including nerve growth factor (NGF) withdrawal, in isolated cultured 

sympathetic neurons (SCGs). The formation of autophagosomes was demonstrated 

upstream of the morphological features of apoptosis and the autophagy inhibitor 3-MA 

blocked apoptotic cell death of the SCG neurons (Xue et al., 1999).  

 

To assess the induction of autophagy in CGNs after the deprivation of K+/serum, 

lysates from neurons that had been subjected to K5 in the presence of protease 

inhibitors were run on immunoblot and probed with an antibody for anti-LC3. The 

conversion of LC3-I (the active cytosolic form, with the exposed Gly) to LC3-II 

(membrane associated, lipidated form) can be assessed using SDS-PAGE. 

Immunoblotting of LC3 gives two bands representing LC3-I at ~18 kDa and LC3-II at 

~16 kDa (Bampton et al., 2005; Kabeya et al., 2000; Mizushima, 2004). 

 

LC3-II was demonstrated in the lysates from K5 CGNs in the presence of the caspase 

inhibitors z-VAD.fmk and DEVD.fmk (Figure 3.2.10 A). This is consistent with that 

demonstrated by Xue et al, 1999 who reported high levels of autophagic activity in 

newly isolated SCG neurons grown in the absence of NGF with BAF, a pan-caspase 

inhibitor, which was accompanied by the widespread elimination of mitochondria (Xue 

et al., 1999; Xue et al., 2001). Furthermore, at an earlier point in the cell death process 

LC3-II was further enhanced upon addition of Bafilomycin A1 (Figure 3.2.10 B), an 

inhibitor of the vacuolar-type H(+)-ATPase, which prevents the acidification of the 

lysosomes (Yamamoto et al., 1998; Yoshimori et al., 1991). 

 

Collectively these data further indicate the possible induction of autophagy during the 

initial stages of K+/serum withdrawal induced cell death in CGNs consistent with that 

previously reported (Canu et al., 2005; Kaasik et al., 2005). This requires further 

confirmation as the increase in LC3-II in the presence of caspase inhibitors may be the 

result of a reduction its degradation in the lysosomes by z-VAD-inhibited cathepsins. 

However, taken with the failure of the caspase inhibitors to prevent the cell death 

induced by K+/serum withdrawal, it suggests that the autophagic response may 

contribute to the death of the neurons when the activation of caspases is inhibited. 
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3.2.8. The construction of a proteasome sensor for single cell analysis of 
proteasomal degradation and its in vitro characterisation. 
 
Earlier in this chapter the partial caspase-dependent loss of proteasome activity was 

demonstrated. To overcome the problems experienced with the LLVYase assay and to 

ascertain the contribution of the active caspases to the loss of proteasome activity on a  

single cell level, a proteasome sensor was constructed to detect changes for real time 

analysis. 

 

Fluorescent probes, developed over the past few years by various groups can behave 

as substrates for the UPS under steady state conditions (Neefjes and Dantuma, 2004). 

The sequential attachment of ubiquitin moieties to internal lysine residues in the protein 

structure by ubiquitination enzymes act as degradation signals. These are then 

recognised by the 26S proteasome and the protein substrates tagged for degradation 

are unfolded and threaded into the 20S core (Hol et al., 2006). Many of the fluorescent 

probes for assessment of proteasomal activity are based on ubiquitin-fusion 

degradation signals (Johnson et al., 1995). An N-terminal ubiquitin moiety that is fused 

to green fluorescent protein (GFP) for example, acts as an acceptor for the sequential 

addition of further ubiquitin molecules, forming a polyubiquitin chain (Neefjes and 

Dantuma, 2004). The construction of sensors with multiple copies of ubiquitin further 

accelerate the turnover of the protein (Stack et al., 2000; Zhu et al., 2005). 

 

The proteasome sensor was achieved by fusing tandem copies of mutant ubiquitin 

(G76V) that limit cleavage by ubiquitin hydrolases (deubiquitinating enzymes) (Luker et 

al., 2003) to the N-terminus of EYFP, a derivative of GFP. The EYFP sensor can be 

used to image the proteasomal activity in the cell. GFP and its variants are very stable 

proteins in their native conformation and the formation of their chromophore does not 

require additional proteins or cofactors, making them ideal proteins for monitoring 

proteasomal activity (Menendez-Benito et al., 2005). In addition, for characterisation 

purposes a construct was prepared that possessed multiple copies of wild type 

ubiquitin. A schematic representation of all constructs used for the in vitro 

characterisation of the proteasome sensor is shown in Figure 3.2.11. 

 

Initially it was required to assess the ability of the constructs to undergo further 

ubiquitination and proteasomal degradation. The constructs were therefore expressed 

in a nonradioactive transcription-translation (TNT) system in rabbit reticulocyte lysates. 

The components of both the ubiquitination process and degradation by the proteasome  
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were collectively discovered and described in rabbit reticulocyte lysates (Ciechanover 

et al., 1980; Etlinger and Goldberg, 1977; Hershko et al., 1979). This is therefore an 

ideal system in which to characterise proteasomal substrates in vitro. For this purpose 

TNT reaction reactions were prepared in the presence of Transcend tRNA, 

immunoblotted and detected using Strep-HRP. 

 

The expression of EYFP alone in the in vitro system produced a single band that 

resolved at the predicted molecular weight from the protein sequence of EYFP (Figure 

3.2.12 A). The sensor with the addition of one G76V ubiquitin moiety resolved at a 

slightly higher molecular weight (compared to EYFP alone). Interestingly the multi-

ubiquitinated EYFP sensors demonstrated several species of higher molecular weight 

on immunoblot, in a manner reminiscent of substrates in various degrees of 

ubiquitination, consistent with that demonstrated by Stack et al, 2000. In fact, only 

higher order ubiquitinated complexes were evident on immunoblot when p4xubi(G76V)-

EYFP was expressed in the TNT system. The number of ubiquitin moieties that are 

linked to the substrate is thought to be an effective determinant of efficiency for 

degradation by the proteasome, with four ubiquitin moieties being optimal (Thrower et 

al., 2000). The expression of the multi-ubiquitinated constructs in this manner is 

thought to represent the constitutive process of ubiquitination and proteasomal 

degradation in the rabbit reticulocyte lysates. In accordance, the addition of the 

proteasome inhibitor MG132 to the TNT reaction for p4xubi(G76V)-EYFP prevented 

the degradation of multiple species on the immunoblot that were consistent with 

1xubi(G76V)-EYFP, 2xubi(G76V)-EYFP and 3xubi(G76V)-EYFP (Figure 3.2.12 B). 

 

Based on its predicted molecular weight, the resolution of p2xubi(WT)-EYFP should 

have been analogous with p2xubi(G76V)-EYFP. It resolved at the same point as EYFP 

however, without evidence of further ubiquitination (Figure 3.2.12 A). This is consistent 

with removal of the ubiquitin moieties from the sensor by deubiquitinating enzymes 

already present in the rabbit reticulocyte lysates (Hershko et al., 1980; Pickart and 

Rose, 1985b). To further demonstrate that the mutation G76V in ubiquitin prevents 

cleavage by deubiquitinating enzymes, the TNT reactions for p2xubi(G76V)-EYFP and 

p2xubi(WT)-EYFP were prepared in the presence of ubiquitin aldehyde, a DUBs 

inhibitor (Hershko and Rose, 1987). Samples were then run on an immunoblot. 

 

p2xubi(G76V)-EYFP resolved on the immunoblot at a point as shown previously 

(Figure 3.2.12 C and A respectively), with a higher molecular weight species above the 

full length form, representative of the tri-ubiquitinated protein. The presence of ubiquitin  
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aldehyde had no effect on the resolution of the expressed construct. In contrast, 

p2xubi(WT)-EYFP resolved at a lower molecular weight equivalent to that of EYFP 

alone. The addition of ubiquitin aldehyde to the TNT reaction almost completely 

reversed the cleavage by the DUBs; the resultant protein being comparable in 

molecular weight to that of p2xubi(G76V)-EYFP. 

 

Given that the proteasome sensor would be required to be expressed in CGNs during 

K+ withdrawal-induced cell death, it was necessary to ensure that cell death proteases 

would not cleave the sensor and contribute to its accumulation. The TNT reaction for 

p2xubi(G76V)-EYFP was therefore incubated with recombinant caspase-3, -6, -7, -8 

and calpain 1 (in the presence of Ca2+) for 1 h at 37 °C. p2xubi(G76V)-EYFP was 

completely untouched by all the recombinant proteases (Figure 3.2.12 D) Taken 

together, these data verify the use of the constructs as proteasome sensors and their 

ability to be used in cell death settings. 

 

3.2.9. The characterisation of the proteasome sensor constructs in SH-SY5Y 
cells. 
 
Prior to the use of the proteasome sensors in CGNs it was necessary to characterise 

their expression in a cell culture model. For this purpose the neuroblastoma cell line, 

SH-SY5Y was used. To ensure that the constructs were able to be expressed in 

mammalian cells, SH-SY5Y cells were transiently transfected with each construct; 

lysates were prepared and resolved on immunoblot. Detection was performed using an 

anti-GFP antibody. The expression of the constructs and their resolution was 

consistent with that demonstrated in the rabbit reticulocyte lysates during the in vitro 

characterisation (Figure 3.2.13 A). pEYFP and p2xubi(WT)-EYFP were comparable in 

molecular weight indicating that DUBs were actively removing the ubiquitin moieties, 

resulting in EYFP alone. The molecular weight of the G76V ubiquitin sensors 

sequentially increased according to the number of ubiquitin moieties. The expression of 

p4xubi(G76V)-EYFP was below the level of detection by immunoblot due to its low 

overall transfection efficiency and probably its degradation by the proteasome. 

 

To demonstrate the degradation of the constructs in cultured cells, SH-SY5Y cells were 

transiently transfected with each construct. The protein synthesis inhibitor 

cycloheximide was then added to the culture medium for the indicated times, and 

EYFP expression was measured using FACS analysis. 
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There was minimal change in the level of EYFP expression in the SH-SY5Y transfected 

with pEYFP and p2xubi(WT)-EYFP over the 8 h time period (Figure 3.2.13 C). Similarly 

the change in EYFP expression was low for p1xubi(G76V)-EYFP until 4 h in the 

presence of cycloheximide, when there was a slightly greater loss in EYFP expression 

(compared to pEYFP/p2xubi(WT)-EYFP, Figure 3.2.13 B and C). There was a much 

greater loss in the expression of EYFP in the SH-SY5Y cells transfected with 

p4xubi(G76V)-EYFP. 

 

If the sensor was a bona fide proteasome sensor, an increase in the level of EYFP 

would be expected in the presence of proteasomal inhibition. Therefore, SH-SY5Y cells 

were transiently transfected with each construct and treated with the proteasome 

inhibitor PS-341 for 8 h. EYFP expression was quantified using FACS analysis. The 

inhibition of the proteasome by PS-341 was initially ensured by treating untransfected 

SH-SY5Y cells with PS-341 for 8 h and preparing lysates for an LLVYase assay. The 

complete inhibition of the 20 S proteasome in SH-SY5Y cells was observed at all 

concentrations (Figure 3.2.14 A). Treatment of the SH-SY5Y cells transfected with 

pEYFP and p2xubi(WT)-EYFP with PS-341 had no effect on the EYFP expression 

(Figure 3.2.14 B). There was a marked increase in the level of EYFP at all 

concentrations of PS-341 in the SH-SY5Ys expressing p1xubi(G76V)-EYFP and 

p4xubi(G76V)-EYFP (compared to 0 nM PS-341). This was not dependent on the 

concentration of PS-341 for p4xubi(G76V)-EYFP as it seemed to reach maximal EYFP 

expression at 10 nM PS-341, the lowest concentration of the inhibitor used in the study. 

 

To demonstrate that the enhanced EYFP expression is the result of the specific 

inhibition of the proteasome, inhibitors of cell death proteases and an autophagy 

inhibitor Bafilomycin A1 (BafA1) were introduced. After transient transfection of 

SH-SY5Y cells with p4xubi(G76V)-EYFP, the indicated inhibitors were added to the 

culture medium for 8 h, and EYFP expression was analysed. Consistently PS-341 and 

the additional, less specific proteasome inhibitor MG132 markedly enhanced the 

expression of EYFP compared to vehicle control SH-SY5Y (Figure 3.2.14 C). In 

contrast, inhibitors of caspases, calpain and autophagy had no effect. Furthermore, the 

simultaneous treatment of SH-SY5Y cells expressing p4xubi(G76V)-EYFP with PS-341 

and each of the additional inhibitors increased the level of EYFP. 

 

The purpose for the design of the proteasome sensor was to overexpress in CGNs and 

assess the proteasomal activity during K+ withdrawal-induced cell death on a single cell  
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level. Unfortunately, the transfection efficiency of pEYFP in CGNs was extremely low at 

approximately 8% and was completely undetectable for p4xubi(G76V)-EYFP.  
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3.3. Discussion 
 

The induction of apoptosis by K+ withdrawal in CGNs is an extensively studied model of 

neuronal cell death. It is likely that regulation of the cell death process involves multiple 

biochemically distinct factors that are simultaneously activated and are functionally 

cooperative (O'Hare et al., 2000). Low K+ induced cell death in CGNs is dependent on 

de novo RNA and protein synthesis, caspases and reactive oxygen species (D'Mello et 

al., 1993; Schulz et al., 1996; Taylor et al., 1997).  

 

The apoptotic pathway also has an absolute requirement for the activation of Bax as 

shown by the studies in CGNs from Bax -/- mice (Miller et al., 1997). It has been 

proposed that Bax is activated by GSK-3β by phosphorylation at Ser-163. This results 

in its conformational change and translocation to the mitochondria, where it mediates 

the release of cytochrome c (Brewster et al., 2006; Linseman et al., 2004; McGinnis et 

al., 1999), formation of the apoptosome and caspase-9 activation (Gerhardt et al., 

2001). Caspase-9 is then capable of activating the effector caspases, of which 

caspase-3 is particularly relevant to this investigation. 

 

In addition, the release of cytochrome c also seems to require the upregulation of the 

BH3-only protein Bim (and Dp5/Hrk); for which there appears to be multiple pathways 

for its induction during K+ withdrawal apoptosis in CGNs (Desagher et al., 2005; 

Linseman et al., 2002; Putcha et al., 2002; Shi et al., 2005). The mitogen-activated 

protein kinase (MAPK) kinase kinase induced activation of JNK2/3 and /or Egr-1, and 

the proceeding activation of  c-jun is in part responsible for the induction of Bim/Dp5 

(Coffey et al., 2002; Levkovitz and Baraban, 2001; Trotter et al., 2002; Watson et al., 

1998). The forkhead transcription factor FKHRLI may play an additional role in the 

induction of Bim; its upregulation may also be an outcome of the release of the 

transcription factor E2F-1 (O'Hare et al., 2000; Padmanabhan et al., 1999; Zhao et al., 

2005). 

 

In this investigation, the activation of caspase-3 (p17 processed, mature form) was 

initially evident at approximately 8 h in low K+. Maximal DEVDase activity was noted at 

16 h after K+ withdrawal, which corresponded to further processing of caspase-3 and 

increased accumulation of the p17 fragment. It is widely acknowledged that effector 

caspases share overlapping substrate specificity enabling the substitution of one for 

another in systems where there is a redundancy (Talanian et al., 1997); the DEVDase 

assay is an example of this, being additionally cleaved by caspase-7 during apoptosis. 
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However, the cleavage of α-fodrin to its apoptotic p120 fragment is specific for 

caspase-3 (Slee et al., 2001). The ability of active caspase-3 to cleave its substrates in 

CGNs was therefore confirmed by the related cleavage of α-fodrin, resulting in the 

caspase-3 mediated 120 KDa fragment accumulating as apoptosis progressed. In 

combination with the DEVDase assay data, the activity of caspase-3 in CGNs after K+-

withdrawal induced apoptosis was confirmed. 

 

The observed cleavage of the proteasomal subunits, S1 and S6´ corresponded with the 

peak in caspase-3 activity at 16 h in low K+. The presence of the non-selective caspase 

inhibitor z-VAD.fmk and the caspase-3/7 inhibitor, DEVD.fmk abrogated the cleavage 

fragments detected by immunoblot. Cleavage of the additional proteasome subunits, 

S5a and S2 was not apparent at any time. 

 

As described previously in the Introduction, the 26S proteasome is composed of two 

subcomplexes – the 20S core particle and the 19S regulatory particle. S1 and S6´ (and 

S5a/S2) are components of the 19S complex. S1 (also known as Rpn2) and S2 (Rpn1) 

were previously demonstrated to interact with the adapter proteins, Rad23 and Dsk2 

via their ubiquitin-like domains during the delivery of polyubiquitinated substrates for 

degradation in Saccharomyces cerevisiae (Saeki et al., 2002), leading to the 

suggestion that S1 and S2 form a receptor for ubiquitin-like proteins. Furthermore, in 

HEK293T cells S1 was shown to interact with Adrm1, which recruits the 

deubiquitinating enzyme UCH37 and was found partially responsible for the 

deubiquitinating activity of the proteasome (Hamazaki et al., 2006). Recently in 

Saccharomyces cerevisiae, S1 was demonstrated to attach directly to the outer α-ring 

surface of the 20S core particle with S2 placed distally to S1. The six ATPases 

(including Rpt5a or S6´) were demonstrated in a peripheral position, forming a ring 

around the inner S1-S2 stack. In this model S1 and S2 were hypothesised to facilitate 

the entry of small substrates into the 20S core, by regulating the channel gating. In 

addition, Rad23 was recruited to the proteasome by S2 rather than the previously 

identified S1 (Rosenzweig et al., 2008). 

 

In addition to it role as an ATPase, S6´ (Rpt5) has been implicated in the regulation of 

the gate opening into the 20S core of the proteasome (Smith et al., 2007). S6´ has also 

specifically been shown to play a role in the recognition of the polyubiquitin chain that 

tag the substrate for degradation (Lam et al., 2002), although other groups favour the 

hypothesis that S6´ gathers substrates that are delivered to the proteasome by other 

recognition pathways (such as Rpn10 (S5a) or Rad23). Its function here would be to 
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position the substrates for unfolding and deubiquitination prior to entry into the catalytic 

chamber (Verma et al., 2004). The interaction of S6´ with the E3 ligase, RNF2 has also 

been described, binding of which is linked to enhanced ATP hydrolysis of the 

proteasome (Lee et al., 2005).  

 

It would seem that S1 would be inaccessible to cleavage by caspase-3 if the structural 

studies described by Rosenzweig et al, 2008 are to be accepted. However, the authors 

do not exclude the possibility that S1 may have regions that are exposed beyond the 

ATPase ring (Rosenzweig et al., 2008). Upon ATP hydrolysis the carboxy termini of 

S6´ becomes buried in pockets formed by the outer α-ring of the 20S core. This 

stimulates the opening of the gate that limits substrate entry into the channel (Smith et 

al., 2007). The caspase-3 cleavage site identified by Sun et al, 2004 after Asp-27 

however would be exposed and accessible for cleavage by caspase-3 (Sun et al., 

2004). 

 

From the evidence detailed above, it would seem that cleavage of the proteasome 

subunits by caspase-3 would be predicted to have deleterious effects on the ability of 

the 26S proteasome to mediate ubiquitin-dependent protein degradation. The loss of 

the LLVYase activity associated with the proteasome was markedly reduced at a time 

when active caspase-3 was first detected. The addition of caspase inhibitors negated 

the loss of proteasomal activity; however, as previously discussed, conclusions cannot 

be drawn from this as the experiment requires repetition, although this result was also 

demonstrated by Canu et al, 2000 (Canu et al., 2000). In addition, the LLVYase assay 

is not only a measure of 20S proteasome activity, it is also used for the measurement 

of calpain activity (Giguere and Schnellmann, 2008; Seidah et al., 2003), and proved 

problematic in this study. Furthermore, the other proteasome activities were not 

assayed; therefore conclusions cannot be made regarding the overall proteasome 

function. The multiubiquitinated fluorescent sensor – p4xubi(G76V)-EYFP would have 

provided a more accurate method for the assessment of proteasome activity. It is 

possible that caspases contribute at least in part to the loss of proteasome function. 

 

The cleavage pattern of S6´, demonstrated for caspase-3 cleavage by Sun et al, 2004 

was markedly different from that observed in CGNs during K+ withdrawal-induced cell 

death. In fact the cleavage of S6´ produced during cell death in CGNs was also 

different to that observed during the in vitro cleavage by recombinant active caspase-3. 

It is possible that an alternate caspase cleaves S6´ rather than caspase-3 when the 

CGNs are undergoing cell death, particularly if the initial cleavage site is occluded by, 
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for example proteasome associated proteins. Caspase-8 is a possible candidate, given 

that Sun and colleagues previously described its additional cleavage of S6´  (Sun et al., 

2004). The K+ withdrawal-induced model of cell death in CGNs follows the intrinsic 

pathway of apoptosis; caspase-3 may therefore be responsible for the cleavage and 

activation of caspase-8 (Gerhardt et al., 2001). It would still ultimately be accountable 

for the loss of proteasomal function. The cleavage of S6´ by caspase-8 may be of 

particular importance during receptor-mediated apoptosis, because it would occur early 

in the apoptotic pathway as opposed to ‘past the point of no return’ as with caspase-3. 

It is also possible that the inconsistent cleavage of S6´ is due to the use of human 

recombinant caspase-3 in murine CGN lysates. Species differences are known to exist 

for certain caspases, such as the role of caspase-12 in inflammation and ER stress-

induced apoptosis in humans and mice respectively, however information regarding 

caspase-3 is limited. 

 

K+ withdrawal-induced cell death in CGNs can be delayed by insulin-like growth factor 

(IGF-I) (D'Mello et al., 1993; Galli et al., 1995), cAMP (D'Mello et al., 1993; Moran et 

al., 1999) and forskolin (Galli et al., 1995; Moran et al., 1999). Cell death was also 

delayed by the proteasome inhibitor MG132 in this investigation as previously 

demonstrated (Bobba et al., 2002; Butts et al., 2005; Canu et al., 2000). In contrast, 

PS-341, a dipeptide boronic inhibitor that targets an identical site to MG132 in the 20S 

core of the proteasome, had no effect on the cell death induced. The inhibition of 

calpains by MG132 has also been reported (Lee and Goldberg, 1998), however there 

was no change in the level of cell death when CGNs were co-treated with a 

combination of calpeptin and PS-341. It was concluded that MG132 targets another 

stage of the apoptotic pathway other than calpains and the proteasome.  

 

Canu et al, 2005 and Kaasik et al, 2005 both highlighted the importance of cathepsin B 

and L respectively in the early autophagic pathway in CGNs induced to undergo 

apoptosis by the withdrawal of K+ (and serum), although some of their data seem to 

contradict each other. It is possible that MG132 was acting as a cathepsin inhibitor 

(Lee and Goldberg, 1998) in addition to its inhibition of calpains and the proteasome. 

The early induction of an autophagic response was further implied in this investigation, 

and is possibly responsible for the cell death observed in the presence of caspase 

inhibitors and the slow caspase-independent cell death described in Bax-/- CGNs (Miller 

et al., 1997). The coordination of the distinct autophagic and apoptotic pathways to 

elicit cell death is likely to be tightly regulated and requires further investigation. 
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We have demonstrated the cleavage of the proteasomal subunits S1 and S6´ in CGNs 

during K+ withdrawal-induced cell death. This is probably a consequence of caspase-3 

activation and may contribute to the loss of 20S proteasomal function. It is possible that 

cleavage of the proteasome is a mechanism to ensure cell death continues. By 

disabling the proteasome the stability of many pro-apoptotic proteins is enhanced, 

allowing them to mediate the cell death process. 
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4.1. Introduction 
 
Having established that the autophagic response may be induced in the serum/K+ 

withdrawal model of cell death in CGNs, I then investigated the potential relationship 

between autophagy and apoptotic cell death. 

 

Morphological features of autophagy such as excessive levels of autophagic vacuoles 

have been described in dying cells, leading to its designation as Type 2 cell death 

(Clarke, 1990). It is however primarily an adaptive survival response. In many cells, 

constitutive basal levels of autophagy control the cell’s normal homeostasis. Autophagy 

may be implicated in the cell death process when apoptosis is defective or when it 

becomes excessive (Kang et al., 2007; Levine, 2007; Lum et al., 2005). It is likely that 

cell death is an integrated mechanism whereby the components of the cell death 

processes – apoptosis and autophagy (and necrosis) are coordinated and regulate 

each other (Thorburn, 2008). 

 

Many groups have described overlapping components involved in both apoptosis and 

autophagy to date. One of the most widely studied is the interaction of the members of 

the antiapototic BCL2 family with Beclin 1 (Erlich et al., 2007; Liang et al., 2006; Liang 

et al., 1998; Maiuri et al., 2007a; Oberstein et al., 2007; Pattingre et al., 2005; Shimizu 

et al., 2004), which was first identified while investigating the protective mechanism of 

BCL2 during apoptosis induced by the Sindbis virus in mouse neurons (Liang et al., 

1998). The association of Beclin 1 and BCL2 has since been shown to be important in 

the regulation of starvation-induced autophagy, possibly by antagonising the function of 

Beclin 1 upstream of its complex with Vps34 (Pattingre et al., 2005).  

 

The induction of Beclin 1/autophagy-related protein 7 (Atg7) dependent autophagy has 

also been demonstrated in response to the simultaneous inhibition of caspase-8 and a 

calpain-like protease (Lin et al., 1999; Madden et al., 2007). In addition, Atg5 has been 

implicated in both the autophagic and apoptotic response in complex with FADD (Pyo 

et al., 2005) and through its truncation by calpain 1 and 2 during apoptosis (Yousefi et 

al., 2006). Furthermore, calpain 1 and 2 have been hypothesised to have an additional 

role in the promotion of autophagy in mammalian cells (Demarchi et al., 2006).  

 

Although many attempts have been made to elucidate the molecular mechanisms 

involved in the regulation of the autophagic and apoptotic pathways and control of the 

‘switch’ between the two, it seems that there may be multiple points of control. To 
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investigate the regulation further, I examined the potential modulation of the human 

autophagy-related (hAtg) proteins by proteases that are implicated in both pathways. 

Although commercial antibodies for the detection of some of the Atg proteins are 

available, previous experience has indicated that many are not adequately specific in 

order to assess the cleavage of proteins. It was therefore necessary to construct 

plasmids encoding the Atg proteins for enforced expression and epitope-tagged for 

immunodetection in apoptotic cells. An in vitro cleavage assay was employed to 

identify the proteases involved in the potential cleavage of the hAtg proteins. Detection 

of the cleaved fragments using the epitope tags then aided in the prediction of the 

protease cleavage sites. This information would then enable the design of uncleavable 

mutants for further assessment of their functional significance when transfected into 

cells.  
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4.2. Results 
 

4.2.1. The hAtg plasmids are expressed in an in vitro transcription-translation 
system. 
 

In order to assess the in vitro cleavage of hAtg proteins by proteases that are 

implicated in the cell death process, it was first necessary to ensure that the hAtg 

constructs were translated in an in vitro transcription-translation system. TNT reactions 

were carried out using Transcend™ tRNA and then subjected to SDS-PAGE and 

immunoblotted using Strepavidin-biotinylated-HRP (Strep-HRP; Figure 4.2.1). 

 

The majority of the hAtg constructs resolved at the approximate molecular weight 

predicted from their DNA sequence plus that of the epitope tags. Low expression of 

EGFP-LC3 and hAtg12 was detected using Strep-HRP (Figure 4.2.1, Lanes 9 and 13 

respectively) with hAtg9 undetectable. The in vitro translation of these constructs was 

therefore repeated using a higher amount of Transcend™ tRNA, which enhanced their 

detection on immunoblot (as shown later, see Figure 4.2.3).  

 

hAtg4D resolved at a lower molecular weight (~42 kDa) than predicted from its protein 

sequence (52 kDa; Figure 4.2.1, Lane 5). Re-examination of the protein sequence 

revealed that pFLAG-hAtg4D-myc/His has a deletion in its nucleotide sequence, which 

resulted in a truncated form of the protein. 

 

4.2.2. The recombinant enzymes for in vitro characterisation are active. 
 

In order to ensure the activity of the recombinant enzymes for the in vitro 

characterisation, it was necessary to measure their ability to cleave well-characterised 

substrates. 

 

Active recombinant caspase-3 (rCaspase-3) was shown in the previous chapter (Figure 

3.2.2) to cleave four potential substrates; α-Fodrin, the proteasome subunits S1 and 

S6’ in CGN lysates and after the tetrapeptide DEVD to release AFC in the DEVDase 

assay. To evaluate the activities of active rCaspase-6, -7 and -8, enzymatic assays 

using the substrates VEID.AFC, DEVD.AFC and IETD.AFC respectively were 

performed. The activity of the recombinant enzymes was demonstrated in a 

concentration dependent manner, with rCaspase-7 being the most active, and 

rCaspase-6, the least, against their preferred substrates (Figure 4.2.2 A). However, to  
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Figure. 4.2.2. The recombinant proteases cleave substrates in a 
concentration-dependent manner. The activity of active recombinant caspase-6, 
-7, and -8 was assessed using the substrates VEID.AFC, DEVD.AFC and 
IETD.AFC respectively (40µM), and expressed in pmol/min (A). The TNT reaction 
for pCFP-Bid-YFP was prepared in the presence of Transcend™ tRNA and 
incubated with rCalpain 1 (+ 20 mM Ca2+) or rCaspase-8. Cleavage was assessed 
by immunoblotting and detection using Strep-HRP. Arrowheads indicate cleavage 
fragments.
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give a clearer understanding of the difference in activity between the recombinant 

enzymes, the activity of rCaspase-3 should have been demonstrated in the same 

experiment as that of rCaspase-6, -7 and -8. In addition, the overlapping substrate 

specificities of the recombinant caspases should have been assessed. 

 

The activity of rCalpain 1 was evaluated by its ability to cleave BID compared to 

rCaspase-8. Calpain 1 cleaves BID at an alternative, downstream site (Gly70) to that 

recognised by caspase-8 (Asp60 (Chen et al., 2001)). The TNT product of BID-FRET 

(CFP-BID-YFP (Onuki et al., 2002)) was incubated with rCalpain 1 (in the presence 

and absence of Ca2+) and rCaspase-8, and its cleavage was detected using the anti-

human BID antibody. Both rCalpain 1 and rCaspase-8 were able to cleave BID-FRET 

in a concentration dependent manner (Figure 4.2.2 C). The obligatory activation of 

rCalpain 1 was clearly observed when the cleavage fragment was eliminated in the 

absence of calcium. In addition, there was a marked loss of full-length BID-FRET upon 

the addition of rCaspase-8, with the observation of two cleavage fragments at ~43 and 

36 kDa. These correspond to YFP + Bid (C-terminus) and CFP + Bid (N-terminus) 

respectively, consistent with that shown by Onuki et al, 2002.  

 

Collectively these data confirm that the recombinant proteases are active and able to 

cleave their respective substrates in vitro, and therefore are suitable for use in the in 

vitro cleavage assays of hAtgs. 

 
4.2.3. Recombinant caspases and calpain 1 cleave numerous hAtg proteins in 

vitro. 
 

In order to identify the proteases that are able to cleave the hAtg proteins in vitro, one 

concentration of each recombinant enzyme was incubated with each TNT product. The 

reactions were then resolved by SDS-PAGE immunoblotted and detected using Strep-

HRP (Figure 4.2.3). 

 

All the hAtg proteins were cleaved by rCalpain 1 (Figure 4.2.3 A-C, Lane 6). For the 

majority of the hAtg proteins, the cleavage by rCalpain 1 resulted in their complete 

degradation. Cleavage fragments were only observed for hAtg9 at ~60 and 54 kDa, 

and GABARAP, just below that of the full length form. The cleavage of Atg5 by 

rCalpain 1 is consistent with that previously described by Yousefi et al, 2006, although 

the cleavage fragment was not observed in this study (Yousefi et al., 2006),  
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rCaspase-3 cleaved Beclin 1, hAtg9, hAtg7 and the hAtg4 homologues (Figure 4.2.3 A-

C, Lane 2). Furthermore, in contrast to that previously reported by Yousefi et al, 2006, 

rCaspase-3 also cleaved hAtg5 resulting in a cleavage fragment just below that of full 

length hAtg5 (Figure 4.2.3 B, Lane 2 (Yousefi et al., 2006)). The cleavage fragments of 

Beclin 1, hAtg7 and hAtg3 were observed at ~46, 40 and 43 kDa respectively. In 

addition, the cleavage of hAtg4A, 4B and 4C resulted in a slight downward shift in 

molecular weight, indicating that the cleavage is near to the N- or C-terminus. The 

caspase-3 cleavage of hAtg4D at the canonical cleavage site DEVD was previously 

reported (He and Orvedahl, 2007). There was also a slight loss of hAtg4D upon 

incubation with rCaspase-7 (Figure 4.2.3 C, Lane 3), which probably occurs at the 

same DEVD site, though is less efficiently processed. As a truncated form of pFLAG-

hAtg4D-myc/His was produced and caspase-3 cleavage of hAtg4D was previously 

reported, no further work was carried out using this construct. 

 

rCaspase-6 and rCaspase-8 cleaved hAtg3, resulting in cleavage fragments of ~29 

kDa (Figure 4.2.3 C, Lanes 3 and 5). However, there also appeared to be a lower 

molecular weight species that was detected by the Strep-HRP, which seemed to be 

cleaved by the same proteases and was detected using an antibody for the epitope 

tag, FLAG (see later, Figure 4.2.13 A). This indicates that the construct contained two 

forms of hAtg3, a full length form and a truncated version, both of which were 

expressed in the TNT reaction. Beclin 1 was cleaved by rCaspase-6 producing a 

fragment at ~47 kDa (Figure 4.2.3 A, Lane 3), and the cleavage of hAtg4C by 

rCaspase-8 resulted in a small downward shift in the molecular weight of the protein 

(Figure 4.2.3 C, Lane 5). 

 

The cleavage of LC3 by the recombinant enzymes was unclear on the immunoblot. 

There appeared to be a cleavage fragment at approximately 40 kDa upon rCaspase-3 

and rCalpain-1 treatment, however there was no loss in the full-length form of LC3. The 

potential cleavage of LC3 was not further investigated in this study, and it is difficult to 

predict the site at which the recombinant enzymes cleaved the protein. The EGFP tag 

was not utilised to identify whether the possible cleavage occurred at the N- or 

C-terminus of the protein, therefore the sites could fall within either the EGFP tag or in 

the middle of LC3. Further work is required to examine the possible cleavage of LC3 to 

ensure that the protein is actually cleaved rather than the cleavage fragments observed 

being the result of a ‘dirty’ immunoblot. 
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These data indicate that the hAtg proteins are cleaved in vitro by a number of 

proteases involved in the cell death process, some of which are the targets of multiple 

proteases. rCalpain 1 seems promiscuous with respect to cleavage of the proteins 

involved in the autophagic pathway, potentially highlighting the importance of this 

protease for autophagy and the ‘switch’ between autophagy and apoptosis. 

 

4.2.4. The cleavage of the hAtg constructs are further confirmed; and the 
potential cleavage sites identified. 
 

Having established that all the hAtg proteins were cleaved by recombinant calpain 1, 

caspase-3, -6 and -8 in vitro, it was necessary to further confirm the actions of these 

proteases and attempt to map the sites of their actions. TNT reactions were prepared 

for each hAtg construct, incubated with increasing concentrations of recombinant 

protease and immunoblotted using Strep-HRP or an antibody to the appropriate 

epitope tag.  

 
4.2.4.1. Beclin 1 is cleaved at its N-terminus by rCaspase-3 and -6, and in the 
middle of the protein by rCalpain 1. 
  
rCaspase-3 cleaved Beclin 1 in a concentration dependent manner (Figure 4.2.4 A, 

Lanes 2-4), with a doublet of cleavage fragments detected at ~43 and 40 kDa. The 

smaller fragment appeared to be a secondary cleavage as it increased upon incubation 

with higher concentrations of the protease. Higher exposures of the film revealed 

additional cleavage fragments at ~23, 19 and 17 kDa, the 17 kDa fragment again 

increasing in a concentration-dependent manner. rCaspase-6 cleaved Beclin 1 to 

produce fragments at 43 and 19 kDa (Figure 4.2.4 A, Lanes 5-7), which increased with 

higher concentrations of rCaspase-6. 

 

Beclin 1 was cleaved in a concentration-dependent manner by Ca2+-activated rCalpain 

1 (Figure 4.2.4 A, Lanes 10-12). The complete loss of Beclin 1 by rCalpain 1 at the 

highest concentration was fully blocked by the removal of Ca2+ from the reaction 

(Figure 4.2.4 A, Lanes 13-14), and by the addition of the specific calpain 1 inhibitor 

calpeptin (Lane 14). There appeared to be a cleavage fragment just below the full 

length form of Beclin 1 upon incubation with 0.25 µg Ca2+-activated rCalpain 1 (Lane 

11). However, additional cleavage fragments were observed after the addition of Ca2+ 

alone to the reaction (Lane 9). This suggests that there is some activation of  
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81    TPRQDGVSRR FIPPARMMST ESANSFTLIG EASDGGTMEN

121   LSRRLKVTGD LFDIMSGQTD VDHPLCEECT DTLLDQLDTQ

161   LNVTENECQN YKRCLEILEQ MNEDDSEQLQ MELKELALEE 

201   ERLIQELEDV EKNRKIVAEN LEKVQAEAER LDQEEAQYQR

241   EYSEFKRQQL ELDDELKSVE NQMRYAQTQL DKLKKTNVFN 

281   ATFHIWHSGQ FGTINNFRLG RLPSVPVEWN EINAAWGQTV 

321   LLLHALANKM GLKFQRYRLV PYGNHSYLES LTDKSKELPL 

361   YCSGGLRFFW DNKFDHAMVA FLDCVQQFKE EVEKGETRFC 

401   LPYRMDVEKG KIEDTGGSGG SYSIKTQFNS EEQWTKALKF 

441   MLTNLKWGLA WVSSQFYNKD PLVQCGGILQ ISSTVAAARV

481   *

A

B

Figure 4.2.4. Beclin 1 is cleaved by rCaspase-3, -6 and rCalpain 1. TNT 
reactions were prepared for pFLAG-Beclin 1 in the presence of Transcend™ tRNA. 
Samples were then incubated with recombinant caspases-3, -6 and calpain 1 (in 
the presence of absence of 20 mM Ca2+ or calpeptin (10 µM)). After 60 min at 37 
°C, the reaction was stopped with 2xSDS sample buffer, run on SDS-PAGE and
immunoblotted using Strep-HRP (A). Arrows denote full length forms; arrowheads 
indicate cleavage fragments. The protein sequence of pFLAG-Beclin 1, showing 
the predicted caspase (blue, underlined residues) and calpain (green, underlined 
residues) cleavage sites (B). The N-terminal FLAG epitope tag is in red and the 3’
vector sequence is underlined and in italics.
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endogenous Ca2+-dependent proteases, such as calpains already present in the rabbit 

reticulocyte lysates. 

 

The construct for Beclin 1 also contained an N-terminal FLAG tag and therefore the 

membranes were stripped and re-probed using anti-FLAG M2 antibody to detect any 

N-terminal cleavage fragments. The ~43 and 40 kDa fragments generated by the 

actions of rCaspase-3 and -6, and those produced by rCalpain 1 (~49 kDa and 20-

30 kDa) were not detected using the anti-FLAG antibody, suggesting N-terminal 

cleavage of Beclin 1 by these proteases. However, fragments at ~30 kDa (rCalpain 1) 

indicate that the cleavage sites are near to the middle of the protein. 

 

Given the extensive research that has already been applied in determining the nature 

of specific domains in Beclin 1, the predicted cleavage sites estimated from the data 

were able to be mapped to various sites in the Beclin 1 primary protein sequence. 

Whilst there are various guidelines with respect to identifying cleavage sites for the 

caspases and calpains (as discussed in the introduction) these are not absolute.  

 

Therefore all potential cleavage sites that correspond with the predicted molecular 

weight of the fragments from the immunoblot within a particular region have been 

highlighted (Figure 4.2.4 B). In addition, caspase cleavage sites were verified using a 

web-server for predicting caspase cleavage using support vector machine (SVM) 

algorithms (Wee et al., 2006). 

 

The potential cleavage sites of caspase-3/6 responsible for the fragments at ~43 and 

40 kDa were mapped to a region that has previously been shown to be the minimal 

requirement for interaction with the anti-apoptotic BCL2 family members (amino acids 

97-159; Figure 4.2.4 B (Liang et al., 1998)). The precise interaction domain has been 

further refined to a putative Beclin 1 BH3 domain comprising the amino acids 117-136 

(Figure 4.2.4 B) that binds in the hydrophobic groove of BCL2/xL (Maiuri et al., 2007a; 

Oberstein et al., 2007). In fact, four of the potential cleavage sites were identified in the 

BH3 domain of Beclin 1. Other domains of interest within human Beclin 1 include the 

coiled-coil (residues 153-278 in Figure 4.2.4 B (Liang et al., 1998)) that has been 

shown to interact with nPIST (Yue et al., 2002) and UVRAG (Liang et al., 2006). In 

addition Beclin 1 contains an evolutionary conserved domain (ECD) spanning amino 

acids 252-356 (Figure 4.2.4 B), which interacts with Vps34 (Furuya et al., 2005).  
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Interestingly, the potential rCalpain 1 cleavage site identified at the N-terminus of the 

protein did not fall within any of the identified domains that are important for the 

function of Beclin 1 (Figure 4.2.4 B); however, the potential cleavage sites near the 

middle of the protein could potentially interfere with Beclin 1’s interaction with nPIST, 

UVRAG and Vps34. 

 

4.2.4.2. hAtg9 was weakly expressed, despite efforts to increase its expression. 
 
Despite increasing the amount of Transcend™ tRNA for this construct, hAtg9 was 

weakly expressed (Figure 4.2.5 A, Lane 1). The loss of full length hAtg9 could be 

observed in a concentration dependent manner upon rCaspase-3 incubation (Lane 2-

3). The loss of hAtg9 was complete upon the incubation with rCalpain 1 (Lanes 5-7). 

With higher exposure there was evidence of rCaspase-3 mediated cleavage fragments 

at ~23 and 19 kDa (data not shown). 

 

Although the hAtg9 plasmid contained a FLAG tag, the anti-FLAG antibody could not 

be used for detection, as the expression of hAtg9 in the TNT system was low. 

However, from the size of the cleavage fragment generated by rCalpain 1 (Figure 

4.2.3 A, Lane 6; ~60 kDa) it could be predicted that the cleavage site would fall near to 

the middle of the protein (Figure 4.2.5 B). The caspase-3 cleavage sites would be 

predicted to be close to the end of the protein. The 23 kDa fragment could be produced 

by cleavage at either the N- or C-terminus (TELD/SGVD). The 19 kDa fragment could 

only result from C-terminal cleavage (RESD/SAPD) as an appropriate site at the N-

terminus could not be identified. 

 

4.2.4.3. rCapase-3 and rCalpain 1 cleave in the middle of hAtg7. 
 

Although there was little loss in full length hAtg7 by rCaspase-3 cleavage (Figure 4.2.6 

A), the concentration-dependent increase in cleavage fragment at ~42 kDa was 

consistent with that previously demonstrated (Figure 4.2.3 B). Although the cleavage 

fragment was observed using the anti-FLAG antibody (lower panel), the molecular 

weight suggested that the cleavage site was in the middle of the protein. The loss of 

hAtg7 was evident upon incubation rCalpain 1, with a cleavage fragment detected at 

~36 kDa (Figure 4.2.6 A Lanes 5-7), suggests that the cleavage site falls in the middle 

of the protein. 
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121   LPDAFLPAQV CSARIQENGS LITILVIAGV FWIHRLIKFI

161   YNICCYWEIH SFYLHALRIP MSALPYCTWQ EVQARIVQTQ 

201   KEHQICIHKR ELTELDIYHR ILRFQNYMVA LVNKSLLPLR 

241   FRLPGLGEAV FFTRGLKYNF ELILFWGPGS LFLNEWSLKA 

281   EYKRGGQRLE LAQRLSNRIL WIGIANFLLC PLILIWQILY

321   AFFSYAEVLK REPGALGARC WSLYGRCYLR HFNELEHELQ 

361   SRLNRGYKPA SKYMNCFLSP LLTLLAKNGA FFAGSILAVL

401   IALTIYDEDV LAVEHVLTTV TLLGVTVTVC RSFIPDQHMV 

441   FCPEQLLRVI LAHIHYMPDH WQGNAHRSQT RDEFAQLFQY 

481   KAVFILEELL SPIVTPLILI FCLRPRALEI IDFFRNFTVE 

521   VVGVGDTCSF AQMDVRQHGH PQWLSAGQTE ASVYQQAEDG 

561   KTELSLMHFA ITNPGWQPPR ESTAFLGFLK EQVQRDGAAA 

601   SLAQGGLLPE NALFTSIQSL QSESEPLSLI ANVVAGSSCR 

641   GPPLPRDLQG SRHRAEVASA LRSFSPLQPG QAPTGRAHST 

681   MTGSGVDART ASSGSSVWEG QLQSLVLSEY ASTEMSLHAL 

721   YMHQLHKQQA QAEPERHVWH RRESDESGES APDEGGEGAR 

761   APQSIPRSAS YPCAAPRPGA PETTALHGGF QRRYGGITDP 

801   GTVPRVPSHF SRLPLGGWAE DGQSASRHPE PVPEEGSEDE

841   LPPQVHKVSR GPAVRTKTHL RRGSEYAYRS SSPSLSLNPL

881   ISLDCAF*

A

B

Figure 4.2.5. The expression of hAtg9 is weak in the TNT reaction. TNT 
reactions were prepared for the pFLAG-Atg9 in the presence of Transcend™
tRNA. Samples were then incubated with recombinant caspase-3 and calpain 1 (in 
the presence of 20 mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 
2xSDS sample buffer, run on SDS-PAGE and immunoblotted using Strep-HRP 
(A). Arrows denote full length form; arrowheads indicate cleavage fragments. The 
protein sequence of pFLAG-Atg9, showing the predicted caspase (blue, underlined 
residues) and calpain (green, underlined residues) cleavage sites (B). The N-
terminal FLAG epitope tag is in red and the 3’ vector sequence is underlined and in 
italics.
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441   GFNMSIPMPG HPVNFSSVTL EQARRDVEQL EQLIESHDVV 

481   FLLMDTRESR WLPAVIAASK RKLVINAALG FDTFVVMRHG 

521   LKKPKQQGAG DLCPNHPVAS ADLLGSSLFA NIPGYKLGCY 

561   FCNDVVAPGD STRDRTLDQQ CTVSRPGLAV IAGALAVELM 

601   VSVLQHPEGG YAIASSSDDR MNEPPTSLGL VPHQIRGFLS 

641   RFDNVLPVSL AFDKCTACSS KVLDQYEREG FNFLAKVFNS 

681   SHSFLEDLTG LTLLHQETQA AEIWDMSDDE TISRGPAVRT 

721   KTHLRRGSEY AYRSSSPSPL SLNPLISLDC AF*

50

36

Figure 4.2.6. hAtg7 is cleaved by rCaspase-3 and rCalpain 1. TNT reactions 
were prepared for the pFLAG-Atg7 in the presence of Transcend™ tRNA. Samples 
were then incubated with recombinant caspase-3 and calpain 1 (in the presence of 
20 mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 2xSDS sample 
buffer, run on SDS-PAGE and immunoblotted using Strep-HRP and anti-FLAG (A). 
Arrows denote full length form; arrowheads indicate cleavage fragments. The 
protein sequence of pFLAG-Atg7, showing the predicted caspase (blue, underlined 
residues) and calpain (green, underlined residues) cleavage sites (B). The N-
terminal FLAG epitope tag is in red and the 3’ vector sequence is underlined and in 
italics.

IB: FLAG
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Based on the predicted molecular weights of the cleavage fragments, the potential 

cleavage sites of caspase-3 and calpain within the middle of the protein were identified 

(Figure 4.2.6 B). However, given the current knowledge about hAtg7, cleavage of the 

protein at these sites would not be predicted to directly interfere with the function of 

hAtg7 in the autophagic pathway (Komatsu et al., 2001). 

 

4.2.4.4. hAtg12 is cleaved by rCalpain 1 at its N-terminus; the cleavage of hAtg5 
is predicted to fall in its hAtg16-interacting domains. 
 
hAtg12 was only detected using the anti-myc antibody against the 3’ myc epitope tag 

as it was undetectable using Strep-HRP. This detected the loss of full length hAtg12 

with rCalpain 1 (Figure 4.2.7 A). A potential cleavage fragment of hAtg12 was evident 

at ~25 kDa indicating that the cleavage site was N-terminal. Cleavage spanning the 

amino acids 40-50 would correspond to a cleavage fragment of ~24-25 kDa (Figure 

4.2.7 B). 

 

The cleavage of hAtg5 by rCaspase-3 resulted in a cleavage fragment directly below 

that of the full length form at all concentrations of rCaspase-3 tested (Figure 4.2.7 C, 

Lanes 2-4), as previously observed in Figure 4.2.3. However, it was extremely difficult 

to differentiate full length hAtg5 from the cleaved form as both bands were highly 

saturated on the immunoblot. The size of the fragment suggested that the cleavage 

was very close to either the N- or C-terminus of the protein. Three potential cleavage 

sites were identified; two N-terminal, one C-terminal. Interestingly, all three motifs fell 

within the domains that would interact with hAtg16L, in fact one of the cleavage sites 

included an amino acid (leucine-8) that interacts directly with hydrophobic residues in 

hAtg16 (Figure 4.2.7 D) (Matsushita et al., 2007). Cleavage of hAtg5 could therefore 

potentially disrupt the essential interaction of hAtg5 with hAtg16L during autophagic 

vesicle expansion (Matsushita et al., 2007).  

 

4.2.4.5. rCalpain 1 cleaves hAtg10 at its N-terminus. 
 

The rCalpain 1 cleavage of hAtg10 is evidenced by the loss of full length and the 

appearance of a cleavage fragment (~36 kDa), when detected with both Strep-HRP 

and the anti-myc antibody (Figure 4.2.8 A). The cleavage fragment however also 

decreased at high rCalpain concentrations, suggesting that there are two rCalpain 1 

mediated cleavages of hAtg10, primarily at the N-terminus followed by cleavage at the 

C-terminus (Figure 4.2.8 B). The C-terminal cleavage mapped to a region in the protein  
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4321Lane

1 MDYKDDDDKM TSREHQVSLC NCVPLLRRLL 

31 CDAPWRKARP LHALSRYFRS RVSPSKMAEE 

61 PQSVLQLPTS IAAGGEGLTD VSPETTTPEP 

91 PSSAAVSPGT EEPAGDTKKK IDILLKAVGD 

121 TPIMKTKKWA VERTRTIQGL IDFIKKFLKL 

151 VASEQLFIYV NQSFAPSPDQ EVGTLYECFG 

181 SDGKLVLHYC KSQAWGGSTS PVWWNSADIQ

211 HSGGRSSLEG PRFEQKLISE EDLNMHTGHH

241 HHHH*

-rCaspase-3 (nM) 50 100 200
MW

(kDa)

36

30

Atg5

IB:Strep

4321Lane

1     MTDDKDVLRD VWFGRIPTCF TLYQDEITER
31    EAEPYYLLLP RVSYLTLVTD KVKKHFQKVM 

61    RQEDVSEIWF EYEGTPLKWH YPIGLLFDLL 

91    ASSSALPWNI TVHFKSFPEK DLLHCPSKDA 

121   VEAHFMSCMK EADALKHKSQ VINEMQKKDH 

151   KQLWMGLQND RFDQFWAINR KLMEYPPEEN 

181   GFRYIPFRIY QTTTERPFIQ KLFRPVAADG 

211   QLHTLGDLLR EVCPSAVAPE DGEKRSQVMI 

241   HGIEPMLETP LQWLXEHLSY PDNFLHISIV
271   PQPTD*

Figure 4.2.7. The cleavage of hAtg12 by rCalpain 1 and hAtg5 by rCaspase-3 . TNT reactions were prepared for the pFLAG-Atg12-
myc/His and pAtg5 in the presence of Transcend™ tRNA. Samples were then incubated with recombinant calpain 1 in the presence of 20 
mM Ca2+ or caspase-3. After 60 min at 37 °C, the reaction was stopped with 2xSDS sample buffer, run on SDS-PAGE and immunoblotted
using anti-myc (for Atg12; A) or Strep-HRP (for Atg5; C). Arrows denote full length forms; arrowheads indicate cleavage fragments. The 
protein sequence of pFLAG-Atg12 (B) and pAtg5 (D) showing the predicted calpain (green, underlined residues) and caspase (blue, 
underlined residues) cleavage sites. The N-terminal FLAG epitope tag is in red and the 3’ vector sequence the C-terminal myc/His tags in
pFLAG-Atg12-myc/His are underlined and in italics. The downward pointing arrow indicates the calpain cleavage site, previously described 
(Yousefi et al., 2006)

A

B

C

D
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IB: myc, Atg10

4321Lane

MW

(kDa)

1     MDYKDDDDKM EEDEFIGEKT FQRYCAEFIK HSQQIGDSWE 
41    WRPSKDCSDG YMCKIHFQIK NGSVMSHLGA STHGQTCLPM 
81    EEAFELPLDD CEVIETAAAS EVIKYEYHVL YSCSYQVPVL 
121   YFRASFLDGR PLTLKDIWEG VHECYKMRLL QGPWDTITQQ 
161   EHPILGQPFF VLHPCKTNEF MTPVLKNSQK INKNVNYITS 
201   WLSIVGPVVG LNLPLSYAKA TSQDERNVPG STSPVWWNSA
241   DIQHSGGRSS LEGPRFEQKL ISEEDLNMHT GHHHHHH*

Figure 4.2.8. hAtg10 is cleaved by rCalpain 1 at its N-terminus. TNT reactions 
were prepared for the pFLAG-Atg10-myc/His in the presence of Transcend™
tRNA. Samples were then incubated with recombinant calpain 1 (in the presence 
of 20 mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 2xSDS 
sample buffer, run on SDS-PAGE and immunoblotted using Strep-HRP and anti-
myc (A). Arrows denote full length form; arrowheads indicate cleavage fragments. 
The protein sequence of pFLAG-Atg10-myc/His, showing the predicted calpain
(green, underlined residues) cleavage sites (B). The N-terminal FLAG epitope tag 
is in red and the 3’ vector sequence and C-terminal myc/His tags are underlined 
and in italics.

A

B
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at either the very end of hAtg10 or in the vector sequence prior to the myc/His epitope 

tags. 

 
4.2.4.5. hAtg4A is cleaved at its N-terminus by rCalpain 1 and rCaspase-3 cleaves 
its C-terminus. 
  
The loss of full length hAtg4A was minimal when the TNT reaction was incubated with 

rCaspase-3 (Figure 4.2.9 A, Lanes 1-4). In contrast, the cleavage fragment at ~50 kDa,  

appeared to be concentration-dependent and was also detected using the anti-FLAG 

antibody (lower panel), indicating the cleavage was C-terminal. Upon incubation with 

rCalpain 1 there was a slight loss of full length hAtg4A and a cleavage fragment just 

below the full length form was detected (~54 kDa), which was also observed using the 

anti-FLAG antibody, again indicating C-terminal cleavage. Furthermore, there 

appeared to be a rCalpain 1 mediated cleavage fragment at ~50 kDa that was not 

detected by the anti-FLAG antibody, suggestive of cleavage at the N-terminal 

(Lanes 5-7, lower panel). The anti-FLAG antibody also recognised a high molecular 

weight, non-specific protein in the rabbit reticulocyte lysates that also seemed to be 

cleaved by the proteases (Figure 4.2.9 and later in 4.2.10 as shown by the asterix).  

 

The C-terminal cleavage of hAtg4A by rCaspase-3 was mapped to two sites that were 

situated very close to the end of hAtg4A and were next to each other in the primary 

sequence (Figure 4.2.9 B). C-terminal cleavage of hAtg4A by rCalpain 1 to produce a 

fragment at ~54 kDa was either at the C-terminus or in the vector sequence and could 

not be identified. The additional cleavage site for rCalpain 1 to produce the ~50 kDa 

fragment was downstream of the N-terminus (shown in Figure 4.2.9 B). 

 

4.2.4.6. hAtg4B is cleaved at the N-terminus by rCaspase-3; rCalpain 1 cleaves at 
the C-terminus. 
 
rCaspase-3 cleaved hAtg4B at all concentrations and resulted in a slight downward 

shift in hAtg4B, consistent with that shown previously in Figure 4.2.3 C (Figure 

4.2.10 A, Lanes 2-4). Detection of hAtg4B using the N-terminal FLAG epitope tag 

demonstrated the loss of full length hAtg4B in a concentration dependent manner, 

without the detection of the cleavage fragment slightly below this (centre panel). 

Consistent with this result, the C-terminal myc tag permitted the detection of the 

cleavage fragment (lower panel). Collectively this indicates that the rCaspase-3 

cleavage of hAtg4B is at the N-terminal end of the protein. In contrast, the cleavage by  
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Atg4A
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Atg4A

IB: FLAG

1     MDYKDDDDKM ESVISKYEDQ ITIFTDYLEE YPDTDELVWI

41 LGKQHLLKTE KSKLLSDISA RLWFTYRRKF SPIGGTGPSS 

81    DAGWGCMLRC GQMMLAQALI CRHLGRDWSW EKQKEQPKEY 

121   QRILQCFLDR KDCCYSIHQM AQMGVGEGKS IGEWFGPNTV 

161   AQVLKKLALF DEWNSLAVYV SMDNTVVIED IKKMCRVLPL 

201   SADTAGDRPP DSLTASNQSK GTSAYCSAWK PLLLIVPLRL 

241   GINQINPVYV DAFKECFKMP QSLGALGGKP NNAYYFIGFL 

281   GDELIFLDPH TTQTFVDTEE NGTVNDQTFH CLQSPQRMNI 

321   LNLDPSVALG FFCKEEKDFD NWCSLVQKEI LKENLRMFEL 

361   VQKHPSHWPP FVPPAKPEVT TTGAEFIDST EQLEEFDLEE

401   DFEILSVSRG PAVRTKTHLR RGSRGPAVR TKTHLRRGSE

441   YAYRSSSPSP LSLNPLISLD CAF*

7654321Lane

Figure 4.2.9. hAtg4A is cleaved by rCaspase-3 and rCalpain 1. TNT reactions 
were prepared for the pFLAG-Atg4A in the presence of Transcend™ tRNA. 
Samples were then incubated with recombinant caspase-3 and calpain 1 (in the 
presence of 20 mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 
2xSDS sample buffer, run on SDS-PAGE and immunoblotted using Strep-HRP 
and anti-FLAG (A). Arrows denote full length form; arrowheads indicate cleavage 
fragments. * indicates non-specific protein in the rabbit reticulocyte lysate detected 
by the anti-FLAG antibody. The protein sequence of pFLAG-Atg4A, showing the 
predicted caspase (blue, underlined residues) and calpain (green, underlined 
residues) cleavage sites (B). The N-terminal FLAG epitope tag is in red and the 3’
vector sequence is underlined and in italics. 

A

B

*
*
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0.1 0.25 0.5
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(kDa)

1     MDYKDDDDKM DAATLTYDTL RFAEFEDFPE TSEPVWILGR 

41    KYSIFTEKDE ILSDVASRLW FTYRKNFPAI GGTGPTSDTG 

81    WGCMLRCGQM IFAQALVCRH LGRDWRWTQR KRQPDSYFSV 

121   LNAFIDRKDS YYSIHQIAQM GVGEGKSIGQ WYGPNTVAQV

161   LKKLAVFDTW SSLAVHIAMD NTVVMEEIRR LCRTSVPCAG 

201   ATAFPADSDR HCNGFPAGAE VTNRPSPWRP LVLLIPLRLG 

241   LTDINEAYVE TLKHCFMMPQ SLGVIGGKPN SAHYFIGYVG

281   EELIYLDPHT TQPAVEPTDG CFIPDESFHC QHPPCRMSIA 

321   ELDPSIAVGF FCKTEDDFND WCQQVKKLSL LGGALPMFEL 

361   VEQQPSHLAC PDVLNLSLDS SDVERLERFF DSEDEDFEIL

401   SLGSTSPVWW NSADIQHSGG RSSLEGPRFE QKLISEEDLN

441   MHTGHHHHHH *

Figure 4.2.10. The cleavage of hAtg4B by rCalpain 1 may fall in the vector 
sequence. TNT reactions were prepared for the pFLAG-Atg4B-myc/His in the 
presence of Transcend™ tRNA. Samples were then incubated with recombinant 
caspase-3 and calpain 1 (in the presence of 20 mM Ca2+). After 60 min at 37 °C, 
the reaction was stopped with 2xSDS sample buffer, run on SDS-PAGE and
immunoblotted using Strep-HRP, anti-FLAG and anti-myc (A). Arrows denote full 
length form; arrowheads indicate cleavage fragments. * indicates non-specific 
protein in the rabbit reticulocyte lysate detected by the anti-FLAG antibody. The 
protein sequence of pFLAG-Atg4B-myc/His, showing the predicted caspase (blue, 
underlined residues) cleavage sites (B). The N-terminal FLAG epitope tag is in red 
and the 3’ vector sequence and C-terminal myc/His tags are underlined and in 
italics. 

A

B
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rCalpain 1 resulted in a loss of full length hAtg4B (Figure 4.2.10 A, Lanes 5-7) and the 

production of a cleavage fragment, just below that of the full length protein. This 

fragment was also evident when using the anti-FLAG antibody, suggesting that the  

cleavage is at the C-terminus (centre panel). The absence of the cleavage fragment 

upon incubation with the anti-myc antibody confirmed this result (lower panel). 

 

Three potential N-terminal rCaspase-3 cleavage sites were identified in hAtg4B 

(Figure 4.2.10 B), however one site was only present in the protein sequence as part of  

the FLAG tag and therefore would not occur in the endogenous protein. rCaspase-3 

cleavage at the alternative N-terminal sites would not interfere with the critical residues 

for the autophagic function of hAtg4B. This includes those involved in substrate 

recognition (Lys146, Trp151, Gly153, Pro154, Figure 4.2.10 B) or residues that are part 

of the inhibitory loop (amino acids 266-272), which masks the active site of the enzyme 

(Sugawara et al., 2005). It is also possible that the rCalpain 1 mediated cleavage, 

resulting in a fragment just below that of the full length protein, is due to cleavage by 

rCalpain 1 in the vector sequence. 

 

4.2.4.7. rCaspase-3 cleaves hAtg4C at its canonical N-terminal DEVD site; 
rCalpain 1 cleavage occurs in the middle of hAtg4C. 
  
hAtg4C was cleaved by rCaspase-3 to produce a cleavage fragment that was just 

smaller than the full length form (Figure 4.2.11 A). In contrast to that shown previously 

(Figure 4.2.3), the effect of rCaspase-8 on hAtg4C is not evident (Figure 4.2.11 A, 

Lanes 5-7). The cleavage of hAtg4C was almost complete upon incubation with 

rCalpain 1; the detection of a cleavage fragment being at ~38 kDa (Lane 10). The 

rCaspase-3 cleavage site was predicted to be canonical site DEVD at the N-terminus 

of the protein, similar to that observed with hAtg4D (He and Orvedahl, 2007). The 

potential cleavage sites of rCalpain 1 were mapped to two sites near to the middle of 

the primary sequence of hAtg4C (Figure 4.2.11 B).  

 

4.2.4.8. GABARAP is cleaved at the C-terminus by rCalpain 1. 
 
The cleavage of GABARAP by rCalpain 1 occurred at all concentrations and resulted in 

a cleavage fragment that was situated below the full length protein (Figure 4.2.12 A, 

Lanes 2-4). As the YFP and myc tags were N-terminal to GABARAP (YFP: amino acids 

1-239, myc: amino acids 252-261, 264-273, 276-285, Figure 4.2.12 B), the recognition  
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41    KTYFSRNSPV LLLGKCYHFK YEDEDKTLPA ESGCTIEDHV 

81    IAGNVEEFRK DFISRIWLTY REEFPQIEGS ALTTDCGWGC

121   TLRTGQMLLA QGLILHFLGR AWTWPDALNI ENSDSESWTS 

161   HTVKKFTASF EASLSGEREF KTPTISLKET IGKYSDDHEM 

201   RNEVYHRKII SWFGDSPLAL FGLHQLIEYG KKSGKKAGDW 

241   YGPAVVAHIL RKAVEEARHP DLQGITIYVA QDCTVYNSDV 

281   IDKQSASMTS DNADDKAVII LVPVRLGGER TNTDYLEFVK

321   GILSLEYCVG IIGGKPKQSY YFAGFQDDSL IYMDPHYCQS 

361   FVDVSIKDFP LETFHCPSPK KMSFRKMDPS CTIGFYCRNV 

401   QDFKRASEEI TKMLKFSSKE KYPLFTFVNG HSRDYDFTST 

441   TTNEEDLFSE DEKKQLKRFS TEEFVLLLES RGPAVRTKTH

481   LRRGSEYAYR SSSPSPLSLN PLISLDCAF*

10987654321Lane

Atg4C

IB: Strep

A

B

Figure 4.2.11. hAtg4C is cleaved by rCaspase-3 and rCalpain 1. TNT reactions 
were prepared for the pFLAG-Atg4C in the presence of Transcend™ tRNA. 
Samples were then incubated with recombinant caspase-3, -8 and calpain 1 (in the 
presence of 20 mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 
2xSDS sample buffer, run on SDS-PAGE and immunoblotted using Strep-HRP 
(A). Arrows denote full length form; arrowheads indicate cleavage fragments. The 
protein sequence of pFLAG-Atg4C, showing the predicted caspase (blue, 
underlined residues) and calpain (green, underlined residues) cleavage sites (B). 
The N-terminal FLAG epitope tag is in red and the 3’ vector sequence are 
underlined and in italics.



141

The In Vitro Cleavage of the hAtg Proteins by Cell Death Proteases

64
50

36

-rCalpain (µg) 0.1 0.25 0.5
MW

(kDa)

64
50

36

1     MVSKGEELFX GVVPILVELD GDVNGHKFSV SGEGEGDATY
41    GKLTLKFICT TGKLPVPWPT LVTTFGYGLQ CFARYPDHMK
81    QHDFFKSAMP EGYVQERTIF FKDDGNYKTR AEVKFEGDTL
121   VNRIELKGID FKEDGNILGH KLEYNYNSHN VYIMADKQKN
161   GIKVNFKIRH NIEDGSVQLA DHYQQNTPIG DGPVLLPDNH
201   YLSYQSALSK DPNEKRDHMV LLEFVTAAGI TLGMDELYKS
241   GLRSPGRMSR GEQKLISEED LNGEQKLISE EDLNGEQKLI
281   SEEDLNGSSR KFVYKEEHPF EKRRSEGEKI RKKYPDRVPV 
321   IVEKAPKARI GDLDKKKYLV PSDLTVGQFY FLIRKRIHLR 
361   AEDALFFFVN NVIPPTSATM GQLYQEHHEE DFFLYIAYSD
401   ESVYGLRSIF YPYDVPDYAG YPYDVPDYAG SYP*

GABARAP

IB: Strep

GABARAP

IB: myc

A

B

Figure 4.2.12. GABARAP is cleaved by rCalpain 1. TNT reactions were 
prepared for the pYFP-3xmyc-GABARAP in the presence of Transcend™ tRNA. 
Samples were then incubated with recombinant calpain 1 (in the presence of 20 
mM Ca2+). After 60 min at 37 °C, the reaction was stopped with 2xSDS sample 
buffer, run on SDS-PAGE and immunoblotted using Strep-HRP and anti-myc (A). 
Arrows denote full length form; arrowheads indicate cleavage fragments. The 
protein sequence of pYFP-3xmyc-GABARAP, showing the predicted calpain
(green, underlined residues) cleavage site (B). The 5’ vector sequence (including 
the YFP and 3xmyc tags) and the 3’ vector sequence are underlined and in italics.

4321Lane
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of the rCalpain 1 mediated cleavage fragment with the anti-myc antibody suggests that 

the cleavage was C-terminal. 

 

The rCalpain 1 cleavage site was predicted to occur at the C-terminal end of 

GABARAP in the domain required for autophagosome formation (Gly405; Figure 4.2.12 

B) (Sugawara et al., 2004). However it cannot be ruled out that the recognition motif for 

rCalpain 1 involves some of the vector sequence. 

 
4.2.4.9. rAtg3 cleavage by rCaspase-3, -6 and –8, and rCalpain 1 occurs in the 
middle of the protein. 
 
The concentration dependent loss of hAtg3 was observed upon incubation with 

rCaspase-3, rCaspase-6, rCaspase-8 and rCalpain 1 (Figure 4.2.13 A, upper panel). In 

fact the effect of rCaspase-8 was almost complete at its highest concentration of 

200 nM. The cleavage fragments produced after incubation with rCaspase-3 were 

identified at ~36 kDa and at higher exposures, at ~26 kDa (Figure 4.2.13 A, Lanes 2-4). 

The cleavage fragment at ~26 kDa was also apparent after incubation with rCaspase-6 

and rCaspase-8 (Figure 4.2.13 A, Lanes 5-10). The anti-myc antibody also detected 

the rCaspase-dependent cleavage fragments (Lanes 2-10, lower panel) suggesting 

N-terminal cleavage. The loss in the full length form of hAtg3 by rCalpain 1 was 

detected by the anti-myc antibody, which also recognised a novel fragment at ~22 kDa 

as a result of rCalpain 1 treatment (Figure 4.2.13 A, Lanes 11-13). These data suggest 

that protease cleavage of hAtg3 is within the middle region of the protein. 

 

hAtg3 has a unique hammer-like structure; consisting of a ‘head’ and a ‘handle’. In 

addition there is an inserted region named the flexible region, which is essential for the 

interaction of hAtg3 with hAtg7 in autophagy (Yamada et al., 2007) The caspase 

cleavage sites were predicted to fall in this domain (Figure 4.2.13 B). In contrast, 

cleavage mediated by rCalpain 1 was thought to occur in the region separating the 

flexible and the handle regions (Figure 4.2.13 B). 

 

The cleavage of hAtg proteins by recombinant proteases in an in vitro assay has been 

further established here. These data can be used as a basis to identify the regions in 

which cleavage sites may exist and aid in the determination of potential significance in 

the autophagic pathway. 
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81    QFLVTKNVPC YKRCKQMEYS DELEAIIEED DGDGGWVDTY

121   HNTGITGITE AVKEITLENK DNIRLQDCSA LCEEEEDEDE 

161   GEAADMEEYE ESGLLETDEA TLDTRKIVEA CKAKTDAGGE

201   DAILQTRTYD LYITYDKYYQ TPRLWLFGYD EQRQPLTVEH

241   MYEDISQDHV KKTVTIENHP HLPPPPMCSV HPCRHAEVMK 

281   KIIETVAEGG GELGVHMYLL IFLKFVQAVI PTIEYDYTRH 

321   FTMGSTSPVW WNSADIQHSG GRSSLEGPRF EQKLISEEDL

361   NMHTGHHHHH H*

Atg3

IB: Strep

Atg3

IB: myc

A

B

Figure 4.2.13. hAtg3 is cleaved by rCaspase-3, -6, -8 and rCalpain 1. TNT 
reactions were prepared for the pFLAG-Atg3-myc/His in the presence of 
Transcend™ tRNA. Samples were then incubated with recombinant caspase-3,-6, 
-8 and calpain 1 (in the presence of 20 mM Ca2+). After 60 min at 37 °C, the 
reaction was stopped with 2xSDS sample buffer, run on SDS-PAGE and
immunoblotted using Strep-HRP and anti-myc (A). Arrows denote full length form; 
arrowheads indicate cleavage fragments. * indicates the possible alternate form of 
hAtg3 as discussed in the text. The protein sequence of pFLAG-Atg3-myc/His, 
showing the predicted caspase (blue, underlined residues) and calpain (green, 
underlined residues) cleavage sites (B). The N-terminal FLAG epitope tag is in red 
and the 3’ vector sequence and C-terminal myc/His tags are underlined and in 
italics. 
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4.2.5. A minor amount of Beclin 1 is cleaved during K+ withdrawal-induced cell 
death in CGNs 
 
In order to confirm the significance of the cleavage of the hAtg proteins, it was 

necessary to assess their cleavage in a cell culture model under apoptotic conditions. 

Beclin 1 is a key regulator of the autophagic response and its interaction with the BCL2 

proteins suggest that it may play a role in both autophagy and apoptotic cell death. For 

this reason, the cleavage of Beclin 1 was evaluated during K+ withdrawal-induced cell 

death in CGNs. The CGN lysates that were prepared from CGNs in K5 in the presence 

of the caspase inhibitors z-VAD.fmk and DEVD.fmk as used in the previous chapter 

(Figure 3.2.8 & 3.2.10), were separated by SDS-PAGE and immunoblotted for Beclin 1. 

 

The cleavage of Beclin 1 was evident in the lysates prepared from the apoptotic K5 

CGNs (Figure 4.2.14). The cleavage fragments (~48 and 50 kDa) were consistent with 

that previously demonstrated in the in vitro cleavage of Beclin 1 by rCaspase-3 (Figure 

4.2.4 A). The addition of DEVD.fmk to the K5 CGNs did not inhibit Beclin 1 cleavage 

(Lane 5). The remaining cleavage was possibly due to caspases activated during the 

cell death process that are not inhibited by DEVD.fmk, such as caspase-6 (Allsopp et 

al., 2000; Canu et al., 2005; Rouaux et al., 2003). In contrast, z-VAD.fmk partially 

abrogated the cleavage of Beclin 1 (Figure 4.2.14, Lane 4). Whilst z-VAD.fmk was 

previously demonstrated to inhibit caspase-3 in these lysates (Figure 3.2.9), other 

caspases implicated in this pathway were not investigated and their activation may 

account for the incomplete inhibition of Beclin 1 cleavage by z-VAD.fmk. However, 

there was no loss of full length Beclin 1 in the lysates prepared from apoptotic CGNs, 

and in contrast to the full length form, the amount of cleavage was minimal. This 

suggests that the majority of Beclin 1 in CGNs during K+ withdrawal-induced cell death 

remains uncleaved. Furthermore, this experiment was only carried out once and 

therefore requires further investigation to conclude whether the caspase processing of 

Beclin 1 occurs. 

 

These data suggest that there is a minor amount of Beclin 1 cleavage during K+ 

withdrawal-induced cell death in CGNs, verifying the in vitro findings. The in vitro 

cleavage of the hAtg proteins by the cell death proteases, rCaspase-3, -6, -8 and 

rCalpain 1 suggest that the autophagic process is regulated by multiple 

uncharacterised mechanisms. The finding that several of the potential cleavage sites 

fall in domains that are critical for the induction of the autophagic response is of 

particular interest. 



145

The In Vitro Cleavage of the hAtg Proteins by Cell Death Proteases

---Inhibitors

+++--K5

---+-K25

160Time (h)

zVAD DEVD

64

50

36

MW

(kDa)

Beclin 1

Figure 4.2.14. Beclin 1 is cleaved in CGNs undergoing cell death through K+

withdrawal. CGNs (DIV7) were preincubated for 1 h with zVAD.fmk (100 µM) or 
DEVD.fmk (50 µM), treated with K5 for 16 h, and lysates prepared for Beclin 1 
immunoblot. Arrowheads indicate cleavage fragments.

54321Lane



 The In Vitro Cleavage of the hAtg Proteins by Cell Death Proteases
 

 146

4.3. Discussion 
 
The regulation of the autophagic and apoptotic response has previously been shown to 

require components that are involved in both processes. These include the anti-

apoptotic BCL2 family and their interaction with Beclin 1(Maiuri et al., 2007a; Pattingre 

et al., 2005; Shimizu et al., 2004), the interaction of Atg5 with FADD (Pyo et al., 2005), 

the truncation of Atg5 by calpain 1 and 2 (Yousefi et al., 2006) and control of the 

pathways by caspase-8 (Yu et al., 2004) and calpain 1 and 2 (Demarchi et al., 2006; 

Madden et al., 2007). 

 

Here I have demonstrated for the first time the in vitro cleavage of a large number of 

the hAtg proteins by rCaspase-3, rCaspase-6, rCaspase-8 and rCalpain 1. An in vitro 

approach was employed for preliminary studies in an attempt to identify initial targets 

for further investigation and for easier identification of the regions involved, using 

epitope tags. Furthermore, due to the lack of specific antibodies for the Atg proteins, 

epitope tagged constructs would be required to detect overexpression in cell culture 

models. Importantly, the cleavage of Beclin 1 was also shown in lysates from apoptotic 

CGNs. 

 

The in vitro cleavage of Beclin 1 by rCaspase-3, -6 and rCalpain 1 was demonstrated 

at sites that are conserved in the mouse and rat. The caspase cleavage sites were 

predicted to fall in the region that is thought to interact with the BCL2 anti-apoptotic 

family members – BCL2, BCLxL, BCLW (Erlich et al., 2007); with several of the sites 

specifically located in the BH3 domain of Beclin 1 (Maiuri et al., 2007a; Oberstein et al., 

2007). This would suggest that the tight regulation of Beclin 1 by the BCL2 family 

members would be abolished during apoptosis (Pattingre et al., 2005), while the other 

domains in Beclin 1 (those capable of interacting with nPIST, UVRAG and Vps34) 

would remain intact (Furuya et al., 2005; Liang et al., 2006; Yue et al., 2002). Following 

cleavage, Beclin 1 may then be considered a pro-autophagic factor, being capable of 

initiating a sustained autophagic response in the absence of its regulation by the BCL2 

family proteins (Figure 4.3.1). This is in direct contrast to the pro-apoptotic truncation of 

Atg5 by calpain 1 and 2 (Yousefi et al., 2006). 

 

The ‘doublet’ of cleavage fragments observed upon incubation of Beclin 1 with 

rCaspase-3 was also demonstrated during K+ withdrawal-induced cell death in CGNs. 

The caspase cleavage of Beclin 1 was partially negated in the presence of z-VAD.fmk.  
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However, the inhibition of other caspases activated during K+ withdrawal, by z-VAD.fmk 

was not investigated and therefore cannot be ruled out. The addition of the caspase 

inhibitor DEVD.fmk had no effect on the production of Beclin 1 cleavage fragments. 

This suggests that a caspase that is not inhibited by DEVD.fmk is cleaving Beclin 1 in 

this system. A candidate for this may be caspase-6, whose activation has previously 

been proposed to be upstream that of caspase-3 in CGNs undergoing apoptosis 

through the withdrawal of K+ (Allsopp et al., 2000; Canu et al., 2005; Rouaux et al., 

2003). Although caspase-3 activity predominates in CGN apoptosis, caspase-6 activity 

was elevated within 1 h of the withdrawal of K+ and was constant throughout the 

apoptotic process (Allsopp et al., 2000; Canu et al., 2005; Rouaux et al., 2003). 

Interestingly a role for caspase-6 has also been proposed in Huntington’s disease, by 

the specific caspase-6 cleavage of huntingtin leading to the dysfunction and 

degeneration of neurons (Graham et al., 2006). These data suggest an upstream role 

for caspase-6, independent of apoptosis. 

 

The early features of autophagy during K+ withdrawal-induced cell death have been 

demonstrated in Chapter 3, with the level of autophagy enhanced in the presence of 

the caspase inhibitors (Figure 3.2.10) and in other studies (Xue et al., 1999). In the 

absence of caspase activation, uncleaved Beclin 1 would be able to induce autophagy, 

as the necessary domains are intact. However, it is probable that the cleavage of 

Beclin 1 would have a negligible impact on its function in autophagy and apoptosis in 

CGNs during K+ withdrawal-induced cell death, as the amount of cleavage observed in 

comparison with the full-length form of Beclin 1 was minor. 

 

While calpains have been implicated in apoptosis and are thought to be essential in 

necrotic cell death, their functions are not wholly limited to that of a cell death protease. 

Calpains have also been implicated in processes such as cell cycle progression and 

cell mobility (Huttenlocher et al., 1997; Santella et al., 1998). A role for calpain has also 

been proposed in autophagy. Defective autophagy induction, autophagosome 

formation and long-lived protein degradation was demonstrated in MEFs derived from 

mice containing a targeted knockout of the regulatory subunit of calpain (CAPNS1 -/-) 

(Demarchi et al., 2006). They proposed that calpain may modulate the actions of one 

or more of the components of the autophagic pathway. This is consistent with the 

findings in this study, where I have shown calpain 1 cleaves several of the hAtg 

proteins in this. 
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The cleavage of Beclin 1 by rCalpain 1 resulted in several cleavage fragments. The 

cleavage site of one did not fall within any of the identified domains of interest within 

Beclin 1 and therefore the effect on the action of Beclin 1 cannot be predicted. 

Alternative cleavage sites were predicted within the domains that have been 

demonstrated to interact with the proteins nPIST, UVRAG or Vps34. The interaction of 

a nPIST with Beclin 1 provides a physical link between the Glutamate receptor δ2 

(GluRδ2) and the induction of autophagy. It was suggested that nPIST modulates the 

ability of Beclin 1 to induce autophagy (Yue et al., 2002). This is of particular 

importance in the heterozygous lurcher mutant mice, a model of neurodegeneration, in 

which the constitutive activation of the GluRδ2Lc causes an inward current and 

‘autophagic’ cell death of cerebellar Purkinje cells (Yue et al., 2002). In response to 

GluRδ2Lc, Beclin 1 alone, or Beclin 1 and nPIST are released from the complex and 

activate autophagy in Purkinje cells (Yue et al., 2002). It is possible that the cleavage of 

the coiled-coil domain of Beclin 1 by calpain 1 is responsible for the induction of 

autophagy in these cells. In contrast however, cleavage of the coiled-coil domain or the 

ECD, which interact with UVRAG and Vps34 respectively, would be predicted to 

inactivate an autophagic response (Figure 4.3.2, (Furuya et al., 2005; Liang et al., 

2006)). 

 

hAtg4D was cleaved by caspase-3 (and to a lesser extent by caspase-7) in this in vitro 

analysis. The caspase-3 mediated cleavage of hAtg4D at a canonical caspase 

cleavage site DEVD was previously reported (He and Orvedahl, 2007). In this study 

they demonstrated cleavage of hAtg4D by caspase-3 enhanced the cleavage of 

GATE-16 and GABARAP, a step that is required for their lipidation and 

autophagosome membrane formation. Overexpression of a cleaved form of hAtg4D 

(hAtg4d-63) significantly increased cell death (He and Orvedahl, 2007). The authors 

suggested that the cleavage of hAtg4D by caspase-3 is an activation event that 

coordinates autophagy with cell death induction (He and Orvedahl, 2007). In addition, 

the canonical DEVD cleavage site previously identified was conserved in hAtg4C, 

which was also found to be an in vitro substrate of caspase-3. 

 

hAtg4A and hAtg4B were shown to be equally cleaved by caspase-3. Sequence 

alignment of the amino acid sequences of the four human homologues of Atg4 

revealed that the sequence prior to and including the canonical DEVD motif is absent 

from the primary sequences of hAtg4A and hAtg4B (Marino et al., 2003). It is possible 

that hAtg4A and hAtg4B do not require this N-terminal cleavage by caspase-3 for their 

activation, being already present in their ‘active’ form and able to effectively mediate  
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the exposure of the essential Gly residue of LC3, GABARAP and GATE-16 required for 

lipidation (Scherz-Shouval et al., 2003; Tanida et al., 2004a). Given that autophagy is 

able to proceed in the absence of apoptosis, it is reasonable to suggest that under 

normal autophagy-inducing conditions, hAtg4A and hAtg4B are able to mediate the 

efficient cleavage of LC3, GABARAP and GATE-16. In apoptotic conditions the 

caspase-3 mediated hyperactivation of all hAtg4 homologues would cause excessive 

autophagy and cell death. This hypothesis is consistent with the findings of López-Otín 

and collegues, who demonstrated that Atg4C is only required for a proper autophagic 

response under stressful conditions (Marino et al., 2007). 

 

The cleavage of Atg5 by caspase-3 at either its N- or C-terminal was predicted to 

interfere with its interaction with Atg16 with all sites being conserved in the mouse. The 

formation of the Atg12-Atg5-Atg16 multimeric complex; Atg16 directly interacting with 

Atg5, is an essential part of the protein conjugation system required for autophagy 

(Kuma et al., 2002; Matsushita et al., 2007; Mizushima et al., 1999). The crucial nature 

of the Atg5-Atg16 interaction is also evidenced from the early death of ATG5 -/- mice 

due to a loss of autophagy (Kuma et al., 2004). The consequence therefore of the 

disruption of the Atg5-Atg16 complex would be the inactivation of the autophagic 

response (Figure 4.3.1). Equally, the cleavage sites of caspase-3, -6 or -8 in Atg3 are 

predicted to fall in the region that is required for its interaction with Atg7 (Yamada et al., 

2007) and are conserved in the mouse and rat. As previously described, Atg7 and Atg3 

are the E1 and E2 enzymes respectively that catalyse the lipidation of Atg8 (LC3, 

GATE-16 or GABARAP) (Ichimura et al., 2000; Tanida et al., 2003; Tanida et al., 

2002). Therefore, disruption of this association would inhibit the autophagic response 

(Figure 4.3.1). This interaction is particularly important in neuronal systems, given that 

Atg7 is essential for autophagy associated with axonal homeostasis and in the 

prevention of neuronal degeneration in Drosophila (Juhasz et al., 2007; Komatsu et al., 

2007). Interestingly, caspase-8 has previously been proposed to play a role in the 

regulation of Beclin 1/Atg7-dependent autophagy and cell death (Madden et al., 2007; 

Yu et al., 2004). It is possible that the enhanced level of autophagy observed during K+ 

withdrawal-induced cell death in CGNs in the presence of z-VAD.fmk is the result of the 

inhibition of caspase-mediated disruption of the interactions between Atg5 with Atg16 

and Atg3 with Atg7. Autophagy will then predominate as demonstrated. Furthermore 

the cleavage of Atg3 by calpain 1 in the region separating the domains that interact 

with Atg7 and Atg8 may result in uncoordinated conjugate formation and inefficient 

autophagy induction (Yamada et al., 2007). This site is also conserved in the mouse 

and rat. 



 The In Vitro Cleavage of the hAtg Proteins by Cell Death Proteases
 

 152

The C-terminus of Atg7 has been proposed to be essential for its E1 activity for Atg12 

and Atg8 and its E1-E2 complex formation with Atg3 (Komatsu et al., 2001). 

Interestingly, none of the predicted caspase-3 or calpain 1 cleavage sites were 

predicted to fall within this region, therefore a minimal effect on autophagy would be 

predicted following hAtg7 cleavage. In addition, given that the C-terminal of Atg12 is 

essential for the conjugate formation catalysed by the E2-like enzyme Atg10 and the 

assembly of the Atg12-Atg5-Atg16 complex (Hanada and Ohsumi, 2005), it is unlikely 

that calpain 1 cleavage at the N-terminus of hAtg12 will have a profound impact on its 

autophagic role. 

 

The potential calpain-cleavage site in GABARAP was mapped to its C-terminus. This 

region is involved in its conjugation with phosphatidylethanolamine (PE) during 

autophagy; it is likely therefore that modulation of GABARAP by calpain will affect its 

role in autophagy. However, the importance of GABARAP in the autophagic pathway 

remains to be determined. Similarly, the function of Atg9 is yet to be fully characterised. 

During starvation-induced autophagy in HEK-293 cells, Atg9 only partially localised 

with LC3, suggesting that it may have an additional role (Young et al., 2006). Until 

further functions have been identified it is difficult to comment on the significance of 

cleavage by proteases in addition to those already presented here.  

 

While further work in cell lines is required to identify the particular protease cleavages 

that predominate under autophagic and apoptotic conditions; this study has provided 

the foundations for future characterisation of the potential regulation of the cell death 

pathways by proteases. Figure 4.3.1 and 4.3.2 illustrate the potential cleavages of the 

hAtg proteins identified in this in vitro assay by active caspases and calpain during cell 

death and the possible regulation of the autophagic process. 
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5.1. Introduction 
 
The induction of autophagy in models of neurodegenerative diseases is thought to be a 

compensatory defence against the accumulation of ubiquitinated proteins due to the 

loss of proteasomal activity. The histone deacetylase, HDAC6 is proposed to mediate 

the transport of polyubiquitinated proteins to aggresomes and the subsequent induction 

of autophagy in cell lines and in Drosophila (Iwata et al., 2005; Kawaguchi et al., 2003; 

Pandey et al., 2007).  

 

Interestingly, histone deacetylase inhibitors (HDACi) have been demonstrated to 

protect against oxidative stress-induced death in cortical neurons (Langley et al., 

2008), lipopolysaccharide-induced neurotoxicity in mesencephalic neuron-glia cultures 

(Chen et al., 2007), and glutamate-induced excitotoxicity in CGNs, alone (Leng and 

Chuang, 2006) and in combination with lithium (Leng et al., 2008). In addition they 

have been reported to arrest degeneration in the N171-82Q transgenic mouse model of 

Huntington’s disease (HD) (Gardian et al., 2005) and in Drosophila expressing the 

polyglutamine-containing domain of huntingtin (Htt) (Steffan et al., 2001). Furthermore, 

they provided protection in several models of ischemia (Kim et al., 2007; Ren et al., 

2004) and enhanced memory and learning in mice (Fischer et al., 2007; Vecsey et al., 

2007). 

 
Dysfunction of gene transcription is an early feature in cell culture and animal models 

of polyglutamine diseases such as HD (Cha et al., 1998). The opposing activities of 

histone acetyltransferases (HATs) and histone deacetylases (HDACs) tightly regulate 

gene transcription by controlling the acetylation and deacetylation of histones. The 

opening of the chromatin structure by the transfer of acetyl groups to N-terminal lysines 

in histones is catalysed by HAT’s and allows regulatory proteins increased accessibility 

to the DNA. In contrast, HDACs remove acetyl groups from histones, resulting in 

chromatin condensation and gene repression (Bolden et al., 2006; Butler and Bates, 

2006). Reductions in the level of acetyltransferase activity, particularly that of cAMP 

response element binding protein (CREB)-binding protein (CBP), due to its interaction 

with proteins containing expanded polyglutamine domains has been reported in patient 

tissues, cell culture models (McCampbell et al., 2000), animal models (Steffan et al., 

2000), Drosophila (Steffan et al., 2001; Taylor et al., 2003b) and C. elegans (Bates et 

al., 2006). HDACi enhance gene transcription by inhibiting the deacetylation of histones 

by HDACs; favouring acetylation by HATs. 
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HDACi have been investigated for their use as cancer therapeutics for a number of 

years and Phase I/II clinical trials are currently underway for their treatment of patients 

(Minucci and Pelicci, 2006). In addition, the HDACi phenylbutyrate has been used to 

treat patients with cystic fibrosis, sickle cell anaemia, thalassemia and urea cycle 

disorders (Gardian et al., 2005) and valproic acid (VPA) is commonly used as an 

anticonvulsant and mood-stabiliser (Jeong et al., 2003). Taken together, HDACi seem 

promising agents for the treatment of neurodegenerative conditions.  

 

The aim of this study is to investigate the consequences of HDAC inhibition in CGNs to 

fully understand their actions in the absence of other cell death stimuli. This will 

potentially allow the identification of further targets for therapy and aid in the 

understanding of off-target effects. In order to highlight potential modulations by 

HDACi, CGNs were treated with the broad spectrum HDACi, Trichostatin A (TSA), 

(Furumai et al., 2001), and its effect at different developmental stages of CGN cultures 

was determined. 
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5.2. Results 
 
5.2.1. Multiple HDACs are expressed in CGNs. 
 

Human HDACs are divided into four classes based on their similarity to yeast HDACs, 

their enzyme activities and subcellular localisation (Bolden et al., 2006). The class I 

HDACs – HDAC1, 2, 3 and 8 are expressed in most cell types and are found almost 

exclusively in the nucleus. The expression of HDAC4, 5, 6, 7, 9 and 10 (the class II 

HDACs) is more tissue specific. Class II HDACs seem to shuttle between the nucleus 

and the cytoplasm in response to certain cellular signals (de Ruijter et al., 2003). The 

sole member of class IV is the novel HDAC11 (Gao et al., 2002). In addition, 

homologues of the yeast protein Sir2 (SIRT1-7) are members of the class III HDACs; 

these fall outside of the scope of this study (Bolden et al., 2006). 
 

To fully investigate the effects of HDACi in CGNs, lysates were prepared from CGNs at 

DIV7 and the expression of a panel of class I and class II HDACs were compared with 

those from Mouse Embryonic Fibroblasts (MEFs) and human SH-SY5Y cells. All cells 

expressed the class I HDACs, HDAC 1, HDAC2 and HDAC3 and the Class II HDACs, 

HDAC4 and HDAC6 (Figure 5.2.1). The level of HDAC7 was barely detectable in all 

cells and HDAC5 was observed as a doublet in CGNs, consistent with its reported 

phosphorylation by calcium/calmodulin-dependent kinases (CaMK) in CGNs (Linseman 

et al., 2003). The phosphorylation of HDAC4 and HDAC5 in CGNs results in their 

docking to cytoplasmic 14-3-3 proteins and their nuclear exclusion. This is proposed to 

be important for the activity of myocyte enhancer factor-2 (MEF2) transcription factors 

in mediating CGN survival (Bolger and Yao, 2005; Linseman et al., 2003). HDAC8 was 

detected in the lysates from CGNs and MEFs. Antibodies for the detection of HDAC9 

and 10 were not available for this study. 

 

5.2.2. The HDACi, TSA, induces rapid cell death in CGNs treated at DIV1, yet 
survival is maintained when treated at DIV7. 
 

By 7 days in vitro (DIV7), CGNs have acquired many features of mature neurons 

(Contestabile, 2002). Although the neuroprotective mechanisms of HDACi has been 

well documented in differentiated, ‘mature’ neurons their effects on undeveloped 

neurons is lacking. With this in mind and in an attempt to fully understand the effects of 

HDACi, CGNs (DIV1) were treated with TSA, which inhibits both class I and class II 

HDACs (Furumai et al., 2001). At the indicated times CGNs were fixed for imaging, cell  
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Figure 5.2.1. HDAC protein expression in CGNs, MEFs and SH-SY5Y cells. 
CGN (DIV7), MEFs and SH-SY5Y cell lysates (50 µg) were separated by SDS-
PAGE and immunoblotted for HDAC1-8 and GAPDH.  
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viability was assessed using H33342/SYTOX nuclear staining and the MTT assay, and 

lysates were prepared for immunoblot. A loss of MTT reduction would be expected if 

TSA was causing a loss of neuronal viability. 
 

TSA induced the death of CGNs after treatment for 24 h in contrast with the CGNs 

treated with the vehicle control DMSO (Figure 5.2.2 A). This was evidenced by the 

absence of neurite growth in the TSA treated CGNs. The loss in the mitochondria’s 

ability to reduce MTT was observed in a time dependent manner at all concentrations 

of TSA (Figure 5.2.2 B). Furthermore, the time dependent increase in apoptotic cells 

was also demonstrated. Apoptotic cells in the vehicle control neurons was 4% at 8 h, 

4% ± 1% at 16 h and 5% ± 1% at 24 h (data not shown) 

 
The ability of TSA to inhibit HDACs was confirmed by the accumulation of acetylated 

histone-3 (AcH3), a well characterised substrate of HDACs (Figure 5.2.3). This was 

apparent by 8 h and the level of AcH3 increased further at 16 and 24 h. Caspase-9 is 

autoprocessed at the apoptosome to its p35 form (Li et al., 1997). However, mouse 

caspase-9 is larger and this corresponds to the p39 fragment that was initially 

observed, 8 h after treatment with TSA and additionally accumulated by 16 and 24 h 

(Figure 5.2.3). In addition, once caspase-9 has processed caspase-3 at Asp175, 

caspase-3 feeds back on caspase-9, resulting in the p37 form, which seemed to be the 

p42 caspase-9 fragment in the mouse. Therefore, while the active p17 form of 

caspase-3 was demonstrated at 8 h using the cleaved caspase-3 (p17) antibody, 

processing of caspase-9 to the p42 form was not observed until 16 h of TSA treatment, 

when the level of p17 caspase-3 was enhanced (Srinivasula et al., 2001). The 

cleavage of caspase-7 was also obvious at 16-24 h as demonstrated by the cleavage 

to its p32, p22 and p19 forms (Denault and Salveson, 2003). 

 

In contrast to the rapid apoptotic cell death induced by the treatment of CGNs with TSA 

at DIV1, in CGNs treated at DIV7, the ability of the mitochondria to reduce MTT was 

not affected until 48 h (Figure 5.2.4 A). Even at this time, the loss in MTT reduction was 

minimal. By 72 h of TSA treatment, the ability to reduce MTT had significantly declined. 

The levels of apoptotic cells were also elevated at 72 h in the CGNs treated with 

250 nM and 500 nM TSA. The levels of apoptotic cells in the time control neurons 

remained at 1% throughout the experiment (data not shown). 

 

The autoprocessed form of caspase-9 (p39) was apparent in CGNs (DIV7) treated with 

TSA for 24 h (Figure 5.2.4 B; Lanes 2-4). At 48 h and 72 h the p39 fragment of  
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caspase-9 was markedly enhanced when compared to that at 24 h (compare Lanes 6 

and 8 with 2-4). However, the p39 form of caspase-9 was also observed at 48 h and 

72 h in the vehicle control CGNs (VC; Lanes 5 and 7). This indicates that control CGNs 

were also undergoing apoptosis at these times. The p42 form of caspase-9 was 

observed in CGNs at 48 h of TSA treatment, suggesting that caspase-3 was active in 

these lysates (Lane 6). There was no cleavage of caspase-3 and caspase-7 in CGNs 

(DIV7) treated with TSA for 24 h (Lanes 2-4). The p20/17 fragments of caspase-3 were 

observed at 48 h and 72 h of TSA treatment, corresponding with its cleavage of 

caspase-9 (p42). However, the p20 form of caspase-3 was also present in the lysates 

from the corresponding time controls as shown for caspase-9 (Lanes 5 and 7). The p22 

form of caspase-7 was detected at a very low level after 72 h of TSA treatment (Lane 

8). From observation of the CGN cultures under the light microscope, there appeared 

to be some neurite degeneration in both the VC CGNs and those treated with TSA at 

72 h. Taken together this suggests that there may be age-related degeneration of the 

CGN cultures; however this requires further confirmation with experimental data. 

 

These data suggest that undifferentiated neurons respond to HDAC inhibition by 

inducing apoptosis. In contrast, the survival of mature neurons is maintained even in 

the presence of HDAC inhibition.  

 

5.2.3. The ‘switch’ between the induction of cell death or the continued survival 
of CGNs after 24 h treatment with TSA is at approximately DIV4 
 

Previous studies have proposed that the developmental stage of the neuron is an 

important factor that determines whether a single agent will induce apoptosis or 

promote survival (D'Mello et al., 1994; Levick et al., 1995). To identify the time in 

culture at which TSA mediates the ‘switch’ from cell death induction to having lttle 

effect on the CGNs and to explore the possible mechanisms of this action, CGNs at 

DIV1, 3, 5, 7 and 9 were treated with TSA for 24 h. Their viability was then assessed 

using the MTT assay and the nuclear stains H33342/SYTOX. 

 

The treatment of CGNs at DIV1 and DIV3 with TSA for 24 h induced apoptotic cell 

death in a concentration dependent manner. This was demonstrated by the highly 

significant loss in the ability to reduce MTT by the mitochondria and the elevated levels 

of apoptotic cells (Figure 5.2.5 A). By DIV5, the loss of MTT reduction was markedly 

reduced and did not greatly differ from the corresponding vehicle control. This trend 

was further observed in CGNs at DIV7 and DIV9. 
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During the development of the nervous system and throughout adult life, the BCL2 

family are critical for the maintenance of neurons. Although BCL2 knockout mice did 

not display gross phenotypic abnormalities in the CNS (Veis et al., 1993); massive cell 

death was observed in the brain, dorsal root ganglia and spinal cord of BCLxL-/- mice 

(Motoyama et al., 1995). The differential expression of the BCL2 family proteins during 

the development of CGNs in culture was therefore investigated in an attempt to identify 

possible candidates for the continuation of CGN survival at DIV7. For this purpose, 

CGNs were lysed at DIV1, 3, 5 and 7 and immunoblotted for various BCL2 family 

proteins. Whilst densitometry was performed to quantify the level of protein expression 

of the BCL2 family, some of the immunoblots were highly saturated. Thus, the 

estimation of protein levels was not highly accurate. In addition, the experiment was 

repeated in three independent cultures, however due to the reduced viability of the 

third, only the results for two of the cultures are presented here. 

 

The expression of the anti-apoptotic proteins, BCLxL and MCL1 were greatly reduced 

in CGNs over time in culture, particularly by DIV5 and DIV7 (Figure 5.2.6 A and B). 

Interestingly, both BCLxL and MCL1 migrated as doublets on SDS-PAGE. The upper 

form of BCLxL is probably the deamidated form of the protein, whereas the lower band 

represents the transamidated form of BCLxL (Aritomi et al., 1997). MCL1 migrates as a 

doublet on SDS-PAGE as the full length protein and probably a modified form of the 

protein (lower and upper bands respectively); both bands were reduced in MEFs upon 

treatment with siRNA for MCL1 (data not shown, experiment performed by Dr. S. 

Inoue). A decrease in the expression of BAX, BID and the alternatively spliced forms of 

BIM - BIMEL and BIML (O’Connor et al., 1998) was also demonstrated. The reduction in 

BIMEL/L is consistent with its transcriptional regulation in many cell types (Putcha et al., 

2001). The expression of BCL2 and BAD was inconsistent over time. The expression of 

the α and β forms of PUMA were greatly increased in CGN cultures between DIV3 and 

DIV7 when compared against their expression at DIV1.  

 

Interestingly, the expression of the alternatively spliced form of BAK (N-BAK) at 

~16 kDa (Sun et al., 2003; Sun et al., 2001; Uo et al., 2005) was elevated at DIV5 

and 7 (Figure 5.2.6 A and B). Upon overexpression in noneuronal cells, N-BAK was 

shown to be a proapototic BH3-only protein, while it was neuroprotective in neuronal 

cells (Sun et al., 2003; Sun et al., 2001). In contrast however, a subsequent study in 

cortical, hippocampal and cerebellar granule neurons demonstrated that N-BAK 

functions as a BAX-dependent proapototic BH3-only protein by interacting with BCLxL 

and promoting BAX translocation to the mitochondria (Uo et al., 2005). The role of  
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Figure 5.2.6. The BCL2 family proteins are differentially expressed between 
DIV1-7. Two independent cultures of CGNs were lysed at DIV1, 3, 5 and 7, 
separated on SDS-PAGE and immunoblotted for BCL2, BCLxL, MCL1, BAX, BAK, 
BAD, BIM, BID, PUMA and GAPDH (A). Densitometry was then performed, the 
protein expression was normalised against GAPDH, and expressed as a 
percentage of that at DIV1 (B). Data is the mean of the protein expression from the 
two independent cultures.
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N-BAK in cell death in CGNs therefore requires further examination; however this was 

not investigated further in this study. 

 

These data suggest that the expression of certain apoptotic proteins, namely the BCL2 

family proteins may be responsible for the different response to TSA over time in 

CGNs. It is unlikely that the reduced expression of the anti-apoptotic proteins BCLxL 

and MCL1 at DIV5 and DIV7 are responsible for the protection from the TSA-induced 

cell death observed at DIV1 and DIV3. The decrease in the expression of the pro-

apoptotic proteins BAX and the BH3-only proteins BIMEL and BID is more probable. 

 

5.2.4. TSA modulates the protein level of MCL1, BIMEL, BID and BAX in CGNs at 
DIV7 
 
Having established that the differential protein expression of the BCL2 family proteins 

in CGNs correlates with TSA induced cell death at DIV1, or the survival of CGNs in the 

presence of TSA at DIV7, their involvement in these processes was examined. CGNs 

were therefore treated with TSA on DIV1 and DIV7 and lysates were prepared for 

immunoblot. 

 

TSA induced an increase in the protein expression of BIMEL, BID and BAX in CGNs at 

DIV7 (Figure 5.2.7 A). The HDACi mediated increase in BIMEL is consistent with that 

previously described by Inoue et al, 2007 (Inoue et al., 2007). However, an increase in 

the level of BH3-only proteins, such as BIMEL and BID, and that of BAX does not 

correspond with the continued survival of the neurons as suggested by their loss of 

protein expression in CGN cultures. The protein expression of BCLxL declined upon 

treatment with TSA, whereas the level of BCL2 remained unchanged. Interestingly, 

there was an additional TSA-induced elevation in the protein level of MCL1, consistent 

with that previously demonstrated by Inoue et al, 2008 (Inoue et al., 2008).  
 
In addition to the differential expression of the BCL2 family proteins during the 

development of neuronal cultures, the protein expression of APAF1 has also been 

shown to be reduced as neurons mature, resulting in the reduction of apoptosome 

activity (Wright et al., 2004; Wright et al., 2007; Yakovlev et al., 2001). Furthermore, the 

treatment of immature sympathetic neurons with TSA, resulted in the upregulation of 

APAF1 expression, however, its upregulation in mature neurons required simultaneous 

transcriptional activation by E2F-1, and chromatin derepression by TSA (Wright et al., 

2007). The protein expression of APAF1 in CGNs at DIV7 in the presence of TSA was  



168

The Modulation of the BCL2 Family Proteins by HDACi in CGNs

TSA (nM) 0 100 250 500

1st 24 h; TSA (nM)

-2nd 24 h; TSA (nM)

0 100 250 500 0 100 250 500

0 100 250 500

BIMEL

BID

BCL2

BCLxL

MCL1

BAX

GAPDH

BCL2

BCLxL

MCL1

BIMEL

BIML

AcH3

GAPDH

Figure 5.2.7. MCL1, BIMEL, BID and BAX are modulated by TSA in CGNs at DIV7. 
CGNs (DIV7) were treated with TSA (100-500 nM) for 24h, lysates prepared, 
separated by SDS-PAGE and immunoblotted for BIM, BID, BCL2, BCLxL, MCL1, 
BAX, GAPDH and APAF1 (A). CGNs were treated with TSA (100-500 nM) for 24 h. 
TSA was then removed by washing in PBS and then re-incubated with conditioned 
medium in the presence of MK-801 (2 µM) and MgCl2 (2 mM) for a further 24 h. 
Lysates were then prepared, separated by SDS-PAGE and immunoblotted for BCL2, 
BCLxL, MCL1, BIM, AcH3 and GAPDH (B; 2nd 24 h; -). Control CGNs were treated in 
the same way except after the PBS washes they were incubated in conditioned 
medium in the presence of TSA (2nd 24 h; TSA 0-500 nM). 

30

16
30

30

36

64

30

16
36

MW

(kDa)

MW

(kDa)

30

30

36

30

16
16

36

A

B

250
98APAF1



 The Modulation of the BCL2 Family Proteins by HDACi in CGNs
 

 169

therefore assessed. Consistent with the observations of Wright et al, 2007, TSA alone 

had no effect on APAF1 in mature CGNs (Figure 5.2.7 A). 
 
The increase in the levels of MCL1 and BIMEL was also observed in CGNs at 48 h; 

removal and wash out of TSA abrogated the increased expression (Figure 5.2.7 B), 

indicating that this is a result of HDAC inhibition by TSA. There was a further reduction 

in the level of BCLxL in CGNs at 48 h and the expression of BCL2 was also decreased 

(Figure 5.2.7 B). This was potentially not a direct result of the TSA treatment as it 

continued to decline in the absence of TSA. 

 

MCL1 and BIM are two examples of BCL2 family proteins that undergo proteasomal 

degradation (Ley et al., 2003; Luciano et al., 2003; Zhang et al., 2002). To confirm that 

their increase was not the result of enhanced stability due to TSA inhibition of the 

proteasome, the accumulation of ubiquitinated proteins was assessed. The levels of 

ubiquitinated proteins in lysates from CGNs treated with TSA compared to those from 

control CGNs did not differ significantly (data not shown). This indicates that inhibition 

of the proteasome was not responsible for the increase in the protein levels of BIMEL, 

BID, MCL1 and BAX. 

  
In TSA treated CGNs at DIV1 there was a decline in the levels of BCL2, BCLxL, MCL1 

and BIML (Figure 5.2.8 A). The expression levels of BIMEL and APAF1 remained 

unchanged. This result is in contrast to the TSA-induced upregulation in the protein 

expression of APAF1 in immature neurons (Wright et al., 2007). However, there 

appeared to be a decline in the level of APAF1 at DIV7 when compared to that at DIV1 

(compare Figure 5.2.7 A with Figure 5.2.8 A), a finding that is consistent with previous 

investigations in neuronal systems (Wright et al., 2004; Wright et al., 2007; Yakovlev et 

al., 2001). 

 
BCL2, BCLxL and MCL1 have all been demonstrated to be substrates of caspase-3 

(Cheng et al., 1997; Clem et al., 1998; Snowden et al., 2003). In addition as discussed 

above, several BCL2 family proteins are degraded by the proteasome. In order to 

investigate whether the loss of BCL2, BCLxL and MCL1 in CGNs treated with TSA was 

caspase-dependent or a result of proteasomal degradation, CGNs (DIV1) were treated 

with TSA in the presence of z-VAD.fmk or PS-341. Lysates were then prepared for 

immunoblot. 
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Caspase-3 was cleaved to its p17 active fragment in lysates from CGNs treated with 

TSA alone (Figure 5.2.8 B). The addition of zVAD.fmk abrogated the cleavage, halting 

the processing at the p20 form of caspase-3 (Sun et al., 1999). In addition, the 

cleavage of α-fodrin by caspase-3 to its p120 fragment was attenuated in a 

concentration dependent manner, confirming the inhibition of caspase-3 activation. The 

presence of z-VAD.fmk did not reverse the loss of BCL2 and BCLxL in TSA treated 

CGNs; in fact the loss of BCL2 seemed to be further enhanced upon zVAD treatment 

(Figure 5.2.8 C). There was a slight abrogation in the reduction of MCL1 by zVAD.fmk, 

indicating that the loss of MCL1 was partially caspase dependent. The co-treatment of 

CGNs with TSA and the proteasome inhibitor PS-341 resulted in the almost complete 

loss of all proteins (data not shown), suggesting that the losses were not the result of 

proteasome degradation. As it is probable that TSA is altering the gene expression of 

the BCL2 family proteins, quantitative-PCR should have been employed to confirm this. 

 

Taken together, these data suggest that the TSA-mediated increase in the level of the 

pro-survival BCL2 family protein, MCL1, is a possible candidate for the neuroprotection 

elicited by HDACi in neurons.  

 

5.2.5. The majority of HDAC activity in CGNs is the result of Class I HDACs. 
 

Many structurally diverse HDACi have been developed and most can be divided into 

classes based on their ability to inhibit specific HDACs or classes of HDACs and on 

their chemical structure (Bolden et al., 2006). By exploiting the different inhibition 

efficiencies of HDACi, specific HDACs can be inhibited and non-specific effects can be 

reduced. It was therefore decided to establish the class of HDAC that was inhibited by 

TSA in CGNs. TSA was already demonstrated to inhibit class I HDACs, by the 

accumulation of AcH3 at DIV7 (Figure 5.2.4 B). To ensure that TSA was also mediating 

the inhibition of class II HDACs, its ability to induce the accumulation of acetylated 

tubulin (AcTub), was compared against the highly selective class II inhibitor MC1568 

(Inoue et al., 2006a; Mai et al., 2005). AcTub is a substrate of the class II HDAC, 

HDAC6 (Hubbert et al., 2002). CGNs (DIV7) were therefore treated with TSA and 

MC1568 and lysates were prepared for immunoblot.  

 
There was an accumulation of AcH3 in the lysates from CGNs treated with TSA (Figure 

5.2.9 A). This was expected due to the inhibitory properties of this inhibitor against the 

class I HDACs and was previously demonstrated earlier in this chapter (Figure 5.2.4 

B). MC1568 was ineffective in increasing the levels of AcH3, consistent with this being  
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a class II inhibitor. However, the accumulation of AcTub was absent in the lysates from 

CGNs treated with TSA and MC1568. Deacetylation of tubulin is closely coupled to 

depolymerisation. In CGNs the majority of tubulin is acetylated as microtubules in 

neurons are highly stable, (Black et al., 1989). It is therefore not surprising that 

observable differences in AcTub levels in CGNs were not seen. 

 

The inhibitor MC1568 has been demonstrated as an effective class II inhibitor in human 

cell-lines and in maize (Inoue et al., 2006a; Mai et al., 2005). To ensure that it was 

effective in cells of murine origin, it was necessary to investigate the ability of MC1568 

to inhibit the class II HDACs in MEFs. A specific class I inhibitor – MS-275 was also 

employed for comparison. The treatment of MEFs with the HDACi TSA and MC1568 

resulted in an enhanced accumulation of AcTub (Figure 5.2.9 B), indicative of class II 

inhibition and confirms that MC1568 is effective in murine cells. In contrast, the class I 

inhibitor MS-275 had no effect on AcTub levels. 

 

Having established that the accumulation of AcTub could not be used to confirm the 

inhibition of class II HDACs by TSA or MC1568 in CGNs, it was necessary to 

investigate their ability to directly inhibit the class II HDAC, HDAC4. To isolate the 

desired HDAC in a cell lysate it was initially required to immunoprecipite (IP) HDAC4, 

followed by a HDAC activity assay on the isolated enzyme. CGNs (DIV7) were 

therefore treated with TSA or MC1568. After 24 h lysates were prepared, 

immunoprecipitated using an anti-HDAC4 antibody and samples were taken for 

immunoblot or assayed for HDAC activity. 

 

HDAC4 was detected at ~140 kDa following IP in control CGN lysates and in those 

from HDACi treated CGNs (Figure 5.2.9 C). In addition HDAC4 was absent from the 

control CGN lysates incubated with mouse IgG, confirming the IP had specifically 

isolated HDAC4. However, when the isolated enzymes were assayed for HDAC4 

activity, it was absent in all the CGN lysates (Figure 5.2.9 D). The HeLa nuclear extract 

used as a positive control confirmed that the assay was functional. 

 

Class II HDACs have a low level of expression in CGNs, as they are required for 

specialised tissue specific functions. It is possible that class I HDACs constitute the 

majority of the HDAC activity in the cell. Therefore by isolating HDAC4, it would 

represent a minimal level of the HDAC activity in the cell. To investigate this further, 

lysates were prepared from CGNs treated with TSA and MC1568 and the lysates were 

assayed for HDAC activity as a whole. HDAC activity was strongly inhibited in the 
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lysates from TSA treated CGNs (Figure 5.2.9 E), with only 22 % activity residing. The 

remaining HDAC activity may be that of the class III HDACs (SIRT1-7), which are not 

inhibited by TSA. In contrast, MC1568 inhibited only 18 % of the CGN HDAC activity, 

suggesting that the majority of HDAC activity is a result of class I HDACs in CGNs. 

This also explains the absence of HDAC activity in the post-IP HDAC4 samples. The 

contribution of the specific class I and class II HDACs to apoptotic cell death or in the 

maintenance of neuronal survival requires further characterisation. 

 
5.2.6. BCL2 family protein expression is developmentally regulated in the 
cerebellum. 
 
The differential protein expression of many of the BCL2 family proteins in cultured 

CGNs was demonstrated in Figure 5.2.6. In vivo, the formation of the cerebellar 

laminar structure occurs perinatally in the mouse and continues into the third week of 

postnatal life (Millen et al., 1999; Wang and Zoghbi, 2001; Zhang and D'Ercole, 2004). 

To understand the postnatal developmental expression of the BCL2 family proteins in 

vivo, cerebellar were isolated from mice at different postnatal ages and lysates were 

prepared for immunoblot (Figure 5.2.10). While densitometry was performed on the 

data, this proved inaccurate as the immunoblots were highly overexposed. Therefore, 

only the trends in the BCL2 family protein expression are described below. 

 

Early in the development of the cerebellum there was a high level in the protein 

expression of all the BCL2 family proteins, with the exception of PUMA α (Figure 

5.2.10). The protein expression of BIMEL/L was also low at postnatal day 3 (P3) in 

comparison to the expression of the other BCL2 family proteins, however its expression 

had increased by P9. This makes this time period one of extremely high BCL2 family 

protein expression. In the adult cerebellum, the expression of the majority of the pro-

apoptotic BCL2 members had declined to almost undetectable levels (BAX, BIMEL/L, 

BID). The exception was PUMA β and PUMA α, although the level of PUMA β seemed 

largely reduced in comparison to its expression at P3. The expression of PUMA α was 

relatively late in development when compared to the other BH3-only proteins, and it 

seemed to coincide with the reduction in the level of PUMA β. In addition, there was a 

much lower level of expression of the anti-apoptotic BCLxL and MCL1 in the adult 

cerebellum when compared to that of BCL2. Furthermore, their expression was 

reduced when compared to the protein levels at P3. 
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These data indicate that after an initial period of high BCL2 family protein expression, 

the majority of their protein levels fall to low levels in the adult cerebellum, the 

exception being PUMA α and BCL2. 
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5.3. Discussion 
 

The regulation of gene transcription is carried out by various mechanisms, which 

include DNA methylation, RNA-associated silencing and post-translational histone 

modification; acetylation being primarily responsible for the latter (Glaser, 2007). An 

early feature in many polyglutamine diseases is a loss of gene transcription, linked to a 

reduction in the acetyltransferase activity of CBP and p300/CBP-associated factor 

(P/CAF) (Steffan et al., 2000; Steffan et al., 2001; Taylor et al., 2003; Bates et al., 

2006). HDACi enhance the viability of the cells in these model systems. Furthermore 

they have been demonstrated to restore learning and memory, the result of 

neurodegeneration, in mice models (Fischer et al., 2007). They are therefore promising 

agents for the treatment of many neurodegenerative conditions. 

 

With this in mind, CGN survival in the presence of the HDACi TSA, in the absence of 

cell death stimuli and other survival factors, was investigated. High dose treatment of 

CGNs with TSA induced rapid apoptosis in immature, undifferentiated neurons, when 

treated at DIV1. In contrast, the survival of mature differentiated CGNs was maintained 

for more than 48 h when treated with TSA. In agreement, the differential response of 

immature and mature CGNs to thapsigargin and lithium has previously been described 

(D'Mello et al., 1994; Levick et al., 1995). 

 

Postnatal granule neurons undergo proliferation in the external granule layer (EGL). 

Granule cell axons extend beneath the EGL, the cell bodies then migrate and settle in 

the internal granule layer (IGL). It is in the IGL that the mature granule neurons receive 

their first synaptic innervations from the mossy fibres. It seems that cultured CGNs at 

DIV1 represent a mixed population of immature EGL progenitor cells and postmitotic 

cells. The population of immature undifferentiated EGL cells then decline over time in 

culture; cultured granule neurons at DIV4 are thought represent differentiated, mature 

IGL-like neurons (Manzini et al., 2006). This is consistent with the observations that 

several biochemical criteria also become apparent at DIV4. For example, the 

dependency for survival of cultured CGNs on non-physiological concentrations of 

extracellular K+ (25 mM K+) manifests after DIV4-5, after which the reduction in the 

concentration of K+ to the physiological level of 5 mM results in apoptotic cell death as 

previously demonstrated (Figure 4.2.3) (Gallo et al., 1987). Furthermore, several 

transcription factors including MEF2 and Zic 1 and 2 (markers of differentiation) are 

upregulated by DIV4 (Manzini et al., 2007; Manzini et al., 2006).  
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In this study, consistent with the time frame of differentiation of CGN cultures, the 

‘switch’ in the ability to withstand HDACi treatment was also demonstrated between 

DIV3 and DIV5; further confirming the suggestion that after DIV4 CGNs have acquired 

the characteristics of differentiated neurons (Levick et al., 1995). Furthermore, the 

differential protein expression of several anti- and pro-apoptotic BCL2 family proteins 

was demonstrated during the differentiation of the CGN cultures. For the majority of the 

BCL2 family proteins, their levels declined in CGNs with time in culture.  

 

In the cerebellum there was a high level of protein expression of both the anti- and pro-

apoptotic BCL2 family members early in development (P3 to P7). These data are in 

agreement with the period immediately after birth being one of active gene 

transcription, protein synthesis and protein folding; the gene expression of proteins 

involved in these functions decline steadily after this time (Lim et al., 2004). In addition, 

the protein expression of the majority of the BCL2 family remained high throughout the 

period of granule cell neurogenesis around P13; a phase of active differentiation and 

cell migration (Lim et al., 2004). Late postnatal development is characterised by an 

upregulation in the expression of neurotransmitter receptors and other genes that have 

a role in postsynaptic signal transduction and synaptic function. The maturation of 

synapses and the acquirement of the characteristics of the adult cerebellum is 

accomplished by the third postnatal week (Lim et al., 2004). During this time, the 

protein expression of the majority of the BCL2 family proteins decreased to a low level. 

The protein levels of BCL2 and PUMA α were the only members of the BCL2 family 

that remained elevated in the adult cerebellum. While there is little information 

concerning the role of PUMA α in the development of the CNS, BCL2 has been 

extensively studied. BCL2 is required for the regulation of differentiation of neurons and 

axonal outgrowth early in development (Holm and Isacson, 1999; Middleton et al., 

1998; Zhang et al., 1996). It is also thought that there are low basal levels of BCL2 in 

the adult CNS, BCLxL being critical in mediating cell survival in the adult brain (Shacka 

and Roth, 2006). 

 

Although the protein expression of N-BAK was investigated in CGN cultures, its 

expression was not looked at in the developing cerebellum due to limited amounts of 

lysates. The expression of BAK in the cerebellum would have been interesting to 

examine given that it has previously been hypothesised to be expressed as the full-

length form in neural/neuronal precursor cells, which is largely reduced upon 

maturation and differentiation when the mature neurons completely switch to the 

expression of N-BAK (Uo et al., 2005). The differential function of full-legth BAK/N-BAK 
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is also worthy of further assessment in granule neurons, given the conflicting views on 

their roles in neuronal apoptosis (Sun et al., 2003; Sun et al., 2001; Uo et al., 2005). 

 

Overall, the expression of the BCL2 family proteins in the in vitro CGN cultures closely 

paralleled the trend in their expression in the cerebellum after P7, the point at which the 

cerebellar are isolated for the preparation of CGN cultures. 

 

Several BCL2 family proteins were demonstrated to be modulated by TSA in CGNs, 

particularly at DIV7. In agreement, previous studies have described the modulation of 

many BCL2 proteins such as BCLxL (Cao et al., 2001; Inoue et al., 2007), BCL2 (Duan 

et al., 2005), BIM (Inoue et al., 2007; Zhao et al., 2005), NOXA (Inoue et al., 2007) and 

MCL1 (Inoue et al., 2008) by HDACi in various cell lines. Most interestingly, TSA 

induced an increase in the expression of the anti-apoptotic MCL1, which may have 

contributed to the prolonged survival of the CGNs. While MCL1 has been shown to be 

a critical survival factor in natural killer (NK) cells and multiple myeloma cells 

(Huntington et al., 2007; MacCallum et al., 2005; Zhang et al., 2002) and is responsible 

for the resistance displayed by various cell types to the BAD BH3 mimetic ABT737 (van 

Delft et al., 2006), it is unlikely to mediate these effects alone in CGNs. The pro-

apoptotic BIMEL, BID and BAX were also increased and PUMA α was observed in CGN 

cultures at this time, although its expression did not change upon TSA treatment (data 

not shown). It is therefore possible that other anti-apoptotic proteins, not investigated in 

this study such as A1 and BCLW, also contribute to the survival of the CGN cultures, 

possibly by ‘buffering’ the increases in the BH3-only proteins. Due to inadequate 

commercial antibodies, particularly for A1, quantitative-PCR should be employed to 

assess their expression levels. In addition, the reduction in the expression of APAF1 

between DIV1 and DIV7, and the potential loss of apoptosome activity as a result of 

this, as described previously (Wright et al., 2004; Wright et al., 2007; Yakovlev et al., 

2001), should also be examined further. 

 

The modulation of MCL1 by HDACi and its potential role as a survival factor in CGNs 

requires further investigation to that presented here; this is discussed further in a later 

section (section 6.2). Several other proteins, modulated by HDACi have been proposed 

to be critical for the neuroprotection observed in previous studies. In one such 

investigation, an increase in the level of α-synuclein by VPA was demonstrated to 

mediate the neuroprotection against glutamate induced excitotoxicity in CGNs (Leng 

and Chuang, 2006). In contrast to the work presented here, the treatment regime was 

initiated at DIV1, glutamate being added at DIV7 for 24 h. In addition, a neuroprotective 
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role for the transcriptional upregulation of the cyclin-dependent kinase (Cdk) inhibitor 

p21waf1/cip1 by high dose ‘pulse inhibition’ of HDACs, has also been proposed in 

oxidative stress-induced cell death in cortical neurons and in a model of permanent 

ischemia in vivo. However, experiments using cortical neurons prepared from p21-/- 

mice suggest that p21 is not essential for the HDACi mediated neuroprotection 

(Langley et al., 2008). The co administration of VPA with lithium was demonstrated to 

protect aging CGNs from glutamate toxicity; inhibition of the activity of GSK-3, a target 

of lithium, being potentiated by VPA in this model (Leng et al., 2008). This is interesting 

given that GSK-3 has been proposed to mediate the phosphorylation of MCL1, which 

results in its ubiquitination and degradation by the proteasome (Maurer et al., 2006; 

Ding et al., 2007).  

 

While the majority of these studies have described the HDACi-induced protection 

against cell death there are a number of studies in which the inhibition of HDACs was 

demonstrated to be damaging to neuronal function. The TSA-induced cell death of 

CGNs was previously demonstrated by Boutillier and colleagues. The death was 

hypothesised to be the result of an enhanced transcription of E2F-1 and proposed to 

be controlled by HDAC3 (Boutillier et al., 2002; Boutillier et al., 2003; Panteleeva et al., 

2004). Whilst these data conflict with those presented here, a direct target of enhanced 

E2F-1 activity is BIM (Zhao et al., 2005) and therefore corresponds with the TSA 

mediated increase in the level of BIMEL (Figure 5.2.6). The source of the death vs. 

survival discrepancies is potentially a consequence of different culturing conditions and 

treatment regimes. 

 

In addition, as previously described HDAC6 has been implicated in the transport of 

polyubiquitinated proteins to aggresomes and the induction of autophagy (Iwata et al., 

2005; Kawaguchi et al., 2003; Pandey et al., 2007). Given that the induction of 

autophagy is proposed to prolong the survival of the affected neuron by initiating the 

degradation of the accumulated proteins, inhibition of HDACs would be expected to 

prevent the corresponding autophagic response and induce cell death. HDACi have 

actually been demonstrated to induce autophagy in Apaf-1-/- MEFs (Shao et al., 2004). 

In this investigation, there was no indication of the induction of autophagy in response 

to HDAC inhibition (data not shown), however it cannot be ruled out that long term 

treatment with low dose HDACi would not induce an autophagic response. 

 

While it was attempted to elucidate the class of HDAC that was inhibited by TSA in 

CGNs, it proved problematic. Given that the deacetylation of microtubules occurs 



 The Modulation of the BCL2 Family Proteins by HDACi in CGNs
 

 181

during depolymerisation and microtubles are highly stable in post-mitotic neurons 

(Black et al., 1989), it was difficult to observe any change in the level of acetylated 

tubulin through the inhibition of HDAC6. A specific HDAC4 activity assay was also 

unsuccessful; thought to be due to the low level activity of the class II HDACs in CGNs. 

This was also indicated by the partial inhibition of whole cell HDAC activity by the class 

II specific inhibitor MC1568 compared to TSA. 

  

It is likely that the treatment of CGNs with HDACi, particularly those which are universal 

HDAC inhibitors, modulates the expression of many different proteins, not only those of 

the BCL2 family. Class specific inhibitors are therefore attractive therapeutic 

considerations as they would be expected to reduce off target effects and may be 

targeted to specific brain regions, as demonstrated with MS-275 (Simonini et al., 2006). 

Furthermore, MCL1 is an interesting candidate for the mediation of neuronal survival 

and deserves further investigation. 
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6.1. General Discussion 
 

The balance of protein synthesis and degradation is essential for cell growth and 

differentiation. The predominant pathways for short and long-lived protein degradation 

and organelle turnover are the ubiquitin-proteasome system and autophagy. Failure of 

either of these systems culminates in the death of the cell. This is particularly 

undesirable in neuronal systems, as shown in neurodegenerative diseases. 

 

The initial aim of this study was to investigate the role of the proteasome during K+ 

withdrawal induced cell death in CGNs and the functional significance of any caspase 

cleavage of the proteasome subunits. The cleavage of the proteasomal subunits S1, 

S5a, the ATPase S6´ (Adrain et al., 2004; Sun et al., 2004) and the  γ subunit of the 

11S proteasome activator complex (PA28γ) by caspase-3 in human cells and cleavage 

of the 20S complex subunits α2, α4, β4 and S7 (19S) in Drosophila (Adrain et al., 

2004) have previously been demonstrated. In addition, the caspase-7 mediated 

cleavage of the 19S ATPase S7, α2 and α6, subunits of the 20S, was observed in the 

absence of caspase-3 (Jang et al., 2007). 

 

The role of the proteasome in CGNs during K+ withdrawal-induced cell death was 

previously limited to showing an increase in its activity early in the apoptotic pathway 

and the subsequent decline in activity below that of the resting constitutive level 

(Atlante et al., 2003; Canu et al., 2000). This is in agreement with that demonstrated in 

this investigation (Chapter 3; Figure 6.1.1) and is hypothesised to represent a 

proteasome regulated response to the prior increase in the levels of reactive oxygen 

species (Atlante et al., 2003; Valencia and Moran, 2001). The subsequent decrease in 

LLVYase activity was also observed, at a time that was consistent with the initial 

cleavage of the widely characterised caspase-3 substrate, α-fodrin. In addition, the loss 

in LLVYase activity seemed to be negated by the caspase inhibitors z-VAD.fmk and 

DEVD.fmk, consistent with that previously demonstrated (Canu et al., 2000). In the 

absence of a pre-lysis centrifugation step, the cleavage fragments of the proteasome 

subunits S1 and S6´ were not observed until ~16 h in low K+.  

 
The observed cleavage fragments of S1 and S6´ were abrogated in the presence of 

caspase inhibitors. Taken together, these data suggest that the observed cleavage of 

the proteasome subunits, S1 and S6´ in CGNs during K+ withdrawal-induced cell death 

is mediated by caspases and the loss of LLVYase activity may be attributable at least 

in part, to the activation of caspases in CGNs (Figure 6.1.1). In addition, the specific  
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Figure 6.1.1. Schematic of the proposed processes in this investigation. Apoptotic 
stimuli induce the activation of caspase-3 downstream of the mitochondria (1). This is 
then capable of cleaving various substrates, in particular, the proteasome subunits S1 
and S6´, the activity of which is lost after an earlier increase in its activity (2). In 
addition, the autophagic response is induced simultaneously with the stimulation of 
apoptosis (3). The ability of the autophagy-related proteins, Atg3 and Atg5 to associate 
with their respective binding partners may be lost by caspase cleavage. In contrast, the 
activity of the autophagic proteins, Beclin 1 and Atg4 is enhanced. The activation of 
calpain 1 through the increase in the intracellular concentration of Ca2+ (4), mediates 
the processing of Beclin 1, which may remove its ability to interact with Vps34. 
Furthermore, the Beclin 1 BH3 domain may then be able to interact with BCL2 and 
stimulate the activation of BAX and hence the apoptotic response. The HDACi, TSA 
increases the expression of the anti-apoptotic protein MCL1 and several pro-apoptotic 
BCL2 family members (5; BOP (BH3-only proteins)). Caspase-3 activation is reduced.  
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calpain inhibitor, calpeptin, seemed to restore the loss of proteasomal LLVYase 

activity. This indicates that calpain activation potentially occurs upstream of caspase 

activation. However, calpeptin did not prevent the loss in the mitochondria’s ability to 

reduce MTT or the level of apoptotic cells at a late stage in the cell death process 

(Chapter 3), suggesting a minimal role in the process. 

 

Whilst the LLVYase assay was used as a measure of the chymotrypsin-like activity of 

the proteasome in this study, there are several drawbacks to its use. It does not 

accurately represent the activity of the proteasome as a whole; essentially it is a 

measure of 20S proteasomal activity, rather than that of the 26S holoenzyme. In 

addition, it is often used to measure other protease activities in cell lysates, such as 

that of calpain (Giguere and Schnellmann, 2008; Seidah et al., 2003). Recently 

proteasome sensors have been designed and constructed for the assessment of 

proteasomal activity (Lindsten et al., 2003; Lindsten et al., 2006; Luker et al., 2003; 

Neefjes and Dantuma, 2004; Stack et al., 2000). An ubiquitinated-EYFP sensor was 

therefore constructed to accurately assess proteasomal activity and the contributions 

by caspase-3 to the loss observed in CGNs during cell death induced by K+ withdrawal 

on a single cell level. 

 

Active site directed probes (tagged irreversible inhibitors) are also used for the 

assessment of proteasomal activity. In contrast to the fluorescent reporters, these 

provide information of proteasomal activity, active subunit composition and the activity 

of deubiquitinating enzymes (Berkers et al., 2005; Ovaa, 2007; Verdoes et al., 2006). 

Whilst there may be several drawbacks to using the fluorescent reporter approach, I 

decided that it was more relevant for our purpose in assessing the proteolytic function 

on a single cell level. The sensor was demonstrated to be a bona fide proteasome 

sensor in vitro and in SH-SY5Y cells. However, its use in CGNs was restricted by its 

low transfection efficiency (discussed further in section 6.2).  

 

The proteasome inhibitor MG132 was demonstrated to delay the loss in cell viability 

induced by the withdrawal of K+, prevented the cleavage of α-fodrin by calpain to the 

p145 fragment and largely reduced the activation of caspase-3 at 16 h (Chapter 3). 

This is in agreement with the results of previous investigations in CGNs (Bobba et al., 

2002; Butts et al., 2005; Canu et al., 2000). However, this study demonstrated that the 

ability of MG132 to delay cell death was the result of its relatively non-specific inhibition 

of numerous cellular proteases in addition to the constraints on the proteasome. 

Furthermore, the specific proteasome inhibitor, PS-341, had little effect on the induction 
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of cell death, suggesting the proteasomal role in K+ withdrawal-induced cell death is 

restricted to the early increase in activity. 

 

The potential induction of autophagy was examined early in the cell death process 

induced by K+ withdrawal in CGNs. Given that the role of the proteasome during K+ 

withdrawal was downstream of caspase activation and therefore considered ‘past the 

point of no return’ with regards to the death process, I decided to investigate the 

regulation of the autophagic response during apoptosis. Previous evidence suggests 

that several proteins including the pro-survival BCL2 family proteins, caspase-8, Atg5 

and calpain 1 and 2 may be involved in the regulation of both apoptosis and autophagy 

(Demarchi et al., 2006; Erlich et al., 2007; Liang et al., 2006; Liang et al., 1998; Lin et 

al., 1999; Madden et al., 2007; Maiuri et al., 2007a; Oberstein et al., 2007; Pattingre et 

al., 2005; Pyo et al., 2005; Shimizu et al., 2004; Yousefi et al., 2006). Therefore the in 

vitro processing of the Atg proteins by the cell death proteases, caspase-3, -6, -7, -8 

and calpain 1 was investigated.  

 

While it is important to confirm the hAtg cleavage in cell culture models to ensure 

functional significance, the in vitro cleavage assay had three main advantages. Firstly, 

due to the limited availability of commercial antibodies, epitope tagged constructs for 

the Atg proteins were prepared. Prior to transfection into cells, their expression was 

confirmed in the in vitro TNT reaction; therefore the initial assay was straightforward. 

Secondly, the in vitro screen reduced the number of targets for further investigation in 

the cell culture models and finally, the prediction of protease cleavage sites and the 

design of uncleavable mutants will aid in the analysis of functional significance (see 

section 6.2). 

 

The majority of the hAtg proteins were cleaved in vitro by rCalpain 1 and/or the active 

rCaspases. During K+ withdrawal-induced cell death in CGNs the activation of 

caspases, in particular caspase-3, predominates. Therefore, the cleavage of the hAtg 

proteins by caspases-3, -6 and -8 in this cell death model would be of most importance. 

Recombinant active caspase-3 was demonstrated to cleave hAtg5, the hAtg4 

homologues hAtg4A, 4B, 4C and 4D, hAtg3, hAtg7 and Beclin 1 in the in vitro screen. 

In addition, rCaspase-6 cleaved Beclin 1 and hAtg3, and rCaspase-8 cleaved hAtg3 

(Chapter 4). The cleavage of hAtg5 and hAtg3 by caspase-3, -6 and -8 was 

hypothesised to interfere with their interactions with hAtg16 and hAtg7 respectively, 

both of which were predicted to disrupt the essential process of vesicle elongation in 

the autophagic pathway. In contrast, cleavage of Beclin 1 was hypothesised to disturb 
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its regulation by the anti-apoptotic BCL2 proteins, resulting in the unregulated induction 

of autophagy (Figure 6.1.1). The cleavage of Beclin 1 was confirmed in apoptotic CGN 

lysates and was partially abrogated in the presence of z-VAD.fmk (Chapter 4). In order 

to determine which of these cleavages was significant in apoptotic conditions, 

uncleavable mutants would be required (section 6.2). Given that the autophagic 

response is enhanced under apoptotic conditions in the presence of caspase inhibition, 

it is possible that the loss in the ability to disrupt the Atg5:Atg16 and Atg3:Atg7 

interactions, contributes to the increased autophagy observed.  

 

The role of calpain 1 cleavage of the hAtg proteins would be limited during K+ 

withdrawal induced cell death in CGNs. Activation of calpain 1 by an alternative 

stimulus such as thapsigargin or ionomycin would be predicted to disrupt the function 

of several of the hAtg proteins. In particular the calpain 1 cleavage of Beclin 1 was 

hypothesised to result in the loss of the ability of Beclin 1 to interact with UVRAG, 

Vps34 and nPIST. Disruption in the association of Beclin 1 with UVRAG and Vps34 

was predicted to reduce the induction of autophagy. Furthermore, the BH3 domain of 

Beclin 1 would remain intact. It is then possible that truncated Beclin 1 acts as a BH3-

only protein (and pro-apoptotic protein), interacting with the pro-survival BCL2 proteins 

and initiating the activation of BAX (Figure 6.1.1). This is similar to that shown by 

Yousefi et al, 2006, in which calpain 1 and 2 cleave Atg5, resulting in a pro-apoptotic 

protein (Yousefi et al., 2006). The interaction of Beclin 1 with nPIST has not been 

extensively studied; therefore it is difficult to predict the effect of the disruption in this 

interaction. The initiation of an autophagic response by the release of Beclin 1 from the 

complex with the GluRδ2Lc was demonstrated previously in cerebellar Purkinje cells. 

Whether Beclin 1 is released alone or in complex with nPIST is yet to be determined 

(Yue et al., 2002). The processing of hAtg3 by calpain 1 was also proposed to perturb 

the coordination of hAtg3 binding with hAtg7 and hAtg8, disabling one of the ubiquitin-

like conjugation systems of vesicle expansion. 

  

Roles for several histone deacetylases (HDACs) in neuronal systems have been 

described. In particular, HDAC6 was implicated in the transport of cytotoxic 

polyubiquitinated proteins to aggresomes and the recruitment of the autophagic 

machinery for their degradation in the absence of proteasomal function (Iwata et al., 

2005; Kawaguchi et al., 2003; Pandey et al., 2007). In addition, HDAC4 and HDAC5 

are critical regulators of myocyte enhancer factor-2 (MEF2) transcription factors, which 

are essential for mediating neuronal survival, particularly in CGNs (Bolger and Yao, 

2005; Linseman et al., 2003; Mao et al., 1999; Mao and Wiedmann, 1999). 
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Furthermore, HDAC5 and MEF2 have been implicated in the behavioural response to 

chronic cocaine or stress (Pulipparacharuvil et al., 2008; Renthal et al., 2007). HDACs 

therefore have an important role in the maintenance of neuronal survival and their 

inhibition in CGNs was investigated. 

 

HDAC inhibitors (HDACi) were previously demonstrated to provide protection in 

neuronal models against a range of toxic insults (Langley et al., 2008; Leng and 

Chuang, 2006; Leng et al., 2008). Similarly, in this investigation, ‘mature’ CGNs 

survived high dose TSA treatment for up to 72 h (Chapter 5). In contrast, immature 

CGNs underwent rapid apoptotic cell death upon treatment with TSA. The differential 

response of immature and mature CGNs to TSA, is consistent with that reported by 

D’Mello et al, 1994 and Levick et al, 1995, in response to treatment with lithium and 

thapsigargin respectively (D'Mello et al., 1994; Levick et al., 1995). The shift in the 

inability of CGNs to withstand TSA was at ~DIV4, a time point in culture that 

corresponds with the differentiation of CGNs, after which CGNs resemble the fully 

differentiated neurons of the internal granule layer of the cerebellum in vivo. Consistent 

with this observation, the BCL2 family of proteins were differentially expressed in CGN 

cultures. Furthermore, the protein levels of the BCL2 family in CGN cultures largely 

correlated with the expression in the cerebellum in vivo. In particular, the expression of 

the BCL2 proteins in fully differentiated, mature CGNs (DIV7) closely paralleled the 

levels in the adult cerebellum. Additionally, the dependency of CGNs in culture on 

25 mM K+, which is thought to mimic the first afferent stimulation by the glutaminergic 

mossy fibres, is obvious by DIV4. This stage is equivalent to the period surrounding 

P13 in vivo, which is one of active differentiation when the massively excessive 

numbers of granule cells are matched to their target cells and the correct synaptic 

connections are established (Galli et al., 1995; Gallo et al., 1987; Hack et al., 1993; Lim 

et al., 2004). Taken together, these data further confirm that fully differentiated, mature 

CGNs are an ideal model system for the adult cerebellum, particularly with respect to 

the expression of the appropriate BCL2 family proteins as shown here. 

 

While the reduction in the protein levels of BAX, BIMEL and BID over time in culture 

correlated with the continued survival of mature CGNs (DIV7), the subsequent increase 

in BIMEL, BID, BAX, and the decline in the level of BCLxL after TSA treatment did not. 

An additional TSA-induced elevation in the level of the pro-survival protein, MCL1 was 

also observed. The contribution of MCL1 to the survival of CGNs was suggested in this 

study. While the role of MCL1 in the CNS has not been extensively studied to date, 

previous reports have proposed an essential role for MCL1 in cortical development and 
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for the survival of neurons after seizure-induced injury and DNA damage (Arbour et al., 

2008; Mori et al., 2004). Mcl-1 is unlikely to be the only potential neuronal survival 

factor induced by TSA given the enhanced expression of the pro-apoptotic proteins. 

The decline in the expression of APAF1 in mature neurons as previously 

demonstrated, is also an interesting candidate for further investigation (Wright et al., 

2004; Wright et al., 2007; Yakovlev et al., 2001). In addition, several other proteins 

have been demonstrated to be responsible for the protection mediated by HDACi in 

neuronal systems (Langley et al., 2008; Leng and Chuang, 2006; Leng et al., 2008). To 

conclude, elucidating the proteins responsible for the continued survival of CGNs is 

important to establish future drug targets, and identifying the HDACs involved will aid in 

the reduction of non-target effects. 

 
6.2. Future Work 

 

In this thesis I have demonstrated that the ubiquitinated proteasome sensor, 

4xubi(G76V)-YFP, can be transfected into SH-SY5Y and behaves as a proteasome 

substrate for the effective measurement of proteasomal activity (Chapter 3). In addition, 

the technology was previously used in the generation of transgenic animals to assess 

the proteolytic activity in specific organs and tissues, including isolated neuronal 

cultures (Lindsten et al., 2003). While attempts were made to transiently transfect the 

sensors into primary CGNs using calcium phosphate precipitation, nucleofection and 

lipofection, low transfection efficiency was observed by all methods. A viral delivery 

system may be more efficient and therefore could be employed to address this. This 

would then enable the assessment of proteasomal function in direct relation to 

caspase-3 activation at the single cell level. 

 

A number of hAtg proteins were identified as in vitro substrates of the cell death 

proteases caspase-3, -6, -8 and calpain 1 (Chapter 4). The potential sites were 

predicted based on the molecular weights of the cleavage fragments and their 

detection by the epitope tags. As the guidelines for caspase and calpain cleavage of 

substrates is not absolute, all corresponding cleavage sites within a particular region 

were highlighted. Thus, in order to determine the cleavages that are functionally 

significant in terms of apoptosis and the corresponding regulation of the autophagic 

response it would be important to identify the specific sites required for the processing. 

Uncleavable mutant forms of the corresponding proteins could then be produced by 

site-directed mutagenesis. These would be transfected into a readily transducible cell 

line, ideally in the absence of the endogenous expression of the protein of interest, 
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such as MEFs derived from knockout mice. The processing of the protein could then be 

assessed in the presence of an apoptotic stimulus, the detection of which being aided 

by the epitope tags. The mutant forms will provide a more accurate idea as to the 

cleavages that are required for the regulation of the autophagic response during 

apoptosis and assist in the determination of the cleavage that predominates and is of 

most importance. However, caution should be used in the interpretation of results using 

overexpressed mutant forms of the Atg proteins. Fujita et al, 2008 previously 

demonstrated the inhibition of the autophagic pathway while investigating the 

overexpression of a series of Atg16L deletion mutants. The autophagy inhibition 

observed was the result of the mistargeting of the Atg16L complex due to 

overexpression, which had an inhibitory effect on LC3 lipidation (Fujita et al., 2008b).  

 

Although the protease cleavage of the majority of the core autophagic machinery was 

assessed, several of the hAtg proteins were missing, in particular hAtg1, hAtg2, hAtg18 

and hAtg16L. Attempts were made to clone these at the same time as the other Atg 

proteins, however this was unsuccessful in the time frame. Thus, to gain an accurate 

overall assessment of the regulation of the autophagic response it would be required to 

further attempt their preparation.   

 

The survival of mature CGNs was maintained despite the presence of TSA even 

though the expression of the pro-apoptotic proteins, BIMEL, BID, and BAX was 

enhanced and the level of BCLxL declined. The expression of the anti-apoptotic protein 

MCL1 was elevated and it was hypothesised that MCL1 may contribute to the 

prolonged survival of the neurons. In order to investigate this further the knockdown of 

MCL1 would be required. The cyclin-dependent kinase inhibitor Seliciclib (R-

roscovitine/CYC202) was employed in an attempt to downregulate the expression of 

MCL1 in CGNs (MacCallum et al., 2005). Unfortunately results were extremely 

preliminary therefore conclusions could not be drawn. In addition, it would be difficult to 

definitively determine that the effect mediated by a kinase inhibitor was solely the result 

of the loss of MCL1. Therefore the use of siRNA for MCL1 would be more appropriate. 

However, it is unlikely, that MCL1 is able to protect CGNs from the high levels of the 

anti-survival BH3-only proteins. The expression levels of the additional pro-survival 

BCL2 proteins, BCLW and A1 were unable to be assessed due to the lack of suitable 

antibodies, thus quantitative-PCR should be used to determine their expression upon 

TSA treatment. Furthermore, in order to elucidate the mechanism responsible for the 

prevention of BAX activation in mature CGNs, immunoprecipitation of the TSA-

regulated BCL2 proteins could be employed. 
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