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ABSTRACT  
Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that causes the most 
common form of dementia. Pathological lesions, such as plaques consisting of the amyloid β-
peptide (Aβ), are found in the brains of AD patients. Aβ is produced by sequential cleavages 
of the amyloid precursor protein (APP) by β- and γ-secretase. Concomitant with γ-cleavage, 
another cleavage, termed ε-cleavage, occurs seven to nine residues C-terminal of the γ-site, 
releasing the APP intracellular domain (AICD). The γ- and ε-cleavages critically require the 
γ-secretase complex consisting of four well-conserved proteins, namely presenilin (PS), 
nicastrin, Aph-1 and Pen-2. Interestingly, this processing occurs within the anhydrous 
environment of the lipid membrane bilayer where PS is proposed to provide the catalytic core 
of the complex, acting as an aspartyl protease.  
The work presented in this thesis describes the intramembrane processing of APP and how 
disease-causing familial AD mutations in the APP protein affect ε-cleavage, and thereby 
generation of AICD. Also, the intricate biogenesis and assembly of the γ-secretase complex 
was investigated by detailed studies of the Pen-2 and PS1 proteins.  
In addition to cleavage of APP, PS is required for the processing of a number of type I 
membrane proteins, such as the Notch receptors. γ-Secretase provides a potential therapeutic 
target for AD. However, inhibition of γ-secretase can possibly lead to unwanted side effects 
due to impaired signaling of other PS substrates. In paper I, a novel γ-secretase reporter assay 
was developed. The assay specifically and quantitatively records total γ-cleavage occurring in 
intact cells, enabling detailed studies of the intramembrane processing of APP. In addition, 
the reporter assay can be used for screening compound libraries for drugs that differentially 
affect γ-secretase processing of APP and other PS substrates such as Notch. Generation of 
AICD was characterized in paper II by using the reporter assay developed in paper I. 
Formation of AICD was found to occur in a compartment downstream of the endoplasmic 
reticulum (ER) in the secretory pathway, thus overlapping with the reported site of production 
of Aβ. Furthermore, familial AD mutations showed unchanged levels of AICD generation. 
Thus, the disease-causing consequences of these APP mutations are unlikely to be mediated 
by the amount of AICD fragment produced.  
Understanding of the γ-secretase complex is essential for unraveling the pathogenic 
mechanism(s) leading to AD. Pen-2, the smallest protein in the γ-secretase complex, was 
studied in depth in paper III. Presence or absence of PS had a great impact on cellular levels 
and distribution of Pen-2. In PS null cells, Pen-2 was destabilized and restricted to the ER, 
compared with cells expressing PS1, where Pen-2 levels were stable and the Pen-2 protein 
was trafficked further in the secretory pathway. Destabilization of Pen-2 in PS null cells was 
mediated by ubiquitylation and proteasomal degradation. In the absence of PS, the Pen-2 
protein appeared to be retrotranslocated out of the ER into the cytosol prior to ubiquitylation 
and degradation. These observations suggest an ER-associated proteasomal degradation 
pathway mediating regulation of protein levels and trafficking of Pen-2, and possibly other 
components, not incorporated into the γ-secretase complex. Analysis of the γ-secretase 
complex was continued in paper IV and focused on the C-terminal domain of PS1. 
Truncations of seven to seventeen residues in the PS1 C terminus resulted in PS1 molecules 
deficient in supporting γ-secretase activity, with accompanying impairment in γ-secretase 
complex formation and endoproteolysis of the PS1 molecule. However, intramolecular PS1 
heterodimer formation was shown to occur for C-terminally truncated molecules that were 
unable to associate with nicastrin and Aph-1. On a PS null background the C-terminal 
fragment of PS1 was by itself able to interact with Aph-1 and nicastrin, thus suggesting an 
additional function for Aph-1 and nicastrin apart from stabilizing the full-length PS1 
molecule.  
Although the main components of the γ-secretase complex are known, the molecular 
mechanisms underlying the inter-regulation, assembly and actual stochiometry of the complex 
are less well understood. The studies presented here provide insights into intramembrane 
processing of APP and detailed information about the γ-secretase complex components Pen-2 
and PS1, thereby providing a framework for future studies of the intricate regulation of the γ-
secretase complex and its proteolytic function in terms of APP processing. 
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ABBREVIATIONS  
Aβ    amyloid β-peptide  

AD   Alzheimer’s disease 

ADAM  A disintegrin and metalloprotease 

AICD    APP intracellular domain 

Aph-1    Anterior pharynx defective-1 

APLP    APP like protein 

ApoE  Apolipoprotein E 

APP   Amyloid precursor protein 

BACE    β-site APP cleaving enzyme 

CERAD  Consortium to establish a registry of Alzheimer’s disease 

CTF    C-terminal fragment 

DSM IV  Diagnostic and statistical manual of mental disorders fourth edition 

ELISA  Enzyme-linked immunosorbent assay 

ER    Endoplasmic reticulum 

ERAD  Endoplasmic reticulum associated degradation 

GVP  Gal4 VP16 

HES    Hairy/Enhancer of split  

ICD-10  International classification of disease, 10th revision 

KPI   Kunitz-type protease inhibitor 

NICD   Notch intracellular domain 

NINCDS-ADRDA National institute of neurological and communicative disorders and stroke 
and Alzheimer’s disease and related disorders association 

NTF    N-terminal fragment 

Pen-2    Presenilin enhancer-2 

PS    Presenilin  

RIP   Regulated intramembrane processing 

TACE    Tumor necrosis factor-α converting enzyme 

TMD   Transmembrane domain 
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INTRODUCTION 

Background 
Alzheimer’s disease (AD) is the most common form of dementia, affecting approximately 5% 
of the population over the age of 65 years in Europe (Lobo et al., 2000). The Bavarian 
neuropathologist and psychiatrist Alois Alzheimer first described this neurodegenerative 
disease in a publication in 1907 (Alzheimer, 1907). Working at a clinic in Munich, he 
encountered and described the case of a woman who suffered from a rapidly progressing 
dementia and died at the age of 51. In the histopathological examination of the diseased 
woman’s brain Alois Alzheimer described thick fibrils and foci with special dye 
characteristics in the cerebral cortex. These structures are the two neuropathological 
hallmarks of AD: plaques composed of the amyloid β-peptide (Aβ) and neurofibrillary 
tangles consisting of the microtubule-binding protein tau.  

 

Symptoms  
Short-term memory impairment, disorientation, aphasia, and a general cognitive decline are 
common symptoms early in disease development. The symptoms reflect, to some extent, the 
brain regions that are affected in the disease (Haroutunian et al., 1998). As the disease 
progresses, spatial and motor abilities are affected and the patient becomes bedridden and 
completely dependent of the caretaker. The disease lasts 5-15 years, and the cause of death is 
generally a secondary illness such as pneumonia, or other infections. 

 

Diagnosis 

Clinical diagnosis 
To clinically diagnose AD several investigations are performed such as neuropsychological 
tests, physical examination, evaluation of the patient’s medical history and tests to exclude 
other diseases. Diagnostic criteria have been developed to help make the clinical diagnosis. 
The National Institute of Neurological and Communicative Disorders and Stroke and 
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) have developed 
a set of criteria for diagnosis. The diagnosis is divided into possible, probable and definite AD 
according to these criteria (McKhann et al., 1984). In probable AD the patient has a disease 
history typical of AD, specific findings in mental and physical examinations, and other types 
of dementia have been excluded. Possible AD is diagnosed when there are atypical features in 
the clinical course, or when another brain or systemic disorder is present, but not considered 
to be the cause of dementia. Definitive AD can only be used as diagnosis after a post mortem 
examination has been performed. In the examination specific neuropathological criteria have 
to be confirmed together with a clinical diagnosis of the disease (Khachaturian, 1985; Mirra et 
al., 1991). The ICD-10 (International Classification of Disease, 10th revision) (WHO, 1992) 
and DSM IV (Diagnostic and Statistical Manual of Mental Disorders fourth edition) 
(American Psychiatric Association, 1994) are other sets of internationally accepted criteria for 
clinical diagnosis of AD.  
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The accuracy of clinical diagnosis has been much improved over recent years by technical 
achievements that enable visualization of the brain, such as computed tomography, magnetic 
resonance imaging, positron emission tomography and single photon emission computed 
tomography. In nine out of ten cases, the correct diagnosis of AD can be made at specialist 
centers, when comparing clinical diagnosis with post mortem examination (Klatka et al., 
1996). 

Neuropathological diagnosis 
Brains from AD patients are atrophic with accompanying widening of sulci, smaller gyri and 
larger ventricles. The first brain regions to be affected in the disease are the hippocampus and 
entorhinal cortex. As the disease progresses more regions are affected including the temporal 
and parietal lobes (Braak and Braak, 1991). At the microscopic level, extracellular amyloid 
plaques and intracellular neurofibrillary tangle lesions are found. Mature amyloid plaques, so-
called neuritic plaques, consist of Aβ, with its longer 42-residue form in the core and with 
Aβ40 and Aβ42 surrounding the central part of the plaque (Iwatsubo et al., 1994). Plaques 
can be stained by the histological amyloid dyes Congo Red and Thioflavin S or T. 
Surrounding the fibrillar amyloid are activated microglia and reactive astrocytes, which cause 
an inflammatory reaction around the plaques by releasing complement factors and cytokines 
(McGeer and McGeer, 2001). Dystrophic neurites are present close to the plaques, indicating 
that a neurodegenerative process is taking place. The neurofibrillary tangles occur within 
neurons and consist of paired helical filaments of hyperphosphorylated tau that aggregate 
within the cytoplasm. Tangle formation is not exclusive for AD, but is also a common feature 
in Parkinson’s disease, frontotemporal lobe dementia, and other dementias (Lee et al., 2001).   

There are a number of different sets of criteria for the neuropathological establishment of AD 
such as the Consortium to Establish a Registry of Alzheimer’s Disease (CERAD) criteria, 
Tierny criteria and Khachaturian’s criteria (Mirra et al., 1991; Tierney et al., 1988; 
Khachaturian, 1985). These criteria include the presence of amyloid plaques in specific 
regions of the brain. For the Tierny criteria, an accompanying distribution of neurofibrillary 
tangles is required. Fulfillment of the neuropathological criteria alone is not sufficient for the 
diagnosis of AD. There has to be a clinical diagnosis supporting the neuropathological 
findings and ruling out other diseases or dementias.  

 

Epidemiology and risk factors 
The prevalence of AD is about 1-2% at the age of 65, but it can vary depending on the 
population (Fratiglioni et al., 2000). With increasing age the prevalence rises, and after 65 
years of age it doubles in every five years (Jorm et al., 1987). AD is the most common form 
of dementia and accounts for around 50% of all dementia cases (Lobo et al., 2000). 

Many risk factors for developing AD have been proposed. They have often been controversial 
and a matter of debate, but old age, a family history of dementia, hypertension, head trauma, 
and female gender, are considered well-established risk factors (Munoz and Feldman, 2000). 
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Genetics in AD 
Genetics has provided powerful insights into the underlying mechanisms of AD. Through 
genetics, genes and proteins involved in the disease have been identified. This knowledge has 
lead to an increased understanding about the molecular events that give rise to Aβ release and 
pathogenesis of the disease. 

A subset of AD cases is inherited in an autosomal dominant pattern indicating linkage to 
specific genes. As early as the 1960’s there was an indication that chromosome 21 plays an 
important role in AD. Olson and co-workers made the interesting observation that patients 
suffering from Down’s syndrome, which is caused by trisomy of chromosome 21, displayed 
AD-like symptoms and pathology at an early age (Olson and Shaw, 1969). The next set of 
information making AD researchers even more interested in chromosome 21 was the 
identification of a partial amino acid sequence of Aβ in protein purification from a Down’s 
syndrome brain (Glenner and Wong, 1984). Using this sequence, the gene encoding the 
amyloid precursor protein (APP), located on chromosome 21, was cloned (Goldgaber et al., 
1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987).  

Familial AD 
The literature is rich in reports describing mutations causing familial AD, with approximately 
150 disease-causing mutations identified as of today (http://molgen-www.uia.ac.be/AD 
Mutations/). Individuals suffering from familial AD often develop dementia at 40-60 years of 
age, and display an aggressive disease progression. All AD-causing mutations discovered so 
far are concentrated to three genes, which all are directly involved in the generation of Aβ and 
are described below. The first identified missense mutation causing familial AD was localized 
to the APP gene (Goate et al., 1991), from which Aβ is excised. Subsequent studies have 
increased the number of identified AD-causing mutations in the APP gene, and presently 
thirteen mutations have been reported. 

The vast majority of all known familial AD mutations have been found in the gene encoding 
presenilin (PS) 1, accounting for over 130 mutations. PS1 was identified by genetic linkage to 
chromosome 14 for an autosomal dominant form of hereditary early-onset AD (Schellenberg 
et al., 1992; Sherrington et al., 1995). The name of the gene is taken from its role in familial 
pre senile dementia. The identification of many mutations in PS1 suggested that the protein 
plays a central role in the pathological events leading to AD, and its function will be discussed 
in detail in the section Presenilin protein function. A protein homologous to PS1, namely 
PS2, was found on chromosome 1 by homology searches of databases for amino acid 
sequences with high similarity to PS1 (Levy-Lahad et al., 1995). In contrast to PS1, very few 
mutations leading to AD have been found in the PS2 gene. Families reported with mutations 
in the PS2 gene have a later age of onset than PS1 mutation carriers, ranging from mid-forties 
to late seventies (Renbaum and Levy-Lahad, 1998). The later onset of the disease could be a 
possible explanation for the low number of mutations identified in PS2 compared to PS1. The 
clinical and neuropathological manifestation of PS1 and PS2 mutations is typical AD, with 
rare reports of spastic paraparesis, epileptic seizures and cerebral amyloid angiopathy for a 
subset of the cases (Kwok et al., 1997; Houlden et al., 2000; Renbaum and Levy-Lahad, 
1998). A few mutations in PS1 present a pathological phenotype with so-called cotton-wool 
plaques that are large and lack a distinct core (Houlden et al., 2000), compared to neuritic 
plaques that are smaller and have a dense core.  
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Genetic risk factors 
In 1993 Apolipoprotein E (ApoE) was identified as a susceptibility gene for AD (Corder et 
al., 1993). ApoE plays a central role in lipoprotein metabolism and cholesterol homeostasis. 
ApoE has three different isoforms, E2, E3 and E4 encoded by the three alleles ε2, ε3 and ε4, 
with the ε4 allele being a risk factor for AD. The effect for carriers of the ε4 allele is an 
increased probability for getting the disease, but it is not a prerequisite for developing the 
disease. Studies from knockout and transgenic mice suggest that ApoE, and in particular the 
E4 isoform, promotes Aβ deposition and aggregation (Bales et al., 1997; Holtzman et al., 
2000). Several other genes have been reported to show association to AD, for example α-2 
macroglobulin, α1-antichymotrypsin, angiotensin converting enzyme and the very low-
density lipoprotein receptor (Blacker et al., 1998; Hinds et al., 1994; Alvarez et al., 1999; 
Okuizumi et al., 1995). However, the ApoE allele ε4 is the most widely reported genetic 
influence for AD, and it shows the strongest correlation to the disease among the 
susceptibility genes reported today (Rocchi et al., 2003).  

 

Amyloid cascade hypothesis 
The amyloid cascade hypothesis is currently the most favored model explaining the 
pathogenic events causing AD (Fig. 1). The hypothesis was first presented in 1991 (Selkoe, 
1991; Hardy and Higgins, 1992), and over time it has been subjected to some modifications. 
However, the basic mechanisms described by the hypothesis remain the same, and give a 
reasonable sequence of events that could explain the development of dementia in AD. The 
amyloid cascade hypothesis states that the deposition of Aβ is causative for the disease, and 
that tangles, inflammatory response, cell loss, vascular damage and dementia follow as a 
direct result of this deposition. The hypothesis is supported by several findings. First, 
individuals with Down’s syndrome are carriers of an additional copy of the APP gene and 
therefore generate more Aβ. Early in life, Down’s syndrome patients develop AD-like 
dementia and neuropathology (Olson and Shaw, 1969). Second, mutations causing hereditary 
AD in the APP or PS genes increase the production of the longer and more amyloidogenic 
Aβ42 form of the Aβ peptide (St George-Hyslop, 2000). Third, the levels of deposited Aβ 
correlate with cognitive decline and severity of the disease in AD patients as well as in 
transgenic animals (Näslund et al., 2000; Hsiao et al., 1996; Gordon et al., 2001). Fourth, the 
Aβ peptide per se is neurotoxic (Yankner et al., 1990). Fifth, transgenic mice expressing 
familial AD mutant APP and that are knocked out for β-secretase, an enzyme directly 
involved in Aβ formation, show rescue of memory impairments found in the parental strain 
with an intact β-secretase gene (Ohno et al., 2004). This indicates that overexpression of APP 
alone does not cause memory deficits, and that the production of Aβ and/or APP C-terminal 
fragments are required for the manifestation of reduced memory function in the mice. Sixth, 
tangle formation seem intimately linked to Aβ since tau deposition is increased in transgenic 
mice expressing human mutant tau together with mutant APP, as compared to mice 
expressing mutant tau alone (Lewis et al., 2001). Moreover, injection of fibrillar Aβ42 
enhances the tangle formation in the tau transgenic mice (Götz et al., 2001). Recently, 
attention has been focused on in which form (fibrils, protofibrils, oligomers or monomers) the 
amyloid species has its most deleterious effects. Several reports point to the oligomeric and 
protofibrillar state as being the most toxic form of Aβ (Lambert et al., 1998; Walsh et al., 
2002; Dahlgren et al., 2002). 
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Figure 1. Outline of the amyloid cascade hypothesis, as suggested by Hardy and Selkoe 2002 (Hardy 
and Selkoe, 2002). The electron micrograph shows Aβ fibrils. A plaque composed of aggregated Aβ 
fibrils is depicted in the histological picture to the right. Dr. Johan Thyberg and Dr. Nenad 
Bogdanovic are acknowledged for the micrographs. 
 

 

Even if the amyloid cascade hypothesis is convincing, there are theories implying that the role 
of tangles and/or inflammatory response is not fully explained by the amyloid cascade 
hypothesis (Lee, 2001; McGeer and McGeer, 1998). One argument against the amyloid 
cascade hypothesis concerns transgenic mice that overexpress APP or PS1 mutations. These 
mice only develop plaque pathology while no neurofibrillary tangles are formed (Janus et al., 
2000). However, a promising triple transgenic mouse model was recently developed. The 
mice overexpress mutant APP and mutant tau on a PS1 mutant knock-in background (Oddo et 
al., 2003). Plaque depositions precede tau pathology in these mice, and with age the mice 
display synaptic dysfunction. Finally, the absence of plaque pathology for patients with 
mutations in tau, causing frontotemporal lobe dementia, and the presence of both plaques and 
tangles for patients with mutations in APP, causing AD, suggests that amyloid toxicity 
precedes tau in development of AD. 

 

APP cell biology   
APP is an evolutionary conserved glycoprotein with ubiquitous expression throughout the 
body. The type I transmembrane APP protein has a large extracellular N-terminal domain, and 
a short intracellular C-terminal tail protruding into the cytoplasm (Fig. 2) (Dyrks et al., 1988). 
Alternative splicing of exons 7, 8 and 15 generates eight different isoforms of APP, ranging 
from 695 to 770 residues in length (Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 
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1988). The main APP isoform expressed in neurons is the shortest variant, APP695, which 
lacks exons 7 and 8 (Haass et al., 1991; Rohan de Silva et al., 1997). Non-neuronal cells, such 
as microglia and astrocytes, express APP lacking exon 15 (APP751 and 770). These longer 
isoforms of APP contain a Kunitz-type protease inhibitor (KPI) domain encoded by exon 7 
(Kitaguchi et al., 1988; Ponte et al., 1988; Tanzi et al., 1988). The KPI domain inhibits serine 
proteases, and can thus protect the protein from degradation.  

APP is produced in the endoplasmic reticulum (ER), and trafficked through the secretory 
pathway to the plasma membrane. Maturation of APP occurs within the Golgi apparatus by 
N- and O-linked glycosylation and tyrosine-sulfation (Fig. 2) (Weidemann et al., 1989). 
Another post-translational modification of the APP molecule is phosphorylation in the 
intracellular tail and ectodomain of the protein (Fig. 2) (Gandy et al., 1988; Oltersdorf et al., 
1990; Hung and Selkoe, 1994). The internalization signal sequence YENP found in the C 
terminus of APP can mediate internalization from the plasma membrane (Perez et al., 1999), 
but the trafficking of APP is not yet fully understood, in part due to the fact that the functions 
of APP still remain largely unknown.  

 
Figure 2. Outline of the APP protein with the alternatively spliced KPI domain indicated. 
Glycosylation in the extracellular domain and phosphorylation of intracellular and extracellular 
domains are shown (Glyc and P, respectively). Aβ and the APP intacellular domain (AICD) are 
depicted in the C-terminal part of the protein. 
 

APP was originally suggested to be a receptor (Kang et al., 1987), but no ligand has been 
identified. Another suggested function for APP has been as a mediator of interaction with 
kinesin in microtubule-associated vesicle transport (Kamal et al., 2001). APP has also been 
proposed to function in cell adhesion (Schubert et al., 1989). Recently, the APP intracellular 
domain (AICD) was detected in the nucleus and found to interact with the nuclear adaptor 
protein Fe65 and the histone acetyltransferase Tip60 (Cao and Südhof, 2001). AICD has 
together with these two proteins been reported to activate transcription of a Gal4-reporter 
gene, suggesting a gene regulatory role for APP. In addition, AICD has been shown to 
regulate phosphoinositide-mediated calcium signaling (Leissring et al., 2002). The multitude 
of functions reported for APP suggests that the protein indeed is involved in numerous 
cellular processes. This could indicate that APP conveys some general effect and/or several 
specific functions. In many cases, the generation of a knockout mouse provides useful 
information about the function of the protein that has been ablated. The APP knockout mice 
were viable with a normal phenotype, suggesting that APP is not an essential gene. A closer 



 9

examination of these animals reveals a slight decrease in weight and reduced locomotor 
activity (Zheng et al., 1995). Most likely, the APP-like proteins (APLP) 1 and 2, which are 
highly homologous to APP, can compensate for at least some of the functions of APP in these 
mice. Similar to APP knockout mice, neither deficiency in APLP1 or APLP2 causes a distinct 
phenotype. Interestingly, however APP/APLP2 and APLP1/APLP2 double knockout mice die 
early after birth, while the APP/APLP1 deficient mice survive and appear normal (Heber et 
al., 2000). The rather complex set of data emerging from the knockout mouse studies shows 
that the APP and APLP protein family mediate some vital function, and that a partial 
functional replacement between the proteins probably can occur. However, the specific 
functions of these three proteins remain to be elucidated.  

 

APP processing   
A central feature of APP biology is the proteolysis of the molecule. Upon synthesis, the APP 
molecule is proteolytically processed by so-called secretases. Hydrolysis close to the lipid 
bilayer releasing the luminal N-terminal domain of APP is performed by α- or β-secretase. 
These processing events produce the N-terminal fragments sAPPα or sAPPβ, and the C-
terminal fragments C83 or C99 (Fig. 3). Subsequently, the C-terminal fragments are 
substrates for γ-secretase, generating the p3 peptide and Aβ, respectively. Intriguingly, the 
physiological function or effects of the generated fragments are, in parallel with intact APP, 
largely unclear.   

α-Secretase 
The α-cleavage is performed by tumor necrosis factor-α converting enzyme (TACE) 
(Buxbaum et al., 1998), which belongs to the ADAM (a disintegrin and metalloprotease) 
family of metalloproteases. Other members of the ADAMs have been shown to support α-
cleavage, such as MDC-9 and ADAM-10 (Koike et al., 1999; Lammich et al., 1999). TACE 
has a broad substrate specificity, cleaving a number of type I proteins such as tumor necrosis 
factor-α, p75 TNF receptor, L-selectin, transforming growth factor-α and Notch (Black et al., 
1997; Moss et al., 1997; Peschon et al., 1998; Brou et al., 2000; Mumm et al., 2000). 

Processing at the α-secretase site is considered non-amyloidogenic since it cleaves within the 
Aβ sequence and thus obliterates the formation of intact amyloidogenic Aβ (Fig. 3). 
Furthermore, α-secretase cleaves within the KLVFF-motif of APP, which has been identified 
as an important sequence for aggregation of the Aβ peptide (Tjernberg et al., 1996). 

α-Secretase activity occurs in two variants, one constitutive variant with a basal level of α-
secretase cleavage, and one inducible variant. Protein kinase C signaling can stimulate α-
secretase (Hung et al., 1993). Thus, protein kinase C activation, through activation of 
signaling pathways or phorbol ester stimulation, can preclude Aβ formation by increasing the 
amount of APP cleaved in the so-called non-amyloidogenic pathway. 

β-Secretase  
Cleavage at the Aβ N terminus is executed by β-site APP cleaving enzyme (BACE) (Fig. 3) 
(Lin et al., 2000; Sinha et al., 1999; Yan et al., 1999; Vassar et al., 1999; Hussain et al., 1999). 
Two homologs of BACE have been identified. BACE1 is mainly expressed in brain and 
pancreas (Vassar et al., 1999), while BACE2 has a low expression in brain and probably little 
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effect on processing of APP (Bennett et al., 2000). BACE1 is an aspartyl protease with one 
transmembrane domain (TMD), and belongs to the pepsin protease family. The active site 
resides in the N-terminal domain of the protein and contains two catalytic aspartate residues 
(Hong et al., 2000). BACE1 is expressed as a pro-enzyme, and trafficked through the Golgi 
where it is glycosylated and the pro-peptide is cleaved off (Capell et al., 2000b). Surprisingly, 
the release of the pro-peptide is not necessary for BACE1 to be able to cleave APP (Creemers 
et al., 2001). Subcellular localization of BACE1 is mainly within Golgi and endosomes 
(Vassar et al., 1999). Furthermore, APP is not the only protein hydrolyzed by BACE1, other 
substrates identified are sialyl-transferase ST6Gal, P-selectin glycoprotein ligand-1, APLP1 
and APLP2 (Kitazume et al., 2001; Lichtenthaler et al., 2003; Li and Sudhof, 2003).  

 

 
Figure 3. Processing of APP. The amyloidogenic pathway is outlined in the left panel where APP is 
cleaved by β-secretase to generate sAPPβ and the C-terminal fragment C99. In the right panel the non-
amyloidogenic pathway is shown where a cleavage performed by α-secretase generates sAPPα and 
the C-terminal fragment C83. The C-terminal fragments from both pathways are processed by γ-
secretase generating Aβ (amyloidogenic pathway) and p3 (non-amyloidogenic pathway). Processing at 
the ε-site generates AICD from both pathways. 
 

γ-Secretase  
The final catalytic step in Aβ formation from APP processing is performed by γ-secretase. 
The C-terminal fragments generated from α- and β-secretase cleavage, C83 and C99, 
respectively, are cleaved within their TMDs to produce the p3 peptide or Aβ (Fig. 3). γ-
Secretase processing shows low sequence specificity and generates Aβ peptides differing in 
length, with Aβ40 being the most abundant product and the longer Aβ42 variant being 
generated to a lesser extent (Lichtenthaler et al., 1999; Wang et al., 1996). In parallel with 
Aβ-generating γ-secretase processing, another cleavage event, designated ε-cleavage, has 
been shown to occur after position 49 in Aβ (Sastre et al., 2001; Yu et al., 2001; Weidemann 
et al., 2002). Both γ- and ε-processing critically require the presence of PS proteins, which 
will be discussed further in the Presenilin section (Herreman et al., 2000; Zhang et al., 2000; 
Sastre et al., 2001). The C-terminal peptide fragment resulting from ε-cleavage, the AICD 
(Fig. 3), is rapidly turned over, but can be stabilized by interaction with Fe65 (Kimberly et al., 
2001). Production of Aβ has been suggested to occur in several subcellular compartments, 
including the trans Golgi network and the plasma membrane (Hartmann, 1999).  
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APP mutations  
It is striking that mutations in APP that cause familial AD are located close to the secretase 
cleavage sites in the molecule (Fig. 4). There is a cluster of mutations C-terminal to the Aβ42 
cleavage site. Disease-causing mutations at this position all change the preference of the site 
in which APP is processed from Aβ40 to Aβ42 and thereby increase the Aβ42 to Aβ40 ratio 
(Hutton et al., 1998; Goate, 1998). Aβ42 is more prone to aggregate than Aβ40 (Jarrett et al., 
1993), and is the major Aβ species found in the core of amyloid plaques (Iwatsubo et al., 
1994).   

 
Figure 4. A part of APP containing the Aβ sequence (in blue), and a few residues N- and C-terminal 
to the Aβ sequence (in yellow) are outlined. Pathogenic mutations (in red) and the different cleavage 
sites (indicated by arrows) are shown. Filled arrows marked with *** indicate the proposed 
membrane-spanning domain. Numbering refers to the APP 770 isoform. 

 

Distal to these mutations, a double mutation has been found in a Swedish family causing 
hereditary AD (Mullan et al., 1992). The mutation is located just N-terminal of the Aβ N 
terminus, and it results in increased production of total Aβ, including Aβ42 (Fig. 4).  
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Within the middle of the Aβ sequence is a cluster of mutations that show different pathogenic 
features, such as cerebral amyloid angiopathy, cerebral hemorrhages, white matter changes, 
and dementia (Fig. 4) (Revesz et al., 2002). The Arctic mutation is located at this middle 
region of Aβ exchanging a glutamic acid for a glycine (E693G), and causes AD and white 
matter changes (Nilsberth et al., 2001). Interestingly, this mutation changes the fibrillogenic 
characteristics of the Aβ peptide by stabilizing protofibrils – a kinetic intermediate in the Aβ 
aggregation process.   

 

Presenilin  
The homologous PS1 and PS2 proteins are conserved multipass transmembrane proteins. 
From studies of Caenorhabditis elegans it was found that the PS homolog Sel-12 was an 
essential mediator of Notch signaling in development (Levitan et al., 1996). Mice deficient in 
PS1 die late embryonically or at birth, indicating the developmental importance of PS1 also in 
mammalian systems (Shen et al., 1997; Wong et al., 1997). In contrast to the lethal phenotype 
of PS1 ablation, PS2 knockout mice were viable and fertile (Herreman et al., 1999). This 
suggests that a partial redundancy can occur between the two PS proteins, where it is likely 
that PS1 can functionally substitute for PS2, whereas PS2 is not able to replace PS1. Double 
PS1 and PS2 knockout mice die at embryonic day 9.5 with a phenotype resembling the 
phenotype for Notch 1 knockout mice, further emphasizing the role of PS in development 
(Donoviel et al., 1999; Herreman et al., 1999). The involvement of PS proteins in AD was 
first suggested by the genetic findings of multiple mutations in the PS1 gene causing familial 
AD. Importantly, neuronal cells from PS1 knockout mice secrete dramatically reduced 
amounts of Aβ, indicating a gain of function mechanism for disease-causing PS1 mutations 
(De Strooper et al., 1998). The requirement of PS for Aβ generation was corroborated by the 
analysis of blastocyst-derived stem cells from PS null mice, which were found to produce no 
Aβ (Herreman et al., 2000; Zhang et al., 2000). PS1 and PS2 have been suggested to be the 
enzymatically active components of a high-molecular weight γ-secretase complex, acting as 
an aspartyl protease with its catalytic site within the membrane bilayer. Mutagenesis of either 
one or both aspartates in TMD six and seven (Fig. 5) results in PS molecules deficient in 
supporting Aβ generation (Wolfe et al., 1999). 

Presenilin cell biology 
The orientation of PS within the membrane has been a matter of debate. Currently, the most 
favored topological model for PS suggests an eight transmembrane topology with the N and C 
termini located in the cytoplasm (Fig. 5) (Li and Greenwald, 1996), while other studies 
predict a seven transmembrane topology (Nakai et al., 1999). Both topological models predict 
a cytoplasmic loop in which PS undergoes endoproteolysis, generating a stable N- and C-
terminal fragment (NTF and CTF) heterodimer (Fig. 5) (Thinakaran et al., 1996; Capell et al., 
1998). Overexpression of PS in cell culture systems does not lead to increased Aβ formation, 
instead overexpressed PS accumulates as full-length protein, suggesting that endoproteolysis 
of full-length PS into the presumably active heterodimer is highly regulated (Thinakaran et 
al., 1997).  

Full-length PS1 protein is mainly found in the ER, whereas the NTF and CTF are trafficked 
further in the secretory pathway (Zhang et al., 1998). PS endoproteolysis has been proposed to 
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be an autocatalytic process requiring the aspartyl residues in TMD six and seven (Wolfe et al., 
1999), or to be performed by an unknown protease, presenilinase (Campbell et al., 2003). 
Endoproteolysis of PS into the NTF-CTF heterodimer has been suggested to be required for 
the PS molecule to support Aβ generation. However, the naturally occurring mutation causing 
familial AD, PS1∆exon9, which lacks exon 9 and hence the site for endoproteolysis, is still 
active with respect to γ-secretase activity. An artificial point mutation, PS1M292D, also 
shows resistance to endoproteolysis, yet can still generate Aβ (Steiner et al., 1999). Recently, 
it was suggested that PS1 can exist as an oligomer consisting of two NTF-CTF heterodimers, 
though the in vivo validity of this model has not yet been shown (Schroeter et al., 2003). 

 
Figure 5. Cartoon of PS1 with eight membrane-spanning domains. The endoproteolysis site for 
generation of NTF and CTF is shown. The conserved aspartyl residues in TMD six and seven that are 
critical for γ-secretase activity are indicated by . 

 

Presenilin protein function 
The function of PS as the catalytic component in γ-secretase processing has been a matter of 
intense debate with the main arguments against it being: (i) the unusual structure of PS with 
regards to it being a protease, and (ii) the so-called spatial paradox, suggesting that γ-secretase 
activity and PS are localized in different intracellular compartments. These arguments have 
now, at least partly, been resolved. PS ability to function as a protease is supported by the 
identification of a new class of transmembrane aspartyl proteases, the protein family of signal 
peptide peptidases. The signal peptide peptidases are homologous to PS and are catalytically 
active within the lipid membrane bilayer (Weihofen et al., 2002). Further evidence for PS 
being an aspartyl protease is the labeling of PS1 NTF and CTF by γ-secretase transition state 
analogs (Esler et al., 2000; Li et al., 2000), the conserved aspartyl protease motif identified in 
the molecule (Steiner et al., 2000), and the critically required aspartate residues in TMD six 
and seven (Wolfe et al., 1999). The spatial paradox emphasizes that PS mainly is located to 
the ER while γ-secretase processing occurs in a compartment downstream of the ER (Cupers 
et al., 2001; Checler, 2001). However, PS1 has recently been found at the plasma membrane 
(Kaether et al., 2002; Berezovska et al., 2003), which is one proposed site for γ-secretase 
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activity. It is noteworthy that the interaction between PS and APP, as estimated by 
fluorescence lifetime imaging microscopy, reaches its highest intensity at this localization 
(Berezovska et al., 2003).  

Other proposed functions for PS are involvement in the folding of proteins in the ER by 
affecting the unfolded protein response (Katayama et al., 1999). Also, PS regulates calcium 
homeostasis within the cell (Guo et al., 1996) and familial AD PS1 and PS2 mutations alter 
intracellular Ca2+-signaling and make cells more susceptible to apoptosis (Leissring et al., 
2000; Herms et al., 2003; Popescu and Ankarcrona, 2000). PS interacts with a number of 
different proteins, such as glycogen synthase kinase-3β and β-catenin, and through these 
interactions PS may have other functions (Van Gassen et al., 2000). 

Presenilin mutations 
A large number of mutations have been identified in the gene encoding PS1, whereas few 
mutations have been found in the PS2 gene. The mutations cause familial AD with an early 
age of onset. There are cases displaying symptoms as early as in their late teens (Moehlmann 
et al., 2002), but more commonly the mutations cause disease in the fourth or fifth decade of 
life in affected individuals (Hutton and Hardy, 1997). At the cellular level, all mutations in 
PS1 result in an increase of the Aβ42 to Aβ40 ratio, thus producing more of the longer and 
more hydrophobic Aβ42 variant (Hutton and Hardy, 1997). It is interesting to note that 
despite the stereotype effect of PS1 mutations on Aβ production, disease-causing PS1 
mutations are distributed over all hydrophobic and membrane spanning regions of the protein. 
This feature indicates that the conserved hydrophobic regions are important with regards to 
Aβ production. However, the molecular mechanisms of how PS1 mutations de facto alter Aβ 
generation is presently not fully understood.  

Notch processing 
Notch is a protein with important signaling functions in development. Despite obvious lack of 
homologous domains or sequences between Notch and APP, the proteins share several 
common features in the way they are processed. Notch is first proteolyzed by a furin-like 
convertase in the Golgi at the so-called S1-site in the molecule. The two resulting protein 
fragments associate into a heterodimer and are trafficked to the plasma membrane 
(Blaumueller et al., 1997). Ligand activation of Notch occurs at the cell surface and induces a 
second cleavage, S2. Processing at the S2-site releases the Notch extracellular domain, and is 
performed by the same enzyme that mediates α-secretase cleavage of APP, namely TACE 
(Brou et al., 2000; Mumm et al., 2000). Subsequent to S2-cleavage, the molecule undergoes 
PS-dependent intramembrane cleavage at the S3-site generating the Notch intracellular 
domain (NICD) (Schroeter et al., 1998; De Strooper et al., 1999). NICD translocates into the 
nucleus where it activates transcription of the cell-fate determining HES (Hairy/Enhancer of 
split) genes, thus initiating a non-neuronal development of the cell (Jarriault et al., 1995; de la 
Pompa et al., 1997). The S3-cleavage is similar to the ε-cleavage event occurring in APP. 
Both the S3- and ε-cleavage occur close to the cytosolic interface of the membrane bilayer, 
and both cleavages critically require PS (Schroeter et al., 1998; Sastre et al., 2001). APP and 
Notch processing show further parallel features since Notch was recently found to undergo 
dual intramembrane cleavage, releasing a p3-like peptide from a site, S4, equivalent to the γ-
secretase site in APP (Okochi et al., 2002). 
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Regulated intramembrane processing    
The term regulated intramembrane processing (RIP) is used for a process where enzymes 
cleave their substrates within their TMDs (Brown et al., 2000). In addition to PS, there are 
three other groups of RIP enzymes: two of the groups process type II transmembrane proteins, 
site-2 protease and signal peptide peptidases, while PS and rhomboid recognize type I 
transmembrane proteins as substrates (Urban and Freeman, 2002). 

APP and Notch were the first proteins found to be cleaved by PS-dependent RIP. The list of 
PS substrates is rapidly growing and today includes over 20 proteins. Among them are the 
APLP proteins, the Notch ligands Delta and Jagged, CD44, ErbB-4, Syndecan 3, E-cadherin 
and N-cadherin (Scheinfeld et al., 2002; Ikeuchi and Sisodia, 2003; Okamoto et al., 2001; Ni 
et al., 2003; Schulz et al., 2003; Marambaud et al., 2002; Marambaud et al., 2003). The 
proteins require shedding of their ectodomain to become accessible for PS-mediated RIP. 
Subsequently, intramembrane cleavage releases the cytoplasmic domains of the substrates, 
which then translocate to sites where they have their signaling action, for example in the 
nucleus. The intracellular domains of Notch, Jagged, APP, APLP1 and APLP2 have been 
found to translocate into the nucleus (Schroeter et al., 1998; LaVoie and Selkoe, 2003; Cao 
and Südhof, 2001; Walsh et al., 2003). RIP has been suggested to constitute a signaling 
mechanism conserved from bacterial to mammalian cells. As of today, no function has been 
ascribed to the short hydrophobic peptide fragment resulting after ectodomain shedding and 
intracellular domain liberation of RIP substrates. Speculatively, these “by-products” from RIP 
processing generally undergo degradation. However, when Aβ is produced, its fibrillogenic 
and persistent characteristics inhibit its clearance, hence causing aggregation and deposition 
of Aβ. An intriguing feature of RIP is the dual intramembrane cleavage reported for APP, 
Notch, CD44, and the APLP proteins (Sastre et al., 2001; Okochi et al., 2002; Eggert et al., 
2004). Is this an adaptation to varying membrane thickness common for a wide range of RIP 
substrates, or is it an effect of certain molecules having extremely hydrophobic membrane 
spanning domains that require additional processing to enable release of their cytosolic 
fragment? Future studies are required to shed light on these matters.   

 

γ-Secretase complex  
Intense research efforts over recent years have provided much new information about γ-
secretase. Not only is PS critical, but also three other γ-secretase complex components, 
nicastrin, Anterior pharynx defective-1 (Aph-1), and Presenilin enhancer-2 (Pen-2), are 
required for γ-cleavage to occur (Chung and Struhl, 2001; Goutte et al., 2002; Francis et al., 
2002). The proteins assemble together with PS into a multi-component high molecular weight 
γ-secretase complex and are described in the following paragraphs. 

Nicastrin 
Nicastrin is a 709-residue type I transmembrane glycoprotein with a large ectodomain and a 
short cytoplasmic tail (Fig. 6). A stretch of conserved residues, DYIGS, has been identified in 
the extracellular domain of the protein (Yu et al., 2000). This motif is required for nicastrin to 
support Aβ generation and its deletion abrogates Aβ production, while point mutations within 
this site cause an increased secretion of Aβ42. The function of nicastrin is unknown, but it has 
been suggested that nicastrin brings the substrate and γ-secretase together (Yu et al., 2000; Hu 
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et al., 2002). Ablation of nicastrin leads to abolished Aβ production, accumulation of APP 
and perturb internalization of APP (Li et al., 2003). The nicastrin knockout mice die by 
embryonic day 10.5, whereas heterozygot nicastrin+/- mice are viable without obvious clinical 
phenotype. This notion is of particular interest considering the marked reduction of secreted 
Aβ from nicastrin+/- fibroblasts. 

 

 

 
Figure 6. Members of the γ-secretase complex are illustrated: Aph-1, a seven TMD protein (in 
yellow), the type I glycoprotein nicastrin (in red), the PS1 heterodimer consisting of NTF and CTF (in 
green) and Pen-2 (in blue). Association of all four of the proteins into a high-molecular weight γ-
secretase complex is required for γ-secretase activity. 

 

Aph-1 and Pen-2 
Recently, two new proteins required for γ-cleavage were identified (Goutte et al., 2002; 
Francis et al., 2002) (Fig. 6). The Aph-1 and Pen-2 proteins were isolated in genetic 
Caenorhabditis elegans screens for phenotypes resembling PS homolog deficiency. The seven 
TMD Aph-1 protein has two mammalian homologs, Aph-1a and Aph-1b (Goutte et al., 2002). 
Aph-1a also exists in two major splice variants, depicted L and S for the long and short 
variants (Francis et al., 2002; Lee et al., 2002). The topology of Aph-1 resembles that of seven 
TMD receptors with the N terminus in the lumen, while the C terminus resides in the 
cytoplasm (Fig. 6) (Fortna et al., 2004). The molecule undergoes endoproteolysis and the 
stable C-terminal part of Aph-1 is incorporated into the γ-secretase complex (Fortna et al., 
2004).  

Pen-2 has two predicted TMDs and one human homolog has been found (Francis et al., 2002). 
The Pen-2 molecule adopts an inverted hairpin structure with the N and C termini facing the 
ER lumen (Fig. 6) (Crystal et al., 2003; paper III, this study). A Pen-2 knockout mouse has 
been developed which displays a phenotype similar to Notch 1-deficient mice; the embryos 
die before birth at embryonic day 9-10 (Li et al., 2002a).  
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Regulation and function within the γ-secretase complex  
The proteins in the γ-secretase complex are conserved in sequence and in function, as shown 
by the ability of mammalian homologs of the γ-secretase complex components to rescue, or 
partially rescue, Caenorhabditis elegans deficient phenotypes of corresponding proteins 
(Levitan et al., 1996; Levitan et al., 2001; Francis et al., 2002). Within the γ-secretase 
complex the components regulate each other in an intricate, and not yet fully understood 
manner (De Strooper, 2003).  

Nicastrin requires PS1 to become glycosylated and fully mature (Leem et al., 2002; Yang et 
al., 2002; Edbauer et al., 2002; Tomita et al., 2002), however the maturation status of nicastrin 
does not seem to affect γ-secretase activity per se (Herreman et al., 2003). Reciprocally, PS 
requires nicastrin for its trafficking to the cell surface (Edbauer et al., 2002). Moreover, in 
nicastrin null cells PS1 NTF and CTF are undetectable, indicating a dramatic destabilization 
of PS1 fragments in the absence of nicastrin (Li et al., 2003). The knowledge of the functional 
impact of the two most novel γ-secretase components, Aph-1 and Pen-2, is just emerging. 
Pen-2 has been reported to be essential for the endoproteolytic cleavage of PS1 (Luo et al., 
2003a). In the absence of PS proteins, Pen-2 is rapidly degraded (Steiner et al., 2002) while 
the stability of Aph-1 is not affected in an appreciable way (Edbauer et al., 2002). Aph-1, 
alone or together with nicastrin, has been proposed to stabilize the PS1 full-length protein (Hu 
and Fortini, 2003; Luo et al., 2003a). A subcomplex containing Aph-1 and nicastrin has been 
shown to form rapidly in the ER (LaVoie et al., 2003; Hu and Fortini, 2003; Fortna et al., 
2004). In addition, by using detergent dissociation of γ-secretase, other subcomplexes have 
been identified composed of (i) nicastrin, Aph-1 and PS1 CTF, (ii) Pen-2 and PS1 NTF, and 
(iii) the PS1 NTF-CTF heterodimer (Fraering et al., 2004). However, the exact functions for 
each of the components and subcomplexes remain largely unclear due to the difficulties in 
analyzing the proteins individually in the absence of the other γ-secretase components. 

Overexpression of either one of the four γ-secretase complex components does not lead to an 
increased Aβ generation while overexpressing all four proteins facilitates γ-processing of APP 
(Takasugi et al., 2003; Edbauer et al., 2003; Kimberly et al., 2003b). Under these conditions 
PS1 processing into stable heterodimers is increased, and more fully glycosylated nicastrin 
protein is produced. Moreover, overexpression of all four components in yeast cells, that 
cannot endogenously process APP, restores γ-secretase processing and Aβ/AICD formation 
(Edbauer et al., 2003). The γ-secretase complex has been purified from human brain, 
indicating an association also in vivo of the four γ-secretase complex components (Farmery et 
al., 2003). The specific details of how the γ-secretase complex assembles, associates with its 
substrates, and performs the actual hydrolysis are still unclear. Possibly, in vitro reconstitution 
of γ-secretase activity from purified components could bring insight into these matters.  

 

Ubiquitylation and the proteasome  
Protein levels can be regulated by the two major degradation systems present in cells, 
proteasomal and lysosomal degradation. Covalent attachment of the well-conserved 76-
residue ubiquitin protein can target proteins for degradation by the proteasome (Hershko and 
Ciechanover, 1998). The addition of ubiquitin can also regulate such diverse mechanisms as 
DNA repair, cell cycle control, vesicle transport, antigen presentation, signal-transduction 
pathways and transcription (Yew, 2001; Aguilar and Wendland, 2003; Weissman, 2001).  
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Ubiquitylation of target proteins is an ATP-dependent process performed by three enzymes 
(Pickart, 2001). The first step is activation of ubiquitin by a ubiquitin-activating enzyme, E1. 
The activated ubiquitin is next transferred to a ubiquitin-conjugating enzyme, E2. Finally, the 
ubiquitin moiety is linked to a lysine residue in the target protein by the E3 ubiquitin-ligase 
enzyme, which possesses the substrate-recognition function in this enzymatic cascade that 
mediates ubiquitylation. Degradation by the proteasome is mediated by poly-ubiquitylation, 
which may require a chain elongation factor (E4) (Koegl et al., 1999). The 2.5 MDa 26S 
proteasome resides in the cytoplasm. At one or both ends of the proteasome there is a gating 
subunit that only allows poly-ubiquitylated proteins to enter into the catalytic sites within the 
proteasome (Voges et al., 1999). The ubiquitylation pathway is very well conserved with only 
three residues differing between yeast and mammalian ubiquitin. It is a complex and diverse 
system indicating an intricate regulation to fine-tune cellular protein levels and activity in 
ways not yet fully understood. 

Interestingly, proteasomal degradation has been implicated for the PS proteins. PS2 has been 
shown to be poly-ubiquitylated and degraded by the proteasome (Kim et al., 1997). The levels 
of full-length PS1 or NTF and CTF that are not incorporated into stable complexes are tightly 
regulated by the proteasome. In contrast, NTF and CTF incorporated into heterodimers are 
stable and resistant to proteasomal degradation (Steiner et al., 1998). The enzyme facilitating 
ubiquitylation of PS1 was identified by Jinhe Li and colleagues to be Sel-10, which also 
participates in the ubiquitylation of Notch (Li et al., 2002b; Öberg et al., 2001). Furthermore, 
findings of ubiquitin conjugated to tau protein in neurofibrillary tangles in brains from AD 
patients, and ubiquitin-like immunoreactivity in amyloid plaques, suggests a role for 
ubiquitylation in AD (Checler et al., 2000). 

 

Treatment of AD – today and in the future 
Despite intense research efforts, no causal treatment of AD is clinically available at present. 
The symptomatic drugs used today are acetylcholine esterase inhibitors and a glutamate 
NMDA-receptor antagonist (Scarpini et al., 2003). Acetylcholine esterase inhibitors increase 
neurotransmission by decreasing the rate of degradation of acetylcholine in the synaptic cleft, 
resulting in more functional neurotransmitter. The glutamate non-competitive NMDA-
receptor antagonist inactivates ionotropic receptors of the NMDA type and thereby decreases 
intracellular Ca2+-levels. 

The enzymes generating the pathological Aβ peptide, β- and γ-secretase, are potential 
therapeutic targets. However, the multitude of substrates makes γ-secretase a difficult target. 
The γ-secretase inhibitor DAPT (Dovey et al., 2001) was used in an in vivo study in zebra 
fish. The treated animals displayed an impaired developmental phenotype similar to Notch 
deficiency (Geling et al., 2002). Inhibition of γ-secretase will not only affect Aβ generation, 
but also influence the processing and down-stream effects of all PS-dependent RIP substrates. 
Hypothetically, a partial inhibition of γ-secretase may lead to a beneficial lowering of Aβ 
without having deleterious effects on other PS-dependent RIP-substrates, however this 
remains to be investigated.  

β-Secretase, BACE1, provides an attractive drug target since the phenotype of BACE1 
knockout mice appears normal and no Aβ is generated (Cai et al., 2001; Luo et al., 2001; Luo 
et al., 2003b). The crystal structure of the active site has been solved and provides useful 
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information in the search to find BACE1-specific inhibitors (Hong et al., 2000). However, the 
search can be challenging since the active site cleft is wide and it may be difficult to target 
using small molecules with high specificity.  

The clinical trial attracting most interest in recent years is the immunization studies performed 
by Wyeth/Elan. Results from the pre-clinical studies were very promising, showing reduced 
plaque pathology and complete clearance of plaques in transgenic mice immunized with the 
Aβ42 peptide (Schenk et al., 1999). Trials on humans was initiated in 2001 and stopped in 
January 2002 when rare cases of encephalitis were discovered. In the only case report 
available, a partial clearance of Aβ was seen in the cortex (Nicoll et al., 2003). A complete 
analysis of the study is not yet available, it awaits decoding and compilation. The severe 
adverse effects of the present immunization protocol preclude its use as a therapy for AD. 
Despite the setbacks, vaccination is still intensely investigated. Different parts of the Aβ 
peptide may be used as the immunogen (Sigurdsson et al., 2001). Alternatively, passive 
immunization can be performed where no immunogen is administrated. Instead, exogenously 
produced Aβ antibodies are supplied (Bard et al., 2000). 

Treatment of other disorders has shown beneficial effects for the incidence of AD for two 
different sets of drugs: cholesterol lowering compounds and nonsteroidal anti-inflammatory 
drugs (Wolozin et al., 2000; Jick et al., 2000; in t' Veld et al., 2001). The molecular 
mechanisms of cholesterol lowering drugs with respect to AD are not well known, though in 
cell culture studies depletion of cholesterol reduces Aβ formation (Simons et al., 1998). In 
contrast, high-cholesterol diets increase Aβ pathology in animals (Sparks et al., 2000; Refolo 
et al., 2000). A subset of nonsteroidal anti-inflammatory drugs directly affect Aβ-generation 
by shifting the preferred C-terminal cleavage site from residue 42 to residue 38, thus 
decreasing the amount of longer and more amyloidogenic Aβ42 variant (Weggen et al., 
2001). 

There have been numerous attempts in the quest to find an AD therapy that could improve 
cognition and reduce neurodegeneration, but the results have so far been disappointing. Still, 
several promising approaches are now under investigation, and the increased knowledge 
about the pathogenic mechanisms underlying AD provides researchers of today with powerful 
tools in the endeavor to develop an efficient therapy.  
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AIMS OF THE STUDY 
The devastating neurodegenerative process observed in AD is believed to be initiated by the 
pathological effects of the Aβ peptide. Both the Aβ peptide and the AICD fragment are 
generated by the γ-secretase complex. The work presented in this thesis aimed to characterize 
the intramembrane cleavage of APP by investigating AICD generation, and to reach an 
increased understanding of the regulation and assembly of the γ-secretase complex. 

  

The specific aims in each of the studies were: 

Paper I To develop a cell-based reporter assay for the transmembrane cleavages of APP 
and Notch. 

Paper II To investigate AICD generation from wild-type APP and APP with familial AD 
mutations. In addition, we wanted to determine the intracellular site for 
production of AICD.  

Paper III To describe the basic cell-biological properties of the γ-secretase complex 
component Pen-2 by determining the topology, interacting proteins, stability and 
degradation pathway of the Pen-2 protein.  

Paper IV To elucidate the importance and impact of the absolute C terminus of PS1 for 
APP processing and for the interaction of PS1 with other γ-secretase complex 
components.  
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RESULTS AND DISCUSSION 

I. Development of a sensitive and quantitative assay for measuring cleavage of presenilin 
substrates 
The general method to assess γ-secretase cleavage in vitro is by measuring Aβ concentration 
in cell culture media by ELISA (enzyme-linked immunosorbent assay). Alternatively, γ-
secretase activity can be estimated by preparing membrane microsomes and analyzing the 
amount of AICD generated and Aβ produced from exogenously provided substrate, for 
example C100-Flag (Kimberly et al., 2003a). We wanted to develop a reporter system with 
features not present in the available assays to measure γ-secretase activity. Most ELISA 
assays measure secreted Aβ, whereas intracellular pools of Aβ are not accessible for analysis. 
In addition, Aβ peptides are known to aggregate, which can cause masking of the antibody 
epitopes, precluding a measurement of the total amount of Aβ. The in vitro microsomal assay 
is performed by purifying membranes from cells, which could possibly lead to only a subset 
of the cellular γ-secretase activity being purified. Disruption of cells prior to activity analysis 
could also lead to artificial effects not seen in measurements from whole cells. Hence, we 
wanted to develop an assay where whole cells were analyzed and total γ-cleavage was 
recorded. Importantly, γ-secretase cleaves both APP and Notch, therefore it was desirable to 
be able to measure γ-cleavage of both substrates.  

In paper I, a cell-based γ-secretase assay was developed, where processing of the TMD of 
APP or Notch was recorded. The reporter-assay utilizes Gal4-VP16-driven transcription of 
luciferase as read-out for intramembrane cleavage. The γ-secretase substrates were modified 
by incorporation of a Gal4 DNA binding domain and a transactivating VP16 domain, together 
abbreviated GVP. The GVP-domain was inserted into the intracellular part of the protein, 
between the membrane-spanning region and the cytoplasmic tail (Fig. 7A). The reporter 
molecules consisted of ectodomain-shedded Notch 1 or APP, Notch ∆E-GVP and C99-GVP, 
respectively. The S2- and β-secretase cleaved variants of the proteins were chosen since we 
wanted our reporter molecules to be direct γ-secretase substrates. In the case for Notch, it was 
also important to circumvent the need for ligand activation of the molecule. Upon γ-cleavage, 
the C-terminal part of the proteins, NICD-GVP and AICD-GVP, respectively, were released 
from the membrane, and translocated to the nucleus where transcription of the luciferase 
reporter gene was activated. The luciferase activity was subsequently quantified by 
luminescence.  

In PS null cells, no γ-secretase activity was observed in the absence of PS1 and PS2. 
However, γ-cleavage was robustly restored by exogenously expressing PS1 or PS2 together 
with the reporter constructs (Fig. 7B). The sensitivity of the reporter-system was shown by 
transfecting increasing amounts of cDNA encoding PS1 together with the reporter constructs 
in PS-deficient cells. Using low levels of PS1 cDNA (1-10 ng/transfection), luciferase activity 
was observed, whereas PS1 protein detection by immunoblotting was not evident until 50 ng 
cDNA/transfection was used. In cells with all four γ-secretase complex proteins present, 
overexpression of either one of the γ-secretase components is not sufficient for increasing γ-
secretase activity (Edbauer et al., 2003; Kimberly et al., 2003b; Takasugi et al., 2003). 
Instead, all four γ-secretase complex proteins have to be exogenously expressed to augment γ-
secretase activity. In this study, when PS-null cells were transfected with low levels of cDNA 
encoding PS1, the PS1 protein probably constituted the limiting factor for γ-secretase activity.  
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Figure 7. A. Illustration of the luciferase reporter system. The reporter molecule C99 with a Gal4 and 
a VP16 domain inserted after the TMD of the molecule is shown. Upon intramembrane cleavage, the 
intracellular domain is released and activates transcription of luciferase via the upstream activating 
sequence (UAS). B. Luciferase activity from PS null cells transfected with reporter molecules with or 
without PS1 or PS2. The bar to the right shows luciferase activity from reporter molecules in HEK293 
cells expressing endogenous PS. 
 

However, with increasing amounts of PS1 being expressed it is likely that PS1 would become 
in excess compared with the other γ-secretase complex components. Due to the limiting 
amount of either nicastrin, Aph-1 or Pen-2, γ-secretase activity could not increase 
correspondingly when higher levels of PS1 cDNA were used for the transfections. 

The assay was sensitive to the specific γ-secretase inhibitors MW167 and L-685,458, 
indicating that a true γ-cleavage was recorded in HEK293 cells. In addition, IC50 values for 
the inhibitors were determined to 50 µM and 200 nM, respectively, in good agreement with 
earlier published studies (Berezovska et al., 2000; Shearman et al., 2000). Furthermore, the 
assay recapitulated the phenotype for PS1 aspartyl mutants in terms of C99-GVP processing, 
with no rescue of γ-activity for either one of the three mutants in PS null cells. Regarding 
processing of Notch ∆E-GVP, γ-cleavage could not be rescued by PS1 with mutations D257A 
or D257A/D385A, while D385A had a minor rescuing effect. The lack of γ-secretase 
processing of C99-GVP for PS1 aspartyl mutants is in agreement with other studies (Wolfe et 
al., 1999; Nyabi et al., 2003). In contrast, the PS1 D385A mutant displayed low levels of 
luciferase activity for the Notch ∆E-GVP substrate though it has previously been reported to 
be inactive. We have in subsequent experiments, using different experimental paradigms, 
been unable to consistently repeat this small rescuing effect of PS1 D385A. Still, not all 
reports have considered the aspartyl mutants inactive. In a study performed by Capell and co-
workers, Aβ generation was detected from cells transfected with PS1 D257A (Capell et al., 
2000a). In addition, Kim et al reported Aβ production from PS1 D257A and the double 
mutant PS1 D257A/D385A (Kim et al., 2001). This could, at least partially, be explained by 
the use of cells expressing endogenous PS. 
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In conclusion, a new, sensitive and quantitative assay for measuring γ-secretase cleavage has 
been developed for the γ-secretase substrates APP and Notch. The method has several 
advantages. First, it was specific since the GVP domain was inserted 13-15 residues from the 
proposed γ-secretase cleavage site, thus minimizing recording of unspecific cleavage. Second, 
it was sensitive since VP16 is a strong transactivator of the upstream activating sequence 
promoter used. Third, it has the advantage, with respect to APP processing, that it detects the 
total γ-cleavage including the cleavage generating Aβ within the cell, in contrast to other 
methods that rely on antibody detection of Aβ secreted into the media of cultured cells.  

The need for a causal therapeutical intervention in AD is urgent, and one obvious drug target 
is γ-secretase. However, the broad substrate specificity of the enzyme could cause unwanted 
effects when inhibiting γ-cleavage. A γ-secretase inhibitor would decrease Aβ generation, but 
also alter signaling from other proteins processed by γ-secretase. This assay provides a means 
to screen compounds in the search for drugs that could potently reduce Aβ generation while γ-
secretase processing of other substrates, for instance Notch, remain largely unaltered. 

 

II. APP intracellular domain formation and unaltered signaling in the presence of 
familial Alzheimer’s disease mutations 
In a report by Sastre and colleagues, the ε-cleavage site of APP and the generation of AICD 
were described (Sastre et al., 2001). This report and others made us realize that the cleavage 
assay used by us, and described in paper I, recorded AICD generation. All isolated C-terminal 
APP species reported so far correspond to peptide fragments starting at the ε-site (Sastre et al., 
2001; Weidemann et al., 2002), and no intermediates between Aβ and AICD have been 
found. 

Benefiting from the reporter assay developed in paper I, we wanted to describe some aspects 
of AICD formation that previously have been thoroughly investigated for Aβ generation. Two 
features were analyzed, namely subcellular localization for AICD production and the impact 
of familial AD mutations in APP on AICD generation.  

To investigate the subcellular localization for AICD generation, cells transfected with C99-
GVP were subjected to pharmacological treatment. Monensin, which inhibits transport of 
vesicles from the Golgi apparatus to the plasma membrane, and brefeldin A, a fungal 
metabolite that redistributes the Golgi apparatus into the ER were used. Both compounds 
decreased AICD generation (Fig. 8A,B). In addition, AICD formation for C99-GVP with an 
ER retrieval signal (two lysine residues were introduced into the C terminus of the molecule) 
was severely compromised (Fig. 8C). Thus, using pharmacological treatment and a 
compartment-specific mutant, it was shown that AICD generation was predominantly 
occurring downstream of the ER in the secretory pathway. 

APP TMD mutants associated with familial AD and artificial TMD mutants, were tested for 
their effect on AICD generation. In cell culture systems it is known that these mutations lead 
to an increase in secreted Aβ42 (Selkoe, 1999). The mutants analyzed were found not to differ 
from the wild-type molecule in terms of AICD generation (Fig. 8D). Mutant C99-GVP and 
wild-type molecules had the same inhibitory profile for AICD generation using the γ-secretase 
inhibitor L-685,458. To ensure that the hybrid reporter molecules did not behave differently 
due to the insertion of the GVP-domain, Aβ ELISA analysis was performed.  
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Figure 8. A. AICD signaling in HEK293 cells stably expressing reporter constructs for the luciferase 
assay after treatment with monensin (1 and 10 µM). B. AICD signaling in HEK293 cells stably 
expressing reporter constructs for the luciferase assay after treatment with brefeldin A (BFA; 10 µM). 
C. CHOPro5 cells transiently expressing C99-GVP wild-type and with an ER-retention motif (KK) 
were analyzed for AICD formation. In the lower panel an immunoblot is shown. Note the 
disappearance of AICD-GVP and C83-GVP for the ER-retained molecule. D. AICD signaling from 
C99-GVP wild-type and C99-GVP containing TMD mutations in CHOPro5 cells transiently 
transfected with reporter constructs for the luciferase assay. Immunoblotting is shown in the lower 
panel to ascertain equal expression of the constructs. 
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Mutant hybrid constructs showed increased secretion of Aβ42 and decreased secretion of 
Aβ40 compared to the wild-type C99-GVP construct. Consequently, the introduction of the 
GVP domain did not affect the expected behavior of the C99-GVP molecules. 

AICD generation, like Aβ formation, was found to be critically dependent on PS proteins and 
could be inhibited by a well-characterized γ-secretase inhibitor (Shearman et al., 2000). 
Further, the study showed that AICD formation, again like Aβ generation, mainly occurs in 
compartments downstream of the ER. Both the pharmacological treatment and the ER 
retention motif used here, have shown diminished Aβ generation in previous studies (Peraus 
et al., 1997; Soriano et al., 1999; Maltese et al., 2001).  

Importantly, TMD mutations known to increase Aβ42 secretion in cell culture systems, did 
not have an altered AICD generation compared to the wild-type molecule, indicating that total 
ε-processing is not noticeably affected by the TMD mutations. However, in a recent report by 
Sato and co-workers, cells expressing APP with familial AD mutations V717F or V717G 
showed a slight shift in specificity of AICD fragment formation. The mutant APP molecules 
mainly generated AICD starting at leucine-49 compared with wild-type APP, which mainly 
produced AICD starting at valine-50, as assessed by mass spectrometry analysis (Sato et al., 
2003). Notably, the peak for fragments starting at residue 52 was increased for both APP 
molecules bearing familial AD mutations, further indicating that cleavage site specificity for 
AICD formation can be shifted in mutant APP. This shift in specificity strengthens the 
resemblance between Aβ and AICD generation, in that the site preference of both cleavages is 
influenced by TMD mutations. The reporter assay used here is, by its design, not able to 
distinguish between AICD fragments differing in length, instead it detects the total amount of 
AICD released. The unchanged level of AICD generation from mutations in APP found in 
this study was supported by the report from Chen and colleagues that observed maintained 
AICD production for two APP TMD mutations (Chen et al., 2002). In contrast to APP 
mutations, disease-causing mutations in PS1 have been shown to decrease the amount of 
AICD fragments formed (Chen et al., 2002; Moehlmann et al., 2002). The findings of 
unaltered AICD formation, but with a shift in specificity for APP TMD mutations agree with 
the idea of γ-secretase being one single enzyme activity performing a dual intramembrane 
cleavage with low sequence specificity. To conclude, the unchanged levels of AICD 
formation found for familial AD mutations imply that the pathological effect of the mutations 
are mediated via other pathways than the amount of AICD produced. These other pathways 
are likely to involve Aβ production, fibrillogenesis and deposition, as proposed by the 
amyloid cascade hypothesis (Selkoe, 1991; Hardy and Higgins, 1992).  

   

III. Pen-2 is sequestered in the endoplasmic reticulum and subjected to ubiquitylation 
and proteasome-mediated degradation in the absence of presenilin  
The two most recently identified members of the γ-secretase complex are the Aph-1 and Pen-
2 proteins (Goutte et al., 2002; Francis et al., 2002). At the time of identification of the 
proteins, their functions were unknown, except that they were critically required for γ-
secretase activity. The study presented in paper III aimed to describe the basic cell biological 
properties of the Pen-2 protein.  

Firstly, Pen-2 was cloned from a cDNA library and an antibody (UD-1) towards the N-
terminal part of the protein was developed. Pen-2 was found to interact with PS1 and nicastrin 
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by co-immunoprecipitations using a mild detergent, CHAPS, confirming the interaction 
reported by other groups (Luo et al., 2003a; Steiner et al., 2002). Interestingly, the N-terminal 
Pen-2 antibody was not able to immunoprecipitate endogenous Pen-2 protein under conditions 
preserving association between the γ-secretase complex components. Successful pull-down of 
endogenous Pen-2 by UD-1 required stronger detergents. This could indicate that the N 
terminus of Pen-2 might be embedded within the complex, thereby masking the epitope of the 
antibody. Notably, another Pen-2 antibody raised against a similar epitope showed the same 
immunoprecipitation characteristics (Steiner et al., 2002), suggesting that the lack of 
immunoprecipitation of endogenous Pen-2 under mild detergent conditions was a shared 
characteristic of two independent antibodies. 

Subsequently, the intracellular distribution of Pen-2 was studied. The subcellular localization 
of Pen-2 was affected by the presence or absence of PS. In cells lacking PS, Pen-2 showed a 
restricted distribution to the ER, whereas in cells expressing PS1, Pen-2 was further trafficked 
in the secretory pathway. Trafficking of other γ-secretase complex components has been 
shown to be inter-related within the γ-secretase complex. In the case of nicastrin and PS1, 
nicastrin requires PS1 to become fully glycosylated and trafficked to the cell surface (Goutte 
et al., 2002; Leem et al., 2002). Similarly, PS1 requires nicastrin to reach the plasma 
membrane (Edbauer et al., 2002). 

We observed a destabilization of the Pen-2 protein in cells devoid of PS compared to PS1 
expressing cells, this being in agreement with previous studies (Steiner et al., 2002; Luo et al., 
2003a). Using a range of proteasomal, lysosomal and calpain inhibitors it was shown that the 
destabilization of Pen-2 in PS null cells was mediated by the proteasome. Proteasomal 
degradation is mainly achieved by ubiquitylation, where ubiquitin moieties are conjugated to 
lysine residues in the target protein that will be degraded by the proteasome. Pen-2 was found 
to be ubiquitylated when PS1 was present in limiting amounts by transiently expressing Pen-2 
in 293T cells (Fig. 9A). For further investigations of the ubiquitylation of Pen-2, it was 
important to determine the orientation (luminal vs. cytosolic) of the lysine residues in the 
protein. Hence, it was essential to establish the topology of Pen-2 within the membrane. To 
this end, glycosylation acceptor sites consisting of Asn-Ser-Thr tripeptides were introduced in 
the loop domain, and in the N- and C-terminal domain, respectively, of the Pen-2 protein. In 
addition, a proteinase K protection assay was performed to confirm the topological findings 
for Pen-2. The protein adopted an inverted hairpin structure with the N and C termini in the 
lumen, and a cytosolic loop between the two membrane spanning domains. Our topological 
findings for Pen-2 are consistent with the topology reported by Crystal and colleagues 
(Crystal et al., 2003). The Pen-2 molecule contains three lysine residues, and according to the 
topology only one of these resides in the cytosol. Mutagenesis of the cytosolic lysine into an 
arginine (Pen-2-K54R) was performed. In PS null cells, the lysine mutant Pen-2 molecule had 
an increased stability compared to the wild-type protein (Fig. 9B). However, Pen-2-K54R was 
still ubiquitylated (Fig. 9C), which implied that the molecule was retrotranslocated out of the 
ER prior to ubiquitylation and degradation. A number of ER-resident proteins, luminal as well 
as transmembrane, have been shown to be regulated by so-called endoplasmic reticulum 
associated degradation (ERAD) performed by the proteasome (Hampton, 2002). The 
translocon has been proposed to be involved in retrotranslocation of ERAD substrates. This 
retrotranslocation enable proteins to exit out of the ER into the cytosol, where they would 
become accessible to ubiquitylation by cytosolic E3-ligases. Pen-2 immunoreactivity was  
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Figure 9. A. 293T cells were co-transfected with constructs encoding Flag-tagged Pen-2 and HA-
tagged ubiquitin and then cultured in the presence of MG-132 (5 µM). Lysates were 
immunoprecipitated using anti-Flag M2 antibodies followed by Western blot analysis. B. PS null cells 
were transfected with wild-type (wt) and K54R mutant Pen-2-HA. The day after transfection, cells 
were exposed to cycloheximide (50 µg/ml) for the indicated time-points. The expression levels of the 
Pen-2HA constructs were analyzed by Western blot. C. 293T cells were co-transfected with DNA 
constructs encoding ubiquitin-HA and either Flag-Pen-2 or Flag-Pen-2-K54R and then exposed to 
MG-132 (5 µM). Lysates were immunoprecipitated using anti-Flag M2 antibodies followed by 
Western blot analysis. Pen-2 is indicated by an arrowhead and ubiquitylated Pen-2 species are 
indicated by arrows. 
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found in the cytosol of cells treated with proteasome inhibitor, thus suggesting that Pen-2 is 
retrotranslocated out of the ER prior to the addition of ubiquitin moieties. Taken together, this 
set of data suggested that Pen-2 molecules that are not incorporated into γ-secretase 
complexes could be degraded by ERAD.  

Regulation of the abundance of the different γ-secretase complex components appears tightly 
linked. In addition to reduced levels of Pen-2, absence of PS has been shown to destabilize 
nicastrin (Leem et al., 2002; Edbauer et al., 2002). The degradation pathway mediating 
decreased levels of nicastrin has not yet been identified. Down regulation of protein levels 
using siRNA of either nicastrin, Aph-1 or Pen-2 was reported to result in decreased amounts 
of PS (Francis et al., 2002). Interestingly, PS1 and PS2 have been shown to be ubiquitylated 
(Li et al., 2002b; Kim et al., 1997), and the level of full-length PS1 to be regulated by the 
proteasome (Steiner et al., 1998). This could indicate that ERAD-mediated degradation is 
involved in regulating cellular levels of other γ-secretase complex components in addition to 
Pen-2. Hypothetically, ERAD could constitute the common cellular mechanism that removes 
unincorporated γ-secretase complex components. However, more studies are needed before 
detailed conclusions regarding the degradation pathways for nicastrin, Aph-1 and PS can be 
made.   

  

IV. The extreme C terminus of presenilin 1 is required for γ-secretase complex assembly 
and activity 
The C terminus of PS1 has been shown to be important for γ-secretase cleavage of APP 
(Tomita et al., 1999; Tomita et al., 2001). In order to further investigate the most C-terminal 
domain of PS1, point mutations and truncations were introduced in the PS1 C terminus. 
Modified PS1 molecules were analyzed in PS-deficient cells by the γ-secretase assay 
described in paper I. The single point mutations analyzed did not affect γ-secretase activity or 
endoproteolysis. However, PS1 proteins with truncations ranging from three to seventeen 
residues in length showed decreased γ-secretase activity, with molecules containing the 
largest deletions exhibiting the most severely impaired function (Fig. 10A, upper panel). To 
further elucidate the impact of the truncations, the ability of C-terminally deleted PS1 proteins 
to become incorporated into γ-secretase complexes was investigated by co-
immunoprecipitations. PS1 molecules with C-terminal deletions larger than four residues 
were found to have a reduced ability to incorporate mature γ-secretase complexes.  

Furthermore, the truncations caused reduced endoproteolysis (Fig. 10A, lower panel). To 
elucidate whether the impairment in activity and complex formation was due to reduced 
endoproteolysis, or if the reduced functionality could be directly attributed to the truncations, 
NTF was co-expressed with C-terminally truncated CTF. With this experimental setup it was 
possible to circumvent the endoproteolysis step of PS1 (Laudon et al., 2004). The reduction 
observed in γ-secretase activity and γ-secretase complex formation for the truncated PS1 
molecules was found to not be an effect of reduced endoproteolysis per se. NTF together with 
C-terminally truncated CTF displayed the same pattern of severely impaired γ-secretase 
activity and complex formation as observed for the truncated full-length protein. While the 
interaction of PS1 with nicastrin and Aph-1 was perturbed by the deletions, heterodimer 
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Figure 10. A. Luciferase activity was monitored to measure AICD generation from the C99-GVP 
reporter molecule in PS-deficient BD8 cells transfected with PS1 wild-type or PS1 having C-terminal 
deletions lacking one (466), two (465), three (464), four (463), seven (460), twelve (455) or seventeen 
(450) residues, respectively. In the lower panel an immunoblot of the cell lysates from the luciferase 
measurements is shown. Note the decrease in endoproteolysis for PS1 with the larger deletions. B. Co-
immunoprecipitation with indicated antibodies of BD8 cell lysates co-transfected with wild-type NTF 
and wild-type CTF or CTF with C-terminal truncations of four, seven or twelve residues, respectively. 
Interaction of NTF and CTF with nicastrin (Nct) or Aph-1 was decreased for C-terminally truncated 
CTF molecules compared to CTF wild-type (the two upper panels). Note that the interaction between 
NTF and CTF was intact even when the CTF was C-terminally truncated (the two lower panels). C. 
Cell lysates from PS nulls stably transfected with PS1 wild-type, NTF or CTF were 
immunoprecipitated with anti-Nct or anti-Aph-1 antibodies. NTF associated with Nct in PS1 wild-type 
expressing cells, but not in cells expressing NTF alone, or in mixed cell lysates from NTF and CTF 
cells (panel I). CTF associated with Nct in cells expressing PS1 wild-type or CTF, as well as in NTF 
mixed with CTF lysates (panel II). NTF co-precipitated with Aph-1 in PS1 wild-type expressing cells, 
but not in cells expressing NTF alone, or in cell lysates mixed from NTF and CTF cells (panel III). 
CTF co-purified with Aph-1 in lysates from cells expressing PS1 wild-type, and CTF, and in mixed 
NTF/CTF lysates (panel IV). 
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formation between the PS1 endoproteolytic products, NTF and CTF, was maintained (Fig. 
10B). For further investigations of the C terminus of PS1, co-immunoprecipitations were 
performed from cells expressing PS1 NTF or CTF on a PS null background. Unexpectedly, 
nicastrin and Aph-1 interacted with the CTF alone (Fig. 10C). Supposedly, the C-terminal 
part of PS1 could promote a direct interaction with nicastrin and Aph-1, and this contact could 
be lost when the PS1 molecule was truncated. 

Taken together, we found that the most C-terminal part of PS1 was required for intact γ-
secretase activity and complex formation. Earlier studies of point and deletion mutations in 
the C-terminal domains of PS1 and PS2 molecules have shown an effect on Aβ secretion by 
increasing the Aβ42 to Aβ40 ratio (Tomita et al., 1999). These studies were performed in 
cells expressing endogenous PS. Replacement of endogenous PS by transfection can be 
challenging, and the PS molecules already present in the cells can hide effects from the 
exogenously expressed PS. Our findings, in terms of reduced endoproteolysis, agree with the 
report from Tomita and co-workers regarding truncated PS1 molecules. In contrast, a point 
mutation, I467R, was impaired in endoproteolysis in the Tomita et al. study, whereas we 
found it fully functional and undergoing endoproteolysis to the same extent as wild-type PS1. 
Our data showed that truncations of the PS1 C terminus severely impaired γ-secretase 
function. This effect was most likely a result from the lack of the C-terminal amino acids, and 
not from the reduction in endoproteolysis that the truncations induced. This conclusion was 
made since NTF together with C-terminally truncated CTF showed the same reduction in γ-
secretase activity and complex formation as the truncated full-length protein. It is noteworthy 
that even though the association between PS1 and other γ-secretase complex components was 
lost for the truncated constructs, the interaction between NTF and CTF remained intact, 
suggesting that the intramolecular association is mediated by different parts of the PS1 
molecule than those critically required for association with nicastrin and Aph-1. By detergent 
dissociation of the high-molecular weight γ-secretase complex Fraering and colleagues have 
been able to detect four subcomplexes (Fraering et al., 2004). One of the subcomplexes 
contained NTF and CTF, and another subcomplex consisted of CTF, nicastrin and Aph-1. Our 
data are in agreement with this report, and could provide the additional information that the 
presence of full-length PS1 or NTF is not a prerequisite for interaction between CTF, nicastrin 
and Aph-1. In studies by others, an Aph-1-nicastrin subcomplex has been proposed (LaVoie 
et al., 2003; Hu and Fortini, 2003; Fraering et al., 2004). The function of this subcomplex, or 
of Aph-1 alone, has been suggested to stabilize the full-length PS1 protein. However, the 
interaction detected here, between the endoproteolytic product CTF, nicastrin and Aph-1 
could indicate that there are additional functions of the subcomplex components also after 
endoproteolysis of full-length PS1. This unusual enzyme activity has proved very challenging 
to understand since each component requires the presence of the other components so as to be 
functional. Future studies are needed to understand how PS1 interacts with the other γ-
secretase components during folding and assembly to form an active γ-secretase complex.  
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CONCLUSIONS AND FUTURE PERSPECTIVES  
Aβ is undoubtedly a key player in the pathophysiological events causing AD. Our 
understanding of the generation of Aβ has been greatly increased by the identification, 
cloning and characterization of the enzymes involved in processing of APP. Research 
regarding the generation of the Aβ C terminus is currently focused on PS, a central molecule 
in the multiprotein γ-secretase complex. PS has been found to process not only APP, but a 
wide range of type I membrane proteins. PS is thus an important enzyme that regulates a 
variety of cellular functions, such as development via Notch signaling and cell adhesion via 
E-cadherin (Levitan and Greenwald, 1995; Marambaud et al., 2003).  

Development of a cell-based reporter assay for γ-secretase substrates provides a good tool for 
studying intramembrane cleavage. The assay described in paper I includes several attractive 
features as it is sensitive, quantitative, and records the total γ-secretase processing of reporter 
molecules within whole cells. An additional advantage with the reporter system is that γ-
cleavage is monitored from the reporter molecules per se, and not from endogenous γ-
secretase substrates. Thereby it enables studies of effects on intramembrane processing from 
specific mutations or alterations introduced into the reporter molecules, in the absence of 
effects attributable to endogenous proteins. In the search for an efficient Aβ-lowering drug, 
the reporter assay could potentially be used to screen for compounds differentially affecting 
the processing of APP and other γ-secretase substrates.  

The identification of AICD generation from the ε-site in APP, a cleavage site C-terminal to 
the Aβ-generating site, raised a number of questions pertaining to this newly described 
processing event. In paper II, we addressed two aspects of AICD formation. Intracellularly, 
AICD generation was observed in a compartment downstream of the ER, thereby overlapping 
with sites reported for production of Aβ. Furthermore, APP reporter molecules harboring 
mutations that cause familial AD were found to generate AICD to the same extent as wild-
type molecules. Hence, we concluded that the pathogenic mechanism of the mutations is not 
acting via altered AICD formation. It is intriguing that AD causing mutations in APP and PS1 
can have a differential effect on AICD generation (Chen et al., 2002; Moehlmann et al., 
2002). Hypothetically, the mutations in APP might slightly shift the positioning of the γ- and 
ε-cleavages sites within the membrane, thereby altering the length but not the amount of 
generated fragments. In contrast, mutations in PS1, might inflict a conformational change 
within the molecule. This could affect the PS active site, changing both efficiency and 
specificity in substrate cleavage. Alternatively, the mutations could cause an altered 
trafficking of the molecules to compartments where cleavage normally does not occur. 
Different intracellular compartments have varying membrane thickness, which could affect 
the positioning of intramembrane hydrolysis. It seems likely that the membrane lipid milieu 
affects γ-cleavage since cholesterol depletion reduces Aβ generation (Simons et al., 1998), 
and thus an altered trafficking would have an impact on the production of Aβ. These are 
presently speculations that are not easily addressed, and the underlaying questions need to be 
approached with more research. 

It is now widely believed that PS is the enzymatically active component of the γ-secretase 
complex and that the other γ-secretase complex components regulate and provide functions 
required for PS to become an efficient aspartyl protease. However, the precise function of the 
γ-secretase complex components and the intricate regulation within the complex is largely 
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unsolved due to difficulties in analyzing each protein separately in the absence of the other 
components. In paper III we studied the Pen-2 protein in cells with and without PS. The 
subcellular distribution of Pen-2 was restricted to ER and Pen-2 was destabilized in the 
absence of PS, in accordance with data presented for the other γ-secretase complex 
components (De Strooper, 2003). PS and nicastrin have been shown to inter-regulate each 
other's cellular distribution, and both proteins are dependent on Aph-1 for stability and 
maturation. The destabilization observed for Pen-2 in PS null cells was mediated by 
ubiquitylation and proteasomal degradation. It would be interesting to investigate the 
degradation pathway for the other γ-secretase complex components to determine if there is a 
common cellular mechanism regulating the level of unincorporated γ-secretase proteins. Pen-
2 has been suggested to be required for endoproteolysis of PS, however no motif with 
proteolytic function has so far been found in the molecule (Luo et al., 2003a). It would be 
interesting to search the Pen-2 molecule for functional domains, and to identify the part of the 
molecule that mediates interaction with the γ-secretase complex and is required for sustaining 
endoproteolysis of PS. The tight regulation of the γ-secretase complex makes studies of the 
individual components very challenging. Hence, these proposed studies would benefit from 
being performed in Pen-2 null cells. Such cells could potentially be obtained from a Pen-2 
knockout mouse, for example the one developed by Jinhe Li and co-workers (Li et al., 2002a). 
Alternatively, endogenous Pen-2 could be down regulated by siRNA.   

Intense research efforts have much improved our knowledge about PS1. Several domains 
important for γ-secretase function have been identified in the PS1 molecule. In paper IV, we 
identify the most C-terminal domain of PS1 to be critical for γ-secretase activity and complex 
assembly. Wild-type CTF alone could associate with Aph-1 and nicastrin, whereas C-terminal 
deletions of full-length PS1 abrogated the interaction with nicastrin and Aph-1. This led us to 
speculate that nicastrin and/or Aph-1 could be physically interacting with the most C-terminal 
residues in PS1. However, we were not able, using the present experimental setup, to identify 
which amino acids mediate the association between the proteins. In addition, with the high 
number of hydrophobic domains in the molecules, it is likely that important interactions are 
occurring within the membrane lipid bilayer. It would be very interesting to directly identify 
which residues are participating in the association between the different complex components. 
Experimentally this could potentially be achieved by performing cross-linking studies.  

Major progress has been made by identifying the γ-secretase components. However, we are 
only just beginning to understand the complexity of this intriguing enzymatic activity. Further 
studies are needed to obtain detailed information about the different components, in order to 
acquire a more complete depiction of the events underlying generation of Aβ. In particular, it 
would be beneficial to distinguish possible APP specific features in the γ-secretase complex. 
This type of knowledge would increase the chances of inhibiting Aβ production, while 
minimizing the adverse side effects from perturbed signaling of other γ-secretase substrates. 
Our understanding of the molecules involved in the disease is rapidly growing, thus the 
prospect of developing a causal treatment for AD is steadily increasing. Hopefully, in the 
years to come, success will be attained in this important endeavor.  
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MATERIAL AND METHODS  

DNA constructs and mutagenesis 

DNA constructs used in papers I-IV were encoding the following proteins PS1, NTF, CTF, 
C99-GVP, Notch ∆E-GVP, luciferase, β-galactosidase, ubiquitin, and Pen-2. Mutagenesis 
was performed to generate point and deletion mutations in DNA constructs for PS1, CTF, 
C99-GVP and Pen-2. The PCR-based QuickChange site-directed mutagenesis protocol 
(Stratagene) was applied using complementary primers encoding the desired mutation. All 
constructs were verified by sequencing using either DYEnamic terminators (Amersham) or 
BigDye (Applied Biosystems) sequencing kits. For generation of PS1, NTF and CTF stable 
cell lines, the desired constructs were cloned into the pCAGiRESpuro vector with puromycin 
resistance. 

 

Cell culture and transfections 

PS-deficient cells (BD8 cells) derived from blastocysts from PS1-/-PS2-/- mice were a kind gift 
from Dorit Donoviel (Donoviel et al., 1999). Culturing of BD8 cells was performed in 
DMEM supplemented with 10% fetal calf serum, 2.4 mM L-glutamine, 1 mM sodium 
pyruvate, 0.1 mM β-mercaptoethanol, and non-essential amino acids. HEK293 and CHOPro5 
cells were used for studies where cells expressing endogenous PS were suitable for the 
experimental set-up. HEK293 and CHOPro5 cells were cultured in DMEM and α-MEM, 
respectively, supplemented with 10% fetal bovine serum, penicillin, and streptomycin.  

Transfections were performed with Lipofectamine Plus (Life Technologies) according to the 
manufacturer’s recommendations. Cells from transient transfections were analyzed one or two 
days after the transfection. Stably expressing BD8 cells were generated by selection with 1 
µg/ml of puromycin. Single clones were analyzed with Western blot for expression, and 
expanded. 

 

Luciferase assay 

In paper I the luciferase assay was developed, and in papers II and IV this assay was used to 
measure AICD generation from the C99-GVP hybrid reporter molecule. The luciferase-based 
reporter assay was performed in 24-well tissue culture plates. Cells were plated at a suitable 
density the day before transfection. Cells were transfected with 100 ng MH100, 50 ng CMV-
βgal, and 100 ng of C99-GVP or Notch ∆E-GVP, per well. Vectors encoding full-length PS1 
(100 ng) or PS1 fragments (100 ng + 100 ng) were included for transfections of PS-deficient 
cells. Empty pcDNA3.1 vector (100 ng) was added to adjust for differences in DNA amounts. 
Within each luciferase reporter experiment, triplicates were performed, i.e. three wells were 
transfected with each of the DNA constructs analyzed. Cells were harvested 24 h after 
transfection in 100 µl lysis buffer per well (10 mM Tris, pH 8, 1 mM EDTA, 150 mM NaCl 
and 0.65% NP40), and luciferase activity was monitored luminometrically after addition of 
luciferin and ATP (BioThema). The β-galactosidase activity of the cell lysates was 
determined by measuring absorbance at 405 nm in β-gal buffer (10 mM KCl, 60 mM 
Na2HPO4, 40 mM NaH2PO4, 1 mM MgCl2, 50 µM β-mercaptoethanol and 8 mM O-
nitrophenyl-β-D-galactopyranoside), to equalize for differences in transfection efficiencies.  
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ELISA 

To ensure that the hybrid C99-GVP molecules did not show an altered processing due to the 
insertion of the GVP domain into the molecule, we performed ELISA in paper II. Cells were 
transfected with cDNA encoding C99-GVP wild-type or with mutations reported to increase 
secretion of Aβ42 into cell media. After transfection, cells were grown in OptiMEM media 
with 5% newborn calf serum. The media was harvested two days after transfection and 
analyzed by a sandwich ELISA using 6E10 (Senetech) as capture antibody and detection of 
Aβ40 and Aβ42 was mediated by polyclonal end-specific antibodies.  

 

Immunoprecipitations 

Immunoprecipitations were performed in papers III and IV from cells with stable or transient 
expression of the protein of interest. The cells were grown in 10 cm or 6-well tissue culture 
dishes. Cells were lysed in immunoprecipitation buffer, and all subsequent incubations were 
carried out at 4°C. Co-immunoprecipitations were performed in buffer containing CHAPS 
(paper III) or CHAPSO (paper IV). For direct immunoprecipitations in paper III, either 
buffers containing Triton X-100 and NP-40 (to precipitate Pen-2 with UD-1 antibody) or with 
SDS, sodium deoxycholate, and Triton X-100 supplemented with NEM (to precipitate 
ubiquitylated Pen-2) were used. The immunoprecipitations were prepared by pre-clearing cell 
lysates with protein A and G sepharose (Amersham) for 30 min. Primary antibody was 
incubated with the lysates with end-over-end rotation over night (or 1h for precipitation of 
ubiquitylated Pen-2). Subsequently, a mixture of protein A and G sepharose was added to the 
samples, and the incubation continued for 1 h. The immunoprecipitates were washed three 
times in immunoprecipitation buffer and once in PBS prior to Western blot analysis.  

 

Western blot 

In papers I-IV immunoblotting was performed. Specific details for the antibodies used are 
described in each paper. In brief, cell lysates or immunoprecipitates were incubated with 
Laemmli sample buffer (Sigma). The samples were loaded on precasted 10%, 16%, 10-20% 
Tris-Tricine gels or 4-12% Bis-Tris gels (Invitrogen), and resolved using electrophoresis. The 
proteins were transferred to nitrocellulose membrane (Bio-Rad), and incubated with indicated 
antibodies. The proteins were visualized with SuperSignal West Pico chemiluminescence 
(Pierce), and exposure on Hyperfilm ECL (Amersham). For indicated experiments in papers 
III and IV, protein concentration of the cell lysates was determined using BCA protein assay 
kit (Pierce), and equal amount of protein was loaded from each sample. In paper III, the 
intensity of immunoreactive bands was determined using the public domain NIH Image 
program (developed at the U.S. National Institutes of Health and available on the Internet at 
http://rsb.info.nih.gov/nih-image/). 
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Antibodies 

In paper III, the polyclonal antibody UD-1 towards Pen-2 was raised against the N-terminal 
residues ERVSNEEKLNL of Pen-2. Antibodies used for immunoprecipitations, 
immunoblotting and immunocytochemical experiments were anti-APP CTF 369 and C1/6.1 
(generously provided by Drs. Sam Gandy and Paul Mathews, respectively), anti-calnexin (a 
kind gift from Dr. Ralf Pettersson), anti-Flag M2 (Sigma), anti-HA 12CA5 (Berkeley 
Antibodies Inc.), anti-GM130 (BD Transduction labs), anti-nicastrin N1660 (Sigma), anti-PS1 
NTF Ab14 and NT1 (generously supplied by Drs. Sam Gandy and Paul Mathews, 
respectively), anti-PS1 loop MAB5232 and AB5308 (Chemicon), anti-Ubiquitin (Dako) and 
anti-Aph-1aL H2D (Calbiochem).  

 

Pharmacological treatment 

Different pharmacological treatments were used in papers I, II and III. Concentrations used 
and incubation times are detailed in the papers. Inhibition of γ-secretase was achieved by 
using the specific inhibitors L-685,458, MW167 and DAPT. In paper II, brefeldin A and 
monensin, agents disturbing intracellular trafficking, were used. In paper III we wanted to 
elucidate the degradation pathway for Pen-2 in PS-deficient cells. We used the proteasomal 
inhibitors lactacystin, MG-132 and ALLN. For lysosomal inhibition chloroquine was used 
and for calpain inhibition, cells were treated with calpeptin. Further in paper III, stability of 
wild-type Pen-2 was compared with Pen-2 K54R in PS null cells. Cycloheximide was added 
to transfected BD8 cells to inhibit protein synthesis. The degradation rate of the two different 
Pen-2 proteins was assessed in a time-course experiment by Western blotting. 

 

Topological study 

The topology of Pen-2 was determined in paper III. Glycosylation acceptor sites consisting of 
Asn-Ser-Thr tripeptides were introduced by site-directed mutagenesis in the loop, N-, and C-
terminal domain of the Pen-2 protein. DNA constructs encoding Pen-2 with glycosylation 
acceptor sites were transiently expressed in CHOPro5 cells and analyzed by Western blotting. 
Retarded migration of proteins in Western blot analysis indicated glycosylated species. 
Deglycosylation was performed to verify that the shift in electrophoretic mobility was truly 
caused by the addition of carbohydrates. The deglycosylation assay was performed in a buffer 
consisting of 10 mM Hepes, pH 7.4, 250 mM sucrose, 200 mM sodium citrate, 10 mM KCl, 
100 mM NaCl, 5 mM EDTA+EGTA, 1.5 mM MgCl2, 0.3% SDS, 0.6% β-mercaptoethanol 
and protease inhibitors. Endoglycosidase H (Roche) and peptide N-glycosidase F (Roche) 
were added to the deglycosylation reactions, and the reactions were incubated at 37°C for 16 
hours followed by Western blot analysis. 

The proteinase K protection assay was carried out at 4°C. Membranes prepared from 
CHOPro5 cells transfected with cDNA encoding Pen-2-HA were exposed to proteinase K 
(100 µg/ml) for 30 min and subsequently analyzed by Western blotting. 
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Subcellular fractionation 

In paper III, subcellular fractionation was performed to analyze the cellular distribution of 
Pen-2 in PS null cells and cells expressing PS1. Cells grown in 15 cm tissue culture plates to 
near confluency were used for fractionation experiments. The cells were homogenized in ice-
cold homogenization buffer (130 mM KCl, 25 mM NaCl, 1 mM EGTA, 25 mM Tris, pH 7.4) 
supplemented with protease inhibitors using a Dounce homogenizer. Lysates were cleared by 
centrifugation at 1,000 x g for 10 minutes. The supernatant was overlayed onto the top of a 
step gradient consisting of 1 ml each of 30, 25, 20, 15, 12.5, 10, 7.5, and 5% (vol/vol) 
Iodixanol (OptiPrep reagent, Axis-Shield PoC AS) in homogenization buffer. After a 3 hour 
centrifugation at 126,000 x g (SW40 rotor, Beckman), 12 fractions were collected from the 
top of the gradient. Fractions were analyzed by Western blotting. 

 

Immunocytochemistry 

To determine the intracellular localization for Pen-2 under different conditions (in paper III) 
immunocytochemistry was performed. Cells were seeded out on glass slides, and in some 
experiments transfected with indicated constructs. Cells were either treated with empty 
vehicle (DMSO) or with different pharmacological agents prior to analysis. The cells were 
then fixed with 4% formaldehyde in PBS (pH 7.4) at 4°C for 15 min, blocked for 1 h at room 
temperature in blocking solution (PBS supplemented with 5% BSA, 10% goat serum, and 
0.3% Triton X-100), and stained with primary antibodies at 4°C over night. Following 
extensive washing in PBS, the cells were incubated with Alexa 546- and 488-conjugated goat 
anti-mouse and goat anti-rabbit antibodies (Molecular Probes) and DAPI in darkness for 40 
minutes. After thorough washing in PBS, the cells were mounted in ProLong mounting 
medium (Molecular Probes). Immunoreactivity was visualized in a Zeiss Axioplan2 
microscope and photographed using a Zeiss Axiocam. The subcellular localization of Pen-2 in 
the presence or absence of PS1 was determined using a BioRad Radiance confocal 
microscopy unit. Pictures were assembled using PhotoShop (Adobe).  
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