Am J Neurodegener Dis 2013;2(1):15-28
www.AJND.us /ISSN:2165-591X/AJND1301001

Original Article
Comparable dimerization found in wildtype and familial
Alzheimer’s disease amyloid precursor protein mutants

Pauline PL So?, Christina E Khodr?, Ci-Di Chen?, Carmela R Abraham??

1Department of Medicine Graduate Program in Molecular Medicine and 2Department of Biochemistry, Boston
University School of Medicine, 72 East Concord Street, K-304, Boston, MA, 02118, USA

Received January 10, 2013; Accepted February 6, 2013; Epub March 8, 2013; Published March 18, 2013

Abstract: Alzheimer’s disease (AD) is a progressive and fatal neurodegenerative disorder marked by memory im-
pairment and cognitive deficits. A major component of AD pathology is the accumulation of amyloid plaques in the
brain, which are comprised of amyloid beta (AB) peptides derived from the amyloidogenic processing of the amyloid
precursor protein (ABPP) by B- and y-secretases. In a subset of patients, inheritance of mutations in the ABPP gene
is responsible for altering AB production, leading to early onset disease. Interestingly, many of these familial muta-
tions lie within the transmembrane domain of the protein near the GxxxG and GxxxA dimerization motifs that are
important for transmembrane interactions. As ABPP dimerization has been linked to changes in AB production, it is
of interest to know whether familial ABPP mutations affect full-length APP dimerization. Using bimolecular fluores-
cence complementation (BiFC), blue native gel electrophoresis, and live cell chemical cross-linking, we found that
familial Alzheimer’s disease (FAD) mutations do not affect full-length ABPP dimerization in transfected HEK293 and
COS7 cells. It follows that changes in ABPP dimerization are not necessary for altered A production, and in FAD
mutations, changes in AB levels are more likely a result of alternative proteolytic processing.
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Introduction (AB). In Alzheimer's disease (AD), aberrant
production and aggregation of AP leads to
The amyloid precursor protein (ABPP) is a formation of amyloid plaques, a pathologic
single-pass transmembrane glycoprotein that feature that contributes to severe
is expressed in a wide variety of tissues [1], and neurodegeneration.

in the brain, it is concentrated at the synapses

of neurons [2]. The biological function of the
protein is unclear, but it appears to be involved
in platelet aggregation [3], metal homeostasis
[4-6], cellular adhesion and cell-cell communi-
cation [7], as well as a host of neuronal pro-
cesses including cellular growth, differentia-
tion, migration, arborization, synaptic
transmission, axonal transport, memory
formation, and neuroprotection [2, 8-17].
Proteolytic processing of ABPP by B-secretase,
also known as the 3 site ABPP cleaving enzyme
(BACE1), or memapsin-2 [18, 19], followed by
y-secretase, a large multi-subunit complex
comprised of presenilin (PS), nicastrin (Nct),
anterior pharynx defective (Aph-1) and the
presenilin enhancer (Pen-2) [20], is well
established to generate amyloid beta peptides

The structure of ABPP resembles a cell surface
receptor [21] and can form homodimers [21,
22] as well as heterodimers with interacting
ligands such as Notch [23-25] and the amyloid
precursor like proteins 1 and 2 (APLP1 and 2)
[7, 26]. This is similar to many receptor proteins
that participate in ligand-induced activation;
therefore, ABPP dimers may be important in
signal transduction for subsequent gene
transcription regulation [27-29], but may also
have other unidentified biologically significant
effects. Dimerization of ABPP at the ectodomain
is mainly regulated by its E1 growth factor like
domain that possesses a loop region of
disulphide bonds [30], its E1 metal-binding
domain that coordinates metal ions such as
copper and zinc, and its E2 collagen binding
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domain that adheres to extracellular matrix
molecules such as heparin, collagen [28, 31,
32] and possibly N-cadherin [33]. Most notably,
a dimerization site also is located at the
juxtamembrane/transmembrane domain
(TMD) in which there are three consecutive
GxxxG motifs (AR residues 25-37) [34] that are
followed immediately by a GxxxA motif [35].
Both GxxxG and GxxxA are common helical
structural patterns important for protein-
protein interactions and can be found in many
proteins including Glycophorin A, from which
the GxxxG motif was first identified [36, 37].

Various studies have shown that ABPP
dimerization may influence AP production but
the effect on AB levels is debatable. The initial
work reported that stable ABPP dimers formed
by disulphide bonds at the juxtamembrane
region (ABPP_,, K624C mutation) result in an
increase of AB production by 6-8 fold [22]. In
contrast, using an FKBP/rapamycin system to
induce ABPP dimers results in 50% reduction in
AB when up to 70% of ABPP is in dimer form
[38]. Most studies on the TMD GxxxG/GxxxA
dimerization motif have been conducted by
mutational analysis with the resulting effect of
decreased AP levels, although the mutations
themselves may affect ABPP processing such
that the effects on AB are independent of
dimerization in mutational analysis [38] and
interpreting such results should be done with
caution. Interestingly, mutation to isoleucine
(Gxxxl) seems to disrupt TMD dimerization
under a ToxCAT system [34], while mutations to
isoleucine and leucine (GxxxL/Gxxxl), but not
alanine (GxxxA), enhance dimerization at the
C-terminal fragment (CTF). Thus, the effects of
ABPP processing and AB production may also
be dependent on the precise composition and
orientation of the ABPP dimers [39]. Further
investigations into the TMD found that some A3
lowering NSAIDs can bind to the GxxxG
dimerization motif [40]. In particular, sulindac
sulfide and its derivatives destabilize the ABPP
TMD dimer in a concentration dependent
manner, which correlates with lowered AR
production [41]. Additionally, introducing
mutations at the GxxxG motif in ABPP mutants
that cause early onset Alzheimer’'s disease
decrease AP levels and rescue the effects of
the disease [42]. These data suggest that the
ABPP TMD GxxxG/GxxxA dimerization motifs
play a critical role in the generation of AB
despite uncertain outcomes. Thus, we focused
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our attention on the TMD GxxxG/GxxxA
dimerization motif.

Inheritance of familial mutations in the ABPP
gene can exacerbate AB production or shift the
AB42/40 ratio, leading to an early onset of
Alzheimer’s disease (AD) [43]. There are many
documented familial kindreds with ABPP
mutations, which include the A692G Flemish
[44], K670N/M671L Swedish [45], T714l
Austrian [46], T714A Iranian [47], V715A
German [48], 1716V Florida [49], V7171 London
[50], V717L Indiana [51], L723P Australian [51],
and the V715M French mutations [52].
Interestingly, most of these mutations are
located within the transmembrane domain of
ABPP, near the GxxxG and GxxxA dimerization
motifs. We are interested in determining
whether these familial ABPP mutations affect
AB levels by altering ABPP dimerization state. A
similar study has been conducted and found
that familial Alzheimer’s disease (FAD)
mutations destabilize TMD dimerization and
that dimerization negatively correlated with
disease onset and AB production. However, this
study was carried out in micelles and
phospholipid bilayers, and only examined the
TMD segment [35]. We would like to determine
whether these familial mutations affect full-
length APP dimerization in vitro as this is more
biologically relevant. For this investigation, we
employed three different methods of analysis:
bimolecular fluorescent complementation
(BIiFC), blue native (BN) gels, and protein cross-
linking. Results of this study provide evidence
that FAD ABPP mutations do not affect full-
length ABPP dimerization and thereby ABPP
dimerization does not appear to account for the
changes in AB production in early onset FAD.

Materials and methods
ABPP FAD mutants constructs

A wild type (WT) APP751 insert was previously
cloned into a pcDNA3 mammalian expression
vector (Invitrogen) [25]. Using the WT APP751
plasmid as a template, various familial ABPP
mutants were made by using designed sense
and anti-sense primers (Integrated DNA
technologies) via site-directed mutagenesis
using the QuikChange Mutagenesis Kit
(Strategene). The primer sets for the different
mutants are listed as follows: Austrian T714l
sense (5" - GTGT TGTCATAGCGATAGTGATCGTC-
ATCAC - 3’) and anti-sense (5’ - GTGATGACG-
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ATCAC TATC-GCTATGACAACAC - 3’), French
V715M sense (5° - GTTGTCATAGCGACAATGAT
CGTCATCACCT - 3’) and anti-sense (5" - AGG-
TGATGACGATCAT-TGTCGCTATGACAA C - 3)),
and London V7171 sense (5 - ATAGCGACAGTG-
ATCATCATCACCTT-GGTGA - 3’) and anti-sense
(5 - TCACCAAGGTG-ATGATGATCACTGTCGCTAT
- 3’). The sequences of all cloned plasmids
were verified at the Tufts University Core Facility
DNA Sequencing Lab, Boston, MA.

ABPP-venus bimolecular fluorescence comple-
mentation (BiFC) constructs

The Venus pBiFC VN173 and pBiFC VC155 were
gifts from Dr. Chang-Dang Hu from Purdue
University [53]. Cloning of the Venus fragments
into WT APP751 pcDNA1 was carried out
previously in our lab [23]. Mutant ABPP Venus
N-terminus fragment (VN) and ABPP Venus
C-terminus fragment (VC) plasmids were
constructed using the previously designed
primers. The ABPP insert is between a Hindlll
and Sall site, while the VN and VC inserts are
between a Sall and Notl site. A 13 amino acid
linker region (STVPRARDPPVAT) is inserted
between ABPP and the VN or VC inserts. The
ABPP YFP plasmid was also cloned previously
and shares the same cloning sites [23].

Cell culture and transfection

HEK293 and COS7 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
(CellGro) supplemented with 10% fetal bovine
serum (FBS) (Atlantic Biologicals) and 1%
penicillin-streptomycin (CellGro) at 37°C and
5% CO,,. The day before transfection, cells were
split using 0.25% Trypsin-EDTA into 6 well
plates at a density of 1x10° cells/well. DNA was
transfected into cells using Nanofect (Qiagen).
Forty-eight hours post transfection, cells were
lysed in lysis buffer (100mM potassium
phosphate, pH7.8; 0.2% Triton X-100; Complete
mini protease cocktail inhibitor tablet (Roche)).
Lysates were stored at -80°C until used.

BiFC-flow cytometry

Transfected cells were washed twice with 1x
PBS and then trypsinized with 500uL Trypsin-
EDTA for 5min at 37°C. The trypsinized cells
were then transferred to 1.5mL centrifuge
tubes and centrifuged at 344g at 4°C. The
supernatant was then removed and discarded,
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and the cells were again washed twice with 1x
PBS on ice. Cells were re-suspended into 1mL
of 1x PBS and transferred into 5mL Polystyrene
round-bottom tubes (BD Falcon) on ice.
Measurement of BiFC signal was carried out
using the FACScan flow cytometer (BD
Biosciences, San Jose, CA, USA) at the Boston
University Core Laboratories & Facilities Flow
Cytometry Core. For each sample, a total of
20,000 cells were counted and the Cell Quest
Pro Software (BD Biosciences) was used to
acquire data. Cells were then analyzed using
the Summit Software (DakoCytomation) where
cells that exhibited forward and side scatter
features typical of live cells were gated.

Fluorescence confocal microscopy

Cells were grown and transfected on cover
glasses in 6-well plates. 48 hours after
transfection, cells were fixed in 100% ice-cold
ethanol for 10min. Then, 300nM DAPI in PBS
(Invitrogen) was added to the cells for nuclear
staining for 10min. Samples were mounted on
slides using 90% glycerol in 100mM Tris (pH
8.0) and were kept at 4°C until used. For
obtaining images, the Zeiss LSM510 at the
Boston University Confocal facility was used.
The excitation and emission wavelengths were
for Venus - 515/528nm (yellow/green) and
DAPI - 372/456 (blue). To excite the
fluorophores, the lasers used included the
488nm FITC laser for the Venus BIiFC green
emission and 405nm UV laser for DAPI
emission.

Sodium dodecyl! sulphate - polyacrylamide
(SDS-PAGE) electrophoresis and western
blotting

Protein concentration in cell lysates was
measured by the Pierce Bicinchoninic Acid
(BCA) Assay in accordance with manufacturer’s
protocol. 10ug of total protein was denatured in
Laemmli sample buffer and separated on 8%
Tris-Glycine gels at 150V for 60min. Proteins
were then transferred onto 0.4um Immobilon
Hybridization nitrocellulose filter membranes
(Millipore). Primary antibody for western blots
was 1:1000 mouse monoclonal 6E10 (Covance)
against amino acids 1-17 of AB but also
recoghizing full length ABPP and sABPPa.
Secondary antibodies used for western blots
were 1:5000 peroxidase labeled goat anti-
mouse IgG (H+L) The Supersignal West Pico
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Figure 1. Development of the ABPP-Venus BiFC system. A. Diagram of the BiFC System. Venus is split into two
fragments, VN173 (amino acids 1-172) and VC155 (amino acids 155-238), and separately tagged to the C-terminal
end of ABPP. These fragments do not fluoresce when ABPP is in monomeric form. However, when ABPP dimerizes,
fluorescence is seen when the two protein fragments come into the proximity of each another. B. Representative
blot showing protein expression of BiFC constructs with the approximate molecular weights in HEK293 cell lysates.
C. BiFC as visualized by fluorescence microscopy in COS7 cells. Blue = nuclear staining with DAPI. Green =
fluorescence of BiFC. ABPP VN or ABPP VC alone does not give off fluorescence. Top Maghnification = 40x, scale bar
= 100pM. Bottom Magnification = 60x Oil, scale bar = 10uM. D. BiFC fluorescence detected by flow cytometry in
HEK293 cells. Top: Dot plot of BiFC vs. Forward Scatter (FSc). Boxed cells in Gate R2 show the proportion of cells
with fluorescence. Bottom: Representative histogram showing distribution of fluorescence intensity in total gated
cells. E. Representative plot of mean fluorescence from BiFC flow cytometry. Samples of ABPP VN and ABPP VC
alone emit only background signal. The ABPP YFP control shows high fluorescence, while the ABPP VN + ABPP VC
sample gives off fluorescence that is significantly higher than background. Results are plotted as mean + standard
error,n = 3.
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Chemiluminescent Substrate (Thermo Blue native (BN) gel analysis

scientific) was added to the membrane for 5min

and the blots were then developed on Phoenix The Invitrogen NativePAGE Novex 4-16% Bis-
Research Products F-BX810 Blue X-Ray Films. Tris Gel System was used in accordance with
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the manufacturer’s protocol. Transfected cells
were solubilized in 250uL of lysis buffer with a
final concentration of 1% digitonin, and a
protease inhibitor cocktail consisting of 50ug/
mL PMSF, 1ug/mL Aprotitin, 1ug/mL Leupetin,
1ug/L Pepsatin in 100% ethanol on ice. Cell
lysates were centrifuged at 16,873g for 5min
at 4°C, and the supernatant was removed and
transferred to a new microcentrifuge tube with
the cell debris discarded. Lysates were stored
at -80°C until used. For separation, samples
were prepared in 30-40uL total volume in
Millipore water, with 10ug protein and 1uL of
the provided 5% G-250 sample additive. The
NativeMARK unstained protein standard
(Invitrogen) was used as a protein ladder. Gels
were run at 150V at room temperature for
about 1.5 hours using light blue cathode buffer
for the first 1/3 of the run, followed by dark blue
cathode buffer for the rest of the run. Following
electrophoresis, gels were incubated with 0.1%
SDS for 15min to facilitate transfer of proteins
onto membranes. Proteins were then
transferred onto Immoblion 0.4uM PVDF
membranes (Millipore) at 25V for 1 hour. After
transfer, the PVDF membranes were incubated
in 8% acetic acid for 15min to fix proteins.
Finally, the membranes were washed with
methanol to rinse off the Coomassie blue stain
and were used for western blot and film
development as previously described.

Live cell chemical cross-linking

Live cell cross-linking was carried out in
accordance with the method published by Chen
et al. [23]. Transiently transfected cells in 6-well
plates were washed twice with AmL of 1x DPBS
(Dulbecco’s Phosphate-Buffered Saline) and
incubated with 1mL of 100uM dithiobis
succinimidylpropionate (DSP), a thiol-clevable
and amine-reactive cross-linker, for 30min at
room temperature. After that, the cross-linking
solution was removed and 1mL of 50mM Tris
buffer (pH7.4) was added to quench the
reaction. After quenching, cells were lysed with
250uL lysis buffer (1% Nonidet P-40, 0.1%
SDS). The lysates were collected as previously
described and were stored at -80°C until used.

Data analysis
Experimental data were plotted using the

GraphPad Prism 5 software and were analyzed
using one way analysis of variance (ANOVA) to
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test for statistical significance across samples.
Dunnett’s test was used post-hoc to determine
which specific comparison is significant. Protein
expression in Western blots were assessed
and normalized by densitometry using ImageJ.

Results

Development of the ABPP - venus bimolecular
fluorescence complementation system (BiFC)

Previously our lab has developed the ABPP-YFP
BiFC system to monitor ABPP-ABPP and ABPP-
Notch interactions [23]. In this study, we
employed the same technique, but using a new
fluorescent protein, Venus, which is not
temperature sensitive in its maturation into a
fluorophore and is 13-fold brighter than YFP,
making it more suitable for in vitro assays [53,
54]. The method of BiFC involves splitting the
Venus protein into two over-lapping fragments:
one corresponding to the N-terminal end (amino
acids 1-172) and one corresponding to the
C-terminal end (amino acids, 155-238) [53,
55]. Both fragments are then separately tagged
to the C-terminal end of ABPP. When ABPP is in
monomeric form, the tagged Venus fragments
are not fluorescent, as they do not constitute a
full Venus protein. However, upon ABPP
dimerization, the fragments are brought close
enough to complement each other and
re-constitute into a fully fluorescent protein.
The fluorescence generated can then be
correlated to the amount of ABPP dimerization.
A schematic of the system is depicted in Figure
1A.

To assess protein expression, the ABPP-Venus
BiFC plasmids were transiently transfected into
HEK293 or COS7 cells and the cell lysates were
subsequently run on SDS-PAGE gels followed
by western blotting. The expected molecular
weight of ABPP YFP (as well as ABPP Venus) is
~140kDa, with APP being ~110kDa and YFP/
Venus being ~30kDa. ABPP VN is predicted to
be ~130kDa, with VN consisting of 172 amino
acids of the fluorescent protein with a molecular
weight of ~21.7kDa. ABPP VC is predicted to be
~120kDa, with VC consisting of 83 amino acids
of the fluorescent protein with a molecular
weight of ~10.4kDa. When ABPP VN and ABPP
VC are co-transfected into cells, bands
corresponding to each of the different proteins
should be seen. Figure 1B is a representative
blot of the different BIiFC constructs from
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Figure 2. Schematic diagram showing the proximity of the FAD ABPP mutantions to the dimerization motifs in the
TMD. The sequence of WT ABPP, the three FAD ABPP mutants examined as well as that of a positive control for
ABPP dimerization (K624C) are shown in reference to the TMD, the GxxxG and GxxxA dimerization motifs and the
secretase cut sites. The dimerization motifs are indicated with boxes and mutant amino acids are shown in grey.

HEK293 cell lysates. Notice that the molecular
weights shown differ slightly from the expected
molecular weights, which could be due to the
properties of the gel or running conditions.
Also, an extra band is seen for the ABPP VC
plasmid, which may be an immature form of
ABPP, ABPP without the Venus tag, or a
breakdown product. Despite these results, the
molecular sizes of the proteins are consistent
for all other experiments, and the overall size
differences between the different proteins are
as expected. Accordingly, it appears that the
Venus BIiFC constructs can be expressed in
cells and that they are expressed properly.

The ABPP-Venus BiFC system can detect ABPP
dimerization qualitatively using fluorescence
microscopy. As shown in Figure 1C, cells that
are transiently transfected with the ABPP VN or
ABPP VC fragments alone do not display
fluorescence, as expected. The blue nuclear
DAPI staining illustrates that cells are present
despite an absence of signal from the Venus
fragments. When cells are co-transfected with
both ABPP VN and ABPP VC, the tagged VN and
VC fragments come together to form a fully
fluorescent Venus protein upon dimerization,
and green fluorescence is detected.

The ABPP-Venus BiFC system can also be used
to detect ABPP dimerization quantitatively
using flow cytometry. In Figure 1D, gated areas
inthe dot plots and histograms show fluorescent
cells in the ABPP YFP control as expected.
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Fluorescent cells are also seen in cells
co-transfected with both the ABPP VN and ABPP
VC plasmids (ABPP Venus BiFC), representing
ABPP dimerization. In contrast, samples of
ABPP VN or ABPP VC alone do not show
fluorescent cells in the gated areas. Figure 1E
plots the mean fluorescence for the ABPP-
Venus BiFC samples for an average of 3 sets of
experiments in HEK293 cells. For ABPP YFP,
the mean fluorescence was 493.7 + 24.53; for
ABPP VN, 33.92 + 2.2; for ABPP VC, 29.79 +
3.12, and for ABPP BiFC, 282.0+11.5. Mean
fluorescence represents the average amount of
fluorescence in a cell, or for the BiFC samples,
the average amount of ABPP dimers in a cell.
Overall, the data presented provides evidence
that the ABPP-Venus BIiFC system developed
can be used as a method to compare WT and
FAD mutant ABPP dimerization.

Comparison of WT and familial Alzheimer’s
disease mutant ABPP dimers using BiFC-flow
cytometry

BiFC-flow cytometry was conducted for WT and
FAD ABPP mutants to evaluate whether the
mutations affect dimerization. Three mutants,
Austrian, French, and London ABPP, were
selected to exemplify mutations located near
the TMD GxxxG motif and a forth mutant,
K624C, was used as a positive control for
increased dimerization [22]. A schematic
diagram showing the location of these mutants
in ABPP is shown in Figure 2. pcDNA1 and ABPP

Am J Neurodegener Dis 2013;2(1):15-28
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Figure 3. Comparison of WT and FAD ABPP mutant dimerization by BiFC-flow cytometry. A. Representative BiFC-flow
cytometry dot plots showing the proportion of fluorescent cells or ABPP dimers of WT and familial mutant ABPP con-
structs, as well as a positive control for ABPP dimerization (K624C), in HEK293 cells. B. BiFC mean fluorescence
data of the various ABPP constructs are plotted as a % of WT ABPP BiFC normalized to protein expression. Results
are expressed as mean * standard error, n = 3. Significant differences are *=p<0.05. C. Representative western
blot showing protein expression of the various ABPP constructs.

YFP were used as negative and positive
controls, respectively, for fluorescence to
confirm that the BIiFC system is functional.
Figure 3A shows representative dot plots for
the various constructs. For the pcDNA1
negative control, no fluorescent cells are
present in the gated area. For the ABPP YFP
positive control, a large proportion of
fluorescent cells are within the gate. The WT
and mutant ABPP constructs all show varying
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amounts of fluorescent cells, indicating that
they are all capable of forming dimers. In Figure
3B, the BiFC-flow cytometry data obtained from
dot plots are displayed as % mean fluorescence
relative to WT ABPP BiFC, with WT set at 100%.
An average of three independent experiments
from HEK293 cells are shown. Protein
expression of the various constructs is
illustrated in the representative blot in Figure
3C. Except for the K624C mutant that forms

Am J Neurodegener Dis 2013;2(1)15-28
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Figure 4. Comparison of WT and FAD ABPP mutant dimerization by live cell cross-linking. Representative cross-linking
blotin A. HEK293 and B. COS7 cells. Left: Following cross-linking with DSP, ABPP exists in monomeric, dimeric, and
oligomeric forms, with the monomeric form being the most predominant. Right: With reduction of disulphide bonds
using B-mercaptoethanol (B-ME), most of the higher oligomeric forms of ABPP disappear, indicating that the higher
oligomeric forms are derived from successful cross-linking by DSP. Except for the K624C positive control, not much
difference is seen between WT and familial mutant ABPP dimer fomation.

stable dimers, all FAD ABPP mutants have
comparable mean fluorescence which is not
significantly different from that of WT ABPP
following normalization to protein expression
(K624C: 205.6%+15.7, *p<0.05; Austrian:
134.4+10.6; French: 109.0+21.3; London:
116.4418.3). The results were observed in
both HEK293 cells and COS7 cells and suggest
that the FAD mutants do not affect dimerization.
Interestingly, in COS7 cells (data not shown), no
differences were seen between WT and K624C
even after normalization to protein expression.
No differences were seen in HEK293 prior to
normalization as well. There could be various
reasons for this, which will be communicated in
the discussion section. To further validate
these findings, we used two additional methods
to monitor protein-protein interactions.

Comparison of WT and familial Alzheimer’s
disease mutant ABPP dimers using live cell
chemical cross-linking

To confirm the BiFC results, chemical cross-
linking using DSP was carried out to compare
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the monomers and dimers found in WT and
FAD ABPP mutant transfected cells. The
chemical  cross-linking  method  allows
examination of the ratio of monomers to
dimers, which was not quantifiable under the
BiFC method, as the green fluorescence
represents only the average amount of dimers
presented in a cell, and not the total amount of
ABPP. This ratio may only be calculated using
the BiFC method if a second fluorescent tag is
added to all ABPP proteins. Figure 4A and 4B
show representative blots from cross-linked
HEK293 and COS7 cells, respectively. The
expected molecular weight of ABPP monomers
is ~110kDa and APP dimers is ~220kDa in
SDS-PAGE gels. Under chemical cross-linking
and without the reducing agent
B-mercaptoethanol (B-ME), all transiently
transfected ABPP samples display monomer,
dimer, and tetramer bands, with the monomers
being the predominant form. This is consistent
with other studies which have also found that
ABPP does not form significant levels of dimers
[22, 34, 38]. Nevertheless, the dimer band for
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Figure 5. Comparison of WT and FAD ABPP mutant dimerization by blue native (BN) gel analysis. Representative
BN gels in A. HEK293 and B. COS7 cells. Left: Low exposure of BN gel shows that ABPP predominantly exists in
monomeric form. Right: High exposure of BN gel shows ABPP exists in monomeric, dimeric, and oligomeric forms.
Except for the K624C positive control, not much difference is seen between WT and familial mutant ABPP dimer

formation.

the K624C mutant appears to have the highest
intensity among all ABPP samples, which is to
be expected, as it is a mutant that favors dimer
formation. On the other hand, the WT and
familial ABPP mutants display similar intensities
of the dimer band, indicating again that WT and
mutant ABPP have comparable amounts of
dimers produced. In the presence of B-ME,
most of the higher molecular weight forms of
the protein disappeared, indicating cross-
linking by disulphide bonds and confirming that
the live cell cross-linking method by DSP is
functional.

Comparison of WT and familial Alzheimer’s
disease mutant ABPP dimers using blue native
(BN) gel analysis

Blue native (BN) gel experiments were also car-
ried out to compare dimerization of WT and FAD
ABPP mutants. This method examines untagged
protein without chemical manipulation, and as
as a result allows for better analysis of the pro-
teins in their native physiological states. Figure
5A and 5B show representative gels from trans-
fected HEK293 and COS7 cells, respectively.
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Under blue native conditions, the expected
molecular weight of the APP monomer is
~300kDa and of the ABPP dimer is ~600kDa
[38, 56]. For pcDNA1 mock transfected cells,
no ABPP band is seen on the blots. For K624C
transfected cells, both monomer and dimer
bands are seen, which is expected from a
mutant that forms constitutive dimers. For the
various WT and FAD mutant ABPP transfected
cells, a predominant monomer band is seen at
low exposure. At higher exposure, dimer bands
are visible for the different constructs, along
with bands representing higher molecular
weight ABPP oligomers. This result again indi-
cates that ABPP primarily exists in monomeric
form. Further, the WT and mutant proteins
again display comparable amounts of dimers
as seen in the high exposure blots, which is
observed in both HEK293 and COS7 cells.

Discussion

In this study, we examined the role of ABPP
dimerization on AB production with a focus on
FAD ABPP mutants that cause altered AB pro-
duction leading to early onset AD [43]. A num-
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ber of reports in the literature propose that
ABPP dimerization affects AR levels [22, 38].
Interestingly, it was recently reported that
ABPP751 forms more dimers than ABPP695 by
using the BIiFC system [57] and the APP751
construct was used in this study, which may
allow for better comparison of APP dimers.
Since most of the FAD ABPP mutations are
located near the TMD GxxxG/GxxxA motif, it is
likely that the mutants influence A production
through changes in dimerization. However,
using three different methods of analysis,
ABPP-Venus BIFC, live cell chemical cross-link-
ing, and blue native gel electrophoresis, we
demonstrate here that WT and mutant ABPP
form very similar levels of dimers.

Various factors may affect BiFC signals which
could explain the apparent lack of significant
differences between the K624C APP positive
control and the WT and mutant APP samples in
COSY7 cells and HEK293 cells prior to normaliz-
ing for protein expression. One explanation
could be that the BiFC signal is due to the Venus
fragments coming together independently of
ABPP dimerization. As such, the Venus frag-
ments would be driving ABPP dimerization so
that the fluorescence would be the same in all
samples and would only depend on the expres-
sion of the Venus proteins. We previously per-
formed some BiFC-flow cytometry experiments
with Notch2, proteins that form very few dimers,
and have some indications that the BiFC frag-
ments may drive dimerization, but not to a dras-
tic degree that could affect the outcome of the
results [25]. Another explanation may be that
the fluorescent signal is saturated as the plas-
mids were transfected into HEK293 and COS7
cells which favor high protein expression. We
believe that this is probably not the case as the
ABPP YFP signal is much higher than that seen
for the Venus constructs. A third explanation
could be that the constitutive dimerization rep-
resented by the K624C mutation, which is
located at the juxtamemrane domain of ABPP,
may not be detected by the Venus fragments
that are tagged at the C-terminal end of ABPP.
Alternatively, the mutations at the TMD may not
affect full-length ABPP dimerization, which has
been reported, using the TOXR system, for the
GxxxG mutant that affects ABPP dimerization
at the TMD, but does not affect full-length APP
dimerization [34]. Finally, it is important to note
that BiFC may detect ABPP dimers, as well as
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higher oligomers. Currently we do not have the
ability to distinguish the BiFC signals between
the different forms of the protein, and this
could also complicate the interpretation of our
findings. However, the cross-linking and blue
native gel experiments do confirm the findings
of the BiFC assay, which makes the BiFC results
credible.

Our results indicate that the altered A produc-
tion by the mutants is not simply a result of
changes in dimer formation. Additionally, only a
small portion of WT and mutant proteins seems
to form dimers as indicated by the cross-linking
and blue native gel results, so it seems unlikely
that the small quantities of dimers present
would drastically affect disease outcome.
However, this does not rule out the possibility
that ABPP dimers can contribute to changes in
AB production. It is still possible that low level
dimerization can increase AP through other
mechanisms, such as altered ABPP
processing.

Changes in AB levels are mainly due to changes
in the amyloidogenic processing of ABPP.
Various factors can lead to altered processing
of the protein, with dimerization being one pos-
sible contributor. B-secretase or BACE is known
to form enzymatically functional dimers under
native conditions [58], which have been shown
to immunohistochemically co-localize with
ABPP [59]. Similarly, presenilin, the catalytic
core of y-secretase, also forms dimers [60] that
are catalytically active [61]. However, there is
still no direct evidence showing that BACE and
presenilin dimers process ABPP dimers or have
a preference for dimeric ABPP. Yet, one study
has shown that the addition of a synthetic loop
peptide that prevents ABPP ectodomain dimer-
ization at the GFLD region also decreases AB
levels. Since the relative decrease in AB corre-
sponded to a decrease in ABPPsp levels gener-
ated from [(-secretase processing, this study
suggests that the loop peptide may have
impaired ABPP dimerization, which in turn
impaired B-secretase cleavages [30]. Also, it is
generally accepted that following «o- and
B-secretase cleavages, y-secretase sequential-
ly cleaves the remaining ABPP C-terminal frag-
ment (CTF) at multiple sites starting at the
C-terminus from amino acids 715 to 710 to
generate AP peptides of various lengths from
AB 39 to 42 [18, 34]. It has been postulated
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that when ABPP is in monomeric form, the
sequential cleavage by y-secretase is unper-
turbed and proceeds freely along the length of
ABPP to produce shorter AB species such as
AB38. However, if ABPP is dimerized at the
transmembrane domain, steric hindrance may
reduce the ability of the y-secretase complex in
cleaving ABPP into smaller AB species [34]. In
this sense, increased dimerization would
increase the levels of toxic AB40 and AB42,
while decreasing the levels of the less toxic AB
forms such as AB38 [34]. As such, it seems that
ABPP dimerization may also affect y-secretase
processing.

In terms of the FAD ABPP mutants, the muta-
tions themselves may confer an additional con-
tributory role in altering ABPP processing. For
example, mutations at the GxxxG motif may
interfere with ABPP substrate recognition by
the secretases. Indeed, molecular modeling
has revealed that mutant amino acid residues
in FAD ABPP mutants occupy the protein inter-
face differently than WT ABPP such that the
mutant amino acid side chain protrudes out of
the polypeptide chain [42]. Also, solid state
NMR spectroscopy and replica exchange
molecular dynamic (REMD) simulations have
shown that mutations at the GxxxG motif pre-
vent unraveling of the transmembrane helix to
form coils. Changing from a helix to coil confor-
mation is necessary for y-secretase to process
ABPP, and deviation from this step could alter
AB levels [62, 63]. Also, REMD has shown that
the y-secretase cleavage site in GxxxG mutants
is shifted towards the center of the membrane,
which may lead to additional mismatch interac-
tions between the protease and the protein,
further altering ABPP processing and Af pro-
duction [62]. Based on the findings in the litera-
ture and our own results, we propose that
examining the FAD ABPP mutations and their
specific interactions with B- and y- secretases,
rather than examining their effect on dimeriza-
tion, may be the key to understanding their role
in AB formation.
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