Utilising the MultiBac expression
system to reconstruct and purify the
gamma secretase enzyme.

Mohammed Imran Khan
MRes

This thesis is presented for the degree of Doctor of Philosophy
of The University of Western Australia
School of Psychiatry and Clinical Neuroscience

Year 2017

Abstract
The gamma (γ)-secretase enzyme is an unusual protease that performs regulated
intramembrane proteolysis of many type I transmembrane proteins. However, it is the
enzyme’s activity on the Alzheimer’s disease (AD) related protein amyloid precursor
protein (APP) to generate the amyloid-β-protein (Aβ) that has received most attention.
The dysregulation of APP metabolism and cleavage, and the consequent over-production
and accumulation of Aβ are key events that occurs in the neurodegenerative process that
defines the AD brain. Due to its critical role in the final cleavage of APP to generate Aβ,
the γ-secretase enzyme has been pursued as a target for developing agents aimed at
lowering Aβ production and preventing Aβ accumulation. The complexity of the enzyme
and its ability to process many substrates has hampered this ultimate goal. A clearer
understanding of γ-secretase structure and activities is required.
The enzyme is a multi-subunit complex consisting of a combination of four proteins,
presenilin (PS1 or PS2), nicastrin (NCT), APH1 (3 isoforms found in human) and
presenilin enhancer 2 (PEN2). Although there is some insight into its assembly, activities
and structure, there are many unknowns/understudied aspects of the γ -secretase enzyme
complex. Further insight can be obtained by reconstructing γ -secretase using appropriate
expression models and obtaining purified enzyme. These studies require a robust system
to test the various combination of different γ-secretase components.
The overall aim of this thesis was to use a unique baculoviral expression system (referred
to as MultiBac) to express the four γ-secretase components, reconstitute activity of human
γ-secretase in insect cells, and then to purify the multi-subunit enzyme. This system has
advantages over traditional baculoviral expression systems as cells are infected with one
single virus containing all components of the complex of interest, resulting in a larger
protein yield.
Individual γ-secretase component expression cassettes were successfully incorporated
into MultiBac expression vector (pFBDM) and cloned into MultiBac baculovirus DNA.
Generation of baculoviruses and infection of Sf9 insect cells led to robust expression of
all enzyme components. Interactions between all components were observed by coimmunoprecipitation studies. The complex was shown to be active in cleaving its direct
substrates; APP-C99 to generate APP intracellular domain (AICD) and Aβ and Notch to
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generate Notch Intracellular domain (NICD). The generation of the cleavage products
was inhibited with γ -secretase inhibitors, confirming specificity of the expressed enzyme.
The MultiBac was also used to express the familial AD-associated PS1 mutation,
PS1(Δ9). This PS1 mutation expressed on its own generated Aβ following co-infection
with the APP-C99 substrate, indicating that this mutant form of PS1 functioned without
the requirement of other components.
Protein purification tags on two of the component proteins were included to facilitate twostep affinity purification. Compared to single unit proteins, purification of multi-subunit
protein complexes offers an additional level of difficulty, as all components should be
purified at equal stoichiometry and an appropriate strategy is required so as not to disrupt
complex formation, thereby generating a homogeneous and active enzyme complex.
Thus, a number of purification strategies were attempted to obtain purified γ -secretase
complex. Difficulties were experienced during this process, requiring extensive
optimisation until a final purification strategy was adopted to obtain a complex containing
all components. Single particle electron microscopic (EM) analysis of the purified protein
indicated the shape, size and structure of the MultiBac reconstituted γ-secretase enzyme
that was consistent with previous reports. A purification strategy for PS Δ9 was also
developed, resulting in enrichment of the protein.
This thesis outlines a protocol to express and reconstitute a fully functional γ -secretase
complex and express mutant PS1 using the unique MultiBac baculovirus system. It also
outlines purification strategies to enrich the expressed enzyme. This now allows larger
scale production and purification of the complex for further analysis. Building upon the
protocols described in this thesis for the wild-type complex facilitates the generation of
permutated γ-secretase variants with modified or mutated subunits, which could provide
significant insight into γ -secretase structure, intracellular trafficking and activity. Such
information would provide insight into the function of γ-secretase in normal cellular
pathways, and also facilitate drug development, not only targeting Aβ in AD but also for
other chronic diseases (for example, targeting aberrant Notch signalling in cancers).
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1 Literature review
1.1 Introduction
The gamma (γ)-secretase enzyme is an unusual protease that performs regulated
intramembrane proteolysis (RIP) of many type I transmembrane proteins. The resulting
products are involved in a number of essential cell signalling pathways including Notch
signalling, FGF signalling [1], p75(NTR)-mediated signalling [2], syndecan-3 signalling
[3], WNT signalling [4], ErbB4-signalling [5-7] and adherin cell junction stability and
disassembly [8]. However, it is the enzyme’s involvement in the proteolytic cleavage of
the Alzheimer’s disease-related protein amyloid precursor protein (APP) to generate the
amyloid-β- protein (Aβ) that has arguably received the most attention. The dysregulation
of APP cleavage and the subsequent overproduction and accumulation of Aβ is a key
event that occurs in the neurodegenerative process that defines the AD brain. Due to the
critical role of the γ-secretase enzyme in the final cleavage of APP to generate Aβ, it has
been pursued as a target for developing therapeutic agents aimed at lowering Aβ
production and thereby limiting Aβ accumulation. The complexity of the enzyme and its
ability to process many substrates has hampered this ultimate goal. For many decades,
the identity of the enzyme remained elusive. In the past two decades, research has
revealed that the enzyme is actually a multi-subunit protein complex comprising four core
protein components. This has provided insight into its activities and structure. However,
there are still significant knowledge gaps which need to be filled, in order to understand
this unique complex enzyme. This chapter discusses in detail our current understanding
and knowledge gaps with respect to γ-secretase activity and structure.

1.2 γ-Secretase performs Regulated intramembrane proteolysis
Cleavage of cell surface receptors by regulated intramembrane proteolysis (RIP) initiates
cellular responses to changes in cell’s micro-environment [9] and has important roles in
several physiological processes including embryonic development, cellular homeostasis,
differentiation and immunity. Cell to cell communication (mediated through chemicals
or proteins) via signal transduction are important for proper functioning of tissue.
Juxtacrine signal transduction (cell-cell contact signalling) is mediated by a number of
cell surface receptors. Cell surface receptors consist of three different domains extracellular domains (interact with a ligand presented by a neighbouring cell or present
1

in cellular matrix), a transmembrane domain (TMD, part of protein embedded in the cell
membrane) and an intracellular (cytoplasmic) domain (ICD). RIP mediates cell signalling
through proteolysis of type I or II transmembrane receptor proteins and is a highly
conserved mechanism in cell signalling [9]
The process of RIP is initiated by the proteolytic shedding of the protein ectodomain by
proteases collectively called ‘sheddases’ which include members of ADAM family (A
Disintegrin And Metalloproteases) or aspartyl proteases such as BACE1 or BACE2 (βsite APP Cleaving Enzyme). The remaining protein domain is cleaved by Intramembranecleaving proteases (I-Clips) within the transmembrane domain to release a small peptide
fragment and ICD that are the effector molecules of RIP. ICDs are involved in many
cellular activities such as differentiation, transcription, cell adhesion axonal guidance,
neurite outgrowth lipid metabolism and stress responses. I-Clips belong to three families
of proteases: GxGD-type aspartyl proteases [10, 11], site 2 protease (S2Pmetalloproteases) [12] and the rhomboid serine proteases [13](for a review see [14]. IClips are found in a wide range of organisms ranging from eukaryotes through to bacteria
and archaea [9, 12, 15-17]. One of the first I-Clips to be identified was Site 2 Protease
(S2P) that processes Sterol Regulatory Element Binding Protein (SREBP- a
transmembrane transcription factor involved in cholesterol metabolism) [9, 18-21].
The identification of APP [22-24] and studies into its subsequent metabolism to generate
Aβ peptide [25-27] indicated a role of a protease, capable of proteolytic activity within
the hydrophobic environment of lipid bilayer to release Aβ peptide from APP [28]. This
protease was termed ‘γ-secretase’ and performed the last cleavage step in RIP of APP to
liberate the Aβ peptide [25, 29]. Peptidomimetics, protease inhibitor (pepstatin A) studies
and inhibition by transition state analogues indicated γ-secretase to be an aspartyl protease
[30-32]. First clues to the identity of γ-secretase came from genetic linkage studies in
Autosomal dominant AD (previously referred to as Early Onset Familial Alzheimer’s
Disease –EOFAD), identifying mutations within the PRESENILIN (PSEN) genes
(previously referred to as S182 (PSEN1) and STM2 (PSEN2)) [33-41]. These genes
encoded for polytopic transmembrane proteins, called Presenilin 1 and 2 (PS1). In-vitro
and in vivo studies showed that mutations in these genes altered the production of Aβ
[42-46]. Knockdown [47-50] and inhibitor studies [51, 52] provided further significant
evidence that these proteins were prime candidates for γ-secretase. It is now known that
four core components, nicastrin (NCT) anterior pharynx defective–1 (Aph1) and
2

presenilin enhancer -2 (Pen 2), together with Presenilins (PS) comprise the γ-secretase
enzyme complex.

1.3 The γ-secretase cleavage of the two most pharmacologically relevant
substrates, Amyloid precursor protein (APP) and Notch
Due to its essential role in the processing of APP to generate Aβ, the γ-secretase enzyme
has been pursued as a potential therapeutic target for the most common cause of dementia,
AD. AD is a progressive neurodegenerative disorder that is characterised pathologically
by aggregates of (Aβ) forming senile plaques and aggregates of Tau protein forming
neurofibrillary tangles (NFT). The deposition of amyloid plaques is possibly the defining
hallmark of AD, as the NFT feature in several other neurodegenerative diseases such as
fronto-temporal dementia (FTD) and supranuclear palsy (PSP) (reviewed in [53]).
However, the major component of NFT, hyperphosphorylated tau, contributes
significantly to AD pathogenesis, and together with Aβ, drives neurodegeneration [54,
55]. The accumulation of Aβ, however, is considered to occur much earlier in the disease
process [56], instigating subsequent events including tau hyperphosphorylation and
accumulation.
Seminal studies in the 1980s by both Glenner and colleagues and Masters and colleagues,
identified and sequenced the Aβ protein. Glenner et al. [57] isolated and sequenced Aβ
from meningeal blood vessels of AD and Down’s syndrome patients [58], while Masters
et al, [59] isolated and sequenced Aβ purified from amyloid plaques. Aβ protein is
generally found at low concentrations within the brain and cerebrospinal fluid (CSF) of
cognitively normal individuals [60-63]. There are two predominant forms of Aβ, a 40amino acid peptide, Aβ1-40, and the longer, considered more toxic peptide comprising,
42 amino acids: Aβ1-42. Under normal physiological conditions, the predominant Aβ
species is Aβ1-40. Aβ1- 42 is thought to be the more toxic species since it aggregates
much more rapidly than Aβ1-40 and has been demonstrated to be more neurotoxic in
numerous in vitro studies [64]. This Aβ species is central to the “amyloid hypothesis”;
where Aβ1-42 is proposed to act as the seed for further Aβ deposition, inducing a cascade
of events including the generation of free radicals, oxidative damage, and inflammatory
processes. Numerous studies have shown that Aβ is neurotoxic and can inhibit synapse
formation, as evidenced through long-term potentiation studies [reviewed in [65]]. The
current focus is on non-fibrillar, soluble, aggregates as the toxic species of Aβ [reviewed
3

in [64], [66]]. These Aβ oligomers have been shown to be neurotoxic, to inhibit synapse
and memory formation in vivo [64, 66], and to correlate well with the severity of
neurodegeneration in AD [67, 68]. The mechanism(s) by which Aβ induces neurotoxicity
is not completely understood. Aβ oligomers have been shown to disrupt several cellular
functions including mitochondrial activity [69, 70], promote oxidative stress [69],
promote tau phosphorylation [54], impair receptor-mediated functions [71-73], impair
Ca2+ homeostasis [74-76], induce membrane depolarization [77, 78] and promote
neuroinflammation [79].
1.3.1

Processing of APP to generate Aβ.

The overproduction of Aβ is a major contributor to accumulation and aggregation of this
peptide in both the autosomal dominant AD (ADAD) cases and the more common
sporadic AD (SAD) cases where an imbalance in both- Aβ production and clearance are
the major contributors to the disease process. The proteolytic processing of the parent
molecule, the amyloid precursor protein (APP) generates Aβ peptides. The APP gene is
located on chromosome 21 (21q21.3) and encompassing 18 exons encoding a 697/770
amino acid protein of ~110kDa in size [23, 24, 59, 80]. The APP protein is a type I
transmembrane protein with a large ectodomain, a single transmembrane domain, and a
small cytoplasmic C-terminus. The Aβ domain is located at the N-terminus end of the
transmembrane domain of APP [22, 81]. The APP molecule, is processed by two
competing pathways, the non-amyloidogenic and amyloidogenic pathways (Figure 1).
Processing of APP through the amyloidogenic pathway uses Beta site APP Cleaving
Enzyme (BACE-1). BACE-1 processes APP at the ‘β- site’ between amino acids M671
and D672 and generates the N-terminus of Aβ domain, releasing a large APP ectodomain
called – sAPP [82, 83]. The remaining, membrane-embedded 99 amino acid βAPP-CTF
domain (also called C99 or APP-C99) is then processed by the γ-secretase enzyme to
release Aβ40 or Aβ42 peptide [83] and an APP Intracellular Domain (AICD also called
βAICD- to indicate amyloidogenic AICD) [84, 85]
Analysis of cell culture conditioned media from [86, 87], guinea pig brain cells [88] and
mouse brain [86] has revealed a heterogeneous mixture of Aβ peptides of varying amino
acid length. As the predominant Aβ peptides generated were 38 to 43 amino acids in
length it was originally proposed that the length of the predominant AICD produced from
APP-C99 is 56-61 amino acids long (APP-C99 amino acids minus Aβ with 38-43 amino
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acid from the N-terminus = 56-61 amino acid long AICD)[85, 89-91]. However, protein
sequencing and mass spectrometric analysis of endogenous AICDs purified from rat brain
homogenates, were found to be 50 or 51 amino acids long [89, 92, 93]. Furthermore, the
production of these shorter AICDs could be inhibited using γ-secretase enzyme inhibitors
(indicating γ-secretase is responsible for production of these shorter AICDs and not any
other endogenous protease) [92, 93]. These results suggest that, in addition to the ‘γ-site’cut, the γ-secretase enzyme processes APP-C99 at an additional ‘ε -site’, analogous to the
Notch S3 cleavage site (see below). Isolation of Aβ49 and Aβ48 (corresponding to 50
and 51 amino acid long AICDs respectively) from cell lysates and mouse brain extract
[94] has provided conclusive evidence of multiple sites of γ-secretase-mediated APP-C99
processing. Treatment with the γ-secretase inhibitor DAPT leads to an accumulation of
longer Aβ fragments (Aβ 43-46) in a dose-dependant manner [94-96]. These results
suggest that the γ-secretase enzyme-mediated ‘ε-cut’ precedes the ‘γ-cut’. These findings
have been validated by systematic APP-C99- C-terminal truncation experiments [97] and
introduction of point mutations (with bulkier tryptophan residues) in APP-C99 at the γcut and ε-cut sites [98]. All together these results indicate a sequential proteolysis of APPC99 by γ-secretase with an endopeptidase like ‘ε-cut’ followed by a carboxylpeptidase
like ‘γ-cut’ [93, 99].
The γ-secretase enzyme processes APP-C99 at the ‘ε-site(s)’ using endopeptidase like
activity near the membrane cytoplasm boundary within the transmembrane domain to
release an intracellular AICD and a membrane embedded Aβ domain (APP-Aβ of varying
amino acid lengths). In addition, experiments truncating C-99 showed that depending on
the initial ε-cut, the membrane-embedded Aβ domain is processed down one of two
potential product lines (Aβ40 or Aβ42). The Aβ42 product line is initiated with the
formation of the precursor Aβ48 while Aβ40 is produced from the precursor Aβ49 [93,
97, 100, 101], there is, however, some overlap between the two product lines [101]. In
addition, replacement of γ-cut and ε-cut sites with similar amino acids, does not alter γsecretase enzyme activity, suggesting the enzyme activity does not rely on a specific
sequence to cleave its substrates [102].
The longer precursor Aβ molecules generated by ε-cut are substrates for the γ-cut. The
longer Aβ precursors are rapidly processed by γ-secretase through a carboxypeptidase
like activity at the γ-site(s), through progressive removal of 3 amino acids at a time
resulting in short-lived intermediary Aβ fragments. The intermediary fragments are
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finally processed (between A713/T714-Aβ42 and V711/I712-Aβ40) to generate Aβ
protein with 40 or 42 amino acids (Aβ40 or Aβ42) (see Figure 1) [94, 100, 101, 103-106].
Similar ε-cut and γ-cut sites have been identified in other γ-secretase enzyme substratesAPLP1, APLP2 [92], CD44 [107, 108], ErbB4 [109], Notch [92, 109, 110], E-cadherin
[8], LRP [111], Delta 1 [110] and Jagged 2 [110]. It is not clear what conditions alter ‘εsite’ selection, although it is known that γ-secretase enzyme favours certain cleavage
events over others depending on lipid microenvironment. Low density lipid membranes,
rich in cholesterol and sphingolipids favours production of Aβ40 [100]. In addition, the
production of longer Aβ peptides is increased by ADAD-linked PS1 mutations [112-118],
whereas γ-secretase enzyme modulators (GSMs; see below) [118, 119] reduce production
of longer Aβs.
APP also undergoes non-amyloidogenic processing, a sequential cleavage process first
by the ADAM family of proteases (A Disintegrin and Metalloprotease; ADAM9
ADAM10 or ADAM 17) and then by γ-secretase. ADAM processes APP within the Aβ
domain at the ‘α-site’ thus precluding Aβ formation (see Figure 1). ADAM releases a
large APP ectodomain called sAPPα, while leaving a membrane embedded APP fragment
αAPP-CTF (also called C83 or APP-C83). The αAPP-CTF is next processed by γsecretase at ‘γ-site’ (between A713/T714 or V711/I712), to release a small peptide called
P3 (depending on γ-secretase cut P3 can be of 16 or 14 amino acid long and are called
P342 or P340 respectively (the sub-script is Aβ domain amino acid sequencing to indicate
analogous Aβ cleavage) and an αAICD intracellularly (see Figure 1) (for a review see
[104]). P3 is found in amyloid plaques and is found deposited in pre-amyloid in Down’s
syndrome brains, however its metabolism and relevance to pathology is not well
understood [104].
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Figure 1: Amyloidogenic and Non-Amyloidogenic processing of APP
The amyloidogenic processing of APP begins with cleaving of APP by β-secretase at the N-terminus
of APP-Aβ domain to generate APP-C99, releasing APP-ectodomain (sAPPβ). Next, endopeptidase
activity of γ-secretase enzyme processes APP-C99 within the membrane at amino acid 48 or 49 (Aβ
nomenclature) (referred to as the ‘ε-cut’) releasing β-APP- Intracellular Domain (βAICD) and
leaving APP-Aβ domain (48 or 49 amino acid long) embedded in the lipid membrane. Finally, the
APP-Aβ domain is trimmed by γ-secretase enzyme carboxypeptidase activity to generate an Aβ
peptide of various lengths. (adapted from [104])
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1.3.2

Processing of Notch to produce NICD

Genetic analysis of presenilin/γ-secretase enzyme indicated a role in Notch signalling
early on in γ-secretase enzyme biology [48, 120-124] and led to the discovery of
additional γ-secretase enzyme components (discussed further below) that interact with
presenilins to form the core complex [125-127]. Thus, Notch signalling along with APP
cleavage studies have been instrumental in characterising γ-secretase enzyme biology.
Notch signalling-related receptors and ligands are some of the most important and
pharmacologically relevant γ-secretase enzyme substrates. Notch signalling occurs in a
juxtacrine manner and is important in intercellular communication. Both the ligands and
receptors of Notch signalling are type I transmembrane proteins and both are targeted by
the γ-secretase enzyme for RIP processing. Physiologically, Notch signalling is involved
in a large number of processes including cell proliferation, fate determination and
differentiation during embryonic patterning [128], somite development [129], stem cell
maintenance [130-133] (reviewed in [134-136]).
The Notch receptors (four paralogues in human; Notch-1, 2, 3 and 4) are expressed as
inactive pre-notch proteins in the endoplasmic reticulum (ER);. Activation of pre-notch
receptors to mature notch receptors occurs through proteolytic cleavage within an
unstructured loop that protrudes from heterodimerisation domain by a furin-like
convertase in the Golgi complex (S1 cleavage event) [137-142]. This cleavage event
converts the Notch receptor into a NECD-NTMIC heterodimer (Notch Extracellular
Domain- Notch TransMembrane and Intracellular Domain) which is held together by
non-covalent interactions between the N-terminal and C-terminal fragments. The Notch
receptor undergoes complex glycosylation events in the ER and Golgi complex to
modulate ligand selectivity [143, 144]. The receptor is then presented to the cell surface
through the secretory pathway [137, 145, 146] (reviewed in [135, 136])
Notch signalling ligands Delta and Serrate (grouped together as DSL family ligands) are
also type I transmembrane proteins with large ectodomains, TMDs and short intracellular
domains. In mammals, three Delta-like ligands (Dll-1, 3 and 4) and two Serrate ligands
(Jagged-1 and Jagged-2) mediate Notch signalling. Notch ligands, like their receptor
counterparts, mature through the secretory pathway and are presented on the cell surface
(for a review on Notch ligands, see [147]).
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At the cell surface, the Notch receptor interacts with ligands that are present on a nearby
cell (juxtacrine signalling, canonical Notch signalling, ligand-independent i.e. noncanonical Notch signalling reviewed in [148, 149]). This ligand-receptor interaction
initiates endocytosis of the NECD-Ligand into the signal sending (ligand presenting) cell
[150]. Initiation of endocytosis creates a ‘pulling force’ on the receptor thus activating it.
This process results in a conformation change in the NECD, exposing a cleavage Site-2
(S2) located within a negative regulatory region of NECD; close to the extracellular/ lipid
membrane junction but about ~12 amino acids from the receptor TMD [135, 136] [135].
Once the cleavage site is exposed, the Notch receptor is processed at the S2 site by ADAM
(A Disintegrin and Metalloprotease; ADAM10 or ADAM17-TACE) [151-153], to release
extracellular NECD (still in complex with the ligand) from the cell surface leaving a
transmembrane embedded NEXT (Notch extracellular truncation) domain. The NECDligand complex is endocytosed by the signalling cell for recycling.
The NEXT (also called N-100) domain of Notch receptors is proteolytically cleaved by
γ-secretase enzyme in a similar manner as APP-C99, with a succession of cleavage steps
mediated by γ-secretase [154, 155]. The first, endopeptidase cleavage event occurs at
Site-3 (S3) within TMD region of NEXT (S3, analogous to the ε-cut site in APP-C99) to
release the cytosolic Notch Intracellular Domain (NICD). The NICD is the effector
molecule of Notch signalling and translocated to the nucleus where it functions as a
transcription regulator (for a review see [156]). Similar to APP-C99 ‘ε-cut’, heterogeneity
in the S3 cut position has been observed resulting in the formation of NICD of varing
amino acid lengths [157]. The S3 cut leaves behind a membrane embedded TMD of Notch
receptor called Notch-β domain (Nβ; to indicated similarity to Aβ domain, following εcut of APP-C99). The Nβ domain is further processed by the carboxypeptidase activity
of the γ-secretase enzyme at Site-4 (S4; analogous to γ-cut of Aβ domain of APP-C99).
Similar to the APP-C99 γ-cut, S4 cut heterogeneity leads to production of Nβ of varying
amino acid lengths [158].

1.4 The core components of γ-secretase
Although there have been other proteins that have been shown to co-purify with the γsecretase complex and thought to regulate its activity [159, 160], the 4 core components
that are required for activity are described in detail below.
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1.4.1

Presenilins:

Presenilins (PS) are integral polytypic proteins with 9 transmembrane (TM) domains
[161-163]. In mammals, there are two homologues of presenilins - Presenilin 1 (PS1) and
Presenilin 2 (PS2) which share 67% amino acid sequence identity [164]. Presenilins
contain the typical motif of aspartyl proteases (GxGD) but unlike other aspartyl proteases,
are able to regulate RIP of type I transmembrane proteins within the hydrophobic
environment of lipid bilayer membrane [165, 166]. It is for this unique characteristic, that
presenilins were designated as members of a new class of evolutionary conserved i-CLiPs
[167-170] .
Presenilins are initially expressed as inactive holoproteins, Presenilin-1 (PS1, ~45kDa)
and Presenilin-2 (PS2, ~50kDa), which undergo endoproteolysis (PS1 at A292/V293
[171] and PS2 at K306/L307 [172, 173]) within the large cytosolic loop between
transmembrane domain 6 and 7 (TM6 and 7). Endoproteolysis of presenilins generate an
amino terminal fragment (PS1 NTF, ~28kDa and PS2 NTF, ~34kDa) (Figure 2, Page 19
blue TMDs) and a carboxyl terminal fragment (PS1 CTF ~18.5kDa and PS2 CTF
~20kDa) (Figure 2, Page 19, purple TMDs) [174-180]. It was previously thought that an
unidentified protease- termed ‘presenilinase’ was responsible for the proteolysis of
presenilins into its respective fragments [174, 175, 181]. However, studies using γsecretase-transition state inhibitors [51, 52, 182, 183] indicated that presenilins are autoendoproteolysed by the catalytic site aspartic residues [184] (see below) located at TMD6
and TMD7 followed by the removal of 3 amino acids at the prospective carboxyl end of
the NTF [171, 177]. This sequential processing of NTF is reminiscent of endopeptidase
and carboxypeptidase processing of γ-secretase substrates [reviewed in [103]]. Following
endoproteolysis the PS NTF and CTF interact to form a heterodimer, essential for
presenilin activity [175, 178-180, 185].
Presenilins are expressed in a wide range of tissues in many diverse species (from humans
to rodents and C. elegans) [186, 187] and are involved in a number of cellular processes.
Functional studies in presenilin knockout models have provided strong evidence that
presenilins are essential components of the γ-secretase enzyme. These studies showed
that ablation of presenilin led to reduced proteolytic processing of APP and Notch [188,
189]. Although it has been observed that endoproteolysed PS1 (wild-type) or Autosomal
dominant mutant PS1 (PS1∆9) can process substrates without the need for any other
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proteins [190], there is other evidence indicates otherwise. Firstly, overexpression of
presenilins in mammalian or yeast cells did not result in an increase in its processing into
N and C terminal fragments- the catalytically active form of presenilins [175, 179, 185,
191-194]. Secondly, studies of mammalian cells co-expressing wild-type PS1 with the γsecretase substrate APP-C99 did not report an increase in Aβ production compared to
those expressing APP-C99 alone [195]. Studies have also shown that PS does not coimmunoprecipitate with either APP [196, 197] or notch [122, 123]. Although, subsequent
studies did show that presenilins can interact with the APP-C99 under conditions where
APP-C99 is over-expressed or accumulates in the cell [183, 198], other proteins may
facilitate this interaction and presenilin activity. It was later discovered that presenilins
do have a substrate docking site [199-202]. Indeed, under endogenous conditions
presenilin and substrate interaction requires nicastrin (see below) [203]. Furthermore,
evidence for the participation of other proteins came from studies indicating that under
native conditions PS- NTF and CTF form higher molecular weight complexes, suggesting
that the PS heterodimer forms higher order complexes with other proteins [179, 182, 194,
197]. Three additional essential components that, together with PS1, form the core
components of the γ-secretase enzyme were identified through subsequent genetic linkage
and proteomic studies (discussed further below).
1.4.1.1 Function of Presenilins
Although presenilins are key components of the γ-secretase enzyme, several studies
suggest that they are important for a number of other cellular functions. Presenilins have
been shown to be involved in the release of neurotransmitters, calcium homeostasis, longterm potentiation in the hippocampus, maintenance of neuronal plasticity, selfrenewal/plasticity of neuronal progenitor cells, neuronal migration, and cortical
lamination. Additionally, Presenilins have been implicated in inflammation, agedependent neurodegeneration and accumulation of hyperphosphorylated tau, and
PI3K/Akt mediated cell survival signal and autophagy, highlighting the role of presenilins
in maintaining neuronal homeostasis and physiology [204] [22, 205-214]. More recently
PS1 has been shown to be necessary for the neuroprotective activity of EGFR signalling,
BDNF and Ephrin B, independent of γ-secretase or PS2 [215, 216]. In addition, the
presenilin proteins have roles in the maintenance of hippocampal adult neuroprogenitor
cells, thereby implicating PS1 in maintaining neuronal homeostasis [217-220]. Secondly,
ablation of PS1 leads to embryonic lethality in mice. This has been attributed to defective
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Notch signalling [221]; however, it has been observed that PS1 knockout embryos present
earlier developmental defects than Notch knockout embryos [221]. During mouse
development, somites are developed one by one along the posterior to anterior axis.
Embryos can be aged based on the number of somites, with the first 1-4 somite pairs
developing between 7.5-8.75dpc (days post coitus, Theiler Stage 12 [222]). Anterior
somites (somite pair 7-9) develop in Notch 1 and Notch 2 double knockout mice, however
knocking down both PS1 and PS2 abolishes development of anterior somites (starting
7.5dpc) [221]. In contrast, PS2 knockdown mice develop normally to adulthood [50]. In
addition, Aph1a knockdown mice develop to 15-16 somite stage (10dpc) [223, 224] and
Nicastrin knockout mice show somite developmental defects starting at 8.5dpc [225]
while Pen-2 knockout mice develop to 5-6 somite stage [221, 226]. These results suggest
an earlier role of PS1 in embryonic development. In addition, associations of presenilin
mutations with not only AD (leading to accumulation of Aβ), but also other dementias
and diseases/disorders [227-229], supports additional roles for presenilins.
1.4.1.2 Topology of Presenilins
Hydropathy analysis of protein topology identified presenilins as having 10 hydrophobic
domains (HD) which were suggested, at the time, to be transmembrane domains (TMD)
[230]. Several early reports indicated a 6, 7, or 8 TMD topology of presenilins [230-237].
On closer inspection of the hydropathy plots together with computational modelling, a 9
TMD topology of presenilins has been proposed (HD1- HD6 and HD8-HD10 are true
TMD while HD7 resides in a large hydrophobic loop) [163] (Figure 2, Page 19). Also,
computational modelling predicts that the N-terminus and the large hydrophobic loop
(between TMD6 and TMD7, encompassing HD7; encoded by exon 9) are cytosolic,
whereas the carboxyl terminus is located within lumen of the ER/extracellular space
[163]. Subsequent experimental evidence for a 9 TMD topology of presenilins was
provided by both N-linked glycosylation-scanning [161, 162] and substituted cysteine
accessibility methods (SCAM) [162, 238, 239]. Mutational analysis and labeling by
active site-directed inhibitors showed that the catalytic activity of presenilins is mediated
by two highly conserved aspartic residues within TMD6 (D257 in PS1 and D263 in PS2)
and TMD 7 (D385 in PS1 and D366 in PS2) (Figure 2, Page 19 red stars) [177, 183, 240].
In addition, single particle analysis of purified γ-secretase indicate that the catalytic site
is surrounded by presenilin TMDs arranged in a funnel shape [241-245]. The catalytic
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site is water-accessible from both the cytosolic and extracellular regions, albeit to varying
degrees [246].
The TMD 7 aspartyl residue forms a part of highly conserved “GxGD” motif (PS1
residues 382-385). This motif is found in all presenilin family of proteases that include
SPP. A wide range of amino acid substitution at the site ‘x’ in the ‘GxGD’ (leucine 383,
human PS1) indicates a role of this residue in substrate selectivity (possibly through steric
hindrance/ hydrophobicity/aliphatic nature of amino acid side chain at this position) and
carboxypeptidase activity of γ-secretase enzyme (thus affecting changes in longer Aβ to
smaller Aβ ratio) [165, 247]. However, substitution of the leucine (amino acid 383, at
position ‘x’ within GxGD motif) in PS1 with a structurally distinct amino acid, had
minimal effect on overall endoproteolysis, and permitted γ-secretase mediated processing
of APP- C99, (with altered Aβ42/40 ratios) [247]. In contrast, replacement of glycine
382 and 384 (glycine amino acids within the GxGD motif) with a structurally distinct
amino acid prevents PS endoproteolysis and γ-secretase activity [11, 248]. Furthermore,
although replacement of glycine 382 and 384 with the structurally similar alanine (has a
similar short side chain as glycine), permitted γ-secretase mediated processing of APP
(with altered Aβ42/40 ratios) and Notch substrates. This subtle change in the side chain
of the amino acid at these locations (glycine to alanine) was enough to prevent processing
of CD44 (another substrate of γ-secretase). These differences in activity on substrates
could be due to substrate structural difference, leading to steric hindrances. Changes to
glycine residues in the motif to amino acids with longer side chain also prevented
presenilin endoproteolysis and γ-secretase activity. The GxGD motif has been suggested
to increase the flexibility of TMD 7 to accommodate different substrates. These
observations indicate a requirement of evolutionarily conserved glycine residues to
minimise steric hindrances to different γ-secretase substrates, and to maintain the
promiscuity of the enzyme [11, 246, 248, 249]. In addition, the GxGD motif has been
suggested to work as part of a hydrophilic ‘catalytic plug’ [246] that is surrounded by the
cytosolic part of TMD 1, TMD 7 and TMD 9 (see below) [250]
In addition to GxGD motif, another evolutionary highly conserved region has been
identified in the C-terminus of presenilins consisting of a ‘proline-alanine-leucine’ (PAL)
motif (human PS1 amino acid residues 433-435; PS2 amino acid residues 414-416)
(Figure 2, Page 19 black circles) [251]. Mutational analysis of these residues has shown
that they are involved in γ-secretase complex formation/ activity. Mutation at the proline
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residue within the PAL motif renders γ-secretase inactive in Drosophila [252] and C.
elegans [252]. Point mutations of any of the human presenilin PAL motif residues lead
to a complete ablation of γ-secretase mediated endoproteolysis of presenilin, Notch and
APP [253]. However, this ablation of activity was not due to disruptions in complex
formation or substrate interaction, but suggests a role of this motif in the actual activity
and not stability or trafficking of γ-secretase [253]. Furthermore, mutations within the
PAL motif prevented binding of the transition state analogues to γ-secretase active site,
once again indicating a role of this motif in formation of the catalytic pore [253]. The
findings from these studies indicate that the C-terminus might be involved in forming the
catalytic pore of γ-secretase. It is possible that the tertiary structure of the presenilins in
γ-secretase enzyme brings the C-terminus of presenilins within close proximity of the
catalytic site. Indeed, deletions of the extreme C-terminal residues (beyond the PAL
motif) affects endoproteolysis of presenilins and γ-secretase activity, possibly through
disruption of complex formation [254]. Although point mutations in the C-terminus did
not appreciably affect the activity of γ-secretase enzyme; changing the charge of the Cterminus tail (amino acid 465-467 replaced with glutamate) was found to abolish γsecretase activity [254]. In addition, deleting the last two amino acids (466 and 467) was
not shown to have any detrimental effect on γ-secretase activity [254]. Thus, it appears
that the cytoplasmic tail of presenilin C-terminus is involved in the correct folding of the
presenilin protein such that the PAL motif can participate in the formation of the catalytic
pore and influence γ-secretase activity.
As mentioned above, the TMD6 and TMD7 contain the catalytic aspartic residues,
implicating these domains in presenilin catalytic activity. However, other domains of
presenilin also play vital roles in γ-secretase enzyme assembly and substrate interaction,
selectivity and processing. Replacing individual presenilin TMDs with an unrelated but
similarly oriented polypeptide has revealed their roles in assembly and activity of γsecretase [255]. In addition, the C-terminus of presenilins is required for γ-secretase
assembly whereas presenilin TMD 4 is required for interaction with Pen 2 and thus
endoproteolysis. TMD 1, 5, 8 and 9 are required for stabilisation of γ-secretase into high
molecular weight complexes. TMD 2 and 6 form the initial substrate binding site, while
TMD 3 is essential for acquisition of γ-secretase proteolytic activity following presenilin
endoproteolysis [256]. How these domains interact with each other remains to be
elucidated. However, mutagenesis studies have provided significant insight into
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interactions between protein domains which form the catalytic site of the γ-secretase
enzyme (Figure 2, Page 19)
SCAM analysis of the TMD 6 and TMD 7 indicated that these domains form a water
accessible catalytic pore, with the two catalytic aspartic residues in plane and facing each
other. In addition, several other conserved residues within these transmembrane domains
essential for catalytic activity were identified [249]. In particular Tyrosine 389 (PS1
amino acid numbering) on TMD 7, which faces the same side on the TMD 7 helix as the
catalytic aspartic residue D385 was proposed to form hydrogen bonds with D385 to keep
it in plane with the D257 and facilitating hydrolysis of substrates [249]. In addition, when
SCAM was applied to the TMD 9 it was found to be accessible to water, and cysteine
crosslinking experiments indicated TMD 9 and TMD 8 are in close proximity with the
catalytic D257 on TMD 6. Furthermore, cysteine crosslinking experiments of the HD 8,
which is found between the large hydrophilic loop between TMD 6 and TMD 7 and is the
site of presenilin endoproteolysis, was found to be in close association with catalytic
D385 on TMD 7. In addition, cross-linking V296C (near endoproteolysis site in HD 8) to
D385C on TMD 7 (but not D257 on TMD 6) increased following endoproteolysis,
suggesting the C-terminus of N-terminal fragment of presenilin is embedded in the
membrane with the catalytic pore and possibly interposing in between TMD 9 and TMD
7 preventing their interaction. When probed with transition state inhibitors it was found
that together with TMD 6 and TMD 7, TMD 9 bound to the inhibitors indicating that all
three TMDs form part of the catalytic funnel of γ-secretase enzyme complex (Figure 2,
Page 19). The association of TMD 9 with TMD 6 and the catalytic pore of the γ-secretase
enzyme is highly dependent on the PAL motif, as P433C mutation prevents this
interaction and reduces planar proximity of catalytic aspartic residues D257 and D385
[239]. A further role for TMD 9 is thought to be in the binding, transportation, and
subsequent endoproteolysis of substrates within the catalytic site. This TMD is thought
to be highly mobile and act as a lateral gate allowing for substrate entry to the catalytic
site. This feature is highly dependent on proline 433 (PS1 numbering) within the PAL
motif (which lies at the C-terminus of TMD 9 near the cytoplasm). The PAL motif is
thought to act as a hinge on which the TMD 9 moves thus allowing substrate entry, a
property which makes it highly conserved in several i-CLiPs [239].
SCAM analyses of TMD 1 of PS1 indicated it traverses the lipid bilayer in a type II
orientation. In addition, cysteine cross-linking studies indicated TMD1 is in close
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proximity to TMD 7 and faces the hydrophilic catalytic pore. TMD 1 could bind to
transition state γ-secretase inhibitors (via residues V82 and L85) suggesting it forms part
of a catalytic pore subsite involved in substrate recognition and thus facilitates substrate
endoproteolysis [250]. Replacing TMD 1 with an unrelated transmembrane domain still
led to an interaction between the other γ-secretase components, but the components were
not able to assemble into an active stable high molecular weight complex, suggesting PS
TMD 1 is essential for stabilising the γ-secretase complex, but that it is not involved in
complex formation [256].
The hydrophobic loop (HL1; located between TMD1 and TMD2) was recently shown to
be important for substrate recognition in co-operation with TMD9 [257]. In this study,
circular dichroism spectroscopic analysis of the C–terminus of the HL1 indicated that it
forms a short alpha-helical structure on the membrane and disruption of this structure
abolishes endoproteolysis of presenilin, APP and Notch, indicating an important role of
this domain in γ-secretase activity. In addition, helical peptide type photoprobe (that binds
to initial substrate binding site of PS1) failed to label mutant PS1 with disrupted alpha–
helical structure, suggesting this domain is important in substrate recognition.
Furthermore, analysis of this domain with SCAM and a biotinylation accessibility
method, identified S132 to be important for substrate binding possibly through charge
and/or hydrophobic interactions. SCAM and cross linking experiments has indicated that
HL1, residue S132, and TMD 9 residue D450, are in close proximity [256] and reduced
biotinylation of these residues is observed in presence of helical type, substrate binding
site inhibitor pep15 [257, 258]. These results indicate that both residues S132 and D450
are responsible for the initial recognition of the luminal helical region of the substrate just
above its TMD. In addition photoprobe labelling experiments indicated that the Cterminus of PS1 interacts with luminal residues of APP-C99. However, blocking this
interaction with peptide inhibitor targeting the luminal helical residues of APP-C99 or
mutational changes to the luminal C-terminal tail of PS1 did not affect ‘ε-cut’ and
abolished ‘γ-cut’. Together, these findings suggest that substrate recognition occurs after
the release of intracellular domains of substrates, and positions the substrate for
carboxypeptidase cleavage by γ-secretase. Hence, it is postulated that the S132 (HL1) and
D450 (TMD9) residues constitute the initial substrate recognition site. Following the
release of the intracellular domain, a conformational change in C-terminus of PS1 occurs
bringing residue F465 closer to the substrate [257]. Overall these studies have led to a
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proposed model that the HL1-TMD2/TMD6/TMD9 of presenilins function as a lateral
gate for substrate entry to the active site of γ-secretase. Following endopeptidase ‘ε-cut,
the C-terminal tail of Presenilin is thought to interact with the substrates and position it
for the carboxypeptidase ‘γ-cut’.
Presenilins undergo post-translational phosphorylation, at sites predominantly located
within the cytosolic domains of presenilins- N-terminus (Threonine 74 and Serine 528)
and large hydrophilic loop 6 (HL6 between TMD 6 and TMD 7 at amino acid Serine
located at positions 310, 313, 319, 324, 337, 353, 357, 365, 366, 367 and Threonine 354).
However, it is still not clear how phosphorylation affects γ-secretase activity, as
individually changing these phosphorylation sites does not appear to affect assembly,
activation, and maturation of γ-secretase and processing of APP and Notch substrates
(C99-flag and Notch 100-flag) in cell-free assays [259]. In addition, limited trypsin
digestion of purified native γ-secretase that completely removes the PS1 N-terminus and
large hydrophilic loop does not affect γ-secretase-mediated processing of APP (amount
of Aβ40 and 42 proteins and Aβ 42:40 ratio remained unchanged) in cell-free assays.
However, it is possible that under saturating substrate concentrations used in these cellfree assays, the substrates interacted with γ-secretase non-specifically [259]. It remains to
be determined whether a combination of changes to phosphorylation sites might influence
γ-secretase activity and play a role in AD [259].
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Figure 2: PS1 topology
The 9 TMDs of presenilins are arranged around the catalytic site (red stars). The PS1-CTF (purple) and PS1-NTF (blue) are held together to form a heterodimer. TMD1,
2, 5, 7, 8 and 9 participate directly in the catalytic core formation (adapted from [260])
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1.4.1.3 Muta�ons in Presenilins cause Autosomal Dominant Alzheimer’s Disease
(ADAD).
The importance of Presenilins in AD and the physiological roles of presenilins emerged
through analysis of Autosomal Dominant Alzheimer’s Disease (ADAD)-linked
presenilin mutations. To date over 200 mutations in PS1 and 40 mutations in PS2 have
been linked to this particularly aggressive early onset form of AD. While, the vast
majority are missense mutations, a base pair deletion mutation that leads to a premature
stop codon in PSEN2 has been reported [261]. In the context of ADAD, the particularly
aggressive neurodegeneration observed was initially attributed to gain of toxic function
mutations in the presenilins, as these mutations caused an increase in production of the
more hydrophobic (aggregation-prone) and neurotoxic species of amyloid protein - Aβ42,
resulting in an increase in the Aβ42/Aβ40 ratio [43, 262-266]. However, it has also been
observed that certain ADAD-linked mutations cause an increase in the Aβ42/40 ratio by
reducing Aβ40 production [267, 268], suggesting mutations associated loss of function
(whereby reducing Aβ40 production and more recently Aβ42 reduction but concomitant
increase in more amyloidogenic Aβ43 [269]). Aβ40 is thought to have a neurotrophic
effect and can inhibit Aβ42 oligomerization [270], promote neurogenesis in neuronal
progenitor cells [271] and promote neurite proliferation [272]. On the other hand Aβ42
has neurotoxic properties [273] and has been found to be the major component of
cerebrovascular amyloid plaques [274]. In cultured neuronal cells, Aβ42 oligomers can
cause dysregulation of neuronal calcium homeostasis [75, 76], thus affecting synaptic
plasticity. Chronic increases in Aβ42 peptide leads to Aβ oligomerization, resulting in
enhanced long-term depression of synapses and reduced synaptic spine density thus
affecting synaptic plasticity resulting in memory deficits [275, 276]. Thus, increases in
Aβ42 (or longer forms, i.e. Ab43) or reductions in Aβ40 associated with ADAD-linked
PS mutations are believed to lead to downstream events that result in neurodegeneration.
An increase in longer more neurotoxic Aβ formation as a result of ADAD PS mutations
could alter APP in the following manner. First, ADAD–linked PS mutations [116, 265,
277-287] could alter the topology of the catalytic site in a way that supports endopeptidase
cleavage of APP-C99 to produce Aβ48 and toward Aβ42 product line. Conversely
ADAD-linked PS mutations could alter carboxypeptidase trimming with increased Aβ42
production efficiency when comparing to Aβ40 production efficiency [112, 118]. In such
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a case although the overall activity of γ-secretase enzyme might be reduced (loss of
function), nevertheless it produces more Aβ42 than Aβ40, thereby altering Aβ42/40 ratio
(gain of function) [265, 287] to cause neurotoxicity [112]. In addition in vitro
compensatory mutations, that reduce production of Aβ42 in WT PS and ADAD-linked
mutant PS; have been identified. These compensatory mutations were identified near the
active site aspartate residue in TMD6 and near the PAL motif (in close association with
the catalytic pore (Figure 2) [288]. Hence, the compensatory mutations could bring about
a topological change in the catalytic site to recover wild-type γ-secretase enzyme activity.
In a recent study by Bolduc et al, 2015; it was observed that different γ-secretase enzyme
substrates have different affinities for the PS active site, and this affinity is driven by the
substrate TMD [289]. Hence, substrates (APP-C99 and NEXT) are hydrolysed at
different rates [290]. Although ADAD-linked PS mutations were not analysed by Bolduc
et al, 2015 [289], it is conceivable that certain mutations in PS would negatively affect
this affinity (decrease enzyme-substrates affinity/association); thereby reducing overall
γ-secretase enzyme activity [112]. Hence, following the endoproteolytic cleavage (ε-cut)
within substrate TMD, the shorter remaining Aβ domain would have an even lesser
affinity for the active site (for carboxypeptidase trimming). In addition cropping of the
Aβ domain by γ-secretase enzyme reduces its hydrophobicity at each successive step, and
the substrate quite possibly undocks from the enzyme when a certain lower
hydrophobicity state is reached [101]. Thus, ADAD-linked PS mutations with reduced
affinity to the substrate/Aβ domain, the Aβ domain would undock before undergoing
terminal carboxypeptidase trimming or even be precluded from carboxypeptidase
processing altogether [113, 291]. Thereby a longer Aβ peptide is released, increasing
Aβlong/Aβshort ratio. This shift in Aβ profile to longer, more hydrophobic Aβ peptides,
even at low concentrations, has been suggested to trigger an amyloid seeding effect giving
rise to toxic amyloid beta oligomers [291, 292]. In addition, it has been noted that Aβ40
can alter Aβ42 oligomerisation [270, 293], Aβ42 neurotoxicity [294] and amyloid
deposition [295] and is involved in neurogenesis [271]. Thus, any changes to Aβ40
production could be detrimental to neuronal homeostasis.
Importantly, ADAD-linked PS mutations also affect the processing of other substrates
including Notch, N-Cadherin ( presynaptic and postsynaptic adhesion; see [296], ErbB4
(involved in neuronal plasticity and control of GABA and NMDA receptors through
neuregulin; for a review see [297]), EphrinB ( involved in cell adhesion and migration
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see [298] and [299]). Defects in these signalling pathways could further exacerbate AD
pathology.
Presenilin loss of function mutations have been identified in familial frontotemporal
dementia (FTD) and Pick’s disease, conditions that are accompanied by widespread
neurodegeneration but are devoid of neuritic amyloid plaques. In addition, several
presenilin mutations have been implicated in familial Acne Inversa (AI) (through a
dysregulation of Notch processing) and in breast cancer [300-303]. Thus, it would appear
that presenilins have other physiological roles. Indeed, certain presenilin ADAD-linked
mutations are known to affect presenilin-mediated transport of β-catenin, thus affecting
the Wnt signalling pathway [304]; which has important roles in cell fate determination,
proliferation and migration and cell sensitivity to insulin and mitochondrial biogenesis.
PS1-linked ADAD mutations cause defects in lysosomal acidification resulting in a loss
of autophagocytosis degradation and accumulation of autophagic vesicles causing
neuritic dystrophy [213]. Furthermore, presenilins are known to be involved in the release
of neurotransmitters, calcium homeostasis, long-term potentiation in the hippocampus,
maintenance of neuronal plasticity, neuronal migration and cortical lamination,
inflammation

and

age-dependent

neurodegeneration

and

accumulation

of

hyperphosphorylated tau highlighting the role of presenilins in maintaining neuronal
physiology [205-210]. More recently, as mentioned earlier, PS1 has been shown to be
necessary for the neuroprotective activity of EGFR signalling, BDNF and Ephrin-B,
independent of γ-secretase or PS2 [215, 216]. In addition, presenilins play a role in
maintenance of adult hippocampal neuroprogenitor cells indicating that they are
important protein in maintaining neuronal homeostasis [217-220]. Thus in addition to
promoting Aβ42 production, an early loss of presenilin function with the concomitant
neuronal dystrophy; eventually contributing to neurodegeneration at later stages of
disease progression, could contribute the aggressive and rapid degeneration observed in
familial AD (ADAD) [305-307].
1.4.1.4 PS1 and PS2 – similar yet have different activities
The presenilins are a family of phylogenetically ancient genes that can be found in
eukaryotes (animals, plants and fungi, algae, mollusc, nematodes, moulds, arthropods,
algae etc.) and archaea [308] and with two evolutionary conserved catalytic aspartate
residues [309] making them aspartyl proteases.

In mammals, the two presenilin
22

homologues (PS1 and PS2) are ubiquitously expressed in a number of tissues including
the brain [35, 310]. Within the brain, the highest level of expression is seen in the
hippocampus and cerebellum [311, 312]. The two homologues of presenilins are derived
from a common, ancestral gene that underwent a gene duplication event. Human PSEN1
gene is located on chromosome 14q24.3, and the PSEN2 gene is located on chromosome
1q42.13. Although, the gene sequences are highly similar and share salient gene structural
features (same number of introns and 12 exons); the regulatory elements of the two
presenilin genes are different (PSEN1 gene promoter contains a TATA and CAAT boxes
and multiple STAT elements [313]; while the PSEN2 gene contains two promoters P1
and P2 [313, 314]). These differences could explain the differential levels of expression
in human and mouse tissues [187, 315], and yet overlapping pattern [311] of expression
of both genes. Both PS1 and PS2 undergo similar post-translational- endoproteolytic
cleavage [173-175, 178, 316] and contain the catalytic aspartate residues on the same
transmembrane domains (TMD6 and 7) [177].
Several lines of evidence indicate functional redundancies between the two presenilins.
First, presenilin 2 can process APP to release Aβ in mammalian cells lacking PS1, [47,
169, 183]. Second, the endoproteolysed fragments of the two presenilins can be used
interchangeably under exogenous expression to rescue activity partially [317]. Finally,
overexpression of either PS1 or PS2 can rescue mutant Sel-12 (C.elegans-PS1
homologue)-mediated Notch defects in C.elegans, indicating functional redundancy
[186].
However, although presenilins are similar, there is evidence to suggest that they serve
disparate physiological functions. Evidently, the ablation of PS1 in mice leads to Notchmediated embryonic lethality [48, 124], yet no such developmental defects are observed
in PS2 knockout mice [49, 50]. In mammals both presenilins take part in γ-secretase
activity [47, 188, 189, 318], however, PS1 processes APP-C99 more efficiently than PS2,
and the two presenilins show differential substrate specificity and inhibitor susceptibility
[319]. In addition, individual PS1 and PS2 containing γ-secretase complexes have been
identified, which might serve independent functions [197, 315]. When taken together,
these studies indicate that the presenilins may have different capacities to cleave certain
substrates. Furthermore, support for this is provided by studies in which the expression
of wild-type PS2 transgenes in PS1 knockout mice has been shown to generate very small
amounts of Aβ40 or Aβ42, compared to the expression of wild-type PS1 [320]. In
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addition, Notch defects in PS1 null mice are rescued using wild-type PS2 however they
did not rescue APP processing [320]. These findings suggest that PS2 is capable of
facilitating Notch processing and signalling but cannot efficiently process APP to
generate Aβ. These observations are consistent with other studies that have shown that
PS2 containing complexes are less efficient at generating Aβ peptide than PS1 [265, 321]
Although a large number of ADAD-related mutations have been identified in PS1 (208
clinical mutations), only 13 mutations in PS2 have been identified in ADAD [322]. In
addition, unlike PS1 mutations; PS2 mutations are associated with a wider range of AD
age of onset and durations of dementia symptoms [301, 323-327]. Compared to ADADlinked PS1 mutations, PS2 mutations are thought to lead to a slower progression to
dementia, much like sporadic AD. In addition, delusion and hallucinatory symptoms are
common features in patients harbouring PS2 mutations [327, 328].
The PS2 protein has been implicated in negative feedback regulation of pro-inflammatory
cytokine release by microglia in the brain [328-330]. Conditional knockout or knockdown
of PS2 leads to neuro-inflammation mediated neuronal degeneration. However no such
effects have been observed with PS1 knockout/knockdown [328, 330].

The two

presenilin homologues have also been shown to be involved in separate non-redundant
physiological functions independent of γ-secretase. For example, PS2 can independently
(to PS1 or γ-secretase) stimulate platelet-derived growth factor (PDGF) activation of
Akt/ERK signalling and thus play an important role in cell survival and tau
phosphorylation [331]. Furthermore, an alternate splice variant of PS2 called PS2V has
been identified in sporadic AD. Under hypoxic conditions High-mobility group A protein
1a (HMGA1a) binds to PS2 pre-mRNA and causes exon 5 skipping leading to expression
of smaller protein-PS2V. This smaller PS2 variant has been detected sporadic AD brain,
and in vitro studies indicate it has deleterious effects on cultured neurons, as it increases
γ-secretase activity and it can be up-regulated under hypoxic and high cholesterol
conditions, implicating a role for this truncated variant of PS2 in sporadic AD cases [332337].
As discussed above, wild-type PS2 contributes very little to the generation of Aβ40/42
in a PS1-deficient background [287]. In contrast, ADAD-linked PS2 mutations lead to
increases in Aβ42 (but minimal Aβ40 production) and NICD production [306, 320].
These findings suggest that PS2 ADAD-linked mutations, could alter the active site of γ24

secretase towards a state that makes it more amenable to processing APP and Notch.
[320]. Therefore, although overall wild-type PS1 has more γ-secretase activity than wildtype PS2, both ADAD-linked PS1 and PS2 mutations alter γ-secretase activity leading to
an increase/ preferential production of Aβ42 or longer forms of Aβ.
Differences are also evident in roles for presenilin in other cellular pathways. Although
both PS1 and PS2 have been implicated in calcium homeostasis; calcium ion cross talk
between the endoplasmic reticulum and mitochondria is thought to be mediated by PS2
holoprotein, independent of γ-secretase activity [338-340]. Upregulation of PS2 or
ADAD-linked PS2 mutations leads to increase in the influx of calcium ions to the
mitochondria, thus contributing to mitochondrial stress-related apoptosis [338]. In
addition, ADAD-linked PS2 mutants lead to oxidative stress-mediated p53 expression
leading to neuronal death [341]. Overall, it appears that although the two Presenilin
homologues in humans arose due to a gene duplication event, and although they share
extensive sequence homology, they may have evolved to acquire different physiological
roles.
1.4.2

Nicastrin:

Nicastrin (NCT) was identified by genetic linkage studies of Notch signalling modifiers
in C.elegans and mass spectrometric analysis of proteins that stoichiometrically coimmunoprecipitated with active presenilin from mammalian cells [125]. The knockout of
nicastrin in C.elegans [125, 342] and mice [225] produced similar phenocopies to
presenilin knockouts, showing effects on both Notch and APP processing, and indicating
an essential role for nicastrin in γ-secretase activity [343]. Nicastrin is widely expressed
in cultured neuronal cells and in developing and adult brains [344, 345]. Initial sequence
analysis attributed nicastrin to having a transferrin receptor-like activity with an
aminopeptidase-like motif [346]. Thus, nicastrin was thought to function as γ-secretase
without the need for any other components. However, the over-expression of NCT with
presenilin in mammalian cells was not sufficient to increase γ-secretase activity [347] and
further experimental evidence showed that NCT does not have an aminopeptidase
activity, it only has receptor activity [348], making it a prime candidate to act as a
substrate-interacting subunit of γ-secretase.
The nicastrin gene, located on chromosome 1 encodes a type I transmembrane protein
(709 amino acids) with a large luminal ectodomain, a transmembrane domain (20 amino
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acid) and a small cytosolic carboxyl terminus (20 amino acids) [349, 350]. Orthologues
of human NCT have been identified in mouse, C.elegans, Drosophila, Arabidopsis [125,
349] and a large number of other species suggesting an evolutionarily conserved function.
The ectodomain of mature NCT is heavily glycosylated [125, 351] and N-myristoylated
[125]. These protein post-translational modifications are essential for its interaction with
the substrate [350] and the presenilins preferentially bind with glycosylated NCT to
facilitate γ-secretase activity [352]. In particular, a conserved DAP domain (‘DIYGS’
motif - amino acid 312-369 and homologous peptidase region) [353, 354], together with
the carboxylate side chain of glycosylated Glu-333 residue within this motif are essential
for substrate interaction. Furthermore, evidence that the NCT ectodomain is essential in
interactions with presenilins was provided by studies that showed that mutating residues
within these regions abolished such interactions, resulting in a reduction in activity [343,
355, 356].
NCT functions by interacting directly and non-competitively with the ectodomain-shed
C-terminus of substrates [354, 357-359] and as a scaffolding on which other components
form a complex [360], thus playing an important role in γ-secretase enzyme complex
trafficking and maturation [355]. Following substrate interaction, NCT is thought to
position and align the substrates to the docking site on presenilins and present them to the
catalytic core for cleavage [354]. Presenilins dynamically influence the interaction of
NCT with the substrate. Autosomal dominant presenilin mutations that lead to an increase
in Aβ production have resulted in NCT recruiting more APP-C99, whereas presenilin
mutations that result in a reduction of Aβ production, show reduced interaction of NCT
with APP-C99 [125].
More recently however, the nicastrin ectodomain has been proposed to function by
sterically hindering substrate entry into the γ-secretase enzyme site [289], rather than
actively participating in substrate selection and binding. It has also been proposed that
substrate ectodomain shedding and short ectodomain size [154, 361] are a prerequisite
for the γ-secretase enzyme. Furthermore, destabilising nicastrin ectodomain has very little
effect on substrate processing. Instead, it has been proposed that a strong binding affinity
of a substrate TMD to the γ-secretase enzyme active site is sufficient for substrate
docking. Thus, substrate selection has been suggested to be purely due to the difference
in substrate affinity [289]. However, it is noted that these studies were done under
saturating substrate concentration which could facilitate non-specific interaction of the
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substrate with the active site. Furthermore, it is possible nicastrin TMD plays a role in γsecretase enzyme activity, as the knockout of nicastrin causes γ-secretase enzyme
dysfunction, leading to notch deficiency-mediated embryonic lethality in mice (see
above). In addition, only Notch substrates were analysed in this study. Additional
substrates of the γ-secretase enzyme would need to be similarly analysed. Nevertheless,
nicastrin functioning only as a steric gatekeeper to γ-secretase enzyme active site could
explain substrate promiscuity of the enzyme.
Following synthesis, NCT translocates to the plasma membrane along with the presenilins
[353] through the secretory pathway, and concomitantly undergoes post-translational
glycosylation and maturation that begins in the endoplasmic reticulum and is completed
in medial/trans Golgi compartments. This process requires interaction with presenilins
[343, 347, 362-364]. Soon after synthesis NCT undergoes Endo H sensitive glycosylation
within the ER to an immature form. The immature form of NCT is highly unstable and is
quickly degraded unless it is immediately released into the Golgi complex where it
undergoes complex N-glycosylation, sialylation, and the addition of chondroitin sulphate
glycosaminoglycan to result in a highly stable, Endo H-resistant mature NCT [362, 364].
The mature NCT is preferentially found in complex with presenilin N and C-terminal
fragments [343, 364]. In addition to glycosylation of NCT ectodomain, the
transmembrane domain undergoes S-palmitoylation, which is required for its association
with lipid rafts [365].
The conditional knockout of NCT in the adult brain has revealed its involvement in
hippocampal long-term potentiation and presynaptic short-term plasticity, possibly
through maintenance of ER calcium homeostasis [366, 367] similar to the conditional
knockout of presenilins [214]. These observations raise the possibility that the γ-secretase
complex/ individual components play other major important roles in synaptic function.
However, delineating the effects of individual components independently of the γsecretase complex still needs to be established.
1.4.2.1 Nicastrin Clinical Mutations
Although no AD causing NCT mutations have been identified, 19 mutations in NCT have
been implicated in autosomal dominant Acne Inversa (AI) [368-371] [for a list see [372]].
These loss-of-function mutations are located within the substrate interacting ectodomain
of NCT, and suggest that a haploinsufficiency of NCT leads to a reduction in γ-secretase
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activity, which in turn causes a dysregulation in Notch signalling which is essential in
maintaining skin homeostasis [371, 373-375] (for a review see [376, 377]). In line with
the concept of dysregulated Notch signalling; a higher rate of the incidence of cancer in
patients suffering from Acne Inversa has been reported [378]. In addition, the knockdown
of NCT promotes keratinocyte cell proliferation and accumulation in ‘S’ phase, possibly
mediated through a downregulation of Notch signalling and stimulation of PI3KinaseAkt signalling (implicated in keratinocyte proliferation, growth and differentiation) [371].
Recently, a four-amino acid heterozygous deletion leading to a premature stop codon in
NCT was identified. This haploinsufficiency of NCT was linked to a broader skin disorder
- PASH syndrome (pyoderma gangrenosum, acne and suppurative hidradenitis),
indicating a wider role of NCT in maintaining general homeostasis of skin [379].
Although all NCT mutations identified thus far are 100% penetrant, recently a mutation
in NCT was identified within a Japanese family, where some of the NCT mutationcarrying family members did not develop AI, suggesting additional factors might
contribute to the development of AI [380]
Although AI and PASH have been linked to NCT haploinsufficiency, analysis of these
mutations did not reflect an effect on γ-secretase mediated Notch or APP processing in
vitro [372]. However, it should be noted that in vitro assays often use substrates at
saturating concentrations. Nevertheless, these results suggest that NCT might have
additional roles in vivo, independent of its role in γ-secretase activity. In such a case, the
haploinsufficiency of NCT. although not enough to abolish Notch processing, could
affect other physiological processes. This potential additional role of NCT could explain
the presence of Acne Inversa without accompanying AD [279].
The identification of the catalytic subunit (presenilins) and substrate receptor subunit
(NCT) of the γ-secretase enzyme lead to overexpression experiments to substantiate their
role in Notch and APP processing. However, the overexpression of NCT was not found
to lead to an increase in heterodimer formation of presenilin N and C-terminal fragments
(the active form of presenilin), or an increase in Aβ production. In addition, the ectopic
expression of presenilin and NCT, although leads to an increase in NCT expression but
not in its maturation. these results suggest other factors might be required for the activity
of γ-secretase enzyme [379] [381].
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1.4.3

Anterior pharynx defec�ve 1 (Aph1):

Aph1 was identified independently by two groups through genetic linkage studies of
mutants that caused a Notch-mediated defect in the anterior pharynx in C.elegans (hence
the name) and a defective Notch signalling mediated sterility in Drosophila [126, 127].
Knocking down Aph1 leads to an abrogation of γ-secretase activity, causing a defective
Notch phenotype in C. elegans and Drosophila. In addition, RNAi-mediated knockdown
of Aph1 or Pen 2 (see below) in Drosophila cultured cells leads to a reduction in
endoproteolytic activation of presenilin and an ablation of Notch and APP processing,
indicating their essential role in γ-secretase activity and the maturation of presenilins.
Human Aph1 and Pen 2 could also rescue Notch-mediated sterility in C. elegans mutants,
implying an evolutionarily conserved function [126, 127, 382]. Aph1 along with
Presenilin is required for cell surface localisation of Notch. Overexpression of Aph1
seems to stabilise steady state levels of presenilin holoprotein and NCT [383].
Furthermoremore, the overexpression of Aph1a (one of the Aph1 homologues, see below)
with Pen 2 increases the latter’s steady state expression. Thus, Aph1 appears to be the
stabilising component of γ-secretase enzyme complex by functioning as a scaffold on
which other γ-secretase components are assembled [224, 384]. Aph1 can be coimmunoprecipitated with NCT and presenilin antibodies and has been found to be
associated with both glycosylated and un-glycosylated NCT, presenilin holoprotein and
presenilin N and C –terminal fragments, indicating that it interacts with the presenilin:
NCT complex in the ER and Golgi complex [352, 382, 385]. Aph1 immunoprecipitated
with active γ-secretase and is associated with γ-secretase activity, indicating Aph1 is in
complex with the γ-secretase enzyme. Finally, only when Aph1 is co-expressed along
with the other components, can γ-secretase activity be rescued [357]. Indeed, the
overexpression of all components of γ-secretase leads to an increase in γ-secretasemediated processing of APP and Aβ production [352, 384], indicating that Aph1, together
with the NCT, PEN2 and Presenilins, form the basic subunits of an active γ-secretase.
Aph1 (~27kDa), is an evolutionarily conserved [382], polytopic transmembrane protein
with 7 TMD, a luminal amino terminal and cytosolic carboxyl terminal [352, 386]. In
humans, two homologues of Aph1 have been identified; Aph1a (chromosome 1) and
Aph1b (chromosome 15) sharing approximately 59% sequence similarity. In addition two
splice variants of Aph1a, one encoding for a shorter isoform Aph1aS (S for short, encoded
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by six exons) and a longer isoform Aph1aL (L for longer, encoded by seven exons) [126].
Furthermore, a rodent-specific gene duplication event leads to expression of Aph1c [387,
388]
As mentioned above both Aph1a and Aph1b are expressed in mammalian cells and have
partially redundant functions. The concurrent knockdown of Aph1a and Aph1b in
mammalian cells lead to a loss of presenilin endoproteolysis, NCT maturation, and γsecretase activity. If only the knockdown of Aph1a occurs, residual γ-secretase activity
can still be observed due to the presence of aph1b activity [382]. Expression of any of the
Aph 1 homologues (Aph1aL, Aph1aS, Aph1b or Aph1c) in mouse embryonic fibroblasts
(MEF) deficient for all aph1 homologues, leads to active γ-secretase enzyme complex
formation that can process both APP and Notch [388]. These studies indicate that aph1
homologues have partially redundant functions. However, there are distinct differences
in the expression and activities of the Aph1 homologues.
Aph1 homologues are differentially expressed in human tissues. Aph1b is more
prominently expressed in the brain than either isoform of Aph1a. However, Aph1aS is
more strongly expressed than Aph1aL in the adult brain [389]. Knockout of Aph1a is
embryonic lethal in mice and phenotypically resembles Notch deficiency or NCT
knockout [224], suggesting Aph1a has a role in Notch signalling during embryogenesis
[388]. In contrast, Aph1b and Aph1c single or double knockout mice appear normal,
albeit having severe behavioural deficits [223]. Furthermore, Aph1b and Aph1c are more
abundantly expressed in adult mouse brain specifically in the hippocampus than Aph1a
[387, 388], whereas Aph1a expression overlaps with Notch and is predominantly
expressed in non-neuronal and neuronal precursor cells [388]. In addition, the
overexpression of aph1b and aph1c containing γ-secretase complexes in Aph1-/- MEF
cells (triple knockout Aph1a, Aph1b and Aph1c), leads to the formation of the longer
more neurotoxic forms of Aβ protein (Aβ 42, 45, 46 and 49). In contrast, expresion of
Aph1a containing γ-secretase complexes leads to the formation of shorter forms of Aβ
(Aβ37, 38 and 40), indicating a role of these aph1 homologues in the differential
processing of APP [388]. The different Aβ profiles were attributed to steric changes
caused by Aph1b and Aph1c, whereby presenilins formed a more closed conformation
similar to those observed in certain autosomal dominant presenilin mutants [390].
Additionally, this difference in activity of Aph1a and Aph1b was recapitulated in
individual Aph1 homologue-containing purified γ-secretase complexes. Aph1b was
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found to be a less efficient carboxypeptidase than Aph1a, again releasing the longer Aβ
peptides [391].
Differences in activity of γ-secretase complexes containing different Aph1 homologues
support differential processing of substrates. Aph1b appears to have a greater role than
aph1a in the pathogenesis of AD and could potentially serve as a therapeutic target, as
indicated by deletion of Aph1b in an AD mouse model resulted in reduced Aβ
accumulation and restored memory, without altering Notch signalling [388]. However, it
is noteworthy that disruption of human Aph1b has been implicated in schizophrenia, via
its critical role in γ-secretase mediated processing of neuregulin 1 (NRG1). NRG1 family
functions as diffusible paracrine signals and is responsible for downstream ErB4
signalling. Ablation of Aph1b (and its homologue Aph1c) in mice causes schizophreniarelated phenotypes with disruption of dopaminergic signalling [387] along with impaired
synaptic transmission and plasticity and reduced dendritic spines [392].
Aph1 isoforms may also regulate the subcellular localisation of enzyme complexes. As
discussed above, γ-secretase assembly occurs in the ER in a stepwise manner, where
presenilins are endoproteolysed to generate N and C-terminal fragments [393, 394],
before trafficking to the Golgi and to other subcellular compartments such as the plasma
membrane [395, 396]. Meckler and Checler observed that PS1/Aph1a containing γsecretase complexes, when expressed in COS-7 cells, were mainly targeted to the plasma
membrane, whilst those containing Aph1b were retained/ retrieved in the ER [397]. More
recently the same authors reported that PS1- and PS2-containing complexes are targeted
to different intracellular compartments [397], and this was dependent on the Aph1
isoforms. PS1-Aph1a/b complexes were targeted to the plasma membrane, whilst PS2Aph1a/b complexes were targeted to trans-Golgi network, however if the complex
contained PS2-Aph1aS/b they were targeted to recycling endosomes. Collectively, these
findings suggest that γ-secretase complexes are targeted to different cellular
compartments and that this is dependent on which PS1/PS2 or Aph1 isoforms are
contained within the complex. It remains to be established whether the processing
capacity of γ-secretase (i.e. PS1 vs PS2 or Aph1a (S/L) vs Aph1b complexes) and/or its
cellular localisation, dictate substrate processing.
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1.4.3.1 Topology of Aph1
Hydropathy plot analysis of the Aph1 sequence predicts it to be largely hydrophobic with
7 hydrophobic domains that are membrane-spanning [127, 386]. Immunofluorescent
antibody labelling under selective plasma membrane permeabilization and glycosylation
mutagenesis scanning revealed Aph1 N-terminus and intra-transmembrane loops 2, 4,
and 6 to be luminal, while loop 1, 3, 5, and the C-terminus are cytosolic [386]. In addition
a conserved GXXXG motif within the TMD 4 has been identified. This motif is known
to be important for helix-helix interactions between proteins [398, 399], and any changes
to this motif in Aph1 could potentially prevent Aph1 interaction with other γ-secretase
components. Indeed, point mutations in human Aph1a at Glycine 122, 126 and 130 within
the GXXXG motif prevented Aph1 interaction with presenilins and NCT [398, 399]. In
addition, two highly conserved histidine residues in TMD5 (H171) and TMD6 (H197)
mediate Aph1 interaction with full-length and C-terminal fragments of γ-secretase
substrates (APP and Jagged-1) [400]. Point mutations at these histidine residues result in
reduction or abolition (depending on replacing residue charge) of presenilin
endoproteolysis, however interactions with both mature and immature NCT are
maintained. As a result, these mutants reduce γ-secretase enzyme complex formation
compared to wild-type Aph1a indicating that the polarity and location of these two
histidine residues is important for γ-secretase activity [401].
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Figure 3: Topology of Aph1aL
Aph1aL consists of 7 TMD. The N-terminus of Aph1a is in the extracellular/lumenal side while the
C-terminal is cytosolic (Adapted from [260])

1.4.3.2 Clinical mutations in Aph1
Although no AD-causing clinical mutations in Aph1 have been identified, a 980C/G
polymorphism in the promoter region of the APH1A gene results in increased
transcription of the allele, and confers an increased risk of developing AD [402, 403].
Furthermore, the promoter C/G polymorphism increases the affinity of the promoter to
transcription inducer YY1 transcription factor. The YY1 transcription factor is known to
be involved in controlling the expression of several other AD-related genes [402, 403].
The polymorphism has also been shown to be associated with changes in γ-secretase
enzyme activity, where expression of the GG and CG genotype lead to higher γ-secretase
activity than CC genotype, and with GG being higher than CG [402].
1.4.4

Presenilin Enhancer 2 (Pen 2)

Presenilin Enhancer 2 (Pen 2) was identified together with Aph1, in Notch mutant genetic
linkage studies [126]. The Pen 2 gene is located on chromosome 19 in humans and
encodes a highly conserved 101 amino acid; ~10kDa protein with two hydrophobic
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domains (HD) that could potentially be TMDs [404]. Knocking down Pen 2 using RNAi
results in Notch-mediated sterility in C. elegans. Knockout of Pen 2 in mice leads to
Notch-defect mediated lethality, highly reminiscent of PS1/PS2 knockout [226]. In
addition, the knockdown of Pen 2 abrogates γ-secretase activity, leads to the accumulation
of APP-C99 in mammalian cells and fails to generate Aβ, AICD and NICD in cell-free
assays [226]. Furthermore, the overexpression of Pen 2 along with Aph 1 and NCT
increases γ–secretase activity [383]. These results indicate an important role for Pen 2 in
γ-secretase activity [126, 226, 405-407].
In addition to an ablation of γ-secretase activity, studies have shown that endoproteolysis
of presenilins does not occur in the absence of Pen 2. The lack of endoproteolysis can be
rescued by overexpression of Pen 2 [255, 383, 405, 408], even in the absence of other γsecretase components [190]. These results suggest that Pen 2 is essential to γ-secretase
activity, through facilitating endoproteolysis of presenilins to its N and C-terminal
fragments. However, these results do not formally rule out a transient role of Pen 2 in γsecretase activity, although Pen 2 was shown to interact physically with full-length PS1
[383, 405, 407], it is possible that this interaction is transient and not part of the γsecretase complex. Evidence for a physical interaction of Pen 2 with the γ-secretase
components has been shown by co-immunoprecipitation studies [404, 406] [400, 408]
and blue native gel studies (for detection of high molecular weight complexes) [406]
[226]. In addition, under detergent conditions that limit the dissociation of γ-secretase,
Pen 2 immunoprecipitates with PS1-NTF [202, 409], and SCAM analysis and crosslinking studies indicate that the intra-transmembrane loop of Pen 2 is near the PS1-CTF
[226], thus could play an important role in presenilin heterodimer formation. Additional
roles for Pen 2 in γ-secretase activity have been elucidated by analysing Pen 2 functions
in mammalian cells expressing the clinical mutant PS1∆9 that does not undergo
endoproteolysis [226, 406, 410]. In these studies, knocking down Pen 2 resulted in the
reduced maturation of NCT and a high molecular weight complex was not formed. These
results indicate that not only is Pen 2 essential for γ-secretase activity but is also required
in maturation and stabilisation of a high molecular weight active γ-secretase complex.
Pen-2 also requires presenilins for proper maturation, as knockdown of PS1 leads to
accumulation of Pen 2 in the ER and is cleared by proteasomal degradation [411]. It has
been suggested that Pen 2 and PS1 mask each other’s binding to an ER retention signal
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protein- Rer1 [396, 412-414], thus facilitating transport of γ-secretase to the Golgi
complex.
Sequence analysis has identified an evolutionary conserved “DYLSF” motif within the
C-terminus of Pen 2. This motif is important for its interaction with the other components
of γ-secretase, while the absolute length of the C-terminal tail is important for proper
assembly of an active γ-secretase enzyme [415], and presenilin NTF and CTF stability
[408, 410, 416]. In addition, immunoprecipitation studies, involving experiments where
PS1 TMDs are deleted or replaced with unrelated TMDs, have shown that Pen 2 binds to
TMD4 of PS1 [408, 416]. More specifically an ‘NF’- amino acid motif within PS1 TMD
4 is essential for interaction with Pen 2 [255, 416]. Furthermore, amino acid deletion and
mutagenesis experiments indicated that the N-terminus, HD1 and the proximal amino
acids in the intra-hydrophobic domain loop of Pen 2 are essential for presenilin
endoproteolysis and γ-secretase activity [408]. It has been shown that the interaction
between these domains within Pen 2, and the presenilin TMD4 participates in the
formation of the enzyme active site [226, 412, 417], thereby facilitating activity
1.4.4.1 Topology of Pen 2
The topology of Pen 2 has been somewhat unclear. Hydropathy analysis of the protein
sequence indicates the presence of two hydrophobic domains (HD1 and HD2) that were
suggested to be transmembrane domains (TMD) and a cytosolic intra-transmembrane
loop [126]. Initial topological studies using glycosylation-scanning mutagenesis,
selective membrane permeabilization - immunofluorescent studies and protease
protection assays confirmed the presence of two TMDs within Pen-2, and showed that
both its N-terminus and C-terminus are orientated to the extracellular space or lumen
[411, 418]. However, subsequent studies have contradicted these initial findings on Pen
2 topology [244, 245, 260, 419].
More recently, Holmes et al., 2014 observed that when Pen 2 is overexpressed, only a
small amount of the protein was susceptible to Proteinase K mediated proteolysis, under
mild detergent conditions (conditions that preserve integrity/activity of γ-secretase
complex). Under such conditions, most of the overexpressed Pen 2 was protected and
existed as full-length protein even following exposure to high concentrations of
Proteinase K [255]. These results would suggest that most of the overexpressed Pen 2 to
be lumenal and hence protected from Proteinase K mediated degradation. Form these
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findings, the authors suggested a hairpin topology of Pen 2, with both the N-terminus and
C-terminus located to the extracellular/lumenal site and the hydrophobic domains
considered as TMDs [406, 408, 410, 411].
In subsequent studies, although there was consensus on HD2 to be a true TMD, there
were conflicting findings about the topology of N-terminus and HD1. Proteinase K
protection assays using detergents that selectively permeabilised plasma and/or
intracellular membranes indicated the location N-terminus of Pen 2 as cytosolic. These
studies, however, failed to label Pen 2 with N-terminal antibodies under mild detergent
conditions [420]. In addition, immunoprecipitation of Pen2, in detergents that maintain
γ-secretase complexes/ activity using N-terminal targeting antibodies, precipitated very
little Pen 2 [406, 408, 411]. These observations raise the possibility that the N-terminus
of Pen 2 is either masked by other proteins or is inaccessible due to Pen 2 topology.
More recent studies have involved analysis of Pen 2 by domain swapping experiments.
Swapping Pen 2- HD1 with similar type 2 oriented SREBP TMD2 indicated that the HD1
of Pen 2 and, in particular, the proximal two-thirds of this region is essential for
interaction with presenilin, endoproteolysis of presenilins and γ-secretase activity [404,
408]. Furthermore, the C-terminus of Pen 2 is essential for the stability of presenilin
endoproteolytic fragments and thus γ-secretase activity [408, 410].
Analysis of Pen 2 by mutagenesis (SCAM) and labelling by hydrophilic sulfhydryl
reagents suggested that the N-terminus and C-terminus are extracellular/ lumenal [226].
Pen2 HD1 N-terminal amino acids and intra-transmembrane loop could be labelled by
hydrophilic sulfhydryl reagents from the extracellular/ lumenal site, indicating these
domains locate to a water-filled pocket within the lipid bilayer membrane. In addition,
Pen 2- N-terminal amino acids proximal to HD1 were located to a constricted, albeit
aqueous pocket, within the membrane [226]. The hydrophilic loop between HD1 and
HD2 was shown to be water accessible from the extracellular site. These observations
were in direct contradiction to the original hairpin structure of Pen 2 proposed by [408,
410]. The findings by Bammens et al., 2011 [226], however, did not indicate whether
proximal N-terminus residues, HD1 and the intra-transmembrane loop can be localised
to the same aqueous cavity within the lipid membrane. The study by Bammens et al.,
showed an essential role of residues glycine 22 (G22) and proline 27 (P27) in HD1 of
Pen2, in the formation and stabilisation of the γ-secretase complex. It was speculated that
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G22 directly participates in Pen 2 interaction with presenilins, whereas P27 is essential
for Pen 2 and γ-secretase stability and activity [226, 404]. The more recent detailed cryoEM structure of γ-secretase has predicted that HD1 forms two transmembrane domains.
The HD1 traverses the lipid bilayer from the cytosolic side to form TMD1 and kinks
halfway through the lipid bilayer towards the cytosolic side, between G22 and P27,
forming TMD2 (see Figure 4) [260].
1.4.4.2 Clinical mutations of Pen 2
Three mutations in Pen2 have been identified, all associated with familial Acne Inversa.
The 66delG mutation in the HD1 of Pen 2 leads to a premature stop codon while the
279delC [368] and 66_67insG [368] frameshift mutation leads to delayed termination
codon [300, 376, 421]. This haploinsufficiency of Pen 2 is thought to result in reduced γsecretase activity, resulting in reduce Notch cleavage and subsequent signalling [300,
376, 421]

Figure 4: Presenilin Enhancer 2 (Pen 2) Topology
The HD1 of Pen 2 traverses the lipid bilayer membrane (TMD1) and halfway bends back towards
the cytosol (TMD 2). TMD3 traverses the lipid bilayer membrane from the cytosol to extracellular
site (Adapted from [260])
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1.5 Formation of the γ-Secretase complex.
Molecular mass estimation of the native γ-secretase complex by blue native
electrophoresis, quantitative western blot analysis, and single particle electron
microscopic analysis indicated that the subcomponents are associated in a 1:1:1:1
stoichiometry [260, 352, 422, 423]. In addition, different homologues of the presenilins
(PS1 and PS2) and Aph1 (Aph1aL, Aph1aS, Aph1b and in mouse Aph1c), may contribute
to separate γ-secretase complexes [422] and have different activities [388]. Overexpression of the γ-secretase components leads to an increase in γ-secretase activity [352,
384], and confers γ-secretase activity to yeast cells [424]. However, overexpression
studies do not preclude the involvement of other components, or a physical interaction of
components, or the order in which the components interact with each other. To resolve
the order of interaction, LaVoie and colleagues [425] undertook a series of
immunoprecipitation studies under mild detergent conditions followed by Blue-Native
gel analysis to investigate physical interaction. The authors of this study discovered that
Aph1 and immature NCT interact to form an intermediary complex within the
endoplasmic reticulum. This intermediary complex then moves to the Golgi complex
where NCT undergoes complex glycosylation to full maturation, then presenilin is
recruited to form a highly stable intermediary complex even in the absence of Pen2. In
addition, the authors also identified a dimer of Pen2 and presenilin holoprotein. These
observations lead to the proposed model of γ-secretase assembly. In this model aph1 and
NCT interact with each other in the ER. Following transport of this initial Aph1-NCT
complex to the Golgi complex, NCT undergoes maturation and presenilin is recruited.
Finally, Pen 2 binds to presenilin (at exon 9 corresponding to the large hydrophilic loop
between presenilin TMD 6 and 7) [426] ) to give rise to an immature γ-secretase complex.
Next presenilin undergoes endoproteolytic cleavage to give rise to catalytically active γsecretase composed of two sub-complexes Pen2-PS1-NTF and PS1-CTF-NCT-Aph1
[383, 425, 427]. This results in the catalytic aspartic residues distributed amongst the two
distinct sub-complexes. Although there is a consensus in the order of γ-secretase
assembly, it has also been suggested that the complex assembles in the endoplasmic
reticulum and is quickly released into the Golgi complex where the complex undergoes
maturation [393].
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Figure 5: The γ-secretase enzyme complex
Cryo –EM structure of γ-secretase enzyme indicating all 20 TMD (PS1-9 TMD; Aph1aL- 7 TMDs; NCT- 1 TMD and Pen2- 3 TMD). The TMDs of the γ-secretase enzyme
are arranged in a horseshoe shape with the active site of PS1 (blue and purple) on the concave side of the horseshoe. Pen 2 (green) forms 3 TMDs with the HD1 of Pen 2
forming TMD1 and TMD 2 and HD2- TMD 3. Ah1aL (red), NCT (yellow) and PS1-CTF (purple) form a sub complex. While PS1-NTF (blue) and Pen2 constitute the second
subcomplex. (adapted from [260])
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1.6 The γ-secretase enzyme- a difficult therapeutic target.
Due to its essential role in the processing of APP to generate Aβ, the γ-secretase enzyme
has been pursued as a potential therapeutic target for AD. By the virtue of γ-secretase’s
role in Notch processing and/or direct dysregulation of processing of key molecules
involved disease pathogenesis, targeting this enzyme may also hold promise for other
diseases and disorders including gastric, pancreatic, breast and haematological cancers,
immune disorders and skin diseases such as acne inversa (reviewed in [299]). However,
the ability of the enzyme to process multiple substrates (most notably notch) and an
incomplete understanding of structure and activity has hampered efforts in developing
specific inhibitors/modulators that are effective and safe.
Two types of agents targeting γ-secretase have been pursued in clinical trials; orthosteric
inhibitors (GSIs) and allosteric modulators (GSMs). GSIs block γ-secretase activity while
GSMs can modulate γ-secretase to lower Aβ42 production (in the context of AD) and
Notch signalling (in the context of cancers). Three GSIs have been trialled in human
clinical trials Begacestat (GSI-953; Pfizer) [428, 429], Semagacestat (LY450139; Eli
Lily) [430] and Avagacestat (BMS-70813; Bristol-Myers Squibb) [431]. Begacestat was
abandoned in Phase I clinical trials, Semagacestat and Avagacestat were abandoned in
Phase III clinical trials. The most cited causes of discontinuation of these trials were
severe adverse effects such a gastrointestinal dysfunction, skin cancer, weight loss and
greater severity of cognitive decline [428, 432, 433], which were attributed to an altered
Notch signalling [433, 434].
GSI-1 (Z-Leu-Leu-Nle-H) which is an aldehyde inhibitor similar to leupeptin has been
used as a therapeutics in Notch-mediated cancers such leukaemia and lymphoma [435],
glioblastoma [436, 437], lymphoblastic leukaemia [438, 439]. However, this inhibitor is
not specific and is known to inhibit proteasome-mediated degradation [436, 438]. BMS299897 [440, 441] is in preclinical stages and has been shown to ameliorate short-term
memory deficits [442] in non-transgenic mice that have been dosed with the neurotoxic
Aβ25-35 fragment. However, even though both Aβ42 and 40 decreased, no effects on
oxidative stress mediated toxicity and no neuroprotective effects were observed [442]. It
is likely, BMS 299897, prevents higher order aggregation of Aβ, however, low order
aggregates of Aβ are more neurotoxic [443-446]
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GSMs are thought to work by allosterically interacting with presenilin [447, 448], to
induce a conformational change in the active site towards a conformation more amenable
to produce short forms of Aβ protein (Aβ37 or Aβ38) [449]. The first GSMs that were
identified were non-steroidal anti-inflammatory drugs (NSAID) that specifically reduce
production of Aβ42, increase Aβ38 and do not affect AICD or NICD production.
Examples of NSAIDs are sulindac sulphide [119], ibuprofen [450], R-flurbiprofen [451]
(reached phase III clinical trial however with poor BBB permeability[452] was
abandoned), CHF5074 [119, 453](reached clinical trials, but no effects on CSF Aβ were
seen [454]) and other NSAIDs [455], (reviewed in [456]) and more recently NSAIDs
carboxylic acid derivatives- EVP-0015962 [457] (just completed phase 2 clinical trial),
BIIB042 [458, 459] and JNJ-404186677 [460]. In addition piperidine carboxylic acid
derived GSM-1[461, 462] and GSM-2 [463, 464], have shown good Aβ42-lowering
effects. Although GSMs show some benefit, attempts at increasing potency at reducing
Aβ42 (through chemical modifications) increases the hydrophobicity of these molecule
and thus reduces BBB permeability. Furthermore, improving potency of these molecules
has been shown to promote hepatoxicity in canine models, due inadequate clearance from
the periphery [465].

1.7 Conclusion and Objectives
A conserved function across a wide range of seemingly unrelated organisms highlights
the importance of the γ-secretase enzyme in evolution. The fact that two paralogues of
presenilins exist in a number of organisms further accentuates their importance in
evolution and development. The two paralogues possibly evolved to provide functional
redundancy, as has been observed for other proteins [466]. However, as more complex
organisms began to evolve these paralogues acquired different functions (whilst
maintaining overlapping functions) [466]. Furthermore, additional components of the γsecretase enzyme may have evolved to fine tune presenilin activities to result in their
current tissue- or substrate-specific functions. The γ-secretase enzyme is involved in a
plethora of physiological activities mediated by about a hundred substrates (an everincreasing number) (see Appendix B: List of γ-secretase substrates, page 237). This
makes γ-secretase enzyme a focus of research aimed at understanding a large number of
molecular processes implicated in health and disease.
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The failure of clinically trialled γ-secretase enzyme inhibitors/ modulators to alleviate AD
and notch-related malignancies is discouraging. Although there has been a better
understanding of γ-secretase in recent years [244, 260, 467, 468], there are still many
knowledge gaps in γ-secretase enzyme biology, physiology and structural biology [469].
The development of γ-secretase enzyme inhibitors/ modulators has relied heavily on ‘trial
and error’ drug discovery (forward pharmacology) rather than the conventional ‘rational
drug design’ strategies (that rely on target’s structural information). In addition to
obtaining further structural insight, we still need to decipher the roles and functions of
different homologues of presenilins and aph1 in γ-secretase enzyme activity. Also, the
effect of different γ-secretase enzyme interacting proteins [103] needs to be evaluated.
These studies would require a robust system to test the various combination of different
γ-secretase components. Furthermore, it would be of great importance if various forms of
γ-secretase enzymes could be expressed in large enough quantities that can facilitate
quick purification to homogeneity for structural studies.
1.7.1

Objec�ves

The overall aim of this project was to establish an expression system to reconstitute active
human γ-secretase enzyme complex. The specific objectives were as follows:
1. To generate a mature and active γ-secretase complex containing wild-type or
mutant PS1.

A protein expression system that is amenable to manipulation and allows controlled
expression, has minimal interference from endogenous protein, has the ability to
generate large amounts of purified protein, and has the ability to generate complexes
containing various modifications efficiently would be beneficial in providing further
insight into activities and suitable material for structural studies of γ-secretase.
Protein production was achieved through the use of the MutliBac Baculoviral
expression system which circumvents limitations observed when using traditional
baculoviral expression systems to express multi-subunit complexes. Protein
production was achieved by:

A. Cloning pFBDM expression vectors into MultiBac Baculovirus (MultiBac and
EMBacY) DNAs
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B. Expressing recombinant baculovirus containing the γ-secretase components in
insect Sf9 cells, followed by
C. Assessing the activity of baculovirally expressed γ-secretase.
2. To develop a strategy to achieve pure, homogenous γ-secretase complex.
Many downstream applications (i.e. high resolution structural analysis for example),
required large amounts of purified material. Compared to single unit proteins,
purification of multi-subunit protein complexes offers an additional level of
difficulty, as all components should be purified at equal stoichiometry and an
appropriate strategy is required so as not to disrupt complex formation, thereby
generating a homogeneous and active enzyme complex.
Strategies that take advantage of the incorporated purification tags (objective 1), or
the post-translation modification of certain components, were developed and utilised
in this step. The purification strategies that were utilised include Immobilised Metal
Affinity Chromatography (IMAC), Calmodulin Affinity Chromatography (CaM),
Lectin Affinity and Ion Exchange Chromatography (IEC).
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2 Materials and Methods
2.1 Cloning of genes of interest into expression vectors
Recombinant DNA techniques were used to clone the genes of the γ-secretase enzyme
complex into the baculoviral expression vector pFBDM. A cDNA is the coding region of
mRNA with untranslated regions and introns removed. The cDNAs were amplified from
the respective source vectors by PCR (see Table 1, for a list of cDNAs) and either cloned
using restriction sites into pFBDM or cloned into a transfer vector to generate an
expression cassette. The expression cassettes were finally modularly cloned into pFBDM.
2.1.1

A list of cDNAs used.

The following table lists cDNAs that were used in this study. The cDNAs were supplied
in plasmids (see plasmid detail column in Table 1) as miniprep. Sequencing data was
supplied by the supplier of each construct to verify the integrity of each cDNA insert.
Hence, an aliquot of cDNA plasmids was used for PCR amplification. In addition, the
cDNA source plasmids were transformed (see section 2.2.2) into DH5α E.coli for
amplification and saved as glycerol stocks (see section 2.2.5).
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cDNA

length (bp)

Presenilin wild
type (PS1wt)

plasmid
detail

Source of construct

1403

pRc/CMV2

Dr John Kwok, POWMRI, Sydney

1284

pRc/CMV2

Dr John Kwok, POWMRI, Sydney

2129

pRc/CMV2

Presenilin
exon 9 deletion
(PS1(Δ9))
Nicastrin
(NCT)

Prof Paul Fraser, University of
Toronto, Canada

Anterior
Pharynx
Defective

797

homologue-

pFastBac

Prof Paul Fraser, University of

Dual

Toronto, Canada

pFastBac

Prof Paul Fraser, University of

Dual

Toronto, Canada

pIB/V5-His-

Professor Sam Gandy, Mount Sinai

DEST

Medical School, NY, USA

1aL (Aph1aL)
Presenilin
enhancer-2

303

(Pen2)
APP-C99

297

Table 1: List of cDNAs
The table outlines the cDNAs used in this study along with the parent vector. Also, the source of the
cDNAs has been indicated
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2.1.2

Polymerase chain reac�on.

During this study, Polymerase Chain Reactions (PCR) were used to amplify cDNAs from
their source plasmids using primers outlined in Table 2. Restriction sites and protein
purification tags were also added as primer extensions to facilitate cloning and protein
purification respectively.
Sequence (5’ → 3’)

Primer
Name
PS1-

BamHI

start

Fwd

GTTACCTGCACCGTTGT

PS1-

AAAAAAAAGGATCCGCAATGTGGAG
BamHI

BamHI-

start

CCACCCGCAGTTCGAAAAAACAGAGT
TACCTGCACCGTTGT

PS1-

TTGGATCCATGCATCATCATCATCAT

His-Fwd
PS1 -R

(bp)

size (bp)

42

22

66

22

44

22

44

27

38

21

34

17

35

16

39

22

48

32

Strep-Tag II

Fwd

BamHI-

Priming

AAAAAAAAGGATCCGCAATGACAGA

BamHI-

Strep-

Size

BamHI

start

hexa-His tag

CATACAGAGTTACCTGCAC
AAAAAAAAAAGCTTCTAGATATAAA
HindIII

stop

ATTGATGGAATGCTAATTG
APH1a-

AAAAAAAACTCGAGATGGGGGCTGC
XhoI

F

start

GGTGTTTTTCGGC
APH1aR

AAAAAAAAGGTACCTCAGTCCTCGG
GTGGGATGC
KpnI

C99 -F

stop

AAAAAAAACTCGAGCAATGGATGCA
XhoI

start

GAATTCCGAC
C99 -R

AAAAAAAAGGTACCCTAGTTCTGCAT
KpnI

stop

CTGCTCAAAGAAC
NCT-F

GGAATTCCAGATCTATGGCTACGGCA
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BglII

start

GGGGGTGGCTCTGGGGCTGACC
NCT-

GGAATTCCTCTAGATTATCAGTGATG
XbaI

His-R

stop

octa his tag

ATGGTGATGATGGTGGTGACCGCCGT
polylinker

90

40

42

27

48

28

ATGACACAGCTCCTGGCTCCCGGGGA
GCAATGAAAAGG
PEN2-F

GGAATTAACCATATGAACCTGGAGCG
NdeI start

AGTGTCCAATGAGGAG
PEN2-R

TGGAATTCGGACCGTTATCAGGGGGT
RsrII

stop

GCCCAGGGGTATGGTGAAGGAG
Table 2: A list of primers used to amplify cDNAs from stock transfer vectors.

The PS1 forward and reverse primers were extended to include BamHI and HindIII
restriction sites. Similarly, Aph1al forward and reverse primers were extended to include
XhoI and KpnI restriction sites respectively. The NCT forward primer was 5’ extended
with BglII and reverse primer with a polylinker sequence (ACCGCC) and an octa-His
purification tag sequence (GTGATGATGGTGATGATGGTGGTG) before the stop
codon at 5’ end. The NCT reverse primer was terminated with and XbaI restriction
cloning site. The Pen 2 forward primer contained a NdeI restriction site (contains start –
ATG codon). The Pen2 reverse primer sequence contains a RsrII restriction site at 5’ end.
Furthermore, two additional PS1- forward primers were designed to include a Strep-tag
and a hexa His tag. These primers were used to generate PS1(Δ9)-Strep tag and PS1(Δ9)hexa-His tag.
The primers were designed, and PCR reactions were simulated using Geneious sequence
analysis software (version 6.0 and 9.0) [470].
General PCR reaction setup was as follows.
Reagent

Per reaction

10X PCR buffer

5µl

dNTPs

200µM
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Primers/ each

20pmol

DNA polymerase

1µl

(Taq)
DNA template

2µl

(~500ng/µl)
Table 3: PCR reaction mix

PCR condition used to amplify cDNAs from parent transfer vectors are outlined in Table
4, Table 5, Table 6 and Table 7.
Step

Temperature

Time

Cycles

95°C

10 min

1

Denaturation

95°C

20 sec

Annealing

56°C

30 sec

Extension

70°C

60 sec

72°C

5 min

1

4°C

∞

1

Denaturation
(initial)

Final
extension

Hold

30

Table 4: PCR conditions for amplification of PS1(wt), PS1(Δ9) and APP-C99 cDNA from
pRC/CMV2-PS1(wt), pRC/CMV2-PS1(Δ9) and pIB/V5-APP-C99 vector respectively.

Step

Temperature

Time

Cycles

Denaturation (initial)

95°C

10 min

1

Denaturation

95°C

20 sec

Annealing

60°C

30 sec

Extension

72°C

3 min

Final extension

72°C

3 min

30

1
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Hold

4°C

∞

1

Table 5: PCR conditions to amplify Aph1aL cDNA from pFastBac Dual-Aph1aL vector

Step

Temperature

Time

Cycles

98°C

30 sec

1

Denaturation

98°C

20 sec

Annealing

64°C

30 sec

Extension

72°C

60 sec

72°C

5 min

1

4°C

∞

1

Denaturation
(initial)

Final
extension
Hold

35

Table 6: PCR conditions to amplify Pen 2 cDNA from pFastBac Dual-Pen-2 vector

Step

Temperature

Time

Cycles

98°C

30 sec

1

Denaturation

98°C

20 sec

Annealing

63°C

30 sec

Extension

72°C

60 sec

72°C

5 min

1

4°C

∞

1

Denaturation
(initial)

Final
extension
Hold

35

Table 7: PCR conditions to amplify NCT cDNA from pRC/CMV2-NCT vector

The PCR products were run on an agarose gel (see section 1.2.3.3) and extracted using a
gel extraction kit. The PCR amplified cDNAs were either cloned into pFBDM expression
vector (PS1, PS1(Δ9) and Aph1aL cDNAs) or cloned into transfer vectors (NCT and Pen2 cDNAs) for further cloning into pFBDM. All cloning steps, primers designing and PCR
were simulated in Geneious sequence analysis software (version 6.0 and 9.0) [470].
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2.1.3

PCR product puriﬁca�on

QIAquick PCR Purification Kit (Qiagen catalogue number 28104) was used to purify
PCR products. Cleaning up PCR products before ligation greatly improves ligation
efficiency. Manufacturer protocol was used to purify PCR products.
Briefly, five volumes of buffer PB was added to PCR reaction. The sample was then
loaded onto a QIAquick column (supplied with the Kit) in a collection tube and
centrifuged for 60 seconds. Next, the column was washed with 750µl of Buffer PE
(containing ethanol) and centrifuging for 60 seconds. The flowthrough was discarded,
and the column was centrifuged again for a further 60 seconds. The column was moved
to a sterile microfuge tube. Next, 50µl of ddH2O was added to the centre of the column
and allowed to stand for 1-2 minutes. The DNA was then eluted by centrifuging the
column for 60 seconds. The purified PCR product can then be used for ligation
experiments.
2.1.4

DNA puriﬁca�on from agarose gels.

QIAquick Gel Extraction Kit (Qiagen catalogue number 28704) was used to extract DNA
from agarose gels. PCR products or restriction digested samples were run on a 0.8%
agarose gel. The DNA fragments were visualised by placing the gel on a Trans-UV
platform. The appropriate band(s) were quickly (to minimise UV-induced DNA damage)
and cleanly (avoiding contamination from other bands) cut and transferred to a sterile
microfuge tube. DNA was extracted from the gel fragment using manufacturer’s protocol.
Briefly, to the cut gel fragment approximately three volumes of Buffer QG was added.
The microfuge tube was incubated at 50°C for 10 min or until the gel slice was completely
dissolved (brief vortexing was used to assist complete dissolution). Next, one gel volume
of isopropanol was added, and the solution was moved to a QIAquick spin column and
placed in a collection tube. The column was centrifuged at maximum speed for 60 s, and
the flowthrough was discarded. The column was then washed with 750µl of buffer PE
(with ethanol) and centrifuging for 60 s. The flowthrough was discarded, and the column
was recentrifuged for additional 60 s. The column was then moved to a sterile microfuge
tube. Next, 50µl of ddH2O was added to the centre of the column and allowed to stand
for 1-2 min. The DNA was then eluted by centrifuging the column for 60 s at maximum
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speed. The gel purified product was then used for further experiments (restriction
digestion, ligation, etc.).
2.1.5

Isola�on of RNA and cDNA prepara�on.

RNeasy mini kit (Qiagen catalogue number 74104) was used to prepare RNA from insect
cells following manufacturer’s protocol. Briefly, 1 X 106 insect cells were collected and
washed in HBSS. Cells were lysed by adding 175µl of ice-cold Qiagen Buffer RLN to
the cell pellet and resuspension. The lysed cells were then cleared by centrifugation for 2
min at 300 x g at 4°C. Next 600µl of Qiagen Buffer RLT was added to the cell lysates
and mixed by vortexing. Next 430µl of 100% ethanol was added and mixed by pipetting.
The sample was then placed in an RNeasy spin column (supplied) and placed on a 2ml
microfuge tube. The column was centrifuged at 8000 x g for 15 s. The column was then
washed with 700µl of Qiagen Buffer RW1 and centrifuged for 15 s at 8000 x g. The
column was next washed twice with 500µl of Qiagen Buffer RPE and centrifuged for 15
s at 8000 x g. The column was then placed on a sterile 1.5ml microfuge tube and RNA
was eluted using 50µl of RNase-free water and centrifuging at 8000 x g for 1 min. The
RNA was immediately used for cDNA preparation and stored at -20°C.
Next, cDNA was prepared using High-Capacity RNA-to-cDNA Kit (Applied Biosystems
catalogue number 4387406) following manufacturer’s protocol. Briefly, 2µg of total
RNA was used to setup RT-PCR to make cDNA following the reaction setup outlined
below.
Component

Volume/ reaction

2X RT Buffer (supplied)

10µl

20X RT Enzyme Mix (supplied)

1µl

Total RNA

2µg

Nuclease-Free water

Up to 20µl

Total per reaction

20µl

Table 8: RT-PCR reaction mix
The thermocycler was setup using the following protocol.

Temperature (°C)

Step 1

Step 2

Step 3

37

95

4
52

Time

60 min

5 min

hold

Table 9: RT-PCR thermocycler conditions

The cDNA was stored at 4°C for short –term or -20°C for long-term storage.
2.1.6

Restric�on diges�on.

Restriction digestion of various vectors was –performed using New England Biolabs
restriction endonucleases (NEB). Restriction digestion was performed sequentially when
two restriction enzymes were used. A typical restriction digestion reaction contained the
following reagents.
Reagent

Volume

10X NEB Buffer

2.5µl

Restriction
endonuclease (1U)
Purified Vector/
insert (PCR product)

1µl

4µl

BSA (if required)

0.5µl

ddH2O

Up to 25µl

Table 10: Restriction Digestion reaction mixture.

The reaction was carried out at 37°C for 2 hr. Restriction enzymes were deactivated
before subsequent steps based on NEB recommendations.
Restriction

NEB catalogue

NEB buffer

endonuclease

number

#

BamHI

R0136

3 + BSA

N.A.

HindIII

R0104

4

65°C

XbaI

R0145

4 + BSA

65°C

KpnI

R0142

1 + BSA

N.A.

NdeI

R0111

4

65°C

RsrII

R0501

4

65°C

NcoI

R0193

3

65°C

PmeI

R0560

4 + BSA

65°C

Inactivation
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BstZ17I

R0594

4

N.A.

BglII

R0143

3

65°C

SpeI

R0133

4 + BSA

80°C

AvrII

R0174

4

80°C

Table 11: List of Restriction enzymes
The table lists restriction enzymes used for cloning. BSA is Bovine Serum Albumin. All restriction
enzymes were used at 37°C. Before storage, the enzyme was heat inactivated at 65°C for 20 min
except for N.A enzyme which are heat resistant. In the case of heat resistant enzymes, the digested
product was immediately run on an agarose gel and purified.

2.1.7

DNA liga�on.

T4 DNA ligase (NEB catalogue number M0202) was used to clone DNA inserts into
vectors. Ligation was carried out overnight at 16°C. The T4 DNA ligase was inactivated
by heating at 65°C for 10 min. The ligation was chilled on ice for 30 min, and 5µl was
used to transform 50µl of competent E.coli. The transformed E.coli was then plated on
LB agar plates using containing appropriate antibiotics. The general ligation reaction was
set up in a sterile 250µl microfuge tube as follows
Reagent

Volume/ concentration

10X T4 DNA ligase buffer

2µl

Vector DNA

100ng

Insert (3 times vector DNA)

85ng

T4 DNA ligase

1µl

Nuclease-free water

Up to 20µl

Table 12: DNA ligation reaction mixture.

2.1.8

Cre-LoxP recombina�on.

The Cre-LoxP recombination was used for site-specific recombination of DNA. Cre
recombination is especially useful for cloning large DNA inserts. The Cre recombinase
(NEB catalogue number M0298) recognises LoxP site present on donor and acceptor
vectors and recombines them to generate a recombinant vector. The Cre-LoxP
recombination was simulated in Cre-ACEMBLER (version 2.0) [471]. A typical Cre
recombination reaction contained the following ingredients.
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Reagent

Volume

Reaction Buffer (10X)

5µl

DNA vector

100ng

Insert/vector

100ng

Cre Recombinase (1U)

1µl

ddH2O

Up to 50µl

Table 13: Cre-LoxP recombination reaction mixture

The reaction mix was set up in a 250µl microfuge tube and incubated at 37°C for 30 min.
Cre recombinase was inactivated by heating reaction mix at 70°C for 10 min. The reaction
mix was loaded on an agarose gel and extracted. The extracted DNA was then
transformed into an appropriate E.coli and plated on LB agar containing appropriate
antibiotics.
2.1.9

The pFBDM expression vector

The pFBDM expression vector (Figure 6) is a bidirectional cistronic expression vector
with two multiple cloning sites (MCS1 and MCS2) that are driven by late viral promoters’
polH (polyhedrin) and p10 (p10 locus) respectively. MCS1 and MCS2 are flanked by
termination sequences SV40 and HSVtk respectively. Gentamicin and Ampicillin
resistant genes allow for selection during cloning. Finally, transposition elements Tn7R
and Tn7L flank the bidirectional expression cassettes to allow for recombination with
baculovirus DNA[472].
The pFBDM expression vector allows for restriction cloning of cDNAs in the two
multiple cloning sites. In addition expression cassettes can be cloned modularly at the
multiplication module using the SpeI restriction site [472].

55

Figure 6: Map of the pFBDM expression vector.
The pFBDM expression vector consists of two multiple cloning sites (MSC). MSC1 and MCS2 are
driven by polH and p10 promoter respectively. The expression vector has Tn7 transposition
sequences and gentamicin (GmR) and ampicillin (AmpR) resistance genes. The PS1 and Aph1aL
cDNA were cloned in MCS2 and MCS1 respectively.
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2.1.10 Transfer vector pUCDM.
Both Pen 2 and NCT were modularly cloned into the multiplication module of the
pFBDM vector. The transfer pUCDM was used to clone Pen 2 modularly into the
Multiplication Module (M) of the pFBDM. The pUCDM vector is driven by late viral
promoter polH. In addition, the vector has a chloramphenicol resistance gene for
selection, a LoxP site for Cre recombinase mediated recombination and an SV40
termination sequence. The vector facilitates cloning of genes with N-terminally tagged
protein purification cassette. The protein purification cassette consists of a Calmodulin
Bind Protein (CBP) purification tag followed by a Streptavidin (Strep) purification tag.
The whole cassette can be removed from the protein using site-directed protease
Enterokinase cloned after the Strep-tag and N-terminus of the protein of interest. After
enterokinase cleavage a native N-terminus of the protein of interest is formed (Figure 7).
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Figure 7: pUCDM Vector.
The pUCDM vector is a specialised insect cell expression vector that allows for expression of a protein
that is N-terminally tagged with CBP and Strep purification tags. During protein purification, the
CBP and Strep-tag can be cleaved off using protease enterokinase. In addition the expression vector
can be cloned into pFBDM modularly using the SpeI restriction site.
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2.1.11 The pSPL vector.
The pSPL expression vector was used to clone NCT into pFBDM. The pSPL is a
bicistronic expression vector driven by polH and p10 and SV40 and HSVtk termination
sequences respectively. The pSPL was modified to remove one of the expression cassettes
driven by p10 promoter, using restriction sites PmeI and BstZ171. The modified vector
was called pSPLpolH (Figure 8). The NCT cDNA was cloned into the modified
expression vector’s MCS1 at the XbaI restriction site.

Figure 8: The pSPL vector and modified pSPLpolH vector
The pSPL expression vector is a bicistronic expression vector with two expression cassettes. One of
the expression cassettes was removed using restriction site PmeI and Bstz171 removing a 480bp
segment. The modified expression vector was called pSPLpolH (2378bp).
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2.1.12 Bacterial expression vector pET29c
To express γ-secretase enzyme substrates pET29c bacterial expression vector was used.
The expression vector consists of an expression cassette driven by T7 promoter.
Immediately downstream of the T7 promoter is Lac operator (LacO) regulatory sequence
which prevents unregulated constitutive expression of proteins. Under normal conditions,
a repressor is encoded by the LacI gene (Figure 9, yellow). The repressor molecule then
binds to the LacO regulatory sequence preventing transcription initiated by ribosomal
binding to the T7 promoter sequences [473]. However, the addition of 1-isopropyl-β-Dthiogalactoside (IPTG) releases the repressor molecule from the operator allowing
ribosome to proceed and translate the genes of interest [474, 475].

Figure 9: Bacterial expression vector pET29c.
The pET29c bacterial expression vector was used to express APP-C99-Flag and Notch-C100-Flag, γsecretase enzyme substrates. This expression vector allows for controlled expression of recombinant
proteins that can be induced by application of IPTG. The expression cassette consists of a T7
promoter a LacO regulatory sequence, MCS and a T7 terminator sequence. Kanamycin resistance
gene is used for selection.
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2.2 Transformation of recombinant vectors into E.coli
2.2.1

Prepara�on of chemically competent E.coli.

During this study, several electrocompetent E.coli cells were used to amplify various
expression vectors, for the preparation of baculovirus DNA or expression of proteins (for
a list see Table 10). Throughout this study Lysogeny Broth (LB) [476] media with Luria
modification [477] was used (for a recipe see Appendix A; 3.13).
The following protocol was carried out under aseptic conditions. Glycerol stocks of
competent E.coli were streaked on an LB agar plate (see 3.14) using a sterile wire loop
and incubated at 37°C overnight. For E.coli with a LacZ and antibody resistance genes
(DH10EMBacY and DH10MultiBac), IPTG, Kanamycin and Tetracycline was applied
to the agar plates (3.14). A single well-isolated colony (or blue colony for LacZ gene
containing E.coli) was picked from the middle of the plate using a sterile wire loop and
used to inoculate 3-5ml of sterile LB media; in a 50ml falcon tube. The culture was grown
overnight at 37°C, on an orbital shaker at a speed of 225 rpm. The following day, the
starter culture was used to inoculate aseptically 500ml of sterile LB media, and grown at
37°C and 225rpm, until the optical density (OD) of the solution reached an absorbance
(Abs) of 0.5 to 0.8 at 600nm (as measured by a UV spectrometer). Once the desired OD
was reached, the culture was chilled on ice for 30 min. Next, the bacterial cell culture was
centrifuged at 3000 g for 15 min at 4°C. The supernatant was discarded, and the cell pellet
was resuspended on ice in 10ml ice-cold sterile water. The cells were collected by
centrifuging at 3000 g for 15 min at 4°C, and the supernatant was discarded. The cells
were then resuspended in 2.8 ml of ice-cold 0.1M CaCl2. Next 1.2ml of ice-cold, sterile
80% glycerol (in deionised water) was added to the resuspended cells and mixed gently.
The cell suspension was then distributed in 50µl aliquots in sterile microfuge tubes and
snap frozen on dry ice and stored at -80°C until use. E.coli
An aliquot of freshly prepared DH10EMBacY and DH10MultiBac was thawed on ice
and used to streak LB agar plate with kanamycin, tetracycline, and IPTG and incubated
at 37°C for 24-48 hr. If all colonies were blue, the batch was used for transformation
otherwise discarded.
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Source and
E.coli strain

Purpose

Selection

catalogue
number

Amplification of
DH5α

transfer/ expression
vector DNA,

None

Invitrogen;
18258-012

glycerol Stock
Amplification of
XL10 Gold

transfer/ expression
vector DNA,

none

Agilent; 200314

glycerol Stock
Blue-white/LacZ

DH10EMBacY

Generation of
baculovirus DNA

kanamycin (on
BAC),
tetracycline (on
helper plasmid)
Blue-white/

DH10MuliBac

Generation of
baculovirus DNA

kanamycin (on
BAC),
tetracycline (on
helper plasmid)

Bl21(DE3)

Protein expression

None

Prof. Imre
Berger; EMBL,
Grenoble,
France

Prof. Imre
Berger; EMBL,
Grenoble,
France
New England
Biolabs; C2527I

Table 14: List of Electro-competent E.coli used in this study.
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2.2.2

Transforma�on of competent E.coli.

Competent E.coli were used to amplify plasmid DNA or express proteins. Each
competent E.coli listed in Table 10 has been developed in the laboratory for specialised
purposes. DH5α and XL10 E.coli are general cloning purpose E.coli. The E.coli strains
have had endonuclease-A gene deactivated. The endonuclease A activity degrades
chromosomal and plasmid [478]. Furthermore, XL10 E.coli have been adapted to
incorporate large DNA molecules. Hence, DH5α and XL10 are specially adapted for
cloning of recombinant plasmids. DH10EMBacY and DH10MultiBac E.coli had been
adapted to harbour baculoviral DNA as Bacterial Artificial Chromosome (BAC). In
addition, these E.coli strains facilitate recombination of the expression vector with the
bacmid DNA, by hosting an additional helper plasmid pMon1724 [479].
During this study, E.coli were transformed with DNA using the heat shock method. An
aliquot of competent E.coli was thawed on ice for 5 min. Next 500ng-1µg of DNA was
added to the cells and mixed gently by the flick of a finger. The E.coli –DNA mix was
then incubated on ice for 30 min [480, 481]. Next, the E.coli –DNA mix was heat shocked
in a water bath at 42°C for 42 s. The heat shocked E.coli were then placed on ice for 30
min. Next, 200µl of SOC medium [482] was added to the cells and the cells were
incubated at 37°C for 1 hr (or 8 hr for DH10EMBacY and DH10MultiBac). Next, the
transformed E.coli were serially diluted aseptically using sterile LB broth ten times
(1:10); 100 times (1:100) and 1000 times (1:1000). Each of the three dilutions was then
spread on LB agar plates containing appropriate antibiotics/ reagents and incubated at
37°C overnight to 48 hr.
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Plasmid/ex

Selection of

pression

transformed

vector.

colonies

Antibiotics

XL10, DH5α-

Blue-white
pET29c

screening/

E.coli

Kanamycin

antibiotics

cloning
BL21(DE3)-

antibiotics

Bacterial
expression
vector

expression
XL10, DH5α-

pFBDM

Purpose

Gentamycin,

cloning

Ampicillin

DH10EMbacY or

Insect cell
expression
vector

DH10MultiBac
Blue-white
BAC

screening/

Kanamycin

antibiotics

pMon1724

Antibiotics

Blue-white
Bacmid

screening/
antibiotics

Tetracycline

DH10EMbacY or

Bacmid

DH10MultiBac

DH10EMbacY or
DH10MultiBac

Helper plasmid
– transposase
expression
Recombinant

Kanamycin,

DH10-EMbacY or

protein

Gentamycin

DH10MultiBac

expression in
insect cells

Table 15: List of plasmids and expression vectors.
The pET29c expression vector was used to express γ-secretase enzyme substrates APP-C99 and
Notch-C100 (NEXT) in BL21 (DE3) E.coli. The pET29c expression vector contains a Lac operon and
is inducible by addition of IPTG. The γ-secretase enzyme component cDNA were cloned into a
pFBDM expression vector, and the recombinant pFBDM was then transformed then into
DH10EMBacY or DH10MultiBac to generate recombinant baculovirus DNA (bacmid). The
pMon1724 helper plasmid expresses transposase enzyme that helps in transposition of the pFBDM
expression vector into BAC to generate recombinant baculovirus DNA (bacmid).
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2.2.3

Plasmid DNA extrac�on

E.coli –DH5α and XL10 were used to amplify various transfer vectors and expression
vectors generated during cloning. In addition DH10EMBacY and DH10MultiBac were
used to generate recombinant BAC DNA (Bacmid). Plasmid DNA or Bacmid DNA was
extracted using the alkaline lysis method of plasmid DNA extraction. The alkaline lysis
method works on the principle that bacterial genomic DNA selective denatures at high
pH (alkaline pH), while the covalently closed circular plasmid DNA does not. Upon
neutralization of the solution with an acid, the bacterial genomic DNA renatures and
aggregates. In addition, SDS and NaOH used to lyse the bacterial cells helps in
precipitation of proteins. Thus aggregated chromosomal DNA and SDS-protein
precipitate, are removed by centrifugation, leaving plasmid DNA in solution. This
plasmid/bacmid DNA can then be used for further cloning steps- restriction digestion,
ligation, and PCR, etc. and transformation of other bacterial cells or transfecting
mammalian or insect cells [483].
QIAprep Spin Miniprep Kit (Qiagen catalogue number 27106) was used to extract
plasmid DNA using manufacturers protocol (for further details on plasmid extraction kit
Miniprep Handbook at https://goo.gl/KScKOm). Briefly 5ml of LB (for high copy umber
plasmid or 25ml for low copy number plasmid) media with appropriate reagents
(depending on the plasmid) was inoculated with single well isolated bacterial colony from
an agar plate (transformation streak or glycerol stock streak). The inoculated LB was
cultured overnight (~12-16 hr) at 37°C on a platform rotating at a speed of 225rpm.
The next day 1ml of media was aseptically withdrawn and a saved as glycerol stock (see
section 1.2.4). Next, the remaining bacterial culture was centrifuged at 8000 g for 3 min
at room temperature. The supernatant was discarded, and the cell pellet was resuspended
in Kit buffer P1 with RNase A. RNase A helps in degradation of RNA. Next, an equal
volume of Kit buffer P2 (containing SDS and NaOH) was added to the cell suspension to
lyse the cells. Lysis was facilitated by inverting the tubes upside down gently 4-6 times.
Next, the solution was neutralised with Kit Buffer N3 (contains guanidine-HCl to
precipitate proteins and potassium acetate to neutralise, denature and aggregate bacterial
genomic DNA). Once again, the tubes were mixed by gently inverting 4-6 times. The
precipitated proteins and genomic DNA were then pelleted by centrifugation at 18000 g
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for 10 min at room temperature. Next, the supernatant was carefully aspirated and
processed further by two methods.
2.2.4

Isola�on of Plasmids for cloning experiments

For cloning experiments, the supernatant was applied to QIAprep Spin column and placed
on a collection tube (supplied with the kit) centrifuged for 30-60 s. The plasmid DNA is
adsorbed on the silica membrane in the column. The column was washed with Kit buffer
PB (neutralises endonuclease A, contains isopropanol and guanidine-HCL). Next, the
column was washed with Kit Buffer PE (contains ethanol). The column was placed in a
fresh sterile microfuge, and DNase free water was applied to the silica membrane. The
plasmid DNA was eluted by centrifuging the column for 1 min.
2.2.4.1 Isolation of Plasmid/ Bacmid for transfection
For transfection experiments, the plasmid DNA (expression vectors) needs to be sterile.
The supernatant obtained after removal of genomic DNA and proteins, was once again
centrifuged for 5 min at 18,000 g to remove trace genomic DNA (genomic DNA
contamination reduces transfection efficiency). Next, the supernatant was supplemented
with 1.5 volume of isopropanol, to precipitate plasmid DNA. The plasmid DNA was
collected by centrifugation at 18000 g for 10 min. The resulting plasmid DNA pellet was
washed with 200µl of 70% ethanol and centrifuging at 18000 g for 5 min. The microfuge
tube was supplemented with 50µl of 70% ethanol and moved to a sterile cell culture hood.
The tubes were opened aseptically in the hood and allowed to air dry for 10-15 min. The
plasmid DNA pellet was then resuspended in 30µl of DNase and RNase free water and
allowed to dissolve for 10-15 min. A 5µl aliquot of plasmid DNA was moved to a fresh
microfuge tube for DNA estimation and running on an agarose gel.
The BAC is based on F plasmid replicon and is thus low copy number (1-2 copies per
bacterial cell) [484, 485]. Low copy number ensures minimal mutagenesis during
replication. Hence to isolate transfection quantities of bacmid large scale bacterial
cultures (100-150ml) were used. The DH10EMBacY or DH10MulitBac E.coli
transformed with pFBDM expression vectors were grown on LB agar plate containing
Kanamycin (present on BAC), tetracycline (present on helper plasmid), and gentamycin
(present on pFBDM expression vector). Also, IPTG and BluoGal were supplemented to
facilitate blue-white colony screening. QIAGEN plasmid Maxi prep kit (Qiagen
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catalogue number 12165) was employed to isolate bacmids from large scale cultures. The
Maxiprep kit works on the principle of alkaline lysis as outlined above. However,
aggregated genomic DNA and precipitated proteins were cleared by filtration.
Baculoviral DNA was prepared under sterile conditions.
2.2.4.2 Agarose Gel electrophoresis.
Agarose gels were used to separate DNA based on molecular size. Agarose gels were
prepared by dissolving molecular biology grade agarose (1% w/v) in 1X TAE buffer
(Appendix A, for a recipe) and boiling. Once dissolved, the agarose was cooled down to
about 50°C and 1µl/ 100ml of ethidium bromide added. The mix was then poured into an
assembled agarose gel electrophoresis tray with an appropriate size comb. The mixture
was allowed to cool and solidify for 30- 60 min at room temperature. Once the gel
solidified, the comb was carefully removed to reveal wells to load DNA. The tray was
placed in an electrophoresis tank, and the tank was filled with 1X TAE buffer to submerge
the agarose gel.
Samples to be analysed were mixed with 5X Agarose gel loading buffer and pipetted into
the wells of the agarose gel. An appropriate DNA ladder was loaded in one of the wells
and electrophoresis was carried out at 120V for 30-60 min at room temperature.
Electrophoresed DNA fragments were visualised under a UV light using a BioRad
ChemiDoc.
2.2.5

Bacterial Glycerol Stock

Bacterial Glycerol stocks are used to store bacteria long-term [486]. Glycerol stocks of
bacterial cells containing various expression vectors, plasmids, and bacmids were saved
at each step of cloning. Glycerol stocks were saved under aseptic conditions. 1ml of
bacterial cell culture were centrifuged at 8000 g for 3 min in a sterile microfuge tube.
Next, the bacterial cell pellet was resuspended in sterile LB media containing 15% of
sterile glycerol. The prepared glycerol stocks were then stored at -80°C.
Bacterial glycerol stocks were revived by aseptically opening the frozen microfuge under
a flame. Next, a sterile wire loop was used to scrape the top of the frozen bacterial culture
and spread on an LB agar plate, containing antibiotics to select for bacteria with plasmids.
The plate was then incubated overnight and next day a colony was picked for further
experiments.
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2.2.6

Bacterial expression of γ-secretase enzyme substrates

BL21(DE3) bacterial cells transformed with pET29c-APP-C99-Flag or pET29c-NotchC100-Flag expression vectors were colony picked and used to infect small-scale culture
(5ml LB media with kanamycin) and grown overnight at 37°C shaking at 225rpm. The
next day, this 5ml culture was used to infect a starter culture (15ml of fresh LB media
with kanamycin and grown at 37°C until OD600 is between 0.5-1.0). Next, 5 flasks with
100ml LB media were inoculated with 3ml of starter culture until OD600 reached between
0.5-1.0. Next IPTG was added to bacterial cultures at final concentration of 1mM IPTG,
to induce recombinant protein expression. The induced cultures were incubated at 37°C
for 4 hr shaking at 225rpm. The cells were collected by centrifugation at 8000 g for 5
min, and the cell pellet was resuspended in ice cold 1% N-Lauroylsarcosine Lysis buffer
(Appendix A; 3.3). The cell pellet was sonicated at 50% amplitude for 10 seconds on, 10
seconds off, for 10 cycles on ice. The homogenised cells were incubated on ice for an
additional 1 hr. The homogenised cells were then clarified by centrifugation at 15,000 g
for 15 min at 4°C. The supernatant (containing soluble substrates) was then aliquoted in
100µl aliquots and snap frozen on dry ice and stored at -80°C.

2.3 Expression in insect cells
2.3.1

Insect cell culture techniques.

Sf9 insect cells (ATCC; CRL-1711) were used in this study (Invitrogen, 11496015) and
are a specialised sub clone of Sf21 insect cells that have been specially adapted to
suspension cultures. The Sf21 cells were first isolated from pupal ovaries of fall
armyworm Spodoptera frugiperda and designated IPLB Sf-21-AE (more commonly Sf21
cells) [487]. In addition, Sf9 cells were adapted to be cultured in serum- free conditions
[488].
During this study, Sf9 cells were grown in Sf900II SFM (Serum free media; Invitrogen,
10902-161) at 27°C in a humidified incubator in ambient air. In addition, suspension
cultures were agitated using an orbital shaker running at a speed of 100-120 rpm.
Cells were grown in polycarbonate Erlenmeyer flasks with vented caps (Corning,
catalogue numbers 125ml- 431143; 250ml- 431144, 500ml- 431145) or for larger culture
volume, in 1 litre glass Erlenmeyer flasks (Corning catalogue number, 4985-1L). Only
glass flasks were reused after autoclaving twice- wet and dry autoclave cycle.
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2.3.2

Thawing Sf9 cells.

Sf9 cells (new cells delivered on dry ice or liquid nitrogen stock), were rapidly thawed at
37°C. The cells were then transferred to a 15ml falcon tube, for the step to remove cryopreservatives. Next, 10ml fresh pre-warmed Sf900IISFM media (27°C) was added to the
cells, slowly down the side of the falcon tube so as to prevent heat shock to the cells.
Once the cells were completely resuspended in fresh media, the cells were collected by
centrifuging at 250 g for 5 min. The supernatant was discarded, and cells were
resuspended in fresh 10ml of media and transferred to a 125ml Erlenmeyer flask. The
cells were cultured in a humidified, ambient air incubator on an orbital shaker at 100rpm
and 27°C, protected from light. It is to be noted no antibiotics/fungicides were used during
cell culture in this study. Cells were counted every 24-hr using the protocol mentioned
below.
2.3.3

Sub-culturing and maintenance of insect cells

2.3.3.1 Counting viable cells and calculating cell viability
Every 24 hr, viable cells were counted using either an automated system- Beckman
Coulter Vi-Cell counter (Beckman Catalogue number 731050), Countess cell counter
(Invitrogen catalogue number C10227), or manually using a Neubauer haemocytometer
counting chamber. These systems work on the principal of trypan blue dye exclusion of
live cells [489, 490]. Live cells with intact cell membranes are impermeable to trypan
blue dye and thus appear unstained, whereas dead cells allow trypan blue to infiltrate the
cytoplasm, due to deteriorating cell membranes and thus stain blue. [491-493]
Viable cell counts were measured by withdrawing a homogenous volume of cultured cells
(200µl for Vi-Cell Counter or 20µl for Countess/ Neubauer haemocytometer). Samples
were loaded onto a Vi-Cell counter using the supplied sample cup where they undergo
automated cell counting. For samples to be used for the Countess/ Neubauer method,
counting samples were mixed with an equal volume of 0.4% trypan blue solution (see
Appendix A) and 10µl of the cell/trypan blue mix was loaded onto a Countess chamber
slide/Neubauer haemocytometer chamber. Using the Countess cell counter, the chamber
slide was inserted into the slide port on the counter, and cell counts and cell viability were
then measured automatically. Manual counting of live cells using the Neubauer
haemocytometer was achieved by mounting the haemocytometer onto a phase contrast
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microscope and visualising the cells at 10X optical magnification. Total number of live
and dead cells in 4-5 chambers were counted. Cell viability and total number of viable
cells were counted using the following equations.
Total Number of viable cells

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = Total Number of cells (dead and alive) 𝑋𝑋100
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

Total Number of Counted Viable Cells X Dilution Factor (2 or more) X 10,000
Total number of chambers counted

2.3.3.2 Sub-culturing insect cells.

Once the total number of viable cells reached 2 x 106 cells/ ml of culture media and
viability was > 75-80%, the cell culture was diluted by topping up with fresh SF900IISFM
media to reach a density of 5 X 105 cells/ml. However, media volume was maintained at
1/3 total volume of the flask (approx. 40ml media in a 125ml Flask; 83ml in a 250ml
flask; 165ml in a 500ml flask and 300ml in a 1 litre flask). Once 1/3 flask volume was
reached, half of the cell culture was split into two larger flasks and topped up with fresh
media to reach a viable cell density of 5 X 105 cells. The second half of the cell culture
used to cryo-preserve cells.
Since cells were cultured in the same flask for several passage numbers, cell debris and
metabolic waste accumulated in the flask resulting in slow growth. This was remedied by
transferring cells to a new flask every 4 subculture passages. The cells were rinsed once
in fresh Sf900IISFM before transferring to a new flask. The cells were collected in a 50ml
falcon tube and centrifuged at 250 g for 5 min and resuspended in 25 ml of fresh
SF900IISFM and centrifuged again. The supernatant media was discarded and the cells
were resuspended in an appropriate amount of fresh Sf900IISFM media to arrive at a
seeding density of 0.5-1 X106 cells/ml.
Transfection experiments to generate initial baculoviral particles were carried out in a 6well plate. Each well of the 6-well plate was seeded with 1 X 106 cells in 2ml of
Sf900IISFM media and allowed to attach for 2 hr before transfection. Small scale protein
expression studies were carried out in a 250ml Erlenmeyer flasks with a culture volume
of ~ 85ml while medium scale insect cell culture was performed in 1 litre Erlenmeyer
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Flasks (~ 300ml culture volume) and large scale (1 litre culture volume) in spinner flasks.
In either case cells were seeded at a density of 5 X 105 cells/ ml and allowed to reach a
density of 1 X 106 cells/ml before baculoviral infection.
2.3.4

Cryo-preserva�on.

Once cell density of suspension culture reached 1 X 106 viable cells/ml of culture at a
viability of 85-90 %; 10ml of suspension culture was harvested. The cells were
centrifuged at 250 g for 5 min and conditioned medium was saved. The cell pellet was
then resuspended in 1 ml of ice cold cryo-preservation media (see Appendix A) to arrive
at a cell density of 1 X 107 cells/ml. The cells were then transferred to a cryovial and the
cryovials were stored in an isopropanol box at -80°C. After 24 hr, the cells were moved
to cryo-boxes and stored in the vapour phase of liquid nitrogen in appropriate containers.
2.3.5

Transfec�on of Sf9 cells

Aseptic techniques were applied for the following experiments and were carried out in a
laminar air flow hood. Transfections were carried out in 6-well cell culture plates seeded
with 1 X 106 cells. For each baculoviral DNA two wells were transfected. Thus, on every
plate 2 baculoviruses were generated in duplicate and 2 wells were used as controls.
For each well to be transfected with baculoviral DNA; 1-2µg of baculoviral DNA
prepared earlier (see section 1.2.3.2) was diluted to 100µl with room temperature
Sf900IISFM media. In addition, 9µl of Fugene HD (Promega catalogue number 4311)
was mixed with 91µl of Sf900IISFM media. Next, diluted DNA and Fugene HD were
well mixed together and incubated at room temperature for 15 min. Control experiments
were mock transfections. In one of the control transfections, DNA was replaced with
Sf900IISFM and in the next control experiment Fugene HD was replaced with
Sf900IISFM.
Before transfection media was aspirated from the wells of the 6-well plate seeded earlier.
Next, DNA and Fugene mix (200µl/ well) was applied to each well (2 wells/ baculovirus
DNA). In addition, mock transfection reagents were applied to control wells. The plates
were incubated in a humid incubator at 27°C for 6 hr, following which 2 ml of fresh
Sf900IISFM was supplemented to each well. The cells were then incubated for an
additional 48-60 hr and observed using a microscope every 24-hr post transfection.
Successfully transfected cells swell in size and appear larger than control cells within 48
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hr. Once cell wall disruption started to appear, cells were observed under a UV light
equipped inverted microscope, filtered to 500-550nm UV light (blue filter). At this point
protein expression, could be monitored in real time using the YFP tag. Cells were
continued in culture until cell viability reduced to about 20-30%. Next the media was
aspirated from each cell and saved as initial baculovirus (V0) at 4°C for short term or at 80°C for long term storage.

2.4 Generating Baculoviruses
2.4.1

Genera�on of V1 baculoviruses and measurement of YFP.

Initial baculoviruses (V0) were used to infect 25ml Sf9 suspension cultures of cells at a
density of 1 X 106 cells/ml and > 85-90% viability. Cells were monitored every 24 hr for
YFP expression, by withdrawing 1 ml of culture into a 24-well cell culture plate. Once
YFP expression was observed using a fluorescent microscope; 1 X 106 cells were
collected from the suspension cell culture. Cells were centrifuged at 250 g for 5 min and
resuspended in 1ml 1X PBS (for a recipe see Appendix A; 3.17) to wash the cells. Cells
in PBS were once again centrifuged at 250 g for 5 min to pellet the cells. The cell pellet
was resuspended in ice cold 200µl PBS and sonicated using a probe sonicator at an
amplitude of 50% for 5 s twice with a 10 second interval on ice. The cell suspension was
centrifuged at 18,000 g for 5 min at 4°C. The supernatant was then placed in a well of 96well plate along with a 200µl of 1X PBS in a separate well. Next, YFP was measured
using a plate reader (excitation filter set to 485nm and emission filter set to 560nm) and
blanked against 1X PBS.
Cells were monitored every 24 hours until YFP measurement reached a plateau. Once
YFP expression reached a plateau, cells were harvested by centrifuging at 250 g for 5
minutes. The conditioned media was saved at baculovirus V1 at 4°C protected from light.
The cell pellet was processed for protein analysis experiments as mentioned in section
1.5 below. The cell pellet was then resuspended in 1X HBSS or 1X PBS to wash them
and centrifuged at 500 g for 5 min to collect them. The cell pellet was resuspended in
NP40 buffer (see Appendix A for recipe) and incubated on ice for 30 min, with
intermittent vortexing every 10 min. Next the cell suspension was centrifuged at 18,000
g for 30 min at 4°C. The supernatant was saved and pellet discarded.

72

2.4.2

Genera�on of V2

The V1 baculovirus collected above was used to infect 100ml of insect cells growing at
density of 1 X 106 live cells/ml and a viability of > 85%. Cell viability was measured
every 24 hr. Once cell viability reduced to ~30%, the media was collected in sterile 50ml
falcon tubes and centrifuged for 10 min at 1000 g. The cell pellet was saved for protein
analysis and conditioned media was saved at 4°C protected from light as V2.
2.4.3

Es�ma�on of Viral �tre

Viral titre was estimated using BaculoQUANTTM all in one virus titration kit (Oxford
Expression Technologies). The BaculoQUANT works on the principle of qPCR. During
the qPCR reaction by amplifying the gp64 gene which encodes an essential viral envelop
protein. The target region is detected using an oligonucleotide probe that is tagged with a
reporter fluorescent dye (6FAM) at the 5’ end and a quencher dye (IOWA BLACK FQ)
at the 3’ end. Whilst the probe is intact the proximity of the two dyes results in Fluorescent
Resonance Energy Transfer (FRET), thus greatly reducing the fluorescence of the
fluorescent dye. The 5’-3’ exonuclease activity of the Taq polymerase cleaves the dual
labelled probe as the primer extends, releasing the reporter dye. Thus, the FRET mediated
quenching of the reported dye is broken therefore increasing the fluorescent signal of the
dye. This increase in fluorescence can be quantified in real time, and is proportional to
the amount of starting viral DNA. The Ct value (a measure of number of amplification
cycles at which fluorescence rises above the background-noise baseline fluorescence, and
is inversely related to amount of viral DNA. Plotting the Ct values of viruses with
unknown viral titre against Ct values of viral standard to give an accurate titre of the
unknown viruses.
The kit is supplied with virus internal standard (~1 x 108 pfu; pfu- plaque forming units).
The standard was serially diluted using RNase-free water to generated 6 standards- ~1 x
108 pfu; ~1 x 107 pfu; ~1 x 106 pfu; ~1 x 105 pfu; ~1 x 104 pfu and ~1 x 103 pfu. Next,
80µl of the internal standards and unknown viruses (V1) were transferred to a clear 0.2ml
sterile microtube. The samples were then centrifuged at ~18, 000g for 5 min and the
supernatant was discarded. The resulting viral pellet was resuspended in 20µl of lysis
buffer supplied with the kit. The DNA was extracted using a thermocycler with the
following setting.
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Step

Temperature

Time

Step 1:

65°C for

15 min

Step 2:

96°C for

2 min

Step 3:

65°C for

4 min

Step 4:

96°C for

1 min

Step 5:

65°C for

1 min

Step 6:

96°C for

30 s

Step 7:

10°C

hold

Table 16: Extraction of baculovirus DNA. Thermocycler settings to extract recombinant baculovirus
and viral standard DNAs

The extracted DNA was immediately used for pPCR reactions. The qPCR reaction
master-mix was prepared as follows
Reagents (supplied with the kit)

volume for 1 reaction

qPCR low ROX mix

12.5µl

RNase free water

7.5µl

Probe + Primer Solution

3µl

Total Volume

23µl

Table 17: Viral titre qPCR reaction mix. The table outlines reagents used to make qPCR reaction
mix

Each reaction was carried out in triplicates in a 96-well plate. A 23µl aliquot of reaction
master-mix was added to the required number of wells and 2µl of extracted viral DNA
was added to designated wells (3 wells each for 6 viral standards, positive DNA control
supplied in the Kit and RNase water-negative control). The 96-well plate was sealed using
an adhesive plate seal and centrifuged briefly. The plate was then loaded on a ViiATM 7
Real Time PCR machine and amplified using the following conditions. The Ct values
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were exported to an analysis software and a standard curve generated. Next Ct values of
the unknown viruses were plotted against the standard curve to estimate a viral titre.
Temperature

Time

Number of Cycles

Enzyme activation

95°C

10 min

1 cycle

Denaturation

95°C

15 s
40 cycles

Annealing/ extension

60°C

60 s

Table 18: BaculoQUANT viral titre estimation. The table outlines qPCR conditions to estimate
baculovirus titre using BaculoQUANT kit.

2.5 Assessing expression and activity of γ-secretase enzyme complex components.
2.5.1

Genera�ng whole cell lysates

Whole cell lysates were prepared by dissolving cells in lysis buffer (see Appendix A).
Suspension cells were collected by centrifugation at 500 g for 5 minutes. The cell pellet
was then resuspended in 1 X HBSS and centrifuged again at 500 g for 5 minutes. The cell
pellet was then resuspended in 5 times packed cell volume (pcv) of ice cold lysis buffer.
For adherent cultures cells were first washed with 1 X HBSS before 200µl ice cold lysis
buffer added directly to cells. After incubation on ice for 5 minutes, adherent cells were
scraped, using a cell scraper and cells collected in a microfuge tube. Cell lysates collected
from suspension or adherent cells were incubated for a further 30 minutes on ice with
vigorous vortexing every ten minutes. The cell lysate was then centrifuged at 18,000 g
for 10 minutes at 4°C. The supernatant was saved as whole cell lysates; the pellet was
either discarded or saved for further analysis.
2.5.2

Cell Membrane prepara�on

Cell membranes were prepared for co-immunoprecipitation experiments, protein
purification, and cell-free assays. Membrane preparations were crudely prepared by
dissolving cell membranes in specific detergents (detergents that only dissolve cell
membranes and not nuclear envelope). Crude membrane preparations were used for cellfree assay experiments and co-immunoprecipitation experiments. Additionally, refined
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cell membranes were prepared from microsomes preparations dissolved in detergents.
Enriched cell membrane, preparations were used for purification studies.
2.5.2.1 Crude membrane preparations
Cells growing in suspension were centrifuged at 500 g for 10 minutes. The cell pellet was
then washed by resuspension in 1 X HBSS and centrifuging at 500 g for 10 minutes. The
cell pellet was retained and resuspended in Hepes buffer (see) and homogenized using a
probe sonicator for 10 cycles of 5 seconds on and 5 second off at 50% amplitude. The
homogenized cell suspension was then centrifuged at 1000 g for 10 minutes to remove
nucleus and cell organelles. The homogenizing buffer contains 250mM sucrose to prevent
microsomes from pelleting during this low centrifugation step. Thus, the microsome
containing supernatant was ultracentrifuged at 100,000 g for 1 hour at 4°C to pellet
microsomes. The microsomes were then resuspended in 5 times microsome pellet volume
of Hepes buffer (supplemented with 1% detergent), by passing the pellet through an 18gauge needle 30 times, and followed by passing the pellet suspension through a 26-gauge
needle. For larger cell cultures (>1 litre) the microsomal pellet was transferred to a
Dounce homogenizer and homogenised in Hepes buffer with 30 strokes of the pestle. The
microsomal suspension in 1% detergent- Hepes buffer was then incubated at 4°C for 1
hour (2 hours for > 1 litre cultures) under gentle agitation. The insoluble material was
pelleted out by centrifuging at 100,000 g for 1 hour at 4°C and the supernatant was saved
as refined membrane preparation.
2.5.2.2 Sodium bicarbonate wash
For some purification experiments the microsomes pelleted from homogenising buffer
were dispersed in approximately 2 volumes of 100mM sodium bicarbonate (Na2HCO3)
pH 11.3 at 4°C, by pipetting 30 times. The resuspended microsome were incubated on ice
for 20 minutes and collected by centrifugation at 100,000 g for 1 hour at 4°C. The
supernatant was discarded and traces of sodium bicarbonate were removed from the
centrifuge tube using a lint free absorbent paper. The microsome pellet were then
dissolved in 1% detergent-Hepes buffer as mentioned above.
2.5.3

Co-Immunoprecipita�on to analyse interac�ons between γ-secretase components.

Co-immunoprecipitation was carried out on crude cell membrane prep or enriched
membrane preparations. Immunoprecipitation is a technique to precipitate proteins using
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antibody specific to the protein of interest. Using the same technique protein complexes
can be co-immunoprecipitated, if complexing conditions are maintained throughout the
immunoprecipitation steps.
The reconstituted γ-secretase enzyme complex was immunoprecipitated using PS1
antibodies. Generally, polyclonal antibodies are better at immunoprecipitation as they
recognise a larger epitope than monoclonal antibodies. However, polyclonal antibodies
tend to be a less specific and might recognise epitopes on proteins containing similar
sequences. Western blot can indicate the efficacy of an antibody in detecting a protein
specifically. Nevertheless, the chemistries involved in immunoprecipitation are quite
different especially for a protein complex in its native state. Thus, specificity of an
antibody in immunoprecipitation of a protein needs to be determined empirically.
Both crude membrane preparations and enriched membrane preparations were used for
co-immunoprecipitation experiments. Membrane preparations were made in 1%
CHAPSO supplemented Hepes buffer. The membrane preps were diluted to 1mg/ml
using 1% CHAPSO-Hepes buffer. Protein A Mag Sepharose or Protein G Mag Sepharose
(GE catalogue number 28944006 and 28944008, respectively) were used to collect
protein-antibody complexes.
The beads are supplied as a 20% slurry in 20% ethanol. The beads were prepared by
aliquoting required amount of bead slurry (5 times required bead volume) into a clean
microfuge tube. Next, the beads were washed twice with 1X PBS, by applying a magnetic
field to collect beads and aspirating storage media. Next, the magnetic field was removed
and beads were resuspended completely in 1ml of ice cold 1X PBS. This step was
repeated once. Next, the beads were equilibrated in 1ml of 1% CHAPSO-Hepes buffer
twice each time applying magnetic field to collect beads and resuspending beads
completely.
The sample (1ml of diluted membrane prep) was pre-cleared for 2 hours using 5µl of
beads packed volume (pv), by incubating the sample at 4°C with slow end over end
rotation. This step eliminates proteins present in the sample that can non-specifically
interact with the beads. The preclearing beads were collected by application of a magnetic
field and the precleared sample was moved to a fresh microfuge tube.
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Next, the precleared sample was incubated with 1-3µg of antibodies overnight at 4°C,
with slow end over end rotation. The following day protein-antibody complexes were
collected using 20µl packed volume of beads pre-equilibrated in 1%CHAPSO-Hepes
buffer. The beads were washed twice with 1ml 1% CHAPSO-Hepes buffer twice. Next,
the beads were resuspended in 100µl of 1% CHAPSO-Hepes buffer and layered on 1ml
of 1M sucrose supplemented with 1% CHAPSO-Hepes buffer solution, in a fresh
microfuge tube. The beads were collected by brief centrifugation for 60 seconds. The
supernatant was removed and discarded and beads were washed with 1ml of 1%
CHAPSO-Hepes buffer twice. Finally, 50µl of 1X Laemmeli buffer (supplemented with
10mM β-Mercaptoethanol and diluted in deionised water) was added to the beads and
boiled. After centrifugation at 18000 g for 2 minutes the supernatant was applied to SDSPAGE and western blotting.
2.5.4

Aβ immunoprecipita�on.

Aβ was immunoprecipitated from cell lysates or conditioned cell culture media. 1ml of
cell lysate or conditioned cell culture media was centrifuged for 5 minutes at 18,000 g for
10 minutes at 4°C to pellet cellular debris. The supernatant was collected in a fresh tube,
and Tween-20 detergent was added to the lysates or media to a final concentration of
0.05%. The samples were precleared using 30µl Protein A-Sepharose beads (GE product
code 17-0780-01) suspension in PBS (1:1) for 1 hour under gentle end to end rotation at
4°C. The samples were centrifuged at 2000 g for 1 minute at 4°C and the supernatant was
moved to a fresh microfuge tube. Next 6E10 antibody was added to the supernatants
(1µg/ml final concertation) and the samples were incubated at 4°C under gentle end over
end rotation for 2 hours. Next 30µl of Gamma-Bind Plus Sepharose (GE catalogue
number 17-0886-01) beads in PBS slurry (1:1) was added to the samples and incubated
at 4°C with end to end rotation for 2 hours. The samples were then centrifuged at 2000 g
for 1 minute to pellet beads. The supernatant was discarded and the beads were washed
with 1ml of 0.05% Tween-20 in PBS (PBST) twice with centrifugation at 2000 g for 1
minute at 4°C between washes. The beads were next washed with 1ml of PBS and beads
were collected by centrifugation at 2000 g for 1 minute at 4°C. The beads were then
resuspended in 50µl of 1X lamellae buffer and boiled for 1 minute at 72°C. The beads
were then centrifuged at 18,000 g for two minutes and the supernatant was separated on
an SDS-PAGE and western immunoblotting was used to detect Aβ.
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2.5.5

Cell-free assay.

The activity of reconstituted γ-secretase enzyme was analysed using a cell-free enzyme
activity assay. Crude or enriched membrane preparations were incubated with γ-secretase
enzyme substrates (APP-C99-Flag or Notch-C100-Flag) and products were detected by
western blotting.
The cell-free assay involves reconstitution of γ-secretase enzyme in an appropriate
detergent (that maintains γ-secretase enzyme activity) and incubation of substrates in
presence of lipids, which facilitate enzyme activity. Other additives are included to
enhance substrate cleavage, for example Dithiothreitol (DTT) is included to prevent
substrate or enzyme oligomerisation, protease inhibitors prevent degradation of proteins
during assay and BSA prevents unspecific interaction of proteins with each other.
The cell-free assay is carried out in presence of phosphatidylethanolamine (PE) lipid
(0.025% final concentration; Sigma catalogue number P7693) and phosphatidylcholine
(PC) lipid (0.1%, final concentration; Sigma catalogue number P3556). Positive control
experiments utilised membrane preparations form HEK 293 cells. Negative control
experiments were setup in absence of γ-secretase enzyme, to ascertain unspecific
cleavage and/or degradation of substrates resulting in false detection of cleavage
products. Finally, γ-secretase enzyme inhibitors were used to indicate specificity of γsecretase enzyme mediated proteolysis of substrates.
Substrates were prepared as mentioned earlier (section 1.2.5). Sodium citrate, DTT, BSA
and EDTA were prepared in deionised H2O. PC and PE lipids were prepared by dissolving
the lipids in chloroform and then drying the lipids under a stream of nitrogen gas. Next,
the lipids were dispersed in deionised H2O to a concentration of 50mg/ml. Protease
inhibitor were prepared in deionised H2O, by dissolving one protease inhibitor tablet
(Roche cOmplete Ultra protease inhibitor tablets catalogue number 5892988001) in
200µl of deionised H2O. The γ-secretase enzyme inhibitors (DAPT, Sigma D5942; L685, 458, Sigma L1790) were prepared in DMSO
Reactions were setup by diluting the γ-secretase enzyme prepared in 1% detergents
diluted to 0.5% detergent using 150mM Sodium citrate. Next, 25µl of diluted γ-secretase
enzyme with 25µl of reaction mix (final detergent concentration 0.25%). Negative control
reactions were setup by replacing enzyme with 25µl of 150mM Sodium citrate. Reactions
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with γ-secretase enzyme inhibitor were setup by adjusting the volume of H2O
accordingly.
Reactions were carried out overnight (16 hours) at 37°C. The reactions were stopped
either by freezing at -20°C or by adding SDS-PAGE sample buffer. The products were
analysed by SDS-PAGE and western blotting. The cell-free assay reaction mix was
prepared as follows for 10 X 50µl reactions.

Reagent (stock concentration)

Volume

Sodium citrate (1.5M)

25µl

Protease Inhibitor (50X)

5 µl

PC lipid (10X)

5 µl

PE lipid(20X)

2.5µl

DTT (1M)

5 µl

EDTA (200mM)

2.5µl

BSA (10mg/ml)

5 µl

Substrate (in 1% detergent)

12.5µl

H2O

Up to

TOTAL (µl)

250µl

Table 19: Cell-free assay master mix.
The table outlines reagents required to setup cell-free assay master mix. The master mix is suitable
to setup 10 50µl (final volume) reactions. Substrate is either APP-C99 or Notch∆E

2.5.6

Total mouse brain lipid prepara�on

A whole wild type mouse brain was obtained from a project approved by Curtin Animal
Ethics Committee under the tissue sharing scheme. Total brain lipids were prepared using
the protocol outlined in [494]. Briefly, fresh mouse brain was washed with PBS and stored
at -80°C until used.
To the frozen mouse brain a mixture of chloroform and methanol (2:1 v/v) was added and
the tissue was homogenised using 50 strokes of a pestle in a Dounce homogeniser. The
homogenised brain was cleared by centrifugation at 18,000 x g at 10 minutes at 4°C. Next,
the clarified brain homogenate was transferred to a pre-weighed centrifuge tube. Next,
80

the lipids were dried under a stream of nitrogen for 4 hours. The centrifuge tube
containing dried lipids was weighed again to estimate the amounts of lipids. Finally, the
lipids were dissolved in 1% CHAPSO-Hepes buffer to a concentration of 100mg/ml and
stored at -20°C
2.5.7

Protein concentra�on Es�ma�on

Protein content of cell lysates or cell membrane preparations was estimated using
Bicinchoninic Acid (BCA) using the Micro BCA™ Protein Assay Kit (Thermo Fisher;
catalogue number 23235) [495]. Proteins when placed in an alkaline solution reduces
cupric ions (Cu2+) to cuprous ions (Cu1+) in a biuret reaction. The BCA reagent then reacts
with Cu1+ ions to give a dark purple colour. By measuring the intensity of the colour
generated (colorimetric analysis) protein concentrations can be estimated against a
standard curve.
The BCA kit includes BSA standard (2mg/ml); alkaline reagent (Reagent A; sodium
carbonate), BCA reagent (Reagent B) and copper (II) sulphate (Reagent C). BSA standard
was diluted in 1X PBS to generate BSA standards with the following concentrations 6µg,
8µg, 10µg, 12µg, 14µg, 16µg, 18µg, 20µg, 40µg, and 80µg. Assay samples were serially
diluted in 1X PBS to 1:10; 1:100 and 1:1000 in 200µl volumes. The protein samples were
aliquoted into wells of a 96-well microplate; in duplicates (100µl/well). The standards
(100µl each) were aliquoted in duplicates along with 1X PBS to be used as blank. The
three Micro BCA Kit reagents were mixed in the ratio of 50 parts Reagent A: 48 parts
reagent B: 2 parts reagent C. The reagent mix was immediately applied to the microplate
wells containing unknown protein, PBS blank and BSA standards (100µl/ well). The
microplate was covered with an adhesive film/ clear plastic film (cling film) to prevent
loss due to evaporation. The microplate was incubated at 37°C for 1 hour or at 65°C for
15 minutes. The plate was briefly centrifuged and placed in a plate reader (EnSpire®
Multimode plate reader, Perkin Elmer) and absorbance was measured at 562nm. A
standard curve was created for blank corrected absorbance (average readings of
duplicates) for each BSA standard. Average absorbance for each unknown protein was
blank corrected and plotted against the standard curve which was used to estimate protein
concentrations.
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2.5.8

Sodium Dodecyl Sulphate-Poly-Acrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is a technique that exploits differential electrophoretic mobility of proteins
to separate them based on their molecular weight. SDS is a denaturing anion detergent
that linerises and imparts an overall negative charge to the protein. The charged proteins
can then be mobilised through a poly-acrylamide gel upon application of an electric
current (electrophoresis). Linearised proteins would then separate from each other based
on their molecular weight.
In this study I used gradient gels that facilitate separation of proteins with wide range of
molecular weights [496], thus improving resolution of protein separation. We used
precast 4-12% NuPAGE® Novex™ Bis-Tris mini gels (Invitrogen; catalogue number
NP0321BOX) or 4-12% NuPAGE® Bolt™ mini gels (Invitrogen; catalogue number
NW04120BOX). MES SDS Running Buffer (Invitrogen; catalogue number B0002-02)
was used as an electrolyte during electrophoresis.
Samples were prepared by mixing a required concentration of proteins with 4X Laemmeli
gel loading buffer (see Appendix A, for a recepie) and 10mM β-Mercaptoethanol
(reducing agent prevents protein aggregation) and heated for 10 minutes at 72°C to
facilitate protein denaturing. During this time SDS-PAGE gels were prepared and loaded
into electrophoresis apparatus according to manufacturer’s instructions and 1X MES
electrophoresis buffer was prepared. After heat denaturation, the samples were
centrifuged at 18,000 g for 2 minutes to pellet any aggregated proteins and the
supernatants were loaded into the wells of an SDS-PAGE gel. In addition, a prestained
protein standard (Novex® Sharp™ Prestained Protein Standard, Invitrogen; catalogue
number LC5800) was loaded into one of the wells to monitor electrophoretic progression
and estimate molecular weight of proteins. The samples were then electrophoresed at a
constant 120V for 1 to 1.5 hours until the smallest protein of the prestained marker
reached bottom of the gel.
2.5.9

Blue Na�ve Poly-Acrylamide Gel Electrophoresis (BN-PAGE).

As opposed to SDS-PAGE, where proteins are analysed in their denatured state, BNPAGE facilitates analysis of multiprotein complexes [497]. Instead of using a detergent
(SDS), Coomassie Brilliant Blue dye (G-250) is used to provide a charge shift to the
proteins. Application of an electric current separates protein complexes based on their
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hydrodynamic size and shape [498, 499]. The coomassie dye interacts with protonated
basic amino acid residues (lysine, arginine, and histidine) and by hydrophobic
interactions with aromatic amino acids (phenylalanine, tyrosine, and tryptophan) [500].
Samples are prepared in mild nondenaturing detergent that facilitates dissolution of
protein complexes in their native state i.e. without dissociating them.
In this study protein complexes were analysed on 4-16% NativePAGE™ Bis-Tris gels
(Invitrogen, catalogue number BN1002BOX). Samples were prepared by dissolving
crude or refined cell membranes (as mentioned above 2.5.2) in detergents CHAPSO(1%
w/v), Digitonin (1% w/v) or DDM (0.1% w/v), that have been empirically determined to
maintain γ-secretase components in complex and an active state [202, 409].
To detect protein complexes using BN-PAGE, desired concentration of protein was
mixed with BN-PAGE sample buffer (see Appendix A for a recipe). A 4-16%
NativePAGE gel was loaded into PAGE apparatus and ice cold cathode and anode buffers
were added (see Appendix A for a recipe). Samples were loaded onto the gel and
electrophoresed at 100V at 4°C for 1-1.5 hours (till the sample dye front reached the
bottom of the gel). The proteins were then transferred to a nitrocellulose membrane and
western immunoblotted.
2.5.10 Coomassie staining of Polyacrylamide Gels
Coomassie blue stain is a quick and easy way to detect protein separated by SDS-PAGE.
It is routinely used in protein purification strategies to check for quality of purified protein
Coomassie Brilliant Blue dye interacts electrostatically with protonated basic amino acid
residues and by hydrophobic interactions with aromatic amino acids [500]. Protein
separated by SDS-PAGE can be detected at a low concentration of 0.1µg-5µg, using the
Coomassie Brilliant Blue G-250 dye [501].
All the steps were carried out at room temperature, in a glass tray on a rocking platform
(nutator) at a gentle rocking speed. In addition, enough reagents were added to the tray to
allow the gel to move freely. Briefly, soon after electrophoresis; SDS-PAGE gels were
washed in water for 5 -10 minutes. Next, the water was completely drained and coomassie
blue staining solution (see Appendix A for a recipe) was added to the gel to cover it
completely and allowed to stain for an hour on a rocking platform. Next, the gels were
destained. To destain the gel, coomassie blue staining solution was completely removed.
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The gel was rinsed in destained solution (see Appendix A for a recipe) for 1 minute and
replaced with fresh destain solution. The gels were destained for 1-2 hour on a shaking
platform. Destain solution was replaced every 30 minutes with fresh solution. The gel(s)
were destained until the background staining was minimal. The gel was then imaged using
a BioRad ChemiDoc XRS system on a white platform with trans-illuminating white light
and an exposure of 0.025 milliseconds.
2.5.11 Ponceau S staining
Ponceau S is a dye that can detect ~1µg of proteins on an immunoblot. The dye-protein
binding is reversible and allows for downstream processing of membranes [502]. Ponceau
S staining of immunoblots when used in conjunction with Coomassie Brilliant Blue
staining of corresponding PAGE gel, can effectively indicate transfer efficiency. Ideally,
a 100% protein transfer efficiency is observed when Coomassie staining is negative for
the PAGE gel and protein can be detected on immunoblot using Ponceau staining.
However, this is usually not the case as overexpressed proteins take longer to transfer
than low expressed proteins based on sheer quantity. Hence, transfer conditions (voltage,
current, time etc.) were adjusted accordingly to obtain a more complete transfer.
Following protein transfer to nitrocellulose or PVDF membrane, the transfer stack was
disassembled and the immunoblot was extracted. The membrane was placed in a plastic
tray and covered with Ponceau S stain and shaken slowing on a rocking platform for 510 minutes. Once desired band intensities were observed, the Ponceau stained
immunoblot was imaged using ChemiDoc and the blot was washed with 1 X TBS (see
Appendix A for a recipe) on a rocking platform. The blot was washed until the dye was
completely removed (15-20 minutes in most cases). The blot was replenished with fresh
1X TBS every 10 minutes to facilitate complete removal of Ponceau staining. Destained
blot was then used for western immunostaining.
2.5.12 Western immunoblo�ng
Western immunoblotting is a technique, whereby specific proteins can be identified using
protein-specific antibodies. In this technique, a mixture of protein is separated using
electrophoresis (SDS-PAGE or BN-PAGE). Next the separated proteins are mobilised in
the second dimension (if proteins are separated in y axis/ vertical direction, proteins are
mobilised in x axis/horizontal direction, using current) using electrophoresis onto a
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nitrocellulose or a polyvinylidene difluoride (PVDF) membrane, which have high affinity
to bind proteins and are inert [503, 504]. Finally, the protein of interest was detected on
the nitrocellulose or PVDF membrane using primary and horse radish peroxidase
conjugated secondary antibodies. For the sake of simplicity, the nitrocellulose or PVDF
membrane are henceforth called ‘membrane’ and membranes with transferred proteins on
them as ‘immunoblots’
2.5.12.1 Electrophoretic Transfer of proteins to a membrane
During the course of this study several techniques and equipment were used to mobilise
proteins to a nitrocellulose or PVDF membranes. PVDF was preferred when multiple
proteins were to be detected on the same membrane. Two techniques for protein transfer
were employed- Dry and wet electrophoretic transfer and are detailed below
2.5.12.1.1 Dry electrophoretic protein transfer
Dry electrophoretic transfer was the most widely used protein transfer technique in this
study. Dry electrophoresis facilitates quick transfer of proteins to a membrane, however
is less sensitive than wet transfer. Dry transfer was employed in experiments where
protein detection was prioritised over protein quantification.
The technique is eponymous of dry gel electrolytes instead of conventional wet
electrolytes gels [505]. Pre-assembled nitrocellulose (Life Technologies catalogue
number IB301031) transfer stacks or PVDF (Life Technologies catalogue number
IB401001) stacks were used to transfer protein in a semi-dry state. The transfer stack uses
a thin copper film electrode as anode and cathode to apply current evenly across a gel,
thus all protein in the gel are under equal electrophoretic current.
SDS-PAGE or BN-PAGE gels were placed directly on the nitrocellulose or PDVF
membrane supplied as the bottom (anode) part of the transfer stack avoiding air bubbles.
Next a wet blotting paper was placed on top of the gel and a roller was used to squeeze
out any trapped air bubbles. Next, the top of the transfer stack was placed on the bottom
part, to assemble the transfer stack.
The assembled transfer stack in then placed on iBlot quick transfer system (Life
Technologies catalogue number IB1001). Proteins were transferred using iBlot program
3 (P3; constant 20 Volts) for 7 minutes.
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2.5.12.1.2 Wet Electrophoretic transfer of proteins.
The wet (also called submerged) electrophoretic transfer is a much milder technique for
transferring proteins to a nitrocellulose or a PVDF membrane, albeit takes longer.
However, wet transfer facilitates a more complete transfer of over expressed proteins
[502, 505].
Wet transfer was conducted in BioRad Turbo Blot® Transfer Cell (BioRad catalogue
number 1703939). The transfer cell is supplied with two transfer cassettes for assembling
transfer stacks. Each cassette can hold up to 4 mini-gels. Towbin’s transfer buffer system
was used as an electrolyte during wet transfer [504]( for a recipe see Appendix A: List of
Reagents and Recipes section 10). Protein transfer was carried out at 4°C in a cold room
at 350mAmp for 3 hours.
The efficiency of transfer was estimated using the pre-stained protein standard loaded
during PAGE. Efficiency was considered acceptable if all bands of the pre-stained marker
transferred equally and completely to the membrane. In addition, coomassie stain was
used to stain transferred gels to determine efficiency. Efficiency was considered
acceptable if no protein bands were detected on the transferred gels. Finally, protein
retention ability of the membrane analysed using Ponceau S staining. Once the transfer
of protein is completed the nitrocellulose or PVDF membrane is referred to as
‘immunoblot’.
2.5.12.2 Protein detection by western immunoblotting
Western immunoblotting of proteins was carried out using specific antibodies directed at
the protein of interest. Antibodies and respective dilutions used in this project are detailed
in Table 20. All the western blot steps were carried out at room temperature otherwise
indicated, under gentle agitation on a rocking platform.
Immunoblots obtained after protein transfer were washed 3 times in 1X TBS (henceforth
referred as TBS (for a recipe see Appendix A section 11), in a plastic tray for 10 minutes
each. Next, the immunoblots were incubated in a blocking solution of 5% (w/v) of Skim
milk powder in TBS for 1 hour. Blocking is essential to prevent non-specific binding of
antibodies to the membrane, thus minimising background signals [503]. Next, the
immunoblots were quickly rinsed in TBS and the blots were incubated with primary
antibody at desired concentrations diluted in 0.5% skim milk in TBST (for a recipe see
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Appendix A section 11). Immunoblots with primary antibody were either incubated at
room temperature of 3 hours or at 4°C overnight. The immunoblots were then washed
with TBST 3 times for 10 minutes each. The immunoblots were then incubated with horse
radish peroxidase (HRP) conjugated secondary antibody for 1 hour at room temperature.
Two different secondary antibodies were used anti-mouse IgG-HRP (GE-Amersham
catalogue number NA931) or anti-rabbit IgG-HRP (GE-Amersham catalogue number
NA943). Both secondary antibodies were used at a dilution of 1:5000 in 0.5% skim milk
in TBST. Following secondary antibody incubation, the immunoblots were washed 3
times with TBST to rinse any non-specifically bound secondary antibody. Finally, the
immunoblots were quickly rinsed in TBS before enhanced chemiluminescence (ECL)
reagent application.
Target Protein

Clonality

Presenilin-NTF/PS1

Mouse

holoprotein/PS1(Δ9)

Monoclonal

Presenilin-NTF/PS1

Rabbit

holoprotein/PS1(Δ9)

Polyclonal

Presenilin-

Mouse

CTF/PS1holoprotein/PS1(Δ9) Monoclonal
Nicastrin

Pen2

Aph1a

APP-C99/ APP-holoprotein

Aβ/APP-holoprotein

Antibody
name

NT1

Ab14

Fraser University

1:5000

Gandy Mt Saini
Hospital, NY USA

APS18

NCT

Rabbit

Anti-

Polyclonal

Pen2

Rabbit

Anti-

Polyclonal

Aph1a

Monoclonal

1:2000

Professor Sam

Polyclonal

Mouse

Number)

of Toronto (UoT)

Anti-

Monoclonal

Source (catalogue

Professor Paul

Rabbit

Mouse

Dilution

C1/6.1

1:1000

Abcam (ab15458)

1:2000

Sigma (N1660)

1:2000

Sigma (PRS3979)

1:2000

Sigma (PRS4001)

1:5000

Assoc. Prof Paul
Mathews, NYU
Professor Colin

WO2

1:5000

Masters University
of Melbourne
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Aβ/APP-holoprotein

His Tag

Flag-Tag

Mouse
Monoclonal

6E10

Mouse

Penta-

Monoclonal

His-HRP

Mouse

Anti-Flag

Monoclonal

M2-HRP

1:2000

Covance (39300)

1:2000

QIAGEN (34460)

1:1000

Sigma
(A8592)

Table 20: List of Primary Antibodies.
The table lists the antibodies used in this research. Except for HRP-linked antibodies (penta-his-HRP
and Anti-Flag M2-HRP), HRP linked secondary antibodies were used to detect primary antibodies.
Anti-mouse IgG-HRP (GE-Amersham catalogue number NA931) or anti-rabbit IgG-HRP (GEAmersham catalogue number NA943) were used at a dilution of 1:5000 (in 0.5% skim milk in TBST)
for 1 hour at room temperature.

2.6 Enzyme Linked Immunosorbent Assay (ELISA)
Enzyme linked immunosorbent assay (ELISA) is a technique whereby an antigen
(protein) is detected using an antibody. In contrast, to western immunoblotting, where the
protein is immobilised to a membrane, ELISA immobilises an antigen to a microplate
with directly or using a ‘capture antibody’ (sandwich ELISA). The antigen is then
detected using a primary antibody that can itself be coupled to an enzyme (direct ELISA).
However, in most cases a secondary detection antibody coupled to an enzyme is attached
to the primary antibody (indirect ELISA). Next, a substrate is added that is hydrolysed by
the antibody coupled enzyme to produce a quantifiable colour directly proportional to the
amount of antigen in the sample [506].
Although similar to western immunoblotting, ELISA is considered to be highly specific
and sensitive. In addition, ELISA detects antigens in native state as opposed to denatured
antigens detected by western immunoblotting. Finally, the microplate format enables a
large number of samples to be analysed in relatively lesser time than western
immunoblotting.
In this study, commercial sandwich ELISA kits were employed to detect generation of
Aβ40 (Life technologies catalogue number KHB3481) and Aβ42 (Life technologies
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catalogue number KHB3441) in cell-free assays, following manufacturer’s protocol.
Briefly, the supplied lyophilised Aβ40 or Aβ42 standards were reconstituted in 55mM
sodium bicarbonate solution, pH 9.0 (standard, dilution buffer, supplied by manufacturer)
and dissolved by gentle mixing. The standard solutions were incubated at room
temperature for 10 minutes. This stock solution is at a concentration of 1µg/ml of Aβ40
or Aβ42. The stocks were serially diluted in standard dilution buffer to get 1000, 500,
250, 125, 62.5, 31.25 and 15.43 pg/ml standards. Standard diluent buffer was used as
blank. Samples (cell-free assay reactions) were diluted in equal quantities of standard
dilution buffer. Next, 50µl of standard and diluted samples/ well were added to ELISA
plate coated with capture antibody (supplied by manufacturer). Next, 50µl of detection
antibody solution (supplied by manufacturer) was added to each well and the plate was
covered with the supplied plate cover and incubated at room temperature for 3 hours with
shaking. The plate was washed 4 times with 100µl/well of 1 X wash buffer (supplied by
manufacturer). Next, 100µl of 1X anti-rabbit IgG HRP solution (diluted from 100X in
HRP diluent buffer, supplied by manufacturer) was added to each well of the microtiter
plate and covered with a plate cover. The plate was then incubated at room temperature
with shaking for 30 minutes. The plate was washed with 100µl/well of 1X wash buffer,
4 times. Next, 100µl of stabilized chromogen was added to each well and incubated at
room temperature on a shaker in the dark. The reaction was stopped by adding 100µl of
supplied stop solution and mixed by a gentle tap to the plate. The plate was then read at
450nm using a plate reader.
A standard curve was generated by plotting the optical densities of the standards on a
graph. Aβ40 and Aβ42 concentrations in the unknown sample were estimated by plotting
unknown sample optical densities against the standard curve.

2.7 Protein Purification
Two protein purification tags were cloned onto γ-secretase enzyme components. NCT
was C-terminally tagged with an ‘Octa-Histidine tag’ while Pen 2 was N-terminally
tagged with an enterokinase cleavable purification cassette consisting of Strep and CBP
purification tags. Furthermore, PS1(Δ9) was N-terminally tagged with Octa-His tag. In
addition, other purification methods were applied to obtain concentrated recombinant
protein at homogeneity. While lectin purification method was applied to recombinant γsecretase enzyme; His-tagged PS1(Δ9) was additionally purified by ion exchange
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chromatography (IEX). Both recombinant γ-secretase enzyme and His-PS1(Δ9)
underwent size exclusion chromatography (SEC) as a last polishing purification step.
Affinity purifications (His, CBP and Lectin) were carried out in batch mode, while IEX
and SEC were performed on prepacked columns and using a high-pressure liquid
chromatography (HPLC) system.
Small scale protein purification was carried out with enriched membrane preparations of
recombinant baculovirus EMBacY PS1(wt)-γ-secretase or EMBacY-PS1(Δ9) infected 10
ml insect cell cultures at a density of 1 X 106 viable cells/ml (~80% viability). Protein
concentration was estimated using BCA (see section 1.5.6). Next, 500µl pbv (packed bead
volume) of purification beads were equilibrated in 5pbv of sample buffer (buffer in which
membranes were dissolved in). Next, enough membrane preparations were added to
account for twice the bead- protein binding capacity (i.e. amount enriched membrane
preparation: beads binding capacity = 2:1). The bead-sample were then incubated at 4°C
for an hour rotating gently end over end. Following incubation, the flowthrough was
collected and beads were washed with 1-5pbv of binding buffer and eluted using an
increasing step gradient of eluent.
2.7.1

Aﬃnity Chromatography- general protocol.

The affinity purification resin/beads are supplied as a 50% slurry in 20% ethanol as a
preservative. The beads were resuspended by gently shaking the bottle to obtain a
homogenous mixture. Required amounts of beads was placed in an empty PD10 column
(GE Lifesciences catalogue number 17043501). The preservative was allowed to drain by
gravity. The beads were next washed with 10 bead volumes of deionised water. Finally,
the beads were then equilibrated with 5 bead volume of sample buffer (buffer in which
sample is dissolved). Next the sample was applied to the beads and the column was closed
with a top cap and the outlet port with a stop cork. The sample bead suspension was then
incubated for 1-2 hour at 4°C under gentle agitation. All batch incubations were carried
out on a rotator running at 10 rotations per minute (10 rpm). Following, batch incubation
the column was held vertically on a burette stand. The beads were allowed to settle and
the stop cork was removed and the column was allowed to drain by gravity. The
flowthrough was collected for analysis. The beads were next washed with 5 times bead
volume of sample buffer. The bead bound protein was eluted using a competitive eluent
with a higher affinity to the beads than our protein of interest. To determine optimal
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concertation of eluent to elute protein of interest, a step gradient of eluent at various
concentrations, dissolved in sample buffer was next applied to beads to elute sample. All
affinity purification steps required extensive optimisation steps. These have been detailed
in the Chapter 4.
2.7.2

Ion exchange Chromatography (IEC).

Ion exchange chromatography (IEC) was applied to purify His-PS1(Δ9), APP-C99-Flag
and Notch-C100-Flag. Samples were immobilised on an anion exchange column in low
salt and eluted in an increasing gradient of salt concentration. Before IEX samples were
diluted to a concentration of 50mM NaCl. Next, the sample was applied to a prepacked
Q –Sepharose HiTrap 1ml column (anion exchange column; GE LifeSciences catalogue
number 17-1153-01), using AKTA purifier HPLC system (GE LifeSciences catalogue
number 28406266). The samples were applied to the column at a flow rate of 200300µl/min. The column was washed with 5 column volume of sample buffer and samples
were eluted in an isocratic gradient of 50-500mM NaCl.
2.7.3

Size exclusion chromatography.

Size exclusion chromatography (SEC) was used as a last step in purification. All SEC
experiments were done on prepacked columns using a HPLC system (AKTA purifier).
Samples were concentrated 10- 20 times using a protein concentrator. Small volumes of
concentrated proteins 100-500µl was applied to the columns to achieve maximum
resolution.
The recombinant γ-secretase enzyme was applied to a prepacked Superose 6 Increase GL
10/300 column (GE LifeSciences catalogue number 29-0915-96). While His-PS1(Δ9)
was cleaned up on a Superdex 75 10/300 GL column (GE LifeSciences catalogue number
17-5174-01). Sample buffer was used as mobile medium and 500µl fractions were
collected.
All flowthrough and eluted samples (affinity, IEC and SEC) were analysed by Coomassie
staining for purity and western blotting to confirm presence of all components of γsecretase enzyme complex and His-PS1(Δ9).
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3 Results: Utilising the MultiBac Baculovirus expression
system to express an active γ-secretase enzyme complex.
3.1 Introduction
The γ-secretase enzyme comprises four core transmembrane proteins - Presenilin 1 (PS1;
[35]) or Presenilin 2 (PS2; [310]), Nicastrin (NCT; [125]), Anterior pharynx homologue1 (Aph-1a or Aph1b [127, 507]) and Presenilin enhancer-2 (Pen-2; [507]). Each of the
components is required in equal stoichiometry to reconstitute γ-secretase enzyme activity
[422]. In addition, the two presenilin paralogues (PS1 or PS2) can interact independently
(in addition to NCT and Pen-2) with Aph1 paralogues (Aph1a or Aph1b) and Aph1a
isoforms (Aph1aL, Aph1aS), to generate theoretically up to 6 possible complexes
(reviewed in [103]). Evidence suggests that each complex has different capacities to
process substrates [320, 388, 508, 509]. The combination of proteins that exist within
individual complexes and the protein regions that account for the different activities still
remains to be determined. In addition, although low-resolution 3D images have been
reconstructed from electron microscopic images of purified complexes [202, 241, 242,
245, 399, 510, 511], detailed high-resolution atomic structure of the γ-secretase complex
remains elusive. An atomic structure of γ-secretase would provide further essential
information such as protein folding, catalytic site structure; substrate binding site(s) and
conformation changes in the presence of substrates/inhibitors.
A protein expression system that is amenable to manipulation and allows controlled
expression, has minimal interference from endogenous protein, has the ability to generate
large amount of purified protein, and has the ability to generate complexes containing
various modifications efficiently would be beneficial in providing further insight into
activities and suitable material for high resolution structural studies of γ-secretase. The
enzyme has been expressed in yeast [424] and mammalian protein expression systems
[512]. Yeast systems have limited resources to facilitate proper posttranslational
modifications of components such as nicastrin which is highly glycosylated [125]. More
recently, the γ-secretase enzyme was successfully reconstituted in Chinese hamster ovary
(CHO) cells using two multigene expression vectors to express the enzyme components
simultaneously [512]. However, using two expression vectors makes it difficult to
maintain the uniform stoichiometry (1:1:1:1) of the subcomponents essential for an active
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γ-secretase enzyme [422]. In addition, yeast and mammalian cells possess endogenous γsecretase enzyme, γ-secretase like activity and γ-secretase binding proteins [513] that
would complicate interpretation of the functional activity of the reconstituted γ-secretase
enzyme.
The Baculoviral protein expression in insect cells is an alternative eukaryotic system
which, compared to yeast and mammalian systems, achieves a greater level of expression,
and the system is amenable to scaling up protein production to generate large quantities
of purified protein required for high-resolution structural studies. Baculoviruses have
been used to express individual components of the complex [514, 515], and through coinfection with multiple viruses have reconstituted γ-secretase activity in insect cells [514,
516]. In addition to being technically challenging and laborious (i.e. maintaining known
viral titres), this approach is further complicated by proteolysis (due to viral dependent
cell lysis and proteolysis) resulting in impairment of post-transcriptional machinery of
the cells, protein degradation and poor recovery of expressed protein [517]. Hence,
generic baculoviral expression systems are not ideal for the efficient production of
multiprotein complexes.
The MultiBac baculovirus expression system, circumvents the limitations associated with
generic baculoviral expressions systems as it allows protein expression using a single
expression vector. The MultiBac expression vector pFBDM is a bi-directional expression
vector that allows modular cloning of additional protein expression cassettes [472]. All
expression cassettes are under the control of promoters with identical transcription
efficiencies, thereby achieving uniform and improved protein expression [472] [518]. The
combinatorial expression cassette assembly method is also particularly useful when
variations of a complex (such as different subunits and isoforms, mutants etc.) are to be
analysed. In addition, a modified version of MultiBac DNA (referred to as EMBacY) has
been generated that contains a yellow fluorescent protein (YFP) expression cassette under
a promoter with the same transcription efficiency as expression vector promoters, thus
facilitating quantitative real time monitoring of recombinant protein expression. The
MultiBac technology uses highly efficient site directed Tn7 transposition mediated
recombination to integrate the expression vector into MultiBac baculovirus DNA
resulting in 100% efficiency of recombinant baculoviral DNA generation. Furthermore,
the baculovirus genome has been engineered with disabled viral cathepsin and chitinase
genes, greatly reducing virus-dependent proteolysis of recombinant proteins and viral93

dependent liquefaction of insect cells. This leads to improved maintenance of cellular
compartments during infection and protein production.
The MultiBac protein expression system has been used successfully for production of
protein complexes and membrane protein complexes, and also for the development of
Virus-like particle (VLP)-based vaccines and even gene therapy vectors [471, 519-521].
More recently, the MultiBac baculoviral expression system has been used to reconstitute
and generate purified transcription factor IID [521, 522], to decipher a high-resolution
structure using X-ray crystallisation studies. Furthermore, the system has also enabled the
reconstitution of heptameric Mediator Head Module which controls RNA polymerase II,
this was then purified and Cryo-EM studies were used to solve its structure [523]. In this
chapter the MultiBac baculoviral expression system has been employed to express the
components of the γ-secretase complex containing wild-type PS1 as well as PS1 with the
ADAD mutation PS1(Δ9), and to reconstitute enzyme activity in insect cells.
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3.2 Aims/Objectives
This chapter outlines the use of a MultiBac baculoviral expression system to reconstitute
an active PS1 wild-type or mutant (PS1(Δ9)) γ-secretase enzyme in insect cells. The
following aims are required to achieve this goal:
1. Incorporated the pFBDM (MultiBac) vector generated by Dr Sudarsan Krishnaswamy
(see Fig 1 and Methods section 3.3.1) containing PS1 (PS1wt/PS1 mutant –PS1(Δ9)),
NCT, Aph1aL and PEN-2 into recombinant EMBacY and MutliBac baculovirus
DNA.
2. Transfect EMBacY/MultiBac-PS1(wt)-γ-secretase and EMBacY/MultiBac-PS1(Δ9)γ-secretase into insect cells and assess expression and interaction between protein
components.
3. Assess activity of expressed γ-secretase complexes on APP and Notch substrates.
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Figure 10: Aim 1-Cloning strategy to generate pFBDM-γ-secretase enzyme expression vector
(Objectives A-F).
Cloning steps indicated in red box were optimised by Dr Sudarsan Krishnaswamy (A) PS1(wt) or
PS1(Δ9) and Aph1aL cDNAs were cloned into multiple cloning sites (MCS) MCS1 and MCS2 of
pFBDM respectively to generate pFBDM-PS1(wt)-Aph1aL and pFBDM-PS1(Δ9)-Aph1aL
expression vectors. (B) Pen-2 cDNA was cloned in frame to the 3’ end of a protein purification tag
sequence on pUCDM, to generate an expression cassette (C) The Pen-2 expression module was cloned
into expression vectors generated in (A) to result in pFBDM-PS1(wt)-Aph1aL-Pen-2 and pFBDMPS1(Δ9)-Aph1aL-PEN 2 expression vectors. (D) NCT cDNA was cloned 5’ and in frame to an octa his tag into pSPLpolH expression vector to generate a NCT expression module. (E) NCT expression
cassette was cloned into expression vectors (generated in C) to generate pFBDM-PS1(wt)-γ-secretase
and pFBDM-γ-secretase (PS1(Δ9)). (F) Finally, the expression vectors were integrated into MultiBac
baculovirus DNA by transposition to generate recombinant MultiBac-PS1(wt)-γ-secretase and
MultiBac-PS1(Δ9)-γ-secretase, respectively.
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3.3 Methods
The MultiBac expression system is based on ‘Cre-LoxP’ site specific recombination and
restriction cloning of expression cassettes into the expression vector pFBDM. The
pFBDM expression vector has two multiple cloning sites that facilitate insertion and
exchange of cDNAs from transfer vectors. Additional vectors are used to generate
expression cassettes each containing a multiprotein complex component (one component
per expression cassette) [472, 518, 519, 521, 524-528]. The expression cassettes are then
modularly cloned into pFBDM. The final pFBDM expression vector containing all the
components of multiprotein complex is then inserted into recombinant baculovirus
genome [471, 520, 521].
Note: A previous student of my supervisors Professor Ralph Martins and Associate
Professor Giuseppe Verdile, Dr Sudarsan Krishnaswamy had performed initial work on
optimising the cloning strategy for expression vector pFBDM-PS1(wt)/PS1(Δ9)-γsecretase described later in this chapter. The overall cloning strategy followed by Dr
Krishnaswamy is outlined in his PhD thesis entitled “Reconstructing the gamma-secretase
complex using the MultiBac baculovirus system for expression of heterologous multiprotein complexes”. In my thesis, as part of quality control I have re-selected and
sequenced the expression constructs generated by Dr Krishnaswamy. In addition, I have
cloned this expression vector in two new recombinant baculovirus DNA- EMBacY and
MultiBac to generate EMBacY/MultiBac-γ-secretase. These recombinant baculovirus
DNA improve on previous baculovirus DNA used in Dr Krishnaswamy’s thesis
(DH10Bac) and were provided by Prof Imre Berger. The EMBacY and MultiBac
baculovirus DNA have viral cathepsin and chitinase genes disabled to minimise viral
protease mediated degradation of recombinant proteins and enable prolonged sustained
protein expression (by delaying viral mediated insect cell liquefaction). In addition, the
EMBacY baculovirus DNA contains a YFP expression cassette to allow for real time
monitoring of protein expression, thus improving on the previous MultiBac. In addition,
I fully validated the recombinant protein expression, complex formation and activity of
the newly generated MultiBac- and EMBacY-expressed γ-secretase and mutant PS1(Δ9)
γ-secretase, for the first time.
The pFBDM cloning steps described were optimised and performed by Dr Krishnaswamy
and are indicated in this thesis as schematics and are solely intended to
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inform/contextualise the reader of this thesis. This cloning procedure is summarised
below and is detailed in section 3.3.1. Briefly, the PS1(wt) or PS1(Δ9) and Aph1aL
cDNAs were cloned into the pFBDM- MCS1 and MCS2, respectively using traditional
restriction cloning. PEN 2 was modularly cloned using restriction digestion at the
multiplication module of pFBDM and NCT was cloned into pFBDM using ‘Cre-lox’
recombination to generate a single expression vector containing all the genes for γsecretase enzyme complex and thus henceforth called pFBDM- PS1(wt)-γ-secretase or
pFBDM-PS1(Δ9)-γ-secretase (PS1 mutant complex).
I selected and re-sequenced these vectors and cloned them into EMBacY and MultiBac
baculovirus DNA. Next equal amounts of recombinant EMBacY and MultiBac DNA
were transfected into insect (Sf9) cells and baculoviruses generated as described in
materials and methods (section 2.4). Expression was monitored in real time for EMBacY
using fluorescent microscopy and YFP was quantitated every 24-hour post infection
(HPI) as described in (section 2.4.1). Following viral titre estimation (section 2.4.3) Cells
were infected with recombinant EMBacY and MultiBac baculoviruses as described in
(section 2.4.2) and expression of γ-secretase protein complexes were performed on whole
cell lysates harvested from infected cells (section 2.5.1). Co-immunoprecipitation to
analyse protein interaction (section 2.5.3) and activity assays (section 2.5.5) were
performed to validate the expressed γ-secretase enzyme.
3.3.1

Cloning of γ-secretase enzyme components to generate recombinant pFBDM and
recombinant Mul�Bac

Detailed cloning strategies for the generation of pFBDM expression vectors containing
PS1(wt) (“PS1(wt)-γ-secretase”) or PS1 mutant (“PS1(Δ9)-γ-secretase”) can be found in
Dr Krishnaswamy’s thesis Chapter 4. The cloning steps are diagrammatically represented
below in Figure 11- Figure 17 (Modified from Dr Krishnaswamy’s thesis). Briefly, the
PS1(wt) and PS1(Δ9) cDNAs were cloned into MCS1 of the bidirectional vector pFBDM
at BamHI and HindIII restriction sites and Aph1aL cDNA was cloned into MCS2 of
pFBDM at KpnI and XhoI. Next, Pen-2 cDNA was modularly cloned into pFBDM
multiplication module at SpeI restriction site. Finally, NCT cDNA was modularly cloned
using Cre-LoxP recombination to generate expression vector pFBDM-PS1(wt)-γsecretase and pFBDM-PS1(Δ9)-γ-secretase. The two expression vectors generated were
transposed

into

EMBacY

and

MultiBac

baculovirus

DNA

to

generate
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EMBacY/MultiBac-PS1(wt)-γ-secretase and EMBacY/MultiBac-PS1(Δ9)-γ-secretase
recombinant baculovirus DNA. The recombinant baculovirus DNA were then transfected
into Sf9 insect cells to generate EMBacY/MultiBac baculovirus-PS1(wt)-γ-secretase and
EMBacY/MultiBac baculovirus -PS1(Δ9)-γ-secretase.
3.3.1.1 Cloning PS1(wt) or PS1(Δ9) into pFBDM

Figure 11: Cloning of PS1(wt) and PS1(∆9) into pFBDM
(A) PS1(wt) and PS1(Δ9) cDNA were PCR amplified from their respective pRc/CMV2 vectors. (B)
The PCR amplified cDNAs were then restriction cloned at BamHI and HindIII restriction sites
located at MCS1 of pFBDM. This generated pFBDM-PS1(wt) and pFBDM-PS1(Δ9) expression
vectors (Modified from Dr Krishnaswamy’s thesis).
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3.3.1.2 Cloning Aph1aL cDNA into ‘pFBDM-PS1(wt)’ and ‘pFBDM-PS1(Δ9)’

Figure 12: Generation of pFBDM-PS1(wt)-Aph1aL and pFBDM-PS1(Δ9)-Aph1aL expression
vectors
(A) Aph1aL cDNA was PCR amplified from pRc/CMV2-Aph1aL. (B) The PCR amplified product
was then restriction cloned at XhoI and KpnI restriction sites located at the MCS2 of pFBDMPS1(wt/Δ9) expression vector to generate pFBDM-PS1(wt/Δ9)-Aph1aL expression vector (Modified
from Dr Krishnaswamy’s thesis).
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3.3.1.3 Cloning of PEN 2 cDNA into pUCDM.

Figure 13: Construction of transfer vector pUCDM-PEN 2
(A) Pen-2 cDNA was PCR amplified from pFastBac Dual-Pen2 vector. (B) The amplified product
was then cloned into pUCDM vector at the NdeI and RsrII restriction sites to generate pUCDM-Pen2
(Modified from Dr Krishnaswamy’s thesis).
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3.3.1.4 Generation of ‘pFBDM-PS1(wt)- Aph1aL- PEN 2’ and ‘pFBDM-PS1(Δ9)-Aph1aLPEN 2’ expression vector

Figure 14: Generation of expression vector ‘pFBDM-PS1(wt)- Aph1aL- PEN 2’ and ‘pFBDMPS1(Δ9)-Aph1aL-PEN 2’.
(A) The pUCDM-Pen2 vector was cloned modularly into the multiplication module (M) of pFBDMPS1(wt)-Aph1aL and pFBDM-PS1(wt)-Aph1aL at the SpeI restriction site. (B) Cloning generated
the expression vector pFBDM-PS1(wt)-Aph1aL-Pen-2 and pFBDM-PS1(wt)-Aph1aL-Pen-2
respectively (Modified from Dr Krishnaswamy’s thesis).
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3.3.1.5 Generation of pSPLpolH- NCT.

Figure 15: Generation of pSPLpolH-NCT vector
(A) The pSPL expression cassette containing MCS2 was removed from the vector using Bstz171 and
PmeI restriction enzymes. (B) This modified vector was called pSPLpolH retaining LoxP
recombination site and MCS1. (C) NCT cDNA was amplified from pRc/CMV2-NCT vector and
restriction cloned at BamHI and XbaI sites within MCS1 of pSPLpolH vector to generate (D)
pSPLpolH-NCT-His transfer vector (Modified from Dr Krishnaswamy’s thesis).

3.3.1.6 Generation of pFBDM-PS1(wt) -Aph1aL-PEN 2-NCT and pFBDM-PS1(Δ9)-Aph1aLPEN 2-NCT expression vectors.

Figure 16: Generation of pFBDM-PS1(wt/∆9) -Aph1aL-PEN 2-NCT expression vectors.
(A) The pSPLpolH-NCT-His vector was incorporated into (B) pFBDM-PS1(wt/Δ9)-Aph1aL-Pen-2
expression vectors generated above using ‘Cre-LoxP’ recombination. This resulted in generation of
expression vectors (C) pFBDM-PS1(wt/∆9) -Aph1aL-PEN 2-NCT, henceforth called pFBDM-γsecretase (wt/∆9) (Modified from Dr Krishnaswamy’s thesis).

3.3.1.7 Generation of pFBDM-APP-C99

Figure 17: Generation of pFBDM-APP-C99
(A) APP-C99 cDNA was PCR amplified from pIB/V5 vector and restriction cloned at the XhoI and
KpnI sites within the MCS2 of pFBDM expression vector to generate (B) pFBDM-APP-C99
expression vector (Modified from Dr Krishnaswamy’s thesis).

3.4 Results: Expression and activity analyses of γ-secretase complexes in insect
cells.
3.4.1

Selec�on of pFBDM-PS1(wt)-γ-secretase and pFBDM-PS1(Δ9)-γ-secretase clones

Cryopreserved glycerol stocks of DH5α E.coli containing pFBDM-PS1(wt)-γ-secretase
and pFBDM-PS1(Δ9)-γ-secretase expression vectors generated by Dr Krishnaswamy
were plated on agar plates (see Material and Methods section 2.2.5) containing antibiotics
ampicillin, gentamicin and chloramphenicol for selection (see Appendix A: List of
Reagents and section 14, for a recipe and concentrations of antibiotics used). Next, 5
colonies for pFBDM-PS1(wt)-γ-secretase and 3 colonies of pFBDM-PS1(Δ9)-γ-secretase
were selected and miniprepped (as indicated in Material and Methods section 2.2.3). The
DNA thus isolated was analysed by HindIII restriction digestion and cDNA insert
integrity was confirmed by sequencing.
Of the 5 colonies analysed for pFBDM-PS1(wt)-γ-secretase all 5 colonies resulted in
correct size fragments (~6.5Kb, ~2.5Kb, ~1.9Kb, ~1.8Kb, ~1.4Kb and ~1.3Kb; Figure
18 A: Lanes 1, 3, 5, 7 and 9 are HindIII digested DNA while 2, 4, 6, 8 and 10 are
corresponding undigested DNAs)
However only two of the three colonies of pFBDM-PS1(Δ9)-γ-secretase analysed
resulted in correct size fragments (~6.5Kb, ~2.5Kb, ~1.9Kb, ~1.8Kb, ~1.4Kb and
~1.3Kb; Figure 18 B: Lanes 1 and 2) while one colony could not be digested with HindIII
and appeared as a high molecular weight DNA (>10Kb; Figure 18 B: Lane 3, indicated
by an asterisk ‘*’), possibly indicating a failed restriction digestion reaction.
Nevertheless, all pFBDM-PS1(wt)-γ-secretase colonies (Figure 18 A) and two colonies
of pFBDM-PS1(Δ9)-γ-secretase (Figure 18 B: Lanes 1 and 2) were selected and
sequenced to confirm the cDNA sequence integrity. Three pFBDM-PS1(wt)-γ-secretase
(Figure 18 A: Lanes 1, 5 and 9) and two colonies of pFBDM-PS1(Δ9)-γ-secretase (Figure
18 B: Lanes 1 and 2) confirmed by sequencing were further propagated in LB broth and
miniprepped (see Material and Methods section 2.2.3) to make recombinant Baculovirus
DNA.

Figure 18: Selection of pFBDM-PS1(wt)-γ-secretase and pFBDM-PS1(Δ9)-γ-secretase.
DH5α E.coli cells containing the expression vectors were revived from storage and miniprepped and
the resulting plasmid DNA was analysed by restriction digestion with HindIII endonuclease (A) of
the 5 colonies of pFBDM-PS1(wt)-γ-secretase all resulted in correct size fragments. Lane 1 is 1Kb
DNA ladder. Lanes 1, 3, 5, 7 and 9 are HindIII digested DNA and lanes 2, 4, 6, 8 and 10 are
corresponding undigested DNA. (B) of the 3 colonies of pFBDM-PS1(Δ9)-γ-secretase analysed only
2 clones i.e. lanes 1 and 2 gave right size DNA fragments.

3.4.2

Genera�on of recombinant EMBacY and Mul�Bac Baculovirus DNA

The pFBDM-PS1(wt)-γ-secretase and pFBDM-PS1(Δ9)-γ-secretase expression vectors’miniprepped DNA obtained above were transformed into DH10EMBacY and
DH10MultiBac E.coli (see Materials and Methods section 2.2.2) and the transformed
colonies were plated on agarose plates with IPTG (isopropyl-β-thiogalactopyranoside),
Bluo-Gal (5-Bromo-3-indolyl β-D-galactopyranoside) and Gentamycin to select for
recombinant

pFBDM-PS1(wt)-γ-secretase

and

pFBDM-PS1(Δ9)-γ-secretase.

In

addition, tetracycline was used to select for helper plasmid contained within
DH10EMBacY and DH10MultiBac. The helper plasmid endcodes transposase enzyme
enabling transposition of recombinant pFBDM DNA into EMBacY and MultiBac
baculovirus DNA. Kanamycin was used to select for colonies containing the baculovirus
DNA (kanamycin resistance gene is present on both EMBacY and MultiBac baculovirus
DNA).
Colonies successfully transformed with pFBDM-PS1(wt)-γ-secretase and pFDBMPS1(Δ9)-γ-secretase (containing gentamycin resistant gene) acquired gentamycin
resistance and thus survived. In addition, successful transposition of expression vectors
(Figure 19 A) into baculovirus DNA (Figure 19 B) disabled LacZ gene (encoding βgalactosidase) on baculovirus DNA (Figure 19 C) . Thus, colonies with baculovirus DNA
with transposed pFBDM expression vectors were unable to produce β-galactosidase upon
IPTG induction and thus failed to process the substrate BluoGal (colorimetric substrate
for β-galactosidase) thus appearing white. Colonies with failed transposition encoded βgalactosidase upon IPTG induction and could process Bluo-Gal and thus appeared as blue
colonies (see Appendix A: List of Reagents and ; section 12 for a recipe and antibiotic
concentrations). This blue-white colony screening enables easy selection of recombinant
baculoviruses with high accuracy.
A single well isolated white colony for each expression vector was picked and grown in
LB Broth containing gentamycin (see Appendix A: List of Reagents and ; section 12 for
a recipe and antibiotic concentrations). Next, recombinant baculovirus DNA was isolated
by the MaxiPrep method as indicated in Materials and Methods; section 2.2.3) and stored
at -20°C before transfection.

Figure 19: Generation of recombinant baculovirus DNA
(A) The pFBDM-PS1(wt)-γ-secretase and pFBDM-PS1(Δ9)-γ-secretase expression vectors were
miniprepped and transformed into DH10EMBacY and DH10MultiBac E.coli, that contains (B)
EMBacY and MultiBac baculovirus DNA. The recombinant baculovirus DNA have a Tn7 acceptor
site (attTn7) located within the LacZ gene. (C) Tn7 transposition integrates expression vectors into
baculovirus DNA, thus disabling LacZ gene. This results in generation of recombinant baculovirus
DNA encoding PS1(wt)-γ-secretase or PS1(Δ9)-γ-secretase.

3.4.3

Genera�on of ini�al recombinant baculoviral par�cles

The recombinant EMBacY and MultiBac baculovirus DNA constructs generated above
were transfected into insect cells as described in section 1.3.5. Additional recombinant
baculovirus DNAs were generated using intermediate recombinant pFBDM expression
vectors generated above. Recombinant baculovirus DNAs generated in this study with
different components are outlined in Table 21 below.
Recombinant
cDNAs

Expression vector

EMBacY

and

MultiBac DNA
1.

None/ control

None

2.

None/ control

pFBDM

3.

PS1(Δ9)

pFBDM-PS1(Δ9)

4.

5.

EMBacY/MultiBac
EMBacY/MultiBacpFBDM
EMBacY/MultiBacPS1(Δ9)

PS1(wt), Aph1aL, Pen-2 and pFBDM- PS1(wt)-γ- EMBacY/MultiBacNCT

secretase

PS1(wt)-γ-secretase

PS1(Δ9), Aph1aL, Pen-2 and pFBDM- PS1(Δ9)-γ- EMBacY/MultiBacNCT

6.

PS1(Δ9) and APP-C99

7.

APP-C99

secretase

PS1(Δ9)-γ-secretase

pFBDM-

PS1(Δ9)- EMBacY/MultiBac-

APP-C99
pFBDM- APP-C99

PS1(Δ9)-APP-C99
EMBacY/MultiBacAPP-C99

Table 21: List of pFBDM expression vectors and corresponding EMBacY/MultiBac DNAs generated
in this study.

The V0 viral particles, generated as a result of transfection were used to generate V1 and
V2 (see material and methods, 2.4.1 and 2.4.2). Baculoviral titre was estimated on V2 (see
material and methods, 2.4.3) and used to infect 25ml of insect cells (1 X 106 cells/ml at >
95% viability) at a multiplicity of infection (MOI) of 1. Cells were monitored every
24HPI using light microscopy to determine cell health (Figure 20 A, baculovirus empty
EMBacY) and protein expression was monitored by fluorescent microscopy (Figure 20
B baculovirus empty EMBacY). In comparison insect cells infected with baculovirus
EMBacY-PS1(wt)-γ-secretase appear larger under light microscopy (Figure 20 C) and
under fluorescent microscopy show strong YFP expression (Figure 20 D). Production of

recombinant proteins was estimated by measuring YFP expression over a period of 92
HPI (material and methods 2.4.1) (Figure 20 E). The YFP expression increased over a
period of 48 HPI and then reached a plateau over the next 48 hours (48-92 HPI). At 92
HPI, cell viability reduced to ~80% of total cell count. The cells were then collected by
centrifugation and baculovirus containing media was saved as V3.

Figure 20: Monitoring YFP expression
(A) Light micrograph of Sf9 cells infected with empty baculovirus EMBacY (48HPI) (B) Fluorescent
micrograph of Sf9 cells infected with empty baculovirus EMBacY (48HPI) (C) Light micrograph of
Sf9 cells infected with baculovirus EMBacY-PS1(wt)-γ-secretase (48HPI) (D) Fluorescent
micrograph of Sf9 cells infected with baculovirus EMBacY-PS1(wt)-γ-secretase (48HPI) (E) YFP
measurement V2 recombinant baculoviruses were used to infect Sf9 cells (1 X 106 cells/ml) at 1 MOI.
Every 12-hours post infection (HPI) 1 X 106 cells were withdrawn and YFP expression was monitored
by using a fluorescent plate reader at 488nm. (C) Relative fluorescence units were plotted against
time.

3.4.4

Expression analysis of γ-secretase protein components.

I analysed the expression of γ-secretase components driven by both EMBacY and
MultiBac baculoviral DNA. Protein expression studies were carried out on whole cell

lysates (material and methods, 2.5.1 ) of Sf9 insect cells infected with EMBacY and
MultiBac V2. The protein lysates were separated using an SDS-PAGE (material and
methods, 2.5.8) and γ-secretase components were analysed by Western blotting (material
and methods, 2.5.12) using antibodies outlined in Table 20.
Analysis of lysates from PS1(wt)-γ-secretase infected cells, showed both PS1-holoprotein
(~ 45kDa; Figure 21 B and G, lane 4) and PS-NTF (~ 28kDa; Figure 21 B and G, lane 4)
indicating that the PS1 holoprotein undergoes endoproteolytic proteolysis in insect cells
[175]. Analysis of whole cell lysates of cells infected with PS1(Δ9)- γ-secretase, a major
~45 kDa protein band was observed (in addition to relatively minor amounts of smaller
possibly degradation fragments) (Figure 21 B and G, lane 3, 5 and 6) consistent with the
inability of this PS1 mutant holoprotein to be endoproteolysed into its respective N and
C-terminal fragments [175].
Immunoblotting of the other components revealed the expression of the proteins at the
correct molecular weight. Both mature (NCTm; ~110kDa) and immature protein bands
(NCTim; ~80kDa) [529] were present in lysates from cells infected with baculovirus
PS1(wt)-γ-secretase or PS1(Δ9)-γ -secretase (Figure 21 A and F, lane 4 and 5). It is
noteworthy that the mature protein was mainly expressed, consistent with NCT being able
to undergo posttranslational modifications in insect cells [530]. Immunoblotting with
Anti-Penta-His antibody detected both mature and immature forms of NCT in insect cells
infected with PS1(wt)-γ-secretase or PS1(Δ9)-γ-secretase baculoviruses (Figure 21 L,
lanes 1 and 2) but not in HEK-293 cells (Figure 21 L, lane 3), despite the presence of
endogenous NCT (Figure 21 L, lane 4, immunoblotted with anti-NCT). These results
confirm the presence of an octa-His tag present on NCT.
Pen-2 was detected as a ~15kDa protein in lysates from cells infected with PS1(wt)-γsecretase or PS1(Δ9)-γ-secretase (Figure 21 D and I., lane 4 and 5). The detected Pen 2
molecular is higher the expected ~ 12kDa size for Pen 2 [531]. This is due to the presence
of CBP-Strep purification tags, as is shown when comparing the molecular weight of
recombinant Pen-2 over-expressed in insect cells (~15kDa, Figure 21 K; lanes 1 and 2)
with endogenous Pen 2 from HEK-293 cells (~10kDa, Figure 21 K; lane 3).
Aph1aL protein was detected in lysates from cells infected with PS1(wt)-γ-secretase
baculovirus (~28kDa; Figure 21 C and H, lane 4) but not in those from cells infected with
γ-secretase-(PS1(Δ9)) baculovirus (Figure 21 C and H, lane 5). It was unclear why the
Aph1aL protein could not be detected in these cells, despite sequencing confirming that

the Aph1aL cDNA was present in the pFBDM construct. To ensure that this was not due
to the use of an aberrant clone, I sequenced additional clones of pFBDM-PS1(Δ9)-γsecretase (along with the promoter region of Aph1aL) and generated additional EMBacY
and MultiBac baculoviruses. However, I could not detect Aph1aL following infection
with any of the clones. To determine if Aph1aL transcript was present following infection
with the PS1(Δ9)-γ-secretase, mRNA was isolated from cells infected with PS1(wt)-γsecretase and PS1(Δ9)-γ-secretase baculoviruses. Following RT-PCR Aph1aL transcript
was detected with Aph1aL primers Table 2 following PCR conditions outlined in Table
5. Analysis of PCR products (Figure 22) revealed the presence of a ~800kbp transcript in
both PS1(wt)-γ-secretase (Figure 22, lane 1) and PS1(Δ9)-γ-secretase (Figure 22, lane 2)
infected insect cells, confirming that Aph1aL was transcribed.
It is known that overexpressed Aph1 can undergo ubiquitin-proteasome mediated
degradation [532]. The ubiquitin-proteasome pathway is involved in degradation of a
number of proteins and thus essential in a plethora of physiological processes (for a
review see [533-535]). In context of γ-secretase, ubiquitin-proteasome also degrades
other γ-secretase components- Pen 2 [411, 536]; PS1 [537]; PS2 [538] and NCT [539].
Hence, I investigated the role of ubiquitin-proteasome pathway in degradation Aph1aL
in of baculovirally expressed PS1(Δ9)-γ-secretase through the use of proteasome inhibitor
MG132.
The MG132 is a cell permeable and reversible proteasome inhibitor that is derived from
lactacystin a cell cycle inhibitor [540, 541]. MG132 has been used in insect cells to
prevent proteolytic degradation of expressed recombinant proteins [542]. Hence Sf9 cells
expressing PS1(Δ9)-γ-secretase were treated with 50µM of MG132 (Sigma Aldrich,
dissolved in DMSO). Sf9 cells were infected with EMBacY PS1(Δ9)-γ-secretase for ~48
hours at 1 MOI. Next, the culture media was replaced with either DMSO (Figure 23; lane
1) or 50µM of MG132 for 8-24 hours (Figure 23; lanes 2-7). Whole cell lysates were
prepared (as mentioned in materials and methods section 2.5.1) and total protein
concentration was estimated (as mentioned is materials and methods section 2.5.7). Next
25µg of PS1(Δ9)-γ-secretase expressing insect cell lysates (treated with DMSO, MG132
and untreated), HEK293 cell lysates and 5µg of PS1(wt)-γ-secretase expressing insect
cell lysates were resolved on an SDS-PAGE (material and methods section 2.5.8) and
immunoblotted (material and methods section 2.5.12) with Aph1aL antibody ( Table 20).
Aph1aL antibody detected a ~28 kDa immunoreactive band in PS1(Δ9)-γ-secretase
expressing insect cells treated with 50µM of MG132 for 8-20 hours (Figure 23; lanes 2-

5 respectively) that resolved to HEK293 endogenous Aph1aL (~ 28kDa Figure 23; lane
8) and recombinant Aph1aL in insect cells expressing PS1(wt)-γ-secretase (~28kDa
Figure 23; lane 9). These results indicated Aph1aL was rescued with MG132 treatment.
As expected, Aph1aL expression was not observed in DMSO treated (Figure 23; lane 1)
and untreated insect cells expressing PS1(Δ9)-γ-secretase (Figure 23; lane 7).
Additionally, expression of Aph1aL was not observed in cells expressing PS1(Δ9)-γsecretase and treated with MG132 for 24 hours. Although, half-life of MG132 in insect
cell culture medium SF900IISFM is unknown it is possible that at 24 hours MG132
degraded allowing proteasome pathway to resume and rapidly degraded any expressed
Aph1aL. Although no pronounced cell lysis was observed, it is also possible that viral
mediated liquefaction of insect cell released Aph1aL into culture media. Nevertheless,
Aph1aL expression was rescued in insect cells treated with MG132. These results indicate
that reconstitution of PS1(Δ9)-γ-secretase using the MultiBac baculoviral expression
system leads to ubiquitin-proteasome pathway mediated degradation of Aph1aL
Despite not being able reconstitute expression of one component (Aph1aL) of the
PS1(Δ9) γ-secretase, I have clearly demonstrated the successful generation and
expression of a wild-type γ-secretase complex utilising the MultiBac protein expression
system. Previous studies have suggested that the PS1(Δ9) can process APP without the
over-expression of the other components [105, 190, 515]. Therefore, recombinant
baculoviruses

expressing

APP-C99,

PS1(Δ9)-APP-C99

were

also

generated.

Immunoblotting of lysates with Aβ antibody- WO2 detected the ~11kDa APP-C99
protein band in cells infected with recombinant baculoviruses expressing PS1(Δ9)-APPC99 and APP-C99 (Figure 21 E and J; lane 6) or APP-C99 only (Figure 21 E and J; lane
7), confirming successful expression. It was noted that protein quantification indicated
that EMBacY DNA-driven expression was better than MultiBac DNA-driven expression
(Figure 21 A-J). In addition, EMBacY baculovirus DNA facilitated real-time monitoring
of protein expression. Therefore, all subsequent experiments were performed with
recombinant EMBacY baculovirus.

Figure 21: Reconstitution of γ-secretase enzyme components and APP-C99 in insect cells using
MultiBac
(A-E) Recombinant EMBacY baculovirus (F-J) Recombinant MultiBac baculovirus. (A-J) Control
baculoviruses with empty baculovirus DNA (lane 1) and empty pFBDM expression vector (lane 2)
were generated to identify any cross-reactivity of the antibodies used with insect cell proteins. In
addition, PS1(Δ9) (lane 3), PS1(wt)-γ-secretase (lane 4; containing wild-type PS1), PS1(Δ9)-γsecretase (lane 5; containing PS1(Δ9) clinical mutant) and PS1(Δ9)-APP-C99 (lane 6). APP-C99
(direct substrate of γ-secretase enzyme) baculovirus was also generated (lane 7). 1µg of whole cell
lysates were separated by SDS-PAGE and Western immunoblotted with various γ-secretase
component antibodies. (A and F) NCT antibody detects both mature (~110kDa; NCTm) and
immature (~80kDa; NCTim) forms of NCT (lanes 4 and 5). (B and G) The Ab14 antibody detects
PS1-NTF (~28kDa lane 5) and PS1-holoprotein (~ 50kDa, lane 5). In addition, Ab14 also detects
PS1(Δ9) holoprotein (~49Kda, lane 3, 5 and 6). (C and H) Aph1aL antibody detects Aph1aL (~28kDa
lane 4). Pen-2 antibody detects Pen-2 CBP (~15kDa, lane 4 and 5). (E and J) The WO2 antibody
detects APP-C99 (~11kDa, lane 6 and 7). None of the γ-secretase components (PS1-NTF, PS1
holoprotein, PS1(Δ9), NCTm, NCTim and Pen-2-CBP) and APP-C99 are detected in empty
baculovirus DNAs and empty pFBDM (A-J; lane 1 and 2 respectively). (K) 1 µg of total protein was
loaded in lanes 1 and 2 while 50µg of total protein was loaded in lanes 3. Western immunoblotting
using PEN 2 antibody. Baculovirus PS1(wt) γ-secretase (lane 1) or PS1(Δ9)-γ-secretase (lane 2)
express recombinant PEN 2 with purification tag which is ~15kDa while untagged HEK-293
endogenous PEN 2 (lane 3) is ~10kDa. (L) 1 µg of total protein was loaded in lanes 1 and 2 while 50µg
of total protein was loaded in lanes 3 and 4. Immuno-detection of His-tag using Penta-His antibody
(lanes 1-3) detects recombinant NCT-octa-His in cells infected with baculovirus PS1(wt) γ-secretase
(lane 1) or PS1(Δ9)-γ-secretase (lane 2), however the antibody does not detect untagged HEK-293
endogenous NCT (lane 3). Lane 4 is sample as in lane 3 detecting HEK-293 endogenous NCT by NCT
antibody.

Figure 22: PCR analysis to determine whether Aph1aL transcription has occurred in cells producing
PS1 (wt) and PS1(Δ9)-γ-secretase.
Insect cells expressing PS1(wt)-γ-secretase or PS1(Δ9)-γ-secretase were washed with ice-cold PBS
and mRNA was immediately extracted. Next, cDNA was prepared as mentioned in materials and
methods Isolation of RNA and cDNA preparation. using an equal amount of mRNA. Aph1aL primers
were used to detect Aph1al cDNA by PCR amplification. The PCR products were run on an agarose
gel and visualised under a UV light. Aph1aL insert (800bp) was detected in both PS1(wt)-γ-secretase
(lane 1) and PS1(Δ9)-γ-secretase (lane 2)

Figure 23: Proteasome inhibition in insect cells expressing PS1(Δ9)-γ-secretase
Sf9 cells (1X 106 cells/well on a 6-well plate) were infected with EMBacY-PS1(Δ9)-γ-secretase
baculovirus at 1 MOI for ~48 hours. Next, cell culture media was replaced with fresh media
containing 50µM of MG132 and cells were treated for 8 hours (lane 2), 12 hours (lane 3), 16 hours
(lane 4), 20 hours (lane 5) and 24 hours (lane 6). Cells were treated with DMSO (lane 1) for 24 hours.
Untreated Sf9 cells infected with EMBacY-PS1(Δ9)-γ-secretase (lane 7) for 72 hours. HEK293 (lane
8) and Sf9 cells infected for 72 hours with EMBacY-PS1(wt)-γ-secretase (lane 9) at 1 MOI were used
as positive controls.

Having shown successful expression of the γ-secretase components, the next validation
step was to determine if the components interact. This was assessed by coimmunoprecipitation studies with a focus on interactions with PS1. Crude membrane
preparations of baculoviral infected cells were first immunoprecipitated with Ab14
(directed against PS1 N-terminus) then immunoblotted with antibodies against the
various γ-secretase components. Immunoblotting with NT1.1 (PS1N-terminal antibody)
detected PS1 holoprotein and NTF in cells infected with the baculovirus PS1(wt)-γsecretase (Figure 24 B, lane 4). As expected immunoblotting only detected the
holoprotein in cells infected with baculoviruses, PS1(Δ9) only (Figure 24 B, lane 3),
PS1(Δ9)-γ-secretase (Figure 24 B, lane 5) or PS1(Δ9)-APP-C99 (Figure 24 B, lane 6).
Immunoblotting with antibodies against NCT, PEN 2 and Aph1aL detected the respective
proteins (Figure 24 A, C and D respectively, lane 4) in the PS1- immunoprecipitates from
insect cells infected with baculovirus PS1(wt)-γ-secretase. With the exception of Aph1aL
(as it wasn’t expressed), all γ-secretase component proteins were also detected in
immunoprecipitates from cells infected with PS1(Δ9)-γ-secretase (Figure 24 A, B and C,
respectively, lane 5). These results indicate that all expressed components of the PS1(wt)γ-secretase interact in the complex, in line with previous studies in mammalian cells [422,
543, 544] .

Figure 24: Co-immunoprecipitation of γ-secretase components
Immunoprecipitation of PS1 using PS1-NTF antibody Ab14 pulled down all components of γsecretase components (A) Western blot using PS1-NTF antibody NT1.1 detects PS1(Δ9) (~45kDa;
lanes 3, 5 and 6). In addition, the antibody detected PS1 holoprotein (~45kDa; lane 4) and PS1-NTF
(~28kDa;

lane

4)

in

insect

cells

infected

with

baculovirus

PS1(wt)-γ-secretase.

(B)

Immunoprecipitation of PS1 pulled down only the mature form of NCT (~110kDa; lanes 4 and 5).
(C) PS1 immunoprecipitation pulled down Aph1aL in insect cells infected with PS1(wt)-γ-secretase
(~28kDa; lane 4) (D) Pen-2 co-immunoprecipitated in insect cells infected with PS1(wt)-γ-secretase
(~15kDa; lane 4) and PS1(Δ9)-γ-secretase (~15kDa; lane 5). None of the γ-secretase components were
detected in empty baculovirus EMBacY or pFBDM (lanes 1 and 2)

3.4.5

Baculovirally expressed γ-secretase complex can proteoly�cally cleave APP and
Notch substrates in cell-free assays.

The results above demonstrate that the MultiBac expression system can be used to
generate and express a γ-secretase complex that contains all four components. The
activity of the complex was evaluated via its ability to cleave APP-C99 (APP extracellular
domain truncated-APP-CTF; first 99 amino acids) and Notch-C100 (first 100 amino acids
of processed Notch extracellular domain truncated-NotchΔE) in cell-free assays or in
whole cell assays through co-expression with APP-C99. These substrates have previously
been used to validate activity of reconstituted γ-secretase enzyme in other studies [424,
467].
In keeping with classical enzymology, the activity of γ-secretase enzyme has been
analysed in cell-free systems whereby detergent solubilised membranes and/or partially
purified γ-secretase enzyme is incubated with substrates under conditions optimal for γsecretase activity [359, 545, 546]. In addition, cell-free assays provide an easy, cheap,
and time efficient opportunity to test various parameters like various lipid concentrations,
chemical inhibitors, co-factors, or mutations that might influence γ-secretase enzyme
activity. Hence, I used cell-free assays to validate the activity of reconstituted γ-secretase
enzyme. APP-C99-Flag and Notch-C100-Flag expressed in E.coli (material and methods
2.2.6) and APP-C99 baculovirally expressed in insect cells were used as substrates in cellfree assays.
Cell-free assays were performed using either crude or enriched membrane preparations
(material and methods 2.5.2) of insect cells infected with various baculoviruses. These
membranes were incubated with substrates expressed in E.coli (material and methods
2.2.6), according to the protocol detailed in material and methods section 2.5.5. Reactions
then underwent SDS-PAGE and immunoblotting to detect the AICD (anti-flag antibody),
Aβ (WO2 antibody), or NICD (anti-flag antibody) fragments resulting from proteolytic
cleavage of APP-C99 or Notch-C100. The results show that membrane preparations from
cells infected with PS1(wt)-γ-secretase generated AICD and Aβ species (Figure 25 A;
lane 4) and NICD (Figure 25 B; lane 4). As expected the fragments were not present in
cells infected with empty pFBDM and EMBacY baculoviruses, indicating that activity
was due to the expressed complex. The production of the AICD, Aβ and NICD was
inhibited by γ-secretase inhibitor- N-[N-(3, 5-Difluorophenacetyl)-L-alanyl]-Sphenylglycine t-butyl ester (DAPT; also called GSI-IX and LY374973) in a dose-

dependent manner [AICD and Aβ (Figure 25 C) and NICD (Figure 25 D)]. Overall, these
results indicate that an active human PS1(wt)-γ-secretase enzyme complex was
successfully reconstituted in insect cells.
The PS1(Δ9) mutation is known to result in increased Aβ42/Aβ40 ratio [547] and reduce
notch processing [265]. It has also been suggested that PS1(Δ9) mutant is active on its
own without requiring other γ-secretase components [190, 515, 530]. Thus, the activities
of PS1(Δ9) expressed on its own, in combination with the other components (PS1(Δ9)-γ
-secretase) or with APP-C99 (PS1(Δ9)-APPC99) were all tested. The AICD or NICD
fragments were not generated from PS1(Δ9)-γ-secretase (Figure 25 A, Lane 5) consistent
with the findings that not all components were expressed in this mutant complex (see
Figure 21 and Figure 24 C and H lane 5). The expression of PS1(Δ9) only, or in
combination with APP-C99, also did not generate an AICD (Figure 25 A, lane 3 and 6)
or NICD (Figure 25 B, lane 3 and 6) fragment. Thus, under these assay conditions,
baculovirally expressed PS1(Δ9) was not active.
It is known that detergents, pH, salt concentration, buffers [117] and lipids affect γsecretase activity [99, 548-550]. As the phospholipid composition of the Sf9 insect cells
is different from mammalian cells [551], it is possible that insect cells do not provide the
proper lipid environment to facilitate PS1(Δ9) activity [190]. Thus, I assessed PS1(Δ9)
activity after including several lipids in the cell-free system.
Phosphatidylethanolamine (PE) lipid is essential for the proper topology of membrane
proteins [552, 553]. In addition, PE lipid in conjunction of phosphatidylcholine (PC) lipid
greatly enhances γ-secretase activity [550]. Furthermore, lipid source also influences γsecretase activity, with lipids from animal sources facilitating greater γ-secretase activity
(Saturo Funamoto, Doshisha University, Japan; personal communication). Thus, I
included PC and PE lipid (from porcine and bovine brain respectively) in the cell-free
assays at 0.1% and 0.025% final concentrations with E.coli expressed APP-C99-flag
[531]. However, I was still unable to see the formation of the AICD product from
membrane preparations from cells expressing PS1(Δ9) (Figure 26 A, lane 3). As
expected, an AICD and Aβ products were observed in membrane preparations from cells
expressing the PS1(wt)-γ-secretase (Figure 26 A, lane 4), indicating that addition of the
lipids did not adversely affect the assay.
Cartel et al; 2004 reconstituted PS1(Δ9) and APP-C99 independently in insect cells. The
authors co-incubated membrane preparations where PS1(Δ9) expressing insect cells were

dissolved in CHAPSO and APP-C99 expressing insect cells were dissolved in SDS to
observe AICD production in cell-free assays [515]. Hence, cell-free assays were setup
with baculovirally expressed APP-C99 in insect cells dissolved in 1% SDS and diluted to
a final concentration 0.05% SDS in cell-free assays. The results show that AICD
production was not observed in any of the preparations, including those from cells
infected with PS1(wt)-γ-secretase baculoviruses (Figure 26 B), which I have previously
shown to be active in generating an Aβ and AICD (Figure 25 A and C; Figure 26 A, lane
4 and Figure 26 B, lane 7 E.coli APP-C99).
Next, I trialled NP40 detergent to prepare the APP-C99 that is regularly used (at <0.05%
final concentration) in cell-free assays [125]. Cell membranes from insect cells expressing
APP-C99 resuspended in 1%NP40 were diluted to a final NP40 concentration of 0.05%
in cell-free assays. Again, an Aβ fragment was generated from membrane preparations
from cells expressing PS1(wt)-γ-secretase (Figure 26 C, lane 4) but not from those
expressing PS1(Δ9) (Figure 26 C, lane 3). Finally, I tested various concentrations of NP40
detergent to determine whether the detergent inhibited the formation of Aβ fragment in
PS1(Δ9) cell-free assays (Figure 26 D). However, I did not observe the production of this
fragment at any of concentrations used (Figure 26 D, lanes 1-7). In comparison, Aβ
fragments were detected in the membranes from cells containing PS1(wt)-γ-secretase
(Figure 26 D, lane 8).
PS1(Δ9) activity has been reconstituted in liposomes, which used total mouse brain lipids
in conjunction with PC lipid [190]. Thus, I prepared total brain lipids as described
previously [494] and detailed in material and methods 2.5.6. Cell-free reactions were set
up according to the protocol described by Ahn et al., 2010 [190] and in the presence of
PC lipid and total mouse brain lipid (TBL) in a ratio of 70:30 (w/w) i.e. 0.1%:0.05% final
concentration (PC: TBL). PS1(Δ9) and PS1(wt)-γ-secretase membrane preparations were
used in the cell-free assays with E.coli APP-C99-Flag substrate. Both AICD and Aβ
(Figure 26 E, lane 4) were produced in cell-free assays setup with membrane preparation
of insect cells expressing PS1(wt)-γ-secretase (Figure 26 E, lane 4). but not from cells
expressing PS1(Δ9) (Figure 26 E, lane 3). Overall, despite many attempts under different
conditions, it appeared that PS1(Δ9) on its own was not active in cleaving substrates.
As mentioned earlier baculovirally reconstituted PS1(Δ9) has previously been shown to
be active in processing APP-C99 [105, 515]. However, very little information on the
efficiency of PS1(Δ9) mediated processing of APP-C99, in comparison to PS1(wt)-γsecretase is available. Indeed, PS1(Δ9)-γ-secretase is known to be less efficient than

PS1(wt)-γ-secretase [265, 547]. It is possible that baculovirally reconstituted PS1(Δ9) is
processing APP-C99 to produce AICD at a far lesser efficiency than PS1(wt)-γ-secretase
and below the detection level of western immunoblotting.
Hence, cell free assays were setup with PS1(Δ9) at a concentration of approximately 4
times (200µg) the concentration of PS1(wt)-γ-secretase (50µg) used hitherto. In addition,
PC, PE and TBL were used at a final concentration of 0.1%, 0.025% and 0.05%
respectively. APP-C99 and Notch-C100 substrates were expressed in E.coli as mentioned
in materials and methods section 2.2.6. Following incubation at 37°C, for 16 hours 25µl
of reactions were resolved on an SDS-PAGE and immunodetected with anti-flag
antibody.
Surprisingly, an AICD product was detected at higher concentration of PS1(Δ9) (Figure
27 A; lane 2) and PS1(wt)-γ-secretase (Figure 27 A; lane 3). Similarly, NICD was
detected in cell-free assays setup with Notch-C100 and PS1(Δ9) (Figure 27 B; lane 2) and
PS1(wt)-γ-secretase (Figure 27 A; lane 3). Cell free assays setup with empty EMBacY
infected insect cell membrane preparations resulted in neither AICD (Figure 27 B; lane
1) nor NICD (Figure 27 B; lane 1) production.
Overall these results indicated baculovirally reconstituted PS1(Δ9) is less efficient than
PS1(wt)-γ-secretase, in processing APP-C99 and Notch-C100.

Figure 25: Analysis of baculovirally reconstituted γ-secretase enzyme and PS1(Δ9)
Cell-free assays were set up with (A) APP-C99 substrate and membrane preparations from insect
cells infected with various baculoviruses. Only membrane preparations from baculovirus PS1(wt)-γsecretase (lane 4) infected cells gave rise to AICD (~10kDa) from APP-C99 (~15kDa) and Aβ
(~3.5kDa). Lane 8 is synthetic Aβ peptide (10ng) (B) similarly, membrane preparation from cells
infected with PS1(wt)-γ-secretase baculovirus-generated NICD (~15kDa) from Notch-C100
(~19kDa). (C) DAPT mediated dose-dependent inhibition of AICD and Aβ production and (D) NICD
production from baculovirally reconstituted PS1(wt)-γ-secretase enzyme (A, lane 4).

Figure 26: Optimisation of PS1(Δ9) cell-free assay
(A) Cell-free assay setup with PC and PE lipid (animal source) and APP-C99-Flag (E.coli) Western
blot anti-Flag antibody detects APP-C99-flag (~15kDa) and AICD Flag (~11kDa; lane 4). (B) Cellfree assay setup with insect cell expressed APP-C99 dissolved in 1%SDS (0.05%; final concentration).
E.coli expressed APP-C99-flag with PS1(wt)-γ-secretase (lane 7) was used as positive control.
Proteolytic fragments were probed with a WO2 antibody which detected APP-C99 (~15kDa) and Aβ
fragment (~3.5kDa) (C) Cell-free assay setup with insect cell expressed APP-C99 dissolved in
1%NP40 (0.05% final concentration). Proteolytic fragments were probed with WO2 antibody and

detected APP-C99 (~15kDa) and Aβ fragment (~3.5kDa). (D) Cell-free assay setup with increasing
concentration of substrate dissolved in NP40 and PS1(Δ9) (lane 1-6) and PS1(wt)-γ-secretase was
used as positive control for the reaction (lane 7). Proteolytic fragments were probed with WO2
antibody and detected APP-C99 (~15kDa) and Aβ fragment (~3.5kDa). (E) Cell-free assay was set up
with total PC lipid and mouse brain lipid (70:30).

Figure 27: Cell-free activity assay to assess activity of PS1(Δ9).
Cell-free assays were setup with 50µg of PS1(wt)-γ-secretase and 200µg of PS1(Δ9) insect cell
membrane preparations. (A) APP-C99 cell-free assay resulted in production of AICD from PS1(Δ9)
(lane 2) and PS1(wt)-γ-secretase (lane 3). Similarly, (B) Notch-C100 cell-free assay resulting in
production of NICD from PS1(Δ9) (lane 2) and PS1(wt)-γ-secretase (lane 3).

3.4.6

Es�ma�on of Aβ40 and Aβ42 in cell-free assays

As mentioned in Materials and Methods Section 2.6; ELISA is a highly specific and
sensitive technique. Aβ-ELISAs are well characterised and have been used for the
quantitative estimation of different species of Aβ, in a number of sample types including
cell-free assays [391], brain samples [554], peripheral blood [555, 556], cerebrospinal
fluid (CSF) [557] etc. The sandwich ELISA kit used to detect Aβ, employs a capture
antibody specific to the N-terminus of Aβ, thereby capturing all Aβ species. However,
the detection antibody used in the ELISAs specifically detects either Aβ40 or Aβ42.
Cell-free assays were setup as mentioned in Materials and Methods section 2.5.5, using
200µg of PS1(Δ9) expressing insect cell membrane preparations and 50µg of insect cell
expressing PS1(wt)-γ-secretase, empty pFBDM and wild-type insect cell membrane
preparations. In addition, negative reaction i.e. reaction without insect cell membrane
preparation was included in the assay to determine any Aβ generated as a result of
unspecific proteolytic degradation of APP-C99, during the course of the experiment.
HEK293/APPSwe (HEK293 cell overexpressing APP with Swedish mutation for further
details see [63]) and HEK293/APPSwe/PS1++ i.e. HEK293/APPSwe cells stability
overexpressing PS1 were used as positive controls. Both Aβ40 and Aβ42 were estimated
in 25µl of reactions diluted with equal volume of standard diluent provided with the
ELISA kit by the supplier (Life technologies) in duplicates using individual ELISA kits.
The experiment was repeated three times, using the same membrane preparations and
averaged ELISA results are represented (Figure 28).
No Aβ (Aβ40 or Aβ42) was detected in cell-free assay setup either with wild-type Sf9
cell membranes or without any cell membrane (negative) (Figure 28 lane 2 and 3
respectively). However, ~40pg of Aβ40-like species was detected in cell-free assays setup
with EMBacY-empty pFBDM baculovirus infected Sf9 cell membranes (Figure 28 lane
1), possibly due to baculoviral viral protease-mediated proteolysis of the APP-C99
substrate. Nevertheless, compared empty pFBDM significantly (p<0.005) large quantities
(~2000pg/ml) of Aβ40 was detected in cell-free assays setup with EMBacY-PS1(wt)-γsecretase (Figure 28, lane 4) ,

HEK293/APPSwe (Figure 28, lane 6) and

HEK293/APPSwe/PS1++ (Figure 28, lane 7) indicating high γ-secretase activity. In
addition, the EMBacY-PS1(Δ9) significantly large (p<0.005) amounts of Aβ40 (p<0.005)
when compared EMBacY-empty pFBDM. The amount of Aβ40 produced by EMBacY-

PS1(Δ9) was significantly lower compared to HEK293/APPSwe, consistent with
previous studies [265].
Similarly, significantly large quantities of Aβ42 (p<0.005) was detected in cell-free
assays setup with EMBacY-PS1(wt)-γ-secretase (~2000pg/ml; Figure 28, lane 4),
HEK293/APPSwe (~300pg/ml; Figure 28, lane 6)

and HEK293/APPSwe/PS1++

(~700pg/ml; Figure 28, lane 7). However, although Aβ42 levels were similar to Aβ40 in
EMBacY-PS1(wt)-γ-secretase cell-free assays, significantly smaller quantities of Aβ42
was

detected

in

HEK293/APPSwe

cell-free

assay

(p<0.005)

and

HEK293/APPSwe/PS1++ (p<0.005) when compared to EMBacY-PS1(wt)-γ-secretase
(Figure 28 B). This is consistent with the previous cell-free assay studies setup with
HEK293/APPSwe endogenous γ-secretase activity [558] and HEK293/APPSwe/PS1++
i.e. cells overexpressing PS1 [559, 560]. Similar to previous studies [560] a statistically
significant increase (p<0.05) in Aβ42 was observed in HEK293/APPSwe/PS1++ (Figure
28, lane 7) when compared to HEK293/APPSwe cell-free assays (Figure 28, lane 6).
Overall these results indicated MultiBac baculovirally reconstituted PS1(wt)-γ-secretase
is highly active and generates large amounts of Aβ40 and Aβ42. Similarly, MultiBac
baculoviral reconstitution of ADAD mutation PS1(Δ9) generated a significant amount of
Aβ40 and comparatively little Aβ42. However, the amount of Aβ40 generated was
significantly lower that PS1(wt)-γ-secretase. This result indicates a much lower substrate
processing efficiency of PS1(Δ9) compared to PS1(wt)-γ-secretase which nevertheless
leads to an increase in Aβ42/40 ratio consistent with previous studies comparing
PS1(Δ9)-γ-secretase and PS1(wt)-gamma secretase [265, 281, 547]. However, it must be
noted that only very few studies had investigated activity of PS1(Δ9) on its own [190,
515, 530] and to my knowledge no other study has directly compared the activity of
PS1(Δ9) on its own to PS1(wt)-γ-secretase. Hence it becomes objectively difficult to
compare activity of MultiBac baculovirus reconstituted PS1(Δ9) to PS1(wt)-γ-secretase.

Figure 28: Estimation of Aβ40 and Aβ42 using ELISA.
The amount of Aβ40 and Aβ42 generated in cell-free assays were estimated using individual ELISA
kits. Approximately 50µg of total membrane preparations in 1% CHAPSO were used for each cellfree assay. Empty pFBDM expression vector, wild-type Sf9 were used as negative controls.
HEK293/APPSwe and HEK293/APPSwe/PS1++ were used as positive controls. For Aβ measurement
25µl of cell-free assay reaction was diluted with 25µl of standard dilution buffer. Optical densities of
developed colour were measured using EnSpire plate reader at 450nm.

3.5 Discussion.
3.5.1

Successful reconstruc�on of the γ-secretase complex using the Mul�Bac
baculoviral protein expression system.

The results of this chapter demonstrate, for the first time, that the unique baculoviral
expression system, MultiBac, can be used to express and reconstitute the activity of γsecretase complex. This approach is a significant improvement over previous attempts
where cells were infected with multiple baculoviruses, making it difficult to achieve equal
stoichiometric expression γ-secretase components and resulted in pronounced viral
protease mediated degradation of recombinant proteins [352, 467, 512-514, 516, 531,
561-566]. Here, I have detailed the steps involved to circumvent these issues and have
expressed the four core components of the γ-secretase complex in stoichiometric
quantities. The MultiBac has a number of features that has allowed this to occur. The
removal of specific, unwanted viral genes in the MultiBac [472] has resulted in improved
protein production for multi-subunit protein complexes. Robust and stoichiometric
expression of all components of γ-secretase was observed by immunoblotting, with as
little as 1μg of total protein loaded on SDS-PAGE. An equivalent expression was
observed only with 50μg of total protein from HEK-293 lysate (e.g. Figure 21; K and L),
suggesting a high level of expression was achieved. Not only were the components
expressed, but also NCT, PEN-2 and Aph1aL all co-immunoprecipitated with PS1
(Figure 24), consistent with the components interacting within the complex [352, 424].
In cells expressing the wild-type γ-secretase, PS1 holoprotein was cleaved to generate an
N-terminal fragment. Cleavage of the PS1 holoprotein into its respective N and Cterminal fragments is required for enzyme activity [178, 185], providing further evidence
that an active complex was produced. It was noted, however, that additional protein bands
ranging from ~15-30kDa were detected following immunoblotting with the PS1 Nterminal antibody, Ab14 (Figure 21 B, lane 4 and to a lesser extent Figure 21 G, lane 4).
Similar bands were present in lysates from cells expressing PS1(Δ9) (Figure 21 B and G
lanes 3, 5 and 6). The relevance of these additional protein bands is unclear, particularly
following expression of the PS1(Δ9), which is thought to be unable to undergo
endoproteolysis. It may represent degradation fragments due to marked over-expression
of the components or non-specific immunoreactivity with the antibody used (polyclonal
Ab14). If these fragments were components of the complex they would coimmunoprecipitated with PS1. It is noted however, that these lower molecular weight
fragments, were absent following immunoprecipitation with Ab14 and immunoblotting

with the monoclonal antibody NT1.1 (Figure 24 A, lanes 3-6), suggesting that they may
be a non-specific artifact.
Another feature of MultiBac is the presence of the “Cre-LoxP” recombination system and
the use of two transfer vectors (pUCDM and pSPL) that both carry Lox P, thereby
facilitating the efficient integration of the genes of interest into the MultiBac (pFBDM)
vector. This allows the generation of one baculovirus that contains multiple genes
allowing for the expression of multiple proteins, without the use of multiple viruses to
infect cells. A potential limitation to using Cre-LoxP recombination is the large size of
the final vector. However, Cre-LoxP is known to generate highly stable recombinant
DNA [519, 521]. Nevertheless, prior to insertion into the final pFBDM expression vector,
one of the two expression cassettes were removed from pSPL transfer vector (Figure 15
A) [521] reducing the size of the vector (Figure 15 B). Although, the final pFBDM γsecretase vector still exceeded 15Kbp (Figure 18 C), the candidate genes were
successfully incorporated to express proteins.
The transfer vectors also facilitated the addition of purification tags for the purification
of expressed proteins. Previous studies that have generated purified γ-secretase had
indicated the N-terminus of PEN 2 and the C-terminus of NCT are amenable to adding
protein purification tags without reducing/inhibiting γ-secretase complex formation or
activity [243, 409, 531, 566]. Thus, PEN 2 and NCT cDNA- protein purification tag
inserts (CBP, and octa-His, respectively) were assembled in intermediary transfer vectors
(pUCDM and pSPL respectively) and the resulting expression cassettes were modularly
cloned into pFBDM. Although the CBP tag on Pen-2 increased the molecular weight of
this component, both the CBP and octa-his did not appear to alter enzyme activity, and
the presence of the tags facilitated purification.
The ability to track expression in real time, adds the advantage of determining the time,
post infection, at which optimal protein expression is achieved. The two recombinant
baculovirus DNAs – EMBacY and MultiBac employed in this study are similar in all
aspects except EMBacY has an additional YFP expression cassette. YFP expression
facilitates real time monitoring and is directly correlated with the expression of the
complex of interest [567]. Expression of the γ-secretase components generated from
EMBacY and MultiBac were similar (Figure 21), indicating that the additional expression
of YFP did not lead to any significant changes in expression of γ-secretase. Using this
feature, it could be seen that γ-secretase expression increased exponentially from 12 to
48 hr post-infection, after which expression reached a plateau and then remained constant

until the end of the period of infection (92 hr) (Figure 20). This highlights the ability of
MultiBac to sustain expression over a longer period compared to other baculoviral
systems in which expression is dramatically reduced after 48-72 hr post-infection, due to
the lytic cycle of the virus [472].
3.5.2

The Mul�Bac γ-secretase complex is ac�ve.

To validate the expression of the γ-secretase complex fully, it is essential that enzyme
activity is demonstrated. Cell-free assays are commonly used to demonstrate enzyme
activity, and they provide a time-efficient assay for the measuring of enzyme activity
under various test parameters. The assay involves the isolation of cell membranes and
incubating with γ-secretase substrates [125, 202, 568]. The membranes isolated from
insect cells expressing γ-secretase complex containing wild-type PS1 was active at
cleaving substrates APP-C99 and Notch∆E to generate AICD, Aβ and NICD fragments,
respectively (Figure 25). This γ-secretase activity is consistent with endogenous or overexpressed γ-secretase activity seen in cell free assays setup with mammalian cell
membranes [51, 117, 359, 545, 569-572]. Furthermore, treatment with a commonly used
γ-secretase inhibitor (DAPT) [573] led to a dose-dependent reduction in AICD, Aβ and
NICD fragments (Figure 25 C and D), confirming the expression of active γ-secretase. In
addition, ADAD linked presenilin mutations have been known to differentially affect
processing of APP and Notch, mostly by increasing Aβ42/ Aβ40 ratio and reduced Notch
processing [265, 288]. These observations had led to the hypothesis that ADAD linked
presenilin mutation causes a loss of function and dysregulation of γ-secretase mediated
processing of a number of substrates [49, 113, 283, 284, 286, 574, 575]. Therefore, to
compare activity with PS1(wt)-γ-secretase, attempts were made to reconstitute a ADAD
causing PS1 mutation. The PS1(Δ9) was chosen because it leads to an increase in
Aβ42/Aβ40 ratio and results in a reduction in Notch processing [113, 265, 547]
The same approach as for PS1(wt)-γ secretase was used to express the complex containing
the ADAD mutation, PS1(Δ9) (Figure 21). Robust expression of all enzyme components
(Figure 21 A, B, D, F, G and I) with the exception of Aph1aL (Figure 21 C and H, lane
4) was observed within the complex. This result was unexpected, particularly as
sequencing confirmed that the Aph1aL gene was present and in the correct orientation
within the PS1(Δ9)-γ-secretase pFBDM expression vector. To rule out the possibility that
the vector clones were possibly aberrant, additional baculoviruses were generated using
other sequence-verified clones of pFBDM-PS1(Δ9)-γ-secretase. Despite these efforts, I

was unable to detect Aph1aL protein expression in cells infected with the PS1(Δ9) mutant
complex. It is possible that due to accumulation of deleterious mutations in the promoter
driving Aph1aL; transcription failed. However, the presence of the Aph1aL mRNA
transcript was confirmed by RT-PCR (Figure 22, lane 2). Thus, similar to the PS1(wt)-γsecretase complex the Aph1aL gene was transcribed from the PS1(Δ9)-γ-secretase
complex. Together, with the presence of the correct gene insert within the pFBDM, these
findings rule out the possibility that the APHa1L gene was lost during the cloning process.
This could possibly occur when plasmids/expression vectors are maintained in E.coli and
repeated amplification leads to loss of cDNAs as they are foreign to the cell.
It is not exactly clear why Aph1aL protein was not expressed, and potentially indicates
that the PS1(Δ9) mutation was down-regulating Aph1aL protein expression. However,
this could not be occurring at the transcription stage as mRNA was present. As it is not
possible that the mutation is altering the mRNA translational machinery (as robust
expression is observed with the other components), an alternative explanation could be
that Aph1aL is not included or not stable within the assembling complex and subsequent
degradation occurs. Evidence exists of ubiquitin-proteasome degradation of Aph1aL
[532], particularly when Aph1aL is over-expressed [576]. Hence, a proteasome inhibitorMG132 was employed to rescue Aph1aL expression. Treatment of Sf9 cells infected with
EMBacY-PS1(Δ9)-γ-secretase baculovirus robustly expressing recombinant proteins (as
determined by YFP expression) were treated with MG132 for various times. Western
immunoblot analysis of cell lysates indicated a rescue in Aph1aL expression with MG132
treatment (Figure 23). These results indicate that indeed Aph1aL in the PS1(Δ9)-γsecretase construct is degraded via the ubiquitin-proteasome pathway.
As it is widely known that all components are required to generate an active γ-secretase
complex, it was not surprising that the PS1(Δ9)-γ-secretase mutant complex did not
cleave APP-C99 and Notch∆E substrates in the cell-free assays (Figure 25). However,
there is evidence that the PS1(Δ9) has γ-secretase activity without requiring the overexpression of the other components [190, 515, 530] and has reduced activity compared
to PS1(wt) [265]. Thus, I tested whether PS1(Δ9) in the absence of the other components
was active at cleaving the substrates. However, under cell-free assay conditions that show
the PS1(wt)-γ-secretase complex to be active, I was unable to show that PS1(Δ9)
generated APP or Notch fragments (Figure 25 A and B; lane 2). Carter et al., showed that
baculovirally expressed PS1(Δ9) was able to cleave APP-C99 to generate AICD [515].
These authors used slightly different conditions to those implemented here or in other

studies [202, 577, 578]. In particular, the APP-C99 substrate was expressed in insect cells
and SDS was used to dissolve the substrate. However, using baculovirally expressed
APP-C99 I was still unable to show activity for either the PS1(Δ9) or PS1(wt)-γ-secretase
complex under the conditions used by Carter et al. Reasons for this remain unclear but it
is noted that the Carter et al. expressed PS1(Δ9) using pFastBac expression system.
The Ahn et al., 2010 study [190] reconstituted PS1(Δ9) in liposomes to show activity in
cell-free assays. Liposomes are lipid bilayer vesicles in which proteins can been
artificially reconstituted. Ahn et al. reconstituted PS1(Δ9) in liposomes generated with
total mouse brain lipids in conjunction with PC lipid. To try to mimic these conditions I
repeated the cell-free assays in the presence of PC lipid and total mouse brain lipid.
Although activity was shown for the PS1(wt)-γ-secretase complex, under these conditions
PS1(Δ9) did not cleave the APP-C99 substrate (Figure 25 E). It is possible, that in absence
of other components, PS1(Δ9) structure requires a circular bilayer lipid membrane to be
in an active state. If this is true, then detergent solubilisation of PS1(Δ9) will disrupt the
lipid bilayer and thus destabilize PS1(Δ9) active site into a closed/inactive state. In
contrast, association of PS1(Δ9) with additional γ-secretase components (NCT, APH1
and Pen-2) could facilitate a PS1(Δ9) active site conformation amenable to activity even
in a detergent-solubilised state [113]. Thus, although cell-free assays have many
advantages, whole cell assays where the cell is intact, may be necessary for PS1(Δ9) to
be active.
Nevertheless, as mentioned earlier PS1(Δ9) is known to have reduced proteolytic
efficiency when compared to PS1(wt) [265]. Thus, much larger quantities (protein
concentration) of cell membranes of insect cells expressing PS1(Δ9) were used in cell
free assays. With an increased amount of cell membranes (~4 times to that of PS1(wt)-γsecretase), resulted in production of both AICD (Figure 27 A) and NICD (Figure 27 B).
These results confirm previous observations [190, 515, 530] that PS1(Δ9) is capable of
processing both APP-C99 and Notch C-100 substrates.
Estimation of Aβ40 and Aβ42 generated in cell free assays by ELISA indicated a highly
active PS1(wt)-γ-secretase with roughly same amount of Aβ40 and Aβ42 generated
(Figure 28, lane 4). This is in contrast to cell free assays setup with cell membranes of
HEK293/APPSwe or HEK293/APPSwe/PS1++ cells. It is possible that generation of
different Aβ species is solely dictated by the amount of active γ-secretase/PS1 available
when APP-C99 substrate is used in saturating conditions. Given enough active enzyme,
both longer and shorter species of Aβ would be produced albeit at different efficiencies.

In such a scenario, the production of Aβ40 or Aβ42 species would be dictated by the
initial endopeptidase activity of γ-secretase. However, further investigation is required to
determine the nature of the different Aβ species generated by MultiBac baculovirus
reconstituted PS1(wt)-γ-secretase. Nevertheless, the expression system described in this
work generates large quantities of highly active PS1(wt)-γ-secretase that can be employed
in studies aimed to develop γ-secretase inhibitors/modulators to specifically reduce Aβ42
generation.
Additionally, although PS1(Δ9) generated significantly higher amounts of Aβ40 (Figure
28, lane 5) when compared to empty pFBDM baculovirus, the activity was much lower
compared to PS1(wt)-γ-secretase consistent with a previous study [265]. Further,
PS1(Δ9) did not generate significant amounts of Aβ42. Nevertheless, due to the
limitations of ELISA kits employed in this study generation of other Aβ species cannot
be discounted. However, it is uncertain how PS1(Δ9) is mediating proteolysis of APPC99 and Notch-C100 on its own, whereas PS1(wt) cannot process γ-secretase substrates
on its own. It has been suggested that PS1(Δ9) does not require endoproteolytic cleavage
to be active, at least in mammalian cells [579]. This notion is more in line with the
intriguing concept that the PS1(Δ9) is active on its own and does not require the overexpression of other components. One other study has shown evidence of this notion in
which recombinant PS1(Δ9) reconstituted into liposomes was sufficient to process APP
and Notch 1 substrates [190]. The authors suggested that the PS1(Δ9) mutation is
constitutively active as it lacks a putative “autoinhibitory domain” that has been
previously proposed to block the catalytic site of presenilins [171, 579]. Alternately Ahn
et al. [190], suggested the autoinhibitory domain prevents appropriate positioning of the
PS1 catalytic aspartate dyad. Overall, these unexpected but intriguing results observed in
cells co-expressing PS1(Δ9) and APP-C99 require further functional and structural
insight, which the MultiBac expression system could facilitate.
Overall, these preliminary experiments indicate that the reconstructed PS1(wt)-γsecretase and PS1(Δ9) appear to be active in cleaving APP-C99 to generate an “Aβ- like”
species. Full characterisation of the Aβ species generated by these recombinant proteins
is required using a panel of Aβ C-terminal specific antibodies or the use of mass
spectrometry to identify the Aβ fragments that are being generated. This is particularly
important to determine if the full-reconstituted γ-secretase enzyme complex has similar
or different activities to PS1(Δ9).

3.5.3

Conclusion.

This chapter details the successful reconstruction of an active γ-secretase enzyme using
an improved strategy when compared to those used in previous studies (including those
from our lab) [424, 513, 515, 516, 530, 561, 564, 580], for the expression of multi-subunit
protein complexes. In addition, the results suggest that the PS1(Δ9) mutant may not
require the presence of the other γ-secretase components to be active, providing an
interesting concept that warrants exploration in further structural and functional studies.
The protocols described here for producing wild-type complexes now facilitates the
generation and study of γ-secretase variants with modified or mutated subunits (discussed
Furthermore in Chapter 6). For many of these studies, obtaining purified protein would
be advantageous. The presence of purification tags within the expressed complex makes
this possible. The next chapter describes the implementation and of strategies for
purifying the baculovirally expressed γ-secretase complex.

4 Results: Purification of Baculovirus-expressed PS1(wt)-γsecretase
4.1 Introduction
In the previous chapter, the MultiBac baculoviral protein expression method was used to
generate a high level of expression of a mature and functional γ-secretase complex. This
process can now provide material for downstream applications aimed at improving our
understanding of the activity and structure of this enzyme. Many of these applications
(i.e. high resolution structural analysis for example), require large amounts of purified
material. Compared to single unit proteins, purification of multi-subunit protein
complexes offers an additional level of difficulty, as all components should be purified at
equal stoichiometry and an appropriate strategy is required that will not to disrupt
complex formation, thereby generating a homogeneous and active enzyme complex. This
can be achieved by utilising strategies that take advantage of incorporated purification
tags or post-translation modification of certain components. During the cloning process
to generate baculovirally expressed γ-secretase, purification tags were incorporated into
two components of the complex. An octa-His tag was incorporated at the C-terminus of
NCT and a Calmodulin Binding Peptide (CBP) tag at the N-terminus of Pen 2. Addition
of purification tags on these components have apparently not altered γ-secretase activity
(Chapter 3, section 3.5.2), consistent with findings from previous studies [354, 409, 423,
512, 531, 566, 581].
The addition of these tags facilitates purification via Immobilised Metal Affinity
Chromatography (IMAC) and Calmodulin (CaM) affinity methods. These methods
generally result in partial purification. Furthermore, IMAC will result in purification of
both immature (containing less glycosylated Endo H sensitive, immature NCT) and
mature γ-secretase (containing fully glycosylated Endo H resistant, mature NCT).
Therefore, lectin affinity purification can complement initial IMAC/CaM purification
methods to generate an active mature γ-secretase complex. This chapter describes these
purification methods and outlines results obtained from a purification strategy (Figure 29)
to achieve a purified mature γ-secretase complex.

4.2 Aims/objectives
The main aim of this chapter is to devise a protein purification strategy to purify
baculovirus-reconstituted γ-secretase from insect cells. This strategy is outlined in Figure
29 and includes the following objectives:
1. Optimisation of protein purification on a small scale (50 ml insect cell culture).
A. Optimise IMAC purification of octa-His tagged γ-secretase enzyme.
B. Optimise Lectin purification on a small scale.
C. Optimise CaM affinity purification on a small scale.

2. Optimise medium scale purification (1 litre insect cell culture).

A. Scale up IMAC purification based on conditions obtained in 1. A.
B. Apply large scale IMAC purified protein (2.A) to Lectin affinity purification
based on conditions optimised in 1.B.
C. Apply protein purified in 2B. to CaM purification using conditions optimised
in 1.C.

Figure 29: Strategy to purify recombinant PS1(wt)-γ-secretase.
Different affinity protein purification methods were first optimised on small scale (~50ml) insect cell
cultures expressing PS1(wt)-γ-secretase. The small-scale protein purification optimisations (A), (B)
and (C) informed conditions for protein purification of medium scale (~ 1 litre) cultures. The
sequential purification steps were (D) IMAC (E) Lectin affinity and (F) CaM affinity purification.

4.3 Purification of γ-secretase by Immobilised Metal Affinity Chromatography
(IMAC)- Poly- Histidine tag purification
4.3.1

Introduc�on

IMAC is a technique whereby a metal chelator immobilised on a solid matrix (generally
agarose) is used to coordinate metal ions (metallic cations- Zn2+, Cu2+, Co2+, Ni2+, Fe2+
etc.). The metal ions are then used to adsorb and purify metalloproteins from cell lysates
[582]. More specifically, available histidine and cysteine residues within a metalloprotein
interact strongly with the metal ions thereby immobilising the metalloprotein on the solid
matrix. IMAC can be applied to non-metalloproteins, by expressing recombinant nonmetalloproteins with short-poly histidine peptides either at the amino or carboxyl
terminus. The solid matrix with adsorbed protein of interest is washed with a low
concentration of Imidazole (which has a higher affinity to metal ions) to remove
contaminant proteins adsorbed with low specificity. A higher imidazole concentration
then facilitates desorption and purification of the protein of interest.
IMAC is a versatile technique and the various variables involved can be optimised to
purify specific proteins. For example, the type of chelator is important as different types
co-ordinate metal ions in different ways. A greater number of interactions between metal
ions and a chelator reduces the affinity of the metal ion for the protein of interest. On the
other hand, if the metal ion is loosely coordinated with the chelators, it would leach during
the various chromatography steps, resulting in loss of protein of interest thereby reducing
purification efficiency. Thus, for each protein of interest, the selection of chelator and
metal ion is empirically determined [583, 584] (for a review on IMAC see reviews [585588]). In this study, I used TALON affinity matrix which consists of Cobalt cations
immobilised on the chelator carboxymethyl aspartic acid (Co2+-CMA). The CMA is a
tetradentate chelator and coordinates metal ions more securely than NTA, this results in
less leaching of the metal ions during protein purification. In addition, the protein of
interest can be eluted off TALON beads in much milder non-destructive elution (lower
Imidazole concentrations) conditions [587].
Additional parameters need to be considered when the protein of interest is purified in a
native state. For example, due to steric hindrance, native proteins might fail to interact
with all available metal ions. Thus, the free metal ions can interact with contaminating
proteins, thereby reducing the purity of protein of interest following elution. Furthermore,
steric hindrance between the solid matrix and protein of interest needs to be considered.

This is especially important for native purification of large proteins or multiprotein
complexes (like γ-secretase). Thus, metal ions coordinated on short chelators may be
unavailable for interaction with the native protein of interest. This can be readily remedied
by using long chained chelators or placing a spacer molecule between the chelator and
solid matrix, for example Ni-NTA his purification system [584].
Similarly, detergent micelles can sterically hinder recombinant protein- metal-ion
interactions. Detergents that form large micelle-protein complexes occlude poly-histidine
tags, thus preventing interaction with metal ions in IMAC. In the case of membrane
proteins (like γ-secretase), that require detergents to remain in a soluble state, the
optimum detergent concentration needs to be empirically determined to be applicable to
IMAC (and affinity chromatography in general).
Finally, IMAC-native protein purification is greatly influenced by the location-dependent
availability of the poly-histidine tag. As the tertiary protein structure is maintained
throughout the native protein purification, the likelihood that the poly-histidine tag is
unavailable due to protein folding cannot be discounted. Thus, the choice of expressing a
poly-histidine tag at either the amino or the carboxyl terminus of the protein is empirically
determined. In addition, inclusion of a polylinker sequence (a chain of amino acids) to
host the poly-histidine tag can facilitate purification.
Biochemical analysis of the γ-secretase enzyme has indicated the enzyme is most active
at pH6.5, but nevertheless can tolerate a range of pH 5.5-7.5 [117]. These conditions are
ideal for purification by IMAC [588, 589]. Furthermore, the γ-secretase is active in a wide
range of NaCl concentrations (50-300mM) [117]. NaCl is particularly important for
IMAC where using a high salt concentration can not only prevent proteins from
aggregation but can also prevent ionic interaction of contaminating protein with the
IMAC resin [588, 589]. In addition, a range of detergents (including CHAPSO, Digitonin
and DDM) have been used to solubilise γ-secretase, and optimum detergent
concentrations for γ-secretase activity have been determined [590]. These factors were all
considered in the design and implementation of the experiments described in this section.
4.3.2

Methods

Membrane preparations were made from insect cells expressing γ-secretase following the
procedures described in Chapter 2 (section 2.5.2). Initial purification experiments were
performed as described in Chapter 2 (section 2.7), but required optimisation as outlined
in the result sections below.

4.3.3

Results

4.3.3.1 Confirmation of the presence of purification tags.
To confirm the presence of octa-His tag, 1µg of membrane preparations of insect cells
expressing PS1(wt)-γ-secretase were resolved on a denaturing SDS-PAGE or on
NATIVE-PAGE followed by immunoblotting with penta-His or NCT antibodies. SDSPAGE analysis showed that the penta-His antibody detected a band at ~110kDa (Figure
30A, lane 1) that co-migrated with NCT protein detected by anti-NCT antibody (Figure
30 A, lane 2). NATIVE-PAGE analysis and immunoblotting with penta-His ( Figure 30
B, lane 1) or NCT antibodies (Figure 30 A, lane 2) revealed the presence of >250kDa
smear, indicating the presence of nicastrin in a high molecular weight complex.

Figure 30: Confirmation of the presence of a octa-His tag on NCT within the γ-secretase complex.

Western immunoblotting to confirm that the his-tag was present on NCT and available in
native conditions, 1µg of total enriched membrane preparation was resolved on (A)
denaturing SDS-PAGE or (B) NATIVE-PAGE and immunoblotted with penta-His (lane 1)
and NCT antibody (lane 2). (A) A protein band at ~110kDa was observe for both antibody
representing NCT and octa-his tagged NCT. (B) A ~250kDa protein smear was observed
for both antibodies indicating that NCT and octa-his tagged NCT was present within the
complex.

Previous studies have indicated that γ-secretase dissolved in the detergent CHAPSO,
retains maximal activity [590]. Thus, initial attempts at purifying γ-secretase using
TALON beads were undertaken in CHAPSO-buffer conditions. However, the detergent
CHAPSO has not been investigated for IMAC with TALON resin. Therefore, the efficacy
of CHAPSO to purify γ-secretase using TALON resin was evaluated. PS1(wt)-γ-secretase
enriched insect cell membranes (Chapter 2 section 2.5.2) were prepared in 1% CHAPSOHepes binding buffer. Total protein concentration was estimated using BCA method
(Chapter 2, section 2.5.7). The membrane preparations were then divided into three
aliquots (containing same amount of total protein). Two of the aliquots were diluted to
0.5% CHAPSO and 0.25% CHAPSO, respectively, using Hepes buffer.
The three aliquots of membrane preparations were incubated with pre-equilibrated 500µl
TALON beads for 1 hr at 4°C under gentle agitation (on a rotator running at 10
revolutions per minute -rpm). The beads were then packed onto an empty PD10 column
and the flow-through was collected. Beads were then washed in 1ml of binding buffer
containing 1, 05 or 0.25% CHAPSO. Bound proteins were eluted in increasing imidazole
concentrations (10-500mM) prepared in binding buffer containing 1, 0.5 or 0.25%
CHAPSO and 1 ml fractions collected. Equal amounts of different purification fractions
were resolved on SDS-PAGE and immunoblotted with PS1-N terminus antibody Ab14.
Immunoblotting with this antibody revealed the presence of PS1 holoprotein and NTF,
but also a ~80kDa protein band in loaded sample and collected fractions from all detergent
concentrations (Figure 31-Figure 33). The ~80 kDa protein band was also present in postelution samples (TALON beads resuspended in sample buffer, Figure 31, lane 14) where
very little PS1 protein was detected. Overall this indicates that the ~80kDa protein band
was most likely non-specific. As discussed below, levels of the non-specific protein band
were reduced with lower concentrations of CHAPSO and the inclusion of a bicarbonate
wash.
For conditions utilising 1% CHAPSO-Hepes binding buffer (Figure 31), abundant protein
(~90%) was observed in flow-through and wash fractions compared to original loaded
sample (compare lane 2 with lane 1). Protein was also detected in the subsequent wash
step with binding buffer (lane 3) and with low Imidazole wash steps (lanes 5-8).
Enrichment of protein of interest was not observed with higher imidazole concentrations
(lanes 8-13). In addition, minimal PS1 protein was detected in post-elution sample (lane
14, TALON beads). Together these results indicate that under 1% CHAPSO buffer

conditions, γ-secretase was not purified, most likely due to lack of efficient binding to the
TALON beads.
Similar results were obtained when purification was carried out in 0.5% CHAPSO-Hepes
binding buffer (Figure 32). Very little of the applied sample (lane 1) was retained on the
TALON beads (lane 14) and protein was mainly detected in flow-through (lane 2), wash
and subsequent low imidazole washes (lanes 4-7). Very low protein levels were observed
following elution with high concentrations of imidazole (lanes 8-13).
Purification carried out in 0.25% CHAPSO-Hepes buffer (Figure 33 A) showed a slightly
better profile. Compared to sample applied (lane 1), ~70% was present in the flowthrough (lane 2), whilst 30-40% remained in the wash (lane 3) and low imidazole
concentrations (lanes 4 and 5). The level of protein detected increased with increasing
concentrations of imidazole, with maximum achieved at 40 and 60mM (Lanes 6 and 7)
and then reducing dramatically with higher concentrations (Lanes 8-13). Very minimal
PS1 protein was identified in the post-elution sample (TALON resin, lane 14). In an
attempt to enhance protein binding to the TALON beads, cell membranes were first
washed with sodium bicarbonate which is used to remove peripherally associated proteins
that might occlude the protein purification tag [591]. This pre-wash step removed the
~80kDa non-specific protein band detected in previous gels (Figure 33 B) and showed a
moderately better elution profile (Figure 33), but still substantial protein was observed in
the flow-through and at lower imidazole concentrations.

Figure 31: IMAC purification of γ-secretase in 1% CHAPSO
Cell membrane preparations in 1% CHAPSO binding buffer underwent purification using IMAC.
Fractions were collected and underwent western immunoblotting using PS1-N terminus antibody
Ab14 detecting PS1-holoprotein (~45kDa) and PS1-NTF (~28kDa). Substantial protein was detected
in flow-through (lane 2), wash (lane 3) and low Imidazole washes (lanes 4-9). In comparison, very
little protein was detected following elution with higher concentrations of imidazole (lanes 10-12).
Lane 1 contains original loaded sample onto column. Graphs shows percentage of PS1 present
compared to original loaded sample.

Figure 32: IMAC purification of γ-secretase in 0.5% CHAPSO
Cell membrane preparations (1% CHAPSO) diluted to 0.5 % CHAPSO with binding buffer
underwent purification using IMAC. Fractions were collected and underwent western
immunoblotting using PS1-N terminus antibody Ab14 detecting PS1-holoprotein (~45kDa) and PS1NTF (~28kDa). Substantial protein was detected in flow-through (lane 2), wash (lane 3) and low
Imidazole washes, (lanes 4-9). In comparison, very little protein was detected following elution with
higher concentrations of imidazole (lanes 10-12). Lane 1 contains original loaded sample onto
column. Graphs shows percentage of PS1 present compared to original loaded sample.

Figure 33: IMAC purification of γ-secretase in 0.25% CHAPSO
Cell membrane preparations (1% CHAPSO) with (A) or without (B) sodium bicarbonate was diluted in (A) 0.25 % CHAPSO binding buffer Fractions were collected and
underwent western immunoblotting using PS1-N terminus antibody Ab14 detecting PS1-holoprotein (~45kDa) and PS1-NTF (~28kDa). (A) Substantial protein was detected
in flow-through (lane 2), wash (lane 3) and low Imidazole washes, (lanes 4-9). In comparison, very little protein was detected following elution with higher concentrations of
imidazole (lanes 10-12). (B) sodium bicarbonate washed membranes indicated better elution profile compared to non-sodium bicarbonate washes. PS1 protein levels were
enriched following elution with 40mM (lane 6), 60mM (lane 7) and 80mM (lane 8) Imidazole.

4.3.4

Improved puriﬁca�on proﬁle for γ-secretase using IMAC.

Although there was some improvement in elution profile using 0.25% CHAPSO, a
substantial amount of protein was detected in the flow-through and washes and at lower
concentrations of imidazole, indicating poor binding of γ-secretase to the TALON beads.
To improve binding, a combination of detergents at low concentrations can be used [592].
Cell membranes from insect cells expressing γ-secretase were washed in sodium
bicarbonate and then dissolved in 1% CHAPSO-Hepes buffer. The membranes were then
diluted to 0.5% using Hepes buffer and 0.1% Digitonin-Hepes buffer was then added to
reach a final concentration of 0.08% CHAPSO and 0.08% Digitonin in Hepes buffer. This
final binding buffer is referred as CD Buffer.
Membrane preparations in CD buffer were incubated with 1ml TALON beads (preequilibrated in CD buffer) for 1 hour at 4°C under gentle agitation on a rotator running at
10 rpm. The flow-through was collected and the beads were then washed in 10 ml CD
buffer three times, followed by two washes in 10ml of 10mM imidazole. Bound proteins
were eluted by resuspending the TALON beads in 1ml of 250mM imidazole and
incubating for 1 hour at 4°C, twice. Equal volume of applied sample (before dilution)
and collected fractions were resolved on SDS-PAGE. Coomassie staining (Chapter 2,
section 2.5.10) (Figure 34 A) was used to analyse purity of different fractions and western
immunoblotting with antibodies against γ-secretase components NCT (Figure 34 B), PS1
(Figure 34 C), Aph1aL (Figure 34 D) and PEN 2 (Figure 34 E) confirmed the presence
of all components in the same fractions. In addition, various fractions underwent a cellfree activity assay (Chapter 2, section 2.5.5) using Notch substrate, and indicated that the
γ-secretase complex was active (Figure 34 F).
The use of CD buffer greatly enhanced the purification of γ-secretase. Coomassie staining
(Figure 34 A) indicated enrichment of all components of γ-secretase enzyme in 250mM
imidazole fractions (lanes 8 and 9, compared to sample, lane 1). In addition, although
some bound, the majority of the contaminating proteins did not bind to the TALON
(presence of equivalent levels of protein bands in flow-through, lane 2, to that seen in
original loaded sample, lane 1). These proteins were removed during the wash steps (lanes
3-7). Overall, these results indicated that the components of γ-secretase were enriched
following IMAC purification. However, it is noted immature NCT (B, lanes 8 and 9) and
PS1 holoprotein is still present within the complex. A mature, active complex contains
mainly mature NCT and PS1 N &C terminal fragments [593]. Nevertheless, it is

noteworthy that the IMAC purified γ-secretase complex is still active at generating NICD,
but not to the extent of the original sample (F, lane 8 and 9).

Figure 34: Purification of γ -secretase in 0.08% CHAPSO and 0.08% Digitonin–Hepes buffer using
IMAC.
Sodium bicarbonate washed cell membranes from γ-secretase expressing insect cells (100ml of cell
culture) were prepared in 1% CHAPSO-Hepes buffer and diluted to 0.08% CHAPSO and 0.08%
Digitonin in Hepes buffer. This sample was incubated with 2ml of TALON beads. Equal volumes of
different fractions were resolved on SDS-PAGE and (A) stained with Coomassie Blue or western
immunoblotted for (B) NCT (C) PS1 (D) Aph1aL or (E) Pen 2 antibody. Protein levels were enriched
in Imidazole elution fractions (lanes 8 and 9) (F) Cell-free assay with Notch-C100 substrate,
indicating that activity was retained in the eluted fractions (lanes 8 and 9).

4.4 Purification of γ-secretase using Lectin affinity purification
4.4.1

Introduc�on

As outlined above although IMAC resulted in enriched γ-secretase, some contaminating
protein bands and immature NCT and PS1 holoprotein were still present within purified
fractions. Therefore, additional purification steps are required. One approach is using
lectin affinity purification that separated proteins based on glycosylation. NCT is heavily
glycosylated at approximately 16 glycosylation sites [594]. It undergoes N-linked
glycosylation within the ER [349] and undergoes more complex O-linked glycosylation
events in the Golgi complex [350, 363, 595, 596]. Lectins are proteins, that bind to
carbohydrates with high specificity [597], and have been traditionally used to purify
glycoproteins [598]. The sections below outline the results achieved from lectin
purification.
4.4.2

Results

4.4.2.1 Concanavalin A (Con A) Purification.
Concanavalin A (Con A) lectin from Canavalia ensiformis, jack bean, binds to α -Dmannose (α-Man) and α-D-glucose (α-Glc) [241] and was the first lectin utilised in this
study. Con A purification was carried out with sodium bicarbonate washed cell
membranes (derived from a 50ml culture) dissolved in 1% CHAPSO-Hepes buffer. The
buffer was supplemented with 2mM CaCl2 and 2mM MnCl2 as these cations are required
for Con A purification [598, 599]. Total protein was estimated and the sample was divided
into two fractions. Both fractions were diluted to 0.25% CHAPSO in Hepes buffer
supplemented with the above cations (referred to as binding buffer). The samples were
then applied to fresh 1ml HiTrap Con A (GE) column (GE) using HPLC (Akta Purifier
GE) at 4°C. The columns then were washed with 10ml of the binding buffer. The bound
proteins were eluted either with Methyl-α-D-Glucopyranoside (Figure 35 A) or Methylα-D-Mannopyranoside (Figure 35 B) in 0.25% CHAPSO-Hepes buffer, in 1 ml fractions.
Equal volumes of undiluted sample, flow-through, wash and various elution fractions
were resolved by SDS-PAGE, followed by immunoblotting with PS1 and NCT antibodies
to determine the presence or absence of γ-secretase. Compared to undiluted sample (A
and B, lane 1), only very low protein levels were observed following elution with 300mM
of both Methyl-α-D-Glucopyranoside or Methyl-α-D-Mannopyranoside (A and B,
respectively; lane 9). Only minimal amount of protein was observed in the flow-through

and in wash fractions (A and B, lanes 2 and 3, respectively) indicating that γ-secretase
had bound to Con A.
To eliminate the possibility that protein aggregation or precipitation was preventing
elution, bicarbonate washed enriched insect cell membranes were prepared with a
reducing agent- β-Mercaptoethanol (10mM) and protein purification was repeated with
this reducing agent present in all buffers used during purification. Equal volumes of

fractions were resolved on SDS-PAGE and immunoblotted with PS1 antibody (Ab14)
and NCT antibody (Figure 8). The PS and NCT protein bands were not detected in any
of the elution fractions (A, B 4-13). The complete lack of protein in eluted fractions
indicated β-Mercaptoethanol was not suitable to include in the purification process. It
was observed that the columns (with or without β -Mercaptoethanol) had turned brown

after one month left at 4C under storage conditions advised by the manufacturer. This
was despite extensive washing of the column in 1M NaCl and water and storage in 20%
Ethanol. These observations also potentially indicated failure of proteins to elute.
To assess this, Con A beads were incubated with the sample for 1hr at 4C and eluted with
increasing concentrations of a combination of Methyl-α-D-Glucopyranoside and Methyl-

α-D-Mannopyranoside (Figure 9 A). This combination was used to disrupt Con A
interactions with N-Glucose and N-Mannose, respectively and thus enhance elution.
However, no PS1 or NCT protein was detected in any of the eluted fractions (lanes 4-8).
Abundant levels were observed in post-elution sample (supernatant from Con A beads resuspended in sample buffer, lane 9), indicating that protein was bound to the column but
could not be eluted under the above conditions.
Extended incubation of Con A beads with eluents at higher temperatures has been
previously used to elute off tightly bound glycoproteins [600-603]. The beads were
therefore incubated with the eluents for 1 hour at 4 C, 22 C or 37 C (Figure 9 B). In
addition, 1M sucrose was used to elute proteins off the beads as suggested by the
manufacturer. PS1 protein was not detected in any of the elution fractions (lanes1-8) and
only in the supernatant from the beads resuspended in sample buffer (lane 9, Con A
beads), indicating that γ-secretase bound tightly to the Con A beads and was not eluted.

Figure 35: Con A purification of γ-secretase
Sodium bicarbonate washed insect cell membranes were dissolved in 1% CHAPSO-Hepes buffer and then diluted to 0.25% CHAPSO using Hepes buffer. Equal amounts
of total protein was applied to Con A beads and eluted with either (A) Methyl α-D-Glucopyranoside or (B) Methyl α-D-Mannopyranoside. Following immunoblotting with
NCT (top panel) or PS1 (bottom panel), comapred to the original sample (lane 1), very little protein was detected in flow-through (lane 2), wash (lane 3) or eluted fractions
(lanes 4-14).

Figure 36: Con A purification of γ-secretase in β-Mercaptoethanol
Sodium bicarbonate washed insect cell membranes were dissolved in 1% CHAPSO-Hepes buffer with 10mM β-Mercaptoethanol and then diluted to 0.25% CHAPSO using
Hepes buffer containing the reducing agent. Equal amounts of total protein was applied to Con A beads and eluted with either (A) Methyl α-D-Glucopyranoside or (B)
Methyl α-D-Mannopyranoside. Following immunoblotting with NCT (top panel) or PS1 (bottom panel), comapred to the original sample (lane 1), very little protein was
detected in flow-through (lane 2), wash (lane 3) or eluted fractions (lanes 4-14).

Figure 37: γ-Secretase binds to ConA beads.
Sodium bicarbonate washed insect cell membranes were dissolved in 1% CHAPSO-Hepes buffer and then diluted to 0.25% CHAPSO using Hepes buffer. Two aliqouts (5ml
each) of the sample was incubated with two separate 1 ml ConA beads. One aliqout (A) underwnet elution with increasing concentrations of eluant for 1 hour. The other (B)
was eluted with 500 mM concentration of each eluant (Methyl α-D-Glucopyranoside and Methyl α-D-Mannopyranoside) or 1M sucrose at different temperatures for 1 hr
each. In each condition, substantial protein was present in the supernatant from ConA beads resuspended in smaple buffer (lane 9).

From the findings above, it was clear that γ-secretase (or PS1 at least), was binding tightly
to the column. γ-Secretase complexes can be disrupted by 1% Triton X-100 [467]. To
evaluate the binding of the other components, and to evaluate if the whole complex was
binding to Con A, the experiments above were repeated. Cell membrane preparations
were applied to 500μl of Con A beads and then washed as above. The beads were then
washed with Methyl-α-D- Mannopyranoside and then incubated with 1% Triton-X100 in
Hepes buffer containing 500mM Methyl-α-D-Mannopyranoside. Following removal of
the supernatant the remaining beads were re-suspended in sample buffer. Samples were
then resolved by SDS-PAGE, followed by immunoblotting with antibodies against all the
components (Figure 10). As expected all components were observed in samples prior to
loading on beads (lane 1). γ-secretase proteins were not detected in flow-through (lane 2),
wash (lane 3), or fractions eluted with Methyl-α-D-Mannopyranoside (lane 4 and 5). The
NCT, Aph1aL and Pen-2 proteins were detected in Methyl-α-D-Mannopyranoside
containing Triton-X-100 (lane 6). PS1 and Pen-2 protein was detected in the supernatant
from beads resuspended in sample buffer (lane 7). As PS1 or Pen-2 are not glycosylated,
these results were surprising and indicated that these proteins are interacting with Con-A,
non-specifically. From these results, it was clear that Con-A was not appropriate to purify
a homogenous γ-secretase complex. Therefore, the efficacy of two alternative lectin
purification system to purify γ-secretase was evaluated, Galanthus nivalis Lectin (GNL)
and wheat germ agglutinin (WGA).

Figure 38: Dissociation of γ-secretase on Con A beads in presence of Triton-X
Sodium bicarbonate washed insect cell membranes were dissolved in 1% CHAPSO-Hepes buffer and
then diluted to 0.25% CHAPSO using Hepes buffer and incubated with con-A beads. Elution of
protein was performed using using 1% Triton-X and 500mM Methyl α-D-Mannopyranoside.
Fractions collected were immunoblotted with antibodies against the γ-secretase complex. Compared
to original loaded sample (lane 1), the components were not present in flow-thorugh, wash fractions
(lanes 2 and 3) or in Methyl α-D-Mannopyranoisde elution fractions (lanes 4 and 5). NCT and APH1a
were present in following elution with 1%Triton X-100 (lane 6). PS1 and Pen-2 were abundantly
present in supernatant from Con-A beads resuspended in sample budder (Lane 7).

4.4.2.2

GNL and WGA Purification

GNL is a glycosylated lectin derived from Galanthus nivalis (snowdrop). It interacts with
α-D-oligomannose sugar moieties on glycoproteins [598]. In addition, GNL does not
require cations to function [598], hence can be applied to samples containing
EDTA/EGTA. WGA is a lectin derived from wheat kernels and interacts with terminal
N-Acetyl-D-glucosamine on glycoproteins in presence of calcium and manganese cations
[598]. Thus EDTA/EGTA containing samples need to be dialysed to remove the chelators
[598], before application to WGA. The WGA lectin has been previously used to
concentrate γ-secretase following purification [202]. Thus, preliminary small scale
purification was undertaken with these alternative lectin purification systems.
Sodium bicarbonate washed membrane preparations from cells expressing γ-secretase
were applied to 500µl of Galanthus nivalis lectin- GNL and wheat germ agglutinin lectinWGA and incubated for 1 hr at 4°C, under gentle agitation on a rotator at 10 rpm. The
beads were collected in an empty PD10 column and washed with 5ml of 1% CHAPSOHepes buffer. GNL beads were washed with 5ml of 50mM Methyl-α-DMannopyranoside and bound protein was eluted with 1ml of 250mM Methyl-α-DMannopyranoside twice with intermittent incubation for 5 min in elution buffer (Figure
11A). WGA beads were washed with 50mM of N-acetyl-glucosamine and bound
proteins were eluted in 250mM N-acetyl-glucosamine (Figure 11B). Equal amount of
sample, flow-through, wash and different purification fractions were resolved on SDSPAGE and immunoblotted for the components of γ-secretase.
Compared to sample (prior to incubating with beads), very little protein was detected in
the CHAPSO buffer (A and B, lane 3) and 50mM Methyl-α-D-Mannopyranoside (GNL;
A, lane 4) or N-acetyl glucosamine (WGA; B, lane 4) wash fractions. All components
were detected in the two elution fractions (A and B, lanes 5 and 6) with very little protein
detected in the supernatant from GNL (A, lane 7) or WGA (B, lane 7) beads re-suspended
in sample buffer. These results indicate that all components of γ-secretase were
successfully eluted from the GNL and WGA beads.

Figure 39: Lectin affinity purification of γ-secretase using GNL and WGA lectins.
M Sodium bicarbonate washed insect cell membranes were dissolved in 1% CHAPSO-Hepes buffer and then diluted to 0.25% CHAPSO using Hepes buffer and incubated
with (A) GNL beads or (B) WGA lectin beads. Elution was performed with Methyl α-D-Mannopyranoside or N-acetyl glucosamine, respectively. Although the γ-secretase
components could be detected in the flow-through samples, abundant levels of protein were present in eluted fractions (lanes, 5 and 6) and absent in wash fractions (lane 3)
or present in very low amounts in the supernatant from beads re-suspended in sample buffer (lanes 7). These results indicate that the components were successfully eluted
from the GNL and WGA beads.

4.5 Purification of γ-secretase using Calmodulin (CaM) affinity purification
4.5.1

Introduc�on

Calmodulin (CaM) is a small ubiquitously expressed highly conserved protein (148
amino acid; ~17kDa) that acts as an intracellular calcium sensor, to regulate intracellular
signal transduction [604]. The amino and carboxyl termini of CaM are protein-interacting
regions (called EF hand domain). The binding of Ca2+ causes a conformational change in
calmodulin protein, extending and opening the EF hands revealing hydrophobic sites that
can interact through hydrophobic and salt bridges with calmodulin binding domain of
other proteins (also called calmodulin binding peptide region -CBP) [605]. CBP are
generally classified as sequence-independent amphiphilic alpha-helices. The CaM-CBP
interaction is highly dependent on calcium Ca2+ ions. The removal of calcium ions (by
the use of chelating reagents such as EDTA or EGTA) restores the native conformation
of CaM releasing the bound protein. Thus, CaM-CBP affinity purification system
provides an excellent opportunity to immobilise proteins in their native state, which can
be eluted under a much milder condition [606]. In addition the CaM-CBP, are more
amenable to detergents and strong reducing agents than IMAC [607].
The peptide used in CaM -CBP protein purification systems is a small 26 amino-acid
fragment (~4kDa) derived from the C-terminus of muscle myosin light-chain kinase
[608]. The CBP shows relatively high affinity to CaM [609], at low concentrations of
Ca2+ ions. This peptide is expressed fused either to the N-terminus of C-terminus of a
recombinant protein and due to its relatively small size is unlikely to affect the functions
of proteins of interest.
These properties of the CaM-CBP purification system make it ideal as an alternative/
supplemental purification step for purifying γ-secretase in its native state. The CaM-CBP
purification system has previously been used to purify γ-secretase enzyme expressed in
MEF cells [610] with PS1 tagged with CBP. However, in this study, Pen 2 was tagged
for several reasons. First, PS1 is the catalytic subunit of γ-secretase and it is conceivable
any changes to PS1 might affect γ-secretase activity and result in a deviation from the
native PS1 topology. Second, the C-terminus of the PS1 has been shown to be involved
in γ-secretase activity and assembly [254], hence adding a protein purification tag at the
C-terminus might affect γ-secretase assembly. In addition, PS1 is known to have other
physiological functions [611-615], thus disruption of these functions may impact on
cellular function and viability. Third, both Pen 2 and NCT are the common subunits of γ-

secretase. PS and APH1 have paralogues/isoforms that exhibit different activities [223,
388, 616-618], thus tagging these proteins may impact γ-secretase activities. In addition,
conditions optimised for purification tags on Pen 2 and NCT can potentially be applied
to purify γ-secretase containing paralogue or isoform of PS and APH1, in further studies.
4.5.2

Results: CaM aﬃnity puriﬁca�on

Initial optimisation experiments were undertaken at a similar time to optimisation of
IMAC purification. Thus, similar to initial experiments with IMAC (see above, section
4.3.3), the impact of increasing concentrations of CHAPSO in Hepes buffer on elution
profiles was evaluated. Enriched sodium bicarbonate washed membranes from cells
expressing PS1(wt)-γ-secretase (50 ml culture) were dissolved in CHAPSO-Hepes buffer
(supplemented with 2mM CaCl2) and applied to 500µl of CaM beads, then incubated for
1 hr at 4°C under gentle agitation at 10 rpm on a rotator. Next, the beads were transferred
to an empty PD10 column and washed with corresponding CHAPSO-Hepes buffer with
2mM CaCl2. Proteins were eluted with an increasing concentration of EGTA in
CHAPSO-Hepes buffer (without CaCl2). Equal volumes of sample and various protein
purification fractions were resolved by SDS-PAGE and immunoblotted with PS1 Nterminus antibody Ab14.
Similar to IMAC purification, utilising 1% CHAPSO-Hepes binding buffer (Figure 12),
abundant (lane 2 ~90%, compared to original loaded sample, lane 1) PS1 protein levels
were observed in the flow-through fraction (lane 2), whilst lower levels were observed in
the wash fraction (lane 3). Very little PS1 protein was observed following elution at low
or high concentrations of EGTA (lanes 4-14). Compared to using 1% CHAPSO, 1ess
PS1 protein was present in the flow-through following the use of 0.5% CHAPSO (Figure
13, lane 2 ~50%, compared to original loaded sample, lane 1). However, the majority was
eluted in the wash (lane 3), and with lower concentrations of EGTA (lanes 4-8). These
results indicate that there was weak binding of γ-secretase (or at least PS1) to the CaM
column. Using 0.25% CHAPSO (Figure 14A), led to no detection of PS1 in Flow-through
(lane 2, compared to original loaded sample, lane 1) and minimal detection in the wash
fraction (lane 3). The PS1 protein was not detected in any of the EGTA elution fractions
(lanes, 4-14). This indicates that PS1 was binding to the CaM beads and not eluting with
these concentrations. This was confirmed with the detection of PS1 in the supernatant
from CaM beads re-suspended in sample buffer, even in the presence of the reducing
agent 10mM β-Mercaptoethanol (Figure 14B, CaM, post-elution, lane 9).

Figure 40: CaM affinity purification in 1% CHAPSO
Cell membrane preparations in 1% CHAPSO binding buffer underwent purification using CaM.
Fractions were collected and underwent western immunoblotting using PS1-N terminus antibody
Ab14 detecting PS1-holoprotein (~45kDa) and PS1-NTF (~28kDa). Substantial protein was detected
in flow-through (lane 2), wash (lane 3) and low EGTA washes (lanes 4-13). In comparison, very little
protein was detected following elution with a higher concentration of EGTA (lane 14). Lane 1
contains original loaded sample onto column. Graphs shows percentage of PS1 present compared to
original loaded sample.

Figure 41: CaM affinity purification in 0.5% CHAPSO
Cell membrane preparations (1% CHAPSO) diluted to 0.5 % CHAPSO with binding buffer and
underwent purification using CaM. Fractions were collected and underwent western immunoblotting
using PS1-N terminus antibody Ab14 detecting PS1-holoprotein (~45kDa) and PS1-NTF (~28kDa).
Protein was detected in flow-through (lane 2), wash (lane 3) and low EGTA washes (lanes 4-9). In
comparison, no protein was detected following elution with a higher concentration of EGTA (lane
10-14). Lane 1 contains original loaded sample onto column. Graphs shows percentage of PS1 present
compared to original loaded sample.

Figure 42: CaM affinity purification in 0.25% CHAPSO
(A) Cell membrane preparations (1% CHAPSO) diluted to 0.25 % CHAPSO with binding buffer underwent purification using CaM. Fractions were collected and underwent
western immunoblotting using PS1-N terminus antibody Ab14 detecting PS1-holoprotein (~45kDa) and PS1-NTF (~28kDa). Compared to original loaded sample (lane 1),
very little or no protein was detected in flow-through (lane 2), wash (lane 3) or EGTA eluted fractions (lanes 4-14) (B) This experiment was repeated in the presence of βMercaptoethanol. Similar to (A), very little to no protein was detected in flowthrough (lane 2), wash (lane 3) or EGTA eluted fractions (4-8). Substantial protein was present
in the supernatant from CaM beads suspended in sample buffer (lane 9). Overall, these results indicated that γ-secretase (PS1) bound to the CaM beads and was not eluted.

To determine if other components were as tightly bound to the beads (particularly pen-2
as it contains the CBP-tag), the CaM purification method was repeated, fractions collected
and immunoblotted for Pen-2. In addition, the EGTA with or without 1M NaCl was used
as an elution buffer. A high concentration of NaCl was used to investigate whether there
was any non-specific ionic interaction between γ-secretase and CaM beads. Pen 2 was
not detected in any of the EGTA elution steps (Figure 43 A, lanes 1-12) or in fractions
eluted with 30mM EGTA + 1M NaCl. (Figure 43 A, lane 13). The presence of the
majority of Pen-2 in supernatant from CaM beads re-suspended in sample buffer (postelution), (Figure 43 A, lane 14, CaM beads) confirmed that it remains bound and was not
eluted. Increasing or decreasing the pH of the elution buffer in an attempt to elute the
tightly bound protein, was also not effective, as majority was detected in the CaM beads
supernatant, following re-suspension in sample buffer (Figure 43 B, lane 14,) and very
little or no protein was detected in the elution fractions (Figure 43 B, lanes 4-13).
It is possible that, similar to binding to Con A, components of γ-secretase are binding
non-specifically or are bound so avidly that they are unable to be eluted using elution
buffers. It is noted that proceeding the CBP tag cloned on Pen-2 is a protease Enterokinase
site providing a method to release Pen-2 from the CaM beads. Therefore, elution from
CaM was repeated with EGTA in the absence or presence of Enterokinase (Figure 18).
As before, Pen-2 was detected at very low levels or not detected in fractions eluted with
30mM EGTA (lanes 4, 7-10). The addition of Enterokinase (2X w/w sample protein
concentration) resulted in the elution of higher levels of Pen-2 (lane 5). However, the
majority was still present in supernatant from CaM beads re-suspended in sample buffer,
confirming that most of Pen-2 was not eluted and remained bound to the beads. These
results indicate that there may be non-specific interactions with CaM that are not
enterokinase sensitive.
Divalent cations of magnesium and calcium can enhance γ-secretase activity [619] and
aid in its purification [511]. Therefore, CaM purification was repeated in the presence of
magnesium acetate (MgOAc). γ-Secretase enriched membrane preparations (in 1%
CHPASO) were diluted to 0.25% CHAPSO with Hepes buffer and incubated with CaM
beads at 4°C under gentle agitation on a rotator at 10rpm. CaM beads were washed with
low concentration EGTA in 0.25% CHAPSO-Hepes buffer, and high EGTA
concentrations and then incubated with EGTA lacking or containing 1mM MgOAc. Equal
volume of sample and various purification fractions were resolved on SDS-PAGE and
immunoblotted with antibodies against all γ-secretase components (Figure 45). The γ-

secretase protein components could not be detected in the EGTA elution fractions (lane
5) but were detected in fractions eluted with EGTA in the presence of 1mM MgOAc
(lanes 6-9). Importantly, the components could not be detected in supernatant from CaM
beads re-suspended in sample buffer (lane 10), indicating that γ-secretase was
successfully eluted.

Figure 43: Attempts to elute γ-secretase from CaM beads.
Cell membrane preparations (1% CHAPSO) diluted to 0.25 % CHAPSO with binding buffer underwent purification using CaM. (A) Elution performed with increasing
EGTA concentration for 1 hour each (lanes 4-12) or with 30mM EGTA containing 1M NaCl (lane 13). (B) Elution performed with 30mM EGTA at various pH for 1 hour.
Fractions were collected and immunoblotted for pen-2. Compared to original loaded sample (lane 1), very little protein was detected in flow-through (lane 2), wash (lane 3)
or any of the eluted fractions (4-13). Substantial protein was observed in supernatant from CaM beads resuspended in sample buffer (lane 14).

Figure 44: CaM-affinity elution in the presence of Enterokinase.
Cell membrane preparations (1% CHAPSO) diluted to 0.25 % CHAPSO with binding buffer
underwent purification using CaM. Elution was performed with 30mM EGTA in the absence (lanes
4, 6-9) or presence of enterokinase (lane 5). Very little protein was detected in flow-through (lane 2),
wash (lane 3) or elution fractions (lanes 4-9). Majority of the protein was detected in supernatant
collected from CaM beads resuspended in sample buffer (lane 10).

Figure 45: Successful elution of γ-secretase from CaM beads.
Cell membrane preparations (1% CHAPSO) diluted to 0.25 % CHAPSO with binding buffer
underwent purification using CaM. Washes were performed in 1 and 10mM EGTA followed by
elution with 10mM EGTA containing 1mM MgOAc. Fractions were collected and immunoblotted
with the antibodies against the γ-secretase components. Compared to original loaded sample (lane
1), protein was present in flowthrough (lane 2) but absent in the wash fractions (lanes 3-5).
Substantial protein was also present in the eluted fractions (lanes 6-9) and absent in supernatant
from CaM beads resuspended in sample buffer (lane 10). Overall these results indicate the successful
elution of γ-secretase from CaM beads.

4.5.3

Aﬃnity puriﬁca�on of PS1(wt)-γ-secretase

The above results showed substantial optimisation of multiple purification methods to
generate purified homogenous γ-secretase, however the presence of other contaminating
protein bands (e.g. see IMAC purification –Figure 34), and the presence of holoprotein
and immature NCT protein indicate that further purification is required. In addition, the
scaling up of starting material preparations (i.e. cell membrane preparations) is required
to generate sufficient purified complex for downstream applications. Therefore, enriched,
sodium bicarbonate washed membrane preparations were prepared from 1L insect cell
cultures and these underwent IMAC, followed by CaM then GNL purification. GNL
purification was applied last, as unlike other lectin affinity systems, GNL does not require
free cations for its affinity to glycoproteins. In addition, GNL binds to higher order of
complex glycosylation on proteins. Thus, it would bind to mature NCT, with higher
specificity than Con A.
4.5.4

Method and Results

Cell membranes from insect culture were dissolved in 20 ml 1% CHAPSO-Hepes buffer.
The membranes were then diluted to 0.08% CHAPSO and 0.08% Digitonin in Hepes
buffer (CD buffer). The diluted membranes were then incubated with pre-equilibrated 10
ml of TALON beads at 4°C for 1 hr under gentle agitation on a rotator at 10rpm. The
beads were collected in an empty PD10 column and flow-through was collected. The
beads were then washed with 100ml of CD buffer and 100ml of 10mM imidazole in CD
buffer, then eluted in 15ml of 250mM imidazole in 0.5% CHAPSO-Hepes buffer with
2mM CaCl2 (CBP binding buffer) at 4°C for 2 hr under gentle agitation. Next the purified
protein was applied to 5 ml of pre-equilibrated CBP beads and washed with 50ml of CBP
binding buffer, then 50ml of CBP binding buffer containing 10mM EGTA. The beads
were then washed with 10ml of 0.5% CHAPSO in Tris buffer with 1mM MgOAc (CBPelution buffer). The bound proteins were eluted with 10ml of 10mM EGTA in CBP
elution buffer at 4°C for 2 hr under gentle agitation. The CBP eluted fraction was then
applied to 2ml GNL beads and incubated for 2 hr at 4°C under gentle agitation. The beads
were then washed with 20ml of 1% CHAPSO-Tris buffer (GNL binding buffer) and 5ml
of 50mM Methyl-α-D-Mannopyranoside in GNL binding buffer. Finally, the bound
proteins were eluted in 5ml of 250mM of Methyl-α-D-Mannopyranoside in GNL binding
buffer at 4°C for 2 hr under gentle agitation. The GNL purified protein was diluted to
0.25% using GNL binding buffer (final volume 20ml) and diluted protein was

concentrated 40 times using a ~50kDa molecular weight cut off centrifugal concentrator
(final concentrate volume 500µl).
Equal volumes of protein at each purification step were resolved on SDS-PAGE, along
with the corresponding collected flow-through fractions. In addition, concentrated protein
(1/40 volume of other fractions) along with concentrator flow-through were resolved on
the same SDS-PAGE gel. Coomassie staining and western immunoblotting was used to
detect the various components of γ-secretase (Figure 19).
Western immunoblotting of fractions with the corresponding antibodies detected NCT,
PS1-NTF, Aph1aL and Pen2 (Figure 46 A-D, respectively) in IMAC eluted (lane 1), CBP
eluted (lane 3) and GNL eluted, (lane 5) fractions. In contrast, very little of the γ-secretase
components was detected in corresponding flow-through fractions indicating that
maximal purification of the proteins was achieved. Coomassie staining did not reveal the
enzyme components in purified fractions (lanes 1, 3 and 5) (due to sample dilution) or
flow-through fractions (lanes 2, 4 and 6) but components were detected following the
concentration of GNL purified fraction (E, lane 7). A prominent ~75kDa protein band
was also detected by coomassie staining (E, lane 7). The protein band was not detected
by western immunoblotting for NCT indicating that it is not the immature form of this
protein.
It was conceivable that the endogenous protein band may have co-purified with γsecretase. To identify the ~75kDa protein, the band was excised from the gel and
underwent mass spectrometry analysis (Proteomics International). Alignment of the
peptide sequences identified by mass spectrometry was performed with Drosophila
protein sequence database [Drosophila Peptide Database]. Although the complete
genome of Spodoptera frugiperda is not available, phylogenetic analysis shows that the
closest sequenced species is Drosophila. Analysis revealed that the protein was
Elongation Factor G2, a mitochondrial translational factor (see Appendix C).

Figure 46: Three step purification of γ-secretase
Sodium bicarbonate washed membranes were prepared from 1 litre of insect cells expressing γsecretase and underwent sequential purification steps with IMAC (lanes 1 and 2), CaM (lanes 3 and
4), and GNL (lanes 5 and 6) purification strategies, followed by concentration with 50 kDa MW
centrifugal concentrators (50 MWCO, lanes 7 and 8, protein concentrated 40x). Fractions were
collected and underwent SDS-PAGE followed by immunoblotting with antibodies against (A) NCT,
(B) PS1, (C) Aph1a and (D) Pen-2 or (E) total protein was coomassie stained. All components were
detected in elution fractions (lanes 1, 3, 5, 7) by western immunoblotting and were absent in flowthrough fraction (lanes 2, 4, 6, 8). Coomassie staining revealed protein in concentrated sample
containing all components of γ-secretase in addition to a 75kDa protein band (E, lane 7).

4.6

Single particle EM analysis of purified γ-secretase

Single particle EM analysis of a macromolecule is a technique whereby a macromolecule
can be visualised using a powerful electron microscope (EM). The structural information
thus obtained gives gross morphological structure of macromolecule.
4.6.1

Methods and Results

Carbon coated 400-mesh copper grids were glow discharged for 30 seconds at 600 volts
(V). Next, a drop of the purified γ-secretase (section 4.5.3) was loaded onto the grid and
incubated for 5 min. The grid was gently dabbed on a Whatman paper to remove excess
protein and washed 5 times with Hepes buffer. The grid was then stained by floating on
a drop of 2% uranyl acetate negative stain for 10 s, and excess stain was removed by
gently dabbing the grid on a Whatman paper. The grids were imaged in a JEOL 2100
TEM (Transmission electron microscope) operating at 120KV and images were captured
using a Gatan Orius digital CCD camera at a magnification of 83,637 X, resulting in final
sampling of 1.07Å/pixel. A bi-lobar -γ-secretase was observed in multiple orientations
(Figure 47, and boxed inset indicated by white arrows), in agreement with previously
published single EM analysis of the γ-secretase complex [202, 245, 419, 511, 620]. The
height and width of both the larger and smaller lobes were measured using ImageJ. The
size of the bottom, larger lobe is 15x20 nm, whilst the smaller lobe is 10x16 nm. The neck
region measured 8nm in diameter. This is consistent with previously reported literature
[202, 245, 419, 511, 620].

Figure 47: EM Image of purified γ-secretase enzyme complex
The purified γ-secretase was imaged using a TEM operating at 120KV. Images were captured at a magnification of 83,637 X at a resolution of 1.07Å/pixel. Inset is an
enlarged image of a single particle. Top smaller lobe consisting of glycosylated NCT ectodomain and bottom larger lobe consisting of γ-secretase component transmembrane
domains are indicated.

4.7 Discussion
Having successfully expressed the γ-secretase complex in Chapter 3, this chapter
describes its purification. This is a challenging task and has required extensive
optimisation of multiple purification methods to generate a strategy that can be now
implemented for variants of the γ-secretase enzyme and potentially other similar multisubunit protein complexes. This three-step purification strategy has employed affinity
purification systems with the ultimate goal of obtaining pure, homogenous and active γsecretase complex. These were chosen based on the purification tags present on the
baculovirally re-constituted γ-secretase and the properties of its components.
As described below, difficulties were experienced at each stage of purification. Unlike,
purifying soluble, single component proteins, multi-subunit complexes need to be
maintained in a native state. An added complexity is the requirement for detergents that
stabilise the protein complex and prevent its dissociation during purification. In the
context of γ-secretase, these detergents include CHAPSO, DDM, Digitonin and Brij-35
[90]. CHAPSO was chosen initially, since it not only keeps the complex in a soluble
native state but also retains maximum activity, compared to other detergents [590].
Therefore, initial experiments were undertaken in 1% CHAPSO to prepare γ-secretase
containing cell membranes. However, for IMAC and CaM purification, γ-secretase
components were not bound to the purification matrix and the majority was observed in
the flow-through and wash fractions (Figure 31 and Figure 40 respectively). This could
possibly be explained by the occlusion of the purification tags by detergent micelle
formation (generated above a CMC of 0.56%, 8mM)[621]. Such a scenario has been
observed for purification of other proteins [587, 622]. This is further complicated by the
fact that TALON beads (used for IMAC purification) employ a small chelator to
immobilise cobalt ions, thus globular proteins could be sterically hindered [587, 622]. In
an attempt to circumvent these problems, CHAPSO concentration just below its CMC of
(0.5%), was used. However, a similar purification profile to 1% CHAPSO was observed
(Figure 32).
The minimum concentration in which γ-secretase retains most activity is 0.25% [182,
563]. Thus, this lower concentration was trialled in IMAC and CaM. Whilst this
concentration improved binding slightly (Figure 33 A and Figure 42 A), for IMAC,
significant protein was still present in wash and low concentration of elution buffers
(Imidazole/ EGTA), indicating weak binding of the complex to the TALON resin, most

likely due to reduced binding of the purification tag to the resin. Sodium bicarbonate was
implemented to remove peripherally associated proteins (which could potentially mask
purification tags) and enrich integral membrane proteins [531, 591]. This step improved
binding to both IMAC and CaM (Figure 33 B and Figure 42 B), but in IMAC purification,
protein was still present in wash and low Imidazole fractions (Figure 33 B), indicating
binding was still relatively weak. It was conceivable that the purification tag on the
complex was still significantly occluded by the small molecular weight detergent
CHAPSO, thereby hindering its interaction with the TALON resin. Although steric
hindrance can occur at high concentration (at or above CMC, when micelles form) of
detergent, it was surprising that a similar scenario occurred at low concentrations (0.25%
i.e. 0.5 CMC). Lowering the concentration of CHAPSO further was not an option as it
would markedly reduce enzyme stability and activity [182, 563]. An alternative was to
use lower concentrations of combination of detergents, in this case Digitonin and
CHAPSO.
Digitonin is a large high molecular weight detergent (1229.3g/mole, 0.5mM or 0.6%
CMC), that is known to preserve γ-secretase activity [90]. Initial attempts with cell
membranes dissolved in 1% Digitonin (alone) failed as the detergent precipitated during
the purification process (Data not shown). However, the combination 0.08% CHAPSO
and 0.08% Digitonin did not fail, and thus was used. It is quite difficult to predict how a
combination of detergents would interact with proteins. Nevertheless, it is conceivable
that at low detergent concentrations well below individual CMCs, the two detergents
could synergistically stabilise a membrane protein in near native state. In addition, the
low detergent concentrations used could reveal protein purification tags that are otherwise
occluded at higher detergent concentrations. Furthermore, CHAPSO is known to extract
membrane protein-associated lipids to a greater extent than Digitonin [623], which could
make the purification more accessible to binding. Nevertheless, γ-secretase purified in a
combination of Digitonin and CHAPSO at low concentrations retained activity in cellfree assays when supplemented with additional lipids (Figure 34 F), indicating that the
enzyme was purified close to a native, active state.
The material from IMAC purification resulted in enriched γ-secretase, but still contained
contaminating protein bands and immature NCT and PS1 holoprotein. A fully mature γsecretase has been shown to contain mostly mature NCT and presenilin N and C-terminal
fragments. Thus, further purification was required that utilised the NCT and Pen-2
proteins.

As mature NCT is heavily glycosylated, using a lectin-based purification system was
appropriate. Concanavalin A (Con A) is a commonly used lectin for purification [598],
but under conditions used here, affinity purification proved quite challenging. The major
problem was γ-secretase bound tightly to the Con A matrix even under reducing
conditions (Figure 36 A and B), extended incubation periods in eluents (Figure 37 A) and
the use of higher temperatures for elution (Figure 37 B). This may be explained by the
tight interaction between NCT and Con A. However, washing the Con A column with
1% Triton X completely disrupted this interaction and dissociated the γ-secretase
complex [467] releasing NCT and Aph-1 but PS1 and Pen2 remained bound to the beads
(Figure 38). These findings are consistent with the formation of hemi-complexes [467]
but it is not clear why PS1 and pen-2 would bind Con A, as neither are glycosylated.
Evidence exists that certain peptide sequences can mimic sugar moieties and can interact
with Con A [624, 625], however, these have not been identified in presenilins or pen-2.
Regardless of possible explanations for these components binding, it was clear that Con
A purification would not be suitable. The use of the alternative GNL and WGA lectin
systems led to the successful elution of all the components of γ-secretase complex in the
same fraction, with very little remaining bound to the beads (Figure 39 A and B,
respectively).
The presence of a Calmodulin binding protein (CBP) on Pen-2 made Calmodulin (CaM)
affinity purification an alternative approach to purifying γ-secretase. Initial attempts did
not result in the successful elution of γ-secretase, even at high concentrations of the Ca2+
chelator EGTA (Figure 42 A and B). In addition, enterokinase-mediated cleavage of the
CBP tag did not result in elution of CaM bound proteins (Figure 44 A), indicating that γsecretase is interacting with calmodulin protein attached to the beads. This finding was
surprising as it was expected that the presence of the CBP would have greater affinity for
calmodulin than the components of γ-secretase. However, the result is consistent with, γsecretase components harbouring both calcium-dependent and independent calmodulin
binding domains [626] and presenilin is known to directly interact with calmodulin [627].
It was found that the addition of magnesium acetate to the EGTA buffer [511] facilitated
the successful elution of γ -secretase (Figure 45). The Mg+2 in the buffer may bind to γsecretase and cause a conformational change, thus disabling non-specific interaction
between γ-secretase and calmodulin protein on CaM beads. It is known that magnesium
and calcium ions enhance γ-secretase activity [619], thus the binding of these cations are
not likely to impact on the overall stability and activity of the enzyme complex.

The substantial optimisation of three different purification strategies allowed the
sequential use of these methods to facilitate the ultimate goal of enriching and increasing
the purity of the membrane-expressed γ -secretase enzyme. IMAC purification was
initially performed, followed by CaM. GNL affinity purification was applied last as
unlike other lectins GNL does not require cations for activity [598] and could thus be
applied following CaM purification (proteins eluted in chelator, EGTA). All components
were present in all elution fractions (Figure 46) and coomassie staining revealed the
presence of the components but also the presence of a few additional protein bands. One
of the most prominent is a ~75kDa protein band. It was not present following western
immunoblotting for the different components (Figure 46), and was not prominent
following IMAC purification (Figure 18E). It appeared to be enriched following
concentration of the elution fraction following GNL purification. A similar contaminating
protein has been observed in γ-secretase purified from insect cells [242, 391] and CHO
cells [511, 512]. However, these studies have not investigated this protein band
Furthermore, dismissing it as a contaminating band. The unidentified protein also does
not appear to be part of the γ-secretase complex [70, 71, 6, 56]. In this current study,
together with the other components, the ~75kDa protein band was enriched in the
concentrated triple purified sample. This suggested that it was less likely a contaminating
protein, but rather an endogenous protein that co-purified with γ-secretase that warranted
further investigation. Therefore, the protein band was excised from the gel and underwent
mass spectrometry. As a fully annotated proteomic database for Spodoptera Frugiperda
(Sf9) is not available, it can't be ruled out that the peptide sequence is part of an unknown
endogenous protein. However, peptide analysis and alignment with sequences within the
closely related Drosophila revealed that it was mitochondrial elongation factor G2. This
translational factor facilitates mitochondrial protein expression termination by mediating
disassembly of ribosomes from mRNA [628]. Thus, it is conceivable that with the high
levels of expression of γ-secretase seen here there is an up-regulation of this translational
factor. However, why a mitochondrial translation factor would co-purify with γ-secretase
remains unclear. Interestingly, γ-secretase has been located to the mitochondrial outer
membrane and is known to process APP to release AICD within the mitochondria [629631]. In addition, the mitochondria associated ER membrane (MAM), an ER structure
that is physically and biochemically associated with mitochondria [632-634], has been
shown to be a major site for γ-secretase activity. Furthermore, studies into the location of
expressed γ-secretase in insect cells, assessing expression of γ-secretase and
mitochondrial elongation factor G2 and interaction with these two protein within isolated

mitochondria may shed light on the presence of this protein within the purified fractions
of γ-secretase.
EM analysis was then carried out on the purified enzyme, and single particle EM analysis
revealed the size and shape of the γ-secretase. The results show a bi-lobar structure
(Figure 47) consistent with other reported EM and cryo EM structures from mammalian
cells [242, 244, 245, 260, 419, 467, 511, 635]. The larger lobe measured 15 x20 nm whilst
the smaller lobe measured 10 x16 nm, with the neck region measuring 8 nm diameter.
These measurements are consistent with previous estimates of γ-secretase visualised by
EM [260, 467]. Modelling of EM structures has revealed that the larger lobe contains the
transmembrane domains of the γ-secretase components arranged in a horseshoe shape,
whilst the smaller lobe is a glycosylated NCT ectodomain [244, 260, 636]. Together with
the western immunoblot and coomassie evidence showing the presence of the γ-secretase
components, this EM analysis has confirmed the successful purification of the
baculovirus-expressed γ-secretase complex.
Overall, this chapter describes the optimisation of various purification strategies to obtain
pure, mature and active human γ-secretase enzyme expressed in insect cells. The material
generated here would be useful for- enzyme kinetic studies, large scale chemical screens
to identify new inhibitors and modulators of activity. In addition, the cloning and
purification strategy can be applied to generate γ-secretase mutants and variants to study
their role in overall γ-secretase activity. The purified γ-secretase obtained here can also
be used to study interactions with other proteins such as regulators of enzyme activity and
can be used to identify new substrates of γ-secretase. These uses are described in detail
in Chapter 6. The next chapter outlines the purification of ADAD clinical mutation of
PS1, PS1(Δ9), expressed in insect cells.

5 Results: Purification of Baculovirus-expressed PS1(Δ9).
5.1 Introduction
In chapter 3, I described cloning and expression of PS1 with the PS1(Δ9) mutation. This
mutation causes early onset AD that is clinically characterised by progressive cognitive
decline and spastic paraparesis [637]. Neuropathological features include formation of
large diffuse (cotton wool-like) non-neuritic amyloid plaques in cerebral cortex
(including precentral motor cortex) and corticospinal tract [638]. PS1(Δ9) can arise either
due to an in-frame genomic deletion [638-641] or a point mutation at exon 9 splice
acceptor (mRNA 69951bp G< A/T, SNP id: rs63750219) [642-644] or a 18bp insertion
within intron 8 [637]. These genomic point-mutations, insertion or deletion cause exon 9
skipping and result in amino acid replacement S290C at the exon 8/10 junction, such that
the resulting PS1 protein lacks amino acids T291- S319. The increase in Aβ42 associated
with this mutation has been suggested to be due to the presence of the S290C mutation
rather than the deletion of exon 9 [645].
As discussed in chapter 1 (section 1.4.1), presenilins undergo endoproteolysis within the
large hydrophobic loop between amino acid 291 (threonine) and 299 (alanine) [174],
within a region encoded by exon 9. The large hydrophilic loop of presenilins has been
suggested to act as an autoinhibitory sequence [579] and endoproteolysis cleavage of this
sequence leads to activation of PS1. As PS1(Δ9) lacks exon 9, the encoded protein is not
endoproteolytically cleaved and instead remains as a holoprotein [175], however still has
activity (Chapter 3, Section 3.4.5 [117, 547]). Compared to PS1(wt) containing γsecretase, the PS1(Δ9) mutation leads to an overall increase in the Aβ42/40 ratio [113,
117, 281, 637, 645, 646]. The mutation also reduces processing efficiency of Notch [647]
and N-Cadherin [113, 637, 645]. However, interestingly, processing of Erb4 substrate by
PS1(Δ9) is similar to PS1(wt) [113], suggesting that this mutation may process different
substrates with different efficiencies.
Data presented in chapter 3 and previous studies [190, 515, 530] show that the PS1(Δ9)
protein can function on its own and does not require the other γ-secretase core
components to process γ-secretase substrates. These observations make PS1(Δ9) an
attractive target to study the molecular steps involved in the catalytic activity of PS1 and
γ-secretase. An understanding of PS1(Δ9), in complex with different substrates and
inhibitors/modulators could provide insight into the different substrate interacting sites

within PS1/γ-secretase. In addition, structural studies involving an active single
component would be relatively simpler compared to similar studies of the multi-subunit
γ-secretase where the expression, purification and crystallisation is quite challenging
(Chapter 4). Thus, in this chapter, I endeavoured to purify baculovirally reconstituted
PS1(Δ9) to generate material that could be useful for such applications described above.

5.2 Aims/objectives
The main aim of this chapter is to devise a protein purification strategy to purify
baculovirally reconstituted PS1(Δ9) from insect cells.

5.3 Purification of PS1(Δ9) by Ion Exchange Chromatography (IEC)
5.3.1

Introduc�on.

Initially, a purification tag had not been incorporated within PS1(Δ9), thus affinity
methods could not be utilised. For purification of untagged proteins, Ion Exchange
Chromatography (IEC) is commonly used [648]. Thus, as a first purification approach,
IEC was performed.
Ion Exchange Chromatography (IEC) is a technique whereby, proteins with residual
overall (net) charge are immobilised on a matrix that is oppositely charged. Proteins in a
buffer at a pH other than the protein’s isoelectric point (pI, pH at which the protein has
no net charge) would impart charge to the protein of interest depending on the direction
of pH change. Proteins in an alkaline buffer above their pI tend to be more negatively
(anionic) charged. Charged proteins will covalently interact with oppositely charged IEC
matrices. Hence a negatively charged protein can be purified using an anion exchange
resin (that is positively charged and hence is cationic). The bound proteins can be eluted
by changing the ionic strength of the buffer (by increasing NaCl), resulting in Chlorine
anion-mediated competitive desorption of bound proteins from anionic exchange resin.
Additionally, proteins can be eluted from the anion resin by reducing the pH of the buffer
used to near or lower than pI of the protein of interest [648]. The optimal elution method
needs to be determined empirically.
IEC is quite versatile in that various parameters can be optimised to obtain optimal
binding of the protein to the resin [648]. This includes optimising detergents used.
Membrane proteins can be extracted via ionic or zwitterion detergents or non-ionic
detergents. However, ionic or zwitterion detergents are not recommended for IEC, as they
impart additional ion charge to the protein, influencing the binding capacity to the resin.

Therefore, non-ionic detergents such as NP40, Triton X and N-Dodecyl-β-Maltoside
(DDM) are used. In this study, DDM was initially used to dissolve cell membranes from
insect cells expressing PS1(Δ9), as this detergent is known to maintain γ-secretase activity
[202]. Furthermore, the calculated pI of PS1(Δ9) is pH 5.5, thus this protein prepared in
near neutral buffer (pH 7.0-8.0) will be negatively charged, and hence an anion exchange
IEC resin can be used for purification. Increasing concentrations of NaCl were used to
elute PS1(Δ9) from the resin.
5.3.2

Method

As the resources and experience in this technique was available within the laboratory of
collaborator Professor Paul Fraser (Tanz CRND, University of Toronto), freeze-dried
membrane preparations from cells expressing PS1(Δ9) were sent to his laboratory for IEC
purification. Sodium bicarbonate washed membranes from cells expressing PS1(Δ9)
were prepared in 1% DDM in Tris Buffer (20mM Tris, pH8.0; 10mM NaCl) and applied
to a prepacked HiTrap Q-Sepharose FF anion exchange column (GE catalogue number
17-5053-01), using an HPLC system (GE Akta purifier) at a flow rate of 0.5ml/ min. The
column was then washed with a gradient of 1% - 0.1% DDM-Tris buffer to wash weakly
interacting proteins and subsequently enhance protein of interest binding at low detergent
concentration (0.1% DDM). Next, proteins were eluted with a gradient of 10mM - 1M
NaCl in 0.1% DDM-Tris buffer, in 1ml fractions. The various UV280 peak fractions were
analysed by coomassie staining and western immunoblotting with PS1 antibody NT1.
5.3.3

Results

The HPLC chromatogram is depicted in Figure 30 A. The chromatogram indicates the
majority of the protein in sample flow-through (Figure 30 A fractions 1- 20) as indicated
by high UV280 absorbance. Western immunoblotting of pooled flow-through fractions
(Figure 30 C) confirmed that the majority of the original loaded sample (lane 1) was
present in the flow-through (lane 2). These results indicate poor binding efficiency,
however as described further below, there was some binding of protein to the resin.
Gradual reduction of DDM from 1%-0.1% (A, fractions 21-41, orange line) did not result
in elution of bound proteins as corresponding UV absorbance reading (A, fractions 2141, blue line) remained steady. Applying a concentration gradient of NaCl from 10mM
– 1M (A, fractions 46 onwards, green line) eluted bound proteins starting from ~170mM
NaCl (A, fraction 54 onwards, blue line) with peak absorbance at fractions 55 and 56.

Fractions 53, 56, 59, 62, 65, 68 71, 74, 77, 80, 83 were resolved on SDS-PAGE and
coomassie stained (Figure 30 B) or immunoblotted for PS1 (Figure 30 C).
Western immunoblotting indicated PS1(Δ9) protein was in fractions 54-84, with peak
levels at fractions 59 and 62, and protein elution trailing off after fraction 65. Following
coomassie staining, multiple protein bands were detected in fractions 56, 59, 62.
However, a prominent protein band was present at ~45Kda in fraction 62 only [where
peak elution was also observed, Figure 30 B], indicating PS1(Δ9) was concentrated in
this fraction. However, the presence of additional protein bands was still evident. This
result, in addition to the presence of the majority of protein in the flow-through fraction
[indicating poor binding efficiency], shows that IEC was not suitable for generating pure
PS1(Δ9) protein in its native state in large amounts. To overcome this problem,
purification tags were incorporated in the protein.

Figure 48: Ion exchange chromatography of native untagged PS1(Δ9).
Membranes from insect cells expressing PS1(Δ9) were dissolved in 1% DDM-Tris buffer and applied to a 1ml Hi-Trap Q Sepharose FF prepacked Column. (A) The resulting
chromatogram depicts protein as detected by UV280 absorbance (dark blue line), application of 1-0.1% DDM gradient (orange line) and 10mM-1M NaCl gradient (green
line). (B) Coomassie staining of various elution fractions (C) Western immunoblotting of corresponding elution fractions with NT1 antibody.

5.4 Affinity Purification of PS1(Δ9)
5.4.1

Introduc�on

Initially, a Strep-tag II was incorporated into PS1(Δ9) to facilitate Strep-Tactin affinity
purification. However, expression of Strep tagged PS1(Δ9) (Figure 49, lane 2), was markedly
reduced when compared to expression of the untagged PS1 protein (Figure 49, lane 1). To
ensure that a large amount of protein is purified, ideally maximal expression is required.
Success was achieved at partially purifying the PS1wt γ-secretase complex, following the
incorporation of His tag (Chapter 4). Thus, this hexa-His tag was added to the N-terminal
sequence of PS1D9 by PCR (for primer sequence see Chapter 2, Section X), prior to cloning
into pFBDM and expression in insect cells using the strategy outlined in chapter 3.
Incorporating a tag at the N-terminus was the most appropriate option, as the C-terminus is
directly involved in activity and formation of the catalytic pore and substrate interaction [257,
395, 649]. Furthermore, a recent study showed that a hexa-His tag added to the same location
on PS1(Δ9) did not alter its activity [467].
Insect cells were infected with baculoviruses containing untagged, PS1D9- his tagged or PS1
Δ 9 strep-tagged and lysates were immunoblotted with NT1 (Figure 49). Lysates from cells
expressing his tagged -PS1(Δ9) (lane 3) showed similar protein levels to that observed in
cells expressing untagged PS1(Δ9) (lane 1) but markedly higher than that observed for cells
expressing Strep-tagged PS1(Δ9) (lane 2). These findings indicate that the his-tag is most
likely more suitable for purification of larger quantities of PS1(Δ9) compared to step-tag
PS1D9. Thus, purification with IMAC using TALON or Ni-NTA (Chapter 4, section 4.3)
was performed.

Figure 49: Expression profile of untagged and tagged PS1Δ9:
Lysates (1 µg) from cells expressing untagged (lane 1), Strep-tagged (lane 2) or His-Tagged (lane 3)
PS1D9 were resolved on an SDS-PAGE and immunoblotted with PS1 antibody NT1.

5.4.2

Methods

A similar method as outlined for IMAC purification of PS1(wt) γ-secretase (Chapter 4,
section 4.3) was utilised. Briefly, membranes from a 50ml culture of insect cells expressing
His-PS1(Δ9) were dissolved in 1% CHAPSO-Hepes buffer and diluted to 0.08% CHAPSO
and 0.08% Digitonin (Hepes binding buffer). The dissolved membranes were incubated with
500µl of pre-equilibrated TALON beads for 1 hr at 4°C under gentle agitation. Protein bound
TALON resin was washed with 50ml of binding buffer. Bound proteins were eluted in a
gradient of 10mM- 250mM Imidazole in Hepes binding buffer.
Similarly, for IMAC using Ni-NTA resin, cell membranes were dissolved in 1% DDM- Trisbuffer (50mM Tris, pH 8.0, 150mM NaCl). Membrane preparations were diluted to 0.5%
DDM- Tris Buffer (Tris binding buffer) and incubated with 500µl pre-equilibrated Ni-NTA
beads for 1 hr at 4°C under gentle agitation. Protein bound Ni-NTA resin was washed with
10ml of binding buffer 4 times. Bound proteins were eluted in a gradient of 5mM- 350mM
Imidazole in Tris binding buffer.
5.4.3

Results

IMAC purification using TALON resin was performed on cell membranes in Hepes- buffer
containing 0.08% CHAPSO and 0.08% Digitonin (Figure 50) Purification using Ni-NTA
resin was performed on cell membranes in Tris- buffer containing 0.5% DDM (Figure 35).
Fractions collected were resolved by SDS-PAGE and either coomassie stained (A) or
immunoblotted with NT1 (B). The absence of the ~45 KDa PS1(Δ9) protein in the flowthrough (Figure 50 and Figure 50 A, B, lane 2, compare with lane 1) indicated PS1(Δ9) bound
to both the TALON and Ni-NTA resins. For both TALON and Ni-NTA, an imidazole
concentration gradient (5-350mM) was used. In the purification method using TALON resin,
protein was eluted at low (10-40mM) imidazole concentrations, but was not enriched (B,
lanes 6-9). In addition, the presence of multiple protein bands following coomassie staining
(Figure 35, A, lanes 6-9) suggested that purity was not high. [Note: no protein was detected
in fractions eluted with 50-350mM imidazole, data not shown]. In comparison, purification
using Ni-NTA resin, PS1(Δ9) protein eluted at higher imidazole concentration (40-350mM)
(Figure 35, B, lanes 15-27). PS1(Δ9) levels were enriched in imidazole elution fractions 22
and 23 (70 and 80mM imidazole). Multiple protein bands were also observed in these
fractions following coomassie staining (Figure 35 A, lanes 22, 23), although fewer than that

detected after elution from TALON resin (compare with Figure 50 A, lanes 6-9) or following
IEC purification (Figure 30B). Although a ~45 kDa protein band was not observed following
coomassie staining the enrichment achieved following Ni-NTA indicated that this resin was
better than TALON to use for purifying PS1(Δ9). It is of note that this is a small-scale
purification with 50 ml cell culture, it is therefore unlikely that abundant quantities of the
target protein will be observed on coomassie stain. Thus, IMAC purification using Ni-NTA
was utilised to purify a larger scale culture of cells expressing PS1(Δ9).
A 1 litre insect cell culture was infected with His-PS1(Δ9) baculovirus and 1 MOI. YFP
expression was measured (Chapter 2, section 2.4.1). Once YFP expression reached a plateau
the cells were collected, and enriched sodium bicarbonate washed insect cell membranes
were prepared (Chapter 2 section 2.5.2.2) and dissolved in 25ml 1% DDM-Tris buffer. The
dissolved membranes were diluted using Tris buffer to 0.5% DDM and incubated with 5ml
of pre-equilibrated Ni-NTA IMAC resin for 2 hr at 4°C under gentle agitation. The Ni-NTA
beads were packed in an empty PD10 column and washed with 500ml of 0.05% DDM and
then with 500ml of 40mM imidazole in 0.05% DDM-Tris buffer. Bound proteins were eluted
by adding 2.5ml of 100mM Imidazole in 0.05% DDM-Tris buffer and incubating for 1 hr at
4°C. This process was repeated 3 more times. The post elution Ni-NTA beads were
resuspended in Laemmeli buffer. The various fractions were separated on SDS-PAGE. One
gel was stained with Coomassie blue stain while the other was used for western
immunoblotting using PS1 antibody NT1 (Figure 52 A and B).
The ~45kDa PS1(Δ9) protein was not observed in the flowthrough (B, lane 2) or following
washing the column with 0.5% DDM (B, lane 3), indicating that the protein had bound to the
Ni-NTA resin. Very little PS1(Δ9) protein eluted with low (40mM) imidazole (B, lane 4).
The majority, however eluted at 100mM imidazole concentrations (B, lanes 6-8). The elution
was performed 4 times to achieve maximal elution of PS1(Δ9) from the beads. Elution from
the Ni-NTA resin was confirmed with the absence of the ~45 kDa PS1(Δ9) protein in the
supernatant from the resin resuspended in Laemmeli buffer (B, lane 9).
Analysis of the corresponding Coomassie stained gel (Figure 52 A) indicted the majority of
the contaminating proteins in the applied sample (lane 1) were not detected in 100mM
Imidazole eluted fractions (lane 6-8) and possibly washed off in the 0.5% DDM (lane 3) and
40mM Imidazole washes (lane 4). However, due to extensive washing (1L wash in total) the

contaminating proteins were too diluted to be detected by Coomassie staining. However, the
elution fractions 5 and 6 contained a ~45 KDa protein band [particularly evident in fraction
5, A, lane 5). The presence of additional protein bands is also noted, potentially suggesting
other (endogenous proteins) that have co-purified with PS1(Δ9) or formation of multimers
of PS1(Δ9) (similar bands also detected via immunoblotting with the NT1 monoclonal
antibody discussed further in the section 1.4 below). More importantly, however, compared
to IEC or IMAC purification using TALON beads, purification by Ni-NTA resulted in
enriched quantities of PS1(Δ9) and fewer co-purified “contaminating” protein bands.

Figure 50: Purification of His-PS1(Δ9) using TALON-IMAC resin.
Membranes from cells expressing His Tagged PS1(Δ9) underwent IMAC-TALON purification. Original
sample (lane 1), flow-through (lane 2), wash (lane 3) elution fractions (lanes, 6-9) and TALON beads postelution, re-suspended in sample buffer (lane 10) were resolved on SDS-PAGE and (A) Coomassie stained
and (B) western immunoblotted using PS1-NT1 antibody. (A) Coomassie staining indicated several
protein bands in elution fractions. (B) His-PS1(Δ9) was detected in the same fractions by immunoblotting
(lanes 6-9), however levels were not enriched compared to original loaded sample.

Figure 51: Purification of His-PS1(Δ9) using Ni-NTA-IMAC resin
Membranes from cells expressing His Tagged PS1(Δ9) underwent IMAC-Ni-NTA purification. Original
sample (lane 1), flow-through (lane 2), wash (lanes 3-6), elution fractions (lanes, 7-27) and Ni-NTA beads
post-elution re-suspended in sample buffer (lane 28) were resolved on SDS-PAGE and (A) Coomassie
stained or (B) western immunoblotted using PS1-NT1 antibody. (A) Majority of the contaminating
proteins eluted in low imidazole concentration (4-40mM) washes (lane 7-16). (B) Immunoblotting did not
detect His-PS1(Δ9) in these fractions. His-PS1(Δ9) was enriched about 3-fold (compared to originally
loaded sample, lane 1) in high imidazole (70-80mM) elution fractions (lanes 22 and 23). Corresponding
coomassie stained gel (A, lanes 22 and 23) indicated very few contaminating bands in these fractions.

Figure 52: Medium scale IMAC purification of His-PS1(Δ9).
Membranes prepared from 1L culture of cells expressing His Tagged PS1(Δ9) underwent IMAC-Ni-NTA
purification. Original sample (lane 1), flow-through (lane 2), wash (lane 3), elution fractions (lanes, 4-8)
and Ni-NTA beads post-elution re-suspended in sample buffer (lane 9) were resolved on SDS-PAGE and
(A) Coomassie stained or (B) western immunoblotted using PS1-NT1 antibody. (A) Majority of eluted
proteins were present following the first wash with 100mM Imidazole (lane 5). A ~45KDa protein band
was present (red asterisks). (B) Immunoblotting revealed that levels of His-PS1(Δ9) was enriched
approx. 10-fold (compared to originally loaded sample, lane 1) in this fraction (lane 5).

5.5 Discussion
Insight into how ADAD-causing mutations alter γ-secretase activity is required to understand
how these mutations contribute to disease pathogenesis. The mechanisms by which presenilin
mutations lead to increased production of more neurotoxic Aβ species is a contentious issue
that is still intensely debated (see chapter 1 and further discussed in chapter 6). This chapter
focuses on one such mutation, PS1(Δ9). This mutation can occur as a result of genetic
deletion (missing 4.5Kbp) [638-641], genetic insertion (18bp in frame insertion) [637]or
point mutation at the intron 8/exon 9 boundary [642-644], resulting in alternate exon splicing
and amino acid change (S280C) [637]. In addition, PS1(Δ9) which remains as a holoprotein
is active, despite being unable to generate N and C-terminal fragments that characterise
“active” presenilin proteins. Evidence presented in this thesis (chapter 3) and from other
studies [190, 515, 530] suggests that this mutation may not require the involvement of the
other γ-secretase components to exhibit activity. Furthermore, compared to overexpressed
PS1/PS2 holoprotein, PS1(Δ9) is more stable, remains as a holoprotein in the absence of
other γ-secretase components [43, 174, 175, 384, 650, 651] and is not degraded by the
proteasome [537, 651, 652]. The evidence above indicates that this is a unique mutation,
since 1) Three different genetic events can lead to its formation. 2) Even though PS1(Δ9) is
smaller, it is more stable than PS1wt/mutant holoprotein and 3) it doesn’t appear to require
all of the γ-secretase components to be stable and exhibit activity. Considering the features
of this mutation, there are many unknowns regarding its activity, function and structure. Of
particular interest is its ability to exhibit activity on substrates in the absence of the features
that normal characterise wild-type or mutant presenilin processing, activity and structure.
In this chapter I have outlined a strategy to overexpress and enrich PS1(Δ9) to a degree that,
to best of my knowledge, has not been achieved previously.

This is necessary for

downstream applications that may provide significant structural/ biochemical insight into the
activity of this mutation.
Initial steps towards this end involved expression of native untagged PS1(Δ9) in insect cells
and purification using IEC. However, the majority of applied sample could be detected in the
flow-through indicating poor binding of PS1(Δ9) protein to the IEC resin (Figure 30 A). In
addition, coomassie staining of the purification fractions indicated several contaminating
protein bands (Figure 30 B). A potential confounder in IEC is occlusion of protein by

detergents, which could prevent covalent bond formation between the protein and the matrix.
Reducing detergent concentration improved binding somewhat, as PS1(Δ9) protein did not
elute at lower concentrations of elution buffer (NaCl) (Figure 30). Although PS1(Δ9) protein
(along with contaminating proteins) was detected in fractions eluted with higher
concentrations of NaCl, the protein concentration was not enriched, compared to original
sample applied to the IEC (Figure 30 C, compare lane 6 - fraction 62 with lane 1- sample).
This indicated that a purification strategy with a higher affinity was required. The addition
of purification tags to PS1(Δ9) facilitated this.
Small purification tags [Strep-Tag II or hexa-His] were incorporated at the N-terminal end
of PS1(Δ9). The N-terminus was chosen, as the C-terminus of PS1 is known to be involved
in catalytic pore formation and substrate recognition [257, 649], therefore adding a
purification tag to this location would most likely affect activity. Reconstituting these tagged
proteins in insect cells led to differential expression profiles. Compared to untagged PS1(Δ9)
or His tagged-PS1(Δ9), Strep tagged-PS1(Δ9) expression was markedly reduced. The
reasons for this are unclear, but different purification tags are known to alter expression
profile of the same target proteins, within the same host species [653]. Nevertheless, the
incorporation of the His-tag to PS1D9 led to comparable (or slightly better) expression to
untagged PS1(Δ9) protein (Figure 49). Thus, I optimised conditions to purify his-PS1(Δ9)
using IMAC.
IMAC purification of His-PS1(Δ9) proved quite challenging. Two matrices were used,
TALON and Ni-NTA. TALON was used successfully in chapter 4, to partially purify PS1wtγ-secretase, whilst Ni-NTA was used due to its long chain chelator which can enhance access
to small purification tags on native proteins. The PS1(Δ9) protein although bound to the
TALON resin, was released in low imidazole (eluent) concentrations, suggesting low affinity
interaction. Furthermore, PS1(Δ9) protein concentration were not enriched compared to
applied sample (Figure 3B). Instead, coomassie staining revealed multiple contaminating
protein bands (Figure 3A). In contrast, the PS1(Δ9) protein band bound to the Ni-NTA with
higher affinity (protein eluted at higher concentrations of imidazole) and levels were enriched
3 to 10-fold over that observed for the original loaded sample (Figure 35 [50 ml culture] and
Figure 52 [1L culture]). In addition, coomassie staining of the purification fractions revealed
that the majority of the contaminating proteins were eluting in low imidazole elution

fractions, with fewer contaminating bands and the presence of the ~45 KDa PS1 protein band
in the PS1(Δ9) elution fractions (Figure 35 A lane 22-23 compare with lane 1). Overall, the
purification strategy utilising IMAC with Ni-NTA resin generated the required enriched
PS1(Δ9) protein.
Only two studies have reported the purification of expressed PS1(Δ9), with both attempting
to purify the mutant together with the other γ-secretase components [467, 592]. Cacquevel et
al, 2012 [592] employed mammalian MEF cells devoid of PS1/PS2, to express PS1Wt,
PS1(Δ9), and other PS1 mutants (that undergo endoproteolysis) using a lentiviral expression
system The authors used FLAG affinity purification to isolate expressed PS1 protein with
other γ-secretase components. However, they found that compared to PS1wt and other PS1
mutants, very little PS1(Δ9) protein was recovered following purification. The focus of the
Cacquevel et al study was to assess the activity of purified wild-type and mutant PS1- γsecretase. Although prior to purification PS1(Δ9) activity in cleaving APP was similar to that
of PS1wt, this activity was markedly reduced following purification, most likely due to poor
enrichment of PS1(Δ9) protein following purification. In a more recent study comparable to
that described in this chapter, Elad et al, 2015 [467] used a baculoviral expression system
[391] to express PS1wt/PS1(Δ9) and other core γ-secretase components and analysed the
resulting enzyme complex by electron microscopy. However, the authors did not show
coomassie or western immunoblotting results for PS1(Δ9) γ-secretase expression. This made
it difficult to assess and compare level of expression and quality of purified PS1(Δ9) (and
other γ-secretase components) to that achieved in this study. The authors did show such
results for PS1(wt) -γ-secretase which demonstrated very little PS1-NTF and PS1-CTF
expression compared to other components [467], suggesting that equal stoichiometry was not
achieved.

In Chapters 3 and 4, the results show equal and robust expression of all

components. These differences and implications are analysed further in the final discussion
chapter.
To the best of my knowledge, I have for the first time robustly expressed and enriched the
PS1(Δ9) protein. Applications for the material generated in the previous and the current
chapter, together with a general discussion, are outlined in the next chapter.

6 General Discussion and Future Directions
Multi-component protein complexes play vital roles in many cellular functions, [166, 654].
One such complex is the γ-secretase enzyme that is involved in proteolytic processing of a
large number of Type I transmembrane proteins (see Chapter 1 and Appendix B) and is thus
by extension involved in many biological processes. One of the most clinically relevant γsecretase substrates- APP, is processed to generate Aβ peptides that accumulate in AD brains.
Amyloidogenic processing of APP is initiated by β-APP cleaving enzyme-1 (BACE1) that
cleaves the ectodomain of APP to generate the membrane embedded APP C-terminal
fragment - C99. This APP-C99 fragment is subsequently processed by γ-secretase to generate
Aβ and the APP intracellular domain (AICD) [93]. The generation and accumulation of
longer Aβ peptides (i.e. Aβ42) is a key molecular event that lead to neurodegeneration in the
AD brain [655]. It is due to the essential role in generation of Aβ that γ-secretase has been a
target for developing inhibitors/modulators aimed at lowering Aβ production to ameliorate
AD pathology. However, such drug development strategies have been quite challenging in
that they lead to undesirable off-target effects in animal and human trials [656-659]. These
effects are thought to be due the inhibitors/modulators causing aberrant NOTCH signalling
(for a review see [660, 661]), but aberrant processing of other substrates could also contribute
to off-target effects.
The γ-secretase enzyme is a heterotetrameric complex comprising four core transmembrane
proteins; presenilin-1 (PS1; [662]) or presenilin-2 (PS2[310]), nicastrin (NCT; [125]),
anterior pharynx homologue- 1 (APH1a or APH1b [126, 127] ) and presenilin enhancer 2
(PEN2; [126, 383, 424]). Each of the two Presenilin (PS1/PS2), Aph1 (Aph1a/Aph1b)
homologues or Aph1a (Aph1aL/Aph1aS) isoforms can theoretically generate up to 6 possible
complexes (reviewed [103]) that have been reported to have different functions and activities
[320, 321, 388, 508]. The past two decades of research have provided a better understanding
of γ-secretase [244, 260, 467, 468], however, there are still many knowledge gaps in γsecretase enzyme biology, including aspects of physiological function and structural biology
[469].
The γ-secretase components assemble in equal stoichiometry to reconstitute γ-secretase
enzyme activity [422]. However, the combination of proteins that exist within the complexes

and the protein regions that account for the different activities remain to be determined. In
addition, although insight into the γ-secretase structure has been provided by low-resolution
3D reconstruction [241, 242, 399, 511] or more recently higher atomic resolution [202, 245,
260, 663], detailed structure insight is still required. This includes insight into
substrate/inhibitor interacting domains and subsequent changes in protein conformation and
structural/conformation changes that may occur as a result of ADAD-related clinical
mutations, or mutations associated with other diseases/disorders (i.e. Acne Inversa).
Furthermore, studies have focused on elucidating the structure of PS1/Aph1aL containing γsecretase complexes. With the existence of 6 possible γ-secretase complexes, each potentially
having different substrate specificity and enzymatic activity, it is important to determine if
there are structural differences amongst these complexes. These knowledge gaps in γsecretase biology are discussed further below.
A protein expression system that is (i) amenable to manipulation and allows controlled
expression; (ii) has minimal background interference; (iii) has the ability to generate large
amount of purified protein; (iv) and has the ability to efficiently generate complexes
containing various modifications would be beneficial in providing further insight into
activities and suitable material for high resolution structural studies of γ-secretase. In this
thesis, for the first time, I have successfully utilised such a system to reconstruct, reconstitute
activity of, and purify, the γ-secretase enzyme. This now allows generation of permutated γsecretase variants with modified or mutated subunits by building upon the protocols already
established for the wild-type complex.

6.1 Versatile method to express a mature and functional γ-secretase enzyme
complex, utilising the MultiBac baculovirus protein expression system.
The results described in this thesis outline a protocol to express a fully functional γ-secretase
complex using a unique baculoviral protein expression system called the MultiBac, which as
discussed below has advantages over other eukaryotic protein expression systems and
conventional baculoviral systems. Over the past several years, many expression systems
have been explored to reconstitute γ-secretase activity. However, compared to these, the
method described in this thesis has the advantage of achieving high levels of expression of
components at equal stoichiometry and of showing robust activity of reconstituted γ secretase enzyme (Chapter 3 and discussed further below).
The first attempt to reconstitute a functional γ-secretase enzyme complex utilised the simplest
yeast expression system. Yeast were an attractive eukaryotic cell model as it doesn’t contain
any known homologues of γ-secretase, thereby minimising background interference.
Edbauer et al, 2003 [424] transformed multiple expression vectors each carrying a single
component to reconstitute γ-secretase in yeast. However, the reconstituted γ-secretase
enzyme had very little substrate processing proteolytic activity in comparison to mammalian
cells. Moreover, the majority of reconstituted PS1 component remained as a holoprotein;
with minimal generation of the active N- and C- terminal fragments. [424]. In a similar study,
an active γ-secretase was successfully reconstituted in yeast [513]. However, γ-secretase
reconstituted with an inactive PS1 (active site aspartate mutant which renders the molecule
inactive) surprisingly retained activity and generated an Aβ-like species. In addition,
Yagishita, et al, 2008 [513] demonstrated an endogenous γ-secretase like activity (that could
be inhibited by γ-secretase inhibitor) in yeast cells. Taken together these studies indicate that
yeast may not be an appropriate eukaryote to investigate the activity of over-expressed γsecretase.
Mammalian cells offer a more appropriate model to over-express components of γ-secretase
and this has been done in many studies [245, 352, 512, 513, 531, 560, 566, 581]. These
studies all used individual expression vectors to transiently or stably express γ-secretase
components. This approach unfortunately makes it very difficult to control plasmid copy
numbers, resulting in differential expression of enzyme components. In addition, the
presence of mammalian endogenous proteins can make interpretation of enzyme size and

activity difficult. This is highlighted by one study that sequentially transfected HEK-293 cells
with components of γ-secretase [560]. Although in this study, interaction between
components was shown by co-immunoprecipitation studies, size exclusion chromatography
(SEC) showed that not all components were present in the same fractions at equal expression,
indicating the formed complex was not stable or differential expression mediated
stoichiometric disequilibrium of the components. Furthermore, the estimated molecular mass
of the complex (~800KDa) shown by Wrigley et al., was much larger than recent studies that
report γ-secretase expressed in HEK-293 cells (~440-670KDa) after purification [245]. The
higher molecular mass reported by Wrigley et al. may reflect transient interaction of other
endogenous proteins with the complex or aggregation of overexpressed γ-secretase
components.
Chinese Hamster Ovary (CHO) cells are also commonly used to over-express γ-secretase.
CHO cells have been sequentially transfected with expression vectors containing γ-secretase
enzyme complex one at a time. At each step, stable CHO cell lines were generated [352].
Although the reconstituted enzyme showed robust activity in vitro, the components were not
present in a high molecular weight complex. This was confirmed following purification
where in comparison to PS1 and Pen 2 very little NCT and Aph1aL was enriched in the same
fractions [352, 531]. Similar findings were also shown in another study [566] following
purification of γ-secretase in CHO cells. This study also showed that the components were
not expressed in equimolar concentrations. Of particular note was the variation in PS1-CTF
and PS1-NTF concentrations, indicating selective proteolysis of PS1-NTF in these cells
under overexpressing conditions [566]. These studies highlight that although robust
expression is observed in CHO cells, not all components are expressed in equal stoichiometry
and assemble in a high molecular weight complex. This has implications when interpreting
enzyme activity and structure.
To circumvent problems associated with differential expression associated multiple
transfection of single vectors, more recently bigenic expression vectors have been used to
express γ-secretase components in CHO cells [512]. In this study, two expression vectors
(containing different selection genes), each containing two components of γ-secretase under
identical promoters (CMV) were integrated into the CHO cell genome. High expression of
γ-secretase components was observed, but the two vectors did not integrate with the same

efficiency, with an approximate two-fold variation. Thus, differential expression of proteins
was observed. Subsequently, blue native PAGE and western immunoblotting (Pen 2
antibody) indicated very little protein stabilised in a high molecular weight complex and
consequently there was very little generation of AICD and Aβ in cell-free assays [512]. A
more recent study used the same bigenic vector system to express wild-type γ-secretase in a
complex glycosylation deficient CHO cell line [581]. Although, vector copy number
variation was not reported, cell-free γ-secretase assays indicated the reconstituted enzyme
processed Notch substrate with less efficiency compared to APP substrate, whereas many in
vitro and in vivo studies have shown that Notch is processed with equal or greater efficiency
compared to APP [361, 564, 664, 665]. Together, these studies indicate that reconstituted
wild-type γ-secretase exhibits different activity and biophysical properties to endogenously
expressed enzyme. In addition, the presence of endogenous γ-secretase binding proteins
[513] in mammalian cells makes it difficult to interpret the functional activity of the
reconstituted γ-secretase enzyme.
The baculoviral expression system is an alternative eukaryotic system for heterologous
expression of protein of interest in insect cells. The baculoviral expression system generally
achieves a much a greater level of recombinant protein expression when compared to yeast
and mammalian systems [666, 667]. The late viral promoters (polH and p10) employed in
baculoviral expression system are very strong promoters and lead to high expression of
heterologous proteins [517]. The system is also more adaptable to scaling up and ultimately
generating more protein that is advantageous for high resolution structural studies.
Baculoviruses have been used to express individual components of the complex [514, 515]
or reconstitute activity with all of the components using individual viruses [514, 516]. In
addition, insect cells lack endogenous γ-secretase components, and thus the baculoviral
expression system appeared to be much more appropriate for the over-expression and study
of the γ-secretase complex.
Conventional baculoviral expression systems have previously been employed to reconstitute
γ-secretase components. These studies made use of several recombinant baculoviruses each
encoding a single component. Co-infection using these individual baculoviruses
reconstituted γ-secretase in insect cells [242, 514]. However, infecting cells with multiple
baculoviruses leads to cell stress-mediated degradation of recombinant protein, often

reducing yield [530]. Furthermore, using this approach, over-expressed presenilin remains as
a holoprotein and reconstituted proteins do not form a complex [242], possibly due to
differential expression of γ-secretase components [516]. In addition, the Aβ42/40 ratio has
been shown to be similar following expression of wild-type γ-secretase or γ-secretase
containing PS1 mutations [514, 516]. These findings are in contrast to expression in
mammalian cells [185] or in vivo, transgenic mouse studies [668], where expression of PS1
mutations are associated with an increased Aβ42/40 ratio [668]. Furthermore, the
baculovirus-reconstituted γ-secretase enzyme did not cleave Notch substrates as efficiently
as APP substrates, a deviation from native γ-secretase activity [361, 564, 664, 665]. These
differences could be due to inherent differences between the properties of insect cells
compared to mammalian cells (i.e. capacity to glycosylate proteins). However, the results
outlined in Chapter 3 (Section 3.4) does not support this since in addition to all components
being expressed, mature (glycosylated) NCT is present within the complex and the enzyme
has similar capacity to process APP and Notch (Figure 24). An alternative reason may be due
to the inability to achieve equal expression of all γ-secretase components.
The use of conventional baculoviral expression system is confounded by the requirement to
maintain several baculoviruses at equal titre, which is laborious and time consuming. In
addition, multiple infections with baculoviruses, compounds proteolysis (due to viral
dependent cell lysis) resulting in impairment of post-transcriptional machinery of the cells,
protein degradation and poor recovery of expressed protein [517]. Thus, for multiprotein
complexes like γ-secretase, co-infections with multiple baculoviruses is not very costeffective, and is not ideal to maintain expression for multiple components.
The MultiBac expression system employs a bi-directional expression vector (pFBDM),
where each expression cassette is driven by the same/similar efficacy promoters. In addition,
the expression vector allows modular integration of additional expression cassettes to drive
expression of multiple proteins using a single expression vector (thereby achieving
stoichiometric expression of proteins). In chapter 3, I was able to use MultiBac to express
the components of PS1 wt γ-secretase at relatively equal expression and this enzyme was
shown to process both APP and Notch to a similar capacity. In chapter 4, I showed the
expression of all components in the same purification fraction and an EM image showing a
structure consistent with previous reports [202, 242, 244, 245, 467, 468, 511, 620, 636],

together indicating that a stable complex was formed. The use of the MultiBac has
circumvented some the problems described previously concerning the expression of γsecretase in mammalian and insect cells.
To the best of my knowledge this is the first time that the components have been expressed,
and activity validated in insect cells using the MultiBac Baculovirus expression system. Very
recently, one study used a similar approach and used a bi-cistronic, bi-directional expression
vector [467]. Although the components were successfully expressed in insect cells, closer
examination of the immunoblots showed that consistent, equal expression of all components
was not observed. In addition, another study using the same expression vector showed that
expression led to an increase in Aβ42/40 ratio, inconsistent with the activity of wild type -γsecretase [391]. The bi-cistronic expression vector is driven by a single promoter expressing
one gene and an Internal Ribosome Entry Site (IRES) which drives expression of a second
gene. As the vector system was bi-directional it allowed expression of all four components.
The MultiBac is a poly-cistronic expression vector, where the expression of each gene is
driven by separate polH promoters, facilitating more robust and consistent expression of all
components. In addition, unlike bi-cistronic, bidirectional vectors, the MultiBac employs an
expression vector that allows for modular cloning of additional expression cassettes [the
baculovirus DNA can accommodate >100Kbp insert, [669]]. This would be an advantage
when investigating additional protein modulators of γ-secretase that interact with the
complex (i.e. CD147, TMP21; [103, 610, 670], discussed further below – future directions.

6.2 Development of methods for purification of expressed γ-secretase complex
A major outcome from this thesis was generating and achieving a high level of expression of
a mature and functional γ-secretase complex. This provides material for downstream
applications to provide a better understanding of the activity and structure of this enzyme
(discussed below in (Section 6.4). Many of these applications require pure homogenous and
active γ-secretase complex. As with many multi-component protein complexes, purification
of an active γ-secretase enzyme complex proved challenging as all component proteins
needed to be maintained in a stable complex at a near native state. As outlined in Chapter 4
optimisation of multiple purification methods was performed to generate a strategy that can
be now implemented for variants of the γ-secretase enzyme and potentially other similar
multi-subunit protein complexes.

At each stage of purification difficulties were experienced. The first method of purification
involved utilisation of the incorporated His-tag to bind to the TALON affinity matrix and
purify by immobilised metal affinity chromatography (IMAC). In initial attempts, a lack of
binding to the resin prevented successful purification of the γ-secretase complex (Chapter 4
Section 4.3). This was resolved by using reduced concentrations of a combination of
detergents in the binding buffer that enhanced binding but still kept the complex in a native
and active state (Chapter 4 Section 4.3.4). In contrast to problems with lack of binding in
IMAC purification, initial attempts at subsequent methods were associated with the inability
to elute the complex off the resin. This was particularly evident with Concanavalin A and
Calmodulin resins (Chapter 4 Section 4.4 and 4.5, respectively)
As mature NCT is heavily glycosylated, the commonly used lectin-based purification system
utilising Concanavalin A (Con A) resin was trialled [598]. It was found that γ-secretase
bound tightly to the Con A matrix even under reducing conditions, extended incubation
periods in eluents and the use of higher temperatures for elution. Surprisingly, it was found
that even after the use of Triton X-100 to disrupt the complex completely and elute from the
Con A beads, PS1 and Pen-2 still remained bound to the beads. This indicated non-specific
interactions with ConA beads, indicating that this lectin based purification method was not
suitable. The use of the alternative GNL and WGA lectin systems led to the successful elution
of all the components of γ-secretase complex in the same fraction, with very little remaining
bound to the beads.
In the cloning process a calmodulin binding protein (CBP) tag was incorporated at the amino
(N) terminus of Pen-2 to facilitate Calmodulin (CaM) affinity purification. Similar to ConA
purification, initial attempts did not result in the successful elution of γ-secretase, even at
high concentrations of the Ca2+ chelator, EGTA. In addition, enterokinase-mediated cleavage
of the CBP tag did not result in elution of CaM bound proteins, indicating that γ-secretase is
interacting with calmodulin protein attached to the beads. Both calcium-dependent and
independent Calmodulin binding sites have been identified in γ-secretase [626, 627]. It was
found that the addition of magnesium acetate to the EGTA buffer facilitated the successful
elution of γ –secretase. The presence of Mg+2 in the buffer may bind to γ-secretase and cause
a conformational change, thus disabling non-specific interaction between γ-secretase and
calmodulin protein on CaM beads. It is known that magnesium and calcium ions enhance γ-

secretase activity [619], thus the binding of these cations would not likely to impact on the
overall stability and activity of the enzyme complex.
Using the conditions outlined in Chapter 4, baculovirus-expressed γ-secretase complex was
purified (Figure 46) and imaged using an electron microscope (Figure 47). The shape and
size of the baculovirus-reconstituted γ-secretase are in good agreement with previous studies
[202, 245, 419, 467, 511]. These studies indicate a bilobed globular structure with the larger
lobe constituting the transmembrane domains of the γ-secretase components. Similar to this
study, previous studies estimate the radius of the large lobe to be ~10nm, with a slightly
smaller lobe constituting glycosylated NCT ectodomain. Similar sizes were observed, with
MultiBac baculovirus reconstituted γ-secretase complex (Figure 47), indicating a successful
reconstitution of γ-secretase enzyme in insect cells.

6.3 Expression and purification of PS1(Δ9) using the MultiBac Baculoviral expression
system.
Mutant complexes differ in activity compared to wild-type complexes, and as presenilin
mutations result in ADAD and the majority result in altered Aβ42/40 ratio it would be of
great interest to explore the consequences of such mutations on the structure/kinetics of γsecretase. In this regard, using the MultiBac expression system to reconstitute mutant γ secretase activity and subsequent purification would be advantageous. With a focus on the
clinically relevant PS1(Δ9) mutation, attempts were made to reconstruct a γ-secretase
complex containing a PS1 mutation. The mutation was of interest as it is the only one that
does not undergo endoproteolysis (as it lacks the cleavage site within the large hydrophilic
loop) but is still active. In addition, although the mutation leads to an overall increase in
Aβ42/40 [113, 117, 281, 637, 645, 646] it processes its substrates with differing efficiencies
[113, 637, 645, 647].
Although, the MultiBac was successfully used to express PS1wt γ-secretase, problems were
associated with expressing the complex containing the PS1(Δ9) mutant. Robust expression
was observed for all enzyme components with the exception of APHa1L. Despite the
expression vector containing the correct APH1AL gene sequence and gene being transcribed,
no protein was generated (Chapter 3, Figure 22 ). Similar results were obtained following
repeats of the cloning process. It was difficult to reconcile this unexpected result, particularly

as the gene was transcribed. Two recent studies have attempted to express PS1(Δ9) in the
presence of the other components. In one study aiming to purify PS1(Δ9) in complex with
other components, mammalian (MEF cells) were transfected with PS1(Δ9) [592]. Expression
analysis showed no significant changes to endogenous Aph1aL levels. Whether Aph1aL was
present in the purified complex could not be evaluated, as the authors did not show
immunoblot analysis for APH1 in the purified sample. However, as this study assessed
endogenous levels, it was difficult to compare with the system used in this thesis as all
components were over-expressed and insect cells were used. In another very recent study,
PS1(Δ9) together with all other components was overexpressed in insect cells [467]. The
authors did not show coomassie or western immunoblotting results for PS1(Δ9) γ-secretase
expression. This made it difficult to assess and compare level of expression and quality of
purified PS1(Δ9) (and other γ-secretase components) to that achieved in this study. Thus, it
remained unclear as to why there was a lack of Aph1aL expression.
Evidence exists of proteasome degradation of Aph1aL [532], particularly when Aph1aL is
over-expressed [576]. This observation was recaptured in our expression system. To
investigate proteasomal degradation of Aph1aL, PS1(Δ9)-γ-secretase infected insect cells
were treated with proteasomal inhibitor MG132.Inhibition of proteasomal degradation did
indeed rescue Aph1aL expression (Chapter 3, Figure 23). These results provide further
evidence that MultiBac reconstitution of PS1(Δ9)-γ-secretase leads to formation of an
unstable complex resulting in proteasomal degradation of Aph1aL. This may be one
limitation of the baculoviral system utilised in this thesis, however it does not rule out the
possibility that other PS1 mutants (that similar to wt. PS1 are endoproteolysed into N and Cterminal fragments) could be expressed using the MultiBac.
Although PS1(Δ9) complexed with the other components could not be generated, the
MultiBac was used to generate robust expression of this mutant in the absence of the other
components (Chapter 3). Intriguingly, and consistent with previous reports [190, 515, 530],
the mutant PS1 was active nevertheless. These results are discussed in detail in in Chapter 3
Section 5.5). These observations, make PS1(Δ9) an attractive target to study the molecular
steps involved in the catalytic activity of PS1 and γ-secretase. An understanding of PS1(Δ9),
in complex with different substrates and inhibitors/modulators could provide insight into the
different substrate interacting sites within PS1. In addition, structural studies involving an

active single component would be relatively simpler compared to similar studies of the multisubunit γ-secretase where the expression, purification and crystallisation are challenging
[671]. Thus, in Chapter 5, I endeavoured to purify baculovirus-expressed PS1(Δ9) to generate
material that could be useful for such applications described above. It would need to be
stressed however, that the results obtained using the PS1(Δ9) would need to be validated in
studies of the γ-secretase complex containing wild type PS1, when trying to establish
properties of the wild-type enzyme.
Similar to the approach for the PS1(wt)-γ-secretase complex, purification of PS1(Δ9) was
challenging with problems associated with efficiency of binding to affinity resins (discussed
further in Chapter 5 Section 5.5). However, the combination of IMAC with Ni-NTA resin
generated fractions that were enriched for PS1(Δ9) protein (as shown by western
immunoblotting –Figure 51). Coomassie staining showed the presence of the PS1(Δ9)
protein band in similar fractions. However, although minimal, other protein bands were also
observed. These protein bands were similar to those seen associated with the PS1 wt complex
and most likely represent co-purified endogenous proteins [an example discussed in Chapter
4 Section 4.7 is the 75 KDa translational factor, mitochondrial elongation factor G2]. Similar
protein bands have been observed in γ-secretase purified from insect cells [242, 391] and
CHO cells [511, 512]. However, these studies have not investigated this protein band further,
dismissing it as a contaminating band, and although they co-purify, these bands don’t appear
to be part of the γ-secretase complex [242, 391, 511, 512]. The size and shape of the complex,
also suggests this. Overall, although these contaminating protein bands are present, they are
unlikely to contribute to the structure and/or activity of γ-secretase.

6.4 Future Directions: Applications for MultiBac expressed γ-secretase and purified
material.
The body of work presented in this thesis has outlined methodology to express γ-secretase
and mutant PS1 using a highly efficient and versatile baculoviral expression system. It has
also described purification strategies to enrich the expressed enzyme. The ability to express
γ-secretase efficiently and the protocols described within this thesis can be applied to the
following:

1) Generation of multiple γ-secretase complexes: The versatility of modular cloning within
the MultiBac expression cassette (pFBDM) allows incorporation of mutations or insertion of
variants of the enzyme components.
As discussed in chapter 1, the majority of cases of autosomal dominant Alzheimer’s disease
(ADAD) are caused by mutations in PS1. Insight into how ADAD causing mutations alter γsecretase activity is required to understand how these mutations contribute to disease
pathogenesis. The mechanisms by which presenilin mutations lead to increased production
of more neurotoxic Aβ species is a contentious issue that is still intensely debated. Although
initial studies suggested a gain of function for these mutations (leading to increased Aβ42/40
ratio)[287], the prevailing view is now that PS1 mutations cause a loss of function mutations.
Studies have shown that some mutations reduce Aβ40 (and no/ little change in Aβ42), leading
to a significant change in the Aβ ratio to favour the more amyloidogenic form (Aβ42) [265,
267, 282]. One particular ADAD-causing PS1 mutation, L435F, nearly ablated processing of
APP (and Aβ40/Aβ42 production) and Notch [279], further supporting the concept that
mutations cause loss of function [279, 284]. In contrast, a very recent report showed that this
mutation, did reconstitute an active γ-secretase enzyme, and lead to Aβ40 and 42 productions
but at reduced levels compared to PS1wt [269]. However, the mutation was found in this and
another study [269, 672]to be associated with the production of the longer, more
amyloidogenic fragment, Aβ43.
It is not clear why differences in γ-secretase activity, and whether the increase in Aβ43
associated with the L435F mutation and others (R278I, C410Y [269]represent a gain/or loss
of function. It may be also likely that certain mutations can differentially alter endo-peptidase
or carboxyl-peptidase activity favouring certain Aβ product lines that generate certain Aβ
fragments (see successive cleavage of APP-CTF, Chapter 1 Sections 1.1.1). In addition,
whether differences are observed with generation of products from other γ-secretase
substrates as a result of the mutations remains to be fully explored. Ideally analysis of the
activity of each mutation on multiple substrates (with evaluation of the product fragments)
would need to be undertaken. As there are over 200 presenilin mutations associated with
ADAD and mutations in presenilin and other components associated with other
diseases/disorders, the feasibility of undertaking such as study would not be high. However,
the MultiBac protein expression system could facilitate such a study, particular when

combined with other studies that utilise the known functional differences between certain
components of the γ-secretase complex, to identify important protein regions.
The PS1 and PS2 proteins share an overall amino acid sequence similarity of 67%, although
evidence suggests that these proteins may have quite distinct functions (Discussed in Chapter
1 Section 1.4.1.4). In particular, PS2 is less efficient at generating Aβ peptide than PS1 [265,
320]. This notion is further supported by Prof Fraser’s work, which has shown that Notch
defects in PS1 null mice can be rescued with PS2, but fail to rescue APP processing [320].
The differences observed with PS2 (compared to PS1) maybe due to the inherited properties
of PS2 or the particular γ-secretase complex into which it is assembled. A similar explanation
can be proposed for APH1a and APH1b complexes. Evidence suggests that these APH1
homologues can process substrates at different efficiencies [223, 224]. More recently one
study has shown that compared to Aph1aL complexes, APH1b complexes can favour the
production of longer Aβ peptides [391], providing supporting evidence that the composition
of the complex can alter its endo/carboxyl peptidase activity.
Recent advances in the MultiBac Expression can now facilitate the generation of multiple γsecretase complexes of different compositions in relatively high throughput, increasing the
feasibility of addressing the activities of different mutations/ PS1, PS2 or APH1a
homologues. The MultiBac expression system has been automated and therefore allows for
simultaneous generation of variations of multi-protein complexes in high-throughput [673,
674]. This platform exploits automated tandem recombineering (TR), developed by Prof
Imre Berger, to produce multi-expression vectors encoding for numerous variants of a given
multiprotein complex of interest. In conjunction with 24-well deep-well plates and micropurification systems a pipeline can be implemented which will allow the generation of
permutated γ-secretase variants with modified or mutated subunits in high-throughput, by
building on the protocols described in this thesis already established for the wild-type
complex.
The various γ-secretase variants generated can then be applied to cell-free/ ex-vivo insect cell
assays to study processing of different substrates. In addition, chemical inhibitors can be
investigated to target specific γ-secretase variants in an attempt either to inhibit processing
of a substrate, counteract effects of a clinical mutant or to target domains identified in
chimeric presenilins that lead to differential substrate processing. These studies can then be

complemented with Surface Plasmon resonance (Biacore) to study interaction kinetics of
different substrates with variants of γ-secretase complex and identify deviations thereof. In
addition, purified γ-secretase variants can be applied to thermal shift assays, to test the
stability of these variants under various conditions.
2) Analysis of intracellular localisation and trafficking of γ-secretase complexes:
Recently, APH1 isoforms have been implicated in the differential subcellular localisation of
PS1/PS2 containing γ-secretase enzyme complexes [397], [616]. The γ-secretase complex
assembly occurs in the ER in a stepwise manner where presenilins are endo-proteolysed to
generate N and C-terminal fragments [393], [236], before trafficking to the Golgi and to other
subcellular compartments such as the plasma membrane [395], [396]. Meckler and Checler,
2016 [616] observed that PS1/APH1a containing γ-secretase complexes when expressed in
COS-7 cells were mainly targeted to the plasma membrane, whilst those containing APH1b
were retained/ retrieved in the ER [397].

Collectively, this suggests that γ-secretase

complexes are located within different cellular compartments. It remains to be established
whether the processing capacity of γ-secretase (i.e. PS1 vs PS2 or APH1a (S/L) vs APH1b
complexes) and/or its cellular localisation, dictate substrate processing. This can be further
explored through the tracking and monitoring of fluorescently tagged γ-secretase complexes
within intracellular compartments. In addition, γ-secretase substrates (tagged with a different
fluorescent dye) can be transduced into cells to determine cellular compartments where they
co-localise with different γ-secretase variants and/or are potentially processed. These
experiments can be performed in insect cells, but can also now be undertaken in more
relevant cells such as neurons.
The MultiBac Baculoviral expression system has been modified to facilitate transient protein
expression in mammalian cells and in vivo in zebrafish embryos [669].The new baculoviral
expression system called MultiPrime drives protein expression using dual promoters to
express protein in insect cells and mammalian cells. The baculovirus DNA has >100kbp
transgene capacity unlike conventional mammalian expression system. MultiPrime allows
for the heterologous expression of multi-proteins in insect cells and the generation of
recombinant baculoviral particles. The baculoviral particles can then be used to transduced
and drive heterologous protein expression in mammalian cells in a more native environment.
Since the baculovirus DNA lacks the capacity to integrate into mammalian genome,

MultiPrime provides the opportunity to express proteins in difficult to transfect cells like
MEF, primary cells and embryos [669]. The cloning strategy described in this thesis can be
applied to MultiPrime without much optimisation as multiple cloning sites from the MultiBac
have been retained in the new expression system. Furthermore, the latency period between
transduction and protein expression is as little as 9 hours [669], and thus compared to
mammalian expression systems, provides a quick method for protein expression, making
MultiPrime time-efficient and economical.
3) Generate protein for structural analysis of γ-secretase complex
Although recent insight into γ-secretase structure has been provided by low-resolution 3D
reconstruction [241, 242, 399, 511] or more recently higher atomic resolution [202, 245, 260,
419, 663], detailed structural insight remains elusive. Furthermore, structural information
would be of great benefit to understanding γ-secretase activity. Such information includes
substrate/inhibitor interacting domains and subsequent changes in protein conformation and
structural/conformation changes that may occur as a result of ADAD-related clinical
mutations, or mutations associated with other diseases/disorders (i.e. Acne Inversa).
Structure-based ligand/drug design pharmacology may also improve the discovery of
inhibitors or modulators of γ-secretase that have no or fewer off-target effects [675-677].
Structure-based drug development strategy relies on detailed structure of the target protein.
Structural information indicates the shape and size of the active site of enzymes and any
allosteric substrate binding site. These sites can then be targeted with structure appropriate
chemical inhibitors/ modulators and in the case of γ-secretase could be used for example to
discriminate between different substrates. However, the highest resolution of γ-secretase
currently available through Cryo-EM 3D tomography, although indicates the gross
morphological shape of γ-secretase and its active site; information on the critical substrate
interacting domains is still missing. For example, the structure of presenilin hydrophilic loops
(HL) and the N and C-terminus could not be resolved due to their flexible nature [245, 257].
These flexible PS domains can randomly orient themselves in frozen hydrated γ-secretase
particles used in Cryo-EM analysis. This results in averaging the structural information
obtained from individual particles, resulting in poor resolution of flexible feature [257]. The
flexible domains within γ-secretase appear to be important in substrate selectivity and
proteolytic activity. For example, the PS1 HL 1 and the C-terminus interact with the substrate

and position it at the active site of γ-secretase, for processing [257, 678]. In addition, ADAD
mutations in the large hydrophilic loop (HL6) affect γ-secretase mediated substrate
processing [173], indicating a role for this protein region in γ-secretase activity.
Thus, a higher resolution structure for γ-secretase (including flexible domains) needs to be
deciphered before structure based rational pharmacology could be applied to discriminate
between different substrates. However, it is difficult to resolve structure of flexible feature
of a protein (such as those mentioned above) that can randomly orient themselves in frozen
hydrated protein sample used in Cryo-EM analysis. In addition, membrane proteins are
difficult to crystallise and even if they crystallise the resulting crystals are highly radiationsensitive and degrade quickly on exposure to X-rays [671, 679, 680].
The MultiBac reconstituted γ-secretase complex can be applied to X-ray-free electron laser
(XFEL) crystallography, which has recently gained momentum in deciphering structure of
membrane proteins. Where conventional X-ray crystallography requires production of
relatively large crystals (>20µm) which is difficult to achieve with membrane proteins, XFEL
require large quantities of smaller crystals (<10µm), which are more common in membrane
protein (like γ-secretase) crystallisation trials [680]. Individual snapshot diffraction patterns
(in the millions) are then averaged to arrive at a high resolution structure of proteins [681].
In addition, serial femtosecond crystallography (SFX) technique utilises short pulses of high
intensity XFEL to obtain diffraction from a nano/microcrystal to achieve diffraction before
radiation damage to the crystal (diffraction before destruction). Using SFX technique crystal
structure of multi-subunit intramembrane macromolecule (~1MDa) photosystem-I has been
resolved [682], indicating the applicability of this technique to decipher the structure of γsecretase. In addition, XFEL can be applied to 2D crystal lattice within a lipid bilayer as
used in Cryo-EM analysis to generate higher resolution structure [683]. Proteins included in
lipid bilayer represent a near-native environment for membrane proteins [679], and XFEL
can generate higher resolution structures [684, 685] compared to conventional Cryo-EM
single particle analysis. The γ-secretase complex generated in this study or any future studies
utilising MultiBac technology can be purified using the protocol described in this thesis and
applied to crystallisation trails. Small crystal thus obtained can be applied to XFEL structural
determination.

The PS1(Δ9) expressed and purified in this study retains activity even in the absence of other
γ-secretase components. These observations make PS1(Δ9) an attractive target to study the
molecular steps involved in the catalytic activity of PS1 and γ-secretase. An understanding
of PS1(Δ9), in complex with different substrates and inhibitors/modulators could provide
insight into the different substrate-interacting sites within PS1. In addition, structural studies
involving an active single component would be relatively simpler compared to similar studies
of the multi-subunit γ-secretase where the expression, purification and crystallisation is quite
challenging [671].

6.5 Conclusion
The complexity of γ-secretase has made it difficult to fully understand its activities and
structure. Its efficient expression and purification is required for studying this transmembrane
protein complex in native form. This thesis has validated the use of the MultiBac for
expression of several different proteins for the production of heterologous protein complexes,
such as γ-secretase. This is a novel technology and to the best of my knowledge the very first
application in the AD field.
The greater protein production efficiency, and also the production of equivalent amounts of
γ-secretase components by the MultiBac system makes this system significantly superior
over standard transfections in mammalian cell culture studies. This is particularly useful in
providing material for structural analysis where the MultiBac expressing γ-secretase could
be used as a base model for structure prediction. The system is also particularly amenable to
the testing of novel pharmacological agents aimed at influencing γ-secretase activity. With
high throughput pipeline for screening co-expression constructs currently available and the
ability to adapt to expression in mammalian cells, this exciting approach provides a new
model for the study of γ-secretase that can be manipulated in many ways to provide
significant insight into γ-secretase structure, intracellular trafficking and activity. This
information is required to increase our knowledge and understanding of γ-secretase activity
in health and disease and for the development of more specific modulators of enzyme
activity.

7 Appendix A: List of Reagents and Recipes

1. 0.4% Trypan Blue
4mg of Trypan Blue (Sigma, catalogue number T6146) dissolved in 10ml of 1X PBS. Filtered
through a 0.45µm syringe filter. Cryopreservation media
Mix equal volumes of conditioned media (media collected from 2-3 old culture, centrifuged
at 1000 g for 10 minutes to clarify media) and fresh Sf900IISFM. Supplement Mix with
sterile DMSO to give final concentration of 7.5%.
2. Lysis buffer
50mM Tris- HCl pH7.4
150mM NaCl
1% NP40 (1ml/100ml buffer)
cOmpleteTM Ultra Mini Protease inhibitor 1 tablet per 10ml of buffer (Roche catalogue
number 05892970001)
3. Hepes Buffer
25mM Hepes- HCl
150mM NaCl
pH7.4 at 4°C
1% Detergent (CHAPSO, Digitonin or DDM)
cOmpleteTM Ultra Mini Protease inhibitor 1 tablet per 10ml of buffer
Or
cOmpleteTM Ultra, EDTA free, Protease inhibitor 1 tablet per 25ml of buffer (Roche
catalogue number 5892953001)
Hepes buffer without detergent and protease inhibitor was stored at 4°C. Detergent and
protease inhibitor were added immediately before use.

4. Homogenising Buffer
250mM Sucrose
5mM Hepes
150mM NaCl
pH 7.4 at 4°C
cOmpleteTM Ultra Mini Protease inhibitor 1 tablet per 10ml of buffer
Homogenising buffer without protease inhibitor was stored at 4°C. Protease inhibitor was
added immediately before use.
5. Laemmeli Buffer 4X
62.5mM Tris-HCl pH 6.8
10% (v/v) glycerol
1% (w/v) LDS (Lithium Dodecyl Sulphate)
0.005% (w/v) Bromophenol Blue
Store at room temperature. Stable for two years
6. MOPS Buffer (10X)
500mM MOPS
500mM Tris
Stored at 4°C for maximum six months
7. BN-PAGE Buffers
a. BN-PAGE loading Buffer (3X)
100mM morpholinepropanesulphonic acid (MOPS)
100mM Tris-HCl, pH 7.7
40% glycerol
0.1% Coomassie blue

b. BN-PAGE Cathode buffer
50mM MOPS
50mM Tris, pH 7.7
0.002% Coomassie blue
c. BN-PAGE Anode buffer
50mM MOPS
50mM Tris, pH 7.7
8. Coomassie stain buffers
d. Coomassie stain
Reagent

Concentration

Example

Methanol

40% (v/v)

400ml

Acetic Acid

10% (v/v)

100ml

Coomassie G-250

0.1% (w/v)

1 grams / 1000ml

Deionised water

50% (v/v)

500ml

Total

1000ml

Filter and store room temperature stable for 1 year.
e. Coomassie destain solution
Reagent

Concentration

Example

Methanol

40% (v/v)

400ml

Acetic Acid

10% (v/v)

100ml

Deionised water

50% (v/v)

500ml

Total

1000ml

9. Ponceau S stain
Reagent

Concentration

Example

Ponceau S dye

0.1% (w/v)

2 gram

Acetic Acid

1% (v/v)

10ml

Deionised water

Up to

Total

1000ml

Dissolve Ponceau-S in 900ml of water with 1% acetic acid. Make up volume to 1000ml with
deionised water. Filter and store at room temperature for up to 1 year.
10. Towbin’s Transfer Buffer 10X

Reagent

Concentration

Example

Tris Base

250mM

60.4 grams

Glycine

1920mM

288 grams

Deionised water

Up to

Total

2000ml

In 1 litre of deionised water add Tris base and dissolve completely. Next add glycine slowly
and dissolve completely. Make volume up to 2000ml with deionised water. Store at room
temperature for up to 1 month. To make 1 X transfer buffer use deionised water with 20%
Methanol. For example, 200ml of 10 X transfer buffer, 1400ml of deionised water and 400ml
of 100% Methanol. Cool to 4°C, before use.
11. Tris Buffered Saline (TBS) 10X
Reagent

Concentration

Example

Tris Base

200mM

48 grams

NaCl

150mM

178 grams

Deionised water

Up to

Total

2000ml

Dissolve Tris base in 1400ml of water. Next dissolved NaCl and adjust pH to 7.4. Finally
make volume up to 2000 ml with deionised water and store at room temperature for several
months.
To make 1X TBS dilute 10X TBS with deionised water. For example, 100ml 10X TBS add
900ml deionised water. To make 1X TBST add 0.05% Tween 20. For example, add 1ml of
Tween 20 to 2000ml of 1X TBS.
12. Lysogeny Broth- Luria modification media (LB media)
Reagent

Concentration

Example

Bacto-tryptone

1% (w/v)

10 grams

Bacto-yeast extract

0.5%(w/v)

5 grams

NaCl

1%(w/v)

10 grams

Deionised water

Up to

Total

1000ml

Bacto-tryptone (BD catalogue number 211705), Bacto-yeast extract (BD catalogue number
288620), and NaCl were dissolved in 800ml of deionised water. Following complete
dissolution, the volume was made up to 1000ml using deionised water. The media was
immediately sterilised by autoclaving.
13. Lysogeny Broth- Luria modification media Agar
To make LB agar 1.5% of Bacto-agar (w/v) was supplemented to LB media before
autoclaving. For example, 15 grams of Bacto-agar (BD catalogue number 214010) was added
to 1000ml of LB media and then autoclaved. Following autoclaving the media was cooled to
~50°C and poured into sterile plastic petri-dishes aseptically under a Bunsen burner flame.
The petri-dishes were allowed to solidify under the flame and dried for an hour at 37°C
following which the LB agar plates were stored upside down at 4°C in airtight sealed
containers. Before use, the LB agar plate was incubated at 37°C for several hours, upside
down. Next, reagents were applied to the agar plate and spread evenly using a sterile glass
rod ‘L’ shaped spreader. The plates were dried, under the flame to allow for reagents to be
absorbed into the agar.

Reagent

Source

Stock

Working

(catalogue

concentration

concertation /ml from stock /

Number)

(solvent-

water LB media

otherwise stated)

volume

LB

agar

plate

Ampicillin

Sigma (A1593)

50mg/ml

100µg/ml

40µl

Kanamycin

Sigma (60615)

10mg/ml

50µg/ml

100µl

Gentamycin

Sigma (G1914)

10mg/ml

7µg/ml

14µl

Chloramphenicol Sigma (C0378)

50mg/ml

25µg/ml

50µl

Spectinomycin

Sigma (S0692)

50mg/ml

50µg/ml

100µl

Tetracycline

Sigma (T7660)

5mg/ml (Ethanol) 10µg/ml

40µl

IPTG

Sigma (I5502)

50mg/ml

40µg/ml

20µl

BluoGal

Sigma (B2904)

20mg/ml

100µg/ml

60µl

(DMSO/DMF)

Reagent

Concentration

Example

Bacto-tryptone

2% (w/v)

2 grams

Bacto-yeast extract

0.5%(w/v)

0.5 grams

NaCl

10mM

1ml from 1M stock

KCl

0.25mM

0.25ml from 1M stock

Deionised water

Up to

Total

100ml

14. Super Optimal Broth (SOB) medium
In 70 ml of deionised water add all ingredients one by one starting with salts. The pH should
be between 6.8- 7.0. If not adjust with NaOH Once all ingredients are completely dissolved,
sterilise by autoclaving.
15. SOB with catabolite reduction (SOC) medium.
To 100ml of sterile SOB medium aseptically add 1ml of MgCl2 (1M stock in water filter
sterilised using a 0.22µm filter) and 2ml of glucose (2M stock in deionised water, filter
sterilised using a 0.22µm filter) store at 4°C for several months.

16. Phosphate Buffered Saline (PBS) 10X

Reagent

Concertation

Example

Na2HPO4

0.1M

14.4 gram

NaCl

1.37M

80 grams

KH2PO4

0.018M

2.4 gram

H2O

Up to

Total

1000ml

Dissolve all ingredients in 800ml of deionised water one by one and dissolving completely.
Adjust pH to 7.4 and store at room temperature for several months. To make 1X PBS to
100ml of 10X PBS add 900ml of deionised water.
17. TAE buffer 50X
Reagent

Concentration

Example

Tris Base

2.0M

242 grams

Glacial Acetic Acid

1M

57.1ml

EDTA

0.05M

18.61 gram

Deionised water

Up to

Total

1000ml

Dissolve Tris base in 700ml of deionised water, add 57.1 ml of Acetic Acid, and finally add
EDTA. Make volume up to 1000ml with deionised water.

8 Appendix B: List of γ-secretase substrates
Substrates of γ-secretase enzyme
No

1.

2.

Substrate
Alcadein α
(Alcα)
Alcadein γ
(Alcγ)

Function of released intracellular
fragment

References

Suppression of AICD by Fe65
dependent gene transactivation,

[686-688]

APP Signalling regulation
Suppression of AICD by Fe65
dependent gene transactivation,

[686, 687]

APP Signalling regulation
Stimulates transcription machinery

3.

APLP1

and also forms a complex with

[689-692]

Fe65. And Synaptogenesis
Activates transcription machinery
4.

APLP2

and also forms complex with Fe65

[689-692]

and Neurite outgrowth
5.

ApoER2

Stimulates the nuclear signalling
pathways, Lipid Metabolism

[693, 694]

Stimulates transcription machinery
and also forms a complex with
6.

APP

Fe65, cell adhesion, neurite
outgrowth protein transport?

[85, 91, 695704]

Regulation of Klotho
AXL receptor
7.

tyrosine
kinase

8.

Betacellulin

Cell survival, proliferation,
invasion, metastasis, and antiapoptotic. PI3Kinase, MAPkinase

[705, 706]

signalling activation
EGF-like growth Factor, ErbB
ligand, cell growth inhibition

[707]

9.

Betaglycan

10.

Cadherin-11

Type III TGF-β receptor,
Regulation of TGF-β2 signalling
Cell adhesion

[708]
[709]

Might play a role in gene activation
11.

CD43

and signalling in the nucleus, Cell-

[710-712]

Cell Interaction
Play a role as signal transduction
molecule and activates transcription
12.

CD44

in the nucleus, cell adhesion
hyaluronan receptor, macrophage

[107, 108,
713-715]

fusion
Cell adhesion
13.

molecule 1
(CDAM-1)

Cell adhesion, tumour suppression,
apoptosis, mast cell survival,
synapse formation, and

[716]

spermatogenesis.

Colony
Stimulating
14.

Factor-1
receptor
(CSF-1

Protein Tyrosine kinase,
monocyte/macrophage survival,

[717]

differentiation and activation

Receptor)
Coxsackievir
us and
15.

Adenovirus
Receptor

Cell adhesion, neuronal and heart
development, tumour suppression

[718]

(CAR)
16.

CSF-1

Highly unstable and degraded by

receptor

proteasome, RPTK, signalling

[719]

Intracellular signalling molecules,
17.

CX3CL 1

transmembrane chemokine cell

[720]

adhesion
Intracellular signalling molecules,
18.

CXCL 16

transmembrane chemokine cell

[720]

adhesion
19.

DCC

Netrin receptor, axon guidance
Notch Ligand, Notch antagonist

20.

Delta1

Transcription regulation, cell fate
determination

21.

22.

Desmoglein2

DNER

[721, 722]
[110, 723727]

Component of desmosomes,
intracellular junction, tissue

[728]

morphogenesis
Delta/ notch like receptor;
cerebellar development

[728]

Dystrophin-glycoprotein complex,
23. Dystroglycan

cytoskeleton-extracellular matrix

[728]

connection, muscular dystrophy
24.

E-cadherin

25.

EphrinB1

Disrupts adherens junction, cell
adhesion
Involved in cell-cell signalling

[8, 729, 730]
[731]

Activates Src phosphorylation
26.

EphrinB2

signalling, axon guidance, focal

[732-734]

adhesions
Epithelial
Cell
Adhesion
27.

Molecule
(EpCAM)

Tumorigenesis influences cell
growth through Wnt and TGFβ,
stem cell maintenance and
regulation of differentiation

EpCAM by
PS2 complex

[735-738]

RPTK, cell proliferation,
28.

ErbB4

differentiation, regulation of p53,

[2, 5, 7, 109,

apoptosis, oligodendride maturation

739-744]

and myelination
Fibroblast
Growth
29.

Factor
receptor 3

Receptor tyrosine kinase, ERK1/2
p38 MAPK and STAT signalling

[1]

(FGFR3)
30.

Glutamate

Not clear. Disturbs membrane

receptor 3

movement?

Growth
31.

hormone
receptor

Modifies the GH receptor,
Transcription regulation?

[745]

[746]

Human
32.

Leucocyte

Immune response, T-cell

antigen-

development, synaptic plasticity

[728]

(HLA)
HLA-A2
33.

(MHC Class
I protein)

Immune response, T-cell
development, synaptic plasticity

[747]

Human
epithelial cell
34.

adhesion

Cell Adhesion, Tumorigenesis

[748]

molecule
(HEPCAM)
(Type I
35.

interferon

Regulation of STAT mediated

receptor-2)

transcription

IFNaR2

[749, 750]

Interleukin -1
36.

type-1

NFκB signalling, regulation of IL

receptor 1

1β

[751]

(IL-1R1)
IL-1 Type-I
37.

receptor 2

IL-1R1 agonist

[752]

Interleukin 6 receptor

[753, 754]

RPTK

[755]

(IL-1R2)
Interleukin
38.

receptror-6
(IL-6R)
Insulin
growth

39.

factor-1receptor
(IGF1R)

40.

Insulin
receptor

Abundant in nucleus suggests that
it might play a role in nuclear

[756]

signalling

Insulin
41.

receptor
tyrosine

Insulin receptor, RPTK

[756]

Kinase
Interferon42.

aR2
(IFNaR2)

43.

Ire1α

44.

Ire1β

Inhibits transcription and blocks the
reporter gene activity
Serine/threonine kinase,
endoribonuclease induction of UPR
Serine/threonine kinase,
endoribonuclease induction of UPR

[749]

[757]

[757]

Notch ligand, Notch ligand
45.

Jagged 2

antagonist, cell fate determination
AP1 mediated transcription

46. KCNE1/2/3/4
47.

Klotho

Voltage gate potassium channel
βsubunit
Anti-aging protein

[110]
[425, 727]

[758]
[759]

Affects L1 mediated neuronal cell
48.

L1

adhesion and migration neurite

[760]

outgrowth
Receptor protein tyrosine

49.

Leukocyte

phosphatase (RPTP), cell adhesion,

common

neurite outgrowth, synapse

antigen-

formation and function, axon

related

guidance, neuronal development,

(LAR)

regulation of β-catenin mediated

[761, 762]

/TCF/LEF- mediated transcription,
Low-density
50.

lipoprotein
receptor 1
(LRP1)

51.

52.

Transcription regulation, negative
regulation of AICD-Fe65 mediated
transcription, ischemic cell death,
transduction of MAPK, Akt, Rho

763-766]

and integrin signalling

LRP 2

Scavenging receptor, protein

(Megalin)

absorption in kidney

LRP1B

[111, 728,

Transcription regulations tumour
suppression

[767]

[768]

Endocytosis, Inhibits GSK 3
activity and activates canonical
53.

LRP6

Wnt signalling pathway, regulates

[769, 770]

lipid homeostasis and body fat
mass via mTOR pathway
54.

Megalin

LDL receptor, lung and brain
development, vitamin D

[771, 772]

endocytosis proximal tubule
activation
Oncogenic protein, β-catenin
recruitment for cell growth,
55.

MUC1

regulation of inflammatory

[773-776]

cytokine expression, activation of
Erk signalling
Regulates cell-cell interaction, cell
56.

N-cadherin

adhesion, synapse formation and

[777-779]

maintenance
57.

Nectin-1α

Alters cell junctions like adherens
molecule, synapse formation

[780, 781]

ErbB4 receptor ligand, regulation
58. Neuregulin-1

of Schwann cell and cardiomyocyte
homeostasis and differentiation,

[782-786]

myelination and synaptic plasticity
59. Neuregulin-2

60.

ErbB4 receptor ligand

neurotrophin

Death receptor, p75NTR

receptor alike

homologue, antagonist of RhoA

DD protein

GTPase activation, involved in

(NRADD) or

neuronal survival, regulates

p45

neuronal growth factor

[787]

[788-790]

Notch signalling receptor cell fate
61.

Notch 1

determination, maintenance of stem
cells, transcription regulation CSL

[135, 791]

mediated
Notch signalling receptor cell fate
62.

Notch 2

determination, maintenance of stem

[135, 792,

cells, transcription regulation CSL

793]

mediated

Notch signalling receptor cell fate
63.

Notch 3

determination, maintenance of stem

[135, 155,

cells, transcription regulation CSL

793, 794]

mediated
Notch signalling receptor cell fate
64.

Notch 4

determination, maintenance of stem

[135, 794,

cells, transcription regulation CSL

795]

mediated
Natriuretic
65.

peptide
Receptor-A
p75-

66. neurotrophin
receptor

Receptor cardiac hormone-atrial
natriuretic peptide; Inflammation,
angiogenesis, cell migration, MSC

[728, 796]

migration, tumour soma interaction
Neurotrophin receptor, involved in
cell survival/death cell migration
and axon guidance, Trk signalling

[404, 797808]

Peptodylglyci
ne α67.

amidating
monooxygen

Regulation of secretory granule
biogenesis

[809, 810]

ase (PAM)

68.

Plexin

Receptor for Pigment epithelial

domain

derived factor (PEDF), tumor

containing

angiogenesis, endothelial cell

protein -2

death, Mitogen for neuronal

(PLXDC-2)

progenitors, neurogenesis

[728, 811813]

Cell migration, lung cell

69.

Podoplanin
(PDPN)

proliferation, adhesion cell
reorganisation of actin?
Tumourigenesis, invasion,
metastasis,

[814, 815]

70.

Polyductin/

Autosomal Recessive Polycystic

Fibrocystin

Kidney disorder, mTOR signalling?

(PKD1)

Calcium signalling?

[816-820]

Protein
71.

Tyrosine

Down-regulates transcription of

Phosphatase-

cyclin D1

[761]

LAR
Protein
72.

Tyrosine

Neuronal re-myelination

receptor type

differentiation of oligodendrocytes,

[821, 822]

Z (Ptprz)

73.

Protocadheri

Cell adhesion. Regulation of

n- α4 (Pcdh-

Dendrite development arborization

α4)

and function.

Protocadheri

Cell adhesion. Regulation of

74. n γ-C3 (Pcdh
γ-C3)
receptor for
advanced
75. glycation end
products (RA
GE)

Dendrite development arborization

[823, 824]

[823-825]

and function.
Aβ transport, neurite outgrowth,
cell survival, inflammation,
neurodegeneration and cancer,

[826-832]

apoptosis

Roundabout
76.

guidance

Axon guidance, synaptic plasticity,

receptor 1

Tumour suppressor

[833-836]

(ROBO1)
RPTP, Cell adhesion, axon growth,
synapse formation, learning and
77.

RPTPµ

memory, Glioblastoma survival,
Autocrine signalling? Regulation of
cell migration through ERK and
JNK; EGF signalling

[837-845]

RPTP, Cell adhesion, axon growth,
78.

RPTPκ

synapse formation, learning and

[837, 846-

memory, Akt activation,

850]

tumorigenesis
Function unknown Vps10 family
79.

SorC3

protein receptor, protein sorting,
implicated in AD, PD and other

[851-854]

neurological diseases
Function unknown Vps10 family
80.

SorCS1b

protein receptor, protein sorting,
implicated in AD, PD and other

[851-854]

neurological diseases
Function unknown Vps10 family
protein receptor, protein sorting,
81.

SorLA

transcription regulation, APP

[852-856]

trafficking implicated in AD, PD
and other neurological diseases
Function unknown Vps10 family
82.

Sortilin

protein receptor, protein sorting,
implicated in AD, PD and other

[851-854]

neurological diseases
Heparin sulphate proteoglycan, Cell
83.

Syndecan-1

surface adhesion, cell migration,

[728, 857-

endocytosis, exome formation,

859]

tumorigenesis
Heparin sulphate proteoglycan, cell
84.

Syndecan-2

migration, Aβ transport, Cell

[728, 860]

surface adhesion
85.

Syndecan-3

86.

Tie1

Heparin sulphate proteoglycan,
appetite control
Receptor protein tyrosine kinase;
angiogenesis, inhibition of

[3, 860]

[861-863]

angiopoietin though tie2,
inflammation? Tumorigenesis?

87.

TNF
receptor-1

Tumour Necrosis factor (TNF)
receptor, TNF- α signalling,

[864]

inflammation, etc.

Transforming
growth
88.

factor- beta

Transcription factor, cancer

type I

invasion, prostate cancer

[865]

receptor
(TGF-βRI)
Triggering
receptor
89. expressed on
myeloid cells
2 (TREM2)
90.

91.

92.

93.

Aβ, regulates Toll-like receptormediated inflammation,

BDNF and Neurotrophin receptor;

TrkB-T1

neurodegeneration, cancer

Trophoblast

Epithelial Stem cell self-renewal,

Antigen 2

proliferation, and transformation

(Trop 2)

Tumorigenesis

Tyrosinase

Melanin synthesis, associated with
albinism

Tyrosine

Stabilising tyrosinase and

related

modulating its activity, melanin

protein 1/2

synthesis, associated with albinism

(TYRP1/2)

and melanoma

Endothelial
Cadherin

[866, 867]

phagocytosis of

TrkB-FL and

Vascular
94.

Phagocytosis of apoptotic neurons

Cell adhesion, cell signalling,
vascular development,

[868, 869]

[870, 871]

[872]

[872, 873]

[8, 874, 875]

95.

(VE-

angiogenesis, trans endothelial

Cadherin)

migration

Vascular

Receptor tyrosine kinase, Mediates

Endothelial

VEGF signalling angiogenesis cell

Growth

survival, cell migration,

Factor-

macrophage function, chemotaxis,

receptor 1

and cancer cell invasion,

(VEGF-R1)

tumorigenesis

[876, 877]

Inhibitor of TGF-β signalling,
96.

Vasorin

tumour development and

[728, 878]

vasculogenesis

97.

Very Low-

VLDL Receptor, VLDL

Density

endocytosis, involved in cerebellar

Lipoprotein

hypoplasia, fibrin-mediated

Receptor

inflammation, Reelin-mediated Tau

(VLDLR)

phosphorylation, Neurite outgrowth

[693, 879882]

9 Appendix C: Mass Spectrometry results

Protein View: B3P8M3
sp|B3P8M3|EF-G2 RRF2M_DROER Ribosome-releasing factor 2, mitochondrial n=3
Tax_Id=7220 [Drosophila erecta]
Database:

MSPnr100

Score:

33

Nominal mass (Mr): 79645
Calculated pI:

Taxonomy:

5.65

Unknown species

Sequence similarity is available as an NCBI BLAST search of B3P8M3 against nr.

Search parameters

MS data file:

C:\Documents

and

Settings\Proteomics\Desktop\3689\151014

3689C.wiff.mgf
Enzyme:

Trypsin: cuts C-term side of KR unless next residue is P.

Variable modifications: Oxidation (M)

Protein sequence coverage: 1%

Matched peptides shown in bold red.
1

MLKCAWQNGP RQSNRWLWQL SNQIWKRSYS SKIRNIGILA HIDAGKTTTT

51

ERMLFYAGKT RALGEVHRGN TVTDYLTQER ERGITICSSA VTFPWNDHRI

101

NLLDTPGHID FTMEVEQSLY AVDGVVVVLD GTAGVEAQTV TVWSQADKHK

151

LPRLIFVNKM DRPDADFVKC VSDLKDKLET QPVCLQYPVK NEDGQLAIND

201

VIHLERLSWQ QKDLGRSYKN VKLEPSDDLR QLQEKRNELI DQLSGLDDEL

251

ADVVISTESF DKVDNALIER ALRRATTQQK VVPVLLGSAY KNVGIQRLMD

301

AVNSYLPAPE ERNQIYDCFG TEVAGKVFKI VHDKQRGPLT LVRILRGEIK

351

RGMRLISARG QAEVVSKLYE PLADEYREVS AVQSGDVVIC AGLKSTVTGD

401

LLTSSEEDDE FDESHELFAI DPQIPDAVYF CSIEPPSVSS QTAMEQALKQ

451

LQREDPSLRV SYDSVTGQTV LGGMGELHMD IIKSRILSEY KIDVDLGPLQ

501

IAYKEAIESP ALTTLSVEKE IAGSKQSVSI TLEVVKNQAE LFSLDKSPEN

551

LPNLNTLRPR ILQVLRKGSI SALERGPRVG GQVVETQIRL HNATIGRGTA

601

DSFVMATASQ CVQKLLSTSG TRLLEPIMAL QIVAPSERIS GIMADLSRRR

651

ALINDVLPKG ERNKMILVNA PLAELSGYSS ALRTISSGTA SMTMQPCGFS

701

SMNSVDESLA ERRAQGLE

10Appendix D. Publications and Conference presentations
Publications
Newman M, Wilson L, Verdile G, Lim A, Khan I, Moussavi Nik SH, et al. Differential,
dominant activation and inhibition of Notch signalling and APP cleavage by truncations of
PSEN1 in human disease. Hum Mol Genet. 2014;23(3):602-17.
Khan I, Krishanswamy S, Groth D, Wijaya L, Morrici M, Fraser PE, et al. Utilising the
MultiBac baculovirus protein expression system to express the gamma-secretase enzyme
complex. 2017-In preparation.

Conference presentations
Khan I, Krishnaswamy S, Groth D, Wijaya L, Morrici M, Fraser P, Berger I, Schaffitzel Berger C, Martins R. and Verdile G. Utilising the MultiBac baculovirus protein expression
system to express the γ-secretase enzyme complex. Alzheimer’s Disease and Parkinson’s
Disease, Nice, France 2015
Khan I, Verdile, G and Martins R. Utilising the MultiBac Baculovirus Protein Expression
System to Express The γ-Secretase Enzyme Complex, Australasian Neuroscience Society,
Adelaide, Australia 2014
Khan I, Verdile, G and Martins R. MutliBac baculoviral expression system to reconstitute
γ-secretase enzyme. Neurodegeneration workshop. Curtin University, Perth Australia 2014
Khan I, Verdile G, Martins R. Utilising The MultiBac Baculovirus Protein Expression
System to Express the γ-Secretase Enzyme Complex” Australian Society for Medical
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