2FEBS

Journal

p-Secretase cleavage is not required for generation of the
intracellular C-terminal domain of the amyloid precursor

family of proteins

Carlo Sala Frigerio®, Julia V. Fadeeva?, Aedin M. Minogue', Martin Citron®*, Fred Van Leuven?,
Matthias Staufenbiel®, Paolo Paganetti®, Dennis J. Selkoe? and Dominic M. Walsh'

1 Laboratory for Neurodegenerative Research, The Conway Institute for Biomolecular and Biomedical Research, University College Dublin,

Republic of Ireland

2 Department of Neurology, Harvard Medical School and Center for Neurologic Diseases, Brigham and Women's Hospital, Boston, MA, USA

3 Amgen Inc., Thousand Oaks, CA, USA

4 Department of Human Genetics, Katholieke Universiteit Leuven, Belgium
5 Nervous System Research, Novartis Institutes for Biomedical Research, Basel, Switzerland

Keywords

Alzheimer’s disease; amyloid precursor
protein (APP); amyloid precursor-like protein
1 (APLP1); amyloid precursor-like protein 2
(APLP2); B-site amyloid precursor
protein-cleaving enzyme (BACE1)

Correspondence

Dominic M. Walsh, Laboratory for
Neurodegenerative Research, The Conway
Institute for Biomolecular and Biomedical
Research, University College Dublin,
Belfield, Dublin 4, Republic of Ireland

Fax: +353 1 716 6890

Tel: +353 1 7166751

E-mail: dominic.walsh@ucd.ie

*Present address
Eli Lilly and Company, Indianapolis, IN
46285, USA

(Received 31 October 2009, revised
6 January 2010, accepted 12
January 2010)

doi:10.1111/j.1742-4658.2010.07579.x

The amyloid precursor family of proteins are of considerable interest, both
because of their role in Alzheimer’s disease pathogenesis and because of
their normal physiological functions. In mammals, the amyloid precursor
protein (APP) has two homologs, amyloid precursor-like protein (APLP) 1
and APLP2. All three proteins undergo ectodomain shedding and regulated
intramembrane proteolysis, and important functions have been attributed
to the full-length proteins, shed ectodomains, C-terminal fragments and
intracellular domains (ICDs). One of the proteases that is known to cleave
APP and that is essential for generation of the amyloid B-protein is the
B-site APP-cleaving enzyme 1 (BACEI). Here, we investigated the effects
of genetic manipulation of BACEI on the processing of the APP family of
proteins. BACE1 expression regulated the levels and species of full-length
APLP1, APP and APLP2, of their shed ectodomains, and of their mem-
brane-bound C-terminal fragments. In particular, APP processing appears
to be tightly regulated, with changes in B-cleaved APPs (APPsp) being
compensated for by changes in a-cleaved APPs (APPsa). In contrast, the
total levels of soluble cleaved APLP1 and APLP2 species were less tightly
regulated, and fluctuated with BACEI expression. Importantly, the produc-
tion of ICDs for all three proteins was not decreased by loss of BACEI
activity. These results indicate that BACE]1 is involved in regulating ecto-
domain shedding, maturation and trafficking of the APP family of pro-
teins. Consequently, whereas inhibition of BACEI is unlikely to adversely
affect potential ICD-mediated signaling, it may alter other important facets
of amyloid precursor-like protein/APP biology.
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Introduction

Genetic evidence indicates that the amyloid precursor
protein (APP) is centrally involved in Alzheimer’s dis-
ease pathogenesis [1], but it also appears to have
important physiological functions. APP belongs to an
evolutionarily conserved family of type I transmem-
brane glycoproteins [2], which includes the mammalian
homologs amyloid precursor-like protein (APLP) 1 [3]
and APLP2 [4]. These three proteins share a consider-
able degree of sequence and domain similarity [5,6].
Both APP and APLP2 are expressed in a variety of
tissues and cell types [4,7], whereas APLPI expression
is neuron-specific [8]. The APP family of proteins is
believed to play important roles in both the peripheral
and central nervous systems [6]. In the former, they
are involved in the formation and correct functioning
of the neuromuscular junction [9], and in the latter
they have been implicated in neurite outgrowth [10],
synaptogenesis [11], and neuronal migration during
embryogenesis [12]. Knockout (KO) studies indicate a
high degree of functional redundancy between APP,
APLPI1 and APLP2 [13], with only subtle defects being
observed in animals with ablation of one member [14].
In contrast, APP/APLP2 and APLP1/APLP2 double
KO mice die soon after birth [14], and mice lacking all
three proteins die in utero [13]. Surprisingly,
APP/APLPI1 double KO mice are viable and healthy,
indicating that APLP2 possesses some functions that
cannot be compensated for by APP and APLP1 [13].
There is also considerable evidence that the APP
family of proteins have a role in cell-cell and cell-
matrix adhesion, and that they can form both cis and
trans homodimers and heterodimers [15,16]. In addi-
tion, the APP family of proteins can interact with a
variety of cellular proteins that regulate APP, APLPI
and APLP2 processing. The majority of APP mole-
cules are cleaved at the cell/luminal surface by a-secre-
tase, resulting in the shedding of the ectodomain
(soluble C-terminally truncated a-cleaved form of amy-
loid precursor protein, APPso) [17,18]. o-Secretase
cleavage is mediated by at least three enzymes, all of
which are members of the ADAM (a disintegrin and
metalloprotease) family [19]. A smaller fraction of
APP molecules are proteolysed by B-secretase in endo-
somes or at the plasma membrane [20]. The B-secretase
activity is attributed to a single protease, B-site APP-
cleaving enzyme BACEI [21,22]. BACEI is an aspartyl
protease and an atypical member of the pepsin family
[21], and is also referred to as memapsin-2 [23] or
Asp-2 [24]. The expression and activity of BACEI
are regulated at multiple levels [25], including
mRNA transcription, mRNA stability, glycosylation,
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proteolytic maturation, palmitoylation, and cellular
localization.

Initial reports describing BACE1 KO mice failed to
reveal significant defects [22,26]; however, recent stud-
ies have demonstrated that deletion of BACEI results
in impaired myelination [27,28] and in the development
of behavioral abnormalities reminiscent of schizophre-
nia [29,30]. Both effects have been attributed to the
loss of BACEI1 cleavage of the neurotrophic factor
neuregulin-1. In addition to APP and neuregulin-1,
BACEI has been shown to cleave type Il o-2,6-sialyl-
transferase [31], P-selectin glycoprotein ligand-1 [32],
the B2-subunit of sodium channels [33] and interleu-
kin-1 receptor type II [34]. However, loss of BACEI
processing of these latter substrates has not yet been
shown to have significant adverse consequences.

Like APP, both APLP1 and APLP2 undergo ecto-
domain shedding, and their soluble ectodomains have
been detected in the conditioned media of transfected
cell lines and in human cerebrospinal fluid [35-37].
Although substantial data indicate that APLP2 is
cleaved by both a-secretase and B-secretase [38,39], the
enzymes involved in APLP1 ectodomain cleavage are
less well defined [40,41]. Irrespective of the identity of
the enzymes involved, ectodomain shedding of APP,
APLPI1 and APLP2 results in the generation of mem-
brane-bound C-terminal fragments (CTFs). These
CTFs are further processed by y-secretase, releasing
intracellular domains (ICDs) [42,43] that are postu-
lated to be involved in transcriptional regulation
[44,45]. Although the transcriptional properties of
ICDs are contentious [45-48], there is consensus that
the APP family of proteins may function as membrane
anchors for a variety of proteins, and when CTFs are
cleaved, ICDs, together with associated proteins, are
released from the membrane [49].

Here we investigated the effects of genetic manipula-
tion of BACEI on the processing of APP, APLP1 and
APLP2, and on the production of their ICDs. We
report that BACEl KO and overexpression affect the
steady-state levels of full-length APLP (FLAPLP) 1
and FLAPLP2 similarly to the way in which they
affect the steady-state levels of APP [50]. BACEI
expression also regulates the levels and species of the
shed ectodomains and membrane-bound CTFs. In par-
ticular, APP processing appears to be tightly regulated,
with the total levels of soluble APP remaining constant
irrespective of the presence or absence of BACEI. The
levels of APPsa increased to account for the loss of
APPsp (soluble C-terminally truncated B-cleaved form
of amyloid precursor protein) in BACEl KO mice,
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and decreased when APPsf levels increased because of
BACEI!1 overexpression. In contrast, the total levels of
soluble cleaved APLP1 and APLP2 species fluctuated
with BACE1 expression. Importantly, we show that
the production of ICDs for all three proteins is not
decreased by a loss of BACEI activity, indicating that
BACEI! inhibition would not adversely affect ICD pro-
duction.

Results

BACE1 regulates APP, APLP1 and APLP2
ectodomain shedding and secretion of FLAPLP1

Using murine models of BACEl overexpression
[BACEI transgenic (Tg)] and deletion (BACE1 KO),
we set out to investigate the role of BACEI in the pro-
cessing of APLPl and APLP2. To do this, we
employed an extraction procedure capable of separat-
ing water-soluble and membrane-associated proteins.
First, water-soluble parenchymal and cytosolic proteins
were extracted in NaCl/Tris, the membrane pellet was
washed with sodium carbonate, and proteins were
extracted using NaCl/Tris containing 1% Triton
X-100 (NaCl/Tris-T). Secreted proteins were detected
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using ectodomain-specific antibodies, and full-length
proteins and CTFs were detected using antibodies that
specifically recognize the C-termini of the different
proteins. The specificity of antibodies for their cognate
target proteins was confirmed using brains from APP,
APLPI and APLP2 KO mice (Fig. S1).

In NaCl/Tris extracts of mouse brains, 22CI11,
a monoclonal antibody recognizing an epitope between
amino acids 66 and 81 of APP (Fig. S1), specifically
detected a single band at around 100 kDa in wild-type
(WT), BACE1l KO and BACEl Tg samples that
roughly comigrated with a strong band detected in
lysates of human APPgys-expressing cells and that was
absent in the APP KO sample (Fig. 1A). When the
same samples were western blotted with C8, an anti-
body specifically recognizing an epitope at the extreme
C-terminus of APP (Fig. S1), a ~ 100 kDa band was
detected only in the lysate of APPgos-expressing cells
(Fig. 1E). The fact that the ~ 100 kDa band detected
in the NaCl/Tris mouse brain extracts was revealed by
the ectodomain-directed antibody 22C11 but not by
the C-terminal specific antibody C8 indicates that this
protein lacks an intact C-terminus and probably repre-
sents secreted forms of APP (APPs). The levels of total
APPs species were not significantly altered by either
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KO or overexpression of BACEl (Fig. 1A.B). When
the same samples were western blotted using a
polyclonal antibody capable of detecting APPsa, but
not APPsP (Fig. S1), a single band of ~ 100 kDa was
detected in WT, BACE1 KO and BACE1 Tg mice, but
was absent in both the APP KO mice and in the cell
lysate sample (Fig. 1C). The lack of detection of full-
length APP (FLAPP) in APP¢s-expressing cells is due
to the fact that the epitope for the antibody against
rodent AP is not present in human APP (Table 1),
whereas the absence of this band in the APP KO
extract confirms the specificity of this band as a true
APPs species (Fig. 1C). The levels of this APPsa band
were dramatically increased in BACEl KO mice
(+57.4% =+ 3.1%, P < 0.0001) and decreased in
BACEl Tg mice (-58.9% =+ 1.6%, P < 0.0001)
(Fig. 1C,D). Given that the total amounts of protein
loaded for the different extracts were very similar
(Fig. 1F), and that total APPs levels were unchanged
(Fig. 1A,B), these results imply a tight regulation of
APP ectodomain shedding, with overexpression of
BACEl causing a compensatory decrease in APPsa
levels, and BACEI ablation causing a compensatory
increase in APPsa levels. These changes are unlikely to
have resulted from a difference in genetic background,
as a nearly identical pattern was seen when other
BACE1 KO and BACEl Tg mouse lines were exam-
ined (Fig. S3).

Western blot analysis of NaCl/Tris homogenates
using WINT, an antibody directed against the
N-terminal domain of APLPI (Fig. S1), revealed two
specific bands in BACE1 KO, WT and BACEl Tg
samples that were not present in the APLP1 KO sam-
ple (Fig. 2A). The band migrating at ~ 94 kDa was
present only in the BACEl KO samples, and migrated
just below the band from lysates of cells overexpress-
ing human APLPlgso; an additional band, which
migrated at ~ 83 kDa, was also present in WT and
BACEl KO samples (Fig. 2A). Moreover, when the
same samples were analyzed by western blotting with
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WICT, a polyclonal antibody raised against the
extreme C-terminus of APLP1 (Fig. S1), or a commer-
cial antibody against the C-terminus of APLPI,
171615 (Calbiochem, EMD Biosciences, Merck KGaA,
Darmstadt, Germany) (not shown), a band migrating
at ~ 94 kDa was detected in all BACE1 KO, WT and
BACEIl Tg samples, but not in APLP1 KO samples
(Fig. 1C). As the band migrating at ~ 94 kDa was rec-
ognized by antibodies directed to both the ectodomain
and the C-terminus, this band appears to be FLAP-
LP1. In contrast, the band migrating at ~ 83 kDa,
which was recognized by WINT and not by WICT, is
likely to be a soluble C-terminally truncated form of
APLP1 (APLPIs). It is unusual for a transmembrane
protein to be found in a detergent-free aqueous envi-
ronment. One possible explanation for this behavior
may be that FLAPLPI is present in membrane frac-
tions, such as exosomes or microvesicles, that are not
readily sedimented by centrifugation. Whatever the
reason, the levels of APLPls were dramatically
reduced in BACEl KO samples (—47.1% =+ 5.4%,
P < 0.0001) and slightly increased by BACEI
overexpression (+11.4% =+ 4.1%, nonsignificant)
(Fig. 2A,B). As WINT cannot discriminate between
APLPIs produced by a-secretase and that produced by
B-secretase, we can only assess the effects on total
APLPIs production. Accordingly, BACEI seems to be
required for the production of at least half of the total
amount of APLPIs, as its deletion caused a ~ 50%
decrease in APLPIs level (Fig. 2A). Given that over-
expression of BACEl did not lead to a significant
increase in the levels of APLPI1s (Fig. 2A,B), it would
appear that APLP1s production is tightly regulated by
factors other than BACEI expression. A feature of
APLPI1, which is unique among the members of the
APP family, is its secretion as unprocessed full-length
protein (compare Figs 1E, 2C and 3C). Moreover, this
property appears to be modulated by BACEI, as dele-
tion of BACEI caused a large increase in the levels of
FLAPLP1 released (+251% £ 4.7%, P < 0.0001),

Table 1. Antibodies recognizing the APP family of proteins. Details about the specific target protein, epitope recognized, host, species
specificities and source are provided for each antibody used. The amino acid numbering is for human sequences of APPggs, APLP1g50
and APLP2,5,. For antibody against rodent AB, numbering is for the Ap sequence. H, human; M, mouse.

Antibody Target Antigen, amino acid numbering Host Species reactivity Source

22C11 APP 66-81 Mouse H, M Chemicon
Antibody against rodent Ap APP 3-16 AB Rabbit M Signet

C8 APP 676-695 Rabbit H, M Selkoe laboratory
WINT APLP1 75-90 Rabbit H, M Walsh laboratory
WI1CT APLP1 640-650 Rabbit H, M Walsh laboratory
D2-11 APLP2 Full-length Rabbit H, M Calbiochem
W2CT APLP2 740-751 Rabbit H, M Walsh laboratory

1506 FEBS Journal 277 (2010) 1503-1518 © 2010 The Authors Journal compilation © 2010 FEBS



C. S. Frigerio et al. B-Secretase processing of APLP1 and APLP2

A L _ ko WT Tg - + B 125
[ T | e | | &100
148=— e
FLAPLP1 2
08 = 275
® FPrasasas "'"L 2 5 -
64 = APLP1s o -
%5 25
WINT g
0

BACE1 KO WT BACE1Tg

I | L1 1 11 L | 1 9400
148=— £ 350
98 J—— T 300
,2250
64 = @ 200
w1CT z 1%
= 100
Z 50

E + - KO WT Tg - + < o L.

e —e— BACE1 KO WT BACE1Tg

36 = e e e - -—
L T

anti-GAPDH

Fig. 2. BACE1 deletion decreases the levels of APLP1s and increases the levels of FLAPLP1. NaCl/Tris homogenates of brains from WT,
BACE1 KO and BACE1 Tg mice were electrophoresed on 10% Tris/glycine polyacrylamide gels and western blotted with antibodies recog-
nizing the N-terminus [W1NT (A)] and C-terminus [W1CT (C)] of APLP1. Western blotting for GAPDH was included to check for equal protein
loading (E). Lysates of a cell line overexpressing human APLP1gso (+) are included as a positive control, and NaCl/Tris homogenates of
brains from APLP1 KO mice (-) are included as a negative control. FLAPLP1 and APLP1s bands detected by W1NT are indicated by arrows
in (A). The levels of APLP1s and FLAPLP1 [(B) and (D), respectively] were quantitated by densitometry, and values normalized relative to WT
control are presented as averages + standard errors of duplicate measurements of three animals of each genotype.
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Fig. 3. BACE1 deletion decreases APLP2s levels, whereas BACE1 overexpression increases APLP2s levels. NaCl/Tris homogenates of
brains from WT, BACE1 KO and BACE1 Tg mice were electrophoresed on 10% Tris/glycine polyacrylamide gels and western blotted with
antibodies recognizing either FLAPLP2 [D2-II (A)] or the extreme C-terminus of APLP2 [W2CT (C)]. Western blotting for GAPDH was
included to check for equal protein loading (D). Lysates of cell lines overexpressing human WT APLP2,s, (+) are included as a positive con-
trol, and NaCl/Tris homogenates of brains from APLP2 KO mice (-) are included as a negative control. APLP2s bands [indicated by arrows
(A)] were quantitated by densitometry, and values normalized versus the WT control are presented as averages + standard errors of dupli-
cate measurements of three animals of each genotype (B).

whereas BACE1 overexpression resulted in a sizeable ences the production of APLPIls. As with APP, these
reduction in FLAPLP1 release (—45.6% =+ 2.8%, results are independent of genetic background, and
P < 0.0001) (Fig. 2C,D). Thus expression of BACEI have been replicated in other BACElI KO and Tg
regulates the release of FLAPLP1 and strongly influ- mouse lines (Fig. S4).
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Western blot analysis of NaCl/Tris homogenates
using D2-II, an antibody raised against FLAPLP2
(Fig. S1), identified two bands migrating at ~ 105 and
~ 94 kDa in the WT, BACE1 KO and BACEI Tg sam-
ples, but not in APLP2 KO samples (Fig. 3A). Both
bands migrated considerably faster than the band
detected in the lysate of human APLP2,s5,-expressing
cells, which migrated at ~ 111 kDa (Fig. 3A). Western
blot analysis with W2CT detected the ~ 111 kDa band
in the lysates of APLP255,-expressing cells, but did not
detect any specific bands in NaCl/Tris extracts of mouse
brain (Fig. 3C). Together, these data indicate that the
~ 94 and ~ 105 kDa bands detected by D2-II but not
by W2CT probably represent soluble APLP2 (APLP2s).
BACE1 deletion caused decreases in the levels of
both APLP2s species (105 kDa, -21.2% + 4.8%,
P < 0.0001; 94 kDa, -29.8% =+ 7.1%, P < 0.0001),
whereas BACEl overexpression caused increases
(105 kDa, +19.7% + 2.3%, P < 0.0005; 94 kDa,
+22.8% + 4.3%, P < 0.005) (Fig. 3A,B). As with
APP and APLPI, these results were independent of
genetic background (Fig. S5), and indicate that BACELI
is responsible for the generation of at least ~ 20% of
APLP2s.

BACE1 manipulation alters the quantity and form
of APP, APLP1 and APLP2 CTFs

To examine the effects of BACEI expression on full-
length proteins and CTFs, membrane fractions of
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mouse brains were analyzed using C-terminus-specific
antibodies. Analysis using the APP-specific C8 anti-
body revealed the presence of two high molecular mass
bands in WT, BACE1 KO and BACEI Tg mice, but
not in APP KO samples (Fig. 4A). These two bands,
which comigrated with similar bands detected in the
lysate of APPgos-expressing cells, most probably repre-
sent mature (APP,,: ~ 96 kDa) and immature (APP;:
~ 91 kDa) forms of APP (Fig. 4A) [51,52]. The levels
of both forms were significantly increased by BACEI
deletion (APP,,, +48.4% + 3.1%, P < 0.0001; APP;,
+354% £ 3.3%, P < 0.0001) and significantly
decreased by BACE!L overexpression (APP,,, —45.5%
+ 1.4%, P < 0.0001; APP;, -26.7% + 1.0%,
P <0.0001) (Fig. 4B). These differences did not result
from changes in the expression of APP, as APP
mRNA levels were unchanged in brains of genetically
modified animals (Fig. S6A). Although effects on both
forms of FLAPP followed the same trend, the ratio of
~ 96 to ~ 91 kDa FLAPP was increased in BACEI1
KO samples (1.31 £ 0.05 versus 1.19 + 0.02,
P < 0.01) and decreased in BACEl Tg samples
(0.89 £ 0.02 versus 1.19 £ 0.02, P < 0.0001). These
results imply that BACEI expression influences the lev-
els of FLAPP by a mechanism independent of direct
proteolysis.

Analysis with C8 also revealed a series of low molec-
ular mass species of sizes consistent with CTFs
(Fig. 4C). Two CTFs of approximately 13.3 and
12.5 kDa were detected in WT and BACEl KO sam-
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Fig. 4. BACE1 expression decreases FLAPP steady-state levels and gives rise to a ~ 14.3 kDa APP CTF. NaCl/Tris-T homogenates of WT,
BACE1 KO and BACE1 Tg mouse brains were electrophoresed on 10-20% Tris/Tricine polyacrylamide gels and western blotted with spe-
cific antibody against the APP C-terminus [C8, (A, C)]. Lysates of a cell line overexpressing human WT APPggs (+) are included as a positive
control, and NaCl/Tris-T homogenates of brains from APP KO mice (-) are included as a negative control. The asterisk in (C) indicates a spe-
cific band detected in certain WT and Tg samples. Full-length and CTF bands [indicated by arrows in (A) and (C), respectively] were quanti-
fied by densitometry and normalized versus the WT control (B, D). Results are presented as averages + standard errors of duplicate

measurements of three animals for each condition.

1508 FEBS Journal 277 (2010) 1503-1518 © 2010 The Authors Journal compilation © 2010 FEBS



C. S. Frigerio et al.

ples (Fig. 4C), and the levels of both were increased in
the latter (13.3 kDa, +45.0% + 9.3%, P < 0.0001;
12.5 kDa, +50.0% =+ 8.7%, P < 0.0001). In contrast,
the levels of both the ~ 13.3 and ~ 12.5 kDa bands
were slightly decreased in BACEl Tg samples
(13.3 kDa, —12.2% =+ 2.2%, nonsignificant; 12.5 kDa,
-19.1% + 2.3%, P < 0.05), and a third CTF band
migrating at around 14.3 kDa was detected (Fig. 4C).
A faint ~ 14.3 kDa band was also detected in WT
samples (BACEl Tg +77.3% + 16.9% versus wild
type, P < 0.0001) but was not present in BACE1 KO
samples. These results indicated that the ~ 14.3 kDa
band is a BACEI cleavage product (Fig. 4D). An
additional faint band migrating at ~ 15.4 kDa (indi-
cated by an asterisk in Fig. 4C) was occasionally
detected in WT and BACEl Tg mice only. In other
experiments using different lines of BACEl KO and
BACEl Tg mice, the changes in FLAPP and APP
CTFs were very similar to those reported above
(Fig. S3). In all of the mouse lines studied, the total
amounts of CTFs were not altered by BACEI expres-
sion, a finding in keeping with the fact that the levels
of total APPs is not altered by BACEI expression, and
which suggests that the change in FLAPP is not the
result of a net change in APP processing or APP
expression (Fig. S6) but is mediated by a BACEIL-
regulated change in turnover or trafficking.

Western blot analysis of NaCl/Tris-T homogenates
with antibody WICT revealed two discrete bands,
migrating at ~ 88 and ~ 80 kDa in WT, BACEl KO
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and BACE1 Tg mice, that were absent in APLP1 KO
samples (Fig. 5SA). As revealed by N-glycosidase F
treatment, the slower-migrating specific band is N-gly-
cosylated APLPI1 (Fig. S7); therefore, by analogy with
FLAPP (Fig. 4A), these two bands may represent
mature and immature APLP1 (Fig. SA) [37]. Following
the trend seen for APP (Fig. 4B), the slower-migra-
ting FLAPLP1 band was dramatically increased
(+92.2% £ 4.6%, P < 0.0001) in the BACE1 KO
samples and decreased in the BACEl Tg samples
(-19.2% =+ 2.4%, P < 0.0005) (Fig. 5B). On the
other hand, the ~ 80 kDa APLP1 band was decreased
in the BACEl KO samples (-65.2% =+ 3.0%,
P < 0.0001) and unchanged in the BACE1 Tg samples
(=0.5% =+ 7.0%, nonsignificant) (Fig. 5B). As was the
case for FLAPP, the differences seen in the levels of
FLAPLPI are not due to a difference in the levels of
APLP1 mRNA (Fig. S6B). Importantly, the ratio
of mature to immature FLAPLP1 was drastically
shifted towards the mature form in BACEl KO sam-
ples (15.28 + 1.04 versus 2.78 + 0.29, P < 0.0001)
and was unchanged in the BACEl Tg samples
(2.31 £ 0.33 wversus 2.78 £ 0.29), suggesting that
BACEI may regulate the maturation of APLP1. For
WT, BACElI KO and BACEIl Tg samples, a single
CTF band was detected, the size of which varied with
BACEI] expression (Fig. 5C). In BACEI-deficient mice,
this band migrated at ~ 8.2 kDa, whereas in samples
from WT and BACEIl Tg mice, it migrated at ~ 7.8
kDa. These data indicate that deletion of BACEI
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Fig. 5. BACE1 expression decreases FLAPLP1 levels and gives rise to a ~ 7.5 kDa APLP1 CTF. NaCl/Tris-T homogenates of WT, BACE1 KO
and BACE1 Tg mouse brains were electrophoresed on 10-20% Tris/Tricine polyacrylamide gels and western blotted with specific antibody
against the APLP1 C-terminus [W1CT (A, C)I. Lysates of a cell line overexpressing human WT APLP1g50 (+) are included as a positive control,
and NaCl/Tris-T homogenates of brains from APLP1 KO mice (-) are included as a negative control. The full-length and CTF species identified
[indicated by arrows in (A) and (C), respectively] were quantified by densitometry and normalized versus the WT control, and results are
presented as averages + standard errors of duplicate measurements of three animals for each condition [(B) FLAPLP1; (D) APLP1 CTF].
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precludes the production of normal APLP1 CTF, lead-
ing to the production of a slightly longer CTF
(Fig. 5C). The effective differences in the molecular
masses of APLP1 CTFs from BACEl KO mice and
from WT and BACEl Tg mice were confirmed by
using a 12-cm-long 16% polyacrylamide Tris/Tricine
gel, and, in these gels, two tightly migrating bands were
detected (not shown). This suggests that two distinct
APLPIs forms can be produced, although the relative
molecular weights would be too close to be effectively
separated on a 10% Tris/glycine gel (Fig. 2A). Thus it
would appear that BACE] is the principal sheddase for
APLPI, and that only when BACE]1 activity is deleted
can APLP1 be cleaved by another activity. It is also
of note that the amount of APLP1 CTF in BACEI
KO samples tended to be greater than in the wild
type (+35.1% =+ 6.4%, P < 0.0005), whereas APLPI
CTF was slightly decreased in BACE1 Tg samples
(=17.9% =+ 12.0%, nonsignificant) (Fig. 5D). A second
very faint CTF band migrating around 5.9 kDa was
seen in all samples, and its levels were slightly ele-
vated in BACEl1l KO samples (+59.0% =+ 23.7%,
P < 0.005) and slightly lower in BACE1 Tg samples
(=23.6% =+ 10.3%, nonsignificant) (Fig. 5D). How-
ever, whether this band represents an authentic CTF or
a membrane-associated ICD is unclear (see below for
more details). As with APP, the effects of BACEI
expression were replicated in a distinct set of mouse
lines (Fig. S4).
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Analysis of NaCl/Tris-T samples with W2CT
(Fig. 6A,C) revealed a broad ~ 92 kDa band (which,
on occasion, appeared as a doublet) in WT, BACEI
KO and BACEI Tg samples (Fig. 6A). The difference
in molecular mass observed for FLAPLP2 from mouse
brains and from transfected CHO cells probably
reflects the presence of different APLP2 isoforms
and/or differences in post-translational modifications.
The levels of the ~ 92 kDa FLAPLP2 were increased
in BACEI KO  samples (+39.4% + 2.3%,
P < 0.0001) and decreased in BACEI Tg samples
(=27.4% =+ 0.9%, P < 0.0001) (Fig. 6B). As was the
case also for FLAPP and FLAPLPI, differences in
FLAPLP2 are not the result of differential expression
of APLP2 mRNA (Fig. S6C).

APLP?2 processing generates at least four CTFs: three
higher molecular mass bands migrating close together
at ~ 14.8 kDa, ~ 13.4 and ~ 12.6 kDa, respectively,
and a fourth lower molecular mass band migrating at
~ 9.6 kDa (Fig. 6C). Because of the close migration of
APLP2 CTFs, quantitative densitometric analysis of
each species was not possible. However, the ~ 14.8 and
~ 9.6 kDa bands were quantified separately, and the
~ 134 and ~ 12.6 kDa bands were -considered
together. The ~ 14.8 kDa APLP2 CTF is probably the
product of BACEI cleavage, as this band was absent in
BACE1 KO samples and was increased in BACE1 Tg
samples (+80.3% =+ 11.6%, P < 0.0001) (Fig. 6D).
The ~ 9.6 kDa APLP2 CTF was found in all samples,
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Fig. 6. BACE1 expression decreases FLAPLP2 protein levels and gives rise to a ~ 14.8 kDa APLP2 CTF. NaCl/Tris-T homogenates of WT,
BACE1 KO and BACE1 Tg mouse brains were electrophoresed on 10-20% Tris/Tricine polyacrylamide gels and western blotted with spe-
cific antibody against the APLP2 C-terminus [W2CT (A, C)]. Lysates of a cell line overexpressing human WT APLP2,s, (+) are included as a
positive control, and NaCl/Tris-T homogenates of hemibrains of APLP2 KO mice (-) are included as a negative control. The full-length and
CTF species identified [indicated by arrows in (A) and (C), respectively] were quantified by densitometry and normalized versus the WT con-
trol. Results are presented as averages + standard errors of duplicate measurements of three animals for each condition [(B) FLAPLP2; (D)

APLP2 CTFL.
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being increased by an average of 84.3% £ 17.6%
(P < 0.0001) in BACE1 KO samples and unchanged in
BACEI1 Tg samples (Fig. 6D). The ~ 13.4 and ~ 12.6
kDa bands were essentially unchanged in BACEI Tg
samples and increased in BACEl KO samples
(Fig. 6D). With regard to total CTF levels, BACEI
deletion led to a minor increase, whereas BACE1 over-
expression caused a significant increase. The increase in
total CTF levels in BACE1 Tg samples are in keeping
with the increase in total APLP2s level (Fig. 3B),
whereas this is not the case for BACEl KO, where we
observed a substantial decrease in APLP2s level
(Fig. 3A,B) and a minor increase in total APLP2 CTF
level (Fig. 6D). However, there is a good correspon-
dence between the levels of APLP2s and FLAPLP2,
with the level of FLAPLP2 being increased and that of
APLP2s being decreased in BACE1 KO samples. The
same trends for APLP2s, FLAPLP2 and APLP2 CTFs
were confirmed in mice of a different genetic back-
ground (Fig. S5). Taken together, these data suggest
that BACEI expression largely mediates regulation of
APLP?2 by direct proteolysis.

BACE1 deletion does not impair ICD production

As CTFs are the direct precursors of ICD generation,
and as BACEI expression alters the size of CTFs, we
investigated whether or not BACEl cleavage was
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necessary for ICD production. This was accomplished
by searching for endogenous ICDs in mouse brain and
by the use of an in vitro ICD generation (ICDivg) assay.
For all three proteins, a single band migrating at ~ 5.8
kDa was produced by microsomes from both BACEI
KO and WT mice (Fig. 7A—C). When the ICDivg assay
was performed in the presence of protease inhibitors, we
found an increase in the total amount of ICD produced
(Fig. 7A—C). This finding is in keeping with prior
reports that ICDs produced from the APP family of
proteins are degraded by insulin-degrading enzyme
[43,53], and hence are stabilized in the presence of insu-
lin-degrading enzyme inhibitors. The levels of ICDs
tended to be higher in samples from BACEI KO brains
than in those from WT brains (Fig. 7A—C). Therefore,
the deletion of BACEI, and consequently the loss of
BACEI] processing of APP, APLP1 and APLP2, had no
detrimental effect on the de novo production of ICDs
(compare lanes 2 and 3 and lanes 1 and 4 in Fig. 7A-C).

In a complementary approach, we also sought to
determine whether the physiological production of
ICDs was altered by BACE1 deletion. As ICDs are
extremely labile [53,54], mouse brains were processed
in a fashion designed to minimize ICD degradation,
and the ICDs present in the homogenates were ana-
lyzed by immunoprecipitation and western blotting
using antibodies C8, WICT and W2CT. A ladder of
bands was detected migrating until the 7 kDa marker
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Fig. 7. BACE1 deletion does not compromise APP, APLP1 and APLP2 ICD generation. Microsomes prepared from BACE1 KO or WT mouse
brains were incubated at 37 °C for 2 h to allow de novo in vitro ICD production (A-C). ICDs were detected by western blot using specific
antibodies against APP [C8 (A)], APLP1 [W1CT (B)] and APLP2 [W2CT (C)]. Western blots shown in (A)-(C) are representative of three differ-
ent experiments. Generation of ICDs was conducted either in the presence (+) or in the absence (-) of protease inhibitors and insulin (Pl
mix). Endogenous ICDs were immunoprecipitated from mouse brains with C8, W1CT or W2CT, and immunoprecipitates were analyzed by
western blotting with the same antibodies (D-F). The western blots shown in (D)—(F) are representative of two different experiments. For
comparison, in vitro-generated ICDs were electrophoresed alongside endogenous ICDs (D-F).
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in all immunoprecipitates (Fig. 7D-F). These bands
probably represent various CTFs, consistent with pre-
vious reports [54], and nonspecific bands due to the
use of the same polyclonal antibody for both immuno-
precipitation and western blotting. In addition, less
abundant lower molecular mass bands were detected.
For APP, two closely migrating bands with estimated
molecular masses of ~ 5.8 and ~ 6.4 kDa were
detected (Fig. 7D). The lower of the two bands per-
fectly comigrated with in vitro-generated APP ICDs,
with the upper band migrating in a manner consistent
for phosphorylated APP ICD [55]. Moreover, as with
the brain microsome-generated APP ICDs, these two
bands were slightly more abundant in the BACE1 KO
samples (Fig. 7D), a result that we observed in two
separate experiments using a total of two BACEl KO
and two WT mouse brains. For APLP1, a similar lad-
der of bands was detected, together with a single puta-
tive ICD band that comigrated with in vitro-generated
APLPI1 ICD (Fig. 7E). Again, the levels of the endoge-
nous APLP1 ICD were slightly higher in extracts of
BACE!1 KO brains. For APLP2, the pattern was simi-
lar to that for APP, i.e. a putative ICD band that co-
migrated with in vitro-generated APLP2 ICD at
~ 5.8 kDa, together with a slightly slower-migrating
band at ~ 6.4 kDa (Fig. 7F).

Discussion

By analogy with APP, both APLP1 and APLP2 have
been proposed to be substrates of BACE1 [41]. More-
over, a previous study found evidence that APLP2 is
cleaved by BACEL in vivo [38], but the processing of
APLPI1 and APLP2 by BACEI has so far been mainly
studied in transfected cell lines [40,41]. As trafficking
and interaction with other cellular partners are likely
to be altered when a single member of the APP family
of proteins is overexpressed [56], we set out to investi-
gate the effects of BACEl on APLP1 and APLP2 in
mouse models where the only variable parameter was
expression of BACEI.

All three APP family proteins underwent ectodo-
main shedding, and their soluble ectodomains were
detected in the NaCl/Tris fraction of brain homogen-
ates (for a summary of results, see Table S2). Shedding
of the APP ectodomain appears to be tightly regulated,
as BACEI levels altered the ratio of APPsa to APPsf,
but did not substantially modify the total levels of
APPs or of APP CTFs. This suggests that there is a
discrete pool of FLAPP that is directed towards
processing, and that a-secretases and P-secretases have
access to the same cellular pool. For APLPI, ablation
of BACE] resulted in a near complete loss of APLPIs,
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suggesting that BACEL is centrally involved in APLPI
ectodomain cleavage, a notion supported by the find-
ing that the FLAPLPI1 level is increased by deletion of
BACE] and slightly decreased by BACEI1 overexpres-
sion. However, the current data cannot discriminate
between cleavage of APLP1 by BACEI and cleavage of
APLP1 by another enzyme regulated by BACEIL.
Indeed, prior studies using cell culture systems have
found APLPI1 to be cleaved by an a-secretase-like activ-
ity [40,57]. Importantly, BACE! overexpression did not
dramatically alter APLP1 processing (as assessed by
APLPIs and APLPI CTF levels), suggesting that the
ectodomain shedding of APLPI, although not as tightly
regulated as APP, is nonetheless closely regulated.

Interestingly, FLAPLP1 was detected in the NaCl/
Tris brain homogenates, an observation consistent with
the detection of FLAPLPI in conditioned media from
transfected cells [43]. Moreover, the levels of secreted
FLAPLP1 were influenced by BACEI expression,
mirroring the modifications of the levels of FLAPLP1
in the NaCl/Tris-T fraction. An attractive explanation
for the presence of FLAPLP1 in NaCl/Tris homogen-
ates is its secretion via vesicles, e.g. exosomes [58].
Indeed, it is interesting to note that the prion protein,
which is known to interact with APLP1 [59] and to be
a regulator of BACEI activity [60], can be secreted via
exosomes [59]. Whatever the mechanism for secretion
of FLAPLPI, the net outcome of these results suggests
that BACEI1 has a key role in the regulation of APLPI
maturation, trafficking and secretion.

BACE!l expression also regulates the steady-state
levels of FLAPLP2, in a manner analogous to what
has been shown for APP [50] and to what has been
presented here for APLP1. As BACEI did not alter the
levels of APP, APLP1 and APLP2 mRNA, it would
appear that BACEI is an important post-transcriptional
regulator of the APP family of proteins. In agreement
with previous reports [38,50], we detected B-cleavage-
specific products for both APP and APLP2. In addition,
we detected a slightly longer APLP1 CTF when BACELI
was deleted, but we did not see an effect of BACEI over-
expression on the size of this CTF. We also found that
the total amounts of APP and APLP2 CTFs were not
altered by BACEI expression, meaning that competing
or complementary pathways intervene to balance the
loss of BACEI cleavage. In direct NaCl/Tris-T extracts,
we could not detect ICDs of either APP or APLP2, but
we did detect a band consistent with APLP1 ICD, possi-
bly because APLP1 ICDs are more stable than either
APP or APLP2 ICDs [43,53,54].

This characterization of BACEI1 effects on APP,
APLPI and APLP2 has highlighted the fact that APP
and APLP2 share many similarities, whereas APLP1
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has some unique characteristics. APLP1 is an atypical
member of the APP family: it is neuron-specific,
whereas APP and APLP2 are ubiquitously expressed,
and its subcellular localization and dimerization prop-
erties are different from those of APP and APLP2 [16].
Given the similarities between processing of Notch and
of the APP family of proteins, it seems plausible that
APP, APLP1 and APLP2 ICDs could play a role in
transcriptional regulation [42,43]. The APP ICD has
been shown to form a complex with the adaptor pro-
tein Fe65 and the histone acetyltransferase Tip60 that
is capable of inducing transcription of reporter genes
[44]. The ability to form transcriptionally active com-
plexes with Fe65 has also been demonstrated for APLP
ICDs [42,43]; however, definite physiological relevance
of these complexes has yet to be demonstrated.

As we found that BACEI activity regulates the
maturation and the processing of the three APP family
members, we were interested determining whether abol-
ishing BACE] activity had a detrimental effect on APP,
APLP1 and APLP2 ICD production, to better charac-
terize the impact of BACEI inhibition as a putative
therapy for the treatment of AD. We found that the
de novo production and the endogenous levels of ICDs
were not reduced by deletion of BACEI. In fact, in most
cases, deletion of BACE] resulted in an increase in the
levels of ICDs. Indeed, treatment of cultured cells with
a potent B-secretase inhibitor (Fig. S8) consistently
resulted in a slight elevation of ICD production. How-
ever, how genetic or chemical ablation of BACEI1 leads
to a modest increase in ICD levels is unclear. One
potential explanation is that, owing to spatial differ-
ences, o-secretase-derived CTFs are more prone to
v-secretase cleavage than B-secretase-derived CTFs. The
fact that BACE1 deletion does not dramatically alter
ICD production opens two possible scenarios: one
where ICDs produced by y-secretase cleavage of a-sec-
retase-derived and B-secretase-derived CTFs serve the
same function and their levels are tightly regulated by
compensatory mechanisms, and another where only
ICDs produced by a-secretase cleavage are physiologi-
cally relevant, and ICDs derived from the amyloido-
genic processing of APP are quickly degraded. This
latter possibility is corroborated by the fact that over-
expression of BACEI, while leading to increased pro-
cessing of APP and APLP2, does not translate into
increased amounts of APP or APLP2 CTFs. Therefore,
it is reasonable to suppose that the levels of CTFs are
regulated, possibly by degradation of excess CTFs.

Together, these results demonstrate that BACE]1 is
involved in ectodomain shedding of APP, APLP1 and
APLP2. BACEI expression levels appear to regulate
the trafficking and maturation of the APP family of
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proteins, but BACE1 ablation did not prevent genera-
tion of APP, APLP1 and APLP2 ICDs. This suggests
that inhibition of BACE1 will not adversely affect the
potentially important signaling role of the ICDs
released by the APP family of proteins, but may
impact on other functions of this family of proteins.

Experimental procedures

Reagents

Unless otherwise specified, chemicals were from Sigma-
Aldrich (Sigma-Aldrich Ireland Ltd, Dublin, Ireland).

Antibodies

Novel rabbit polyclonal antibodies WINT, WICT and
W2CT were raised against peptide immunogens conjugated
to keyhole limpet hemocyanin via an N-terminal cysteine
(Table 1). WINT was raised against residues EPDPQR
SRRCLRDPQR of the human APLP1 ectodomain, and
WICT and W2CT were raised against peptides NPTYR-
FLEERP and NPTYKYLEQMOQI, corresponding to the
extreme C-termini of human APLP1 and human APLP2,
respectively (Fig. SIA). The sequences against which W1CT
and W2CT were raised are identical in both human and
mouse proteins. The sequence against which WINT was
raised differs in one of the 16 amino acids from the corre-
sponding murine region (R12K, antigen numbering); as
expected, WINT recognizes both murine and human
APLP1 (Table 1). The specificity of antibodies WINT,
WICT and W2CT was confirmed by western blotting of
brain material from mice null for APP, APLP1 or APLP2
(Fig. S1B). The monoclonal antibody 22C11 (Chemicon,
Millipore, Billerica, MA, USA), which recognizes the
N-terminus of APP, the polyclonal antiserum C8, which
recognizes the C-terminus of APP, and the polyclonal
antiserum D2-II, which recognizes the ectodomain of
APLP2 (Calbiochem, EMD Chemicals Inc., Gibbstown,
NJ, USA), have been described previously [43] (Table 1).
The polyclonal antibody against the BACE1 N-terminus
was from Sigma (Dublin, Ireland), and the polyclonal
antibody against rodent amyloid B-peptide (AP) was from
Signet (Signet Covance, Dedham, MA, USA). The monoclo-
nal antibody against glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was from Abcam (Cambridge, UK).

Animals

All genetically manipulated mouse lines have been
described previously [26,38,50,61]. Black Swiss BACE1l KO
and littermate control WT mouse brains and C57/BL6
BACEl Tg mouse brains were from 4-month-old mice.
Additional mouse brains from C57/BL6-OLA129 BACE2
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KO mice, C57/B6Jx129SVola BACEl KO mice, C57/BL6
WT mice and C57/BL6 BACEl Tg mice were from
4-month-old mice. Immediately after explant, the cerebel-
lum and olfactory bulb were removed, and the remaining
brain was cut in half along the midline, snap frozen in
liquid nitrogen, and stored at —80 °C until analysis. Levels
of BACEI protein in all of the brain tissues analyzed were
assessed by western blotting (Fig. S2). Brains from APP,
APLP1 and APLP2 KO mice were provided by U. Miiller
(University of Heidelberg, Heidelberg, Germany) [14].

Animal care and handling were performed according to
the Declaration of Helsinki and approved by local ethical
committees.

Preparation of mouse brain extracts

Hemibrains were homogenized in five volumes of NaCl/Tris
(20 mm Tris, pH 7.4, 150 mMm NaCl) containing protease
inhibitors (5 mm EDTA, 1 mm EGTA, 5 pgmL™" leupeptin,
5ugmL™" aprotinin, 2 pgmL™' pepstatin, 120 pgmL™'
Pefabloc, 2 mm 1,10-phenanthroline) with 40 strokes of a
Dounce homogenizer at 5000 r.p.m. The resulting suspen-
sion was then centrifuged at 175 000 g and 4 °C for 30 min,
and the upper 75% of the supernatant was collected. Protein
content was assessed using a bicinchoninic acid protein assay
kit (Pierce, Rockford, IL, USA), and samples were then ali-
quoted and stored at —80 °C until use. The membrane-con-
taining pellet was resuspended by pipetting in five volumes of
100 mm sodium bicarbonate (pH 11.4), and incubated on a
rocking platform for 15 min at 4 °C. The washed pellet was
harvested by centrifugation, as described above and washed
in five volumes of NaCl/Tris. The membrane fraction was
again pelleted by centrifugation as described above, and then
resuspended by pipetting in five volumes of NaCl/Tris-T
plus protease inhibitors. In order to ensure effective
extraction of integral membrane proteins, this suspension
was incubated on a rocking platform at room temperature
for 15 min, homogenized with 40 strokes of a Dounce
homogenizer, and sonicated with a microtip attached to an
XL-2000 sonicator (Misonix Inc., Farmingdale, NY, USA)
at power setting 4 (~ 12 W) for 30 s. The detergent extract
was centrifuged as described above, and the upper 75% of
the supernatant was collected. Protein content was assessed
using a bicinchoninic acid protein assay kit (Pierce), and
samples were then aliquoted and stored at —80 °C until use.

Quantitative real-time PCR analysis

Total RNA was isolated using TRI Reagent (Ambion, Austin,
TX, USA) according to the manufacturer’s instructions, and
quantified using a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). One-microgram aliquots
of total RNA were treated with deoxyribonuclease I
(Invitrogen, Carlsbad, CA, USA) and used to synthesize
first-strand ¢cDNA with 200 U of SuperScript II Reverse
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Transcriptase (Invitrogen) in a final reaction volume of
11 pL, containing 50 ng of random hexamers. One microli-
ter of the first-strand cDNA PCR reaction was used as
template for quantitative real-time PCR amplification with
primers specific for APP, APLP1 and APLP2 (Sigma-
Genosys, Hamburg, Germany) (Table S1). Primers specific
for the 18S rRNA were used as an internal control. Primer
pairs for the APP family of proteins contained one intron-
spanning region to avoid amplification of genomic DNA.
Quantitative real-time PCR reactions were run in duplicate.
One microliter of Tag DNA polymerase and the appropri-
ate primer pair, each at a concentration of 0.5 pM, together
with the Power SYBR Green PCR Master Mix (Invitro-
gen), were brought to a final volume of 10 uL and ana-
lyzed on an ABI Prism 7000 Sequence Detection System
(Applied Biosystems, Darmstadt, Germany). An initial step
of 15 min at 95°C for polymerase activation was followed
by 40 cycles of a standard PCR protocol (15 s at 95 °C,
30 s at 60 °C, 30 s at 72 °C) as described in the supplier’s
protocol (Applied Biosystems). APP, APLP1 and APLP2
expression was normalized to 18S rRNA levels by the com-
parative cycle threshold (Ct) method.

ICDivg assay with mouse brain-derived
microsomes

This method was adapted from an ICD in vitro generation
assay previously used with microsomes prepared from
cultured cells [62]. Hemibrains were homogenized on ice
in eight volumes of hypotonic lysis buffer (10 mm Mops,
pH 7, containing 10 mMm KCI, 5 mm EDTA, 1 mm EGTA,
120 pg'mL™" Pefabloc, and 2 mm 1,10-phenanthroline) with
30 passes of a Dounce homogenizer at 6000 r.p.m. The
resulting homogenate was divided into 1 mL aliquots, and
centrifuged at 1000 g and 4 °C for 15 min, the supernatant
was then transferred to a new tube, and microsomes were
harvested by centrifugation at 16 000 g and 4 °C for 40 min.
Each pellet derived from 1 mL of homogenate was resus-
pended in 100 pL of assay buffer (150 mm sodium citrate,
pH 6.8) either containing or devoid of a cocktail of protease
inhibitors (5 mMm EDTA, 1 mm EGTA, 2 mm 1,10-phenan-
throline, 250 pg'mL~" human recombinant insulin). Micro-
somes were then incubated in a water bath at 37 °C for 2 h,
after which they were placed on ice for 10 min to stop the
reaction, and centrifuged at 150 000 g and 4 °C for 75 min
in an Optima centrifuge, using a TLASS rotor (Beckman
Coulter, Fullerton, CA, USA). The upper 90 pL of the super-
natant was collected for analysis by western blotting.

Immunoprecipitation of endogenous ICDs from
mouse brains

Hemibrains were homogenized on ice in nine volumes of
homogenization buffer (50 mm Tris/HCI, pH 7.4, containing
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1% SDS, 150 mm NaCl, 5mm EDTA, 5 pngL_1
leupeptin, 5 pgmL™' aprotinin, 2 pgmL™' pepstatin,
120 pg'mL™" Pefabloc, 2 mm 1,10-phenanthroline) with 30
passes of a Dounce homogenizer at 6000 r.p.m. The homo-
genates were then boiled at 100 °C for 10 min, and divided
into 1 mL aliquots prior to sonication for 30 s at power
setting 4 (~ 12 W), using a XL-2000 sonicator connected
to a microtip (Misonix Inc.). Following sonication, aliquots
were pooled, boiled for a further 10 min, and then centri-
fuged at 16 000 g for 20 min. The supernatant was col-
lected, transferred to a fresh tube, and diluted 1 : 10 with
lysis buffer (50 mm Tris base, pH 7.6, containing 150 mM
NaCl, 5mm EDTA, 2% NP-40, 5 pgmL™" leupeptin,
5ugmL™" aprotinin, 2 ugmL™' pepstatin, 120 pg'mL™’
Pefabloc, and 2 mm 1,10-phenanthroline). To immunopre-
cipitate APP, APLP1 and APLP2 ICDs, 1 mL aliquots of
brain extracts were incubated overnight on a rocking plat-
form at 4 °C with either antibody C8, WICT or W2CT,
respectively (at a dilution of 1 : 40), together with 40 uL of
protein A—Sepharose. Beads were collected by centrifuga-
tion at 6000 g for 5 min, and washed in subsequent steps
of incubation for 20 min on a rocking platform at 4 °C
with 0.5M STEN buffer (50 mm Tris base, pH 7.6,
500 mm NaCl, 2 mm EDTA, 2% NP-40), SDS/STEN buf-
fer (50 mm Tris base, pH 7.6, 150 mm NaCl, 2 mm EDTA,
2% NP-40, 0.1% SDS) and STEN buffer (50 mm Tris
base, pH 7.6, 150 mm NaCl, 2 mm EDTA, 2% NP-40).
Captured proteins were eluted with 2x Tris/Tricine electro-
phoresis sample buffer containing 10% B-mercaptoethanol
(20 pL per sample) [63].

Western blot analysis

NaCl/Tris homogenates of mouse brains were diluted with
4x Tris/glycine sample buffer (x1 concentrations: 62.5 mM
Tris/HCI, pH 6.8, 10% glycerol, 2% SDS) and electro-
phoresed on 10% polyacrylamide Tris/glycine gels [64],
and NaCl/Tris-T homogenates of mouse brains and
ICDivg samples were diluted with 4x Tris/Tricine sample
buffer (x1 concentrations: 450 mm Tris, pH 8.45, 10%
glycerol, 4% SDS) and electrophoresed on precast Novex
10-20% polyacrylamide Tris/Tricine gels (Invitrogen).
Immunoprecipitated endogenous ICDs from mouse brains
were also electrophoresed on precast Novex 10-20% poly-
acrylamide Tris/Tricine gels (Invitrogen). Proteins were
transferred onto nitrocellulose (0.2 um pore size; Sigma-
Aldrich Ltd) at 400 mA and 4 °C for 2 h. Membranes
were subsequently blocked for 1 h at room temperature
with 5% skimmed milk (Fluka, Sigma-Aldrich Ireland
Ltd) in NaCl/Tris-Tw, washed twice for 10 min with
NaCl/Tris-Tw to remove traces of blocker, and incubated
overnight with primary antibodies diluted in NaCl/Tris-
Tw containing 5% skimmed milk. On the following day,
blots were washed four times for 15 min with NaCl/Tris-
Tw, incubated with appropriate horseradish peroxidase-

B-Secretase processing of APLP1 and APLP2

linked secondary antibodies (Amersham, GE Healthcare,
Chalfont St Giles, UK) for 1 h at room temperature,
washed as above, and visualized using an enhanced chemi-
luminescence kit (Pierce) and Hyperfilm MP (Amersham,
GE Healthcare).

Data analysis

Band intensities were quantified using SCION IMAGE (Scion
Corporation, Frederick, MD,. USA), and data were ana-
lyzed using one-way ANOVA (SIGMASTAT; Systat Software
Inc., Chicago, IL, USA).
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