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Abstract
The amyloid β (Aβ) protein is a major component of senile plaques, which are one of the
neuropathological hallmarks of Alzheimer’s disease (AD). Amyloidogenic processing of amyloid
precursor protein (APP) by β-secretase and γ-secretase leads to Aβ production. APP contains
tandem triple repeats of the GXXXG motif (X indicates any amino acid) in its extracellular
juxtamembrane and transmembrane regions. It has been reported that the GXXXG motif is related
to protein–protein interactions, but it remains controversial whether this motif in APP is involved in
substrate dimerization and whether such dimerization affects the γ-secretase-dependent cleavage.
Here I examined the effect of amino acid substitutions within the GXXXG motifs of APP
carboxyl-terminal fragment (C99) on its dimerization and Aβ production. Surprisingly, I found that
substitutions in the motifs failed to alter C99 dimerization in an in vitro assay using
detergent-solubilized substrate and blue-native PAGE. Cell-based and solubilized γ-secretase assays
demonstrated that substitutions in the motif decreased the production of long Aβ species such as
Aβ42 and Aβ43 and increased short Aβ species such as Aβ34. It has been proposed that C99 is
initially cleaved at Aβ48 or Aβ49 and then shortened progressively by three or four residue steps
depending on the 3.6-pitch alpha helical structure of C99. While this processing favors to produce
Aβ40 and Aβ42 with the native C99, substitutions in the GXXXG motif may change the α-helical
structure of C99 and lead to γ-secretase-cleavage shifts toward the amino terminus, thereby
4

resulting in the increased short Aβ such as Aβ34. My data therefore suggest that the GXXXG
motifs are involved in the progressive processing of C99 by γ-secretase but not necessary for the
C99 dimerization.

5

General Introduction
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Alzheimer’s disease (AD) is one of neurodegenerative diseases and the most common forms of
dementia. Since AD was reported by Dr. Alois Alzheimer more than a century ago (Stelzmann et al.
1995), it has increased in prevalence rapidly not only in Japan but also in other developed countries.
The number of people living with dementia worldwide today is estimated to be 44 million and is
predicted to almost double (75.6 million) by 2030 and more than triple (135.5 million) by 2050
(Prince et al. 2014). The most common early symptom is difficulty in remembering recent events
(short-term memory loss). As the disease advances, symptoms can include problems with
disturbances in language, psychological and psychiatric changes, and impairments in activities of
daily living (e.g., shopping, housekeeping, driving, cooking, managing finances, and personal care)
(Burns and Iliffe 2009). There is thus an urgent need to develop therapeutics for AD.
The amyloid β (Aβ) protein is a major component of senile plaques, which are one of the
neuropathological features of AD (Masters et al. 1985a; see also Fig. I-1A). It has been proposed
that the accumulation of Aβ results in the formation of neurofibrillary tangles (NFT) (Fig. I-1A),
composed of tau protein, which leads to neuronal loss and dementia (Hardy and Higgins 1992); this
is referred to as “the amyloid cascade hypothesis” (Fig. I-1B). The amyloid cascade hypothesis
implies that it is important to understand the mechanism of Aβ production to prevent and cure AD.
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Figure I-1. Histological staining of an AD patient’s brain. (A) The cortex of temporal lobe
from an AD patient was stained using Bielshowsky’s silver stain. The two major hallmarks of
AD, senile plaques and neurofibrillary tangles (NFT) are visible. The scale bar represents 50 µm.
(B) A flowchart of the amyloid cascade hypothesis. The accumulation of amyloid β (Aβ) results
in the formation of senile plaques. It has been proposed that the senile plaques trigger the
formation of NFT, composed of tau protein, leading to neuronal loss and dementia.

Senile plaques are one of the neuropathological features of AD. Glenner and Wong were the
first to identify Aβ as the major component of senile plaques. They separated the insoluble fraction
from AD brains with cerebrovascular amyloidosis by centrifugation. They extracted protein
components by treating this fraction with collagenase and solubilizing them in protein denaturant
guanidine-HCl and then separated them on high-performance liquid chromatography. They
identified short peptides, which were later called Aβ (Glenner and Wong 1984a). Masters and
colleagues also purified the cerebral amyloid protein that forms the plaque core in AD and in aged
individuals with Down syndrome, and identified the same peptides reported by Glenner and Wong
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(Masters et al. 1985a; Glenner and Wong 1984b). They predicted that these peptides are generated
from a precursor protein (Masters et al. 1985b). This precursor protein was later identified by Kang
and colleagues, who isolated and sequenced an apparently full-length complementary DNA clone
coding the predicted precursor protein composed of 695 amino acids [i.e., Amyloid precursor
protein (APP)] (Kang et al. 1987).
APP is a type-I transmembrane protein and is composed of a heterogeneous group of proteins
migrating between 110 and 135 kilo dalton (kDa) on a SDS-polyacrylamide gel (Selkoe et al. 1988).
This heterogeneity arises from alternative splicing, generating three major isoforms comprised of
695, 751, and 770 residues, as well as from a variety of posttranslational modifications (Selkoe
1994). Among the isoforms, APP751 and APP770 are widely expressed in non-neuronal cells,
whereas APP695 is expressed exclusively in neurons (Haass et al. 1991). The primary function of
APP is unknown, although it has been implicated as a regulator of synaptic formation and a factor
for migration of neuronal precursors into the cortical plate during the development of the
mammalian brain (Priller et al. 2006; Young-Pearse et al. 2007).

9

β-Secretase cleaves APP to produce the carboxyl terminal fragment of APP (C99) (Vassar et al.
1999; Sinha et al. 1999; Yan et al. 1999). This cleavage is referred to as β-cleavage. C99 is
subsequently cleaved by γ-secretase, which results in the production of Aβ and APP intracellular
domain (AICD) (Selkoe and Kopan 2003; Steiner et al. 2008; Thinakaran and Koo 2008; see also
Fig. I-2). There are multiple species of Aβ by γ-secretase due to the promiscuity of the enzymatic
cleavage. The produced Aβ ranges from 34 to 49 amino acid residues in length, while Aβ40 and
Aβ42 being the major forms. Although Aβ is constitutively produced in cells (Haass et al. 1992;
Shoji et al. 1992), its physiological function remains unclear. However, Aβ has been implicated as a
factor of neurite-promoting matrix, as an enhancer of long-term potentiation (LTP) in rat
hippocampus, and a factor of protection against microbial infection in mouse and worm models of
AD (Koo et al 1993; Wu et al. 1995; Kumar et al. 2016).
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Figure I-2. Schematic representation of Aβ production. APP is cleaved by β-secretase, and
thus the carboxyl terminal fragment of APP (C99) is produced. Next, C99 is cleaved by
γ-secretase, which leads to the production of Aβ (red) and APP intracellular domain (AICD).
Bold N and C indicate the amino terminus and carboxyl terminus, respectively.

γ-Secretase is a multi-subunit aspartic protease, composed of multiple integral membrane
proteins, and cleaves single-pass transmembrane (type-I) proteins at residues within the
transmembrane domain. γ-Secretase is composed of the following four membrane proteins: anterior
pharynx defective-1 (Aph-1), nicastrin (Nct), presenilin enhancer-2 (Pen-2), and presenilin 1 (PS1),
the last of which represents the catalytic subunit (Selkoe and Kopan 2003; Spasic and Annaert
2008; Kaether et al. 2006; Steiner et al. 2008; Lu et al. 2014; Francis et al. 2002) (Fig. I-3). APP is
a substrate of γ-secretase among many others including Notch, E-cadherin, and amyloid-like
11

precursor proteins (APLPs) (De Strooper et al. 1999; Marambaud et al. 2002; Scheinfeld et al.
2002). γ-Secretase complex is thought to assemble and become active in early endoplasmic
reticulum (ER) (Capell et al. 2005). Aph-1 and nicastrin may interact to form an immature complex
prior to the assembly of the γ-secretase complex (LaVoie et al. 2003; Hu and Fortini 2003; Steiner
et al. 2008). Aph-1 might be involved in stabilizing the γ-secretase complex (Takasugi et al. 2003;
Kim et al. 2003; Gu et al. 2003; Luo et al. 2003; Kaether et al. 2006; Spasic and Annaert 2008).
Pen-2 plays a role in the maturation of γ-secretase complex by promoting presenilin endoproteolysis.
The mature complex is then transported into late ER compartments, where it interacts with and
cleaves its substrate proteins described above (Kim et al. 2004).
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Figure I-3. Schematic representation of the γ-secretase complex. γ-Secretase acts in the
intramembrane proteolysis of the C99. The minimal γ-secretase complex comprises presenilin-1
(PS1) (blue), nicastrin (Nct) (orange), anterior pharynx defective-1 (Aph-1) (red) and presenilin
enhancer-2 (Pen-2) (green). Yellow rhombuses show the locations of the conserved catalytic
aspartates. Aph-1 is a protein composed of 308 amino acids and acts as a regulator of the
cell-surface localization of Nct (Goutte et al. 2002; Francis et al. 2002). Pen-2 is a 101-amino
acid integral membrane protein (Francis et al. 2002). PS has a nine-transmembrane-domain
topology, with the extracellular carboxyl terminus and the cytosolic amino terminus (Laudon et
al. 2005; Spasic et al. 2008). Nct is a single-transmembrane glycoprotein composed of 709
amino acids, and it has been reported that Nct interacts with PS1 (Yu et al. 2000; Haffner et al.
2004; Baurac et al. 2003; Gu et al. 2003; Lee et al. 2002). This figure is modified from the paper
by Tomita (2014).

There are many studies concerning the mechanism of γ-secretase-dependent cleavage of C99. In
brief, the extracellular domain of Nct captures the most amino-terminal part of C99 as a primary
substrate receptor of γ-secretase (Shah et al. 2005). Recently, it has been reported that γ-secretase
distinguishes substrate ectodomain length and preferentially captures and cleaves substrates with a
short ectodomain (Funamoto et al. 2013). Being captured by Nct, C99 then binds to the hydrophilic
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loop 1 and the carboxyl terminus of the catalytic subunit PS1 and is incorporated into the catalytic
pore (Takagi-Niidome et al. 2015). C99 is cleaved at sites close to the membrane/cytoplasmic
boundary, which is defined as ε-cleavage, to liberate the intracellular domain (i.e., AICD) (Fig. I-4).

Figure I-4. Schematic model of γ-secretase-mediated intramembrane cleavage. The amino
terminus of C99 (pink) is captured by the extracellular domain of Nct (orange), which guides
C99 to the initial substrate-binding site (cyan box) within PS1 (blue). C99 is then transferred
laterally to the catalytic pore (brown) and cleaved to release Aβ (purple) and the AICD (clear).
Yellow rhombuses show the locations of the conserved catalytic aspartates. This figure is
modified from the paper by Tomita (2014).

This ε-cleavage results in the production of Aβ48 or Aβ49 (Gu et al., 2001), which are then
processed successively by γ-secretase, three to four residues at a time (i.e., ζ-cleavage and
γ-cleavage) (Qi-Takahara et al. 2005; Zhao et al. 2004) to produce multiple species of Aβ.
Qi-Takahara and colleagues identified longer Aβ species than the major Aβ40 and Aβ42 forms,
such as Aβ48, Aβ46, Aβ45, and Aβ43 in the cell lysate (Qi-Takahara et al. 2005). They also found
that treatment of cells with a γ-secretase inhibitor resulted in the intracellular accumulation of
14

longer Aβ species together with the reduction of Aβ40 and Aβ42 in the culture medium. Reduction
of intracellular Aβ40 is associated with the accumulation of intracellular Aβ43 at a low dosage of
the inhibitor and of intracellular Aβ46 at a higher dosage (Qi-Takahara et al. 2005). These findings
suggest that Aβ43 is produced from Aβ46, and that Aβ43 is the precursor of Aβ40.
The transmembrane domain of C99 is postulated to adopt an α-helix that needs 3.6
residues for one complete turn (Lichtenthaler et al. 1999b). Based on this model, Qi-Takahara and
colleagues proposed that the cleavage sites for Aβ49, Aβ46, Aβ43, and Aβ40 are aligned on the
α-helical surface of the C99 molecule, whereas those for Aβ48, Aβ45, and Aβ42 are aligned on
another α-helical surface (Fig. I-5) (Qi-Takahara et al. 2005). They therefore hypothesized that
γ-secretase removes three or four residues sequentially from the initial products Aβ48 or Aβ49 to
produce shorter Aβ species. Takami and colleagues did confirm that Aβ49 is converted to Aβ43
and Aβ40 by the sequential release of two or three tripeptides (i.e., Aβ49 > Aβ46 > Aβ43 > Aβ40)
and that Aβ48 is converted to Aβ42 and Aβ38 by the sequential release of two tripeptides or these
plus an additional tetrapeptide (i.e., Aβ48 > Aβ45 > Aβ42 > Aβ38) (Fig. I-6) (Takami et al. 2009).

15
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Figure I-5. Schematic representation of an α-helical model of C99 and γ-secretase cleavage
sites. (A) A view from the luminal side on the α-helix wheel representing a carboxyl half of the
transmembrane domain of APP. The numbers indicate the amino acid sequence of Aβ. The
cleavage sites for the generation of Aβ40 and Aβ42 (indicated by the dotted and solid arrows,
respectively) are topographically in the opposite directions relative to the α-helical surface of the
transmembrane domain. The carboxyl sides of V-46 and T-43 are aligned with that of V-40 on the
same side of the α-helical surface, whereas those of T-48 and I-45 are aligned with that of A-42 on
the opposite side. Solid and dotted lines represent cleaved peptide bonds by γ-secretase and intact
bonds, respectively. (B) A side view on the α-helix of the transmembrane domain of APP. The
number at the top and the letter at the bottom represent Aβ numbering and amino acid, respectively.
The cleavage sites for generation of Aβ40 and Aβ42 are distinctly aligned (indicated by dotted
arrow and arrow, respectively) on the surface of the α-helix of the transmembrane domain. Black
circle, white circle, and red circle represent ε-cleavage, ζ-cleavage, and γ-cleavage, respectively.
These figures are modified from the paper by Qi-Takahara et al. (2005).

Figure I-6. Schematic representation of γ-secretase-mediated successive tripeptide release
from C99. ε-Cleavage at the membrane–cytoplasmic boundary of C99 generates Aβ49 and Aβ48
and their counterparts AICD50-99 and AICD49-99 (boxed), respectively. The number represents
Aβ numbering. γ-Secretase then successively cleaves in a direction from the ε-cleavage (right
scissors) to γ-cleavage sites (left scissors) Aβ49 and Aβ48 by releasing tripeptides at every helical
turn, finally producing Aβ40 and Aβ42, respectively. Thus, the processing of Aβ49 accompanies
the release of ITL, VIV, and IAT in this order, whereas that of Aβ48 accompanies the release of
VIT, followed by TVI. This figure is modified from the paper by Takami et al. (2009).
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Among the secreted Aβ species, Aβ40 is the major Aβ species produced by cells (~90%),
whereas Aβ42 is a minor species (~10%). Despite being minor, Aβ42 is the major component of
senile plaques that are thought to be amyloidogenic and possess cell toxicity (Iwatsubo et al. 1994;
Younkin 1995). Therefore, it is proposed that it is critical to decrease the level of Aβ42 to treat and
prevent AD. However, the mechanism of Aβ42 production remains unclear. Thus, it is important to
elucidate how APP is processed by γ-secretase. Modulation of this processing may help to develop
therapeutic strategies to inhibit the production of Aβ42 specifically without inhibiting the
processing of other substrates of γ-secretase, which may cause serious adverse effects.
In this thesis research, I therefore studied the structural determinants, which would affect
how amyloidogenic Aβ42 production is regulated. Recent studies proposed that GXXXG motifs (X
represents any amino acid) present in APP/C99 induce their homo-dimerization and modulate the
Aβ42 production by γ-secretase. Since the effects of GXXXG motif on dimerization and Aβ
production remain controversial to date, I investigated whether these GXXXG motifs really
facilitate the dimerization and if that affects the production of Aβ.

18

Chapter Ⅰ.
Effect of amino acid substitutions in the GXXXG motifs
of C99 on its dimerization in vitro
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Introduction
Furthmayr and Marchesi discovered that human glycophorin A (GpA) transmembrane domain is
responsible for its dimerization (Furthmayr and Marchesi 1976). GpA has a GXXXG motif and it
has been implicated in transmembrane domain interactions for many proteins [e.g., E-cadherin and
Amyloid-like protein-1 (APLP-1)] (Russ and Engelman 2000; Troyanovsky et al. 2003; Soba et al.
2006). Aph-1, one of the γ-secretase components, also has two consecutive GXXXG motifs within
the transmembrane domain 4. It has been reported that the interaction via the GXXXG motifs of
Aph-1 with presenilins is critical for the protein stability and the activity of the γ-secretase complex
(Araki et al. 2006; Niimura et al. 2005; Lee et al. 2004).
APP also contains three GXXXG motifs in the extracellular juxtamembrane and
transmembrane regions (Fig. 1-1). It has been reported that these motifs are involved in the
dimerization of APP and C99 (Munter et al. 2007; Kienlen-Campard et al. 2008). However, since
the previous studies used an artificial substrate (Aβ29-42) or focused on SDS-resistant dimerization,
it is unclear whether C99 forms dimers in the physiological condition via the GXXXG motifs.
Because the substrate dimerization can potentially impact the substrate recognition by γ-secretase,
stability of the binding, and the proteolytic processing, I aimed to test whether the GXXXG motifs
in C99 are critical in the dimerization.
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In this study, I applied the blue native polyacrylamide gel electrophoresis (BN-PAGE)
technique to examine the effect of amino acid substitutions in the GXXXG motifs on C99
dimerization. BN-PAGE is an ideal approach to examine the state of protein–protein interactions
because it allows the separation of protein complexes without interfering with intra-protein and
extra-protein interactions (Schägger and Jagow 1991; Schägger 2001; Schägger et al. 1994; Wittig
et al. 2006).
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Materials and Methods
DNA Oligonucleotides
The oligonucleotides to generate C99 mutants used in this study were described in Table 1.

Antibodies
In this study, anti-human Aβ antibody 82E1 (IBL) was used to visualize and quantify C99 in
Western blotting. 82E1 is specific to the amino-terminal end of human Aβ (Fig. 1-2) and therefore
expected to detect C99.

Cell Culture
Sf9 cells were cultured in Gibco® Sf-900TM Ⅲ SFM 1× (Serum Free Medium Complete)
(Invitrogen) at 27.5°C. Sf9 cells, a clonal isolate of Spodoptera frugiperda Sf21 cells
(IPLB-SF21-AE), are insect cells, which are commonly available for recombinant protein
production using baculovirus. It has been reported that Sf9 cells transfected with APP695 or C99
did not produce Aβ, although APP was cleaved by β-secretase to produce C99, which is tightly
bound to human presenilin 1, the potential catalytic subunit of γ-secretase (Pitsi et al. 2002).
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Preparation of C99-FLAG Substrates
FLAG-tagged C99 was prepared, in accordance with a previously reported protocol (Kakuda et al.
2006). In detail, a CTF of APP (C99) was carboxyl-terminally fused with the FLAG tag
(DYKDDDDK) (C99-FLAG) and amino-terminally with the signal peptide of human
α-galactosidase A (MQLRNPELHLGCALALRFLALVSWDIPGARA). For C99 mutants [refer to
here as 3G, 2G, 1G, 0G (A), 0G (L), and 0G (F)] (see Fig. 1-1), the plasmid was amplified by PCR
using the primers listed in Table 1. The mutations were confirmed by DNA sequencing, using
3130xl Genetic Analyzers (Thermo Fisher Scientific). The resultant fragments were inserted into
pFastBacTM plasmid (Invitrogen). The plasmid was introduced into Sf9 cells by transfection, in
accordance with the manufacturer’s instructions. After transfection, recombinant baculovirus in the
cell culture medium was collected. Next, Sf9 cells were infected with the recombinant baculovirus.
Infected cells were harvested after 36 h. The cells were mixed with the lysis buffer [50 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 2% Nonidet-P 40 and 2× protease inhibitor mixture (Roche
Diagnostics)] and incubated at 4°C for 30 min. After ultracentrifugation at 36,000 rpm and 4°C for
60 min, the supernatant was agitated with 5 ml of ANTI-FLAG® M2-agarose beads (Sigma—
Aldrich) for WT, 3G, 2G, 1G, and 0G (A), and Anti DYKDDDDK tag Antibody Beads (WAKO)
for 0G (L) and 0G (F) overnight. Bound proteins were eluted from the beads by 5 ml of Elution
Buffer (0.2 M glycine HCl containing 0.3% of Nonidet-P 40, pH 2.5), and the eluate was
23

immediately neutralized by the addition of 1/10 volume of 3 M Tris-HCl, pH 8.0. The proteins were
separated in a SDS-gel and stained with Coomassie Brilliant Blue (CBB) to test for purity (Fig.
1-3).

Blue native polyacrylamide gel electrophoresis (BN-PAGE) and two-dimensional (2D) PAGE
Analyses
BN-PAGE is a native PAGE technique to analyze proteins without denaturing, and therefore widely
used to analyze protein-protein interactions. The procedures for BN-PAGE were as follows: A 1/10
volume of 10% n-dodecyl-β-D-maltoside (DDM) (Invitrogen) was added to each C99-FLAG
substrate solution, and then mixed with NativePAGE™ Sample Buffer (4×) (Invitrogen) and 1/5
volume of NativePAGE™ 5% G-250 Sample Additive (Invitrogen). The samples were separated on
a 10% Tris—Tricine gel without sodium dodecyl sulfate (SDS). For electrophoresis, anode and
cathode buffers were prepared from NativePAGE™ Running Buffer (20×) (Invitrogen). The
cathode buffer (1×) contained 0.1× NativePAGE™ Cathode Buffer Additive (20×) (Invitrogen).
Gels were run at a constant voltage of 150 V at 4°C.
I also performed BN-SDS 2D PAGE (see Results). For this, the BN gel strip was
equilibrated with NuPAGE® LDS Sample Buffer (Invitrogen), in accordance with the
manufacturer’s instructions. In detail, the gel strip was incubated in a Reducing Solution [1×
24

NuPAGE® LDS Sample Buffer containing 1/10 volume of 10× NuPAGE® Sample Reducing
Agent (Invitrogen)], then an Alkylating Solution [1× NuPAGE® LDS Sample Buffer containing 50
mM N,N-dimethylacrylamide (DMA) (Sigma-Aldrich)], and finally a Quenching Solution (1×
NuPAGE® LDS Sample Buffer containing 1× NuPAGE® Sample Reducing Agent and 20%
ethanol) at room temperature for 30 min each. The equilibrated gel strip was applied onto a 12%
Tris—Tricine gel containing SDS, and SDS-PAGE was performed.
Proteins separated in 1D and 2D gels were electrophoretically transferred onto
polyvinylidene difluoride (PVDF) membranes (0.2 µm pore size) (Pall Life Sciences). All blots
were boiled in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,
and 1.47 mM KH2PO4) for 4 min to facilitate immunodetection (Swerdlow et al. 1986; Ida et al.
1996), and were then blocked in 5%—10% skim milk in Tris-buffered saline (TBS) (50 mM
Tris-HCl, 150 mM NaCl, pH 7.6) containing 0.1% polyoxyethylene sorbitan monolaurate (Tween
20) for 30 min. 82E1 antibody was used to detect monomers, dimers, and trimers of C99.
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Statistical Analysis
Band intensity was quantified using a LAS-4000 luminescent image analyzer (Fujifilm). Holm−
Sidak’s post hoc test was used to compare the relative abundance of the monomers and multimers
of C99 mutants with that of C99 WT. All data are shown as mean ± standard error of the mean
(SEM), and statistical significance was assessed at p < 0.05.
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Results
To investigate whether the GXXXG motif is involved in the dimerization of the full-length
substrate C99, alanine residues in the motifs were substituted at position(s) G37, G33/37,
G29/33/37, and G25/29/33/37 in C99-FLAG [referred to as 3G, 2G, 1G, and 0G (A), respectively]
(Fig. 1-1). These recombinants were expressed in Sf9 cells using recombinant baculovirus and
purified as described previously (Kakuda et al. 2006; see also Materials and Methods). They were
then separated on a SDS gel and stained with CBB to verify the purity and quantify the levels with
BSA as standard (Fig. 1-3). Although there were protein bands other than C99-FLAG (and the
putative IgG bands at 26 kDa and 50 kDa), they were not detectable with the antibody 82E1 (data
not shown). The molecular weight bands at about 15 kDa and at about 11 kDa before incubation
represent probably amino-terminally extended C99-FLAG with residual signal peptide and
carboxyl-terminally truncated C99-FLAG, respectively (Kakuda et al. 2006).
To test if C99 forms dimers and whether the amino acid substitutions in the GXXXG
motifs affect it, equal amounts of C99 wild type (WT) and mutants were subjected to BN-PAGE
followed by immunochemical detection. As shown in Fig. 1-4A, C99 WT exhibited higher
molecular weight bands than that corresponding to monomeric C99. These bands are multimers
containing C99 because the addition of SDS collapsed all bands to a single band with the molecular
weight of monomeric C99. This was also confirmed by BN-SDS 2D PAGE (Fig. 1-5), in which
27

proteins in the bands in the BN gel were separated in a SDS gel in a denatured condition. All the
immunoreactive proteins appeared at apparently 15 kDa bands, which again correspond to the size
of monomeric C99. While I cannot exclude the possibility that C99 forms multimers with other
protein contaminants in the sample, I assumed that the immunoreactive bands at apparently 30 kDa
and 45 kDa in a BN gel represents those of dimeric and trimeric C99.
Next, to test whether the amino acid substitutions in the GXXXG motifs affect this
multimerization, the C99 mutants were subjected to the BN-PAGE and Western blotting.
Surprisingly, no apparent differences were observed between WT and any alanine mutant in the
formation of multimers (Fig. 1-4A). Quantification of the ratios of the monomer, the dimer, and the
trimer also showed no significant differences (Fig. 1-4C).
One possible interpretation for this lack of significant changes in the multimeric
formation of C99 is structural or size similarity between glycine and alanine residues, such that the
function of GXXXG was retained even in AXXXA. To test this possibility, I performed leucine or
phenylalanine substitutions at positions G25/29/33/37 in the motif of C99-FLAG [referred to as 0G
(L) and 0G (F), respectively] (see Fig. 1-1). I found no effect of the leucine and phenylalanine
substitutions on C99 dimerization (Fig. 1-4B and D). It should be noted that all of these mutants
still bind to γ-secretase components and are good substrates for the γ-secretase cleavage (see
Chapter II). Taken together, these findings indicate that the GXXXG motifs of C99 are not crucial
28

for the formation of C99 dimers and trimers.
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Discussion
GXXXG and GXXXG-like motifs (e.g., small-XXX-small motifs, where small indicates amino acid
residues with small side-chains like glycine, alanine, and serine), also called as glycine zipper
motifs, have been implicated in the inter-helix binding or transmembrane helix packing. (Russ and
Engelman 2000). For example, the GXXXG motifs on Aph-1 are known to be involved in the
assembly of the γ-secretase complex and the maturation of the components (Lee et al. 2004).
Mutants of the GXXXG motif and GXXXG-like motifs on γ-secretase subunits [e.g., Aph-1 within
transmembrane domain 4 (GXXXGXXXG) and presenilin within transmembrane domain 8
(AXXXAXXXG)] disrupt the assembly and activity of the γ-secretase complex (Lee et al. 2004;
Marinangeli et al. 2015).
Previous studies have shown that the GXXXG motifs in C99 are also critical in its
homo-dimerization, although there have been controversial reports. In this study, using BN-PAGE,
I demonstrated that substituting Gly to Ala, Leu, or Phe did not alter the levels of C99 dimers and
trimers in vitro (Fig. 1-4). This is consistent with the recent reports that mutating the G29XXXG33
did not affect dimerization (Decock et al. 2016) and that the TVIV sequence near a γ-cleavage site
is critical for homo-dimerization (Yan et al. 2017). Although my results do not exclude the
possibility that the mutations alter the affinity of the interaction, I conclude that the GXXXG motifs
are not absolutely necessary for the multimerization of C99.
30

Figures

Figure 1-1. Schematic representation of substitutions in C99-FLAG substrate. C99 contains
three tandem GXXXG motifs in its extracellular juxtamembrane and transmembrane regions.
The number represents Aβ numbering. Rectangles, arrowheads and arrows represent the G of the
GXXXG motifs, γ-cleavage site and ε-cleavage site, respectively. A, L, and F in red indicate
each substitution in the GXXXG motifs.
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Figure 1-2. Immunoactivity of anti-Aβ antibody. Recognition site of anti-Aβ antibody in the
human C99/Aβ sequence. The number represents Aβ numbering. 82E1 is specific to the
amino-terminal end of human Aβ. Therefore, it is very useful to detect APP fragments generated
by β-secretase cleavage.
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Figure 1-3. Analysis of protein purity by Coomassie Brilliant Blue (CBB) staining. Elute of
C99 was subjected to CBB staining after gel electrophoresis. Although there were protein bands
other than C99-FLAG (and the putative IgG light chain band at 26 kDa and the putative IgG
heavy chain band at 50 kDa), they were not detectable with the antibody 82E1 (data not shown).
The band intensities of bovine serum albumin (BSA) as a standard and C99-FLAG were
measured using LAS-4000 luminescent image analyzer. Each C99-FLAG concentration was
quantified according to a calibration curve using the intensity of BSA.
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Figure 1-4. Analysis of substrate dimerization by blue native polyacrylamide gel
electrophoresis (BN-PAGE). (A and B) C99-FLAG substrates were separated by BN-PAGE.
Monomer, dimer, and trimer of the C99-FLAG substrates were visualized using 82E1 antibody.
In the presence of sodium dodecyl sulfate (SDS；+SDS), C99-FLAG appeared at approximately
15 kDa, as seen in SDS-PAGE, indicating the monomeric C99-FLAG band. (C and D) The
intensity of each monomeric, dimeric, and trimeric band was measured using a LAS 4000
luminescent image analyzer. The percentage of each band was calculated as the sum of all with
the peak intensity set at 100%. No significant differences were detected between these bands.
Data are expressed as mean ± SEM (n = 3, ANOVA with Holm−Sidak’s post hoc test compared
with wild type; WT).
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Figure 1-5. Two-dimensional gel analysis of C99-FLAG substrate. 0G (A) substrate was
separated on BN-PAGE (1D). The gel was run at a constant voltage of 150 V at 4°C. The blue
native gel strip was equilibrated, in accordance with the manufacturer’s instructions and applied
to SDS-PAGE (2D). SDS-PAGE was performed as described in Materials and Methods. Dimer
and trimer bands detected in BN-PAGE were dissociated into monomer in SDS-PAGE. 0G (A)
substrate in the presence of SDS (+SDS) was loaded as a positive control. Bands were detected
by 82E1 antibody.
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Table

Table 1. List of oligonucleotides used in this study.
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Chapter Ⅱ.
Amino acid substitutions in the GXXXG motifs alter the
successive triplet cleavage of C99 by γ-secretase
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Introduction
Previous studies reported that the GXXXG motifs are involved in the dimerization of C99 and
affects its processing by γ-secretase. However, the effects of mutations in the GXXXG motifs on
dimerization and Aβ production are controversial. Munter and colleagues reported that alanine
substitutions in the GXXXG motifs of Aβ29-42 attenuate its dimerization. The same substitutions
in the full-length APP results in a decrease in the production of Aβ42, while increasing the
production of short Aβ species (i.e., Aβ34, Aβ35, Aβ37, and Aβ38) in a cellular assay (Munter et
al. 2007). In contrast, Kienlen-Campard and colleagues reported that leucine substitutions in the
GXXXG motifs promote C99 dimerization and decrease the levels of both Aβ40 and Aβ42 in cells
(Kienlen-Campard et al. 2008). Nevertheless, the consensus is that the GXXXG motifs affects both
dimerization and the Aβ processing. However, as showed in Chapter I, I demonstrated that the
GXXXG motifs in C99 are not critical in the substrate dimerization. This raised a question as to
whether or not the motifs are involved in the processing of C99 to Aβ.
To test this, I investigated the effects of amino acid substitutions in the GXXXG motifs
on

Aβ

production

in

an

in

vitro

assay

system

using

3-[(3-cholamidopropyl)

dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO)-solubilized γ-secretase and C99
substrate. This assay system is suitable for this purpose because the genuine enzymatic activity can
be assessed in the in vitro assay without being interfered by other factors such as their subcellular
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localizations. CHAPSO is a zwitterionic surfactant used to solubilize biological macromolecules
such as proteins. Cladera and colleagues reported that CHAPSO and a similar detergent CHAPS
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate)

are

especially

useful

non-denaturing detergents in purifying membrane proteins, which often exhibit very low or no
solubility in aqueous solution due to their hydrophobicity (Cladera et al. 1997). Using this detergent,
solubilized γ-secretase assay systems have been established and reported (Kakuda et al. 2006; Li et
al. 2000; Fraering et al. 2004). The most striking feature of this type of assay system is its highly
specific activity of γ-secretase. Also, it replicates the ratio of Aβ42 over the total Aβ generated
observed in cellular assay systems (Asami-Odaka et al. 1995; Li et al. 2000), showing the
suitability of these in vitro assay systems to investigate γ-secretase activity.
In this study, I used the assay system reported by Kakuda and colleagues, as the apparent
Vmax values of Aβ and AICD in this system were roughly more than 30-fold higher than those in
similar systems (Fraering et al. 2004; Hayashi et al. 2004). Furthermore, not only Aβ40 and Aβ42,
but also their precursor species such as Aβ45, Aβ48, and Aβ49 can be detected and quantified
(Kakuda et al. 2006), such that I can investigate how Aβ processing is regulated by the GXXXG
motifs in very details. Using this assay combined with mass spectrometry, I demonstrate that the
GXXXG motifs are involved in the regulation of the successive processing of Aβ by γ-secretase.

39

Materials and Methods
Antibodies
The following antibodies were used in this study: anti-human Aβ antibody 82E1 (IBL); anti-human
Aβ antibody 4G8 (Covance); ANTI-FLAG® M2 antibody (Sigma—Aldrich), anti-nicastrin antibody
N1660 (Sigma—Aldrich); anti-presenilin 1-carboxyl-terminal fragment (CTF) antiserum (a gift from
Drs. T. Tomita and T. Iwatsubo, The University of Tokyo); anti-Pen-2 antibody (a gift from Dr. A.
Takashima, The University of Gakushuin); and anti-Aph-1a loop antibody O2F1 (Covance). The
detail of 82E1 is described in ChapterⅠ(see Fig. 1-2). 4G8 is reactive to the amino acid residues
Aβ17−24 (LVFFAEDV). The epitope lies within Aβ18−22 (VFFAE) (Fig. 2-1). ANTI-FLAG® M2
antibody recognizes the FLAG peptide sequence (DYKDDDDK). Anti-nicastrin antibody N1660
was raised against a synthetic peptide corresponding to the carboxyl terminus of human nicastrin
(amino acids 693−709; KADVLFIAPREPGAVSY) conjugated to keyhole limpet hemocyanin as an
immunogen.

Preparation of C99-FLAG Substrates
Preparation of C99-FLAG substrates was performed as described in detail in ChapterⅠ.
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Preparation of CHAPSO-Solubilized γ-Secretase
Preparation of CHAPSO-solubilized γ-secretase was performed as described previously (Kakuda et
al. 2006). In detail, the harvested N2a or mouse embryonic fibroblast cells were homogenized in
Homogenizing Buffer [20 mM piperazine-N, N′-bis (2-ethanesulfonic acid) (PIPES), pH 7.0, 140
mM KCl, 0.25 M sucrose, 5 mM ethylene glycol tetraacetic acid (EGTA)] using a glass/Teflon
homogenizer. The homogenates were centrifuged at 1,000 ×g and 4°C for 10 min to remove nuclei
and large cell debris. The postnuclear supernatants were recentrifuged at 100,000 ×g and 4°C 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 to 10
mg/ml. The membranes were solubilized by the addition of an equal volume of 2×NK buffer [50
mM PIPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA, 2% CHAPSO (Sigma—Aldrich), 2 mM
diisopropyl

fluorophosphate,

20

µg/ml

antipain,

20

µg/ml

leupeptin,

20

µg/ml

1-chloro-3-tosylamido-7-amino-2-heptanone (TLCK), 10 mM phenanthroline, and 2 mM
thiorphan] and incubated at 4°C for 45 min. After centrifugation at 100,000 ×g and 4°C for 1 h, the
supernatants were collected (1% CHAPSO lysate).
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Aβ and AICD Detection by CHAPSO-Solubilized γ-Secretase Assay System
The procedure of the CHAPSO-solubilized γ-secretase assay system was as follows: 1% CHAPSO
lysate was diluted with 2.27 volumes of CHAPSO-free buffer (50 mM PIPES, pH 7.0, 0.25 M
sucrose, 1 mM EGTA, 1 mM diisopropyl fluorophosphate, 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, 1% phosphatidylcholine (solubilized in 1% CHAPSO) (Sigma—Aldrich)
was added to the diluted lysate, which significantly enhanced the activity of γ-secretase but did not
alter the ratio of Aβ42/Aβ40 produced. Before starting the reaction, the residual Nonidet-P 40 in the
substrate must be evaluated carefully (Kakuda et al. 2006). A Nonidet-P 40 concentration of 0.05%
or more should be avoided because this would decrease γ-secretase activity. In this study, I
maintained the final Nonidet-P 40 concentration at 0.045%. The reaction mixture was incubated at
37°C for 4 h. The samples were separated on 12% Tris−Tricine SDS-containing gels by SDS-PAGE.
Gels were transferred onto a nitrocellulose membrane (0.2 µm pore size) (GE Healthcare). The
subsequent procedure was as described in detail in ChapterⅠ. 82E1 antibody was utilized to detect
Aβ and ANTI-FLAG® M2 antibody was used to detect AICD.
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Matrix-Assisted

Laser

Desorption/Ionization

Time-Of-Flight

Mass

Spectrometry

（MALDI-TOF-MS） Analysis
To measure the relative levels of different Aβ species, I employed the matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), which has been used in
previous studies (Kakuda et al. 2006; Okochi et al. 2013). The MALDI-TOF-MS analysis
procedure in this study was as follows. After incubating the samples in the CHAPSO-solubilized
γ-secretase assay system with C99-FLAG as described above, 1/10 volume of 10% Nonidet-P 40
was added to stop the reaction between the substrate and γ-secretase. The mixture volume was
scaled up 30-60 times scale compared with that for the Western blotting. The mixture was agitated
with 25 µl of Protein G Sepharose beads (GE Healthcare) and 3 µl of ANTI-FLAG® M2 antibody
(Sigma−Aldrich) at 4°C overnight to remove AICD. The suspension was centrifuged at 10,000 rpm
and 4°C for 1 min. The supernatants were agitated with 25 µl of Protein G Sepharose beads (GE
Healthcare) with 3 µl of 4G8 antibody at 4 °C overnight. The suspension was centrifuged at 10,000
rpm and 4°C for 1 min. After removing the supernatants, the beads were washed five times with 1
ml of Tris-buffered saline (TBS) (50 mM Tris-HCl, 150 mM NaCl, pH 7.6) and then three times
with 1 ml of deionized water. After sufficient washing, the beads were dried at 30°C in a SpeedVac
and eluted with a matrix composed of a mixture of 2.5% trifluoroacetate and 50% acetonitrile
containing α-cyano-4-hydroxycinnamic acid (CHCA) incubated at 37°C for 30 min. The masses of
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the peptides were defined using a matrix-assisted laser desorption/ionization time-of-flight mass
spectrometer (MALDI-TOF-MS), using a 4800 Plus MALDI-TOF-TOF™ Analyzer (AB Sciex).
Aβ species were determined by their theoretical masses.

Coimmunoprecipitation of C99-FLAG Substrates
Coimmunoprecipitation of C99-FLAG substrates was conducted as described previously (Funamoto
et al. 2013). Briefly, 50 µl of C99-FLAG substrates were immobilized on 15 µl of ANTI-FLAG®
M2 Magnetic Beads (Sigma−Aldrich) by incubating them together at 4°C for 2 h. After incubation,
the suspension was spun down and the supernatant was removed. Next, the beads were washed once
with 500 µl of PBS containing 1% of Nonidet-P 40 and five times with 750 µl of 0.25% CHAPSO
buffer (50 mM PIPES, pH 7.0, 0.25 M sucrose, 1 mM EGTA, 0.25% CHAPSO). After washing, the
beads were incubated with CHAPSO-solubilized γ-secretase at 4°C overnight. After incubation, the
suspension was spun down and the supernatant was removed. Next, the beads were washed five
times with 750 µl of 0.25% CHAPSO buffer. After washing the coimmunoprecipitates, samples
were subjected to Western blotting to detect presenilin 1-CTF, the potential catalytic subunit of
γ-secretase.
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Statistical Analysis
Band intensity was quantified using a LAS-4000 luminescent image analyzer (Fujifilm). Holm−
Sidak’s post hoc test was used for comparison of the C99 mutants with that of WT. All data are
shown as mean ± standard error of the mean (SEM), and statistical significance was assessed at p <
0.05.
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Results
To gain insights into how the amino acid substitutions in the GXXXG motifs influence the
γ-secretase processing of C99, I performed the CHAPSO-solubilized γ-secretase assay, which
allows rather free collisions between enzymes and substrates in a soluble state (Kakuda et al. 2006).
Surprisingly, Aβ production from 1G and 0G (A) after 4 h incubation was significantly decreased
compared to that from WT, suggesting that 1G and 0G (A) mutants are inefficient substrates of
γ-secretase (Fig. 2-2). The levels of AICD, the counterpart of Aβ, also decreased in those mutants
(Fig. 2-3). I further analyzed the total Aβ produced from the 0G (L) and 0G (F) mutants. Aβ
production from 0G (L) and 0G (F) appeared higher than that from 0G (A), and Aβ production from
0G (F) was significantly increased compared to that from WT (Fig. 2-4). Since I modified the
amino acid sequence of the substrate, it is possible that Aβ, or Aβ-like peptides, is produced by
other proteases from the cells, from which γ-secretase was extracted, with the C99 mutants. To rule
out

this

possibility,

I

examined

whether

a

specific

γ-secretase

inhibitor,

N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), affects the
production of Aβ from the mutants (Dovey et al. 2001). DAPT suppressed Aβ production with all
mutants (Fig. 2-5; Kakuda et al. 2006; Takami et al. 2009), indicating that they are all processed by
γ-secretase.
It is also possible that the amino acid substitutions reduce the binding of 1G and 0G (A)
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to the enzyme, thereby reducing the production of Aβ. To examine whether γ-secretase fails to
recognize these mutants, I immunoprecipitated the C99-FLAG substrates and quantified the levels
of the carboxyl-terminal fragment of PS1, which is a major component and the potential catalytic
subunit of γ-secretase (Funamoto et al. 2013). It has been reported that PS1 undergoes
auto-endoproteolysis between transmembrane domain 6 and transmembrane domain 7 to generate
〜16-17 kDa carboxyl- and 〜27-28 kDa amino-terminal fragments, which reflect the active state
of the γ-secretase (Thinakaran et al. 1996). As described in Materials and Methods, the
coimmunoprecipitates were prepared at 4℃ to suppress the cleavage activity of the γ-secretase. I
was able to detect substantial binding of PS1-CTF to C99 WT as well as 3G, 2G, 0G (L), and 0G
(F) (Fig. 2-6A and B), which is consistent with the robust Aβ production from these substrates (Figs.
2-2 and 2-4). Interestingly, 1G and 0G (A) also showed substantial interactions with PS1-CTF (Fig.
2-6A). There was no significant difference in the levels of PS1-CTF coimmunoprecipitation among
all substrates (Fig. 2-6C). These findings suggest that substitutions at GXXXG motifs affect the
efficiency of cleavage by γ-secretase rather than interaction with the enzyme.
From a therapeutic perspective, it is important to understand not only how much and fast
Aβ is produced but also how C99 is processed to produce amyloidogenic Aβ. Therefore, I
examined the effects of amino acid substitutions in the GXXXG motif on the production of Aβ
species in the solubilized γ-secretase assay using MALDI-TOF-MS. As described earlier, it is
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currently considered that there are two production lines of Aβ to produce either Aβ40 or Aβ42 from
their longer precursor species, Aβ49 and Aβ48, respectively. As the result of the successive
processing, it is expected that Aβ34, Aβ37, Aβ38, Aβ43, and Aβ45 are detected in addition to
Aβ40 and Aβ42. Using the high sensitive MS, I was able to detect Aβ34, Aβ38, Aβ40, Aβ42, and
Aβ43 and compared their relative abundance with each substrate (Fig. 2-7A). Surprisingly, the
levels of the amyloidogenic Aβ42 and Aβ43 were dramatically reduced with all C99 Ala mutants
(Fig. 2-7A and B). There was also concomitant increase of Aβ40, Aβ38, and Aβ34, albeit not
significant except for Aβ34 for 3G and 2G (Fig. 2-7A and B). These results indicate that Aβ42 and
Aβ43 are processed further to produce shorter Aβ species with the mutations in the GXXXG motifs.
To investigate this, I also compared the ratios of precursor/product, Aβ42/Aβ38 and Aβ43/Aβ40. It
has been reported that the ratios of Aβ38/Aβ42 and Aβ40/Aβ43 increase in cerebrospinal fluid
(CSF) from patients with mild cognitive impairment (MCI)/AD. That is to say, the γ-secretase
cleavage in MCI/AD patients shifted toward the amino terminus (Kakuda et al. 2012, 2013;
Chávez-Gutiérrez et al. 2012). It should be noted that I used inversed ratios in my study to avoid
zero in the denominator. Surprisingly, these ratios were significantly decreased with the Ala
mutants (Fig. 2-7C and D), suggesting that the successive processing of C99 is facilitated to
generate shorter Aβ species from the longer amyloidogenic Aβ42 and Aβ43. This shift of Aβ
processing was even more pronounced with 0G (L) and 0G (F) mutants. In fact, there was almost no
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Aβ42 and Aβ43 detected, whereas the short Aβ production was greatly enhanced (Fig. 2-8A and B).
In addition, the ratios of precursor/product were significantly decreased in those mutants (Fig. 2-8C
and D).
Moreover, there is a relationship between a ratio of produced Aβ species and age onset of
the disease in different families (De Jonghe et al. 2001). In detail, when the ratio of Aβ42/Aβ40 in
familial AD mutations near the γ-secretase cleavage site of APP is compared with that in WT APP,
the ratio increased in the mutations (De Jonghe et al. 2001). In addition, as the ratio of Aβ42/Aβ40
increased, the age onset of the disease became younger (De Jonghe et al. 2001). In reference to this,
I analyzed the ratio of Aβ42/Aβ40, and showed that it decreased for all mutants (Figs. 2-7E and
2-8E). These results indicate that the GXXXG motifs are important in regulating the progressive
processing of C99 by γ-secretase.
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Discussion
It is widely accepted that Aβ48 and Aβ49 are first generated from C99, by a process called
ε-cleavage, by γ-secretase. These long precursor species are then successively cleaved by the same
enzyme by three to four residues at a time to generate shorter Aβ species. This results in two
separate lines of products from Aβ48 and Aβ49. Aβ48 is processed to Aβ45, Aβ42, and Aβ38,
whereas Aβ49 is processed to Aβ46, Aβ43, Aβ40, Aβ37, and Aβ34 with Aβ40 and Aβ42 being the
major species produced. Among them, Aβ42 and Aβ43 are most amyloidogenic, such that the
mechanisms regulating the generation of these species are of great interest in the field of Alzheimer
neuropathology (Iwatsubo et al. 1994; Younkin 1995; Saito et al. 2011). In this thesis study, I
investigated how the GXXXG motifs in C99 affects this γ-cleavage and found that mutating the
GXXXG motifs generally result in the reduction of Aβ42 and Aβ43 and augmentation of shorter
Aβ species (e.g., Aβ34) (Figs. 2-7A, B, 2-8A, and B). These results indicate that the GXXXG
motifs determine the processing propensity at each γ-cleavage site. I will discuss how these
modifications may cause the altered processing in details in General Discussion.
In this study, I was unable to detect Aβ48 and Aβ49 as well as Aβ45 and Aβ46 (Figs. 2-7A and
2-8A). It was not possible to identify long Aβ species by MALDI-TOF-MS, presumably due to
their hydrophobicity. However, it has been reported that Aβ species longer than Aβ45 were
detected by not MALDI-TOF-MS but in Urea-PAGE in CHAPSO-solubilized γ-secretase assay
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system (Kakuda et al. 2006). Therefore, there is a possibility that Aβ species longer than Aβ45
from the GXXXG mutations were produced but not detected in my experiments.
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Figures

Figure 2-1. Immunoactivity of anti-Aβ antibodies. Recognition sites of anti-Aβ antibodies in
the human C99/Aβ sequence. The number represents Aβ numbering. 82E1 is specific to the
amino-terminal end of human Aβ. Therefore, it is very useful to detect APP fragments
generated by β-secretase cleavage. The specificity of 4G8 is Aβ18−22 (VFFAE). It reacts to
the abnormally processed Aβ isoforms (e.g., Aβ38, Aβ40, Aβ42, and Aβ43) as well as
precursor forms (i.e., APP and C99).
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Figure 2-2. Effects of alanine substitution on Aβ production in the CHAPSO-solubilized
γ-secretase assay system. (A) CHAPSO-solubilized γ-secretase reaction solutions containing
each substrate were subjected to Western blotting with 82E1 antibody to detect Aβ. γ-Secretase
prepared from Neuro2a cells was used. Reaction times were 0 and 4 h. Aβ production from 1G
and 0G (A) was significantly decreased. (B) The band intensity of Aβ was measured using a
LAS-4000 luminescent image analyzer. Band intensity of Aβ in WT was set at 100%. Aβ
production from 1G and 0G (A) was significantly reduced compared with that in WT,
suggesting that 1G and 0G (A) mutants are inefficient substrates of γ-secretase. Data are
expressed as mean ± SEM (n = 5, ****: p < 0.001, ANOVA with Holm−Sidak’s post hoc test
compared with WT).
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Figure

2-3.

Effects

of

alanine

substitution

on

AICD

production

in

the

CHAPSO-solubilized γ-secretase assay system. (A) CHAPSO-solubilized γ-secretase reaction
R
solutions containing each substrate were subjected to Western blotting with ANTI-FLAG○

M2 antibody to detect AICD. γ-Secretase prepared from Neuro2a cells was used. Reaction
times were 0 and 4 h. AICD production from 1G and 0G (A) was significantly decreased. The
result of AICD production is similar to that for Aβ (see Fig. 2-2). (B) The band intensity of
AICD was measured using a LAS-4000 luminescent image analyzer. Band intensity of AICD in
WT was set at 100%. AICD production from 1G and 0G (A) was significantly reduced
compared with that in WT, suggesting that 1G and 0G (A) mutants are inefficient substrates of
γ-secretase. Data are expressed as mean ± SEM (n = 3, ****: p < 0.001, ANOVA with Holm−
Sidak’s post hoc test compared with WT).
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Figure 2-4. Effects of substitution in the motif of C99 on Aβ production in the
CHAPSO-solubilized γ-secretase assay system. (A) CHAPSO-solubilized γ-secretase reaction
solutions containing WT, 0G (A), 0G (L), and 0G (F) were subjected to Western blotting with
82E1 antibody to detect Aβ. γ-Secretase prepared from mouse embryonic fibroblast (MEF) cells
was used. Reaction times were 0 and 4 h. (B) The band intensity of Aβ was measured using a
LAS-4000 luminescent image analyzer. Band intensity of Aβ in WT was set at 100%. Aβ
production from 0G (L) and 0G (F) tended to increase compared with that in 0G (A), and Aβ
production from 0G (F) increased compared with that in WT. Data are expressed as mean ± SEM
(n = 3, *: p < 0.05; **: p < 0.01; ****: p < 0.001, ANOVA with Holm−Sidak’s post hoc test
compared with WT).
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Figure 2-5. Effects of γ-secretase inhibitor in the CHAPSO-solubilized γ-secretase assay
system. CHAPSO-solubilized γ-secretase reaction solutions containing each substrate and
γ-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT) were subjected to Western blotting with 82E1 antibody to detect Aβ. The final
concentration of DAPT is 1 µM. Reaction time was 4 h. − indicates without inhibitor and +
indicates with inhibitor. DAPT suppressed Aβ production.
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Figure 2-6. Coimmunoprecipitation of C99-FLAG substrates. (A and B) C99-FLAG
substrates were immobilized on ANTI-FLAG® M2 magnetic beads and incubated with
CHAPSO-solubilized γ-secretase. γ-Secretase prepared from Neuro2a cells was used. After
sufficient washing of the coimmunoprecipitates, samples were subjected to Western blotting to
detect and quantify presenilin 1 carboxyl terminal fragment (PS1-CTF) and C99. (C) Quantitative
analysis of interacted PS1-CTF. The intensities of PS1-CTF and C99 were measured using a LAS
4000 luminescent image analyzer. The ratio of PS1-CTF/C99 was calculated. 1G and 0G (A)
showed distinct interactions with the PS1-CTF. In addition, 0G (A), 0G (L), and 0G (F) showed
no significant alteration from WT in their interaction with PS1-CTF. Data are expressed as mean
± SEM (n = 3–6, ANOVA with Holm–Sidak’s post hoc test compared with WT). N.S. indicates
not significant.
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Figure 2-7. Production of Aβ species modulated by alanine substitution in the
CHAPSO-solubilized γ-secretase assay system. (A) Production of Aβ species modulated by
alanine substitution. Total Aβ produced from CHAPSO-solubilized γ-secretase assay system was
immunoprecipitated with 4G8 antibody and subjected to MALDI-TOF-MS. γ-Secretase prepared
from Neuro2a cells was used. (B) Percentage of Aβ species from each C99-FLAG substrate was
calculated by MS using peak intensity. The sum of all peak intensities was set as 100%, and the
percentage of each Aβ species was calculated. Percentages of Aβ42 and Aβ43 decreased for all
mutants, and 1G and 0G (A) showed a trend to a concomitant increase of Aβ38 and Aβ40
production. In addition, the production of short Aβ species (e.g., Aβ34) was elevated for 3G and
2G. (C and D) Ratios of Aβ42/Aβ38 and Aβ43/Aβ40, which indicate the ratios of
precursor/product, respectively. I calculated these ratios using the percentage of each Aβ species
calculated in (B). These ratios decreased for all mutants. (E) Ratio of Aβ42/Aβ40. I calculated the
ratio using the percentage of each Aβ species calculated in (B). The ratio decreased for all
mutants. Data are expressed as mean ± SEM (n = 3–4, *: p < 0.05; **: p < 0.01; ***: p < 0.005;
****: p < 0.001, ANOVA with Holm−Sidak’s post hoc test compared with WT). n.d. indicates
not detected.
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Figure 2-8. Production of Aβ species modulated by substitution in the CHAPSO-solubilized
γ-secretase assay system. (A) Production of Aβ species modulated by leucine or phenylalanine
substitution. Total Aβ produced from CHAPSO-solubilized γ-secretase assay system was
immunoprecipitated with 4G8 antibody and subjected to MALDI-TOF-MS. γ-Secretase prepared
from Neuro2a cells was used. (B) Percentage of Aβ species from each C99-FLAG substrate was
calculated by MS using peak intensity. The sum of all peak intensities was set as 100%, and the
percentage of each Aβ species was calculated. Percentages of Aβ40, Aβ42, and Aβ43 decreased
for all mutants, and production of short Aβ species (e.g., Aβ34) was elevated for those mutants.
(C and D) Ratios of Aβ42/Aβ38 and Aβ43/Aβ40, which indicate the ratios of precursor/product,
respectively. I calculated the ratios of Aβ42/Aβ38 and Aβ43/Aβ40 using the percentage of each
Aβ species calculated in (B). These ratios decreased for all mutants. (E) Ratio of Aβ42/Aβ40. I
calculated the ratio using the percentage of each Aβ species calculated in (B). The ratio
decreased for all mutants. Data are expressed as mean ± SEM (n = 3–4, *: p < 0.05; **: p <
0.01; ***: p < 0.005; ****: p < 0.001, ANOVA with Holm−Sidak’s post hoc test compared with
WT). n.d. indicates not detected.
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Chapter Ⅲ.
Analyses of substitution in GXXXG motifs on C99
dimerization and on γ-cleavage in living cells
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Introduction
I showed the following findings in the solubilized γ-secretase assay. (1) Substitutions in the
GXXXG motif failed to alter C99 dimerization in a detergent-soluble state (Fig. 1-4). (2) Aβ
production from 1G and 0G (A) was significantly decreased compared with that from WT,
suggesting that 1G and 0G (A) mutants are inefficient substrates of γ-secretase (Fig. 2-2), although
1G and 0G (A) showed preserved interactions with the presenilin 1 CTF (PS1-CTF) (Fig. 2-6A and
C). (3) Analysis of Aβ species using the MALDI-TOF-MS showed that the percentages of Aβ42
and Aβ43 decreased for all mutants with a trend of concomitant increases in shorter Aβ species
(e.g., Aβ34) (Figs. 2-7A, B, 2-8A, and B). (4) As a consequence, the ratios of Aβ precursor/product
decreased for all mutants (Figs. 2-7C, D, 2-8C, and D). (5) The ratio of Aβ42/Aβ40 decreased for
all mutants (Figs. 2-7E and 2-8E). These results indicate that the GXXXG motifs in C99 are
important in the successive processing by γ-secretase but not its dimerization. To extend these
findings obtained in the in vitro assays to living cells, I studied the effect of the same mutations on
the substrate dimerization and Aβ processing in Chinese Hamster Ovary (CHO) cells, which have
been widely used as a model system for studying APP processing.
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Materials and Methods
Antibodies
The following antibodies were used in this study: anti-human Aβ antibody 82E1 (IBL); and
anti-human Aβ antibody 4G8 (Covance). The detail is described in ChapterⅡ.

DNA Oligonucleotides
The oligonucleotides to generate C99 mutants used in this study were shown in Table 1. See also
ChapterⅠ.

DNA Constructs
Funamoto and colleagues constructed a plasmid DNA to express C99 in cells (Funamoto et al.
2004). The preparation procedure was as follows: Mammalian expression vector pcDNA3.1
containing APP751 was amplified by polymerase chain reaction (PCR) using the primers 5’-GAT
GCA GAT GCA GAA TTC CGA CAT GAC TCA-3’ and 5’-CGC CCG AGC CGT CCA GGC
GGC CAG-3’ and subjected to self-ligation to fuse the C99 coding sequence with the signal peptide
(MLPGLALLLLAAWTARA) of APP. The resultant construct contained additional aspartic acid
and alanine residues on the amino-terminal side of the β-cleavage site and is referred to here as
DA-C99. This insertion allows the product to be cleaved by signal peptidase exactly at the
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β-cleavage site, producing Aβ that starts from the first residue aspartic acid (Lichtenthaler et al.
1999a). For alanine substitution in the GXXXG motif of C99, I performed site-directed mutagenesis
on the DA-C99 plasmid by PCR using the primers listed in Table 1. The C99 mutants were
confirmed by DNA sequencing, using 3130xl Genetic Analyzers (Thermo Fisher Scientific).
Resultant constructs were referred to here as 3G, 2G, 1G, and 0G (A).

Cell Culture and Transfection
CHO cells were cultured in Dulbecco’s modified Eagle’s medium (WAKO) supplemented with
10% fetal bovine serum (FBS) (Invitrogen) and penicillin/streptomycin (Invitrogen) at 37°C under
humidified 5% CO2 atmosphere. CHO cells were cultured in 12-well plates and transfected with 1
µg of pcDNA3.1 carrying WT, 3G, 2G, 1G, and 0G (A) (Fig. 1-1), using Lipofectamine® LTX &
PLUSTM Reagent (Invitrogen), in accordance with the manufacturer’s instructions. After 5 h of
transfection, the culture media replaced with fresh media [Dulbecco’s modified Eagle’s medium
(WAKO) supplemented with 10% FBS (Invitrogen)]. Forty-eight hours later, cells and conditioned
media were collected and subjected to Western blotting, an analytical technique to detect specific
proteins, to visualize and quantify the production of C99 and Aβ by 82E1 antibody.
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SDS-PAGE Analysis
After transfection, cells were homogenized with Sample Buffer (1×) (2% SDS, 80 mM Tris-HCl,
pH 6.8, 10% glycerol, 1% 2-Mercaptoethanol, and a slight amount of Phenol Red), and conditioned
media were collected and centrifuged at 15,000 rpm and 4°C for 10 min. After centrifuging, the
supernatants were collected. The procedure of SDS-PAGE is described in detail in ChapterⅠ.

Blue Native PAGE Analysis
After transfection, the samples for BN-PAGE were prepared, in accordance with the manufacturer’s
instruction. In detail, cells were homogenized with NativePAGE™ Sample Buffer (4×) and 1/10
volume of 10% DDM (Invitrogen) in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and
1.47 mM KH2PO4). The suspension was ultracentrifuged at 100,000 ×g and 4°C for 15 min. The
supernatant was collected and then mixed with NativePAGE™ Sample Buffer (4×) (Invitrogen) and
1/5 volume of NativePAGE™ 5% G-250 Sample Additive (Invitrogen). The procedure of
BN-PAGE is described in detail in ChapterⅠ.
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Matrix-Assisted

Laser

Desorption/Ionization

Time-Of-Flight

Mass

Spectrometry

（MALDI-TOF-MS） Analysis
After transfection, a 1/10 volume of 10% Nonidet-P 40 was added to each collected conditioned
medium. The procedure of MALDI-TOF-MS is described in detail in ChapterⅡ.

Statistical Analysis
Band intensity was quantified using a LAS-4000 luminescent image analyzer (Fujifilm). Holm−
Sidak’s post hoc test was used for comparison of the C99 mutants with that of WT. All data are
shown as mean ± standard error of the mean (SEM), and statistical significance was assessed at p <
0.05.
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Results
WT, 3G, 2G, 1G, and 0G (A) constructs were introduced into CHO cells to examine the effect of
substitutions on the substrate dimerization in living cells. Lysates of transfected cells were
subjected to BN-PAGE followed by immunochemical detection (Fig. 3-1). Despite extensive efforts,
I failed to detect discrete multimeric and monomeric bands of C99 substrate in cell lysates, although
monomeric C99 was readily detectable in regular SDS-PAGE and Western blotting (Fig. 3-2A).
The weak detergent (DDM) used for the BN-PAGE assay might not be sufficient to extract C99
from cell membranes.
To test whether alanine substitutions in the GXXXG motifs affect Aβ production in cells,
I quantified the levels of secreted Aβ because most of Aβ produced is released into the culture
medium. In the cellular assay, Aβ production was detectable with the 0G (A) mutant (Fig. 3-2A),
which did not show any detectable Aβ in the in vitro assay (see Fig. 2-2). Although there was a
slight but significant increase in the Aβ production with 1G, all mutants showed somewhat
comparable levels of Aβ in the conditioned media (Fig. 3-2A and B). In addition, no significant
differences were observed between any mutant and WT in the production of the intracellular Aβ
(Fig. 3-2A and B).
To examine the effects of alanine substitutions in the GXXXG motif on the production of
Aβ species, the total Aβ in conditioned media was analyzed using MALDI-TOF-MS. Although
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Aβ43 was not detected in this cellular system, I was able to detect Aβ species from 0G (A), and
Aβ37 and Aβ39 from all mutants, thereby complementing the in vitro assay (Fig. 3-3A).
The percentages of Aβ42 were significantly decreased for 2G, 1G, and 0G (A) with
concomitant increases in the levels of Aβ38 and decreases in the Aβ42/Aβ38 ratios (Fig. 3-3A, B,
and C). These results indicate that the processing of Aβ42 to Aβ38 is facilitated in these mutants
including 0G (A), and are consistent with the results of 2G and 1G in the in vitro assay (see Fig.
2-7A, B, and C). These mutants also exhibited decreased levels of Aβ40 (Fig. 3-3B). However, the
level of Aβ37, a putative product from Aβ40, was increase only for 0G (A) (Fig. 3-3B). The
putative downstream product of Aβ37, Aβ34, was increased with all three mutants (Fig. 3-3B). In
addition, the ratio of Aβ40/Aβ37 decreased only for 0G (A) (Fig. 3-3D). Therefore, the alanine
substitutions in the GXXXG motifs shift the γ-secretase processing toward the amino terminal side.
Moreover, the ratio of Aβ42/Aβ40 decreased only for 0G (A) (Fig. 3-3E). Taken together with the
findings in the in vitro assay, these results suggest that the GXXXG motifs regulate the γ-cleavage
site of C99.
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Discussion
The overall effect of GXXXG mutations was consistent between the in vitro and cell-based assays,
such that the mutations resulted in a decrease in long Aβ species and a concomitant increase in
short Aβ species. Particularly, the reduction of amyloidogenic Aβ42 was remarkable in both assays.
I will discuss how the mutation could cause these changes in details in General Discussion in the
next chapter.
A big difference in the cell-based assay from the in vitro assay was the increased
production of Aβ from 1G (Figs. 2-2, 3-2A, and B). Since my data from the coimmunoprecipitation
assay indicated that 1G and 0G (A) can bind to γ-secretase (Fig. 2-6A), it might be possible that 1G
is more concentrated in cellular structures with the enzyme and therefore given more time to be
processed in cells. In fact, it is known that some mutations in APP result in altered localization of
the precursor protein in cells (Martin et al. 1995; Kokawa et al. 2015). Alternatively, γ-secretase in
CHO cells is more permissive to alterations in the GXXXG motif regarding the catalytic efficiency
than the enzyme in N2a cells used for the in vitro assay.
In the cell lysate, putative SDS-resistant C99 dimer was detected (Fig. 3-2A), which
might also have been present in the purified C99 in Chapter I. It has been reported that interactions
via GXXXG motifs is tight and can be resistant to denaturing agents such as SDS
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(Kienlen-Campard et al. 2008). Nevertheless, I observed no differences in the levels of these
SDS-resistant dimers with the GXXXG mutants of C99 (Fig. 3-2A and C).
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Figures

Figure 3-1. Analysis of substrate dimerization by BN-PAGE from cells. Lysates of transfected
cell lysates were separated by blue native PAGE (BN-PAGE). Monomer, dimer, and trimer of the
cell lysates were visualized using 82E1 antibody. Unfortunately, discrete multimeric and
monomeric bands of C99 substrate in cells failed to be detected. WT substrate prepared from Sf9
cells and lysates of transfected cells from WT in the presence of SDS (+SDS) were loaded as a
positive control. WT substrate prepared from Sf9 cells in the presence of SDS (+SDS) appeared
at approximately 15 kDa, as seen in SDS-PAGE, indicating the monomeric band as a positive
control. However, monomeric band of lysates in transfected cells from WT in the presence of
SDS (+SDS) failed to be detected. WT substrate prepared from Sf9 cells in the absence of SDS (−
SDS) was loaded as indicators of monomer, dimer, and trimer. (B) is low-contrast version of (A).
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Figure 3-2. Effects of alanine substitution on Aβ production from each mutant. (A)
Conditioned media and cell lysate from each mutant were subjected to Western blotting with
82E1 antibody to detect Aβ. Open and closed arrowheads in (A) indicate a potential caspasecleaved product and its putative dimer, respectively (Gervais et al. 1999). (B) The band intensities
of Aβ in the cell lysate, conditioned media, and C99 were measured using a LAS-4000
luminescent image analyzer. The ratio of Aβ/C99 was calculated. Band intensity of Aβ/C99 in
wild type (WT) was set at 100%. Aβ production in conditioned media from 1G was significantly
increased compared with that in WT (white bar), and Aβ production in the cell lysate tended to
increase for all mutants (black bar). (C) The band intensities of putative C99 dimer and C99 were
measured using a LAS-4000 luminescent image analyzer. The ratio of putative C99 dimer/C99
was calculated. Band intensity of putative C99 dimer/C99 in WT was set at 100%. No significant
differences were observed between any mutant and WT in the ratio of putative C99 dimer/C99.
Data are expressed as mean ± SEM (n = 3, ***: p < 0.005, ANOVA with Holm−Sidak’s post hoc
test compared with WT).
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Figure 3-3. Production of Aβ species modulated by alanine substitution in conditioned
media from each mutant. (A) Production of Aβ species modulated by alanine substitution. Total
Aβ produced from conditioned media from each mutant was immunoprecipitated with 4G8
antibody and subjected to matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS). (B) Percentage of Aβ species from each C99-FLAG substrate
was calculated by MS using peak intensity. The sum of all peak intensities was set as 100%, and
the percentage of each Aβ species was calculated. Percentages of Aβ40 and Aβ42 decreased for
2G, 1G, and 0G (A), and the ratio of Aβ38 increased in all mutants. In addition, the production of
short Aβ species (e.g., Aβ34) was elevated for 2G, 1G, and 0G (A). (C and D) Ratios of
Aβ40/Aβ37 and Aβ42/Aβ38, which indicate the ratios of precursor/product, respectively. These
ratios tended to decrease for all mutants. (E) Ratio of Aβ42/Aβ40. I calculated the ratio using the
percentage of each Aβ species calculated in (B). The ratio tended to decrease for all mutants.
Data are expressed as mean ± SEM (n = 3, *: p < 0.05; **: p < 0.01; ***: p < 0.005; ****: p <
0.001, ANOVA with Holm−Sidak’s post hoc test compared with WT). n.d. indicates not detected.
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General Discussion
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In this thesis study, I showed the following findings. (1) Substitutions in the GXXXG motifs failed
to alter C99 dimerization in an in vitro assay using detergent-solubilized substrate and BN-PAGE.
(2) Cell-based and solubilized γ-secretase assays demonstrated that substitutions in the motifs
decreased the production of long Aβ species such as Aβ42 and Aβ43 and increased short Aβ
species such as Aβ34. (3) Both assays demonstrated that substitutions in the motifs decreased the
ratios of precursor/product and Aβ42/Aβ40.
The transmembrane domain of C99 is thought to take the canonical α-helical structure
(Lichtenthaler et al. 1999b). Based on this assumption, the hypothetical model of γ-secretase
processing has been proposed: successive removal of three or four amino acid residues from either
Aβ48 or Aβ49 (Takami et al. 2009; Matsumura et al. 2014; Takami and Funamoto 2012; Yagishita
et al. 2008). Because the canonical α-helix takes a single turn with 3.6 residues on average, amino
acid residues appear every three or four residues on a face of the helix. For example, the carboxyl
sides of the 37th residue and the 34th residue are aligned on the same face of the α-helical surface
with that of the 40th residue offset slightly (Fig. 4A). As such, it is reasonable to consider that Aβ34
is produced from the Aβ40 production pathway. In detail, Aβ40 would be successively cleaved into
Aβ34 via Aβ37 (Aβ40 > Aβ37 > Aβ34), releasing tripeptide (Fig. 4B). If γ-secretase cleaves the
peptide bond on or around one face of the helix, it would cleave off three or four residues at a time.
In fact, the previous studies succeeded in detecting tri- or tetra-peptide generated successively from
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longer Aβ species (Takami et al. 2009; Matsumura et al. 2014; Takami and Funamoto 2012;
Yagishita et al. 2008).
Transmembrane domain length varies extensively from 15 to 40 amino acid residues
(Bowie 1997). Given that the thickness of the biological membrane is around 3~5 nm (Watson
2015), this large variability in length suggests that a transmembrane domain takes multiple
secondary structures other than the canonical α-helix, which has a 0.15 nm rise/residue (1.5 Å). In
fact, it is common that transmembrane helices contain some other structures such as 310-helices,
wide turns, and kinks. Although structural mechanisms of how they occur remains largely unknown,
several studies have looked at what amino acid tend to be more associated to these structures.
Particularly, the propensity of each amino acid to generate a bend has been extensively studied in
model proteins and verified against known protein structures (Monné et al. 1999). In this
classification, Gly is the second most residues, following Pro, to induce a bend. Interestingly, Ala,
Leu, and Phe, which I used to replace Gly in the GXXXG motifs, are the least three residues to
make a turn in a helix. Based on these findings, I speculate that the substitutions of Gly to Ala, Leu,
or Phe in the GXXXG motifs change the helical wrapping of the transmembrane domain, thereby
facilitating the successive processing of Aβ42 and Aβ43 toward the amino-terminal end to generate
shorter Aβ species (see Figs. 2-7 and 2-8). In addition, Gly is a polar amino acid, whereas Ala, Leu,
and Phe are hydrophobic amino acids. Based on the propensity, mutations decrease the ratio of
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polar amino acids and increase that of hydrophobic amino acids within the transmembrane domain
(Fig. 5). This might support the speculation that substitutions in the GXXXG motifs change the
helical wrapping of the transmembrane domain.
These might be a part of the reason why the production of Aβ42 and Aβ43 increases in
AD. Two of the GXXXG motifs of C99 are predicted to be in the lipid bilayer. They have been
implicated not only in the dimerization but also in the intramembrane interaction with cholesterol
(Barrett et al. 2012). The lipid environment in the membrane might affect the structure of
transmembrane helix. For example, most of membrane proteins expressed on surface must initially
adapt to the thinner lipid bilayer of the ER, which causes the hydrophobic mismatch, by adjusting
the surrounding lipids and/or the transmembrane structure. Therefore, alterations in the lipid
composition around the transmembrane GXXXG motifs may also affect the helical structure of C99
in a similar manner to the amino acid substitutions. In AD, there is a line of evidence that the lipid
composition in the membrane is altered (Pettegrew et al. 2001). Also, it has been reported that the
lipid environment affects γ-processing (Wolozin 2004; Grimm et al. 2007; Piao et al. 2013).
Jung and colleagues, using a mutation involving the GXXXG motif (G29K/A30K), reported
that γ-secretase preferentially cleaved monomeric C99 rather than its dimer (Jung et al. 2014). In
contrast, my data indicated that, although the ratios of monomer to dimer for the mutants showed a
similar trend to that observed by Jung et al., the cleavage efficiency of γ-secretase differed (see Figs
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2-2 and 2-6). These findings suggest that the cleavage efficiency might not always correlate with
the tendency to form monomeric C99. Although the stoichiometry of the binding between
γ-secretase and substrate remains unknown, it is reasonable to propose a one-to-one relationship
between γ-secretase and substrate during the reaction.
In conclusion, my thesis study identified a novel role of the GXXXG motif in C99 on
γ-processing and Aβ production. My findings might be useful for a development of new ways of
therapeutic interventions. Because the amino acid substitutions in the GXXXG motifs reduced the
levels of amyloidogenic Aβ production, drugs targeted to the GXXXG motifs would reduce Aβ42
and Aβ43, thereby inhibiting the formation of amyloid plaques.
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Figures

Figure 4. Schematic representation of putative Aβ34 product line. (A) A side view of the
α-helix of the transmembrane domain of APP. The number represents Aβ numbering. The red
number indicates the G of the GXXXG motifs. The carboxyl sides of the 37th residue and the
34th residue are aligned on the same side of the α-helical surface. Black circle, white circle and
red circle represent ε-cleavage, ζ-cleavage, and γ-cleavage, respectively. (B) γ-Secretase cleaves
C99 in stepwise manner in a direction from the ε-cleavage (right scissors) to γ-cleavage sites
(left scissors) of Aβ49 by releasing tripeptides at every helical turn or plus an additional
tertapeptide, finally producing Aβ40 (Takami et al. 2009). From this perspective, γ-secretase
would cleave further from Aβ40; consequently, Aβ34 would successively produce cleavage
from Aβ40 via Aβ37. These figures are modified from the papers by Qi-Takahara et al. (2005)
and Takami et al. (2009).
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Figure 5. Sequence classification of C99. The sequence of C99 is classified, in accordance with
properties of amino acids. The number represents Aβ numbering. Rectangles, arrowheads and
arrows represent the G of the GXXXG motifs, γ-cleavage site, and ε-cleavage site, respectively.
Black circles, white circles, black triangles, and white triangles represent hydrophobic amino
acids, acidic amino acids, basic amino acids, and polar amino acids, respectively. From these
perspectives, mutations decrease the ratio of polar amino acids and increase that of hydrophobic
amino acids within the transmembrane domain.
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Abbreviation List
2D: two-dimensional.
Aβ: Amyloid β.
AD: Alzheimer’s disease.
AICD: APP intracellular domain.
ANOVA: analysis of variance.
Aph-1: anterior pharynx defective-1.
APP: Amyloid precursor protein.
BN-PAGE: blue native polyacrylamide gel electrophoresis.
BSA: bovine serum albumin.
C99: carboxyl terminal fragment of APP.
CBB: Coomassie Brilliant Blue.
CHAPS: 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate.
CHAPSO: 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxyl-1-propanesulfonate.
CHCA: α-cyano-4-hydroxycinnamic acid.
CHO: Chinese Hamster Ovary.
CSF: cerebrospinal fluid.
CTF: carboxyl terminal fragment.
DAPT: N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester.
DDM: n-dodecyl-β-D-maltoside.
DMA: N, N-dimethylacetamide.
EGTA: ethylene glycol tetraacetic acid.
ER: endoplasmic reticulum.
FBS: fetal bovine serum.
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kDa: kilo dalton.
MALDI-TOF-MS: matrix-assisted laser desorption/ionization time of flight mass spectrometry.
MCI: mild cognitive impairment.
MEF: mouse embryonic fibroblast.
Nct: nicastrin.
n.d.: not detected.
NFT: neurofibrillary tangles.
N.S.: not significant.
PAGE: polyacrylamide gel electrophoresis.
PBS: phosphate-buffered saline.
PCR: polymerase chain reaction.
Pen-2: presenilin enhancer-2.
PIPES: piperazine-N, N′-bis (2-ethanesulfonic acid).
PS1: presenilin 1.
PVDF: polyvinylidene difluoride.
SDS: sodium dodecyl sulfate.
SEM: standard error of the mean.
TBS: Tris-buffered saline.
TLCK: 1-chloro-3-tosylamido-7-amino-2-heptanone.
Tricine: N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine.
Triton X-100: polyethylene glycol mono-p-isooctyl phenyl ether.
WT: wild type.
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