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Abstract 

Amyloid β-protein (Aβ) 42 and 43 are converted by stepwise processing by γ-secretase 

mainly to Aβ38 and 40, respectively. This stepwise processing model was confirmed 

by LC-MS/MS using the CHAPSO-solubilized γ-secretase assay system I previously 

established. This assay system showed high specific activity and revealed unusual 

enzymatic characteristics of γ-secretase. I sought to obtain based on the stepwise 

processing model a further insight into the mechanism why cerebrospinal fluid (CSF) 

Aβ42 are lower in Alzheimer’s disease (AD) patients and how other Aβ species are. 

Because Aβ38/42 and Aβ40/43 are distinct product/precursor pairs, these four species 

in the CSF together should faithfully reflect the status of brain γ-secretase activity and 

were quantified by specific enzyme-linked immunosorbent assays in the CSF from 

controls and mild cognitive impairment (MCI)/AD patients. Decreases in the levels of 

the precursors, Aβ42 and 43, in MCI/AD CSF tended to accompany increases in the 

levels of the products, Aβ38 and 40, respectively. The ratios Aβ40/43 vs Aβ38/42 in 

CSF (each representing cleavage efficiency of Aβ43 or Aβ42) were largely 

proportional to each other but higher in MCI/AD patients compared to control subjects. 

These data suggest that γ-secretase activity in MCI/AD patients is enhanced at the 
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conversion of Aβ43 and 42 to Aβ40 and 38, respectively. Consequently, I measured 

the activity of raft-associated γ-secretase isolated from control as well as MCI/AD 

brains and found the same, significant alterations (so called modulation) in the 

γ-secretase activity in MCI/AD brains. Thus I clearly showed that MCI and AD are 

associated with the changes in γ-secretase activity in the brain. 

� The thesis consists of two parts: i) establishment of the CHAPSO-solubilized 

γ-secretase assay system, ii) measurement of human CSF samples and raft-associated 

γ-secretase activity in human brains. 
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Introduction 

Senile plaques, the neuropathological hallmark of Alzheimer’s disease (AD), are 

composed of amyloid β-protein (Aβ). Aβ is derived from β-amyloid precursor protein 

(APP) through sequential cleavage by β- and γ-secretases. β-Secretase cleaves at the 

luminal portion (β-site) of APP to generate β-carboxyl terminal fragment of APP 

(βCTF), an immediate substrate of γ-secretase, to produce various Aβ species (Fig. 1; 

Selkoe, 2001). The most abundant secreted species is Aβ40, whereas the species that 

has two extra residues (Aβ42) is a minor one (< 10%); however, the latter is the 

species that deposits first and predominates in senile plaques (Iwatsubo et al, 1994).  

Presenilin (PS) 1/2 make up the catalytic site of γ-secretase (Fig. 2; Takasugi et al, 

2003). The enzymatic properties of γ-secretase that cleave the transmembrane domain 

of βCTF have been an enigma, although recent studies provided partial elucidation of 

this mechanism (Qi-Takahara et al, 2005; Takami et al, 2009). To reconstitute 

γ-secretase activity, membrane was solubilized and membrane lipids were replaced 

with detergent CHAPSO (Kakuda et al, 2006). This reconstituted γ-secretase activity 

was similar in many aspects to cell-free γ-secretase activity previously reported by my 

colleagues (Gu et al, 2001; Sato et al, 2003). Recently, Takami et al proposed 
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‘stepwise processing model’ using the reconstituted γ-secretase assay system (Takami 

et al, 2009). γ-Secretase has two Aβ product lines, which successively convert Aβ49 

and Aβ48 that are generated by ε-cleavage, to shorter Aβs by releasing tri- or 

tetrapeptides in a stepwise fashion. Aβ49 is successively cleaved mostly into Aβ40 via 

Aβ46 and Aβ43, while Aβ48 is similarly cleaved into Aβ38 via Aβ45 and Aβ42 (see 

Fig. 11). Importantly, the differences between the amounts of released tri- and 

tetrapeptides at each step determine the levels of various Aβ species produced (Takami 

et al, 2009). Thus, the true activity of γ-secretase is defined by the amounts of tri- and 

tetrapeptides released, but not by the amounts of Aβ species produced. Of note, the 

most abundant species Aβ40 is derived not from Aβ42, but from Aβ43. Also Aβ38 is 

derived mainly from Aβ42 (Fig. 11). The longer Aβs in CSF including Aβ49 and 46 as 

well as Aβ48 and 45 must be generated at negligible levels, but may neither be 

secreted to the interstitial fluid (ISF) nor recruited to CSF. This suggests that the status 

of brain, and possibly neuronal, γ-secretase could be accurately assessed by measuring 

all four Aβ species generated by the two product lines of γ-secretase.  

To measure each Aβ in CSF, I established new enzyme-linked immunosorbent 

assays (ELISAs). Using these ELISAs, I quantified Aβ40 and 43 and Aβ38 and 42 in 
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CSF samples from control subjects and MCI/AD patients. The CSF concentrations of 

Aβ43 and Aβ42 were found to be significantly lower in MCI/AD compared with 

control. The ratio of Aβ38/42, which represents the ratio of product/precursor and thus 

the cleavage efficiency of Aβ42, was plotted against the ratio of Aβ40/43, which 

represents the ratio of product/precursor in the other product line and thus the cleavage 

efficiency of Aβ43. The ratio of Aβ38/42 was largely proportional to that of Aβ40/43, 

indicating that the two cleavage processes are tightly coupled, but both were generally 

higher in MCI/AD patients compared to control subjects These results suggest that the 

activity of brain γ-secretase in MCI/AD is enhanced at the conversion of Aβ43 to 

Aβ40 and Aβ42 to Aβ38, which would result in significantly lower CSF 

concentrations of Aβ42 and 43. In support of this hypothesis, the activities of 

raft-associated γ-secretase from control and MCI/AD brains were found to 

significantly differ from each other: although the total Aβ production was similar, the 

γ-secretase in MCI/AD brains produced significantly larger ratios of Aβ40/43 and 

Aβ38/42 than the enzyme in control brains. This raises the possibility that lower CSF 

levels of Aβ42 and 43 simply reflect the altered γ-secretase activity in the 

MCI/AD-affected brains.
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Materials and methods 

Cell culture 

Chinese hamster ovary (CHO) cells were cultured in Dulbecco-modified Eagle’s 

medium (Sigma, St. Louis, MO) containing 10% fetal bovine serum (Invitrogen, 

Carlsbad, CA) and penicillin/streptomycin (Invitrogen). CHO cells expressing human 

wild type (wt) or mutant (mt) PS1/2 were generated as described by Yagishita et al 

(2006). Displacement of endogenous (hamster) PS by exogenous (human) PS was 

confirmed in each cell line (Yagishita et al, 2006). 

 

Preparation of C99-FLAG substrate 

A carboxyl terminal fragment of APP (C99) was C-terminally fused with FLAG tag 

(C99-FLAG) and N-terminally with signal peptide 

(MQLRNPELHLGCALALRFLALVSWDIPGARA) of human α-galactosidase A. 

Resultant fragment was inserted into pFASTBAC™1 (Invitrogen). Sf9 cells were 

infected with recombinant baculovirus according to the manufacturer’s instructions. 

Infected cells (60 ml culture) were harvested after 36 h and resuspended in 0.3 - 0.5 ml 

of Tris-buffered saline (50 mM Tris HCl, pH 7.6, 150 mM NaCl). The suspension was 
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mixed with equal amount of lysis buffer [50 mM Tris HCl, pH 7.6, 150 mM NaCl, 2% 

NP-40 and 2 x protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN)] and 

incubated on ice for 1 h. After ultracentrifugation at 245,000 x g for 20 min, the 

supernatant was agitated with 0.2 ml of ANTI-FLAG® M2 agarose beads (Sigma) 

overnight. C99-FLAG was eluted from the beads by incubation with 0.2 ml of 100 mM 

Glycine HCl (pH 2.7) for 10 min at room temperature, and the eluate was immediately 

neutralized by addition of 1/25 volume of 1 M Tris HCl (pH 8.0). Concentrations of 

residual NP-40 in purified C99-FLAG were estimated to be 0.3 – 0.4% from elution 

volume. The eluted C99-FLAG was confirmed for its purity and quantified by CBB 

staining after gel electrophoresis. 

 

γ-Secretase assay and detection of Aβ and AICD 

Microsomal fractions of CHO cells were obtained as previously described (Funamoto 

et al, 2004). Briefly, the harvested cells were homogenized in buffer A (20 mM PIPES, 

pH 7.0, 140 mM KCl, 0.25 M sucrose, 5 mM EGTA) using a glass/Teflon 

homogenizer. The homogenates were centrifuged at 800 x g for 10 min to remove 

nuclei and cell debris. The postnuclear supernatants were recentrifuged at 100,000 x g 
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for 1 h. The resulting pellets representing the microsomal fractions were suspended in 

a buffer (50 mM PIPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA). Their protein 

concentrations were adjusted at 10 mg/ml. The membranes were solubilized by the 

addition of equal volume of 2 x NK buffer [50 mM PIPES, pH 7.0, 0.25 M sucrose, 1 

mM EGTA, 2% CHAPSO (Sigma; Cat NO. C3649; lot #, 013K5314 and 015K5313), 

2 mM DIFP, 20 µg/ml antipain, 20 µg/ml leupeptin, 20 µg/ml TLCK, 10 mM 

phenanthroline and 2 mM thiorphan] and incubated on ice for 1 h (Li et al, 2000; 

Fraering et al, 2004). After centrifugation at 100,000 x g for 1 h, the supernatants were 

saved (1% CHAPSO lysate). 1% CHAPSO lysate was diluted with three volumes of 

CHAPSO-free buffer (50 mM PIPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA, 1 mM 

DIFP, 10 µg/ml antipain, 10 µg/ml leupeptin, 10 µg/ml TLCK, 5 mM phenanthroline 

and 1 mM thiorphan) containing defined amounts of C99-FLAG. Furthermore, 0.1% 

phosphatidylcholine (Sigma; Cat NO. P3556; lot #, 034K5218) was added into the 

diluted lysate, which significantly enhanced the activity of γ-secretase but did not alter 

the proportion of Aβ40/42 produced. Residual NP-40 in the substrate should be 

estimated carefully before starting reaction. The NP-40 concentrations at 0.2% and 

above in the reaction mixture abolished γ-secretase activity. Its final concentrations in 
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all reactions in this study were kept less than 0.06%, which exhibited no noticeable 

suppression in Aβ and AICD productions. After incubation at 37ºC for 3 h, lipids were 

extracted with chloroform/methanol (2:1), and protein residues were subjected to 

quantitative western blotting with defined amounts of synthetic Aβ as a control. For 

AICD standard, I used CTF50 synthetic peptide (AICD50-99; Calbiochem, San Diego, 

CA) or AICD50-99-FLAG expressed in E. coli as described below. For detection of 

Aβ, 82E1, a monoclonal antibody end-specific for N-terminus of human Aβ (IBL, 

Gunma, Japan) was used (Horikoshi et al, 2004). To visualize APP intracellular 

domain (AICD), UT-421 (gift of Dr. T. Suzuki, Hokkaido University) raised against 

C-terminal sequence of APP was used (Tomita et al, 1998). All blots in this study were 

immersed in boiled PBS for 5 min before blocking in 5% skim milk, which profoundly 

enhanced detectability of the antigens. 

 

Quantification of authentic AICD50-99-FLAG 

AICD50-99-FLAG was expressed in E. coli and affinity-purified with ANTI-FLAG 

M2 beads®. The protein concentrations of authentic AICD50-99-FLAG were 

determined using both amino acid compositional analysis that determines the total 
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protein amount, and sequence analysis that assesses the amount of AICD50-99-FLAG. 

The appropriate amounts of AICD50-99-FLAG were purified by reverse-phase liquid 

chromatography on super-phenyl column (Tosoh, Tokyo, Japan) with 0-48% gradient 

of acetonitrile in 0.1% trifluoroacetic acid. Peak fractions were collected and 

rechromatographed under the same condition. Compared between the peak areas of 

first and second chromatogram, the recovery from chromatography was estimated 

about 58%. Pooled fractions from the second chromatography were dried and 

hydrolyzed in 6 N HCl vapor at 110˚C for 20 h. The acid hydrolyzate was derivatized 

with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate and quantified as described 

by Shindo et al (1997). For amino acid sequence analysis, an appropriate amount of 

AICD-FLAG was subjected to Edman degradation using a Procise cLC protein 

sequencing system (Applied Biosystems, Foster City, CA) to obtain N-terminal 

10-residue sequence. Repetitive yield and initial yield were calculated from the 

sequence. 

 

Detection of longer Aβs produced by γ-secretase 

Various longer Aβ species were separated on a Tris/Tricine/8 M urea gel with minor 
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modifications (Yagishita et al, 2004; Qi-Takahara et al, 2005). A 10% T/3% C 

separation gel, pH 8.45, containing 8 M urea (gel system I) was used to separate Aβ37 

through Aβ45. A 12% T/3% C separation gel, pH 8.90, containing 8M urea (gel 

system II) was used to separate Aβ46 through Aβ49. The spacer and stacking gels did 

not contain urea. Following transfer, the blots were probed with 82E1 to detect only 

Aβs that begin at Asp-1 and developed using an ECL system. Intensities of the bands 

were quantified using a LAS-1000plus luminescent image analyzer (Fuji Film, Tokyo, 

Japan). 

 

Immunoprecipitation of γ-secretase 

1% CHAPSO lysate of mouse embryonic fibroblasts (MEF) or wt or 

mtPS1-transfected CHO cells was diluted in three volumes of CHAPSO-free buffer 

(Nyabi et al, 2002). γ-Secretase complex was immunoprecipitated with anti-nicastrin 

antibody (Sigma) and Protein G-Sepharose (Amersham biotech, Uppsla, Sweden). 

After sufficient washing with 0.25% CHAPSO buffer (50 mM PIPES, pH 7.0, 250 mM 

sucrose, 1 mM EGTA, 0.25% CHAPSO, 1 mM DIFP, 10 µg/ml antipain, 10 µg/ml 

leupeptin, 10 µg/ml TLCK, 5 mM phenanthroline and 1 mM thiorphan), γ-secretase 
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complex bound to protein G-Sepharose was allowed to react with 500 nM C99-FLAG 

in 0.25% CHAPSO buffer containing 0.1% phosphatidylcholine at 37 ºC for 4 h with 

gentle agitation. The reaction mixtures were subjected to quantitative western blotting 

for Aβ and AICD (Yagishita et al, 2006; Qi-Takahara et al, 2005). 

 

Mass spectrometric analysis of AICDs 

After incubating 0.25% CHAPSO lysate of CHO cells with C99-FLAG in the presence 

of 0.1 mM bestatin, 10 µM amastatin, 0.1 µM arphamenine A, the uncleaved excess 

C99-FLAG was largely removed by immunoprecipitation with 4G8, a monoclonal 

antibody raised against 17-28 residues of Aβ (epitope:17-24 residues) (Signet 

Laboratories, Dedham, MA). Produced AICD was immunoprecipitated with 

ANTI-FLAG® M2 agarose beads, and extracted with 30% acetonitrile in 1% 

trifluoroacetate. Masses of the peptides were determined with a MALDI-TOF mass 

spectrometer, autoflex® (Bruker Daltonics, Ibaraki, Japan). Samples were prepared by 

the thin-layer method using sinapinic acid as a matrix (Sato et al, 2003). 
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Subjects.  

CSF samples from 24 AD patients (mild to moderate AD; 50-86 years old), 19 MCI 

patients (amnestic MCI; 57-82 years old), and 21 control subjects (61-89 years old) 

were collected (see Table 3) at Department of Neurology, Hirosaki University School 

of Medicine and Hospital and at Department of Geriatrics and Gerontology, Tohoku 

University Hospital, and at Department of Neurology, Niigata University Medical and 

Dental Hospital. The CSF samples from (symptomatic) 5 FAD (mPS1) patients 

(T116N, L173F, G209R, L286V and L381V) were from Niigata University Medical 

and Dental Hospital. Probable AD cases met the criteria of the National Institute of 

Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and 

Related Disorders (NINCDS-ADRDA) (McKhann et al, 1984; Kuwano et al, 2006); 

this criteria consist of i) Dementia established by examination and objective testing, ii) 

Deficits in two or more cognitive areas, iii) Progressive worsening of memory and 

other cognitive functions, iv) No disturbance in consciousness, v) Onset between ages 

40 and 90. Diagnosis of amnestic MCI criteria consist of i) Memory complaint 

preferably corroborated by an informant ii) Objective memory impairment for age iii) 

Largely preserved general cognition iv) Essentially normal activities of daily living v) 
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Not demented (Petersen et al, 2001; Winblad et al, 2004). Additional diagnostic 

procedures included magnetic resonance imaging. Dementia severity was evaluated by 

the Mini-Mental State Examination (MMSE). MMSE score is 24 to 30 for amnestic 

MCI and control, 21 to 26 for mild AD, and 10 to 20 for moderate AD (tentatively 

defined). Diagnosis of idiopathic normal pressure hydrocephalus (iNPH) was made 

according to the guideline issued by the Japanese Society of NPH (Ishikawa et al, 

2008). Controls who had no sign of dementia and lived in an unassisted manner in the 

local community were recruited. All individuals included in this study were Japanese 

and 24 AD patients examined here were judged to have sporadic AD because of 

negative family history. This study was approved by the ethics committee at each 

hospital or institute. 

Human cortical specimens for quantification of raft-associated γ-secretase activity 

were obtained from those brains that were removed, processed and placed in -80˚C 

within twelve hours postmortem [Patients were placed in a cold (4˚C) room within 2h 

after death] at the Brain Bank at Tokyo Metropolitan Institute of Gerontology. For all 

the brains registered at the bank my corroborators obtained written informed consents 

for their use for medical research from patient or patient’s family. Each brain specimen 
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(~0.5g) were taken from Brodmann areas 9-11 of 13 AD patients [80+/-5.0 years of 

age, Braak NFT stage>IV, SP stage=C, (retrospective) CDR >1], 10 MCI patients 

(91+/-4.9 years of age, Braak NFT stage <IV, SP stage<C, CDR=0.5) and 16 controls 

(77+/-6.5 years of age, Braak NFT stage<I, SP stage=0/A, CDR=0). The diagnoses of 

AD, MCI and control were made according to the published criteria (Li et al, 1997; 

Adachi et al, 2010). 

 

Cerebrospinal fluid analysis.  

CSF (10-15 ml) was collected in a polypropylene or polystyrene tube and gently 

inverted. After brief centrifugation CSF was aliquoted to polypropylene tubes 

(0.25-0.5 ml), which were kept at -80 ˚C until use. In my experience, Aβ42 (possibly, 

other Aβ species too) are readily absorbed even to polypropylene tubes (~20% per new 

exposure, as shown by Luminex xMAP quantification), and repeated aliquot to new 

tubes may cause profoundly lower measures of Aβs (T Tsukie and R Kuwano, 

unpublished data, 2010). This may partly explain why absolute levels of Aβs in CSF 

greatly vary across laboratories, whereas their relative ratios (for example, Aβ42/40) 

seem to be roughly consistent. The CSF concentrations of Aβ38, 40, 42 and 43 were 
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quantified using commercially available ELISA kits (Cat NO. 27717, 27718, 27712, 

27710, respectively, IBL, Gunma, Japan).  

CSF immunoprecipitation and Western blotting. 

When required, CSF Aβs were immunoprecipitated with protein G-Sepharose 

conjugated with 82E1 at 4˚C by keeping a container in gentle rotation overnight. The 

mixture was centrifuged at 10,000 x g for 5 minutes, and resultant pellets were then 

washed twice with phosphate-buffered saline. The washed beads were suspended with 

the Laemmli sample buffer for SDS-PAGE. The immunoprecipitated Aβs were 

separated on Tris/Tricine/8 M urea gels (Kakuda et al, 2006), followed by Western 

blotting using 82E1. To immunodetect Aβ42 and Aβ43, Aβ42 monoclonal antibody 

(44A3, IBL) and Aβ43 polyclonal antibody (IBL) were used (Fig. 10). 

 

Quantification of human brain raft-associated γ-secretase activity. 

Since γ-secretase is thought to be concentrated in rafts (Wada et al, 2003; Hur et al, 

2008), I measured raft-associated γ-secretase activity rather than CHAPSO-solubilized 

activity. Rafts were prepared from human brains, which were frozen within 12h 

postmortem, as previously described (Oshima et al, 2001; Wada et al, 2003) with some 
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modifications. I do not know exactly whether the γ-secretase activity depends upon the 

sampling site. In my hand, there appear no large differences in the activity among the 

sampled sites in a given prefrontal slice. No significant differences in the activity were 

noted between outer and inner layer of the cortex. After carefully removing 

leptomeninges and blood vessels, small (<0.5 g) cortical blocks from prefrontal 

cortices (Brodmann areas 9 to 11) were homogenized in ~10 volumes of 10% sucrose 

in MES-buffered saline (25 mM MES, pH 6.5, and 150 mM NaCl) containing 1% 

CHAPSO and various protease inhibitors. The homogenate was adjusted to 40% 

sucrose by the addition of an equal volume of 70% sucrose in MES-buffered saline, 

placed at the bottom of an ultracentrifuge tube, and overlaid with 4 ml of 35% sucrose 

and finally with 4 ml of 5% sucrose in MES-buffered saline. The discontinuous 

gradient was centrifuged at 39,000 rpm for 20h at 4˚C on a SW 41 Ti rotor (Beckman, 

Palo Alto, CA). An interface of 5%/35% sucrose (fraction 2) was carefully collected 

(referred to as raft fraction). Raft fractions were recentrifuged after dilution with buffer 

C (20 mM PIPES, pH 7.0, 250 mM sucrose and 1 mM EGTA). The resultant pellet 

was washed twice and resuspended with buffer C, which was kept at -80˚C until use. 

     As the method of quantifying the raft γ-secretase activity was not yet established, 
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I first determined the assay conditions. The incubation of raft fraction with βCTF 

generated exactly the same tri- and tetrapeptides my colleagues previously observed in 

the detergent-soluble γ-secretase assay system (Takami et al, unpublished observation). 

This suggests that the cleavage by raft-associated γ-secretase proceeds in the identical 

manner as by CHAPSO-reconstituted γ-secretase (Takami et al, 2009). In my hand, 

preexisting βCTF bound in rafts generated only negligible amounts of Aβs, and their 

generation was dependent exclusively on exogenously added βCTF. Thus, I concluded 

that the addition of βCTF to raft fraction make possible to measure the raft-associated 

γ-secretase activity, although I do not know how the exogenously added βCTF is 

integrated into raft, gets access to and is degraded by raft-embedded γ-secretase. Using 

this assay method, the activities of raft-associated γ-secretase in human brains were 

found to be only a little affected postmortem, when compared with that prepared from 

fresh rat brains. A progressive decline in the activity was barely detectable from 4 to 

17h postmortem. The discrepancy in the postmortem decay between my and the 

previous data (Hur et al, 2008) would be ascribed to the assay method: The latter are 

based on the activity measured by using endogenous (raft-bound) substrate that is also 

susceptible to proteolytic degradation (Hur et al, 2008). 
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Each raft fraction, adjusted to 100 µg/ml in protein concentration, was incubated 

with 200 nM C99FLAG for 2h at 37˚C (Kakuda et al, 2006). The produced Aβs were 

separated on SDS-PAGE, and subjected to quantitative Western blotting, using specific 

antibodies, 3B1 for Aβ38, BA27 for Aβ40, 44A3 for Aβ42 and anti- Aβ43 polyclonal 

for Aβ43. 

 

Statistical analysis. 

All statistical analyses were performed using SPSS version 14.0. The results were 

expressed as means ± standard deviations. Because data transformations were required 

to achieve normal distribution, all analyses including Aβ38, Aβ40, Aβ42 and Aβ43 

were performed after a logarithmic transformation. Pearson’s correlation coefficients 

were calculated to indicate the strength of the linear relationship between two variables. 

An analysis of variance (ANOVA) was used to test the equality of means of 

continuous variables among three groups, that is, control, MCI and AD. Multiple 

comparisons were done by Dunnett’s t-test, Bonferroni’s t-test and Welch’s t-test 

between control and MCI/AD, and among three groups, respectively. A three-tailed P 

of <0.05 was considered to be statistically significant. 
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Results 

I. Establishment of CHAPSO-solubilized γ-secretase assay system. 

CHAPSO-solubilized γ-secretase assay system—Relationship between γ-cleavage and 

APP intracelluar domain (AICD) production had been a matter of debate. Studies by a 

number of research groups implied that γ-cleavage was largely independent of 

ε-cleavage (Chen et al, 2002; Moehlmann et al, 2002; Hecimovic et al, 2004; 

Jankowsky et al, 2004). On the other hand, Pinnix et al noted a potential link between 

Aβ and AICD productions (Pinnix et al, 2001). Recently, my colleagues and others 

(Sato et al, 2003; Funamoto et al, 2004; Zhao et al, 2005) identified novel ε-cleavage 

that liberates AICD and assumed that ε-cleavage was the primary event for 

Aβ production. They also assumed that equal amount of total Aβ and AICD are 

produced by γ-secretase. Most of quantitative studies on Aβ and AICD productions 

were performed in the presence of large amounts of αCTF, which is processed to p3 

and AICD, but not to Aβ. In addition, levels of Aβ and AICD were assessed by 

methods based on different principles, such as ELISA for Aβ released into media and 

indirect luciferase transactivation assay for AICD. To my knowledge, rigorous 

quantitative determination by conventional western blotting of the produced Aβ and 
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AICD had never been performed. 

To examine the stoichiometry of Aβ relative to AICD, I took the advantage of the 

CHAPSO-solubilized γ-secretase assay system (Li et al, 2000; Fraering et al, 2004). 

C99 was fused at the C-terminus with FLAG tag (C99-FLAG), which was expressed in 

Sf9 cells. After C99-FLAG was purified by ANTI-FLAG M2 (see Materials and 

Methods), its purity was confirmed and its amounts were quantified by CBB staining 

(see Fig. 4B). Purified 0.5 µM C99-FLAG was incubated in 0.25% CHAPSO-lysate of 

CHO cells. Produced Aβs were separated on gel system I (Yagishita et al, 2006; 

Qi-Takahara et al, 2005) (Fig. 3A). The amount of each Aβ species increased in a 

time-dependent linear fashion and was assesed by densitometric scanning of the 

western blot. Robust signals for Aβ42 and Aβ43 were detected as well as for Aβ40, 

which contrasts with the major Aβ species in cell-based and cell-free assays (Selkoe, 

2001; Sato et al, 2003; Qi et al, 2003; Hayashi et al, 2004) (Fig. 3A). Aβ45, and Αβ 

species longer than Aβ45 were also detected and stuck at the bottom of gel (Fig. 3A, 

upper panel). Gel system II (Yagishita et al, 2006; Qi-Takahara et ak, 2005) revealed 

that these longer species were Aβ48 and Aβ49 (Fig. 3A). Against increasing 

concentrations of C99-FLAG, band intensities of all Aβ species were plotted as 
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percentage of intensity of synthetic Aβ45 (50 pg) on each blot (Fig. 3B and C). The 

production rates of all Aβ species followed Michaelis-Menten type curve (Fig. 3C). 

The apparent Km (Kapp) and Vmax values for various Aβ species were summarized in 

Table 1. As can be seen in Figure 3A and 3B, this solubilized γ-secretase assay system 

was characterized by production of abundant Aβ40, Aβ42 and Aβ43, and small or 

trace amounts of Aβ45, Aβ48, and Aβ49. The majority of Aβ species produced by the 

assay system consisted of Aβ40, Aβ42 and Aβ43 (see below).  

In this assay system L-685,485 and DAPT suppressed Aβ production in a 

dose-dependent manner (Fig. 3D and E). As expected, L-685,485, a transition-state 

analogue inhibitor, uniformly suppressed production of all Aβ species (Fig. 3D). Most 

unexpectedly, DAPT, a nontransition-state analogue inhibitor, did not cause a build-up 

of Aβ43 and Aβ46 (Yagishita et al, 2006; Qi-Takahara et al, 2005; Zhao et al, 2004; 

Zhao et al, 2005), but uniformly suppressed the production of all Aβ species (Fig. 3E). 

This may indicate that membrane integrity is a prerequisite for DAPT-induced 

accumulation of Aβ43 and Aβ46, as this phenomenon was observed in cell-based 

assay (Qi-Takahara et al, 2005) and cell-free assay using microsomal fraction. 

Stoichiometric relationship between Aβ and AICD—Purified C99-FLAG was 
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incubated with CHAPSO-solubilized microsomal fraction from CHO cells. The Aβ at 

about 4 kDa on the SDS gel was quantified by western blotting as previously reported 

(Funamoto et al, 2004). Total AICD was quantified using synthetic CTF50 

(AICD50-99, eight residues smaller than the substrate, AICD-FLAG) as an authentic 

sample. The highest molecular mass band at about 15 kDa and lowest-molecular-mass 

band at about 9 kDa, before incubation represent presumably N-terminally extended 

C99-FLAG with residual signal peptide and truncated C99-FLAG, respectively (Fig. 

4A, lower panel). CBB staining cannot detect those fragments and thus only trace 

amounts of the fragments contaminate the substrate (Fig. 4B). The Aβ band at about 4 

kDa on the SDS gel most likely represents Aβ40, Aβ42 and Aβ43. Aβs longer than 

Aβ43 have slower mobilities (data not shown and see ref. Yagishita et al, 2006), and 

can be separated from the major Aβ band at about 4 kDa. The longer Aβs appear to be 

present in very small amounts, as they constituted around 10% of the total amount 

estimated from densitometric scanning of the western blot (gel I; Fig. 3A and Table 1), 

assuming that the retention efficiency for each Aβ species is equal. Thus, Aβ here 

indicates virtually the sum of Aβ40, Aβ42, and Aβ43. Time course analysis showed 

that equal amounts of Aβ and AICD increased similarly in a time-dependent manner 
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(Fig. 4A and C); the kinetics of Aβ and AICD production was statistically 

indistinguishable (Fig. 4D). These observations indicate that cleavage of C99 provides 

equal amounts of Aβ (mostly Aβ40, 42 and 43) and AICD. The rates of Aβ and AICD 

production apparently followed Michaelis-Menten type curve (Fig. 4D). The apparent 

Km (Kapp) values of C99 for Aβ and AICD production were 507.93 ± 26.45 nM and 

468.72 ± 129.26 nM, respectively (Table 2). Those values are roughly consistent with 

Km values reported previously for crude and purified γ-secretase (Li et al, 2000; 

Fraering et al, 2004; Tian et al, 2002). The apparent Vmax values for Aβ and AICD 

were 433.53 ± 51.94 pM/min and 419.62 ± 19.39 pM/min, respectively (Fig. 4D and 

Table 2). Those values were more than 30-fold higher than reported previously 

(Fraering et al, 2004; Hayashi et al, 2004). Such high activity of γ-secretase in my 

system made it possible to use conventional western blotting to accurately quantify the 

amounts of Aβ and AICD produced. 

I then examined the stoichiometry between Aβ and AICD in reaction mixtures 

containing mtAPP and mtPS1/2. The CHAPSO lysates were reacted with C99-FLAG 

containing FAD mutations T714I, V717F and L723P, and an artificial mutation I716F 

(I45F, according to Aβ numbering) (Lichtenthaler et al, 1999). As shown in Figure 5A, 
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the mtAPPs tested in this study caused substantial to profound reductions in Aβ and 

AICD productions (Fig. 5A). Nevertheless, these mtAPPs did not alter the 

stoichiometry between Aβ and AICD (Fig. 5B). Similarly, mtPSs led to significantly 

reduced production of Aβ and AICD, but maintained the one-to-one stoichiometry 

indicated for wtPS1/2 (Fig. 5C and D). In G384A mtPS1, an additional signal was 

detected above the Aβ band (Fig. 5C) and identified as a mixture of Aβ48 and Aβ49 

on gel II (data not shown). Densitometric analysis showed that the longer Aβs 

produced by G384A mtPS1 amount to more than 40% of total Aβs, as compared to 

less than 10% in wtPS1. Signals from longer Aβs were included for the quantification 

of Aβ in G384A mtPS1. Weak additional signals for longer Aβs were also observed in 

wtPS2 and N141I mtPS2, and similarly included for the quantification of Aβ (Fig. 5C 

and D).  

Identification of longer Aβs, Aβ48 and Aβ49, produced by γ-secretase—Previous 

observations by my colleagues on ε-cleavage itself led to predict the two counterparts of 

AICDs, namely Aβ48 and Aβ49 (Sato et al, 2003). Consistent with this assumption, the 

cells expressing Aβ48 or Aβ49 secreted Aβ40 and Aβ42 into media in a PS-dependent 

manner (Funamoto et al, 2004). 
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By using this solubilized system, I sought to confirm γ-secretase-dependent 

production of Aβ48 and Aβ49. γ-Secretase complex that has been known to contain 

mature (highly glycosylated) nicastrin (Kimberly et al, 2002), was immunoprecipitated 

with anti-nicastrin antibody from 0.25% CHAPSO-solubilized MEF lysate. This 

partially purified γ-secretase complex was incubated with C99-FLAG, and the reaction 

mixtures were subjected to gel system II to detect Aβ48 and Aβ49. The 

immunoprecipitate from wtMEF by anti-nicastrin antibody produced Aβ and AICD 

from C99-FLAG, whereas that by preimmune serum generated negligible levels of Aβ 

and AICD (Fig. 6A). Precipitate from PS1/2-deficient MEF contained only an immature 

form of nicastrin and generated no products (Fig. 6A). Gel II clearly shows the two 

distinct bands for Aβ48 and Aβ49 in the immunoprecipitate from wtMEF but none in 

that from PS1/2-deficient MEF (Fig. 6B). Furthermore, Aβ48 and Aβ49 were 

profoundly reduced by the addition of L-685,458, in a dose-dependent manner (data not 

shown). These data indicate that γ-secretase does produce Aβ48 and Aβ49 as well as 

other Aβs. Aβ46 was undetectable in this CHAPSO-solubilized system, for which 

currently I cannot offer an appropriate explanation (Yagishita et al, 2006; Qi-Takahara 

et al, 2005; Zhao et al, 2004; Zhao et al, 2005). 
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Only two AICDs, AICD49-99 and AICD50-99, are produced by γ-secretase—In the 

cell-free system, two ε-cleavage sites along C99, which released AICD49-99 and 

AICD50–99, were detected. Despite intensive efforts, I failed to identify any longer 

AICDs, for example, AICD41-99 and AICD43-99 as potential counterparts of Aβ40 

and Aβ42, respectively (Gu et al, 2001; Sato et al, 2003). Because this solubilized 

system allows free collision of enzyme and substrate in the solution, it is quite possible 

that various ε-cleavage sites could emerge, generating various lengths of AICDs. If 

C99-FLAG is cleaved once along its transmembrane domain, various AICDs can be 

expected as counterparts of various Aβ species. Because Aβ40, Aβ42, and Aβ43 are 

abundant in the assay system, their counterparts, AICD41-99, AICD43-99, and 

AICD44-99, should have been abundant.  

The CHAPSO lysate of CHO cells was incubated with C99-FLAG at 37˚C. 

Uncleaved C99-FLAG was removed by the pretreatment with 4G8, and AICD-FLAG 

was subsequently precipitated with ANTI-FLAG® M2 agarose. The immunoprecipitate 

was subjected to time-of-flight (TOF) mass spectrometry. Most surprisingly, even under 

this solubilized condition, only two species of AICD, AICD49-99-FLAG and 

AICD50-99-FLAG, were detected (Gu et al, 2001; Sato et al, 2003) (Fig. 6C), which 
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contrasts with the presence of various Aβ species generated, as shown by the gel system 

I (Fig. 3A). 

To confirm further the stoichiometry between Aβ and AICD produced by 

γ-secretase, immunoprecipitated γ-secretase was used to avoid possible contamination 

with proteases. In addition, instead of AICD50-99, AICD50-99-FLAG expressed in E. 

coli was used as strict control. AICD50-99-FLAG purified from E. coli was quantified 

by amino acid compositional analysis and sequence analysis (see materials and 

methods). Compared with that purified from wt and M146L mtPS1 cell lysates, the 

purified γ-secretrase from G384A mtPS1 lysate exhibited profoundly reduced 

enzymatic activity, as observed in the CHAPSO solubilized membrane (Fig. 6D, left 

panel). More importantly, purified γ-secretases from three cell lines similarly exhibited 

one-to-one stoichiometry between Aβ and AICD (Fig. 4D, right panel). Again only two 

AICD species were detectable (Gu et al, 2001; Sato et al, 2003) (Fig. 6C). 

MtPS1/2 and mtAPP are associated with increased proportions of AICD49-99—By 

using the cell-free assay, Sato et al previously showed increased proportions of 

AICD49-99 relative to total AICDs in those cells expressing mtAPP or mtPS1/2 (Sato 

et al, 2003). Here, I reexamined the effect of those mutations on ε-cleavage sites using 
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the CHAPSO-solubilized assay system. The CHAPSO lysate was incubated with wt or 

mtC99-FLAG, and subjected to the gel system I (Fig. 7A). T714I mtC99-FLAG 

remarkably increased the proportion of Aβ42, decreased the proportions of Aβ40 and 

Aβ43 (Fig. 7A), and released only AICD49-99-FLAG (Fig. 7B). This contrasts with 

wtC99-FLAG, which produced both AICD49-99-FLAG and AICD50-99-FLAG. With 

V717F mtC99-FLAG, the abundance of individual Aβ species on gel I was similar to 

that with wtC99-FLAG, but only AICD49-99FLAG was detected. An artificial mutant, 

I716F mtC99-FLAG (I45F, according to Aβ numbering), predominantly produced 

Aβ42, but both AICD49-99-FLAG and AICD50-99-FLAG were detected. No 

detectable amounts of Aβ and AICD were produced from L723P mtC99-FLAG. 

Similarly, the effects of mtPS1/2 on the Aβ and AICD species generated were 

investigated. As was the case with wtC99-FLAG, wtPS1/2 showed robust production 

of Aβ42 and Aβ43 (Fig. 8A) and generated AICD49–99-FLAG and 

AICD50–99-FLAG, with the latter giving a stronger signal (Fig. 8B). Although 

M146L mtPS1 produced Aβ40 as did wtPS1, M233T and G384A mtPS1 and N141I 

mtPS2 similarly exhibited an increase in the Aβ42/Aβ40 ratio (Fig. 8A). In addition, it 

is of note that each mtPS1/2 invariably provides higher signal intensity for 
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AICD49-99FLAG relative to that for AICD50-99FLAG (Fig. 8B). Most interestingly, 

M233T mtPS1 produced only AICD49-99-FLAG, as did T714I and V717F 

mtC99-FLAG (see Fig. 7B). After incubation, the reaction mixture was subjected to 

the gel system II. Whereas both Aβ48 and Aβ49 were detectable in the 

wtPS1-containing reaction mixture, only Aβ48 was identified in the M233T 

mtPS1-containing reaction mixture (Fig. 8C). These observations strongly suggest that 

Aβ48 is a counterpart of AICD49-99-FLAG that is generated exclusively by M233T 

mtPS1. These also warrant the accuracy of identification of longer Aβ by the present 

gel systems. 

Recently, Takami et al proposed ‘stepwise processing model’ using this established 

CHAPSO-reconstituted assay (Takami et al, 2009). γ-Secretase is assumed to have two 

product lines, which successively convert the Aβ49 and Aβ48 that are generated by 

ε-cleavage, to conventional Aβs by releasing tri- or tetrapeptides in a stepwise fashion. 

Aβ49 is successively cleaved mostly into Aβ40 via Aβ46 and Aβ43, while Aβ48 is 

similarly cleaved into Aβ38 via Aβ45 and Aβ42. Thus I measured human CSF Aβs 

using newly established ELISAs on the based the ‘stepwise processing model’. 
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II. Measurement of human CSF samples and raft-associated γ-secretase activity. 

ELISA constructions—The plates were coated with each carboxyl terminus–specific 

antibody. HRP-labeled 82E1 (specific for the amino terminus of human Aβ) was used 

to detect bound Aβ1-x, except Aβ38 ELISA in which 82E1 is used as the capture with 

Aβ38 carboxyl terminus–specific HRP-labeled antibody as the detector. ELISAs used 

here detect Aβ1-x, but not amino-terminally truncated Aβs and now commercially 

available from IBL as Cat NO. 27717 and 27710. The specificities of ELISAs are 

provided in Fig. 9. 

Measurement of human CSF samples—The CSF samples, from mild to moderate AD 

and amnestic MCI patients were collected at Department of Neurology, Hirosaki 

University School of Medicine and Hospital, Department of Geriatrics and 

Gerontology, Tohoku University Hospital and Department of Neurology, Niigata 

University Medical and Dental Hospital. The CSF from control, who had no sign of 

dementia and lived in an unassisted manner in the local community, were collected at 

above hospitals (see Materials and Methods). The all CSFs were appropriately diluted 

and quantified with newly established ELISA kits, and the immunoprecipitated Aβs 

were detected with Western blotting (see materials and methods). All concentrations of 
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Aβs were in the following order: Aβ40 > Aβ38 > Aβ42 >> Aβ43 in all CSF samples 

examined (Table 3; see Fig. 10A). This Western blotting pattern appeared not to differ 

significantly among control, MCI and AD subjects (data not shown). The relative 

amounts of Aβs were constant across the samples: Aβ38:40 ratio in CSF was ~1:3, and 

Aβ42:43 ratio was ~10:1. The CSF concentrations of Aβ40 were significantly 

increased in AD compared to control (Table 3; P<0.05, Dunnett’s t-test). Additionally, 

the CSF concentrations of Aβ38 tended to be increased in AD patients compared to 

controls. In contrast, those of Aβ42 and 43 were significantly decreased in MCI/AD 

compared to controls (P<0.05, Dunnett’s t-test). Although the apolipoprotein ε4 allele 

is known as the strong risk factor for AD, the CSF concentrations of Aβ species of 

interest were not influenced by the alleles (data not shown). Interestingly, as reported 

previously (Schoonenboom et al, 2005), the CSF concentrations of Aβ40 and Aβ38 

were proportional to each other in all subjects [Fig. 12A; ln(Aβ40)=0.910 x 

ln(Aβ38)+1.642, R=0.913, where ln(Aβ40) is the logarithm of Aβ40], even in 

MCI/AD cases. This was so despite the fact that these species are derived from the two 

different product lines of γ-secretase (Fig. 11; Takami et al, 2009). In other words, the 

amounts of products in the third step of cleavage were strictly proportional to each 
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other across the product lines. Aβ42 and Aβ43 are produced by the second cleavage 

step of each product line. Like Aβ40 and Aβ38, the CSF concentrations of Aβ42 and 

Aβ43 are also proportional to each other in controls and in MCI/AD patients [Fig. 

12B; ln(Aβ43)=1.333 x ln(Aβ42)-4.09, R=0.979]. On the other hand, the levels of 

Aβ43 and Aβ40 (a precursor and its product) were correlated in control [Fig. 13A; 

ln(Aβ43)=0.884 x ln(Aβ40)-4.118, R=0.688] and in MCI/AD subjects (R=0.507/0.736 

for MCI/AD, respectively) but the MCI/AD values were located below the regression 

line for controls and thus provided lower Aβ43 measures compared with controls for a 

given Aβ40 measure (Fig. 13A; P<0.001, ANOVA). Conversely, for a given Aβ43 

measure, the plot provided a higher Aβ40 measure in MCI/AD cases. There was a 

similar situation for the levels of Aβ42 and Aβ38. The levels of Aβ42 and Aβ38 were 

correlated each other in control subjects [Fig. 13B; ln(Aβ42)=0.724 x ln(Aβ38)+0.251, 

R=0.723], but barely in MCI/AD (R=0.500 for MCI; 0.393 for AD), and the MCI/AD 

plots were situated below the regression line for controls (P<0.001, ANOVA). For a 

given Aβ42 measure, the plot provided a higher Aβ38 measure in MCI/AD compared 

with controls. 

These lower concentrations of Aβ42 appeared to be compensated with higher 
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concentrations of Aβ38 as the levels of ln(Aβ38+Aβ42) did not vary even in MCI/AD 

(P=0.293, ANOVA). Thus, this points to the possibility that more Aβ42 and Aβ43 are 

converted to Aβ38 and Aβ40, respectively, in MCI/AD brains. According to numerical 

simulation based on the stepwise processing model, as the levels of βCTF decline to 

null, the levels of Aβ43 and 42 decrease and the ratios of Aβ40/43 and Aβ38/42 

increase (unpublished data). However, this situation can be excluded as the mechanism 

for lower concentrations of Aβ42 and 43, because the levels of βCTF have never been 

reported to be reduced in AD brains nor in plaque-forming Tg2576 mice that show 

lower CSF Aβ42 concentrations (Kawarabayashi et al, 2001). Thus, it is reasonable to 

suspect that the final cleavage steps from Aβ43 mostly to 40 and from Aβ42 to 38 are 

significantly enhanced in parallel (increases in released tri- and tetrapeptides) in brains 

affected by MCI/AD compared with controls (Fig. 11). 

The relationship among γ-secretase-mediated cleavage becomes clearer by plotting 

the product/precursor ratio representing cleavage efficiency at the step from Aβ42 to 

38 (Aβ38/42) against that representing the cleavage efficiency at the step from Aβ43 

to 40 (Aβ40/43) (Fig. 14). The “apparent” cleavage efficiency of Aβ43 was 

approximately 40-fold larger than that of Aβ42. The two ratios in CSF samples from 
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MCI/AD and control subjects were largely proportional to each other, indicating that 

the corresponding cleavage processes in the two lines are tightly coupled (Fig. 14). All 

plots were situated on a distinct line [ln(Aβ38/42)=0.748 x ln(Aβ40/43)-2.244, 

R=0.936] and its close surroundings. An increase in the cleavage from Aβ43 to 40 (i.e., 

more Aβ43 is converted to Aβ40) accompanied an increase in the cleavage from Aβ42 

to 38 and vice versa, although the mechanism underlying this coupling between the 

two product lines remains unknown. This reminds me of the “NSAID effect” in the 

CHAPSO-reconstituted γ-secretase system (Weggen et al, 2001; Takami et al, 2009) in 

which the addition of sulindac sulfide to the γ-secretase reaction mixture, as expected, 

significantly suppressed Aβ42 production and increased Aβ38 production presumably 

by increasing the amounts of released tetrapeptide (VVIA) (Takami et al, 2009) and 

other peptides.  

Most importantly, this graph provides a clear distinction between the control and 

MCI/AD groups (Fig. 14; Aβ40/43 for MCI/AD vs control, P=0.000; Aβ38/42 for 

MCI/AD vs control, P=0.000; ANOVA, followed by Dunnett’s t-test). The control 

measures plotted close to the origin, whereas those for MCI/AD patients were distant 

from the origin along the line [ln(Aβ38/42)=0.748 x ln(Aβ40/43)-2.244, R=0.936]. It 
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is also of note that there was no significant difference between MCI and AD patients 

(Fig. 14; Aβ40/43 for AD vs MCI, P=1.000; Aβ38/42 for AD vs MCI, P=1.000; 

Bonferroni’s t-test). Two control measures were a little farther from the origin, which 

may suggest that these subjects already have latent Aβ deposition or are in the 

preclinical AD stage. Additionally, I examined quite a small number of CSF samples 

from presenilin (PS) 1-mutated (symptomatic) familial AD (FAD) patients (T116N, 

L173F, G209R, L286V, and L381V). Out of the three FAD cases near the regression 

line, two (T116N and L286V) were distant from the origin like sporadic AD cases and 

one (L381V) was closer to the origin than controls (both Aβ42/43 levels were lower 

than control; unpublished data). The remaining two (G209R and L173F) were 

extremely displaced from the line. Thus, a larger number of FAD cases are needed to 

offer an appropriate explanation for their unusual characteristics in the plot, and the 

alteration of CSF Aβs shown above seems to be applicable only for sporadic AD. 

Altogether, in MCI/AD, more Aβ42 and 43 are processed to Aβ38 and 40, 

respectively, than in controls. Even in MCI/AD, strict relationships are maintained 

between the levels of Aβ42 and Aβ43, and between those of Aβ38 and Aβ40 as seen 

in controls, which are predicted by the stepwise processing kinetics (unpublished 
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observation). Thus, my observations suggest that lower CSF concentrations of Aβ42 

and 43 and presumably higher CSF concentrations of Aβ38 and 40 are the 

consequence of altered γ-secretase activity in brain rather than the effect of preferential 

deposition of the two longer Aβ species (Aβ42 and 43) in senile plaques, which would 

not have maintained such strict relationships between the four Aβ species in CSF.  

Measurement of raft-associated γ-secretase activity in human brains-To further 

test activated γ-secretase hypothesis, I directly measured γ-secretase activities 

associated with lipid rafts isolated from AD, MCI, and control cortices (Brodmann 

areas 9-11), because the γ-secretase is thought to be concentrated in rafts (Wada et al, 

2003; Hur et al, 2008). All brains cortices were from the Brain Bank at Tokyo 

Metropolitan Institute of Gerontology (see materials and methods). Rafts were 

prepared from AD, MCI and control brains, which were frozen within 12h postmortem, 

as previously described (Oshima et al, 2001; Wada et al, 2003) with some 

modifications (see materials and methods). Each prepared human brain raft-associated 

γ-secretase was incubated with purified C99-FLAG in vitro, but not long Aβ, to 

evaluate both Aβ production lines of γ-secretase activity. For definite confirmation of 

the Aβ species, the reaction mixtures were subjected to quantitative Western blotting 
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using specific antibodies rather than ELISA. At time 0, deposited Aβ42/43 species 

were detected in rafts from MCI/AD brains but not in control specimen (Fig. 15). The 

amounts of ln(Aβ38+Aβ42), which almost reflect the total capacity of the 

Aβ38/42-producing line, did not vary between AD, MCI and controls (Fig. 16; 

P=0.969, ANOVA). Thus, the gross activities of raft γ-secretase were comparable 

among the three groups. However, the plots for Aβ40/43 vs Aβ38/42 are divided into 

two groups: MCI/AD and controls (Fig. 17; Aβ40/43 for control vs MCI/AD, P<0.001; 

Aβ38/42 for control vs MCI/AD, P=0.001; Welch’s t-test) in the same way as those 

derived from CSF (Fig. 14). However, ε4-carrying control and MCI/AD subjects did 

not significantly differ in the γ-secretase activity from other allele-carrying subjects 

(data not shown). It is notable that Fig. 14 and 17 are based on different methods, 

ELISA and Western blotting, respectively, but give similar results. There were no 

significant differences between MCI and AD specimen, although MCI patients 

(91+/-4.9 year old) were older than controls (77+/-6.5 year old) or AD patients 

(80+/-5.0 year old) (Aβ40/43 for MCI vs AD, P=0.342; Aβ38/42 for MCI vs AD, 

P=0.911). There were similar significant differences between control vs AD in the 

groups of which the ages were not significantly different (Aβ40/43 for control vs AD, 
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P<0.001; Aβ38/42 for control vs AD, P=0.03). 
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Discussion 

γ-Secretase cleaves type I membrane proteins within their transmembrane domains (De 

Strooper, 2003). The type I membrane proteins as the substrates of γ-secretase are 

characterized by ectodomain shedding, which is mediated by a wide variety of 

membrane-bound proteases (sheddases) (De Strooper, 2005). Relationship between 

ectodomain shedding and intramembrane proteolysis is well-known for the processing 

of APP, in which ectodomain shedding occurs through α- or β-cleavage (Selkoe, 2001). 

The cleavages at the α- and β-sites are necessary and sufficient for the execution of 

γ-cleavage, which results in Aβ production. However, the relationship between γ- and 

ε-cleavages has remained unclear (Wiley et al, 2005). Although several reports implied 

that γ- and ε-cleavages are independent processes (Chen et al, 2002; Moehlmann et al, 

2002; Hecimovic et al, 2004; Jankowsky et al, 2004), my colleagues previously found 

that there is a significant correlation between γ- and ε-cleavages (Sato et al, 2003; 

Funamoto et al, 2004). Here, I have further examined the relationship by taking the 

advantage of a solubilized γ-secretase assay system with high specific activity, in 

which use of recombinant C99-FLAG substrate allowed me to exclude contamination 

by C83-derived AICD. Thus, there are findings using this CHAPSO-solubilized 
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reconstitution assay system, one is that equal amounts of Aβ and AICD are produced 

from C99 and that only two species AICD49-99-FLAG and AICD50-99-FLAG are 

detectable. Another finding is that CHAPSO-solubilized γ-secretase has unusual 

enzymatic characteristics and these have been shown in case of mtAPP and mtPS1/2. 

Because of these reasons, Takami et al had shown the ‘stepwise processing model’ 

using this established CHAPSO-slubilized γ-secretase assay (Takami et al, 2009). 

 In this thesis, I assume that i) Aβs in CSF are produced exclusively by γ-secretase in 

the brain, possibly in neurons; and ii) Aβs in CSF are in the steady state. With these 

assumptions, the combined measurement of four Aβ species in CSF should predict the 

activity of γ-secretase in the brain. Here, the alterations in the γ-secretase activities do 

not mean the gross activity, i.e. total Aβ production, but the cleavage efficiency of the 

intermediates, Aβ42 and Aβ43. 

In the present study, I quantified in CSF the four Aβ species, Aβ38/42 and 

Aβ40/43, but the Western blotting indicated the presence of additional Aβ species, 

Aβ37 and 39, in CSF (Fig. 10). At present, I cannot exclude the possibility that a 

certain carboxyl terminus-specific protease(s) in CSF acts on the pre-existing Aβ 

species and converts them to Aβ37 and 39 (Zou et al, 2007). However, according to 
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my unpublished data (Takami et al, unpublished observations), it is plausible that 

Aβ37 is derived from Aβ40, whereas Aβ39 is derived from Aβ42. Even if so, these 

pathways are very minor (~20-100-fold less) compared to the two major pathways, 

Aβ42 to Aβ38, and Aβ43 to Aβ40, when assessed by a CHAPSO-solubilized 

reconstituted assay system (Takami et al, 2009). Thus, such strict relationships 

between four Aβs may have been relatively independent of Aβ37 and 39. The detailed 

relationship between all Aβs in the CSF awaits further quantification of the additional 

two Aβ species.  

Currently, I do not know why the observation that Aβ40 is higher in MCI/AD 

CSF has so far not been reported except a recent paper (Simonsen et al, 2007). In fact, 

some of my collaborators previously reported no significant differences in CSF Aβ40 

levels between AD and control subjects using a different ELISA (Shoji et al, 1998). It 

may be notable that I used newly constructed ELISA for Aβ40 based on a different set 

of monoclonal antibodies and thus, those discrepancies may come from the different 

antibody/epitope combination and/or different assay methods. In particular, it should 

be noted that all ELISAs used here detect Aβ1-x only, but not amino-terminally 

truncated forms. In this context, the ratio of Aβ40/43 appears to be more informative to 
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discriminate between control and MCI/AD than the absolute levels of Aβ40 alone 

(Table 3 and Fig. 17). It is possible that even if Aβ40 is not different between control 

and MCI/AD, the ratio Aβ40/43 could discriminate them.  

I am the first to measure CSF Aβ43 using ELISA. The CSF concentrations of 

Aβ43 are ten-fold less than those of Aβ42. Nevertheless, the specificity of the newly 

constructed ELISA made the quantification of accurate levels of Aβ43 possible (Fig. 

9). Regarding the Aβ43 measures, I observed that its behavior is entirely similar to that 

of Aβ42 in MCI/AD. My preliminary observations using immunocytochemistry and 

ELISA quantification strongly suggest that Aβ43 deposits in aged human brains at the 

same time as Αβ42 (unpublished observations). Furthermore, Saido and colleagues 

have only recently reported that a PS1 R278I mutation in mice (heterozygous) caused 

an elevation of Αβ43 and its early and pronounced accumulation in the brain (Saito et 

al, 2011). It is possible that the cleavage of βCTF by this R278I γ-secretase may be 

profoundly suppressed in the third cleavage step of the product line 1 (see Fig. 11), 

which would result in negligible levels of Aβ40 and unusually high levels of Aβ43 

(Nakaya et al, 2005). These results suggest that the role of Aβ43 should be 

reconsidered for the initiation of β-amyloid deposition and thus in the AD 
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pathogenesis.   

The ε4 allele is well known as the strong risk factor for AD. Because the risk 

increases 3-fold for heterozygous carriers, and even 15-fold for ε4 homozygotes, 

compared with ε3 homozygotes (Ashford, 2004). This dose dependent manner of the 

ε4 allele effect also caused a decrease in the AD onset age 84 to 68 years (Coder et al, 

1993). However, hetero- and homozygote of ε4 allele subjects did not significantly 

differ in the CSF Aβ concentrations and raft-associated γ-secretase activity from 

ε3/ε3-carrying control and MCI/AD subjects (data not shown).  

Previous studies focused especially on Aβ42. However lower CSF concentration 

of Aβ42 is not exclusively limited to MCI/AD. For example, idiopathic normal 

pressure hydrocephalus (iNPH) has showed not only low concentrations of CSF Aβ42 

but also Αβ deposition in brain similar to AD (Silverberg et al, 2003). This raises the 

possibility that AD and iNPH have a common patho-physiological basis in the CSF 

circulatory dysfunction. In fact, Αβ42 and 43 were found significantly low in the CSF 

from eight patients with iNPH (Αβ42, 76.3+/-37.3 pM, P=0.012 compared to controls: 

Αβ43, 5.2+/-2.9 pM, n=8, P=0.004 compared to controls: Bonferroni’s t-test; 

Silverberg et al, 2003). Thus, lower CSF concentrations of Aβ42 and 43 alone were 
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unable to distinguish between iNPH and MCI/AD, and further, it is claimed that the 

former is often associated with abundant senile plaques, raising the possibility that Αβ 

deposition is enhanced by iNPH (Silverberg et al, 2003). However, when their partners 

Aβ38 and 40 were measured in CSF, both were found not to be significantly increased 

in iNPH (Αβ38, 459.2+/-138.5 pM, P=0.484 compared to controls; Αβ40, 

1094.4+/-375.3 pM, n=8, P=0.103 compared to controls; Table 3) in sharp contrast to 

MCI/AD indicating that the cleavage in iNPH at the steps from Aβ43 to 40 and from 

Aβ42 to 38 is not enhanced as it is in MCI/AD. Thus, it may be that the dilution effect 

elicited by ventricular enlargement would be the cause of lower CSF Αβ42 and 43 

found in iNPH.  

There are a couple of limitations in my thesis. I do not know which comes first 

Αβ deposition or γ-secretase activity alteration and the mechanism behind the altered 

activity of brain γ-secretase in MCI/AD (Fig. 14). First, it is of note that rafts prepared 

from MCI/AD brains but never from control brains at SP stage O/A accumulated Αβ42 

and Αβ43 (Fig. 15; Oshima et al, 2001). It is possible that raft-deposited Αβ42/43 

could induce a change in the γ-secretase activity, although the extent of the alteration 

in the activity appears not to be related to the extent of accumulation (unpublished 
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observation). In this regard, it is of interest to note that Tg2576 mice, the best 

characterized AD animal model, shows reduced levels of Αβ42 in plasma as well as in 

CSF at the initial stage of Aβ deposition (Kawarabayashi et al, 2001). If the 

assumption here is correct, this may suggest that γ-secretase that produces plasma Αβs 

could also be altered. However, thus far, I have failed to replicate significantly lower 

Αβ42 levels or Αβ42/Αβ40 ratios in plasma from AD patients.  

Second, there could be heterogenous populations of γ-secretase complexes that 

have distinct activities due to subtle differences in their components. γ-Secretase is a 

complex of four membrane proteins including PS, nicastrin (NCT), anterior pharynx 

defective 1 (Aph1) and presenilin enhancer 2 (Pen 2) (Takasugi et al, 2003). Aph 1 has 

three isoforms, and each can assemble active γ-secretase together with other 

components (Serneels et al, 2009). Nicastrin, a glycoprotein, is present in immature 

and mature forms (Yang et al, 2002). The abundance of these heterogenous 

populations of proteins in the brain is probably under strict control. During MCI/AD, a 

certain population could replace other populations of γ-secretase and thus may show a 

distinct activity as a whole.  

The data shown here represent only a cross-sectional study, but my keen interest 
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is how the CSF levels of the four Aβ species would shift during the longitudinal course 

in an individual who is going to develop sporadic AD. Does one have any period 

during life when Aβ42 and 43 are at higher levels in CSF, and thus the ratios of 

Aβ38/42 and Aβ40/43 are smaller? At this period when the final cleavage steps of 

γ-secretase would be suppressed, the interstitial fluid (ISF) concentrations of Aβ43 and 

42 would increase, which would start or promote their aggregation in the brain 

parenchyma. If so, during life span, the individual’s plot would move down along the 

regression line and move up as senile plaques accumulate, and the individual would 

eventually develop sporadic AD. However, thus far the period when there are increases 

in CSF Αβ42/43 has never been reported for sporadic AD. Nor has it been reported for 

asymptomatic FAD carriers (Ringman et al, 2008), whereas their plasma is known to 

contain higher levels (and percent) of Αβ42 (Scheuner et al, 1996; Kosaka et al, 1997; 

Ringman et al, 2008). It is likely that the stage of normal cognition and Αβ 

accumulation already accompanies reduced CSF Αβ42. If so, the alterations of 

γ-secretase should continue on for decades. Most interestingly, this alteration of CSF 

Αβ regulation seems to be planned to prevent further accumulation of Aβ42 and 43 in 

the brain.  
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However, Hong et al. (2011) have recently shown, using in vivo microdialysis to 

measure ISF Αβ in APP transgenic mice, that the increasing parenchymal Aβ is closely 

correlated with decreasing ISF Aβ, suggesting that produced Αβ42 is preferentially 

incorporated into existing plaque-Αβ. This is a prevailing way of the interpretation of 

the data. Another way of the interpretation of data would be that during aging from 3 

to 24 months, γ-secretase activity becomes altered and produces decreasing amounts of 

Αβ but with an increasing ratio of Αβ38/42 (and Αβ40/43). It is worth to mention that 

produced Αβ42 (but not Αβ40) appears to be selectively bound to rafts (from CHO 

cells) after long incubation (>4h; Wada et al, unpublished observation). Also of note is 

that I quantified the total (free and bound) Αβ produced by an in vitro reconstituted 

system (Fig. 17). What is claimed here is that decreased levels of CSF Αβ42 are 

largely due to alterations of γ-secretase activity rather than due to selective deposition 

of Αβ42 in preexisting plaques. What proportions of decreased ISF (CSF) Αβ42 levels 

would be contributed to by altered γ-secretase activity and selective deposition of 

Αβ42/43 to parenchymal plaques awaits future studies. 

Finally, my observation has therapeutic implication. As shown elsewhere and 

here above, if Aβ42 is the culprit for MCI/AD, NSAIDs would have been quite a 
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reasonable therapeutic compound, which enhances cleavage at the third step in the 

stepwise processing, leading to lower levels of Aβ42 without greatly interfering with 

the Aβ bulk flow (Weggen et al, 2001). This sharply contrasts with some of the 

γ-secretase inhibitors currently under development and in clinical trial, which block the 

Aβ bulk flow. However, the present study raises the possibility that even if NSAIDs 

are administered, the expected beneficial effect could be minimal in MCI/AD patients, 

because in these patient brains, γ-secretase is already shifted to an NSAID-like effect.
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Figure 1. APP processing mechanism for Aβ production. APP is a type-I !
transmembrane protein. APP is cleaved by β-secretase at lumen portion to generate!
a βCTF. Soluble APP (sAPPβ) is released from transmembrane. Sequentially, !
γ-secretase cleaves βCTF in transmembrane to produce each Aβ.  Almost Aβ !
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Figure 2. Subunit of the γ-secretase complex and their mambrane topologies. Presenilin 1!
or 2 is proteolytically processed into two fragments, an amino-terminal fragmant (NTF) !
and a carboxyl terminal fragment (CTF). Presenilin 1 or 2 make up the catalytic site of !
γ-secretase. Other subunits are Nicastrin, Aph-1 and Pen-2.!
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Figure 3. Aβ species generated by the solubilized γ-secretase assay system. A: The microsomal !
fraction of CHO cells was solubilized with CHAPSO and incubated with 500 nM C99-FLAG; !
the reaction was terminated at the time indicated by placing a reaction tube on ice. The Aβs !
produced, together with synthetic authentic Aβs, were separated on gel I (upper panel) and gel II !
(lower panel), followed by western blotting with 82E1, a monoclonal antibody specific for the !
N-terminus of Aβ. Aβ40, Aβ42, Aβ43 and Aβ45 were produced in a time-dependent manner. !
Aβ46 and longer Aβs were stuck at the bottom of gel I. Gel II showed that the longer Aβs were !
Aβ48 and Aβ49 and that they were also produced in a time-dependent manner. B: Defined amounts !
of C99-FLAG were incubated with CHAPSO-solubilized microsomal fraction of CHO cells. !
Protein samples were separated on gel I and II. Against increasing concentrations of C99-FLAG, !
intensities of each Aβ species were plotted as percentage of 50 pg synthetic Aβ45. Retaining !
efficiencies of various Aβs were postulated to be the same. C: Data represent means ± SD of three !
independent experiments. Apparent Km and Vmax values are summarized in Table 1. D and E: !
The CHAPSO-solubilized microsomal fraction was incubated with 500 nM C99-FLAG in the !
presence of L-685,458 (D) and DAPT (E) at the indicated concentrations. Production of all Aβ !
species was uniformly suppressed by both γ-secretase inhibitors in a dose-dependent manner. !
This contrasts with findings in cell-based or cell-free assay systems, in which DAPT induces!
 differential accumulation of Aβ43 and Aβ46. Arrowheads indicate C-terminally truncated, !
C99-FLAG fragments (Qi-Takahara et al, 2005).�
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Figure 4. Stoichiometry between Aβ and AICD. The CHAPSO-solubilized microsomal fraction of !
CHO cells was incubated with 500 nM C99-FLAG, and the reaction was terminated at the time !
indicated by placing a tube on ice. Aβs were separated on 16.5% gel with defined amounts of !
synthetic Aβ40 and CTF50-99 as controls for quantification, and subjected to western blotting!
using 82E1 (A, upper panel) and UT-421 (A, lower panel). The highest-molecular-mass band at !
about 15 kDa and lowest-molecular-mass band at about 9 kDa, before incubation represent !
presumably N-terminally extended C99-FLAG with residual signal peptide and truncated C99-FLAG, !
respectively. CBB staining cannot detect those fragments (B). Equal amounts of Aβ and AICD!
 were produced in a time-dependent manner (C). D: The CHAPSO-solubilized fraction was !
incubated with varying amounts of C99-FLAG, and produced Aβ and AICD were quantified. The !
amounts of Aβ and AICD generated after 3 h are plotted against C99-FLAG concentrations. The !
kinetics of Aβ and AICD was statistically indistinguishable (p > 0.1, Student’s t-test) and apparently !
fit the Michaelis-Menten curve. Apparent Km (Kapp) values for Aβ and AICD were almost identical !
and summarized in Table 2. Closed arrowhead, C99-FLAG with residual signal peptide; open !
arrowhead, C-terminally truncated C99-FLAG; closed circle, Aβ; open circle, AICD. Values !
represent means ± SD of three independent experiments. �
�

Fig.4�



B!

0!

5!

10!

15!

20!

25!

30!

WT! T714I! V717F! L723P! I716F!

γ-
se

cr
et

as
e 

ac
tiv

ity
 (p

m
ol

/m
l)! Aß!

AICD!

AI
CD

/A
ß!

0!
0.2!
0.4!
0.6!
0.8!
1!

1.2!
1.4!
1.6!
1.8!

WT! T174I! V717F!L723P! I716F!

p = 0.4337!

AICD-FLAG!

14.3!

6.5!

3.5!

14.3!

6.5!

kDa!

C99-FLAG!

Aß!

C99-FLAG!

WT!
0! 4! 0! 4! 0! 4! 0! 4! 0! 4! 0! 4 h!

M146L!M233T!G384A*! WT*! N141I*!
PS1! PS2!C!

Aß!
AICD!

PS1! PS2!

0!

5!

10!

15!

20!

25!
30!

35!

WT!M146L!M233T!G384A!WT! N141I!
γ-

se
cr

et
as

e 
ac

tiv
ity

 (p
m

ol
/m

l)!
AI

CD
/A

ß!

0!

0.2!
0.4!
0.6!
0.8!
1!

1.2!
1.4!
1.6!
1.8!

WT!M146L!M233T!G384A!WT! N141I!

p = 0.0871!

PS1! PS2!

D

A!

14.3!

6.5!

3.5!

14.3!

6.5!
AICD-FLAG!

C99-FLAG!

Aß!

0! 4! 0! 4! 0! 4! 0! 4! 0! 4 h!
WT! T714I! V717F!L723P! I716F!

C99-FLAG!
kDa!

Figure 5. Stoichiometry between Aβ and AICD in mtC99 and mtPS1/2. T714I, V717F, L723P or 
an artificial mutation I716F (I45F, according to Aβ numbering) was introduced into C99-FLAG. 
Each mtC99-FLAG at 500 nM was incubated with a CHAPSO-solubilized lysate for three hours. 
A: Reaction mixtures were subjected to western blotting for Aβ (upper panel) and AICD (lower 
panel) using 82E1 and UT-421, respectively. Bands indicated by closed and open arrowheads 
were presumably C99-FLAG with residual signal peptide and C-terminally truncated C99-FLAG, 
respectively. B: Quantification of Aβ and AICD produced from C99-FLAG is shown in the left 
panel. MtC99-FLAGs produced significantly reduced amounts of Aβ and AICD, but showed no 
statistically significant alteration in their stoichiometry (Kruskal-Wallis test) (B, lower panel). C: 
CHAPSO-solubilized lysate of CHO cells expressing mtPS1/2 was incubated with wtC99-FLAG. 
Aβ (upper panel) and AICD (lower panel) production was quantified for each wt or mtPS1/2 (D, 
upper panel). In G384A mtPS1, an additional band, which was included for the quantification of 
Aβ, was detected above the Aß band and identified as a mixture of Aß48 and Aβ49 (data not 
shown). As found, mtPS1/2 produced reduced amounts of Aβ and AICD, but both were 
equivalently generated (lower panel). The stoichiometry between Aβ and AICD was not altered 
across various C99s and PS1/2s (Kruskal-Wallis test). Asterisks in C indicate the samples for 
which four-fold more than other samples was loaded onto the gel. Closed arrowhead, C99-FLAG 
with signal peptide; open arrowhead, truncated C99-FLAG; closed bar, Aβ; and open bar, AICD. 
Values represent means ± SD of three independent experiments.�
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Figure 6. γ-Secretase complex was immunoprecipitated with anti-nicastrin antibody from MEF 
lysate and was incubated with C99-FLAG. A: Visualization by anti-nicastrin antibody indicates that 
the immunoprecipitate from wtMEF contained mature nicastrin, while that from PS1/2-deficient 
MEF contained only immature nicastrin (upper panel). The γ-secretase complex from wtMEF 
produced Aβ and AICD in the presence of C99-FLAG (middle and lower panels). In contrast, the 
immunoprecipitates with preimmune serum (PI) generated negligible amounts of Aβ and AICD in 
the presence of C99-FLAG. No product was generated with the immunoprecipitate from PS1/2-
deficient MEF. Importantly, Aβ48 and Aβ49 were detectable only in case of the immunoprecipitate 
from wtMEF (B). AICDs generated in CHAPSO-solubilized lysate and with partially purified γ-
secretase complex were immunoprecipitated with FLAG antibody and subjected to TOF mass 
spectrometry. As found in cell-free assay, only AICD49-99-FLAG and AICD50-99-FLAG were 
detected in either case (C). D: Equimolar production of Aβ and AICD from C99-FLAG with 
partially purified γ-secretase complex. γ-Secretase was immunoprecipitated from lysate of CHO 
cells expressing wtPS1 or mtPS1 and incubated with C99-FLAG. Reaction mixtures were subjected 
to quantitative western blotting with defined amounts of Aβ40 and purified AICD50-99-FLAG as 
controls. G384A mtPS1 exhibited significant reduction of Aβ and AICD, as observed in the 
CHAPSO lysate (left panel). Equal amounts of Aβ and AICD were produced, irrespective of PS1 
mutations (right panel). Closed arrowhead, C99-FLAG with signal peptide; open arrowhead, C-
terminally truncated C99-FLAG. Values represent means ± SD of three independent experiments.�
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Figure 7. Aβ (A) and AICD (B) species generated from wt or mtC99-FLAG. A: Each wt or !
mtC99-FLAG at 500 nM was incubated with a CHAPSO-solubilized lysate of CHO cells, !
and the reaction mixture was subjected to gel system I. In wtC99-FLAG, robust signals for !
Aβ42 and Aβ43 as well as Aβ40 were detected on the blot. V717F mutation resulted in similar !
proportions of Aβ species. In contrast, T714I and I716F mutations led to predominant !
production of Aβ42. L723P mutation generated neither Aβ nor AICD in our hands. Arrowheads !
indicate C-terminally truncated C99-FLAG fragments. B: The generated AICD species were !
immunoprecipitated and subjected to TOF mass spectrometry. AICD50-99-FLAG and !
AICD49-99-FLAG were identified from a wtC99-FLAG-containing reaction mixture with the !
former signal being stronger. Interestingly, only AICD49-99-FLAG was detected from the !
reaction mixtures containing T714I and V717F mtC99-FLAG. In artificial mutant I716F, both !
AICD50-99-FLAG and AICD49-99-FLAG were identified despite predominant production of !
Aß42. These indicate that FAD mutations downstream of the γ-cleavage sites cause significant !
alterations in the ε-cleavage sites. �
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produced were similar to those in wtPS1/2, 
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that for AICD50-99-FLAG in these mtPS1/2, 
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Figure 9. Specificities of the ELISAs: Each amount of Aβ37, Aβ38, Aβ39, Aβ40, Aβ42, Aβ43 
or Aβ45 was placed on the plate coated with each carboxyl terminus–specific antibody. HRP-
labeled 82E1 (specific for the amino terminus of human Aβ) was used to detect bound Aβ1-x, 
except Aβ38 ELISA in which 82E1 is used as the capture with Aβ38 carboxyl terminus–specific 
HRP-labeled antibody as the detector.�
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Figure 10. A: The presence of Aβs in CSF, as shown by Western blotting. 
Aβs in CSF were immunoprecipitated with 82E1. The 82E1-
immunoprecipitated Aβs were loaded onto a lane and subjected to Tris/
Tricine/8M urea SDSPAGE. After electrotransfer, the blot was 
immunolabeled with 82E1. Aβ42 and 43 were hardly separated under the 
conditions.�
B: The presence of Aβ42 and Aβ43 in CSF, as shown by Western blotting. 
One hundred picograms for each authentic Aβ and the 82E1-
immunoprecipitate (right-most lane) were loaded onto each lane and 
subjected to Tris/Tricine SDS–PAGE. After electrotransfer, the blot was 
immunolabeled with 82E1, 44A3 (specific for Aβ42) or Aβ43 polyclonal 
antibody.�
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Figure 11. Stepwise processing of βCTF. At the first step, βCTF is cleaved at the membrane-
cytoplasmic boundary (ε-cleavage), producing AICD (APP intracellular domain) 50-99 and 49-99. 
Counterparts Aβ49 and 48 in turn are cleaved in a stepwise fashion, releasing tri- and tetrapeptides. 
One product line converts Aβ49 mostly to Aβ40 via Aβ46 and Aβ43. The other product line 
converts Aβ48 to Aβ38 via Aβ45 and Aβ42. It should be noted that the differences between the 
amounts of released tri- or tetrapeptide determine the amounts of Aβs produced. Broken lines 
indicate corresponding Aβs on the two product lines.�
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Figure 12. Relationships between the levels of Aβ40 and 38 (A), and between those of 
Aβ43 and 42 (B) in CSF from controls and MCI/AD patients. All CSF samples were 
measured by ELISA for Aβ38, 40, 42, and 43. The levels of ln(Aβ40) were proportional 
to those of ln(Aβ38) (A; ln(Aβ40)=0.910xln(Aβ38)+1.642, R=0.913), while those of 
ln(Aβ43) were proportional to those of ln(Aβ42) (B; ln(Aβ43)=1.333 x ln(Aβ42)-4.09, 
R=0.979). It should be noted that the levels of both ln(Aβ42) and ln(Aβ43) in MCI 
[filled triangle (n=19)]/AD [orange circle (n=24)] are lower than those in controls [open 
circles (n=21)].�
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 Figure 13. Relationships between the levels of Aβ43 and 40 (A), and between those of Aβ42 !
and 38 (B) in CSF from controls (open circles) and MCI (closed triangle)/AD patients (orange circle). !
A: The levels of ln(Aβ43) correlate with those of ln(Aβ40) within controls (R=0.688),!
 and barely within MCI/AD subjects (R=0.507/0.736). The plots for MCI/AD were located below !
the regression line for control (solid line; P<0.001, ANOVA). B: The levels of Aβ42 correlate with !
those of Aβ38 within controls (R=0.723), and barely within MCI/AD (R=0.500/0.393). The plots!
 for MCI/AD were situated below the regression line for controls (solid line; P<0.001, ANOVA).�
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Figure 14. Ln(Aβ40/43) vs ln(Aβ38/42) plot. The ratios represent the cleavage efficiency at !
the final step of each line. Both ratios are largely proportional to each other !
(ln(Aβ38/42)=0.748 x ln(Aβ40/43)-2.244, R=0.936) and plots are located on the line and its 
close surroundings. This plot clearly distinguishes between control subjects and MCI/AD 
patients�(Aβ40/43 for MCI vs control, P=0.000; Aβ38/42 for MCI vs control, P=0.000; 
ANOVA, followed by Dunnett’s t-test). Control plots [open circles (n=21)] are located close to 
the origin and MCI/AD plots [closed triangles (n=19) and orange circles (n=24), respectively] 
are a little distant from the origin.�
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Figure 15. The production of Aβs by raft-associated γ-secretase 
prepared from control, MCI and AD cortices (Brodmann areas 9-11), 
as assessed by Western blotting. The samples were loaded onto each 
lane and subjected to Tris/Tricine SDS–PAGE. After electrotransfer, 
the blot was immunolabeled with 3B1 (specific for Aβ38), BA27 
(specific for Aβ40), 44A3 (specific for Aβ42) and Aβ43 polyclonal 
antibody. At time 0, MCI/AD specimens accumulated Aβ42/43, 
whereas control (SP stage 0) specimens did not.�
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Figure 16. The raft-associated γ-secretase prepared from AD, MCI 
and control cortices was incubated with βCTF for 2h at 37˚C. 
Produced Aβs were quantified by Western blotting using specific 
antibodies. The amounts of ln(Aβ38+Aβ42) between controls, AD 
and MCI brains are not significantly different (ANOVA, P=0.969), 
ruling out selective inactivation of γ-secretase in MCI/AD.�
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Figure 17. Ln(Aβ40/43) vs ln(Aβ38/42) plot based on direct quantification of raft-associated !
γ-secretase activity. The raft-associated γ-secretase prepared from control and MCI/AD brain !
specimens was incubated with βCTF for 2h at 37˚C (see materials and methods). Produced !
Aβs were quantified by Western blotting using specific antibodies. This plot distinguishes !
between control subjects and MCI/AD patients (Aβ40/43 for control vs MCI/AD, P<0.001; !
Aβ38/42 for control vs MCI/AD, P=0.001; Welch’s t-test). MCI/AD plots [closed !
triangles (n=10) and orange circles (n=13), respectively] are as a whole a little distant from !
the origin, whereas control plots [open circles (n=16)] are close to the origin. �
�
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      % of total Aβ 

  Km (Kapp, nM) Vmax (AU) 0.5 µM C99-FLAG 2.5 µM C99-FLAG 

Aβ40  407.91 ± 45.26 205.38 ± 32.41 44.80 ± 8.02 27.43 ± 6.62 

Aβ42  608.85 ± 66.49 172.87 ± 86.41 23.20 ± 7.73 25.53 ± 6.84 

Aβ43  724.82 ± 76.68 179.85 ± 32.85 19.69 ± 0.84 27.95 ± 2.61 

Aβ45   788.22 ± 76.17 56.18 ± 8.89  5.73 ± 0.23 8.77± 1.10 

Aβ48   753.99 ± 141.68 24.87 ± 2.75 2.59 ± 0.70 3.91 ± 0.54 

Aβ49    933.17 ± 208.28 41.48 ± 12.49 3.98 ± 0.39 6.40 ± 1.22 

Table 1. Apparent Km (Kapp) and Vmax for each Aβ species�

Varying amounts of C99-FLAG were incubated in 0.25% CHAPSO lysate from microsomal !
fraction of CHO cells for three hours. Protein samples were subjected to western blotting using!
 82E1. Intensity of each Aβ species was plotted as % of intensity of 50 pg synthetic Aβ45 !
(see Fig. 3B). Percentages of total Aβ for each Aβ species were calculated as % of sum of Aβ !
species generated at 0.5 and 2.5 µM C99-FLAG. Data represent the mean ± SD (n = 3).�

Table 1�



 

 Aβ    AICD 

 Km (Kapp; nM) Vmax (pM/min) Km (Kapp; nM) Vmax (pM/min) 

WT 507.93 ± 26.45 433.53 ± 51.94 468.72 ± 129.26 419.62 ± 19.39 

V717F 682.80 ± 42.61 394.33 ± 41.43 598.63 ± 146.40 365.52 ± 23.36 

T714I 352.43 ± 19.97 134.10 ± 24.83 294.33 ± 121.70 191.63 ± 66.57 

I716F 937.20 ± 143.59 252.46 ± 29.71 903.93 ± 300.40 275.51 ± 98.79 

Defined amounts of mtC99-FLAG substrate were incubated with 0.25% CHAPSO lysate from!
 microsomal fraction of CHO cells for three hours. Protein samples were subjected to western !
blotting with synthetic Aβ and E. coli-expressed AICD (see text) being authentic standards. !
Aβ and AICD produced from wtC99-FLAG or mtC99-FLAG were visualized with 82E1 and !
UT-421, respectively, and their intensities were quantified (see Fig. 5A). Data represent the !
mean ± SD (n = 3).�
�

Table 2. Effect of FAD mutations of APP on apparent Km (Kapp) and Vmax for Aβ and AICD�
�

Table 2�



*P <0.01; Bonferroni’s t-test for between control and MCI or AD (p=0.0012 for control vs MCI, 
p<0.001 for control vs AD, p<0.001 for MCI vs AD)!
**2 MCI subjects were homozygous for ε4, while 4 AD subjects were homozygous for the allele. !
***P <0.05; Dunnett’s t-test after log-transformation for comparing between control and MCI or AD!
****p-value of analysis of variance after log-transformation!

Table 3. Subject characteristics and CSF concentrations of Aβs!

! !     Control ! !       MCI ! !                    AD                               ANOVA****p-value !!

Age (years) !     74.9±7.5 ! !    72.5±6.6 ! !72.3±8.2 !!

N (male/female) !     21 (10/11) ! !    19 (7/12)                              24 (7/17)!!

MMSE score !     28.7±1.9 ! !    25.7±2.6*�                        19.6±3.3*!!

ApoE ε4 ! !     3 (14.3%) ! !    10 (52.6%)** !               14 (58.6%)**            !

Aβ38 (pM) !     594.5±286.3    !                    669.4±247.6 !               760.57±269.4 !!

Ln(Aβ38)                     6.28 ±0.46 ! !    6.44 ±0.38 ! !6.56 ±0.41                                 NS!

Aβ40 (pM) !     1607.9±712.9  !                    1939.5±698.0 !               2292.6±799.6***          !

Ln(Aβ40)                     7.28 ±0.47 ! !     7.51 ±0.38 !               7.68 ±0.35 !                 0.007!

Aβ42 (pM) !     133.1±53.4 !                      83.2±49.4*** !               90.3±40.1*** !             !

Ln(Aβ42)                     4.80 ± 0.47 ! !     4.25 ± 0.60 ! !4.40 ± 0.47                                0.004!

Aβ43 (pM) !     11.8±5.7 ! !      6.8±5.6*** ! ! 7.0±4.6*** !             !

Ln(Aβ43) !     2.32 ± 0.60 ! !     1.59 ± 0.86 ! !  1.76 ± 0.62 ! !  0.004!
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