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a b s t r a c t
Amyloid-b peptide (Ab), a putatively causative agent of Alzheimer’s disease (AD), is proteolytically
derived from b-amyloid precursor protein (APP). Here we describe cellular assays to detect the activity
of the key protease b-site of APP cleaving enzyme 1 (BACE1) based on an artiﬁcial reporter construct containing the BACE1 cleavage site of APP. These methods allow identiﬁcation of inhibitors and indirect
modulators of BACE1. In primary neuronal cultures transfected with human APP constructs (huAPP),
Ab production was modiﬁed by BACE1 inhibitors similarly to the production of endogenous murine Ab
in wild-type cells and to that of different transgenic neurons. To further improve the assay, we substituted the extracellular domain of APP by secreted alkaline phosphatase (SEAP). SEAP was easily quantiﬁed in the cell culture supernatants after cleavage of SEAP–APP by BACE1 or a-secretases. To render the
assay speciﬁc for BACE1, the a-secretase cleavage site of SEAP–APP was eliminated either by site-directed
mutagenesis or by substituting the transmembrane part of APP by the membrane domain of the erythropoietin receptor (EpoR). The pharmacology of these constructs was characterized in detail in HEK293
cells (human embryonic kidney cell line), and the SEAP–APP–EpoR construct was also introduced into
primary murine neurons and there allowed speciﬁc measurement of BACE1 activity.

Alzheimer’s disease (AD)3 is the most common cause of dementia
diagnosed in the elderly today and is now being recognized as one of
the major public health problems in developed nations [1]. A histopathological hallmark of AD is amyloid plaques, composed mainly of the
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amyloid-b peptide (Ab). The widely accepted ‘‘amyloid hypothesis”
[2–4] considers Ab as the initiator of the pathological cascade that
eventually leads to neuronal dysfunction and dementia. According
to this hypothesis, AD results from a chronic imbalance between the
production and disposal of Ab. Ab is generated by sequential proteolytic cleavage of the type I membrane protein b-amyloid precursor
protein (APP). The aspartyl protease b-site of APP cleaving enzyme 1
(BACE1) was identiﬁed as the so-called b-secretase [5–8] and produces
a secreted N terminal (soluble APPb [sAPPb]) and a membrane-anchored C-terminal fragment (CTFb). CTFb is subsequently cleaved by
a multiprotein complex termed c-secretase to yield an APP intracellular domain (AICD) with signaling functions in the nucleus [9] as well as
Ab1–40 and Ab1–42 (alternative cleavage sites). Formation of amyloidogenic Ab fragments can be prevented by the action of a-secretase that
acts between the potential b- and c-cleavage sites and results in the
formation of the soluble sAPPa fragment [10,11]. Both b- and c-secretases are targets for potentially disease-modifying pharmacological
intervention strategies in AD. Because c-secretase inhibitors may be
associated with side effects due to inhibited Notch signaling [12],
there is currently particularly strong interest in BACE1 inhibitors. Efﬁcacy and safety of such compounds are suggested by the phenotype of
BACE1 knockout mice, which are healthy [13–15] except for high pup
mortality [16] and hypomyelination in juvenile development [17,18]
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and do not develop AD pathology when crossed with APP transgenic
mice [19]. Although the crystal structure of BACE1 has been resolved
[20–22] and the enzymatic mechanism is well characterized [22],
developing clinically useful inhibitors of the enzyme has proven to
be difﬁcult. Reasons for this are the difﬁcult molecular pharmacology
of aspartate proteases, which also include renin and HIV protease
[23,24]; the localization of the target behind the blood–brain barrier;
and the complex cell biology of BACE1, which cycles between membrane and intracellular organelles [25], cleaves APP mainly in the early
endosomal compartment, and has an acidic pH optimum [25–28]. The
latter issue is responsible for the fact that cell-free enzymatic inhibition data of drug candidates do not always predict their activity in cellular systems. The situation is even more difﬁcult in neurons, where
different localizations of BACE1 and APP along the neurites make predictions on the effects of BACE1 inhibitors difﬁcult [29,30]. Due to the
problems with the design of inhibitors blocking the active site of
BACE1, alternative approaches aim to modify cellular BACE1 activity.
Change of localization, phosphorylation, or binding partners of BACE1
may have such effects. To explore this type of pharmacology, speciﬁc
cellular BACE1 assays are urgently needed. Such cell models should
be applicable for high-throughput applications, allow a fast and
cost-efﬁcient readout of b-secretase activity, and simulate the speciﬁc
neuronal situation. These requirements are best met by a battery of
different systems that were developed in the current study. The problem of a simple readout was addressed by converting BACE1 activity to
the measurement of alkaline phosphatase. The speciﬁcity issue was
addressed by new types of mutations introduced in the cleavage sequence of a- and c-secretases. The issue of the neuronal environment
was addressed by optimization of the expression of human APP in
murine neurons. All assay variants were pharmacologically validated
with highly speciﬁc inhibitors of b- and c-secretases.
Materials and methods

Cell culture
HEK293 cells (human embryonic kidney cell line) were cultured
in Dulbecco’s modiﬁed Eagle’s medium (DMEM) supplemented
with 5% heat-inactivated fetal calf serum, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin (Gibco BRL Invitrogen, Carlsbad, CA,
USA).
Cortical (CTX) neurons were isolated from day 14 to 16 fetal
APPswe/PS1DE9 mice as described previously [39]. Brieﬂy, dissociated neurons were plated on 100 lg/ml poly-L-lysine-coated
dishes at a density of approximately 2.5  105 cells/cm2
(800,000 cells/ml, 100 ll/well, 96-well plate) and cultured in Neurobasal medium (NBM) supplemented with 2% B-27 without antioxidants, 0.5 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (all solutions from Gibco BRL Invitrogen). Every third
day, half of the medium was replaced. CTX neurons were usually
used at 6 days in vitro (DIV) after complete medium change. The
proportion of astrocytes in the cultures was less than 10%, as assessed by staining for glial ﬁbrillary acidic protein (GFAP).
Cerebellar granule cells (CGCs) were isolated from 7-day-old
APPswe/PS1DE9 or BALB/c mice. Cerebelli were dissociated as described previously [40]. The cells were suspended in basal medium
with Earle’s salts (BME) supplemented with 10% fetal bovine serum
(FBS), 20 mM KCl, 0.5 mM glutamine, 100 U/ml penicillin, and
0.1 mg/ml streptomycin and were seeded on 100 lg/ml poly-L-lysine-coated dishes at a density of approximately 6  105 cells/
cm2 (1,900,000 cells/ml, 100 ll/well, 96-well plate). Then, 45 min
after plating, medium was substituted by NBM supplemented with
2% B27, 20 mM KCl, 0.5 mM glutamine, 100 U/ml penicillin, and
0.1 mg/ml streptomycin (all solutions from Gibco BRL Invitrogen).
Half of the medium was replaced every third day. CGCs were usually used at 3 DIV after complete medium change. The proportion
of astrocytes in the cultures was less than 5%, as assessed by staining for GFAP.

Reagents
All reagents and antibodies were purchased from Sigma–Aldrich (St. Louis, MO, USA) if not otherwise indicated. The BACE1
inhibitor IPAD (isophthalamide derivative) [31] (cat. no. 565788)
was purchased as b-secretase inhibitor IV from Merck/Calbiochem
(Darmstadt, Germany). AQD (aminoquinazoline derivative) [32]
was synthesized following the schemes provided by Johnson &
Johnson (Beerse, Belgium). The c-secretase inhibitors DAPT [33],
GSI-18 [34], and GSI-19 [35] were purchased as c-secretase inhibitors IX, XVIII, and XIX, respectively, from Merck/Calbiochem (cat.
nos. 565770, 565779, and 565787, respectively). LY450139 [36]
was synthesized following the schemes provided by Lilly (Indianapolis, IN, USA). The a-secretase inhibitor GM6001 (cat. no.
364205) was purchased from Merck/Calbiochem.
Animals
Double-transgenic APPswe (Swedish)/PS1DE9 mice were originally obtained from David R. Borchelt (Johns Hopkins University
School of Medicine) and bred at M&B A/S (Ry, Denmark). APPswe/
PS1DE9 mice harbor a chimeric murine–human APP and a mutant
of human preseniline 1 (PS1), both under control of the murine prion
protein promoter [37]. The chimeric APP is based on the murine APP
isoform with 695 amino acids, engineered to contain the human Ab
and the Swedish mutation (KM595/596NL), whereas the human PS1
has deletion of exon 9 (PS1DE9) [38]. BALB/c mice were either purchased from Charles River Laboratories (Wilmington, MA, USA) or
obtained from the animal house of the University of Konstanz. Handling of transgenic and wild-type mice was conducted by professional staff of the respective animal housing units according to
national and European ethical and legal guidelines.

DNA constructs
The APP constructs used in this study were generated in a
pcDNA3.1 vector backbone. The secreted alkaline phosphatase
(SEAP) sequence substituted the N-terminal domain up to and
including Leu583 of APPswe or APPwt (wild type). In the APP–
erythropoietin receptor (EpoR) constructs, the C-terminal region
downstream of Gly605 of APPswe (KM595/596NL) or APPwt was
replaced by the EpoR transmembrane domain.
Cloning of SEAP–APPswe and SEAP–APPwt
SEAP–APPswe was cloned by fusing SEAP with an overlap polymerase chain reaction (PCR) approach to human APPswe, 13 amino
acids N terminal of its b-cleavage site. Full-length SEAP and truncated human APPswe were PCR ampliﬁed in two separate PCR
reactions using either pSEAPbasic (Clontech, Palo Alto, CA, USA)
or an in-house cloned human APPswe in the pcDNA3.1 vector.
The SEAP fragment was ampliﬁed with the primers 50 -GGTACC
GAGCTCTTACGCGT-30 and 50 -CTCCTCCGTCTTGATATTTGTCTGCTC
GAAGCGGCC-30 . The APPswe fragment was ampliﬁed with the
primers 50 -GGCCGCTTCGAGCAGACAAATATCAAGACGGAGGAG-30
and 50 -TGAACTCCCACGTTCACATG-30 . The puriﬁed PCR products
were used as templates in a third PCR reaction with the primers
50 -GGTACCGAGCTCTTACGCGT-30 and 50 -TGAACTCCCACGTTCACATG-30 . Subsequently, the SEAP–APPswe PCR product was NheI
and ClaI digested and ligated into an NheI and ClaI digested
pcDNA3.1 construct expressing human APPswe. For generating
SEAP–APPwt, the same cloning approach was used by fusing the
human APPwt to SEAP.

210

Cloning of SEAP–APPwt–AbK16V
To introduce the human APP–AbK16V (K612V in APP695
nomenclature) and APP–AbK16E (K612E in APP695 nomenclature)
a-mutations into SEAP–APPwt, DpnI-mediated site-directed mutagenesis was applied [41]. Human APPwt was used as template in a
PCR reaction with sense and antisense primers harboring the
mutations. Sense primers for AbK16V and AbK16E were 50 GAAGTTCATCATCAAGTATTGGTGTTCTTTGCA-30 and 50 -TGAAGTTC
ATCATCAAGAATTGGTGTTCTTTGCAG-30 , respectively. Antisense
primers for AbK16V and AbK16E were 50 -TGCAAAGAACACCAATA
CTTGATGATGAACTTC-30 and 50 -CTGCAAAGAACACCAATTCTTGATG
ATGAACTTCA-30 , respectively. Subsequently, the methylated
parental plasmid DNA was degraded by digestion with DpnI. Finally, an aliquot of the digested PCR reaction was transformed into the
highly competent Escherichia coli DH5a strain for minipreparation
of mutant plasmid DNA.
Cloning of SEAP–APPswe–EpoR
SEAP–APPswe–EpoR and SEAP–APPwt–EpoR were cloned by an
overlap PCR approach. Brieﬂy, SEAP–APPswe truncated 9 amino
acids downstream of the b-cleavage site was ampliﬁed from
pSEAP–APPswe with the following primers: 50 -GCGCCTGCTGAG
CAGGAA-30 and 50 -TCCAGAAGCCGCCTGAGTCATGTCGGAATTCT-30 .
Then 52 amino acids covering parts of the extracellular, the transmembrane domain, and the intracellular domain of human EpoR
(amino acids 231–282, Acc. No. NM_000121.2) were reverse transcription (RT)–PCR ampliﬁed from human polyA+ RNA with 50 ACATGACTCAGGCGGCTTCTGGAGCGCCT-30 and 50 -GGAAGCTCTA
GATCTTCTGCTTCAGAGCCC-30 . The puriﬁed PCR products were
used as templates in a third PCR reaction with the primers 50 GCGCCTGCTGAGCAGGAA-30 and 50 -GGAAGCTCTAGATCTTCTGCTT
CAGAGCCC-30 . Subsequently, the PCR product was digested with
Sac2 and Not1 and the 834-bp fragment was ligated into the
above-mentioned pSEAP–APPswe. All constructs were sequence
veriﬁed.
The BACE1 plasmid was generated by insertion of human BACE1
complementary DNA (cDNA) into a pCI–IRES–Hyg2 backbone.
Small interfering RNA
Small interfering RNA (siRNA) was purchased from Applied Biosystems/Ambion (Naerum, Denmark) or from MWG (Ebersberg,
Germany). The following sequences were chosen as targets for
siRNA:
 50 -GCTCTTTTTAACACTCTTA-30 from murine BACE1 (NM_011792);
 50 -GCTTTGTGGAGATGGTGGA-30 from human BACE1 (NM_
012104);
 50 -TGAAGTGAATCTGGATGCA-30 , based on human APP (NM_
201414) with Swedish mutation;
 50 -GCCAAGAACCTCATCATCT-30 from human SEAP (NM_
031313);
 50 -GCAAGCTGACCCTGAAGTT-30 from jellyﬁsh green ﬂuorescent
protein (GFP) (Clontech C1eGFP).

Determination of messenger RNA knockdown
siRNA-induced knockdown of a particular messenger RNA
(mRNA) was controlled by comparison of the mRNA level in cells
transfected with siRNA targeting this mRNA with the level in cells
transfected with negative control siRNA (Applied Biosystems/
Ambion). mRNA was isolated using an RNA extraction kit from Qiagen (Hilden, Germany) and transcribed into cDNA, and ﬁnally the

level of cDNA was scaled with semiquantitative RT–PCR and GAPDH, HPRT-1, or S18 as internal controls.
Transfections
Transfections were conducted either using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and following the manufacturer’s
instructions or with the Amaxa electroporation method using
Amaxa Nucleofector II (Amaxa, Köln, Germany). HEK293 cells were
transfected using Amaxa Nucleofector II with program Q-001, with
a single cell suspension (from trypsinization) of 106 cells in 100 ll
Opti-MEM, and mixed with 5 lg of plasmid with or without 4 lM
siRNA. After transfection, cells were seeded at a density of 3  105/
cm2 in 96-well plates.
Using Lipofectamine 2000, 3  106 HEK293 cells were seeded in
T75 ﬂasks overnight before transfection. Then 10 lg DNA of SEAP–
APPwt–AbK16V or 5 lg of BACE1 constructs was transfected (or
cotransfected in a 1:1 ratio). Then, 24 h after transfection, cells
were trypsinized and seeded at a density of 3  105/cm2 in 96-well
plates.
For transfection of CGCs with Amaxa Nucleofector II, 6  106
cells in a single cell suspension obtained directly after cell isolation
were nucleofected using 100 ll of the mouse neuron nucleofection
kit (Amaxa) and program G-13. Then 10 lg DNA of APPswe or
APPwt and 2 lg of pEGFP-C3 constructs was transfected either separately or in cotransfection with or without siRNA. After transfection, CGCs were seeded at a density of 3  106/cm2 on 100 lg/ml
poly-L-lysine-coated 96-well plates. Transfection efﬁciency for siRNA was determined with ﬂuorescence-labeled scrambled siRNA
(2–20 lM, Silencer Cy3-labeled negative control from Ambion,
Hopkinton, MA, USA) after 48 h.
Cell viability measurements
For detection of cell viability, the percentage of viable cells was
quantiﬁed by their capacity to reduce 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) after incubation
with 0.5 mg/ml MTT for 60 min [42]. Viability was routinely measured after all pharmacological experiments for all conditions and
revealed signiﬁcant effects on the viability of CGC at P10 lM IPAD
or P2 lM AQD. HEK293 cells were unaffected by the inhibitors.
SEAP measurement
The SEAP assay is based on the hydrolytic activity of the reporter enzyme SEAP [43]. The colorless substrate para-nitrophenylphosphate (pNPP, cat. no. N2765, Sigma) is hydrolyzed by SEAP
to produce phosphate and the yellow chromophore para-nitrophenolate (King–Armstrong method) [44]. The absorption change
was measured for at least 10 min at 405 nm at ambient temperature. For each measurement, 10 ll of sample was added to 100 ll
of sample buffer (2.4 mM pNPP [1 mg/ml], 0.1 M glycine, 1 mM
MgCl2, and 1 mM ZnCl2 at pH 10.4).
Ab1–40/Ab1–42 quantiﬁcation
Ab1–40 and Ab1–42 were determined with sandwich enzymelinked immunosorbent assay (ELISA) kits (BioSource, Camarillo,
CA, USA, and Wako Pure Chemical Industries, Osaka, Japan) according to the manufacturers’ instructions.
sAPPb quantiﬁcation
sAPPb was determined with a sandwich ELISA kit from IBL
(Hamburg, Germany).
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Western blot analysis
APP and APP cleavage products from either cell lysate or medium were separated with 4 to 12% gradient sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and
transferred onto polyvinylidene ﬂuoride (PVDF) membranes
(Amersham, Buckinghamshire, UK) by semidry blotting. The membranes were blocked by 4% milk powder–phosphate-buffered saline (PBS) for 2 h, incubated with the primary antibody at 4 °C
overnight, washed, and incubated with the secondary peroxidase-conjugated antibody. Protein bands were detected by ﬁlm
exposure (Bio-Rad, Hercules, CA, USA) to the chemiluminescent
product of the enhanced chemiluminescence (ECL) substrate
(Pierce, Rockford, IL, USA). Cell lysate was prepared by collecting
cells in harvest buffer (130 mM NaCl, 3 mM KCl, 10 mM Na2HPO4,
2 mM KH2PO4, and 10 mM ethylenediaminetetraacetic acid
[EDTA]) and centrifugation at 2000 g for 10 min at 4 °C. The cell
pellet was lysed with RIPA buffer (50 mM Tris [pH 7.4], 1% NP-40
[Igepal], 0.25% Na–deoxycholate, 150 mM NaCl, 1 mM ethyleneglycoltetraacetic acid [EGTA], 1% phenylmethylsulfonylﬂuoride
[PMSF], and 1% protease inhibitor mix) and underwent three
freeze–thaw cycles. Debris was separated by 15,000 g for 15 min
at 4 °C, and the protein concentration of the resulting supernatant
was measured. Then 20 lg of total protein was loaded onto the gel.
Medium was mixed with sample buffer (5:1) and heated at 95 °C
for 10 min, and the proteins were separated and detected as above.
Membranes probed with more than one antibody were stripped
prior to reprobing. Antibodies: for human APP (cell lysates), clone
6E10, recognizes human Ab5–9, mouse immunoglobulin G 1 (IgG1)
(Calbiochem, San Diego, CA, USA), dil. 1:500; for Ab, clone 6E10,
recognizes Ab5–9, mouse IgG1 (Calbiochem), dil. 1:500; for sAPP
(medium samples), clone 22C11, APP66–81, mouse IgG1 (Millipore,
Billerica, MA, USA), dil. 1:500; for sAPPbswe and sAPPbwt (medium
samples), Ab generated at H. Lundbeck A/S (Valby, Denmark) by
immunization of rabbits with conjugates of KLH and 6 C-terminal
amino acids of sAPPbswe and sAPPbwt, respectively, dil. 1:50; for
sAPPa (medium samples), 6E10 dil. 1:500; secondary Abs, antimouse or anti-rabbit horseradish peroxidase (HRP) conjugate, dil.
1:5000.
Immunocytochemistry
CGCs transfected with APP constructs were subjected to immunoﬂuorescence microscopy for estimation of the transfection
efﬁciency. Cells were washed once in PBS and ﬁxed in 4% paraformaldehyde, followed by permeabilizing in 0.1% Triton X-100.
Immunostaining was performed using the following antibodies:
for huAPPswe, clone 6E10, dil. 1:500; for SEAP–APPswe–EpoR,
clone 8B6, recognizes SEAP, mouse IgG1 (GeneTex, San Antonio,
TX, USA), dil. 1:100, followed by appropriate secondary antibodies
conjugated with either Alexa Fluor 488 or Alexa Fluor 568 (Invitrogen). Nuclei were counterstained with 250 ng/ml H-33342 (Sigma). Fluorescent images were collected and analyzed using
either an MRC-1024 MP laser-scanning confocal microscope (BioRad) or a microscope equipped with an AxioCam charge-coupled
device (CCD) camera (Carl Zeiss, Oberkochen, Germany). Antibodies: secondary, anti-mouse HRP conjugate, dil. 1:500.
Statistics
All experiments are displayed as means of triplicates ± standard
deviations.
One-way analysis of variance and post hoc Student’s t tests
were employed for statistical evaluation using the statistical software GraphPad Prism (version 4.00 for Windows, GraphPad Software, San Diego, CA, USA).

IC50 values were calculated by performing sigmoidal dose–response curve ﬁtting (GraphPad Prism).

Results
Neurons from transgenic mice as model for Ab secretion
The aim of the current study was to develop cellular model systems for the discovery and pharmacological evaluation of BACE1
modulators or inhibitors. A model for disbalanced Ab generation
that is frequently used in pharmacological research is transgenic
mice overexpressing human APP variants. To closely simulate the
pharmacological properties of this in vivo test system, CTX neurons
were prepared from transgenic mice carrying the Swedish mutation of the 695-amino-acid isoform of APP (APPswe = KM ? NL exchange at the amino acid position 595/596). The variant leads to a
signiﬁcantly higher BACE1-mediated cleavage of APP and was chosen here because of its advantages for a sensitive cellular BACE1 assay and because of its extensive description in the literature.
Initially, CTX neurons prepared from APPswe transgenic mice were
examined as a quasiphysiological reference system. To measure
APP processing under kinetically deﬁned conditions, the cell culture medium was changed at day 3, 4, 5, or 6 to measure the
amount of peptide secreted into the fresh medium during the following 24 h. We observed increasing generation of Ab1–40 during
maturation of the neuronal cultures, with 24-h period production
values ranging from 100 pg/ml at 3 DIV, to more than 200 pg/ml
at 4 DIV, to 400 pg/ml at 5 DIV, to a stable Ab generation in cultures
older than 6 DIV (600 pg/ml within 24 h). For further experiments,
we chose to measure peptide secretion within the 24-h period between days 6 and 7 after plating of the neurons. Under these conditions, approximately 60 pg of Ab1–40 and 8 pg of Ab1–42 were
produced by approximately 100,000 neurons (Fig. 1A and B). Thus,
the ratio of Ab1–40/Ab1–42 was roughly 7:1, which is in accordance
with data from the literature. For the pharmacological characterization of the role of b-secretase and c-secretase in Ab generation
in this system, we used two potent and selective BACE1 inhibitors,
designated here as IPAD and AQD (Fig. 1C), and the potent c-secretase inhibitor DAPT [33] (not shown). All compounds led to a concentration-dependent and nearly complete inhibition of Ab1–40 and
Ab1–42 generation. Most important, the IC50 values for the BACE1
inhibitors (Fig. 1A and B) and for DAPT (90 nM) were in the range
expected for these compounds in a cellular test system.
Although CTX neurons correspond most closely to the brain region affected in AD, we also evaluated CGCs as an alternative culture system with related pharmacological properties but large
technical advantages (e.g., homogeneity, yield, postnatal preparation, genetic manipulation). CGCs from APPswe transgenic mice
produced Ab1–40 already during the initial 24 h after plating. During the following 6 days, the production per day increased from
100 pg/ml after 24 h to approximately 500 pg/ml for 200,000 cells
at 3 DIV, where it stayed relatively constant for the following culture days. For further measurements, we chose the period between
days 3 and 4 past plating to evaluate BACE1-dependent APP processing. Under these conditions, approximately 50 pg of Ab1–40
and 10 pg of Ab1–42 were produced by approximately 200,000 neurons (Fig. 1D and E). For the pharmacological characterization of
the role of secretases in this system, we used IPAD, AQD, and DAPT.
All compounds behaved pharmacologically as would be expected
from a suitable test system (Fig. 1D and E; IC50 DAPT = 120 nM).
The production capacity for Ab peptides, as well as the pharmacological properties of the system, suggests that CGCs can form a robust basis for a cellular BACE1 assay. However, the transgenic CGCs
have some technical disadvantages such as their ﬁxed background
and the requirement for large transgenic breeding stocks. Also,
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Fig. 1. Inhibition of Ab1–40 and Ab1–42 generation in neurons by BACE1 inhibitors IPAD and AQD. CTX neurons (A,B) and CGCs (D,E) isolated from transgenic mice
overexpressing human APP with Swedish mutation were incubated with BACE1 inhibitors at concentrations as indicated. After 24 h, secreted Ab was measured from the
supernatant medium by ELISA speciﬁc for Ab1–40 (A,D) or Ab1–42 (B,E). (C) Chemical structures of IPAD and AQD. The following IC50 values were calculated for IPAD and AQD,
respectively: (A) 40 and 70 nM; (B) 45 and 75 nM; (D) 30 and 60 nM; (E) 35 and 65 nM.

many transgenic APP mice used as AD models, including the ones
used here, harbor additional modiﬁed genes such as mutated
c-secretase.
Transient transfection of CGCs with APP constructs as a model for APP
processing
We tested an alternative approach by using wild-type CGCs
transfected with the human APP gene of interest. In a ﬁrst step,
the efﬁciency of different transfection methods was optimized
using GFP as a target construct. Different liposome transfection approaches never yielded more than 5% transfected neurons. Therefore, we optimized the gene transfer by electroporation and
ﬁnally achieved transfection efﬁciencies of 40 to 60% using Amaxa

nucleofection. This method was also suitable for overexpression of
APPswe, which was expressed in more than 40% of nucleoporated
CGCs as assessed by immunostaining and GFP cotransfection
(Fig. 2A). This new model of CGCs expressing APPswe was characterized biochemically; human APP was processed correctly along
the relevant pathways in CGCs to yield sAPPa, sAPPb (Fig. 2B),
and Ab (Figs. 2C and 3A) in the supernatant. As expected, an
increasing extent of inhibition of BACE1 (by IPAD) resulted in
decreasing levels of sAPPb secretion. Interestingly, the total
amount of sAPP remained relatively constant, and we found that
this is due to a relative increase of sAPPa under conditions of
BACE1 inhibition (Fig. 2B). Notably, the total sAPP in our experiments contains ectopic human and endogenous murine protein
due to cross-reactivity of the antibody used, whereas the detection
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Fig. 2. BACE1-dependent cleavage of huAPPswe in CGCs after gene expression
following electroporation. (A) CGCs transfected with huAPPswe were ﬁxed after
48 h and stained. Nuclei are visualized with H33342 (red in the fusion image) and
APP with the human APP-speciﬁc antibody 6E10 (green in the fusion image). The
image width corresponds to 70 lm. Western blot (right) shows expression of
huAPPswe protein in neurons transfected with APP or cotransfected with APP plus
GFP (indicated by arrow) but not in control cells transfected with GFP only. (B) CGCs
were transfected with huAPPswe and cultured for 3 days. Then the medium was
changed to administer IPAD at the concentrations indicated, predissolved or not
(con.) in the same volumes of dimethyl sulfoxide (DMSO). After 24 h, the medium
was collected to measure secreted sAPP species by immunoblot. Total sAPP (sAPPa
and sAPPb) was detected using antibody 22C11, sAPPa was detected using antibody
6E10, and sAPPb was detected using a cleavage site-speciﬁc APPswe antibody. (C)
CGCs were cotransfected with huAPPswe and siRNA for BACE1 or scrambled control
(con.) at the concentrations indicated. After 48 h, the medium was collected to
measure secreted human Ab1–40 by ELISA (diagram). BACE1 mRNA levels were
measured by real-time PCR. (D) The medium from the same experimental setup as
in panel C was used in an ELISA speciﬁc for human sAPPb. (C,D) Data are means ±
standard deviations of three different experiments and are presented in relation to
scrambled control siRNA.

for sAPPa and sAPPb was speciﬁc for human protein. For further
validation, we exploited the fact that additional nucleic acid frag-

Fig. 3. Inhibition of Ab generation in wild-type CGCs by BACE1 inhibitors. CGCs
transfected with human APPswe (A), CGCs transfected with human APP (B), and
nontransfected CGCs (C) were cultured for 3 days and then incubated in fresh
medium with BACE1 inhibitors at the concentrations indicated for 24 h. Secreted
Ab1–40 was measured from the supernatant medium by ELISA for human Ab1–40
(A,B) or rodent Ab1–40 (C). The following IC50 values were calculated for IPAD and
AQD, respectively: (A) 15 and 80 nM; (B) 10 and 40 nM; (C) 10 and 40 nM.

ments can be introduced into the cells together with APP expression plasmid during electroporation. To demonstrate the
essential role of BACE1 in the model system we cotransfected cells
with siRNA for BACE1 (or control siRNA) and APPswe. After 48 h,
we observed a speciﬁc down-regulation of BACE1 mRNA by 60 to
70%, which was paralleled by a reduction of Ab secretion of approximately 50 to 60% (Fig. 2C) and of sAPPb by up to 80% (Fig. 2D).
BACE1 activity could not be down-regulated further by this approach, most likely due to the known long half-life (8 h) of the enzyme and the maximal transfection efﬁciency of 60 to 70% for
siRNA in CGCs.
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Pharmacological validation of BACE1-dependent processing of human
APP in murine CGCs
After the basic biochemical examination, Ab generation was
characterized meticulously. We detected signiﬁcant amounts of
human Ab (100 pg/ml produced by 1 million cells) in medium samples already after 24 h. During the following 3 days, the production
per day stayed relatively constant in the 350 pg/ml/24 h range and
then started decreasing. For all further experiments, we measured
Ab generation in the 24- to 72-h period after transfection. Under
these conditions, approximately 80 pg of Ab1–40 (Fig. 3A) and
6 pg of Ab1–42 (data not shown) were produced within 48 h. Thus,
the ratio of Ab1–40/Ab1–42 was roughly 12:1, which is in accordance
with data for neurons with normal c-secretase.
For the pharmacological characterization of the role of c-secretase in Ab generation in this system, we used four potent and selective c-secretase inhibitors: DAPT [33], GSI-18 [34], GSI-19 [35], and
LY450139 [36]. All compounds led to a concentration-dependent
and nearly complete inhibition of Ab1–40 and Ab1–42 generation
with IC50 values of 60, 0.5, 0.2, 125 nM, respectively.
Ab secretion was also inhibited in a concentration-dependent
manner by both IPAD and AQD (Fig. 3A). To investigate whether
the Swedish mutation in APP affected the pharmacological activity
of BACE1 inhibitors in that model system, the same experiment
was repeated with APPwt-overexpressing CGCs and revealed similar IC50 values (Fig. 3B). Compared with APPswe, APPwt expression
resulted in a threefold lower Ab peptide production. As a ﬁnal validation, we examined whether the transfection stress itself or the
use of human APP in murine cells may affect data obtained with
BACE1 inhibitors. For this purpose, nontransfected CGCs were treated with the two BACE1 inhibitors, and production of endogenous
murine Ab was measured. The similarity of the inhibition curves
and IC50 values compared with human APPswe transfected cells
clearly indicates that overexpression of APPswe is a representative
model for endogenous APP processing (Fig. 3C). Notably, the antibodies used in the ELISA for human Ab do not cross-react with
murine Ab. Thus, endogenous Ab is usually not detected in transfected neurons. In conclusion, endogenous production of murine
Ab alone may be an important and useful model system for certain
questions provided that a method for detection of murine Ab is
available. However, for many laboratories, the high costs of such
ELISA kits for Ab detection preclude their use. The results obtained
with nucleofected cells clearly indicate that primary CGCs serve as
a suitable system to study mechanistic aspects of APP processing
by genetic overexpression or knockdown of targets of interest.

terization, the SEAP–APPswe construct was cotransfected together
with siRNA for SEAP, APPswe (not shown), or BACE1 (Fig. 4B). The
former two siRNAs served as internal positive controls. They
showed the expected effect of a strong reduction of SEAP secretion
and inhibition of Ab production (APPswe siRNA by 80%). In view of
these well-working controls, it was surprising that BACE1 knockdown had no signiﬁcant effect on SEAP secretion, although Ab1–40
secretion was reduced by more than 50% (Fig. 4A) and also BACE1

Use of SEAP for enzymatic detection of cellular BACE1 activity
For pharmacological purposes, it is highly desirable to render a
cellular BACE1 assay as speciﬁc as possible. In the assay variants
presented above, c-secretase inhibitors also interfered with the assays, with the only exception being the measurement of sAPPb
(Fig. 2B and D). However, the Western-blot-based detection method allows only limited quantitative information and puts a high
strain on resources, as does the sAPPb ELISA. Therefore, we designed an assay system based on the enzymatic measurement of
SEAP activity as a surrogate for secreted APP. For this purpose,
the N-terminal part of APP in our expression constructs was substituted for SEAP. The new plasmid was initially tested in HEK293
cells. These allowed rapid biochemical and pharmacological validation because they express human BACE1 and c-secretase but only
very limited amounts of endogenous APP. On transfection of an
SEAP–APPswe fusion construct, we found high SEAP activities
and Ab amounts to be secreted into the cell culture medium in a
strictly time- and cell-number-dependent way. Ab and SEAP secretion correlated well with one another (Fig. 4A). For a basic charac-

Fig. 4. Characterization of the fusion protein construct SEAP–APPswe with siRNA
and BACE1 inhibitors. (A) HEK293 cells were transfected with SEAP–APPswe and
seeded at different cell numbers per well. Samples were taken from the supernatant
at the time points indicated, and SEAP activity was determined. (B) HEK293 cells
were transfected with SEAP–APPswe only or were cotransfected with siRNA for
SEAP, APPswe, or BACE1, the medium was changed after 24 h, and it was sampled
after an additional 24 h. At 24 h after the medium change, secreted Ab1–40
concentrations and SEAP activity were measured in the medium and normalized
to controls. (C) HEK293 cells were transfected with SEAP–APPswe, and after 24 h
the medium was changed and BACE1 inhibitors IPAD and AQD were added at the
concentrations indicated before medium SEAP activity was determined 24 h later.
The calculated IC50 value for IPAD was 50 nM (Ab1–40), and that for AQD was 110 nM
(Ab1–40 and SEAP).
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mRNA was reduced by 50% (not shown). When the BACE1 inhibitors IPAD and AQD were used as established and potent pharmacological tools, again SEAP release was hardly inhibited even at the
highest inhibitor concentration, whereas Ab1–40 secretion was
strongly blocked (Fig. 4C). Taken together, these ﬁndings indicate
that SEAP secretion under these conditions was less strictly BACE1
dependent than Ab formation. A likely explanation is that SEAP,
like sAPP, is secreted not only due to BACE1 activity but also due
to a-secretase activity (Fig. 5A and B). To circumvent this problem,
the SEAP–APP constructs were optimized accordingly (Fig. 5C and
D).
Validation of APP constructs with a-cleavage site mutation in HEK293
cells
Because a-secretase activity is constituted of various enzymes
with distinct enzymatic properties, the a-cleavage consensus sequence is not sharply deﬁned [45,46]. Nevertheless, several APP
mutations that render APP a less good substrate of a-secretase
have been described [46–48]. However, cleavage is only partially
reduced, and some of the mutations strongly affect the structure
of APP or Ab. To improve on this situation, here we tried various
mutations within the a-secretase recognition sequence (Ab amino
acids 14–21) that may be useful for a selective BACE1 assay. Mu-

Fig. 5. Description of APP constructs introduced in this study. (A) APPswe encodes
here for the APP isoform with 695 amino acids and the double mutation K595N/
M596L under the control of a CMV promoter. It is processed canonically by b- and
a-secretases, generating an N-terminal sAPPa or sAPPb fragment (N-term) and a
C-terminal C99 or C83 fragment (C-term), respectively. The C-terminal fragment
generated by BACE1 is further cleaved by c-secretase to generate Ab. (B–D) Here
part of N-term was substituted by SEAP to generate SEAP–APP fusion proteins. Both
SEAP–APPswe and SEAP–APPwt contain all three cleavage sites for a-, b- and
c-secretases. (C) SEAP–APPwt–AbK16V (K612 V) has a mutated a-cleavage site and
wild-type cleavage sites for b- and c-secretases. (D) SEAP–APPswe–EpoR has the
a- and c-cleavage sites deleted by substitution of the C terminus of APP for the
EpoR transmembrane domain and, therefore, contains only the b-cleavage site.

tants of SEAP–APP were tested in an initial prescreen on transfected HEK293 cells based on their property to facilitate inhibition of
SEAP secretion by IPAD. For instance, lysine (K) at position 16 of Ab
(position 612 in APP 695) was substituted by a charged glutamate
(E) or hydrophobic valine (V). Finally, we focused on the AbK16V
mutation (Fig. 5C), which was most promising (not shown). In cells
expressing the SEAP–APPwt–AbK16V construct, inhibition of SEAP
secretion by BACE inhibitors was nearly complete (Fig. 6). Most
important, inhibition of SEAP by IPAD and AQD correlated to a high
degree with inhibition of Ab formation. This single amino acid
mutation construct, therefore, provided proof of principle that a
cellular assay that selectively detects inhibitors and modulators
of BACE1 can be constructed. The disadvantage of this approach
was that the measurable SEAP activity and Ab release were low
(1–5% compared with wild type) and assay variation was accordingly high when using the construct without BACE1 cotransfection.
Substitution of a- and c-cleavage sites of APP for generation of BACE1dependent assay system in HEK293 cells
The entire a-site, transmembrane domain, and C-terminal AICD
were replaced by the membrane spanning domain of the EpoR to
generate a membrane protein construct containing only a BACE1
cleavage site (Fig. 5D). This construct underwent a basic characterization in HEK293 cells. Following transfection, SEAP was secreted
into the medium also in a strictly time- and cell-number-dependent way (Fig. 7A). Secreted SEAP activity was again strongly reduced on cotransfection with SEAP siRNA or APPswe siRNA (not
shown). The reduction in SEAP secretion correlated with the strong
knockdown effect on mRNA levels in comparison with cells
cotransfected with siRNA against GFP only (Fig. 7B). In contrast
to constructs with intact a-site, BACE1 siRNA treatment resulted
in a clear-cut reduction in SEAP secretion of SEAP–APPswe–EpoR
cells. These observations demonstrate that BACE1 is decisively involved in SEAP–APPswe processing in this new type of assay system (Fig. 7B). This was further tested by a pharmacological
approach; IPAD and AQD inhibited SEAP secretion in SEAP–APPswe–EpoR cells, with similar IC50 values as in the systems described earlier (Fig. 7C), whereas the c-secretase inhibitor
LY450139 (up to 10 lM) had no effect (not shown). The system
showed some residual SEAP secretion that could not be blocked

Fig. 6. Characterization of SEAP–APPwt–AbK16V. HEK293 cells were cotransfected
with SEAP–APPwt–AbK16V and BACE1, and after 24 h BACE1 inhibitors IPAD and
AQD were added by a medium change at the concentrations indicated. Then, 24 h
after the medium change, secreted Ab1–40 concentrations and SEAP activity were
measured in the medium and normalized to controls. The calculated IC50 values
for IPAD were 25 nM (Ab1–40) and 15 nM (SEAP), and those for AQD were 85 nM
(Ab1–40) and 80 nM (SEAP).
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A neuronal model to selectively study BACE1 activity and its
pharmacological modulation
We transferred the SEAP constructs validated in HEK293 cells to
primary CGCs. First, SEAP–APPswe was characterized after transfection into neurons. IPAD and AQD inhibited Ab secretion to a
large extent (by 80%), whereas SEAP release was only partially
inhibited (40–60%) (Fig. 8A). Thus, also here a-secretase appears
to interfere with the assay, but less strongly than in HEK293 cells.
Therefore, SEAP–APPswe–EpoR was tested as an alternative. The
transfection efﬁciency was approximately 40% (Fig. 8B), that is,
similar to nonmodiﬁed APP constructs. The two BACE1 inhibitors
now resulted in a reduction of SEAP release by 80% (Fig. 8C), the
system showed little variation, and the pharmacological character-

Fig. 7. Characterization of SEAP–APPswe–EpoR. (A) HEK293 cells were transfected
with SEAP–APPswe–EpoR and seeded at different cell numbers per well. Samples
were taken at the time points indicated, and SEAP activity was determined. (B,C)
HEK293 cells were cotransfected (B) with SEAP–APPswe and siRNA for GFP, SEAP,
APPswe, or BACE1, followed by a medium change after 24 h, or were transfected
with SEAP–APPswe only (C), followed after 24 h by a medium change with the
addition of BACE1 inhibitors IPAD and AQD at the concentrations indicated. Then,
24 h after the medium change, secreted Ab1–40 concentrations and SEAP activity
were measured in the medium and normalized to controls (siRNA for GFP in panel
B; no inhibitor in panel C). The calculated IC50 values for IPAD and AQD were 20 and
75 nM, respectively.

either by BACE1 inhibitors or by the unspeciﬁc a-secretase inhibitor GM6001 (at 10 lM). A large technical advantage of the system
(e.g., for larger screens) was the high secreted SEAP activity and
high robustness, which resulted in small experimental errors
(Fig. 7C).

Fig. 8. Inhibition of cleavage of SEAP–APP fusion proteins in CGCs. CGCs were
transfected with SEAP–APPswe (A) or SEAP–APPswe–EpoR (C). After 48 h, the
medium was changed and BACE1 inhibitors were added at the concentrations
indicated. Secreted Ab1–40 (A) and SEAP activity (A,C) were measured in the
medium. The calculated IC50 values for IPAD were 15 nM (Ab1–40) and 115 nM
(SEAP) (A) and 35 nM (Ab1–40) (C), and those for AQD were 80 nM (Ab1–40) and 190
nM (SEAP) (A) and 85 nM (SEAP) (C). (B) CGCs transfected with SEAP–APPswe–EpoR
for 48 h were ﬁxed and stained for SEAP and DNA. Nuclei were visualized with
H33342 (red in the fusion image). SEAP staining is shown in the green channel in
the merged image. The transfection efﬁciency (i.e., percentage of neurons expressing SEAP) was approximately 40%. The image width corresponds to 70 lm.
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istics of the compounds were similar to those found in the assay
systems described above. These results indicate that the system
composed of primary CGCs transfected with the SEAP–APPswe–
EpoR construct allows the study of BACE1 activity and its direct
or indirect pharmacological modulation in the natural environment of a neuronal cell.

Discussion
Ab is one of the most prominent biochemical markers of AD
pathology, even though a direct causal relationship between the
overproduction of Ab and the etiology of this neurodegenerative
disorder still awaits pharmacological validation. Such conﬁrmation
could be achieved if BACE1 inhibitors would slow disease progression in humans, and the search for such therapeutically active
compounds is a major focus of AD drug discovery. Currently available test systems that measure cellular BACE1 activity, such as
nonmammalian cells [49,50], allow only low throughput or are
based on labor- and cost-intensive detection methods such as
high-performance liquid chromatography (HPLC), ELISA, and Western blot [51,52]. In the current study, we have presented novel approaches to BACE1 activity screening that use the normal neuronal
environment of the protease and allow high throughput at low
cost. These test systems allow both basic cell biological studies
on the upstream regulation of BACE1 activity and speciﬁc assessment of pharmacological or genetic interventions. With respect
to the substrates presented here, it needs to be noted that many
potentially important functional domains of APP are lost. For instance, the EPO-R construct may be artiﬁcially tethered to the plasma membrane or may show trafﬁcking behavior different from
that of normal APP with its membrane domain and intracellular
C-terminal tail of APP.
Validation of a reference model
Genetically modiﬁed mouse strains have allowed elegant studies on overexpression or knockdown of targets of interest in the
ﬁeld of AD research. To boost the generation of detectable Ab plaques in the brain, APP overexpression was combined in mice with a
mutation in the presenilin gene of c-secretase. Moreover, to circumvent the problem of low endogenous basal Ab release, transgenic mice overexpressing the human Swedish form of APP
instead of APPwt were generated [37]. The Swedish mutation speciﬁes an amino acid exchange in the b-secretase cleavage site of APP
and results in an elevated cleavage rate, thereby extending the
detection range of the assay systems applied [53]. As a general reference system for our studies, primary neurons obtained from the
CTX lobes of such mice were isolated. In addition, CGCs were introduced as a model system. The latter cells do not reﬂect the region
of brain pathology in AD such as CTX, but they allow postnatal isolation, higher cell yields, and reproducible postisolation genetic
manipulations of a very homogeneous neuronal population. Similar to previous literature data [54], the ratio between Ab1–40 and
Ab1–42 was approximately 7:1 in CTX obtained from APPswe transgenic mice. CGCs showed a more pronounced (ratio of 5:1) formation of Ab1–42, which is generally considered as the more
‘‘toxic” and more aggregation-prone form. An essential observation
with regard to the robustness of the model was our ﬁnding of similar IC50 values for two BACE1 inhibitors in CTX and CGCs from
huAPPswe transgenic mice (Fig. 1). These cellular IC50 values also
resemble the literature data obtained on isolated BACE1 enzyme
[31,32]. The two inhibitors used in the current study (IPAD and
AQD) are typical peptide-based substrate analogues in which the
characteristic amide bond is replaced by a noncleavable transition
state isostere. This class of inhibitors revealed high speciﬁcities and

potencies in our reference models, as predicted by previous studies
for IPAD [52]. Until now, AQD had been only little characterized on
cellular systems, and our studies on primary neurons extend the
pharmacological knowledge on both compounds. Notably, cell viability following treatment with the BACE1 inhibitors was routinely
controlled in all of our studies and was not signiﬁcantly affected.
Thus, neuronal cultures from APPswe transgenic mice indeed
worked well as a reference model. However, this system is severely
limited in its ﬂexibility (e.g., for additional genetic interventions)
and requires a very extensive infrastructure for neuronal supply
and analysis of Ab.
Primary wild-type CGCs as alternative test system
For the establishment of a more versatile cellular model, the
observations made with huAPPsw transgenic CTX neurons and
CGCs served as a general reference standard. As a variable alternative, primary CGCs obtained from wild-type mice were introduced,
and these cells were transfected with different APP overexpression
constructs or siRNA. With a reproducible transfection efﬁciency of
more than 40% and an siRNA knockdown efﬁciency of approximately 60 to 70%, this system represents a highly ﬂexible model
to study the impact of the various components and modiﬁcations
of the APP processing cascade (Fig. 2). Most important, for a potential application of the model in BACE1 inhibitor candidate testing,
the observed IC50 values obtained with IPAD or AQD were in accordance with data obtained in our reference model. Direct comparison of Ab1–40 generation in APPwt versus APPswe transfected cells
revealed a threefold higher production of Ab1–40 when APPswe was
transfected (Fig. 3A and B). Notably, only half the amount of APPswe plasmid compared with huAPPwt was used. Thus, one may assume that the Swedish mutation results in a sixfold higher Ab1–40
release compared with the wild type, which is similar to previous
results [55]. Employment of the Swedish mutant, therefore, allows
higher assay sensitivity without compromising speciﬁcity.
HEK293 cells as platform for assay optimization
One of the primary intentions of the current study was the substitution of the cost- and labor-intensive detection of Ab, typically
performed by ELISA, HPLC, or Western blot analysis, by a simple
readout system. In alternative assay systems, optimized BACE1
substrates that become ﬂuorescent on cleavage have been described. However, this kind of approach appears to be suitable only
for pure biochemical test systems [56]. Instead, we modiﬁed an approach that had already been tested successfully in an a-secretase
assay [57]. The N terminus of APP was substituted by alkaline
phosphatase, and the enzymatic activity of SEAP released into
the cell culture supernatant was used as an alternative readout
for the proteolytic action of BACE1. The use of SEAP as a reporter
enzyme has the advantage over other alternatives that its activity
is detected at pH 10.5. This assay condition almost completely precludes the involvement of other cellular phosphatases.
For a general test of the suitability of SEAP–APPswe fusion constructs as BACE1 reporters, HEK293 cells were used. Although of
nonneuronal origin, HEK293 cells have been successfully applied
in studies examining BACE1 overexpression and activity [58]. Furthermore, this cell type has been described as expressing APP in
addition to functional a-, b-, and c-secretase activities allowing
the sequential proteolytic processing of Ab [6,10,59,60]. We corroborated these ﬁndings by our observation that overexpression
of APPswe in HEK293 cells allowed Ab synthesis that was efﬁciently inhibited by the BACE1 inhibitors IPAD and AQD (Fig. 4B).
Unfortunately, both inhibitors had only marginal effects on SEAP
release. The reason for this ﬁnding is that the SEAP assay cannot
distinguish between fusion proteins released by BACE1 activity
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and other proteins, only some longer amino acids released by
a-secretase activity. Such a-secretase activity is very pronounced
in HEK293 cells [10], but it also contributes to a signiﬁcant amount
of sAPP release in neuronal cells (Fig. 2). Inhibition of BACE1 further increased a-secretase activity in neuronal cells, as indicated
by higher amounts of sAPPa in the presence of a BACE1 inhibitor
(Fig. 2B). The situation may be even more complicated under some
assay conditions allowing for additional regulations of a-secretase
activities, for instance, by stimulation of protein kinase C [61,62].
In this context, it must be remembered that a-secretase cleavage
is not limited to a single protease but rather can be mediated by
a variety of enzymes such as ADAM10, -11, or -17 [63,64]. It is also
noteworthy that BACE2, a close homologue of BACE1, comprises
a-secretase activity and, therefore, can prevent Ab formation. In
our attempt to generate an exclusively BACE1-dependent assay
system with SEAP as a functional readout, our ﬁrst solution was
the use of an APPwt overexpression construct carrying a point
mutation in the a-cleavage site (Fig. 5). Expression of this construct
in HEK293 cells allowed the parallel detection of SEAP and Ab release into the medium and, therefore, permitted a direct comparison between the two assays (Fig. 6). The results (similar IC50 values
and strong BACE1 dependency) indicated that elimination of the
a-secretase cleavage site was basically the right approach. However, the overall assay window was limited by relatively poor
BACE1 activity under these conditions. The assay showed relatively
large standard deviations and worked optimally only when BACE1
was expressed ectopically in the same cells. Therefore, we looked
for other possibilities to get rid of the a-cleavage site. In addition,
we sought to also eliminate the c-cleavage site to make the assay
absolutely monospeciﬁc for BACE1. In some other assay systems,
c-secretase inhibitors have been shown to modify Ab release
[65,66].
A novel APP fusion protein allowing selective detection of BACE1
activity
To avoid such complications altogether, a new APPswe construct was generated where the entire a- and c-secretase cleavage
sites were replaced by the transmembrane region of the EpoR. Use
of this vector allowed the release of SEAP into the supernatant,
which was strictly dependent on BACE1 activity (tested by inhibitors and siRNA), and allowed a highly sensitive assay. Residual
activity of approximately 20% did not affect the assay sensitivity
negatively and was not blocked by BACE1 inhibitors either by the
additional use of the a-secretase inhibitor GM6001 or by other
unspeciﬁc inhibitors (not shown). The construct worked equally
well in HEK293 cells and when introduced into neurons.
Outlook
These newly introduced models of APPswe fused with alkaline
phosphatase as an alternative readout can be applied in various
areas of AD research. For questions that depend on a typical neuronal architecture and that might involve the role of intracellular
localization and trafﬁcking, primary CGCs in combination with
the SEAP–APPswe constructs and siRNA would be the cellular
model of choice. For other questions that require higher throughput capacities (e.g., testing of novel potential BACE1 inhibitory
compounds), the HEK293 model described in this work provides
the advantages and complexity of a human cell system that allow
an orchestrated processing of APP and might be a reproducible
cost- and labor-efﬁcient alternative for the assessment of BACE1
activity. An alternative ﬁeld of application could be the testing of
various siRNA libraries to identify enzymes or receptors that are involved in the regulation of BACE1 expression or localization.
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