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1 Introduction 

 

1.1  Alzheimer’s disease 

 

1.1.1 Overview 

Alzheimer’s disease (AD) is a progressive, neurodegenerative, brain disorder. It is a 

specific type of dementia, characterized by a decline of cognitive functioning such as 

thinking, remembering, communication and spatial orientation, and thus, interfering with a 

person’s daily life eventually leading to a total dependency on others. AD is irreversible 

and not curable at this time. Together with other forms of dementia, it is one of the major 

causes of disability later in life. It is the most common form of dementia, usually occurring 

in individuals aged 60 and older, accounting for more than two-thirds of all diagnosed 

cases [10; 88; 124]. Worldwide, more than 35 Million people suffer from AD [95]. In 

Germany, the incidence of dementia is estimated at 300,000 new cases per year while more 

than 1.6 million Germans suffer from dementia [32; 82] in the overall population. The 

incidence increases dramatically with age (from 2 % in the 65-69 age group up to 30 % in 

the greater than 90 age group) [10]. Due to aging of the population in our society, the 

prevalence and incidence might increase and even today AD is already a major public 

health problem causing considerable financial burden on the health and social security 

systems. Thus, there is a special and pressing need to further investigate the 

pathomechanism of AD, to lay the foundation of new therapeutic strategies, eventually 

leading to new treatments of the disease. 

 

1.1.2 Clinical criteria and diagnosis 

There is no test or diagnostic tool to unambiguously diagnose AD in a living individual 

and the definite diagnosis can only be given post-mortem by neuropathology. However, 

there are several descriptive and technical approaches to further specify the diagnosis of 

AD. One of the key points in AD diagnostics is the exclusion of other (potentially treatable 

and/or reversible) causes of dementia. Therefore, imaging and laboratory techniques are 

used to rule out other differential diagnosis, such as thyroid dysfunctions, vitamin 

deficiency, metabolic causes due to liver or kidney dysfunction, intoxications, electrolyte 

disorders, infectious diseases and others.  

For the descriptive diagnosis of AD in a clinical setting, the recommendations of the 

National Institute on Aging-Alzheimer’s Association (NIA-AA) workgroup are commonly 
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used [76]: First, core clinical criteria for all-cause dementia are specified. Hereby, the 

impaired ability to participate in usual daily activities due to a cognitive decline is used to 

differentiate dementia from mild cognitive impairment (MCI). When criteria for dementia 

are met, like the decline of levels of functioning and performing, and the impairment of 

different cognitive domains such as memorizing new information, reasoning and judging, 

visuospatial abilities, language functions and changes in personality, behavior, or 

comportment, respectively, additional core clinical criteria are used to further diagnose and 

distinguish between probable and possible AD. Probable AD is characterized by a subtle 

onset that is slowly progressing over month to years, whereby the deterioration is clearly 

reported or observed. Furthermore, criteria are defined that exclude the diagnosis of AD, 

such as substantial cerebrovascular disease or core features of other forms of dementia like 

Dementia with Lewy bodies, Frontotemporal lobar degeneration (FTLD) or other causes 

responsible for a cognitive deterioration. The term possible dementia covers all individuals 

with an atypical or clinically typical but etiologically mixed presentation.  

To measure cognitive impairment, standardized screening tests, e.g. the Mini-Mental State 

Examination or the Montreal Cognitive Assessment as well as more extensive/detailed 

neuropsychological testing batteries are commonly used. Over the last decade, neuro-

imaging techniques, such as Fludeoxyglucose – Positron Emission Tomography (FDG-

PET), Amyloid-PET, Hexamethylpropylenaminooxim-Single Photon Emission Computed 

Tomography (HMPAO-SPECT) and laboratory diagnostics, such as determination of beta-

amyloid-1-42, total-tau, phospho-tau levels in the cerebrospinal fluid have been introduced 

into the diagnostic spectrum. However, none of the biomarkers or the imaging techniques 

are sensitive and specific enough to entirely validate the diagnosis of AD. The German 

diagnostic and therapeutic guidelines for dementia (Leitlinien für Diagnostik und Therapie 

in der Neurologie – Demenzen, Deutsche Gesellschaft für Neurologie, Deutsche 

Gesellschaft für Psychiatrie und Psychotherapie, Psychosomatik und Nervenheilkunde) 

therefore do not generally recommend its incorporation in the normal workup of patients 

potentially suffering from AD.    

 

1.1.3  Pathology and neuropathological classification 

Whereas at the macroscopic level there is cerebral cortical atrophy due to progressive 

synaptic and neuronal loss, there have been many molecular lesions described associated 

with the loss of brain tissue. These structural changes not only but specifically develop in 

the hippocampus, a part of the brain involved in the consolidation of information such as 
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learning, memory formation and spatial navigation [87], and are accountable for the 

occurred symptoms. Amyloid beta peptide (Aβ) and tau protein have been proposed to play 

an essential role in AD pathogenesis. The accumulation of these misfolded proteins 

clumping together with other cellular material into dense and mostly insoluble deposits, so 

called senile plaques (contains Aβ) and neurofibrillary tangles (NFTs, intraneuronal fibrils 

of abnormal tau), are two major pathological hallmarks, with deposition of Aβ specifically 

occurring in AD [39; 101; 112]. It has been considered to be the critical link between the 

different detected neuropathological mechanisms such as inflammatory damage, synaptic 

dysfunction
 
and neuronal death appearing in AD [22; 35; 36; 113; 116].  

In order to neuropathologically assess a post-mortem brain, NFTs and Aβ deposition/ 

senile plaques have been considered essential for the neuropathological diagnosis of AD in 

the “National Institute on Aging-Alzheimer’s Association guidelines for the 

neuropathological assessment of Alzheimer’s disease” [42]. Its classification includes and 

combines three major and commonly used classification schemes: Aβ plaque score, Braak 

& Braak stages (B&B), and the Consortium to Establish a Registry for AD (CERAD) 

neuritic plaque score, to an “ABC” score scheme. The Aβ plaque score is based on the 

findings by Thal, et al., who classified the evolution of Aβ-deposition in the brain into five 

phases: In phase 1, deposition of Aβ is limited to the neocortex and in phase 2 additionally 

to the allocortex. In phase 3, the diencephalic nuclei, the striatum, and parts of the basal 

forebrain are further affected. Additional brainstem involvement is covered by phase 4, 

whereas phase 5 also affects the cerebellum [114]. NFTs are used in a staging scheme 

described by Braak in 1991 [12]: The different stages were classified using the 

characteristic distribution pattern of NFTs in the progress of AD. The early pathological 

changes of AD in regard to NFTs, characterized in stage I (mild) and II (severe), are 

limited to the layer Pre-alpha in the transentorhinal region. Stage III-IV represented the 

limbic stages and involve the layer Pre-alpha of both transentorhinal regions and the 

entorhinal cortex, as well as an early involvement of hippocampus and amygdala. Stage V-

VI cover the isocortical stages, describing an extensive distribution of NFTs throughout the 

entire neocortex. Neuritic plaques are a special type of senile plaques consisting of a dense 

amyloid core that is surrounded by dystrophic neuritis with mainly positive phospho-tau 

immunoreactivity. They were used by the CERAD to standardize the neuropathological 

assessment of AD [78]. The density of neuritic plaques in the neocortex is used to 

distinguish “normal brain” from “probable”, “possible”, and “definite AD” in the CERAD 

neuritic plaque score.   



 

4 
 

1.2  Pathogenesis of Alzheimer’s disease 

 

1.2.1 Genetics and risk factors 

Even though AD was first described by Dr. Alois Alzheimer already in 1906, there is no 

definite explanation for the pathogenesis of the disease and its etiology still remains 

elusive. However, for a small number of AD cases (less than 1%) [7], genetic mutations 

leading to the development of so called autosomal dominant or familial AD (fAD), have 

been found. Mutations in genes encoding for amyloid precursor protein (APP), presenilin 1 

and 2 (PS1 and PS2), have been described, mostly presenting with an earlier onset of the 

disease. In early-onset AD, symptoms usually start before the age of 65, whereas late-onset 

AD tends to develop beyond the 65 year of life and mostly belong to sporadic AD (sAD). 

However fAD can also present as late-onset AD and vice versa.  

In sAD, the vast majority of AD cases, autosomal-dominant inheritance cannot be 

identified, however, genetic risk factors have been found. The most investigated and 

important one is Apolipoprotein E, the ɛ4 allele (ApoE4) respectively [48; 106]. ApoE4 

homozygotes have a lifetime risk of more than 50%, ApoE4 heterozygotes more than 23%, 

to develop AD in later life [31]. It is believed that in sAD, multiple factors are coming 

together like way of life, exposure to environmental factors, comorbidity, medications 

taken, as well as genetic predisposition, or risk factors requiring environmental triggers. In 

this context, several risk factors associated with an increased risk for the development of 

AD have been described. By far most, given the epidemiological data, aging seems to be 

the major risk factor. More and more, lifestyle-related risk factors and thus, potentially 

preventable factors have been emphasized. There is strong evidence that cardiovascular 

risk factors, such as hypertension, smoking, diabetes, high cholesterol, obesity, as well as 

psychosocial factors, low level of education, mental and physical inactivity, and depression 

can all play an important role in the development of cognitive decline and in the 

development of dementia and AD  [85].  

However, further research is needed to fully understand these findings and investigate e.g. 

cause-effect-relationship. 

 

1.2.2 Overview of different hypotheses 

Given the major pathological hallmarks of AD, senile plaque deposition and NFT, the 

amyloid and the tau hypothesis are probably the most commonly accepted and investigated 

hypotheses. Nevertheless, other pathological features observed in AD development and 
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progression led to the formulation of additional hypotheses such as those based on 

inflammation [41; 118], oxidative stress [90], autophagy [18; 83; 84], calcium (Ca2+) 

homeostasis [16; 74],  mitochondria disturbances [110], and others.  Whereas initially, 

hypotheses were considered as being isolated from each other, basically defending one 

over the other. It is now believed that AD is a multifactorial process that requires a 

combination of hypotheses to account for all the observed pathological features of the 

disease such as amyloid and tau aggregates, synaptic dysfunction, disrupted Ca2+ 

homeostasis, oxidative stress, and inflammation.    

 

1.2.3 Amyloid beta peptides and  their pathology 

Aβ peptides are protein fragments originating from proteolysis of APP, an integral 

membrane protein (Figure 1). There are different Aβ species consisting 36 to 43 amino 

acids with the longer Aβ peptides, such as Aβ 42, as the more aggregation-prone species 

associated with neurotoxicity and neuronal damage [21; 51; 98; 101; 112; 121]. Abnormal 

production of the different Aβ species has been implicated in the  pathogenesis of AD [81]. 

In this context, it has been suggested  that the Aβ 42/40 ratio and the levels of Aβ 

oligomers in the brain rather than the absolute levels of Aβ, play a crucial role in AD 

pathogenesis [56; 71; 131]. Consistently, this increase of relative Aβ 42/40 ratio has also 

been found in fAD caused by mutations in PS1, PS2, or APP [11; 100; 107; 109]. Thus, it 

has been suggested that an imbalance between the production and clearance of the different 

species lead to an aggregation and accumulation of Aβ peptides [11; 56; 62; 126; 127].   

 

1.2.4 γ-secretase 

One of the enzymes mainly involved in the intramembranous cleavage of APP, and thus, 

production of Aβ peptides of the different lengths, is γ-secretase-complex [28; 29; 102]. γ-

secretase is an integral membrane protease complex consisting of four protein components: 

nicastrin (Nct), presenilin enhancer-2 (PEN-2), anterior pharynx-defective-1 (APH-1) and 

PS1 or 2 (Figure 2), with the latter being its catalytic core [108; 129]. Whereas Nct has 

been described as necessary for maintaining stability and intracellular trafficking of the γ-

secretase components [135], PEN-2 helps γ-secretase maturate and stabilize the activated 

PS fragment heterodimers after PS endoproteolysis [93]. APH-1 has been suggested to 

serve as a scaffold for assembly, maturation and maintenance of the active γ-secretase 

complex [60].  
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Figure 1. Schematic of amyloid precursor protein processing 

This figure illustrates two ways of human APP cleavage processing. The arrow to the left shows the non-amyloidogenic 

pathway: α-secretase cleaves APP into two fragments (APPsα and α-CTF). The arrow to the right shows the amyloidogenic 

pathway: β-secretase cleaves APP into two different fragments (APPsβ and β-CTF respectively). Further proteolysis of γ-

secretase then produces the cytosolic AICD fragment and the extracellular Aβ peptide. Of note, γ-secretase-cleavage can 

result in shorter or longer Aβ peptides (between 36 and 43 residues in length). APP = amyloid precursor protein, CTF = 

Carboxy-terminal fragment, AICD = cleaved intracellular domain of APP, Aβ = amyloid beta. 
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Figure 2. Schematic of human γ-secretase complex 

γ-secretase is a protease complex consisting of PEN-2, PS1 or 2, Nct and APH-1. It is integrated into the cell membrane 

(yellow bar). The yellow stars indicate the catalytic core of the complex, the scissors mark the endoproteolysis site of PS1, 

which is thought to be necessary for activation and functioning of PS1. PS1or 2 = presenilin 1or 2, PEN-2 = presenilin 

enhancer-2, Nct = Nicastrin, APH-1 = anterior pharynx-defective-1, γ-secretase = gamma-secretase. 
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1.2.5 Presenilin 

Presenilin (PS) is a transmembrane aspartyl protease and as mentioned already above, it is 

the catalytic subunit of γ-secretase complex (Figure 3).  There are two PS proteins, PS1 

and PS2, encoded by two different genes. However, the amino acid sequences and 

structures are similar. Both proteins exhibit nine-transmembrane domains (TMD), 

consisting of 467 (PS1) and 448 (PS2) amino-acids [38; 108; 129] and a major intracellular 

loop domain that is located between TMD6 and 7 [24]. The entire structure of PS1 is not 

yet fully understood, however, recent evidence suggests that is has a fairly flexible 

structure [6]. PS1 has been considered to play an essential role in the pathophysiology of 

AD since in the inherited form of AD, fAD, more than 200 mutations have been found in 

its gene [94; 102].  In contrast, mutations in the PS2 gene are a rare cause of AD.  

 

 

 

 

Figure 3. Schematic of human presenilin 1 

PS1, a transmembrane aspartyl protease, exhibits nine-TMDs (red columns, 1-9) and a major intracellular loop domain 

located between TMD6 and 7. White stars indicate the active site of the enzyme. PS1 = presenilin 1, TMD = transmembrane 

domain. 

 

          

 



 

9 
 

1.2.5.1 The loop region of presenilin 1 

The large hydrophilic PS1 loop region is located between TMD 6 and 7 with its aspartate 

residues 257 and 385 functioning as the active sites of PS1, respectively [129]. It contains 

the endoproteolysis site of PS1 [115] (Figure 2, 3), which is reported to be necessary for 

PS1 activation/function. Although the role of PS1 loop has been already investigated by 

using a model lacking PS1 exon 10 in the context of γ-secretase activity and amyloid 

pathology, the results remain conflicting. While it has been suggested that the large 

hydrophilic loop is dispensable for γ-secretase activity [99; 132], the loop has been also 

reported to be important for PS1 endoproteolysis, modulation of γ-secretase activity, 

regulation of Aβ generation and thus, amyloid pathology, and interaction with a number of 

proteins [23; 122]. Very recently, a carrier with a deletion mutant of both exon 9 and exon 

10, which causes the loss of almost entire cytosolic loop domain, has been identified. This 

mutation does not affect the assembly of the mature γ-secretase complex but induces a 

decrease in γ-secretase activity, promoting generation of the longer  Aβ  species [59].  

 

1.3  Presenilin 1, its conformational change and, amyloid beta 

 

1.3.1 Conformational change of presenilin 1 in familial Alzheimer’s disease 

PS1/ γ-secretase liberates the C-terminus of Aβ peptides and thus determines their length. 

Approximately 90% of all Aβ peptides are 40 amino acids long (Aβ40); and 10% are 42 

amino acids or more (Aβ42/43). Many of the mutations found in fAD PS1 result in a 

similar biochemical and histological phenotype – an increase in the Aβ42/40 ratio and 

plaque formation [102; 107]. Notably, the mutations are broadly spread in the sequence of 

PS1 gene. These facts lead to the conclusion that there must be similar molecular 

alterations in PS1.  In fact, topological studies suggest that the N- and C-termini, together 

with the major loop domain [24; 65; 66], form an intramembranous ring-like structure that 

brings the termini in close proximity [5]. This proximity is considered to be critical for the 

function of the enzyme, and thus, for Aβ cleavage. Indeed, it was discovered that fAD-

linked mutations in PS1 lead to changes in conformation of the enzyme [9]. This “closed” 

PS1 conformation (Figure 4), meaning an increasing proximity between the N- and C-

termini, is associated with predominant cleavage of APP at the Aβ42 position, hence, in an 

increase of the Aβ42/40 ratio [9; 45; 69; 103; 117]. As described above, Aβ42 is longer 

than other Aβ-species, highly fibrillogenic and neurotoxic [8; 11; 79; 100], and has an 

elevated Aβ42/40 ratio that has been implicated in AD pathogenesis [52; 56].  
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Figure 4. Schematic of human presenilin 1 conformational change 

Schematic image of PS1 in a “closed” conformational state (on the left), meaning a closer proximity of the N- and C-

terminus, and an “open” conformational state (on the right), meaning a wider proximity, more relaxed structure. Yellow stars 

indicate the active site of the enzyme. PS1 = presenilin 1. Figure is a courtesy of Dr. Berezovska. 

 

 

1.3.2 Nonsteroidal anti-inflammatory drugs and presenilin 1 conformation 

Nonsteroidal anti-inflammatory drugs (NSAIDs) and γ-secretase modulators have been 

found to decrease the Aβ42/40 ratio [89; 123]. This ratio decrease has been suggested to be 

due to an altered conformation of the PS1/ γ-secretase. Specifically, NSAIDs induce the 

PS1 “open” conformational change with the decreased proximity between the N-terminus 

to the C-terminus. Thus, this represents the structure-function correlation phenomenon and 

signifies the particular link between the Aβ42/40 ratio and PS1 conformation [69; 86; 117]. 

 

1.3.3 Conformational change of presenilin 1 in sporadic Alzheimer’s disease and 

normal aging 

Importantly, change in the PS1 N-and C-termini proximity, similar to that of fAD mutant 

PS1, which is only responsible for a few percent of AD cases, was observed in the not 

inherited form of AD, sAD [120], that represents a vast majority of AD cases, by using a 

Fluorescence Lifetime Imaging Microscopy (FLIM) assay system. Furthermore, an 

increase in the Aβ42/40 ratio was also reported in aging and in sAD brains [43; 62]. 

Whereas changes in PS1 conformation in fAD can be explained by mutations, the 

underlying mechanisms of conformational changes in wild type (WT) PS1 in sAD remain 

unclear. 
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1.3.4 The role of Calcium in amyloid beta production and conformational change 

using G-PS1-R FRET reporter probe 

Ca2+ plays an important role in cell physiology. It is involved in intracellular signaling as 

a second messenger, in neurotransmitter release, hormone secretion, muscle contraction, 

cell division, and many more. An alteration in Ca2+ regulation and signaling has been 

found in neurodegenerative disorders such as Huntington’s disease and Parkinson’s 

disease. In AD, it has been suggested that elevation of intracellular Ca2+ levels can 

enhance the critical production of Aβ; Aβ42 in particular [25; 44; 49; 57; 91; 96]. 

Interestingly, there is evidence for a feed-forward mechanism since soluble Aβ and Aβ 

plaques have been found to disrupt Ca2+ homeostasis [13; 54]. To further investigate the 

mechanism of how Ca2+ increases Aβ levels, the Förster resonance energy transfer 

(FRET)-based biosensor GFP-PS1-RFP (G-PS1-R) was used. G-PS1-R is a construct, in 

which fluorescent protein (GFP) was fused to the PS1 N-terminus and red fluorescent 

protein (RFP) was inserted into the TM6-7 loop domain [117] (Figure 5). This biosensor 

has been developed to report conformational changes, resulting in a proximity change 

between PS1 N-terminus and the loop domain, in intact and/ or live cells [117]. It has 

already been used in several previous studies [72; 117; 120; 137].  

Using G-PS1-R construct, it has been found that PS1 adopts pathogenic “closed” 

conformation after Ca2+ influx within minutes, resulting in an increase of the Aβ42/40 

ratio [57].  

                               

 

Figure 5. Schematic of G-PS1-R construct 

The FRET reporter probe G-PS1-R consists of PS1 protein tagged with a GFP at its N-terminus and an RFP inserted into 

the loop domain. The double-headed arrow indicates the variable proximity between the two fluorophores depending the 

conformational state of PS1. Stars indicate the active site of the enzyme. PS1 = presenilin 1, G/GFP = green fluorescent 

protein, R/RFP = red fluorescent protein, FRET = Förster resonance energy transfer. Figure is a courtesy of Dr. Berezovska.  
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1.4  Phosphorylation in Alzheimer’s disease 

 

Phosphorylation is a fast and reversible cellular process, involved in posttranslational 

protein modification (PTM). This modification mostly regulates protein function leading to 

changes in activity and/or conformational changes. The process of phosphorylation, adding 

a phosphate group to amino acid serine (S) or threonine (T) of a protein or enzyme, is 

performed by protein kinases. A pathogenic phosphorylation has been implicated in the 

pathogenesis of AD. It has been suggested that hyperphosphorylated tau is a key factor in 

pathological aggregation of tau and the formation of neurofibrillary tangles [34].  

 

1.4.1 Phosphorylation of presenilin 1 

As mentioned above, Ca2+ is a crucial second messenger, regulating the activity of several 

enzymes. Among them, modulation of protein kinase activation can lead to an increase of 

phosphorylation of its substrates. This PTM seems to be a plausible, reversible, and rapid 

mechanism to account for the conformational change of PS1 after Ca2+ influx (Figure 6). 

However, the role of phosphorylation of PS1 in the context of γ-secretase activity and Aβ 

production remains conflicting [50; 73; 75]. As of now, 15 phosphorylation sites have been 

identified in PS1 (Figure 3) [27; 50; 55; 58; 75]. Our group has recently shown that 

phosphorylation of 6 sites, T74, S310, S313, S365, S366, S367, respectively, are involved 

in the Ca2+-triggered pathogenic conformational change of PS1 [72]. Also, it has been 

shown that protein kinase A (PKA)  [27; 72] or casein kinase 1, gamma 2 (CK1γ2) [14; 15] 

are involved. Those sites were further grouped into 3 domains, with domain 2 and 3 being 

in the loop region of PS1 (Figure 7). For one of the domains, the phosphorylated serine 

residue on the position 310 of PS1 (S310) respectively, an antibody is commercially 

available specifically targeting to the phosphorylated serine residue on the position 310 of 

PS1 (S310) in the loop region. 

 

1.5  High-throughput screening for drugs 

 

In the pharmaceutical industry, the high-throughput-screening (HTS) is mostly used as a 

method in the context of drug discovery. It allows the screening of a large number of drugs 

or chemical compounds targeting specific pathological mechanisms of diseases. The aim of 

designing a HTS is to keep it as simple, automated, and as fast as possible while being 

cost-efficient [67; 111]. 
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Figure 6. Phosphorylation hypothesis of presenilin 1 pathogenic conformational  

  change 

This schematic shows our hypothesized pathway resulting in an altered Aβ42/40 ratio: Increased Ca2+ influx activates PKA. 

PKA phosphorylates PS1 resulting in the pathogenic closed conformational change. The Aβ ratio is shifted towards Aβ42 

which itself leads to an increase of Ca2+ in the cell creating a feed-forward loop (arrows). PTM = posttranslational 

modification, sAD = sporadic AD, Ca2+ = calcium, PKA = protein kinase A, PS1 = presenilin 1, Aβ = amyloid beta, P = 

phosphorylation. Adapted from Figure 6, Maesako M, Horlacher J, et al. Pathogenic PS1 phosphorylation at Ser367. eLife 6 

(2017), published under the Creative Commons Attribution 4.0 International Public License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/). 
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Figure 7. Schematic of human presenilin 1 and the three domains  

Previously reported phosphorylation sites of PS1 (blue circles with white P) and three domains (red circles) involved in the 

pathogenic conformational change of PS1. White stars indicate the active site of the enzyme. PS1 = presenilin 1, P = phos- 

phorylation. Adapted from Figure 6, Maesako M, Horlacher J, et al. Pathogenic PS1 phosphorylation at Ser367. eLife 6 

(2017), published under the Creative Commons Attribution 4.0 International Public License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/). 
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1.6 Subjective of the study:  

 

1.6.1 To test the hypothesis, that presenilin 1 phosphorylation on serine 310 has  

pathological relevance in human Alzheimer’s disease brain 

Our in vitro and in vivo animal studies strongly suggest that phosphorylation of PS1 at six 

important phosphorylation sites leads to a pathogenic conformational change in PS1 [72]. 

This conformational change is then followed by an increase of the Aβ42/40 ratio, a 

hallmark of AD pathology. To further validate the importance of PS1 phosphorylation, we 

aimed to investigate its pathological relevance in post-mortem human AD brain. p-PS1 

(S310) antibody is a commercially available antibody specifically targeting to the 

phosphorylated serine residue on the position 310 of PS1 (S310), one of the six 

phosphorylation sites thought to be involved in the pathogenic conformational change. 

Thus, we used this antibody to test whether phosphorylation of PS1 on S310 is enhanced in 

human post-mortem sAD compared to non-demented control. To determine specificity and 

selectivity of PS1 S310 phosphorylation in AD, we further validated our results using post-

mortem human brain material from another dementia cohort, frontotemporal lobar 

degeneration. In addition, we aimed to investigate whether there are other variables, such 

as age, post-mortem interval (PMI), sex, disease duration, onset of disease, or brain weight, 

which could influence phosphorylation of PS1 on S310.    

 

1.6.2 To develop a new FRET reporter probe for monitoring human presenilin 1 

phosphorylation within cytoplasmic loop region 

Five out of the six phosphorylation sites that are necessary for the pathogenic 

conformational change, are located within the loop region of PS1. Furthermore, 

phosphorylation of PS1 on S310, also located in the loop of PS1, is significantly increased 

in human sAD brain (as shown in this dissertation). Given these results, we aimed to 

investigate the loop region of PS1 more closely by designing a FRET reporter probe that 

specifically reports “phosphorylated” or “non-phosphorylated” state of the five 

phosphorylation sites within the PS1 loop region. A new FRET reporter probe specifically 

focusing on the loop region could be useful to identify pathogenic mechanisms and 

potential therapeutic targets leading to a better understanding of AD. A new FRET reporter 

for conformational change of PS1 in response to phosphorylation, that is also small enough 

to generate a cell line stably expressing it, could pave the way for further use in an HTS 

assay system with phosphorylation of PS1 being a potential therapeutic target for sAD.  
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2 Materials and Methods 

 

2.1  Materials 

 

2.1.1 Tools and machines 

96-well microplates Thermo Scientific 

Autoradiography cassette fisher scientific 

Barnstead Water Purification System Thermo Fisher Scientific 

Biosafety cabinet 

 

The Baker Company, 

Stanford, ME, USA 

Cell culture flasks Corning 25 cm², 75 cm² Sigma-Aldrich 

Cell culture plates 6-well Corning Costar Sigma-Aldrich 

Cell lifters fisher scientific 

Cell line incubator Panasonic 

Cellulose Chromography paper thick Fisherbrand 

Centrifuge tubes Corning: 15 mL, 50 mL Sigma-Aldrich 

Centrifuge: 15 mL tubes fisher scientific  

Centrifuge: Sorvall RC-5C DuPont 

Chamber glass slides, 8-well: Lab-Tek II CC²chamber glass 

slides CC² treated 

Nunc, Rochester, NY, 

USA 

Confocal scanning microscope: Zeiss LSM 510 META Zeiss 

Cover glasses Fisherbrand 

Electrophoresis chamber system: Invitrogen Novex XCell 

SureLock Mini-Cell 

Invitrogen 

 

Electrophoresis power supply  Bio-Rad 

Freezer: -20°  GE 

Freezer: -80°C Panasonic 

Fridge Summit 

Glass Bottom Microwell Dish: 35mm petri dish, 14mm 

microwell No. 1.5 cover glass 

MatTek, Ashland, MA, 

USA 

Glass pipets sterile fisher scientific 

Heating blocks fisher scientific 

Hemocytometer Sigma-Aldrich 

https://www.thermofisher.com/order/catalog/product/152038
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Ice machine Hoshizaki 

Incubator shaker eppendorf 

Laser: X-Cite Excelitas Technologies 

Mechanical convection incubator Thermo Fisher Scientific 

Microcentrifuge eppendorf 

Microcentrifuge tubes: 1.5 mL, 2mL fisher scientific 

Microplate reader GMI, Minnesota, USA 

Microscope: Leitz DM IRB  Leica 

Microscope: ZOE Fluorescent Cell Imager  Bio Rad 

Microwave Sharp 

Mini Vortex Mixer fisher scientific 

Multipurpose digital shaker Labnet 

Nail polish Manhattan 

Nitrocellulose membranes  Thermo Fisher Scientific 

PCR machine: C1000 Touch Thermal Cycler Bio-Rad 

Petri Dish with clear lid, 100 mm x 15 mm, sterile fisher scientific 

pH meter fisher scientific 

Pipet tips: P10, P20, P100, P200, P1000 Thermo Fisher Scientific 

Pipet-Aid Drummond Scientific  

Potter-Elvehjem Tissue Grinders: 2 mL fisher scientific 

Protein Gels: NuPAGE Novex 4/12% Bis-Tris Gel: 1.0 mm x 

12 well, 1.5 mm x 15 well, 1.5 mm x 10 well 

Invitrogen 

 

Round-Bottom Polypropylene Tubes Falcon 14 ml + snap cap fisher scientific 

Scale OHAUS 

Scale Sartorius 

Scientific prevaccum sterilizer Steris 

ThermoMixer eppendorf 

Tissue homogenizer: Kinematica Polytron fisher scientific 

VECTASHIELD mounting medium (with and without DAPI) Vector Laboratories 

Waterbaths: 37°C, 42°C fisher scientific 

Wet/Tank blotting system: Mini Trans-Blot Cell Bio-Rad 

X-ray film: Amersham Hyperfilm ECLited 

 

GE Healthcare Life 

Science, UK 

 

https://www.thermofisher.com/order/catalog/product/152038
https://www.thermofisher.com/order/catalog/product/152038


 

18 
 

2.1.2 Kits 

BCA Protein Assay Kit Pierce 

HiSpeed Plasmid Maxi Kit Qiagen 

Lipofectamine 3000 Invitrogen 

OneMinute Advance Western Blot Stripping Buffer  GM Biosciences 

Western Lightning® Plus-ECL, Enhanced 

Chemiluminescence Substrate 

PerkinElmer 

 

QuikChange Site-directed mutagenesis kit 

 

Agilent Technologies, 

CA, USA 

 

2.1.3 Chemical substances 

2.1.3.1 Antibiotics and supplements 

Ampicillin 100μg/µl (in ddH2O) Thermo Fisher Scientific 

Bovine Serum Albumin Standard Ampules, 2 mg/mL Thermo Scientific 

Fetal Bovine Serum Corning 

Kanamycin 50 μg/μl (in ddH2O) Thermo Fisher Scientific 

Normal donkey serum Jackson ImmunoResearch 

TRIS GLYCINE BUFFER (10X) 

 

Amresco, Solon, OH, 

USA 

TRITON X-100  

 

MP Biomedicals, Solon, 

OH, USA 

Trypsin Invitrogen 

TWEEN 20 

 

MP Biomedicals, Solon, 

OH, USA 

 

2.1.3.2 Buffers, media, stock solutions 

2-Mercaptoethanol Sigma-Aldrich 

Distilled water Invitrogen 

Dulbecco's Balanced Salt Solution (DPBS) (1X) -/-  

(no calcium, no magnesium) 

Gibco 

 

Dulbecco's Balanced Salt Solution (DPBS) (1X) +/+ 

(calcium, magnesium) 

Gibco 

 

EDTA Sigma-Aldrich 
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Ethidium Bromide Solution (10 mg/mL) Invitrogen 

LB-agar, capsules MP 

LB-medium, capsules MP 

Loading buffer: TAE buffer 50x à diluted to 1  AccuGeneLonza 

NaCl Sigma-Aldrich 

NuPage 2-(N-morpholino)ethane sulfonic acid (MES) SDS 

Running Buffer (20X) 

Novex 

 

NuPAGE Lithium dodecyl sulfate (LDS) sample buffer (4x) 

 

Novex 

 

Odyssey Blocking Buffer (PBS) 

 

Li-Cor, Lincoln, NE,  

USA 

Opti-MEM, reduced serum medium, no phenol red (1x) Gibco 

Radioimmunoprecipitation assay buffer (RIPA buffer) Sigma-Aldrich 

S.O.C. medium Invitrogen 

 

 

Blocking buffer: 

 

 

5% non-fat dry milk 

95% TBST 

 

Cell lysis buffer: 

 

 

 

 

 

 

1% Triton-X100 

0.25% NP-40 

10mM Tris 

2mM EDTA 

150mM NaCl 

pH7.4 

 

Human brain lysate buffer: 

 

 

 

10 ml RIPA buffer 

100 µl Protease & Phosphatase-Inhibitor 

100 µl Calyculin A 

 

Transfer Buffer (10X): 

 

 

 

100ml 10x Tris-Glycine Buffer  

20ml Methanol 

700ml ddH20 
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Tris-buffered saline with Tween20 

(TBST):  

 

 

 

179 g NaCl 

120 g TrisBase 

10 ml Tween 

16 l H20 

400 ml ddH20 + HCl à pH 7.4 (approx.60 ml)  

 

2.1.3.3 Markers 

DNA ladder New England Biolabs 

SeeBlue Plus2 Pre-stained Protein Standard Invitrogen 

 

2.1.3.4 Drug treatments 

8-Bromoadenosine 3′,5′-cyclic monophosphate  

(8-Bromo-cAMP) 

Sigma-Aldrich (St. Louis, 

MO, USA) 

Dimethyl Sulfoxide (DMSO) 

 

Sigma-Aldrich (St. Louis, 

MO, USA) 

Ethanol Decon Labs 

Forskolin 

 

Sigma-Aldrich (St. Louis, 

MO, USA) 

Methanol Sigma-Aldrich (St. Louis, 

MO, USA) 

2.1.4 Plasmid constructs 

2.1.4.1 Vectors and cDNA clones 

PS1 constructs fused with living color tags:  

flag-WT PS1 

 

 

 

 

N-terminally FLAG-tagged WT [75] 

(from Dr. P. C. Fraering (Brain Mind Institute and School of Life 

Sciences, Ecole Polytechnique Fédérale de Lausanne, Lausanne, 

Switzerland)  

 

flag-S310A PS1 

 

 

 

N-terminally FLAG-tagged phosphorylation-inhibited S310A PS1 

mutant, generated from the N-terminally FLAG-tagged WT PS1 

(using the QuikChange Site-directed mutagenesis kit) 

 

G-TM-Loop-R 

 

N-terminally GFP-tagged to a fragment of PS1 (codon 242-380) with 

RFP inserted within the codon 351-352 of PS1 
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G-PS1-R N-terminally GFP-tagged PS1 with RFP inserted into the large 

hydrophilic loop domain [117] 

 

PS1-R RFP inserted into the large hydrophilic loop domain of PS1 [117] 

 

2.1.4.2 Primers 

S310A PS1: 5’-GCGCTCAAAGGAGAGTAGCCAAAAATTCCAAGTAT-3’ and 5’-

ATACTTGGAATTTTTGGCTACTCTCCTTTGAGC-3’ 

 

2.1.5 Antibodies 

2.1.5.1 Primary antibodies 

Mouse (ms) monoclonal anti-FLAG antibody Sigma-Aldrich (St. Louis, MO, 

USA) 

Rabbit (rb) monoclonal anti-phosphorylated PS1 at 

S310 antibody (p-PS1 (S310) antibody) 

Abcam (Cambridge, MA, USA) 

Ms monoclonal anti-PS1 loop antibody Millipore (Temecula, CA, USA) 

CT-antibody      S182 Sigma 

NT-antibody     APSII Abcam 

GFP-antibody: chicken (ch) Abcam 

GAPDH CST 

 

2.1.5.2 Secondary antibodies 

Alexa Fluor 488 (A488) and Cy3-labeled  

corresponding secondary antibodies 

Horseradish peroxidase (HRP)-conjugated 

secondary antibody 

Life Technologies (Grand Island, 

NY, USA) 

Pierce (Rockford, IL, USA) 

Anti-ms HRP Bio Rad 

Anti-rb HRP Bio Rad 

Anti-ch HRP Bio Rad 

 

2.1.6 Biological material 

2.1.6.1 Enzymes and enzyme inhibitors 

Calyculin A Cell signaling Technology 

Halt Protease and Phosphatase Inhibitor Cocktail (100X) Thermo Scientific 
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2.1.6.2 Bacteria 

MAX Efficiency DH5α-T1R Chemically Competent Cells Invitrogen 

  

2.1.6.3 Cell lines 

7W cells 

 

CHO cell lines stably overexpressing WT APP (Koo and Squazzo 

1994), kind gift from Dr. Dennis Selkoe (Brigham and Women’s 

Hospital, Harvard Medical School, USA) 

PS1/2 dKO MEF  

 

 

PS1/PS2 double knockout mouse embryonic fibroblasts, kind gift 

from Dr. Bart De Strooper (Katholieke Universiteit Leuven, Leuven, 

Belgium) 

PS70 cells 

 

 

CHO cell lines stably overexpressing WT APP and WT PS1 (Xia et 

al., 1997), kind gift from Dr. Dennis Selkoe (Brigham and Women’s 

Hospital, Harvard Medical School, USA) 

 

2.1.6.4 Human brain tissue 

Frozen frontal cortices of post-mortem human brain of control subjects (n=20, mean age 

79.15 ± 3.0 years, mean PMI 19.16 ± 2.6 hours, 8 females, 12 males, neuropathological 

diagnosis (NPDX) control) who did not meet pathological diagnostic criteria of AD or any 

other neurodegenerative disease at time of autopsy, of sAD patients (n=23, mean age 80.39 

± 2.1 years, mean PMI 14 ± 1.3 hours, 11 females, 12 males, NPDX AD: B&B ≥IV), and 

of FTLD patients (n=9, mean age 67.11 ± 5.1 years, mean PMI 12.38 ± 1 hours, 4 females, 

5 males) were obtained from the brain bank of the Alzheimer’s Disease Research Center 

(ADRC) at the Massachusetts General Hospital. The Institutional Review Board/ Human 

Research Committee at Massachusetts General Hospital gave authorization for 

experiments with human brain tissue and approved all ethics protocols (Protocol #: 

1999P009556/PHS). The diagnosis of each AD and FTLD case was neuropathologically 

diagnosed and confirmed. Age and PMI of the control and AD group was matched and 

thus, there was no statistical difference (p-value age = 0.74, p-value PMI = 0.10) between 

these groups. It was not possible to match the age of FTLD cases since patients typically 

have an earlier age of onset and age of death. 
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Table 1.  Human post-mortem brain samples used for phosphorylation experiments 

PMI = post-mortem interval, NPDX = neuropathological diagnosis, B&B = Braak&Braak stage, CERAD = Consortium to 

Establish a Registry for Alzheimer’s Disease neuritic plaque score, AD = Alzheimer’s disease, F = female, M = male, SEM = 

standard error of the mean. Adapted from Table 2, Maesako M, Horlacher J, et al. Pathogenic PS1 phosphorylation at 

Ser367. eLife 6 (2017), published under the Creative Commons Attribution 4.0 International Public License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/).
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Table 2.  Human post-mortem brain samples used for phosphorylation experiments 

PMI = post-mortem interval, NPDX = neuropathological diagnosis, B&B = Braak&Braak stage, CERAD = Consortium to 

Establish a Registry for Alzheimer’s Disease neuritic plaque score, FTLD = Frontotemporal lobar degeneration, Tau+ = tau 

positive F = female, M = male, SEM = standard error of the mean. 

 

 

  



 

25 
 

2.2  Methods  

 

2.2.1 Plasmid preparation 

2.2.1.1 Cloning 

The G-TM-Loop-R construct consists of GFP, PS1 TMD 6 (codon 242-264 of PS1), PS1 

cytosolic loop (codon 267-380), RFP (within the codon 351-352 in the PS1 loop), and PS1 

transmembrane membrane 7 (codon 381-407). To construct the plasmid, the following 

steps were performed: to clone the codon 242-407 of PS1 including RFP within the codon 

351-352 by PCR,  the G-PS1-R [117] construct was used as a template,  and two primers 

were developed: 5’-TTTTCTCGAGTTAGCCCCTGAATGGACTGCGTGGCTCATC-3’, 

5’-TTTTGGATCCTTTCTAGGTTGTGTTCCAGTCTCCACTGGC-3’. AccuPrime Pfx 

Polymerase (Invitrogen, Cat No. 12344-024) was then used for the PCR with the following 

settings: 95 °C 2 min, (95°C 15 sec, 68 °C 1 min) x 34 cycles, 4°C ∞. The restriction 

enzyme Xho1/BamH1 (New England Biolabs) was used to digest the amplified DNA 

fragments. To insert GFP to the newly generated plasmid TM6-PS1-loop-RFP-TM7 and 

thus, to generate GFP-TM6-PS1-loop-RFP-TM7, sub cloning was performed using G-PS1-

R as a template and Xho1 and BamH1 used as restriction enzymes. These enzymes cut the 

G-PS1-R plasmid after the sequence of GFP and after the stop codon, respectively. Sub-

cloning was performed using the Rapid DNA Ligation Kit (Roche, Cat No. 11635379001). 

To generate S310A/S313A, S365A/S366A/S367A, S310A/S313A/S365A/S366A/S367A 

G-TM-Loop-R, S310A/S313A, S365A/S366A/S367A, 

S310A/S313A/S365A/S366A/S367A G-PS1-R [72] was used as a template. Cloning and 

sub cloning (using G-PS1-R S310A/S313A, G-PS1-R S365A/S366A/S367A, G-PS1-R 

S310A/S313A, S365A/S366A/S367A) were performed as described above.  

Sequencing was used to ensure that every single base was correctly inserted within each 

construct.   

 

2.2.1.2 DNA agarose gel electrophoresis 

To analyze the amplified DNA fragments, agarose gel electrophoresis was used. 1X TAE 

was created by diluting 2 ml of 50X TAE in 98 ml ddH2O. 1g of agarose was added to 

make 1% gel and microwaved for approximately 2 minutes until the powder disappeared. 

0.15 µl/ml ethidium bromide was then added, and the solution was poured into a casting 

apparatus. To form sample wells, a sample comb was placed into the gel at one end of the 

tray. After the agarose gel solidified, the comb was removed and a DNA ladder and the 
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DNA samples that were previously mixed with 6X loading dye were pipetted into each 

sample well. Electrophoresis was performed using 100-200 V/cm and the gel was later 

analyzed under UV light photography using Image J software. 

 

2.2.1.3 DNA purification 

To dissolve the DNA out of the agarose gel, DNA was cut out of the gel and purified with 

QIAquick Gel Extraction Kit (Qiagen, No.28704) Print according to the manufactures’ 

instruction. 

 

2.2.1.4 Mutagenesis 

To generate the N-terminally FLAG-tagged phosphorylation-inhibited PS1 mutant S310A, 

N-terminally FLAG-tagged WT PS1 was used as a template and QuickChange XL Site-

Directed Mutagenesis Kit (Agilent Technologies, Cat No. 200517) was used followed by 

PCR with the settings as following 95 °C 30 sec, (95°C 30 sec, 55°C  1 min, 68 °C 7 min) 

x 18 cycles, 4°C ∞. For digestion, the amplified plasmid DNA was incubated with Dpn1 

for 1 hr. 

 

2.2.1.5 Preparation of LB media and LB agar 

600 ml distilled water and LB media or LB agar media pellets were added to a glass bottle 

following the manufacturers’ protocol and autoclaved for 45 minutes at 121°C. After 

cooling down, antibiotics were added. LB agar media was then filled into sterile plates. 

 

2.2.1.6 Transformation 

DH5-T1 resistant competent cells, stored in -80°C, were thawed on ice for 5 mins. 1 µl of 

plasmid DNA was added to the cells and incubated on ice for 30 mins. Then, the vial 

containing competent cells and plasmid DNA was heat shocked in a 42°C water bath for 

45 seconds and chilled on ice for 2 minutes. 250 µl SOC media was added and vials were 

incubated for 1 hour in 37°C. The appropriate amount of transformation mixture (50-250 

µl) was spread out on Agar plates containing antibiotics (100ug/µl ampicillin or 50ug/µl 

kanamycin) and incubated over night at 37°C. 

 

2.2.1.7 DNA purification from E-coli 

To purify plasmid DNA, the Wizard Plus Minipreps DNA Purification System with a 

vacuum manifold and the QIAGEN HiSpeed Plasmid Maxi Kits, were used following the 
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protocols. To prepare a starter culture for the kit systems, one single colony was picked-up 

from Agar LB plates, added to a bacterial tube containing 10 ml LB media, and was shaken 

overnight in 37°C.  The mini preparation was used to analyze bacterial clones in the 

process of molecular cloning. It is faster than the maxi preparation, but it is a small-scale 

purification of plasmid DNA, meaning the yield is a lot less (5-10ug). Thus, the maxi 

preparation was primarily used to amplify plasmids and use them for transfection. After the 

DNA purification, DNA concentration was then measured using a DeNovix® DS-11+ 

Spectrophotometer.  

 

2.2.2 Cell culturing experiments 

2.2.2.1 Thawing cells 

Cells were permanently stored in a liquid nitrogen tank at - 196°C. The vials were thawed 

in a 37°C water bath for 1-2 minutes. Then, the cells were added to a new sterile, 15ml 

tube containing 5 ml of warm culture media (Opti-MEM (Invitrogen) supplemented with 

5% fetal bovine serum). The tube was centrifuged for 5 min at 800 rpm. The supernatant 

was aspirated, resuspended in 5 ml of media, and added to a new cell culture flask (T25) 

with the appropriate antibiotics (PS70: 0.04% puromycin, 0.4% geneticin; 7W: 0.4% 

geneticin) in each flask. 

 

2.2.2.2 Maintaining of cells in culture 

Temporarily, cell lines could be stored in a cell line incubator (37°C and 5% CO2) when 

passaged regularly (every 3-4 days). All cell lines were maintained in Opti-MEM 

(Invitrogen) supplemented with 5% fetal bovine serum and the appropriate antibiotics 

(PS70: 0.04% puromycin, 0.4% geneticin; 7W: 0.4% geneticin). From the first cell 

passaging on after thawing, cells were maintained in ventilated cell culture flasks (T75 

(75cm²)). Cell line authentication was achieved using STR profiling and cells were 

monitored for mycoplasma contamination every 2 months. 

 

2.2.2.3 Cell passaging 

When cells reached 80 % confluency, they were then passaged. Media was aspirated and 

cells were washed with 5 ml medium. Cells were incubated with 3 ml trypsin for 3 mins at 

37°C to detach cells. Once the cells were mobile, 3 ml of media was added to inactivate 

trypsin and the mix was transferred to a 15 ml tube. The tube was centrifuged for 3 mins at 

2500 rpm and the supernatant was aspirated. The pellet was resuspended in 10 ml media 
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and 1 ml of the suspension was added to a new 75cm² flask containing 11 ml media plus 

cell line corresponding antibiotics. 

 

2.2.2.4 Cell counting and plating 

Cells were treated as described above. After the pellet was resuspended in 10 ml media, 10 

μl of the cell suspension was mixed with 90 µl of tryptane blue. 10 µl of this mix was 

added to a cell counter/ hemocytometer and cells were counted under the microscope. Cells 

were plated with the following density and media without antibiotics: 

- 8-well plates: 1.0 x 10
5 

cells/well (400 µl) 

- 6-well plates: 1.2 x 10
6
 cells/well (2 ml) 

- 35mm-imaging dish: 1.2 x 10
6
 cells/well (2 ml) 

 

2.2.2.5 Freezing cells 

To permanently store the cells, the media was aspirate of the maintaining flask. Then, cells 

were washed with culture media and treated with 3 ml 0.25% trypsin for 1-2 minutes in 

37°C. To inactivate the trypsin and fully resuspend the cells, 7 ml media was added and the 

cell suspension was transferred to a 15 ml tube and centrifuged at 2500 rpm for 3 minutes 

followed by aspirating the supernatant. Cells were resuspended in 2 ml stocking solution 

(Opti-MEM + 10% FBS + 10% DMSO) and transferred into cryotubes, labeled with cell 

type, passage, date and initials before being stored in a liquid nitrogen tank. 

 

2.2.2.6 Transfection 

24-48 hours after plating, when cells reached 80 % confluence, Lipofectamine 3000 (Life 

technologies, Carlsbad, CA, USA) was used for transient transfection according to the 

protocol. The following constructs were used for transfection:  

- N-terminally FLAG-tagged WT PS1 

- N-terminally FLAG-tagged phosphorylation-inhibited PS1 mutant S310A PS1 

- PS1-RFP 

- Myr-GFP 

- G-PS1-R 

- G-TM-Loop-R 

- G-TM-Loop-R S310A 

- G-TM-Loop-R S365A/366A/367A 

- G-TM-Loop R S310A S365A/S366A/S367A 



 

29 
 

After incubation for 6 hours in 37°C, the media was replaced and cells were incubated 

further over-night. Depending on the experiment, drug treatment was performed. The 

transfected cells were either used for protein extraction (2.2.3.1), immunohistochemistry 

(2.2.4.1) or, Spectral FRET imaging (2.2.5). 

 

2.2.2.7 Drug treatment 

24~48 hours after transfection, cells were washed with FBS-free media (Opti-Mem) and 

treated with 250 µl (8-well plates) or 1.5 ml (6-well plates, 35 mm-imaging dish) FBS-free 

media (Opti-Mem) that contained the following: 

- 0.8 µl/ml 10μM forskolin (PKA activator) or vehicle (ethanol) for 1 hour at 37°C 

- 0.25 µl/ml 5uM A23187 (Calcium ionophore) or vehicle (DMSO) for 15 minutes at 

37°C 

- 5μl/ml 0.5mM 8-Bromo-cAMP (activator of cyclic AMP-dependent protein 

kinases) or vehicle (methanol) for 1 minutes up to 1 hour at 37°C 

- kinase inhibitor with specificity towards protein kinase A (KT5720) for 16h  

For the spectral FRET experiments, cells were washed with PBS+/+ instead of Opti-Mem. 

1950 µl of PBS +/+ was then added and pre-treatment imaging was performed using a 

spectral FRET assay (2.2.6.1).  1 minute after starting the time-course experiment while 

imaging, 50 µl of PBS+/+ containing 7.5 µl 8-Bromo-cAMP or vehicle (methanol) was 

added.    

 

2.2.3 Biochemistry / Sample preparation and protein analysis 

2.2.3.1 Protein extraction 

2.2.3.1.1 Cell lysate preparation 

Media was discarded and cells were carefully washed with PBS -/-. 1 ml PBS-/- was added 

and cells were scraped off from the surface using a cell scraper and added to a 1.5 ml 

sterile tube. Cells were then centrifuged at 14000 g 4°C for 1 min to make the cell pellet 

and the supernatant was aspirated. 150 µl cell lysis buffer containing 1% Triton and 0.25 % 

NP-40 with protease and phosphatase inhibitor cocktail (Fisher Scientific, Pittsburg, PA, 

USA) was applied and the pellet was resuspended. After 30 minutes of incubation on ice, 

the suspension was centrifuged for 20 minutes with 14000 g. 125 µl of supernatant was 

collected and transferred to a new sterile tube.   
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2.2.3.1.2 Human brain lysate preparation 

Grey matter of frozen frontal cortices of human brain was separated from white matter 

residues. Approximately 150 mg of grey matter was homogenized with 1 ml of brain lysis 

solution (RIPA buffer, protease and phosphatase inhibitor cocktail and calyculin A) on ice, 

using a tissue homogenizer and then incubated on ice for 30 minutes. Human brain lysate 

was centrifuged for 12 minutes at 13 000 rpm in 4°C and the supernatant was collected and 

aliquoted. 

 

2.2.3.2 Protein analysis 

2.2.3.2.1 Determination of protein concentration 

The Pierce BCA Protein Assay Kit was used to determine the amount of protein in cells or 

human brain lysates. Protein standards of 0 µg – 1 µg/µl was prepared using Albumin 

(2μg/µl) and ddH2O. The lysate was diluted in either 1:5 (cells) or 1:50 (human brain) 

ratios. BCA solution A and B were mixed in a 50:1 ratio and 682.5 µl was added to each 

standard and 780 µl was added to each diluted sample. Tubes were incubated for 30 mins 

in 37°C.  200 µl of protein mix was then added to clear 96 well plates in triplicates and 

measured the absorbance were measured with a 600 nm filter in a Wallac Victor 1420 

Multilabel Counter (PerkinElmer). The concentrations were analyzed with Wallac 1420 

Workstation and excel software. 

 

2.2.3.2.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

To separate proteins by molecular weight and, thus, to further analyze, lysates were 

prepared using 4X LDS detergent and 25X β-mercaptoethanol and boiled at 95°C for 5 

minutes. Further, a protein ladder and the appropriate concentration of prepared lysates 

were loaded into the sample slots of NuPAGE Bis-Tris Mini Gels 4-12%. MES buffer (50 

ml 20X Buffer + 950 ml ddH2O to mix 1X MES Running buffer) was used as 

electrophoresis buffer and electrophoresis was performed at 120 mA. 

 

2.2.3.2.3 Western blotting and analysis 

After gel electrophoresis, separated proteins were transferred from the gels onto a 

nitrocellulose membrane using electroblotting in a standard Wet/Tank Blotting Systems 

(Bio-Rad) filled with transfer buffer following the manufactures’ protocol. Briefly, 

sponges, filter paper, and nitrocellulose membrane were equilibrated in transfer buffer. 

These transfer stack components and the gels were put together from cathode to anode: 
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sponge, 2 sheets of filter paper, gel, nitrocellulose membrane, two sheets of filter paper, 

sponge. Electroblotting was performed at 20-30V for 2.5 hours. After transferring, the 

membrane was incubated in Odyssey Blocking Buffer for 1 hour to block unspecific 

binding following by incubation with primary antibody overnight at 4°C. Further, the 

membrane was washed with TBST 3 times for ten minutes and incubated with the 

appropriate HRP-linked secondary antibody for 60 minutes, both on a shaker at room 

temperature. The TBST washing process was repeated. The membrane was incubated with 

Western Enlightening Plus ECL Substrate for 1 minute and transferred to an x-ray film 

cassette. The membrane was exposed to an x-ray film according to the desired strength of 

the signal and developed. 

 

2.2.3.2.4 Stripping 

To reprobe the same membrane with different primary and secondary antibody, stripping 

was performed using One Minute Advance WB Stripping Buffer GM Biosciences 

following the manufactures’ instructions. 

 

2.2.4 Immunocytochemistry 

After transfection and drug treatment, culture medium was removed and cells were fixed 

with 4% PFA for 20 minutes on ice. Cells were then washed 3 times for 5 minutes with 

PBS on the shaker and incubated with 0.1% TX-100 and unspecific binding was blocked 

with 1.5 % NDS (Jackson ImmunoResearch Labs, West Grove, PA) for 1 hour on the 

shaker. Cells were incubated with 250 µl primary antibody diluted in PBS and 1.5% NDS 

and covered with parafilm overnight at 4 C°. Cells were washed with PBS 3 times for 5 

minutes followed by incubation with 300 µl corresponding Alexa Fluor 488- or Cy3-

conjugated secondary antibody for 45 mins. Cells were washed again and mounted in 

VectaShield mounting medium (Vector Laboratories, Inc., Burlingame, CA). Cells were 

analyzed using Zeiss LSM510 multifocal microscope with 25x- and 63x-objective. 

 

2.2.4.1 Analysis of conformational changes - Spectral FRET 

Spectral FRET is a FRET based assay. It is a physical phenomenon describing energy 

transfer from a donor fluorophore to an acceptor fluorophore when they are in close 

proximity (less than 5 nm) to each other. This causes a decrease in the donor fluorophore 

emission and an increase in the acceptor emission due to a partial non-radiative transfer of 

its emission energy to the acceptor [120]. The FRET efficiency is depending on the 
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distance between donor and acceptor: The higher the efficiency, the smaller the distance. 

Thus, FRET can be used to determine the relative proximity between two fluorophores 

which is very useful for investigation of protein-protein interactions or protein 

conformational changes. In the context of PS1 a FRET based system, in which PS1 was 

tagged with the GFP on the N-terminus and RFP on the C-terminus or the loop-region of 

PS1, has been used to detect conformational changes [117].  For the experiments of this 

thesis, the spectral FRET assay was performed using 7W cells cultured in 35 mm imaging-

dishes 24 hours after transfection (with G-PS1-R, G-TM-Loop-R, G-TM-Loop-R S310A, 

G-TM-Loop-R S365A/366A/367A or Myr-GFP, or, co-transfection with myr-GFP and 

PS1-RFP). Cells were treated as described in 2.2.2.7 and Spectral FRET imaging was 

performed using the Zeiss LSM510 microscope. The microscope was equipped with a 

37°C heating chamber containing 5% CO2. To excite GFP, an Argon laser was used at a 

wavelength of 488 nm. The seven channels of the Zeiss Metadetector detected the emitted 

fluorescence within the 21.4 nm wavelength range. The relative proximity between the 

donor and acceptor fluorophore was estimated by calculating the ratio of the fluorescence 

intensity for RFP in the 598 nm channel to GFP in the 513 nm channel using image J 

software. 

2.3  Statistical analysis 

Image J and Graph Pad Prism 5 software were used for statistical analysis. Values were 

expressed as mean ± standard error of the mean (SEM) or standard deviation (SD). In the 

post-mortem human brain studies, the average value of control brain samples on each 

membrane was set as 100%. Absolute phosphorylation levels of the samples were obtained 

using Image J software. Values of control, AD or FTLD samples were then put in relation 

to the average values of control brain samples on the same membrane to calculate relative 

phosphorylation levels of each probe. Two-sided Student’s t-test or One-way ANOVA 

with Bonferroni’s post-hoc correction was used, and data was considered significantly 

different at p<0.05 (*). For correlation analysis, Spearman’s nonparametric test was used 

and p-value was considered significant at p<0.05. An R² value of R²>0.3 was considered as 

relevant. For the spectral FRET experiments 4-5 equal but independent experiments were 

performed comparing the R/G ratio before and after 8-Bromo-cAMP treatment in a single 

cell. To avoid great variability in the R/G ration in individual cells due to different 

expression levels of each sample, 100% was assigned to the R/G ratio in pre-treatment, and 

the percentage difference in R/G ratio after treatment was analyzed in exactly the same 

region of interest (cell). The statistical difference was calculated based on the assumption 
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that the R/G ratio in post-treatment was different form pre-treatment (set as 100%) and 

student’s t-test was used for analysis. Data was considered statistically significant at 

p<0.05 (*), p<0.01 (**), p<0.005 (***). 
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3 Results    

 

3.1  Pathological relevance of presenilin 1 phosphorylation in human 

Alzheimer’s disease brain 

 

To investigate whether PS1 phosphorylation is increased in the brain of AD patients 

compared with controls, an antibody that specifically targets PS1 phosphorylation on one 

of the previously described phosphorylation sites important for the pathological 

conformational change of PS1, domain 1, 2 or 3 respectively (Figure 6), was necessary. p-

PS1 (S310) antibody is a commercially available antibody specifically targeting to the 

phosphorylated serine residue on the position 310 of PS1 (S310) in the loop region. Since 

S310 gets phosphorylated by PKA, the PKA activator forskolin was used to induce 

phosphorylation in cell culturing experiments.  

 

3.1.1 Reliability and immunoreactivity analysis of p-PS1 (S310) antibody used in 

CHO cells 

The immunoreactivity of the p-PS1 (S310) antibody directed against the phosphorylated 

S310 residue of PS1 was detected using confocal microscopy and Western blotting: 

 

3.1.1.1 Immunocytochemistry of CHO cells transfected with wild type or 

phosphorylation-inhibited mutants using p-PS1 (S310) antibody 

First, an antibody reliability analysis in 7W (CHO) cells was performed, to check whether 

the commercially available antibody is specific enough to detect phosphorylation at S310 

(Figure 8). We used FLAG-tagged wild type (WT) PS1 construct or PS1 in which serine 

310 was mutated to alanine (S310A) to inhibit phosphorylation at this residue. 7W cells 

were transfected with Flag-WT PS1 or FLAG S310A PS1 and treated with the PKA 

activator forskolin to enhance phosphorylation. Double immunostaining of the forskolin-

treated CHO cells expressing Flag-WT PS1 with Flag antibody as a control and p-PS1 

(S310) antibody revealed co-localization of both antibodies demonstrating that p-PS1 

(S310) antibody can detect Flag-tagged PS1. A significant difference of the signal between 

the vehicle treated and the phosphorylation-enhancing treatment could be detected 

indicating that the antibody specifically targets phosphorylated PS1. Using the S310A 

inhibiting mutants, we could further confirm that it selectively targets phosphorylated S310 

of PS1 (Figure 8, right panels).   
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3.1.1.2 Western blot analysis of cells overexpressing PS1 using p-PS1 (S310) antibody 

The p-PS1 (S310) antibody immunocytochemistry result was further confirmed by 

Western Blot analysis using identical protein amounts of 10 µg/ lane of cell lysate of non-

transfected PS70 cells overexpressing PS1, either treated with vehicle or forskolin (Figure 

9 A, B). Untreated PS1/2 dKO MEF cell lysate (not expressing PS1/2) was used as a 

negative control. As we expected, bands appeared at a molecular weight of approx. 17 kD, 

corresponding to the carboxy-terminal fragment of PS1 detected in the vehicle lane and the 

forskolin lane, with a higher intensity in the latter. The band in the untreated condition was 

expected as well, since PS1 also gets phosphorylated at a baseline level. Finding no band 

in the PS1/2 dKO MEF cell lane confirmed the specificity of the PS1 band. Next, the 

membrane was reprobed with PS1 loop (= total PS1) antibody to gain a specific loading 

control for PS1. Using ImageJ and Graph pad prism software, a p-PS1 (S310)/ PS1 loop (= 

total PS1) ratio was generated to implement a quantitative analysis and further validate 

selective immunoreactivity of the p-PS1 (S310) antibody.  

 

 

 

 

 

Figure 8. Specificity and reliability analysis of p-PS1 (S310) antibody in CHO cells 

A Representative confocal microscope images of 7W (CHO) cells 24-48 hours after transfection with FLAG-WT-PS1 or 

FLAG-S310A PS1 (n= 2 experiments). Each experiement was performed with one 8-well plate using 3 wells for 3 different 

conditions: FLAG-WT-PS1 with vehicle control (vehicle) or with forskolin and FLAG-S310A PS1 with forskolin. Before 

imaging, to enhance phosphorylation, one of the FLAG-WT-PS1 wells and the FLAG-S310A PS1 well were treated with 

10μM forskolin, whereas the other FLAG-WT-PS1 well was treated with ethanol as a vehicle control for 1 hour and all wells 

were immunostained with the phosphorylation-specific antibody p-PS1 (S310) antibody (green) or anti-FLAG antibody (red). 

Lack of p-PS1 (S310) immunoreactivity in forskolin treated FLAG-S310A PS1 expressing cells confirms lack of PS1 

phosphorylation in these cells and specificity of the p-PS1 (S310) antibody. 1 scale bar = 80 µm.  

  



 

36 
 

 

 

 

 

 

 

 

 

Figure 9. Specificity and reliability analysis of p-PS1 (S310) antibody in CHO cells 

A Western blotting was used to compare the level of PS1 phosphorylated at S310 between phosphorylation-enhancing 

treatment of PS70 cells with 10μM forskolin and vehicle-treated (veh) PS70. PS1/2 dKO cells lacking PS1 served as a 

negative control. The cells were homogenized in lysis buffer, and the total protein concentration was determined using BCA 

protein assay. The aliquots of the lysates containing equal concentration of the protein were resolved on 4-12% SDS-PAGE 

gels, and the proteins were transferred to nitrocellulose membrane after the gel electrophoresis. Membranes were 

immunoblotted (IB) with p-PS1 (S310) antibody, stripped and immunoblotted with PS1 loop (= total PS1) antibody. n= 2 

experiments with two membranes, figure is showing representative image of the experiments. B Western blot analysis with 

ImageJ software was used to validate immunoreactivity of the p-PS1 (S310) antibody. To quantify the difference of the 

relative phosphorylation level on S310 between forskolin-treated compared to vehicle-treated PS70 cells, p-PS1 (S310) (= 

phosphorylated PS1)/ PS1 loop (= total PS1) ratio was generated. PS1 = presenilin 1, PS2 = presenilin 2, p-PS1 = anti-

phosphorylated PS1 at serine 310 antibody, FLAG = anti-FLAG antibody, FLAG-WT-PS1 = N-terminally FLAG-tagged wild 

type PS1, FLAG-S310A PS1 = N-terminally FLAG-tagged phosphorylation-inhibited PS1 mutant (serine on location 310 is 

replaced by alanine), 7W (CHO) cells = CHO cell line overexpressing wild type amyloid precursor protein, PS1/2 dKO = 

PS1/PS2 double knockout mouse embryonic fibroblasts, PS70 = CHO cell line stably overexpressing wild type amyloid 

precursor protein and wild type PS1, kD = kilo Dalton.  
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3.1.2 Reliability and immunoreactivity analysis using p-PS1 (S310) antibody in 

human brain 

After reliability of the antibody was confirmed using PS70 cell lysate, the lysate could then 

be used as a PS1 positive control whereas the PS1/2 dKO MEF cell lysate served as a 

negative control. It was now tested whether the p-PS1 (S310) antibody is also usable for 

human brain lysate and what concentration would be needed to generate quantifiable 

results. The lysates of the human frontal brain of one AD case was prepared as described 

above (2.2.3.1.2) and applied to each well in increasing concentration (2, 8, 26 and 52 µg) 

(Figure 10). Probing and reprobing the membrane with proteins of the human frontal brain 

prepared as described above was performed using p-PS1 (S310) antibody and PS1 loop (= 

total PS1) antibody respectively. It was revealed that phosphorylated PS1 in human brain 

could be specifically detected. Furthermore, the concentration analysis showed an increase 

of the phosphorylated PS1 band with an increased amount of lysate. 30 µg of lysate was 

then defined as the total protein concentration to use for further experiments.  

 

Figure 10. Reliability analysis of using p-PS1 (S310) antibody in human brain  

Western blotting of human brain lysate loaded at different total protein concentration (2, 8, 26, 52 µg). PS1/2 dKO cells 

served as negative control, PS70 cells treated with vehicle or 10 µM phosphorylation-enhancing forskolin were used as 

positive control. Membranes were immunoblotted with p-PS1 (S310) antibody, stripped and immunoblotted with PS1 loop (= 

total PS1) antibody. The band of interest, the C-terminal fragment of PS1 containing S310, appeared around 17 kD and was 

quantified using ImageJ software. PS1 = presenilin 1, PS2 = presenilin 2, p-PS1 = anti-phosphorylated PS1 at serine 310 

antibody, veh = vehicle control, 7W cells = CHO cell line overexpressing wild type amyloid precursor protein, PS1/2 dKO = 

PS1/PS2 double knockout mouse embryonic fibroblasts, PS70 = CHO cell line stably overexpressing wild type amyloid 

precursor protein and wild type PS1, IB = immunoblot, kD = kilo Dalton. Reproduced from Figure 5 – figure supplement 1 B, 

Maesako M, Horlacher J, et al. Pathogenic PS1 phosphorylation at Ser367. eLife 6 (2017), published under the Creative 

Commons Attribution 4.0 International Public License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/). 
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3.1.3 Phosphorylation of presenilin 1 S310 in human brain 

3.1.3.1 Human cohorts used for experiments 

The determined concentration of 30 µg was used for comparison analysis by Western blot 

analysis. For each membrane 8-11 different cases of the three groups (AD, control, FTLD  

(Methods section, Table 1, 2)) were used and analyzed. Cases were tried to pair in a way 

that an equal amount of AD and control cases, or FTLD and control were on each 

membrane. Age, PMI and sex was also tried to match in a best as possible way for each 

AD/FTLD case. 

 

3.1.3.2 Comparison of human post-mortem Alzheimer’s disease brain and control 

brain 

The comparison of PS1 phosphorylated at S310 in human post-mortem brains with a 

clinical and pathological diagnosis of AD and control was performed using Western blot 

analysis. Probing of the membranes with p-PS1 (S310) antibody and reprobing with PS1 

loop antibody (to identify total PS1) revealed that phosphorylation of PS1 on S310 is 

significantly increased in AD brain (relative phosphorylation level normalized to average 

control (=100 ± 9% (SEM), AD =191 ± 33% (SEM), p<0.05) (Figure 11A, 12). However, 

a wider distribution of PS1 S310 phosphorylation levels ranging from lower to higher 

values compared to that of controls was detected in sAD.  

3.1.3.3 Comparison of human post-mortem Alzheimer’s disease, Frontotemporal 

lobar degeneration, and control brain 

The accumulation of misfolded proteins is a common mechanism in neurodegenerative 

disease. Whereas tau pathology can be detected in many other disorders, such as tau-

positive frontotemporal dementia, the clinical presentation of FTLD, the deposition of Aβ 

in addition to tau seems to specifically occur in AD. In order to further determine whether 

phosphorylation on PS1 S310 is specifically increased in AD, we investigated whether a 

similar increase occurs in brains of patients with FTLD. We used the same methods, 

Western blot membranes probed with p-PS1 (S310) antibody and reprobed with PS1 loop 

antibody (to identify total PS1), respectively. Interestingly, the comparison of 

phosphorylated PS1 in human control brains, previously used in 3.1.3.2, and human brains 

with a pathological diagnosis of FTLD did not show a significant increase (FTLD 111 ± 

23%, p= n.s.) of phosphorylation level of PS1 on S310 (Figure 11B, 13).   
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Figure 11. Western blot analysis of PS1 phosphorylated at S310 in post-mortem  

  human brain 

Control brains (n = 20), AD brains (n = 23), FLTD brains (n = 9). The optical density of p-PS1 (S310) versus total PS1 was 

calculated to determine the relative PS1 S310 phosphorylation level (ratio of phospho-PS1, detected by p-PS1 (S310) 

antibody to total PS1, detected by PS1 loop antibody). To make membranes comparable with each other, the average value 

of phosphorylation of PS1 S310 of control brain samples on each membrane was set as 100%. Values of control, AD or 

FTLD samples were then normalized to the average values of control brain samples on the same membrane to calculate 

relative phosphorylation levels of each probe. Cases were paired in a way that an equal amount of AD and control cases, or 

FTLD and control were on each membrane. Each AD/FTLD case was matched with Age, PMI and sex of control cases. 

Mean ± SEM (standard error of the mean), statistical analysis was performed using t-test, *p < 0.05, n.s. = not significant, 

AD = Alzheimer’s disease, FTLD = Frontotemporal lobar degeneration, PS1 = presenilin 1, p-PS1 (S310) = anti-

phosphorylated PS1 at serine 310 antibody. Partially adapted from Figure 5, Maesako M, Horlacher J, et al. Pathogenic 

PS1 phosphorylation at Ser367. eLife 6 (2017), published under the Creative Commons Attribution 4.0 International Public 

License (CC BY 4.0; https://creativecommons.org/licenses/by/4.0/). 

A 

B 
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Figure 12. Phosphorylation level on PS1 S310 of human AD brain and control 

Western blotting of human brain lysate of control and AD (see also table 1). Membranes were immunoblotted with p-PS1 

(S310) antibody, stripped and immunoblotted with PS1 loop (= total PS1) antibody. The band of interest, the C-terminal 

fragment of PS1 containing S310, appeared around 17 kD and was quantified using ImageJ software. PS1 = presenilin 1, p-

PS1 = anti-phosphorylated PS1 at serine 310 antibody, AD = Alzheimer’s disease, C = control, IB = immunoblot, kD = kilo 

Dalton. 
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Figure 13. Phosphorylation level on PS1 S310 of human post-mortem FTLD brain and 

control 

Western blotting of human brain lysate of control and FTLD human brain (see also table 1 and 2). Membranes were 

immunoblotted with p-PS1 (S310) antibody, stripped and immunoblotted with PS1 loop (= total PS1) antibody. The band of 

interest, the C-terminal fragment of PS1 containing S310, appeared around 17 kD and was quantified using ImageJ 

software. PS1 = presenilin 1, p-PS1 = anti-phosphorylated PS1 at serine 310 antibody, FTLD = Frontotemporal lobar 

degeneration, C = control, IB = immunoblot, kD = kilo Dalton, 
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3.1.4 Investigations of variables that could potentially influence presenilin 1 

phosphorylation level   

The results of 3.1.3.2 (Figures 10 and 13) revealed a wider distribution of PS1 S310 

phosphorylation levels for AD than for controls. To further investigate this result and 

potentially find influencing variables, comparison analyses using Spearman’s 

nonparametric test were performed using the following variables: Age at death, PMI, 

disease duration, age of onset, brain weight, sex.  

 

3.1.4.1 Influence of age and post-mortem interval on presenilin 1 phosphorylation in 

human brain 

In order to rule out artificial effects of age or PMI on phosphorylation, we found that age 

and PMI did not significantly correlate with PS1 S310 phosphorylation (age of control 

p=0.31, age of AD p=0.70, PMI of control p=0.32, PMI of AD p=0.59). The wider 

distribution PS1 S310 phosphorylation levels in AD brain is unlikely explained by age 

(control R²=0.13, AD R²=0.01) or PMI (control R²=0.02, AD R²=0.08) values (Figure 14).  

 

3.1.4.2 Influence of duration of disease and age of onset on presenilin 1 

phosphorylation in human AD brain 

The results revealed that the duration (p=0.07) as well as the age of onset of the disease 

(p=0.17) did not significantly correlate with phosphorylation levels. However, there was a 

trend detected positively correlating the duration of the disease with the level of PS1 S310 

phosphorylation (Figure 15). The wider distribution PS1 S310 phosphorylation levels in 

AD brain is unlikely explained by duration of disease (R²=0.21) or age of onset (R²=12). 

 

3.1.4.3 Influence of brain weight on presenilin 1 phosphorylation in human AD brain 

Atrophy is a common feature observed in AD. We were not able to obtain information in 

order to quantify the amount of atrophy of the cases used. However, since the brain weight 

of the AD patient was available, we investigated its correlation with phosphorylation levels 

of PS1 on S310. We found a significant negative correlation (p= 0.04) of brain weight and 

phosphorylation levels (Figure 16). The less brain weight, the more phosphorylated PS1 

S310 was. The wider distribution PS1 S310 phosphorylation levels in AD brain could be 

explained by the brain weight of Alzheimer’s disease patients (R²=0.37). 
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Figure 14 Correlation analysis of relative phosphorylation level of presenilin 1 with age 

at death or post-mortem interval in control and in Alzheimer’s disease 

The correlation between the relative phosphorylation level of PS1 in human control or AD brains and age A or PMI B was 

analyzed using Spearman’s nonparametric correlation analysis. AD = Alzheimer’s disease, PMI = post-mortem interval, PS1 

= Presenilin 1, p = p-value of Spearman’s nonparametric correlation analysis, R² = coefficient of determination. Adapted 

from Figure 5 – figure supplement 2, Maesako M, Horlacher J, et al. Pathogenic PS1 phosphorylation at Ser367. eLife 6 

(2017), published under the Creative Commons Attribution 4.0 International Public License (CC BY 4.0; 

https://creativecommons.org/licenses/by/4.0/). 
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Figure 15. Correlation analysis of relative phosphorylation level of presenilin 1 with 

duration of disease and age of onset in Alzheimer’s disease human brain  

The correlation between the relative phosphorylation level of PS1 in human brains diagnosed with AD and duration of 

disease after onset A or age of onset of the disease B was analyzed using Spearman’s nonparametric correlation analysis. 

AD = Alzheimer’s disease, PS1 = Presenilin 1, p = p-value of Spearman’s nonparametric correlation analysis, R² = 

coefficient of determination. 

 

 

   

 

Figure 16. Correlation analysis of relative phosphorylation level of presenilin 1 with 

brain weight of Alzheimer’s disease human brain cases 

The correlation between the relative phosphorylation level of PS1 in human AD brains and the brain weight of those specific 

cases was analyzed using Spearman’s nonparametric correlation analysis. AD = Alzheimer’s disease, PS1 = Presenilin 1, p 

= p-value of Spearman’s nonparametric correlation analysis, R² = coefficient of determination. 
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3.1.4.4 Influence of sex on presenilin 1 phosphorylation in human control and AD 

brain 

Male and female AD cases were separately evaluated by comparing the relative PS1 S310 

phosphorylation levels of control cases with AD cases. Within the female group, there was 

now a larger difference between control and AD (241 ± 61.4% (SEM)), compared to the 

male group (145 ± 27.5% (SEM)). However, the broad distribution as already observed in 

the initial comparison analysis could also be detected within both, male and female AD 

groups (Figure 17). 

 

 

 

 

Figure 17. Western blot analysis of presenilin 1 phosphorylated at S310 in male and 

female human brain 

Female control brains (n = 8), female AD brains (n = 11), male control brains (n = 12), male AD brains (n = 12). The relative 

phosphorylation level was calculated by the ratio of phospho-PS1 (detected by p-PS1 (S310) antibody) to total PS1 

(detected by PS1 loop antibody). To make membranes comparable with each other, the average value of phosphorylation of 

PS1 S310 of control brain samples on each membrane was set as 100%. Values of control, AD or FTLD samples were then 

normalized to the average values of control brain samples on the same membrane to calculate relative phosphorylation 

levels of each probe. Cases were paired in a way that an equal amount of AD and control cases, or FTLD and control were 

on each membrane. Each AD/FTLD case was matched with Age, PMI and sex of control cases. Mean ± SEM (standard 

error of the mean), statistical analysis was performed using One-way ANOVA with Bonferroni’s post-hoc correction, n.s. = 

not significant, AD = Alzheimer’s disease, PS1 = presenilin 1, p-PS1 (S310) = anti-phosphorylated PS1 at serine 310 

antibody, ♂ = male, ♀ = female. 
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3.1.5 Summary: Pathological relevance of presenilin 1 phosphorylation in human 

post-mortem Alzheimer’s disease brain 

A significant increase of phosphorylation levels of PS1 S310 was detected in human post-

mortem AD brain compared with that of controls. Furthermore, this increase was a specific 

event occurring in AD when compared with another neurodegenerative disease, FTLD 

respectively. However, we detected a wide distribution of the PS1 S310 phosphorylation 

levels. In order to further investigate this distribution, we analyzed the correlation of 

increased phosphorylation of PS1 S310 with different variables such as age at death, PMI, 

age of onset, duration of disease, sex, and brain weight. We found that phosphorylation 

levels on PS1 S310 are higher in female than in male AD brains compared to control, 

however there was no significant difference. Interestingly, we identified brain weight as 

one factor that closely correlates with the wider distribution of phosphorylation levels in 

AD. 
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3.2  Developing a new FRET reporter probe for monitoring human 

presenilin 1 phosphorylation within cytoplasmic loop region   

 

3.2.1 FRET signal between loop region of human presenilin 1 and membrane 

To investigate whether PS1 phosphorylation at the three domains, specifically domain 2 

(S310, S313) and domain 3 (S365, S366, S367), changes the spatial alignment of the PS1 

cytoplasmic loop, we first aimed to employ a spectral FRET assay to monitor the 

proximity between the loop region and membrane compartment (Figure 18). Therefore, we 

co-transfected 7W cells with a PS1 construct tagged with an RFP in the loop region (PS1-

RFP) and GFP with a myristoylation/palmitoylation site (myr-GFP). The 

myristoylation/palmitoylation site leads to the incorporation of GFP into the membrane. 

First, using a spectral FRET assay system, we verified that we could detect a FRET signal 

between the donor (GFP) and the acceptor (RFP). 

In the spectral FRET assay, the GFP fluorophore is excited using laser at 488nm 

wavelength, and the fluorescence emission intensity in green (GFP) and red (RFP) 

channels is monitored. The RFP/GFP (R/G) ratio is used as an indicator of the FRET 

efficiency, i.e., proximity between the fluorophores: the R/G higher than that of the donor 

only indicates that the distance between PS1 loop and the membrane is quantitatively 

measurable (p < 0.001) (Figure 19 A). After treatment with 0.5mM 8-Bromo-cAMP, an 

activator of cyclic AMP-dependent protein kinases and thus a phosphorylation-enhancing 

treatment, the FRET efficiency further increased (106.3 ± 7.2% (SD)) (Figure 19 C) 

compared to vehicle (96.1% ± 7.8% (SD)) (Figure 19 B). Even though there was no 

significance detected (p= 0.11), these results were encouraging enough, indicating that 

there may be a conformational change within the loop region of PS1 relative to the 

membrane. Of note, myr-GFP is built into the entire membrane compartment and thus, we 

believe that the FRET signal was not as intense and accurate as well as specific as it could 

be using the GFP tag inserted within or outside of the membrane in a specific loop 

construct of PS1.    
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Figure 18. Schematic of the spectral FRET experiment setup with RFP-tagged presenilin 

1 and myristoylated-GFP incorporated into the membrane 

The schematic image shows the primary structure of PS1 tagged with a RFP fluorophore in the loop region 

(PS1-R) and its location in regards to the myr-GFP incorporated cell membrane. The double arrow indicates the relative 

proximity between the two fluorophores GFP and RFP, representative for the cell membrane and PS1 loop, respectively, 

that was measured by using spectral FRET. FRET = Förster resonance energy transfer, PS1 = presenilin 1, myr-GFP = 

green fluorescent protein with a myristoylation/palmitoylation site, RFP = red fluorescent protein. 
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Figure 19. FRET efficiency between the loop region (RFP) of presenilin 1 and cell  

  membrane (GFP) 

Quantitative analysis of relative FRET efficiency (=relative FRET (%)) between fluorescently labeled PS1 with RFP and the 

cell membrane labeled with GFP in 7W cells. To avoid great variability in the R/G ration in individual cells due to different 

expression levels of each sample, 100% was assigned to the R/G ratio in pre-treatment, and the percentage difference in 

R/G ratio after treatment was analyzed in exactly the same region of interest (cell). The statistical difference was calculated 

based on the assumption that the R/G ratio in post-treatment was different form pre-treatment (set as 100%). A The R/G 

ratio was significantly higher when co-transfecting myr-GFP with PS1-R (red dot) than myr-GFP (=donor) (white dot) only. 

This implies that the distance between the two fluorophores is measurable with the spectral FRET. B Myr-GFP and PS1-

RFP co-transfected 7W cells were imaged using spectral FRET before (=Pre) and after (=Post) the treatment with vehicle 

control or 0.5mM 8-Bromo-cAMP. Then, FRET efficiency between GFP and RFP was analyzed by the spectral FRET assay. 

Myr-GFP (=donor only) values and values before treatment (=Pre) were set as 100% in order to calculate the FRET 

efficiency after treatment (=Post) relative to the efficiency before treatment within the same region of interest (cell). Mean ± 

SD (standard deviation), Student’s t-test, ***p < 0.005, n.s. = not significant, FRET = Förster resonance energy transfer, 

PS1 = presenilin 1, myr-GFP = green fluorescent protein with a myristoylation/palmitoylation site, RFP = red fluorescent 

protein, 7W = Chinese hamster ovary cell line overexpressing wild type amyloid precursor protein.   
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3.2.2 Phosphorylation of new FRET reporter probe G-TM-Loop-R on Domain 2 

After confirming that there was a change in proximity between GFP and RFP in the 

previous study (3.2.1), we generated a new FRET reporter probe named G-TM-Loop-R by 

designing a plasmid containing the sequences of GFP, the PS1 TMD 6 (at ~ a.a. 242), the 

loop region with RFP and the transmembrane region 7 (ending at ~ a.a. 407) (Figure 20), 

respectively (see methods section). Since the aspartate residues, crucial for enzyme activity 

are located in TMD 6 and 7, and to ensure the incorporation of the construct into the 

physiological location of WT PS1, the cell membrane, we aimed to include TMD 6 and 7 

into our construct. To address whether our newly generated construct also can get 

phosphorylated on domain 2, 7W cells were transfected with G-TM-Loop-R, treated with 

0.5 mM 8-Bromo-cAMP for 1 min. Then, the level of phosphorylated G-TM-Loop-R was 

measured by Western blot analysis using p-PS1 (S310) antibody. Our results show that, as 

to be expected, G-TM-Loop-R is already phosphorylated on a baseline level. However, 

phosphorylation levels in the WT construct significantly increased after 8-Bromo-cAMP 

treatment, whereas there was no signal detected in the phospho-inhibiting construct 

S310A/S313A S365A/S366A/S367A G-TM-Loop-R (Figure 21).  

 

 

 

Figure 20. Schematic of the new FRET reporter probe G-TM-Loop-R 

The schematic image represents the primary structure of the new FRET reporter probe: G-TM-Loop-R. The N-terminal 

fragment is tagged with GFP whereas the RFP was tagged in the loop region of PS1. The blue circles with white P indicate 

phosphorylation sites. The yellow bar indicates the cell membrane. The double arrow indicates the relative proximity 

between the two fluorophores GFP and RFP, measurable by using spectral FRET. G-TM-Loop-R probe aims to report the 

phosphorylation-induced conformational change in the PS1 loop between transmembrane 6 and 7. FRET = Förster 

resonance energy transfer, PS1 = presenilin 1, GFP = green fluorescent protein, RFP = red fluorescent protein, TMD = 

transmembrane domain. 
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Figure 21. Western blotting and analysis of the new FRET reporter probe G-TM-Loop-R 

Western blotting was used to compare the level of phosphorylated PS1 at serine 310 (S310) in 7W cells transfected with an 

empty vector (Empty), G-TM-Loop-R (WT), or the phospho-inhibiting construct S310A/S313A S365A/S366A/S367A G-TM-

Loop-R. The cells were either treated with vehicle (-) or phosphorylation-enhancing treatment 8-Bromo-cAMP (+). 

Membranes were immunoblotted with p-PS1 S310 antibody (top panel), stripped and immunoblotted with PS1 loop (= total 

PS1) antibody (bottom panel). Western blot analysis shows that G-TM-Loop-R is phosphorylated on S310 and that S310 

phosphorylation levels significantly increased after 8-Bromo-cAMP treatment. Mean ± SEM (standard error of the mean), *p 

< 0.05, Student’s t-test, G-TM-Loop-R = loop fragment of PS1 with an N-terminal-tagged GFP and a loop-tagged RFP, 

S310A/S313A S365A/S366A/S367A G-TM-Loop-R = phosphor-inhibiting mutant of G-TM-Loop-R (serine (S) is replaced by 

(A) alanine), PS1 = presenilin 1, p-PS1 (S310) = anti-phosphorylated PS1 at serine 310 antibody, PS1 loop = PS1 loop 

antibody,  WT = G-TM-Loop-R, 7W cells = Chinese hamster ovary cell line overexpressing wild type amyloid precursor 

protein,  IB = immunoblot, GFP = green fluorescent protein, RFP = red fluorescent protein, TM = transmembrane domain, 

PKA = protein kinase A, kD = kilo Dalton. 

  

  



 

52 
 

3.2.3 Conformational change of of the new FRET reporter probe G-TM-Loop-R 

3.2.3.1 Phosphorylation enhancing 8-Bromo-cAMP treatment of G-TM-Loop-R 

transfected 7W cells 

To investigate whether the new probe changes its confirmation, longitudinal spectral FRET 

imaging in live cells was used to determine the change of the relative proximity between 

the GFP and RFP. 7W cells were plated in 35mm imaging dishes and transfected with G-

TM-Loop-R. Before imaging, the culture media was replaced by PBS +/+ to reduce 

background noise and the first part of the longitudinal spectral FRET imaging was 

performed. To determine the relative proximity between GFP and RFP in untreated cells, 

the emitted fluorescence intensities of GFP and RFP were measured after the excitation of 

GFP with a 488 nm Argon laser.The ratio of the emission intensity of RFP to the emission 

intensity of GFP (R/G ratio) was then calculated. Following, cells were treated with 

methanol as a vehicle control or 8-Bromo-cAMP for 1 minute and the same region of 

interest was analyzed as mentioned above. The R/G ratio calculated before treatment, was 

normalized to 100% and change in the R/G ratio after the treatment was compared (Figure 

22 A, B). Using the longitudinal spectral FRET assay, we found a significant increase of 

the R/G ratio after 8-Bromo-cAMP treatment (115.0 ± 18.4% (SD), p < 0.001) but not after 

vehicle treatment (98.2 ± 10.4% (SD), p= 0.09) indicating a conformational change of the 

G-TM-Loop-R in response to PKA activation. 

  

3.2.3.2 Validation of conformational changes of G-TM-Loop-R reporter probe in 7W 

cells using phospho-inhibiting mutants of the probe  

To further confirm whether phosphorylation is responsible for the conformational change 

in the G-TM-Loop-R probe and to which extent the two domains of PS1 phosphorylation 

located in the loop are responsible for this change, we generated three different phospho-

inhibiting mutants of G-TM-Loop-R. In the S310A/S313/S365A/S366A/S367A G-TM-

Loop-R construct, all serine residues in both phosphorylation domains have been replaced 

by alanine residues inhibiting phosphorylation on these sites. The longitudinal spectral 

FRET imaging was repeated with the same settings as in 3.2.3.1 in 7W cells and the R/G 

ratio before and after treatment with 8-Bromo-cAMP was also compared (Figure 22 C). 

Our findings show that there was no increase in the R/G ratio after the treatment anymore 

(100.4 ± 8.9% (SD), p= 0.70) verifying that phosphorylation is responsible for the 

conformational change. In addition, we also designed the phospho-inhibiting mutant of 

domain 2, S310A/S313A G-TM-Loop-R, and the phospho-inhibiting mutant of domain 3, 
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S365A/S366A/S367A G-TM-Loop-R, to closely monitor the effect of the two domains 

separately. Using the longitudinal spectral FRET assay again, we could detect only a slight 

increase in the R/G ratio after 8-Bromo-cAMP treatment (S310A/S313A G-TM-Loop-R 

103.8 ± 8.4% (SD), p= 0.003, S365A/S366A/S367A G-TM-Loop-R 105.2 ± 13.2% (SD), p 

< 0.001 ) (Figure 22 D, E) indicating that blocking one phosphorylation site is not 

sufficient enough to prevent the conformational change. Together, our results suggest that 

phosphorylation on both domains is necessary to lead to change of proximity between the 

two fluorophores, GFP and RFP. 

We further investigated using a pharmacological approach and showed that the pre-

treatment with a PKA inhibitor, KT5720, prevents the 8-Bromo-cAMP-triggered 

conformational change of G-TM-Loop-R (100.3 ± 5.1% (SD), p= 0.18, Figure 22 F). 

 

3.2.3.3 Comparison of the new FRET reporter probe G-TM-Loop-R with the well-

establishes probe G-PS1-R 

In order to further validate the physiological relevance of our FRET reporter probe, we 

compared the sensitivity and efficiency of the new construct with those of an already well-

established FRET reporter probe, full length PS1 tagged with GFP at the N-terminus and 

RFP within the loop domain, G-PS1-R. We transfected G-PS1-R or G-TM-Loop-R into 

7W cells and performed longitudinal spectral FRET imaging before and after 8-Bromo-

cAMP treatment (Figure 23). Interestingly, direct comparison of the two constructs showed 

that the increase of the R/G ratio after treatment is significantly higher in cells expressing 

G-TM-Loop-R (115.0 ± 18.4%, p < 0.001) compared to the R/G ratio after the treatment in 

G-PS1-R expressing cells (109.5 ± 11.0%, p < 0.001). Thus, this suggests that the new G-

TM-Loop-R construct is a more sensitive and efficient probe to report conformational 

changes of PS1 (in the loop region) in response to phosphorylation than the original G-

PS1-R. 
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Figure 22. Analysis of longitudinal spectral FRET assay in 7W cells transfected with the 

new FRET reporter probe G-TM-Loop-R 

Quantitative analysis of relative FRET efficiency (%) between the fluorophores GFP and RFP incorporated into G-TM-Loop-

R wild type construct (WT) and phospho-inhibiting mutants of G-TM-Loop-R (S310A/S313A/S365A/S366A/S367A, 

S310A/S313A or, S365A/S366A/S367A) in 7W cells. Cells were imaged, and relative FRET efficiencies were calculated 

before (Pre) and after (Post) treatment. The relative FRET efficiency change after the treatment indicates a change in 

proximity between the two fluorophores and thus, a conformational change of the PS1 loop domain encoded by the 

construct. Relative FRET efficiency was significantly higher when treated with 0.5mM 8-Bromo-cAMP, a PKA activator B, 

compared to that after vehicle treatment. A Relative FRET efficiency did not change after the 0.5mM 8-Bromo-cAMP 

treatment of inhibiting mutants on five phosphorylation sites within the loop region C. Phospho-inhibiting mutants on only 

domain 2, two phosphorylation sites, D or domain 3, three different phosphorylation sites, E did show a significant increase 

in the FRET efficiency after 8-Bromo-cAMP treatment, however to a much lesser degree than in WT G-TM-Loop-R B. 7W 

cells transfected with WT G-TM-Loop-R were pretreated with KT5720, a phosphorylation inhibitor, before treatment with 8-

Bromo-cAMP F. ) Values before treatment (=Pre) were set as 100% in order to calculate the FRET efficiency after treatment 

(=Post) relative to the efficiency before treatment within the same region of interest (cell). N= total number of cells analyzed 

within 2 (A, C, D, E, F) - 4 (B) equal but independent experiments. Mean ± SD (standard deviation), p < 0.05 (*), p<0.01 (**), 

p<0.001 (***), Student’s t-test. FRET = Förster resonance energy transfer, WT = wild type G-TM-Loop-R = loop fragment of 

PS1 with an N-terminal-tagged GFP and a loop-tagged RFP, S310A/S313A/S365A/S366A/S367A, S310A/S313A, 

S365A/S366A/S367A = phosphor-inhibiting mutants of G-TM-Loop-R (serine (S) is replaced by (A) alanine), PS1 = 

presenilin 1, KT5720 = kinase inhibitor with specificity towards protein kinase A, GFP = green fluorescent protein, RFP = red 

fluorescent protein, TM = transmembrane domain, pre = before treatment, post = after treatment. 
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Figure 23. Analysis of longitudinal spectral FRET assay in 7W cells transfected with the 

new FRET reporter probe G-TM-Loop-R or with G-PS1-R reporter probe 

Quantitative analysis of relative FRET efficiency (%) between the fluorophores GFP and RFP incorporated into wild type 

(WT) G-TM-Loop-R construct or full-length G-PS1-R construct in 7W cells. Cells were imaged, and relative FRET efficiency 

was analyzed before (pre) and after (post) the treatment with 0.5 mM 8-Bromo-cAMP. The relative FRET efficiency change 

after treatment indicates a change in proximity between the two fluorophores and thus, a conformational change of the PS1 

loop/full length PS1 encoded by the respective construct. There was a significant increase in relative FRET efficiency in 

cells transfected with G-TM-Loop-R construct after the treatment compared with the FRET efficiency in G-PS1-R cells. 

Values before treatment (=Pre) were set as 100% in order to calculate the FRET efficiency after treatment (=Post) relative to 

the efficiency before treatment within the same region of interest (cell). Mean ± SD (standard deviation), statistical analysis 

was performed using One-way ANOVA with Bonferroni’s post-hoc correction, p<0.001 (***), FRET = Förster resonance 

energy transfer, WT = wild type, G-TM-Loop-R = loop fragment of PS1 with an N-terminal-tagged GFP and a loop-tagged 

RFP, G-PS1-R = full length PS1 with an N-terminal-tagged GFP and a loop-tagged RFP, PS1 = presenilin 1,  GFP = green 

fluorescent protein, RFP = red fluorescent protein, TM = transmembrane domain, pre = before treatment, post = after 

treatment. 
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3.2.4 Summary: Developing a new FRET reporter probe for monitoring presenilin 1 

phosphorylation in cytoplasmic loop region  

After validating that the loop region of PS1 changes its conformation relative to the cell 

membrane, we generated the new FRET reporter probe G-TM-Loop-R, and confirmed its 

phosphorylation on a baseline level. Furthermore, the new biosensor changes its 

conformation after 8-Bromo-cAMP treatment, and simultaneous phosphorylation of serine 

residues within domain 2 and 3 seems to be necessary. The new construct, that is shorter 

and thus expresses more efficiently than the well-established full length G-PS1-R 

construct, is also more sensitive and efficient. This indicates that generating a cell line that 

stably expreses the G-TM-Loop-R FRET biosensor could be easier and more promising. 

Taken together, we successfully developed a new FRET reporter probe detecting 

conformational changes of the PS1 loop region in response to phosphorylation. 
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4 Discussion 

 

4.1  Pathological relevance of presenilin 1 phosphorylation in human 

Alzheimer’s disease brain 

 

4.1.1  Phosphorylation of presenilin 1 S310 is significantly increased in human 

Alzheimer’s disease brain 

Mutations in genes affecting APP, PS1, and PS2 account for most of the fAD cases. 

However, fAD cases only represent a small number of all AD cases. Nevertheless, the 

effect of these mutations can be used to further investigate mechanisms of sAD given the 

similar biochemical phenotype. The conformational change of PS1 has been observed in 

both, fAD and sAD [9; 120]. Whereas mutations in PS1 have been considered to account 

for this pathogenic change, the definite reasons for conformational change of the wild type 

PS1 in sAD remain unclear. It has been found that PS1 can rapidly and reversibly change 

its conformation after a Ca2+ influx [57]. Thus, a mechanism that changes the function of 

an enzyme in a fast and reversible manner, such as PTM, could be responsible for the 

observed findings. Phosphorylation is one of the most common mechanisms of PTM and 

given the many phosphorylation sites of PS1, it seems to be an attractive mechanism to 

account for a change in enzyme conformation and function. And indeed, we found that 

Ca2+ influx increases the level of phosphorylated PS1, as well as leads to a conformational 

change in vitro and in vivo [72].  

In order to further validate these results established in cell culture experiments and animal 

studies, we investigated phosphorylation levels in human brain. There is only one antibody 

commercially available specifically targeting one of the six phosphorylation sites thought 

to be involved in the pathogenic conformational change of PS1, the phosphorylated serine 

residue on the position 310 of PS1 (S310) respectively. After validating the reliability and 

the use of this phospho-specific antibody (p-PS1 S310 antibody) in human brain, we 

measured PS1 S310 phosphorylation levels in AD and control brain. Interestingly, we 

found that phosphorylation of S310 on PS1 is significantly increased in post-mortem 

human AD brain compared to that of control brains. Hyperphosphorylation in the context 

of AD and other neurodegenerative diseases is a very investigated research field that, so far 

has been focused more on hyperphosphorylation of tau. It has been repeatedly shown that 

abnormal hyperphosphorylation of tau disrupts the interaction of tau with microtubules, 

resulting in impaired axonal transport while promoting the assembly into neurofibrillary 
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tangles leading to synaptic loss and neuronal death [1; 2; 20]. Our study focuses on another 

pathological hallmark of AD, increased Aβ42/40 ratio and amyloid plaque formation, 

which are results from the conformational changes in PS1/ γ-secretase. Thus, our findings 

contribute to the formulation of another potential pathomechanism in which (pathological) 

phosphorylation is involved and supports the hypothesis that Ca2+ influx leads to PKA-

mediated phosphorylation of PS1 on the certain residues, and results in its pathological 

conformational change [57; 72]. An identified protein kinase phosphorylating the amino 

residue of PS1 on 310 is PKA [27]. Our findings therefore can suggest an increased 

activation of PKA leading to increased phosphorylation levels, however, the activity of this 

kinase in AD remains conflicting. Whereas studies suggest that PKA mediated 

phosphorylation of tau significantly contributed to decreased tau-tubulin binding [46] 

leading to a disruption of the regulation of axonal stability [47], others have found that 

decreased PKA activity results in down-regulation of CREB, another major player in 

cognition and memory formation and in AD [19]. More research is needed to further 

clarify the role of PKA in the pathogenesis of AD. 

In our study, we have noticed a large distribution of PS1 S310 phosphorylation levels in 

AD, but not in control. This led to further investigation of the contributing factors. Since 

we selected a relatively homogenous group of AD patients in terms of pathology (almost 

all cases are B&B VI and CERAD C), different pathological stages of AD cannot account 

for the wide distribution of phosphorylation levels of PS1 on S310 in our experiment. 

Therefore, we performed a correlation analysis with (clinical) data available from the 

MGH brain bank including patient’s age at death, PMI, age of onset, duration of disease, 

brain weight and sex. 

 

4.1.2 Age at death, post-mortem interval, age of onset and duration of disease do not 

affect presenilin 1 S310 phosphorylation 

Aging is one of the major risk factors for the development of AD. However, interestingly 

we could not identify an effect of age of the individual cases on PS1 phosphorylation on 

S310. Neither in the AD brain nor in the healthy controls, had we detected a significant 

change in phosphorylation levels on PS1 S310. This is an interesting aspect, given that the 

conformational changes of PS1 to a more closed conformation has been found to occur in 

normal aging as well [120], however probably to a lesser extent and/ or only in a subset of 

neurons.  
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The PMI is the time that elapses between the death of a person and neuropathological 

treatment such as fixation or freezing for long-term storage. Ideally, this time should be as 

short as possible in order to avoid post-mortem artifact. It has been found that 

phosphorylation of some proteins, especially those involved in intracellular cell signaling, 

is severely impacted by post-mortem processes [63]. This is believed to be due to better 

enzymatic function of phosphatases compared to kinases, both still working for a limited 

period of time after death. As kinases are dependent on the synthesis of ATP, which is 

terminated rapidly after death, phosphatases get the upper hand leading to 

dephosphorylation of enzymes and proteins. Thus, to decrease chances that our results are 

only affected by post-mortem artifacts, we analyzed phosphorylation levels relatively to 

the PMI and we found no significant impact of PMI on phosphorylation of PS1 at S310.  

As the disease progresses, AD pathology increases and spreads throughout the brain 

leading to progressive worsening of cognitive and behavioral symptoms. An earlier age of 

onset of the disease is associated with a more severe form of AD and a faster progression 

[130]. Therefore, one could suggest that as pathology gets worse, phosphorylation 

homeostasis could progressively get disrupted too. Thus, we investigated whether the onset 

of the disease as well as the disease duration changes PS1 S310 phosphorylation levels. 

Even though we saw a slight increase of PS1 S310 phosphorylation levels the longer 

patients lived with the disease and the earlier they got diagnosed, results were not 

significant. However, it is difficult to assess what stage the individual patients really were 

at, since this is depending on a long number of factors such as, detailed history taking of 

the patient, accurate observation of patients and/ or their spouses/ relatives of when first 

symptoms occurred, level of education, past medical history, contributing diseases, other 

diseases or medications taken, and so on. Nevertheless, with our results showing no 

significance, we could not conclude that age of onset or duration of disease are strong 

factors responsible for the wide distribution of PS1 S310 phosphorylation levels in AD. 

This could either indicate that disruption of phosphorylation homeostasis does not 

exacerbate during disease progression, and/or could potentially be already disrupted at an 

early stage of the disease. To further shed light on the progression of phosphorylation and 

its role in the progression of the disease, instead of using clinical information such as 

duration of disease, more research is needed to investigate the role of different pathological 

stages of the disease, lower CERAD and B&B stages, respectively.  
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4.1.3 There is a difference in phosphorylation levels on Presenilin 1 S310 between 

male and female Alzheimer’s disease brain 

Even though correlation analysis of phosphorylation levels focusing on difference in sex 

could not explain the wider distribution of phosphorylation levels in AD brain, it revealed 

a difference between female and male AD brains, when the data was analyzed separately. 

This suggests that phosphorylation of PS1 may play a more important role in women with 

AD specifically. Interestingly, arising evidence suggests that female sex is a fundamental 

risk factor for AD  [119] given the higher incidence and prevalence of AD in women [4; 

97]. Whereas in the past, this observation has been attributed to longer life expectancy of 

women [40], new hypothesis are postulated and evidence is growing suggesting that there 

are additional factors leading to a higher number of cases with AD: Gonad and hormonal 

difference, especially fundamental changes in the female body and brain during 

menopause, structural differences in female brain compared to male, but also gender 

differences due to psychosocial and cultural differences [77; 104] have been named in this 

context. Further investigations of the differences in pathological processes in a widely used 

mouse model of AD, Tg2576 mice, revealed that there was more amyloid deposition in the 

brain of female than male mice [17]. Since one of the major reasons for significant 

differences between men and women is due to hormonal differences, many studies have 

paid special attention in the context of development of AD. Estrogen is the primary female 

sex hormone, important for the development of secondary sex characteristics, the 

regulation of the menstrual cycle and many more. It is synthesized in gonad organs by the 

enzyme aromatase, but also non-gonad organs, such as locally in the brain. Estrogens are 

thought to have significant effects on the brain, such as influencing learning and memory 

and synaptogenesis in the hippocampus [30; 53], as well as synaptic loss [64; 136] and on 

neurodegenerative processes [33]. In AD, it has been suggested that estrogen deficiency in 

the female brain, exacerbated through menopause, could be a major risk factor for 

developing AD.  In post-mortem brains of women with AD and age- and sex-matched 

healthy controls, a reduced level of free and biologically active estrogen was detected, 

whereas there was no difference between serum estrogen levels in control or AD. 

Furthermore, it was shown that in an estrogen-deficient animal model of AD (estrogen-

deficient APP23 mice), there was an expected reduction of brain estrogen but also an 

increase of Aβ deposition, production and thus, accelerated plaque formation compared to 

non estrogen-deficient APP23 transgenic mice [133]. Thus, a brain-specific estrogen 

deficiency could be a contributing factor exacerbating the development of AD in women. 
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In the context of phosphorylation, studies have found that estrogen is involved in the 

prevention or reduction of tau phosphorylation [3; 134], a pathological hallmark of AD. Of 

note, it has been suggested that estrogen itself can cause inactivation of GSK-3β, a protein 

kinase involved in hyperphosphorylation of tau [37; 70] and can even weaken PKA-

induced hyperphosphorylation of tau [68]. Further research is needed to investigate 

whether and how estrogen influences phosphorylation of PS1. In addition, even though 

estrogen and/ or its effect on  phosphorylation seems to be a potential player in the 

development of AD, other contributing and confounding factors could account for a higher 

incidence of AD in women, and should also be given closer attention. More research is 

needed to further clarify why and how sex specific differences and risks contribute to the 

development of AD.      

 

4.1.4 Lower brain weight significantly correlates with increased phosphorylation 

level on S310 

A macroscopic, however not specific, but fundamental hallmark of AD is a cortical 

atrophy of the brain [92; 125]. Also, cognitive decline in AD has been suggested to 

correlate with it [80]. Atrophy is a result of nerve cell death and also describes the decrease 

of size of the brain and thus, of weight. Since we did not have any information about the 

extent of atrophy in AD patients during lifetime, we investigated whether brain weight 

correlates with phosphorylation. Interestingly, we saw a significant negative correlation of 

phosphorylation levels and brain weight: the lower the brain weight, the higher the level of 

PS1 S310 phosphorylation. This suggests that brain weight could be one potential 

explanation to account for the wide distribution of phosphorylation levels of PS1 S310 

found in AD brain. However, given that we did not know the brain weight of the different 

cases on a baseline level before becoming diseased and that the brain weight differs 

between men and women, caution should be used when comparing and correlating the 

results.  

 

4.1.5 Presenilin 1 S310 phosphorylation is specifically increased in Alzheimer’s 

disease brain 

As mentioned above, two of the most critical players in the pathology of AD are Aβ and 

tau proteins. The accumulation and deposition of abnormal tau has not only been described 

in AD, but is also commonly seen in other neurodegenerative diseases referred to as 

tauopathies such as FTLD, corticobasal degeneration, progressive supranuclear palsy [61]. 
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Tau pathology can be also found in some forms of Parkinson’s disease, prion disease and 

amyotrophic lateral sclerosis [128], and most recently even in Huntington’s disease [26]. In 

contrast, Aβ and plaque deposition seems to be specific to AD. Consequently, the 

pathological conformational change of PS1 leading to an imbalance of the production of 

Aβ species could not be detected in FTLD [120]. Thus, in order to further investigate 

whether increased phosphorylation levels could be a potential mechanism leading to a 

conformational change and disrupted Aβ production, we again used FTLD to control for 

the specificity of our results. Remarkably, we did not find a significant increase of the 

phosphorylation level of PS1 on S310 in human FTLD brains compared to control. This 

suggests that increased PS1 phosphorylation on S310 could be a specific event happening 

in AD and account for the specific and pathogenic conformational change of PS1. 

Phosphorylation induced pathogenic change in PS1 conformation could, therefore, be 

upstream of/ responsible for amyloid pathology. However, caution should be used by 

interpreting this result given that the number of FTLD cases that were used was much 

smaller. Also, investigating phosphorylation levels of PS1 in other neurodegenerative 

disease would help to further clarify and specify our findings. 

 

4.1.6 Limitations of the study and its design 

The result of our study that relative phosphorylation of PS1 on S310 is increased in AD 

brain compared to control brain is an interesting factor in the context of the pathogenic 

conformational change of PS1. In previous studies [72], we proposed that all three domains 

(and thus 6 phosphorylation sites) could be responsible for the pathogenic conformation 

and aimed to test if the phosphorylation on these sites was upregulated in sAD brains. 

However, due to limited availability of phosphorylation-specific antibodies for PS1, we 

only focused on the phosphorylation of one specific amino acid and the effect of this 

phosphorylation and its effects on PS1 and γ-secretase function are unclear to date. Thus, 

further research is needed to verify our result regarding all six phosphorylation sites 

thought to be responsible for conformational change of PS1.     

Our study was an observational study only; we found an increased level of 

phosphorylation, not giving any other indication for mechanism, causes or consequences.  

For our human brain study, we tried to match cases of the two cohorts as best as possible 

on age at death, PMI, and sex. Furthermore, we processed the tissue to lysate in a very 

similar manner, and those, running on the same Western blot membrane later on, together 

in the same lysate session. Prepared samples were defrosted only once to use in the 
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experiment and were constantly kept on ice. Therefore, it is unlikely that the difference in 

phosphorylation levels of AD brain and control brain cases is due to an artificial 

experimental manipulation [120]. We also tried to use an appropriate number of cases (23 

AD brain, 20 controls) in order to make statistical significance be of more power as well as 

weaken the chances that our results are just due to an accidental and not relevant similarity 

of a few AD patients. However, the comparisons were made relative to the average level of 

p-PS1 in controls, assigned as 100%. Therefore, our results really depend on the 

phosphorylation level of the selected control cases used. In order to better verify our 

results, a much higher number of cases would be needed. Also, the development of ELISA 

could be one of the approaches to overcome the dependency of phosphorylation of control 

cases and would allow quantification of the actual amount of p-PS1.  

It would be interesting to repeat the whole experimental study again with the same cases to 

further rule out experimental manipulation, e.g. repeating the experiments in a double-

blinded setting. Also, there are other factors that we did not have enough information of to 

use it as matching criteria that could influence phosphorylation levels of proteins and 

amino acids in the brain to a significant extent, such as comorbidity, cause of death, and 

even storage and processing of the tissue before we received it in the brain bank or 

laboratory bench. Further studies specifically focusing on such confounding factors are 

needed to further verify our findings. 

 

4.1.7 Implications for further studies 

Further studies focusing on the effect of different B&B stages/ CERAD scores of AD case 

on phosphorylation levels on S310 would be of high interest to determine whether 

phosphorylation increases with the disease severity. For this, investigations of the other 

brain regions, specifically the hippocampus, would be preferable since it is believed that 

pathology is not spread over the entire cortex at lower B&B stages. Another very 

intriguing study would be using immunohistochemistry to investigate whether there is 

increased phosphorylation of S310 in neurons surrounded by a high burden of Aβ plaques. 

In order to bridge the gap between the two main hypotheses, the amyloid and the tau 

hypothesis respectively, another interesting approach would be to compare the PS1 

phosphorylation status with tau phosphorylation status within the same AD case. Also, 

investigating potential causes contributing to hyperphosphoyrylation in AD brain, such as 

inflammation or oxidative stress, could further shed light into the relevance of 

phosyphorylation and could link the different hypothesis of the pathogenesis of AD. As 

mentioned above, using more control groups of cohorts suffered from other 
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neurodegenerative diseases without amyloid pathology could further shed light into the 

specificity of our results. Since one of our recent publications suggested that six 

phosphorylation sites of PS1 combined in three domains are involved in the pathogenic 

conformational change of PS1 [72], the investigation of increased phosphorylation of the 

remaining phosphorylation sites (if site-specific p-PS1 antibodies become available) would 

be important to further verify this hypothesis in human brain.  
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4.2  Developing a new FRET reporter probe for monitoring presenilin 1 

phosphorylation in cytoplasmic loop region 

 

Aβ42/40 ratio has been strongly considered as an important contributing factor to the 

pathogenesis of AD. Even though, the precise molecular mechanism underlying the 

resulting changes in its ratio still remains elusive, a structural change of PS1 conformation 

has been implicated as an important predictor of the production of Aβ42/40 ratio [9; 72; 

117]. Most importantly, it has been found that PS1 shows the same reliable response of 

going into a closed conformational state independent of the initial mechanism leading to 

the increase of Aβ42/40, e.g. mutations or modifications of the substrate (APP), mutation 

of PS1 itself (fAD mutants), PTM like phosphorylation, or drug treatment (fenofibrate) [9; 

72; 117]. This suggests that PS1 conformational change is a critical link between potential 

causes and consequences in Alzheimer’s pathology and further investigating mechanisms 

causing conformational change. Thus, an increase of Aβ42/40 could help identify new 

therapeutic targets. In this context, further monitoring of specific areas of PS1 mainly 

responsible/ involved in PS1 conformational change, could provide necessary information 

about a potential therapeutic approach. Importantly, a recent structural simulation study 

has proposed an importance of the PS1 cytosolic loop in controlling substrate and access 

and proper positioning near the cleavage sites [105]. However, the mechanism regulating 

the cytosolic loop conformation of PS1 is poorly understood. 

 

4.2.1 Phosphorylation of G-TM-Loop-R on domain 2 and 3 leads to a 

conformational change of the construct 

Our results demonstrated that the new G-TM-Loop-R FRET-based construct is 

phosphorylated due to the 8-Bromo-cAMP-triggered activation of protein kinases, 

resulting in a shorter proximity between GFP (PS1 TM6) and RFP (cytosolic loop). By 

mutating certain PS1 phosphorylation sites or blocking PKA activation, conformational 

change of the G-TM-Loop-R probe can be successfully inhibited. Thus, we found that 

simultaneous phosphorylation on S310/S313 (domain 2) and S365/S366/S367 (domain 3) 

of PS1 specifically leads to this structural change of G-TM-Loop-R. We have already 

shown that phosphorylation of PS1 at S365/S366/S367 is tightly associated with an 

increase in the Aβ42/40 ratio and changes the NT-cytosolic loop proximity of PS1 [72]. 

However, the spatial relationship between the transmembrane regions and cytosolic loop of 

PS1 is unclear. Our recent study is stressing the fact that the structure of PS1 cytosolic loop 
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is dynamically regulated by the PKA-mediated phosphorylation. This phosphorylation-

triggered local conformational change of the cytosolic loop might affect the proper 

positioning near the cleavage sites.    

 

4.2.2 G-TM-Loop-R can serve as an alternative construct to G-PS1-R 

Not only did we aim to investigate the phosphorylation-triggered structural arrangement of 

the PS1 cytosolic loop but we also asked if G-TM-Loop-R FRET-based probe was suitable 

to quantify phosphorylation. G-PS1-R, in which GFP is tagging to the N-terminus and RFP 

is inserted into the cytosolic loop of PS1 to monitor N-terminus-cytosolic loop proximity, 

has been shown to be a useful probe to monitor conformational change of PS1 [117], and 

also to be reliable to report the “phosphorylated” or “dephosphorylated” PS1 on the PKA-

mediated phosphorylation sites [72]. In our experiments, we not only confirm the very 

reliable function of the G-PS1-R construct by showing an enhancement of its relative 

FRET efficiency by approximately 10% after stimulation with a protein kinase activator, 8-

Bromo-cAMP, but also we found that the newly developed G-TM-Loop-R showed 

significantly higher sensitivity in reporting the PKA-mediated PS1 phosphorylation 

compared to G-PS1-R (G-TM-Loop-R: 15% vs. G-PS1-R: 9.5%). 

Unfortunately, attempts to generate cell lines stably expressing G-PS1-R have not been 

successful to date. It has been suggested that one of the reasons might be the size of the 

reporter or distorted interaction of PS1 with its binding proteins due to large tags. The G-

TM-Loop-R is significantly smaller, and thus, it might be easier to transfect and monitor 

cells with a higher efficiency and success. Thus, it could be an alternative candidate to 

further investigate the conformational change of the PS1 loop and thus, PS1 itself, in a 

stable cell line. 

  

4.2.3 Limitations of the G-TM-Loop-R study 

Even though the G-TM-Loop-R could serve as a useful FRET reporter probe to further 

monitor phosphorylation and conformational response, there is no doubt that this is a very 

artificial construct that unlikely reflects the entire conditions in vivo, given that the assay 

relies on two huge fluorophores (GFP and RFP) inserted into the probe and that the probe 

is much shorter than WT PS1. To further validate the construct and to make sure that it is 

incorporated into the cell membrane similar to that of the endogenous PS1 protein, more 

experiments are needed: immunocytochemistry could be used to check for distribution and 

localization of the construct in the cell and to make sure if this molecule is similarly 
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localized as WT PS1. This could be tested by using anti GFP/RFP or anti-PS1 loop 

antibodies. Furthermore, dimerization or aggregation of the construct needs to be tested. If 

this probe aggregates, it would affect the FRET signal in phosphorylation independent 

manner. This could be tested by Native-PAGE. Also, stability (i.e. how stable this 

molecule is expressed) needs to be tested. This probe gets degraded by normal protein 

degradation systems like proteasome, lysosome, and/or autophagy. The question is how 

long this probe exists in the cells and could report the phosphorylation comparing to the 

full length PS1. This could be tested by Cycloheximide PulseChase Assay.   

In our study, we found 15% increase in the FRET efficiency by PKA activation. In order to 

make sure the sensitivity is sufficient enough for drug screening, replacement of 

donor/acceptor proteins (e.g. GFP to ECFP, RFP to YFP) could help enhance the 

sensitivity.  

Also, even though the active sites of PS1/ γ-secretase complex are incorporated into our 

construct, it is unlikely that it has the same enzymatic function. Nevertheless, further 

experiments addressing Aβ production after the construct has been transfected to the cells 

and if there can be any change detected with stimulation of phosphorylation would be an 

interesting aspect to investigate. It is also unlikely that our construct has similar to PS1 

interaction partners in vivo due to its shortness and missing out on most of the components 

of full-length PS1. This could even influence conformational changes. The concern is that 

by changing an amino acid (S) with another (A) in order to inhibit phosphorylation, the 

entire secondary or tertiary structure of the protein and thus its conformation, may be 

changed. However, in order to better rule out this artifact, we used the kinase inhibitor as 

an additional compound to control for phosphorylation-triggered conformational change. 

Further validation using commercial alternative and available kinases and/ or other PKA 

inhibitors would be needed in future study. Yet again, we do not know what else is 

triggered by using such an additional drug that could contribute to a relative change of the 

fluorophores’ proximity. 

 

4.2.4 Future implications of the G-TM-Loop-R construct 

Even though our construct has several limitations and results that should be interpreted 

with caution, it has a promise of being a useful and novel indicator that is to be used to 

screen for drugs relatively easy, potentially affecting PS1 loop conformation. It can 

accurately report relative changes of the probe that are consistent in different experimental 

setups. Establishing a cell line that stably expreses G-TM-Loop-R could further be used in 
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the development of a HTS assay system to identify drugs (and/ or biological molecules) 

selectively targeting and modulating the PS1 conformation/ phosphorylation within 

domains 2 and 3. The identified drugs could then be used to test whether they also have 

effects on the endogenous WT PS1 and on Aβ production. Since PS1 phosphorylation is 

potentially able to cause a pathogenic conformation of PS1, leading to an increase of the 

Aβ42/40 ratio, selective targeting of PS1 phosphorylation could possibly be a novel 

therapeutic approach to halt AD’s progression.   

 

4.3  Conclusion 

Together with the finding of phosphorylation levels being increased in sAD brains 

compared to healthy controls in one of the critical domains (PS1 S310), located in the loop 

region of PS1 [72], our results suggest that phosphorylation of the loop region, and thus, 

the loop region itself could be critical for the development and or progression of AD. In 

this context, our newly developed G-TM-Loop-R construct could serve as a reporter probe 

for the conformational change of PS1 in response to phosphorylation. Thus, it could be a 

very critical tool to search for potential PS1 modulators, and not only accelerate the 

investigation of AD’s pathophysiology but may have therapeutic significance. 
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5 Summary 

Alzheimer’s disease (AD) is a severe neurodegenerative disease. Presenilin 1 (PS1) is the 

catalytic core of gamma-secretase, an enzyme complex involved in the production of 

Amyloid beta peptide (Aβ), which has been proposed to play an essential role in AD. It has 

been shown that PS1 conformational change leads to an increase of Aβ42/40 ratio, a 

pathological hallmark of AD. In animal studies, there have been six phosphorylation sites 

identified necessary for this conformational change, five of them located in the loop region 

of PS1. The aim of the study was to investigate the importance and pathological relevance 

of PS1 phosphorylation in human sporadic AD (sAD) brain by using Western Blotting, as 

well as developing a new Förster resonance energy transfer (FRET) reporter probe to 

monitor the loop region in response to phosphorylation more closely by using a spectral 

FRET assay. The results of the study showed a significant increase of phosphorylation 

levels of PS1 S310 in sAD brains compared to control brains. This contributes to a 

hypothesized mechanism in which Calcium influx into neurons leads to phosphorylation of 

PS1, resulting in a pathological conformational change. This eventually leads to a higher 

Aβ42/40 ratio. Furthermore, correlation analysis of different variables identified brain 

weight as one factor that significantly correlated with the wide distribution of 

phosphorylation levels of PS1 S310 in sAD. However, results should be interpreted with 

caution since it was an observational study. Further research is needed to confirm results. 

Validating and employing the new FRET reporter probe showed that the two inserted 

fluorophores changed its proximity in response to phosphorylation enhancing treatment, 

and simultaneous phosphorylation of five serine residues within the loop region seemed to 

be necessary. This could reflect a conformational change of the loop region of PS1. Thus, 

it could serve as a useful probe to monitor phosphorylation and conformational response in 

the PS1 loop region. However, the construct is a very artificial one unlikely reflecting the 

entire conditions in vivo and further experiments are needed to validate the construct.  

Taken together, we could identify a phosphorylation site of PS1 that is significantly 

increased in human sAD brain compared with controls. Together with previous studies, 

this suggests that phosphorylation of the loop region seems to be involved in the pathology 

of human sAD. In this regard, our newly developed FRET biosensor, specifically focusing 

on the loop region of PS1, could serve as a reporter probe for the conformational change of 

this region in response to phosphorylation. A new FRET reporter that is also small enough 

to generate a cell line stably expressing it could pave the way to identify potential PS1 

modulators that may have therapeutic implications. 
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