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Introduction

The membrane-bound enzyme b-secretase plays a key role
in the processing of the amyloid precursor protein (APP) to
generate amyloid b (Ab)-peptides, the major protein com-
ponents of plaques in Alzheimer�s disease.[1] The transmem-

brane protein b-site APP cleaving enzyme 1 (BACE1) was
discovered to have the predominant b-secretase activity in
human brain.[2] BACE1 and APP are co-localized in the
membrane, where BACE1 cleaves off the soluble, N-termi-
nal fragment sAPPb. Subsequent cleavage of the remaining
99 amino acid C-terminal APP fragment by the g-secretase
complex produces Ab-peptides. b-Secretase inhibitors are of
interest as potential therapeutics for Alzheimer�s disease.[3]

BACE1 has been located at the Golgi network, in endo-
somes and at the cell surface.[4] BACE1 is transported be-
tween cell membrane and endosomes by endocytosis. The
amyloidogenic cleavage of APP by BACE1 can occur in
lipid rafts.[5] Lipid rafts are structural domains of the mem-
brane enriched in cholesterol, sphingolipids, and certain pro-
teins.[6] For efficacy in living cells, BACE inhibitors either
have to cross two membranes, or have to be anchored in the
outer leaflet of the cell membrane before the endosome is
generated by endocytosis. Certain sterols, such as cholesterol
and dihydrocholesterol (Dhc-OH), partition selectively into
the lipid rafts on their interaction with membranes.[6] We
call compounds displaying such affinity “raftophiles”. Based
on these considerations, we described in 2005 our concept of
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the “tripartite structures”, in which b-secretase inhibitors
(or differerent pharmacophores for further applications) are
targeted to the lipid rafts by linking them through an appro-
priate spacer to a membrane anchor (Figure 1).[7]

Rapid cellular internalization, accumulation in endo-
somes, and raft partitioning of a prototype tripartite peptidic
transition state b-secretase inhibitor has been subsequently
demonstrated by us.[8] Furthermore, the tripartite structure
was shown to efficiently inhibit Ab production in transfected
cells and in vivo in transgenic mice. Importantly, the potency
of the membrane targeted inhibitor was markedly improved
as compared to the free inhibitor, providing a compelling
“proof of principle” for our tripartite concept.[8]

In the present study, we describe in detail the solid-phase
synthesis of a series of tripartite structure compounds, their
full characterization by NMR spectroscopy, and the analysis
of their biological activity in cell-based assays. As a continu-
ation of our previous work using the original peptidic proto-
type tripartite BACE inhibitor,[8] the present detailed study
provides answers to the following fundamental questions:

1. Is the tripartite structure concept applicable to a differ-
ent, non-peptidic small molecule pharmacophore?

2. Is there an optimal spacer length for highly efficient
BACE inhibition?

3. Do the compounds work equally well in primary neuro-
nal cells without causing neurotoxicity?

4. Are tripartite inhibitors equally efficient on the Ab gen-
eration from wild-type APP and from APP carrying the
Swedish double mutation (KM-NL 670/671), which is
known to increase the BACE-dependent Ab production
considerably?[9]

5. Are the concentrations of different N- or C-terminal var-
iants of Ab reduced to the same extent by a tripartite
structure BACE-inhibitor?

Results and Discussion

Two known inhibitors have been used for this study: The
commercial transition state mimic 1 (GL 189 from Calbio-
chem/Merck), which completely inhibits BACE in vitro at
5 mm in assays based on solubilized membrane frac-
tions,[3b, 10,11] and the lysine derivative 2 (Elan Pharmaceuti-
cals/Pharmacia & Upjohn).[12]

Dihydrocholesterol has been used as membrane anchor
and has been introduced by esterification of 9-
fluorenylmethoxycarbonylACHTUNGTRENNUNG(Fmoc)-protected tert-butyl aspar-

tate 3 using 1-(2-mesitylenesulfonyl)-3-nitro-1H-1,2,4-tria-
zole (MSNT) (Scheme 1).[13] Subsequent cleavage of the tert-
butyl ester 3 a afforded 4. The Fmoc-protected aspartate

with dihydrocholesterol in its side chain represents a build-
ing block useful for solid-phase peptide synthesis.

To reach the active site of the enzyme, the inhibitor must
be present at a certain distance from the membrane. Thus,
linkage of the raftophile building block 4 and inhibitor 1 has
been achieved by using the amino(oligoethyleneglycol)car-
boxylic acids H-3Gl-OH and H-4Gl-OH as spacer frag-
ments, which are commercially available as their N-Fmoc
derivatives 5 and 6 (Scheme 2; H-3Gl-OH: 12-amino-4,7,10-

Figure 1. General principle of the tripartite structures consisting of mem-
brane anchor (raftophile), spacer and pharmacophore (inhibitor).

Scheme 1. Synthesis of the membrane-anchor building block 4. Reagents
and conditions: a) MSNT, N-methylimidazole, dihydrocholesterol,
CH2Cl2, RT, 4 h (84 %), (Dhc =Dihydrocholesten-3-yl); b) CF3COOH,
CH2Cl2, RT, 75 min (85 %).

Scheme 2. Spacer building blocks: Fmoc-protected amino(oligoethylene-
glycol)carboxylic acids Fmoc-3Gl-OH (5) and Fmoc-4Gl-OH (6) and flu-
orophore label: Fmoc-Glu ACHTUNGTRENNUNG(Rho)-OH (7).
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trioxadodecanoic acid; H-4Gl-OH: 15-amino-4,7,10,13-tet-
raoxapentadecanoic acid). These compounds represent per-
fect building blocks for the spacer because they have low
toxicity, are stable to biodegradation, provide high solubility,
and enable the construction of spacers with defined length
by peptide coupling.

To detect the membrane-anchored inhibitors in biophysi-
cal assays, fluorophore-labeled derivatives of our tripartite
structures have been prepared (see below). Coupling of
rhodamine B piperazide[14] to Fmoc-Glu-OtBu followed by
ester cleavage with trifluoroacetic acid (TFA) provided
Fmoc-GluACHTUNGTRENNUNG(Rho)-OH (7) (Scheme 2).

From these building blocks our tripartite structures 8
could be prepared using solid-phase peptide synthesis (PAL-
PEG-PS resin (PAL: peptide amide linker; PEG: polyethy-
lene glycol; PS: polystyrene), 1-[bis(dimethylamino)methy-
lene]-1H-1,2,3-triazoloACHTUNGTRENNUNG[4,5-b]pyridinium 3-oxide hexafluoro-
phosphate (HATU) and 1-[bis(dimethylamino)methylene]-
1H-benzotriazolium 3-oxide hexafluorophosphate (HBTU)
activation)[15] (see Experimental Section and Table 1). The
peptides 8 a–i and 9 were purified by preparative HPLC and
characterized by mass spectrometry. For peptide 8 e, a full
assignment of the 1H and 13C NMR spectra has been ach-
ieved by 2D-NMR spectroscopy (COSY, HMBC, HSQC,
ROESY) (Figure 2; see also the Supporting Information).
The NMR spectrum confirmed that compound 8 e was ob-
tained as a single diastereoisomer, which emphasized that
pure compounds have been applied to the bioassays (purity
according to HPLC analysis: >99.9 %). The spacer should
place the inhibitor in an appropriate distance above the
membrane surface to represent an optimal mimic of the
APP cleavage site, which thus shows efficient complex for-
mation with the protease domain of b-secretase.[16,17] Diverse
combinations of the spacer building blocks 5 and 6 led to a
series of tripartite compounds 8 a–8 h with the inhibitor 1 as
pharmacophore and spacer lengths ranging from 0 to 123 �.
For example, the sequence -4Gl-3Gl-4Gl-3Gl-4Gl- in 8 g
provides a spacer of a maximum length of about 89 � (as-
suming an all-trans conformation) by just five peptide cou-
plings. Fluorophore-labeled derivatives of the peptides 8
could also be prepared (see the Experimental Section). The
rhodamine label 7 can conveniently be attached to the N-

terminus through a short linker (bAla-Gly) as executed for
compound 8 g providing 8 g’. The b-alanine provides en-
hanced flexibility and is expected to prevent adoption of un-
wanted secondary structures. The H-Glu ACHTUNGTRENNUNG(Rho) fragment is
stable during peptide cleavage and deprotection, and there-
fore, is applied to label the N-terminus of the peptide chain.
Biophysical studies using peptide 8 g’ confirmed the prefer-
ential partitioning of the membrane-anchored inhibitors into
the raft phase.[8a, 18] Inhibitor 2 was used for the synthesis of
tripartite compound 9, containing a spacer of medium
length (47 �).

For testing the biological activity of the tripartite struc-
tures, we have chosen primary chicken telencephalic neuro-
nal cultures (CTN) and SH-SY5Y cell lines expressing
either tagged human APP695 wild-type (APPwt: wild-type
amyloid precursor protein) or tagged human APP695 carry-
ing the Swedish double mutation KM-NL ACHTUNGTRENNUNG(670/671) (APPsw:
Swedish-mutant amyloid precursor protein). The avian APP
sequence has a high homology to human APP, and the C-
terminal 104 amino acids including the complete Ab-peptide
region are even identical. Furthermore, the chicken embryo
also expresses all enzymes required for Ab generation in-
cluding BACE1 and BACE2.[19] As the primary CTN are not
genetically modified and are of neuronal origin they reflect
physiological brain functions to a greater degree than im-
mortalized cell lines. The transfected SH-SY5Y cell lines are
suitable for comparing Ab generation from wild-type and
Swedish-mutant human APP, and they allow a larger
number of individual measurements required for calculating
reasonable dose-response curves and half-maximal effects
(EC50 values).

The inhibitor 1 (GL 189), the small-molecule inhibitor 2,
and their corresponding membrane-targeted tripartite struc-
tures with 47 � spacers (8 d and 9) were tested at a concen-
tration of 100 nm in all three cell culture models. While the
tripartite structures 8 d and 9 efficiently reduced the secre-
tion of Ab40 in all models, the free inhibitors 1 and 2 had
no effect (Figure 3 A). No significant decrease of formation
of Ab40 was observed for compounds 1 and 2 at concentra-
tions of up to 10 mm in all three cell models (data not
shown). In CTN, compound 9 appeared to be less potent
than in SH-SY5Y cells, and increasing the concentration to

Table 1. Structures and molecular masses (as confirmed by ESI-MS) of the tripartite compounds 8 a–8 i and 9 prepared by solid-phase peptide synthesis.

No. Structure Formula M [g mol�1] Spacer
length [�]

8a H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C75H121N11O17 1448.8 0
8b H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C86H142N12O22 1696.1 18
8c H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C95H159N13O26 1899.4 35
8d H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-3Gl-3Gl-3Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C102H172N14O29 2058.5 47
8e H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C106H180N14O31 2146.6 53
8 f H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-3Gl-3Gl-3Gl-3Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C111H189N15O33 2261.8 63
8g H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C126H218N16O40 2597.2 89
8g’ H-Glu ACHTUNGTRENNUNG(Rho)-bAla-Gly-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C168H270N23O46

+ 3348.1 89
8h H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-3Gl-4Gl-3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C146H256N18O49 3047.7 123
8 i H-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-3Gl-4Gl-NH2 C95H167N15O37 2111.4 89
9 Ts ACHTUNGTRENNUNG(iBu)-Lys ACHTUNGTRENNUNG(Fmoc)-3Gl-3Gl-3Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 C90H141N7O20S 1673.2 47
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1 mm indicated a dose-dependent inhibition of Ab40 produc-
tion (Figure 3 A). Our findings confirm that membrane tar-
geting can substantially improve the potency of a BACE in-
hibitor and indicate that the tripartite concept is also appli-
cable to a non-peptidic small-molecule inhibitor. For analy-
sis of the CTN cell culture supernatants, we employed a
multiplex assay that simultaneously detects the major Ab

variants Ab38, Ab40, and Ab42. As the b-secretase cleavage
of APP generates the N-terminus of Ab, a specific inhibitor
of BACE should not influence the proportions of the differ-
ent C-terminal variants of Ab-peptides. As expected, the
concentrations of all three different Ab-peptides were re-
duced to a similar extent by treating the cells with com-
pounds 8 d or 9 (Figure 3 B).

In agreement with the proposed mechanism of action,
being the direct inhibition of the b-secretase activity, we ob-
served a significant decrease in secreted sAPPb from CTN
and SH-SY5Y APPwt (the assay does not detect sAPPbsw).
This was accompanied by elevated sAPPa suggesting a com-
pensatory increase in a-secretase cleavage (Figure 3 C). The
increase in sAPPa secretion was confirmed in all three cell
types by Western blot analysis (Figure 3 D). The amounts of
the membrane-bound 99 amino acid C-terminal APP frag-
ment (b-CTF) resulting from b-secretase cleavage were ana-

lyzed in lysates from SH-SY5Y cells. As shown in Fig-
ure 3 D, both tripartite structures 8 d and 9 diminished the
cellular C99 b-CTFs, further supporting BACE cleavage to
be targeted by the compounds.

To test for possible toxic effects of the tripartite structures
under investigation, we employed two different cellular via-
bility assays. The MTT assay monitors mitochondrial func-
tionality, the lactate dehydrogenase (LDH) assay membrane
integrity. The absorbance data for CTN cells treated with
compound 8 d or 9 are presented in Figure 4 as percentage
of controls. Statistically significant differences in the mean
absorptions between treated cells and controls (indicating
cytotoxicity) were not apparent in either assay with concen-
trations below 10 mm for compound 8 d and below 100 mm

for compound 9.
To determine the optimal positioning of the inhibitor rela-

tive to the membrane, tripartite structures with spacer
lengths varying from 18 � to 123 � were synthesized. To
gain an initial insight into suitable spacer lengths, the struc-
tures 8 a to 8 i, as well as the free b-secretase inhibitor 1
were tested at a fixed concentration of 100 nm for their abili-
ty to reduce Ab-peptide secretion. A reduction of about 75–
90 % of the secretion of Ab-peptides was achieved with
spacer lengths ranging from 35 to 89 � (Figure 5). The free

Figure 2. HSQC and ROESY spectra (500 MHz, [D6]DMSO) of the peptide 8 e with complete assignments of the signals.
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inhibitor 1, the 18 �-spacer-compound 8 b, and compound
8 i without the membrane anchor were essentially inactive.

The apparent small effect and the relative large variation
observed with the 0 � spacer length presumably derive from

the lower solubility of this compound. Compound 8 h with a
123 � spacer was less efficient than the compounds with
spacers ranging from 35 to 89 �. For an in-depth determina-
tion of the optimal spacer length, four selected compounds

Figure 3. Tripartite structures reduce Ab-peptides in cellular assays by inhibition of b-secretase cleavage. A) Cells were treated for 20 h (CTN) or 4 h
(SH-SY5Y cells) with test compounds, and the supernatants were analyzed with Ab-ECL assays (Ab40 assay for SH-SY5Y cells or Ab-triplex assay for
CTN). In CTN, compounds 1 and 2 were tested in one experiment only, all other tests were repeated at least three times (mean �SD are shown). Ab40
secretion is expressed in% of the 1% DMSO control. B) The concentrations of Ab38, Ab40 and Ab42 in the supernatants from CTN were reduced in
parallel after 20 h treatment with 100 nm of compound 8 d or 1 mm of compound 9. C) Cell culture supernatants of CTN and SH-SY5Y APPwt cells treat-
ed with 100 nm of compound 8d or 9 were analyzed with the ECL sAPPa/b assay. The amounts of sAPPa and sAPPb are shown in percent of the con-
trol. The increase in sAPPa as well as the decrease in sAPPb were statistically significant (one-way ANOVA followed by Tukey�s post test; *: p<0.05;
**: p<0.01; ***: p<0.001). D) After treatment with compounds 8 d and 9 (100 nm and 1 mm, respectively) for 20 h, cell supernatants were collected and
the cells were lysed with Triton X-100 lysis buffer. Proteins of the supernatants and lysates were separated by SDS-PAGE and analyzed by Western blot.
Secreted sAPPa and b-CTF in cell lysates were detected with the monoclonal antibody 1E8.
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(8 c, 8 d, 8 f and 8 g in Table 1) with spacers ranging from 35
to 89 � were tested in serial dilutions with SH-SY5Y APPwt
and SH-SY5Y APPsw cells. The amount of Ab40 secreted
from the treated cells was normalized to percent of the
DMSO controls, and the results from three independent ex-
periments were combined to calculate dose-response curves
and the concentrations resulting in EC50 values by non-
linear regression (Figure 6). The null hypothesis (i.e. all cal-
culated logEC50 values are the same) could be rejected by
extra sum-of-squares F test (p<0.0001 for APPwt and p<
0.001 for APPsw).

In both cell lines, the lowest EC50 values (i.e. the highest
potencies) were observed with compound 8 g (89 � spacer
length) (Figure 6 and Table 2). Interestingly, for both
APPwt and APPsw the rank order of potencies for the four
tested spacer lengths was not linear: the compound with
47 � spacer length showed the second-best potency, whereas
the compounds with 35 � and 63 � spacer lengths were less
efficient. This was observed in each individual experiment
(n=3) per se, as well as in the combined data analysis

shown in Figure 6 and Table 2. Compounds 8 c and 8 f with
35 � and 63 � linkers displayed comparable potencies. Our
findings suggest that the b-secretase cleavage of APP toler-
ates some variation with regard to the distance to the mem-
brane. This is in agreement with findings from an earlier
study by Citron and co-workers, in which b-secretase sub-
strate requirements were analyzed with the aid of several
APP deletion and amino acid substitution constructs.[20] The
EC50 values of all four tested tripartite structures that we
tested herein were lower in cells expressing APPwt than in
cells expressing APPsw. For example: for compound 8 g the
EC50 values were about 0.4 nm for APPwt and about 5 nm

for APPsw (Figure 6 C and Table 2). This is consistent with
published observations and may reflect “aberrant subcellu-
lar location of APPsw processing”[21] or may be related to
the finding that APPsw is a better substrate for BACE than
APPwt.[22] Under the experimental conditions employed,
neither in SH-SY5Y APPwt nor in SH-SY5Y APPsw cells
did the tripartite structures completely abolish the secretion
of Ab40 into the cell culture medium. As indicated by the
lower plateau of the dose-response curves shown in Figure 6
and Table 2, about 5–10 % of the Ab40 secretion from SH-
SY5Y APPsw and about 20–28 % from SH-SY5Y APPwt
were apparently resistant to the treatment with tripartite
structures under these experimental conditions. Following
an overnight incubation with the tripartite structures at a
concentration of 1 mm, approximately 7 % (as compared to
controls) of the remaining Ab40 was measured with SH-
SY5Y APPsw cells and approximately 20 % with SH-SY5Y

Figure 4. MTT and LDH cell viability assays for compounds 8 d and 9 in
CTN. In the MTT assay (A), toxic effects are indicated by a decrease of
the absorbance at 550 nm. In the LDH assays (B), release of LDH as a
consequence of impaired membrane integrity is indicated by an increase
of the absorbance at 490 nm. The data for compounds 8 d and 9 are
shown in percent of the controls (mean values �SD, n= 6). For statistical
analysis, the absorption data for each tested concentration were com-
pared with the control by one-way ANOVA followed by Dunnett�s Mul-
tiple Comparison test. * =p <0.05; *** =p <0.001.

Figure 5. Influence of the spacer lengths of the tripartite structures on in-
hibition of Ab40 secretion. Test compounds were added to the culture
media at a concentration of 100 nm for 20 h (CTN, 5th day in vitro) or
4 h (SH-SY5Y). Ab-peptides in the supernatants were measured in dupli-
cates with Ab40 ECL assays and are shown in percent of the control. For
compounds 8a–8 h the spacer lengths are given in brackets. In CTN cells
compounds 8 c, 8g, 8 h, and 1 were tested in one experiment only. All
other listed compounds were tested at least three times (mean values and
the SDs are shown). Note that the results with the compounds 8d and 1
are the same as shown in Figure 3A and are presented here again for
comparison.
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APPwt cells (data not shown). Therefore it seems unlikely
that these Ab-peptides simply reflected the fraction secreted
in the period before the inhibitor had reached its site of

action. To complement our quantitative Ab40 measurements
with information regarding specific variants of Ab released
from the cells, we employed a novel urea-SDS-PAGE proto-
col (SDS: sodium dodecyl sulfate; PAGE: polyacrylamide
gel electrophoresis), which allows the electrophoretic resolu-
tion of several N- and C-terminal Ab-peptide variants. West-
ern immunoblot detection was achieved with the monoclo-
nal antibody 6E10, which detects several N-terminal variants
of Ab, such as AbACHTUNGTRENNUNG(1-40), AbACHTUNGTRENNUNG(2-40), AbACHTUNGTRENNUNG(3-40), Ab ACHTUNGTRENNUNG(4-40), and
Ab ACHTUNGTRENNUNG(5-40).[23] The same antibody also served as detection an-
tibody in the quantitative electrochemiluminescence (ECL)
assays described above. In the cell culture supernatants
from SH-SY5Y APPsw cells five different variants of Ab-
peptides were observed, presumably corresponding to Ab ACHTUNGTRENNUNG(1-
37), Ab ACHTUNGTRENNUNG(1-38), AbACHTUNGTRENNUNG(1-39), AbACHTUNGTRENNUNG(1-40), and Ab ACHTUNGTRENNUNG(1-42).[24] The
concentrations of all these Ab-peptides were substantially
reduced in cells treated with 100 nm of the tripartite inhibi-
tors (Figure 7 A). In the supernatants from SH-SY5Y cells
expressing wild-type APP one additional Ab-peptide band
was regularly detected, which co-migrated with synthetic
Ab ACHTUNGTRENNUNG(2-40) and also with Ab ACHTUNGTRENNUNG(3-40) (both have the same elec-
trophoretic mobility). On treatment with the inhibitors 8 g,
8 d, and 9, the concentration of this particular Ab-peptide
was apparently not decreased but perhaps even slightly in-
creased (Figure 7 A). The free inhibitors 1 and 2 did not in-
fluence the Ab-peptide patterns. To further characterize the
additional, BACE inhibitor-resistant Ab-peptide(s) released
from APPwt, we employed two-dimensional (2D) electro-
phoresis. Owing to the loss of Asp1 the isoelectric point (pI)
of N-terminal truncated Ab-peptides is shifted to a more al-
kaline pH.[25] 2D SDS-PAGE/Western blot analysis showed
that the majority of Ab-peptides released from SH-SY5Y
APPwt cells starts with Asp1 and displays a pI of 5.4. Two
faint additional Ab-spots were observed with a pI of approx-
imately 5.7 and a pI of approximately 6.3, respectively (Fig-
ure 7 B). In supernatants from cells treated with compound
8 g, the Ab spots with a pI of approximately 5.4 were drasti-
cally diminished, whereas the two more alkaline Ab forms
seemed to be increased. This supports our conclusion that at
least one of the Ab-peptides resistant to BACE inhibition is
most probably N-terminal truncated Ab ACHTUNGTRENNUNG(2-40) or AbACHTUNGTRENNUNG(3-40).
Consistent with the 1D data, Ab-peptides with a shifted pI

Figure 6. Dose–response curves: Inhibition of Ab40 secretion by tripar-
tite structures with different spacers. A) Compounds 8c, 8d, 8 f, and 8g
were tested at concentrations ranging from 10 pm to 100 nm in SH-SY5Y
APPwt cells. Means �SD of the normalized and pooled data from three
independent experiments are shown. C=1 % DMSO as control. B) The
same compounds were tested in SH-SY5Y APPsw cells. The dose–re-
sponse curves were calculated from the normalized and pooled measure-
ments from three independent experiments with two different concentra-
tion ranges tested. C) Comparison between dose–response curves for
compound 8g measured in SH-SY5Y APPwt and APPsw.

Table 2. EC50 values of tripartite structures with varying spacer lengths on inhibi-
tion of Ab secretion from transfected SH-SY5Y cells.

Compound Spacer APPwt[a] APPsw[a]

length
[�]

EC50

[nm][b]
95 % confi-
dence
interval
EC50 [nm]

lower
plateau
[%][c]

EC50

[nm][b]
95 % confi-
dence
interval
EC50 [nm]

lower
plateau
[%][c]

8 c 35 2.63 1.62–4.29 20.32 10.90 7.76–15.30 5.24
8 d 47 1.21 0.89–1.81 21.16 6.80 5.25–8.82 10.64
8 f 63 2.11 1.58–2.81 20.54 10.01 7.89–12.7 8.93
8 g 89 0.37 0.27–0.52 27.58 5.09 3.73–6.94 10.42

[a] APPwt =Wild-type amyloid precursor protein; APPsw =Swedish-mutant
amyloid precursor protein. [b] Half-maximal effect (EC50) of inhibition of Ab40
secretion from treated cells relative to control (1 % DMSO). [c] Lower plateau
of the dose–response curve (see Figure 6).
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value were not observed in SH-SY5Y cells expressing
APPsw (data not shown).

This observation provides a possible explanation for the
higher proportion of inhibitor-resistant residual Ab produc-
tion in APPwt-producing cells. The cellular secretion of Ab-
peptides with N-termini other than Asp1 from APPwt and
the possibility of selective pharmacological manipulation
has been reported before.[26] The findings were interpreted
as evidence for the existence of biochemically distinct b-sec-
retase-type proteases able to create the various N-termini of
Ab-peptides.[26a] Extensive N-terminal heterogeneity of Ab-
peptides in human amyloid plaques from patients with Alz-
heimer�s disease has been reported[27] and may substantially
contribute to the physicochemical properties of authentic
plaque cores.[28] The most prominent N-truncated Ab form
starts at residue 3 cyclized to pyroglutamate (AbN3pE)[29]

and is particularly prone to formation of b-sheets and aggre-
gation.[30] The molecular details as well as the intracellular
or extracellular location of the generation of the N-truncat-
ed Ab-peptides and the conversion of glutamate to pyroglu-
tamate have not been fully elucidated.

Conclusion

In conclusion, our observations
support the concept of mem-
brane targeting for improved
BACE inhibition. By concen-
trating the inhibitor at the site
of action, the required dose is
reduced and toxic or other side
effects are minimized. We have
demonstrated that the principle
is applicable to different phar-
macophores and that an opti-
mal inhibitory effect can be
achieved by adjusting the
spacer module according to the
molecular properties of APP.
Moreover, we report significant
differences in terms of Ab-pep-
tide secretion from wild-type
versus Swedish-mutant APP.
Since modified Ab-peptides
may be of particular pathophy-
siological relevance, we believe
that the observation of specific
Ab-peptide variants generated
from APPwt in spite of the
presence of an efficient b-secre-
tase inhibitor is intriguing. Our
data support the idea of the ex-
istence of more than one
enzyme displaying b-secretase
activity. The tripartite structure

approach provides a highly attractive tool for future studies
further addressing the biology of APP and the proposed ex-
istence of multiple b-secretases.

Experimental Section

Syntheses

General : The spacer building blocks (Fmoc-3Gl-OH (5) and Fmoc-4Gl-
OH (6)) and statine were purchased from PolyPeptide, France. The other
amino acids were purchased from Novabiochem. HATU and Fmoc-PAL-
PEG-PS resin were purchased from Applied Biosystems. All reactions
were carried out using dry, reagent-grade solvents under argon unless
stated otherwise. Flash chromatography was carried out using Merck
silica gel (0.040–0.063 mm). Peptide syntheses were executed on an ABI
433A peptide synthesizer equipped with a UV detector. NMR spectra:
Bruker DRX 500 and Bruker AC 300; d in ppm, J in Hz. Mass spectra:
Bruker Esquire LC Electrospray MS or MDS Sciex QSTAR Pulsar i
quadrupole time-of-flight MS. Isotopic patterns were simulated by using
CS ChemDraw 8.0. The most abundant mass is given as theoretical mass.

Analytical HPLC was carried out on an Agilent Model 1100 equipped
with a G1315B UV-DAD, a G1321A fluorescence detector and an evapo-
rative light scattering detector (Polymer Laboratories ELS 1000).
Column: Vydac 208TP104 (reverse-phase C8, 4.6 � 250 mm). Flow rate.
1.0 mL min�1. Eluent A: H2O + 0.1% TFA, eluent B: MeCN + 0.1%
TFA. UV detection at 215, 260, and 560 nm. Other conditions (gradient)
as stated for the individual compounds.

Figure 7. Tripartite structures have different effects on Ab-peptide secretion from cells expressing APPwt and
APPsw. Cells were treated for 20 h with different compounds. Ab-peptides were immunoprecipitated from the
supernatants with the monoclonal antibody 6E10. A) Ab-peptides were separated by urea-SDS-PAGE, fol-
lowed by Western blotting and immunostaining with 6E10. A specific Ab-form comigrating with Ab ACHTUNGTRENNUNG(2-40) and
generated from APPwt was apparently resistant to inhibition by the compounds 8g, 8d, and 9 (arrow). B) Ab-
peptides from SH-SY5Y APPwt cells treated either with 1% DMSO or 8g were first separated according to
their charge on IPG strips with a linear pH range of 4 to 7. Subsequently they were separated according to
their charge/mass ratio by Ab-urea-SDS-PAGE and visualized by immunoblot with 6E10. The presumed N-
truncated Ab spots are encircled. On the left hand side the same samples are shown after a 1D separation. S=

Synthetic peptides: Ab ACHTUNGTRENNUNG(1-40) (250 pg) and Ab ACHTUNGTRENNUNG(2-40) (50 pg) are shown on the left hand side. C=1% DMSO
as control.

Chem. Eur. J. 2010, 16, 14412 – 14423 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 14419

FULL PAPERb-Secretase Inhibition

www.chemeurj.org


Preparative HPLC was carried out using a Varian PrepStar system
equipped with a Varian ProStar Model 320 UV detector and an evapora-
tive light scattering detector (Polymer Laboratories ELS 1000) connected
via an Sunchrom QuickSplit splitter. Column: Vydac 208TP1030 (re-
verse-phase C8, 30� 250 mm). Flow rate: 40 mL min�1. Eluent A: H2O +

0.1% TFA, eluent B: MeCN + 0.1 % TFA. Other conditions (gradient)
as stated for the individual compounds.

Synthesis of the membrane-anchor building block 4 :

Fmoc-Asp ACHTUNGTRENNUNG(ODhc)-OtBu (3a): Fmoc-Asp-OtBu (3) (1.75 g, 4.25 mmol)
and MSNT (1.25 g, 4.24 mmol) were suspended in CH2Cl2 (12 mL). N-
Methylimidazole (384 mg, 337 mL, 4.24 mmol) was added and the mixture
was stirred for 5 min at room temperature. Dihydrocholesterol (1.5 g,
3.86 mmol) was added. Additional CH2Cl2 (7 mL) was added to produce
a clear solution. After stirring for 4 h at room temperature, the mixture
was partitioned between 2% aqueous citric acid and CH2Cl2, washed
with 2% citric acid, H2O, and a saturated solution of NaHCO3. A satu-
rated solution of NH4Cl was added to separate the phases of the alkaline
extraction, and the organic layer was dried over Na2SO4. Removal of the
solvent and flash chromatography (petroleum ether/Et2O [3:1] + 1%
MeOH) of the residue on silica provided 3 a as a colorless solid (2.80 g;
84%). 1H NMR (300 MHz, CDCl3): d=0.64 (s, 3 H), 1.46 (s, 9 H), 0.75–
1.90 (m, 42 H), 1.95 (br d, J= 12.3 Hz, 1H), 2.79 (dd, J =16.8, 4.5 Hz,
1H), 2.95 (dd, J=16.8, 4.5 Hz, 1 H), 4.22 (t, J =7.2 Hz, 1H), 4.36 (m,
2H), 4.50 (m, 1 H), 4.71 (m, 1 H), 5.77 (br d, J= 8.4 Hz, 1 H), 7.30 (t, J =

7.4 Hz, 2H), 7.39 (t, J =7.3 Hz, 2H), 7.59 (d, J= 7.3 Hz, 2 H), 7.75 ppm
(d, J =7.4 Hz, 2H); 13C NMR and DEPT (75 MHz, CDCl3): d=12.07
(CH3), 12.22 (CH3), 18.68 (CH3), 21.21 (CH2), 22.55 (CH3), 22.80 (CH3),
23.84 (CH2), 24.20 (CH2), 27.48 (CH2), 27.92 (3 CH3), 28.01 (CH2), 28.23
(CH2), 28.59 (CH2), 31.98 (CH2), 33.96 (CH), 35.46 (C, CH), 35.79 (CH),
36.17 (CH2), 36.73 (CH2), 37.18 (CH2), 39.52 (CH2), 39.99 (CH2), 42.60
(C), 44.68 (CH), 47.16 (CH), 50.99 (CH), 54.23 (CH), 56.30 (CH), 56.42
(CH), 67.21 (CH2), 74.71 (CH), 82.50 (C), 119.96 (2 CH), 125.17 (2 CH),
127.06 (2 CH), 127.69 (2 CH), 141.29 (2 C), 143.81 (C), 143.94 (C),
155.95 (CO), 169.69 (CO), 170.39 ppm (CO); ESI-MS: 782.6 [M+H]+ ,
799.6 [M+NH4]

+ , 804.6 [M+Na]+ .

Fmoc-Asp ACHTUNGTRENNUNG(ODhc)-OH (4): TFA (25 mL) was added to a solution of
Fmoc-Asp ACHTUNGTRENNUNG(ODhc)-OtBu (3 a) (3.72 g, 4.76 mmol) in CH2Cl2 (20 mL) and
the mixture was stirred for 75 min at room temperature. The mixture was
partitioned between water and CH2Cl2, and the CH2Cl2 layer was washed
with water four times. Drying over Na2SO4, removal of the solvent, and
flash chromatography (petroleum ether/EtOAc [3:2] + 1% HOAc) of
the residue on silica gel provided 4 as a colorless solid (2.94 g; 85%).
1H NMR (500 MHz, CDCl3/CD3OD 8:2): d=0.67 (s, 3 H), 0.80–1.85 (m,
42H), 1.98 (br d, J=12.6 Hz, 1H), 2.87 (dd, J =16.7, 4.8 Hz, 1 H), 2.97
(dd, J =16.7, 5.4 Hz, 1H), 4.26 (t, J =7.2 Hz, 1H), 4.38 (m, 2 H), 4.60 (t,
J =5.1 Hz, 1H), 4.74 (m, 1H), 7.33 (t, J=7.4 Hz, 2H), 7.42 (t, J =7.5 Hz,
2H), 7.63 (t, J= 6.8 Hz, 2H), 7.79 ppm (d, J =7.5 Hz, 2 H); 13C NMR and
DEPT (75 MHz, CDCl3): d =12.11 (CH3), 12.25 (CH3), 18.70 (CH3),
21.30 (CH2), 22.57 (CH3), 22.83 (CH3), 23.92 (CH2), 24.28 (CH2), 27.46
(CH2); 28.10 (CH), 28.34 (CH2), 28.68 (CH2), 32.07 (CH2), 33.94 (CH2),
35.55 (CH), 35.57 (C), 35.91 (CH), 36.26 (CH2), 36.80 (CH2), 37.08
(CH2), 39.61 (CH2), 40.08 (CH2), 42.69 (C), 44.77 (CH), 47.18 (CH),
50.46 (CH), 54.31 (CH), 56.38 (CH), 56.53 (CH), 67.32 (CH2), 75.04
(CH), 120.07 (2 CH), 125.24 (2 CH), 127.20 (2 CH), 127.85 (2 CH),
141.39 (2 C), 143.83 (2 C), 156.02 (CO), 170.81 (CO), 172.89 ppm (CO);
ESI-MS: 726.5 [M+H]+ , 743.5 [M+NH4]

+, 748.5 [M+Na]+ . HPLC: ret.
time = 48.5 min, 98 %; A: H2O + 0.1 % TFA, column: Zorbax Eclipse
XDB-C8 (4.6 � 150 mm, 5 mm), gradient: 10% to 100 % B over 45 min;
100 % B for 10 min, other conditions as described in the general section.

Synthesis of the fluorophore building block 7:

Fmoc-Glu ACHTUNGTRENNUNG(Rho)-OH (7): EtNiPr2 (1.42 g, 11 mmol, 1.87 mL) was added
to a solution of Fmoc-Glu-OtBu (1.56 g, 3.67 mmol), HBTU (1.39 g,
3.67 mmol), and HOBt (562 mg, 3.67 mmol) in DMF (10 mL), and the re-
sulting mixture was stirred for 10 min at room temperature. After addi-
tion of a solution of the piperazinyl-modified rhodamine[11] (1.83 g,
3.34 mmol) in DMF (10 mL), the resulting reaction mixture was stirred
for 4 h at room temperature. The reaction mixture was poured into water
(1 L) and extracted with EtOAc (800 mL). The aqueous layer was satu-

rated with NaCl and extracted once again with ethyl acetate (200 mL).
The combined organic layers were washed with brine (2 � 1 L), dried over
Na2SO4, and the solvent was removed. Flash chromatography (CH2Cl2/
MeOH, 10:1) of the crude product on silica gel afforded Fmoc-Glu-ACHTUNGTRENNUNG(Rho)-OtBu (2.31 g, 72 %) as a dark lilac solid. Fmoc-Glu ACHTUNGTRENNUNG(Rho)-OtBu
(2.31 g, 2.42 mmol) was dissolved in a mixture of CH2Cl2 (25 mL) and
CF3COOH (5 mL), and the resulting solution was stirred for 2 h at room
temperature. The reaction mixture was poured into water (500 mL) and
extracted with a mixture of CH2Cl2/iPrOH, 2:1 (5 � 300 mL). The com-
bined organic layers were washed with brine and dried over Na2SO4. Re-
moval of the solvent and purification of the crude product by flash chro-
matography on silica gel (CH2Cl2/MeOH, gradient elution with 5:1 to
1:1) afforded 7 (2.05 g, 87%) as a dark lilac solid. 1H NMR (500 MHz,
CD3OD): d =1.34 (br t, J =6.7 Hz, 12H), 1.92–2.03 (m, 1H), 2.22–2.25
(m, 1H), 2.40–2.53 (m, 2 H), 3.38–3.46 (m, 8 H), 3.72 (br s, 8H), 4.08 (br
s, 1 H), 4.26–4.28 (m, 1 H), 4.36–4.44 (m, 2H), 6.98–7.00 (m, 2H), 7.11–
7.20 (m, 2H), 7.28–7.47 (m, 6H), 7.56–7.58 (m, 1 H), 7.68–7.74 (m, 3H),
7.82–7.87 ppm (m, 4 H); 13C NMR and DEPT (125 MHz, [CD3]2CO): d=

12.80 (4 CH3), 28.13 (2 CH2), 42.12–42.44 (br, 4 CH2), 46.50 (4 CH2),
47.88 (CH), 54.19–54.57 (br, CH), 67.14 (CH2), 96.80 (2 CH), 114.43 (2
C), 115.08 (3 CH), 117.01 (C), 119.36 (C), 120.70 (2 CH), 126.15 (2 CH),
127.88 (CH), 127.92 (CH), 128.44 (2 CH), 130.52 (CH), 130.66 (CH),
131.24 (CH), 132.06 (C), 132.89 (2 CH), 136.64 (C), 141.92 (C), 144.87
(C), 145.03 (C), 156.51 (C), 157.18 (CO), 158.49 (C), 160.43 (C), 160.70
(C), 167.79 (CO), 171.32 (CO), 173.67 ppm (CO); ESI-MS: m/z : 862.5
[M]+ , 884.5 [M�H+Na]+ .

Solid-phase synthesis of the tripartite compounds 8 and 9:

Typical procedure for the preparation of the fluorophore-labeled peptide:

H-Glu ACHTUNGTRENNUNG(Rho)-bAla-Gly-Glu-Val-Asn-Sta-Val-Ala-Glu-Phe-4Gl-3Gl-4Gl-
3Gl-4Gl-Asp ACHTUNGTRENNUNG(ODhc)-NH2 (8 g’); where Sta is (3S,4S)-4-amino-3-hydroxy-
6-methylheptanoic acid

Loading : Fmoc-Asp ACHTUNGTRENNUNG(ODhc)-OH (4) (363 mg, 0.5 mmol) was dissolved in
CH2Cl2 (2 mL). HATU (190 mg, 0.5 mmol), DMF (1 mL), and EtNiPr2

(65 mg, 85 mL, 0.5 mmol) were added and the mixture was stirred for
15 min. The resulting clear solution was added to 0.1 mmol of deprotect-
ed, low-load (0.21 mmol g�1) PAL-PEG-PS resin. Additional EtNiPr2

(0.5 mmol) and DMF (1 mL) were added. The mixture was stirred slowly
for 1 h, transferred to the synthesizer, and subjected to washing, capping,
and deprotection.

Automated assembly of 4Gl16 to bAla2 : Owing to the high molecular
weight, cycles and reaction vessel for the 0.25 mmol scale were used for
0.1 mmol of resin (considerable swelling). Double coupling was used for
4Gl16 and coupling times are extended to 50 min.

Coupling of the fluorophore label Glu ACHTUNGTRENNUNG(Rho)1: Fmoc-Glu ACHTUNGTRENNUNG(Rho)-OH (7)
(293 mg, 0.3 mmol), HATU (114 mg, 0.3 mmol), EtNiPr2 (2 � 77 mg/2 �
102 mL, 2� 0.3 mmol), and DMF (4 mL) were used in a procedure similar
to the loading step. Automated washing was repeated until the NMP re-
mained colorless.

Cleavage : After washing with CH2Cl2 and drying in vacuo, the resin was
cleaved with TFA/TIS/anisole/thioanisole/H2O (87:3:3:3:4; where TIS is
triisopropylsilane) at room temperature for 90 min. The resin was re-
moved by filtration and the conjugate was precipitated from the filtrate
with Et2O/hexane (3:7) to afford an oily semisolid, which was collected
by centrifugation, taken up in MeCN/MeOH (1:1) and dried in vacuo.
Preparative HPLC using H2O/MeCN/MeOH (85:10:5) + 0.1% TFA as
eluent A and a gradient from 40 % to 57 % of eluent B in 25 min (prod-
uct: ret. time=24.1 min) afforded, after drying, 8g’ as a red oil (34 mg;
10%), which slowly solidified in vacuo. HPLC: ret. time =32.1 min, 98 %
(gradient from 10% to 100% B over 45 min). ESI-MS: m/z : 3346.9 [M]+;
(calcd for 12C167

13C1H270N23O46
+: M= 3346.9, 100 %).

Cell culture : Fertile specific pathogen free chicken eggs (Charles River
laboratories) were incubated at 38.5 8C, 55% relative humidity and
turned five times a day. Telencephalic cortices were dissected from 8 day-
old chicken embryos and cultured according to Pettmann and co-work-
ers.[31] Shortly after removing the meninges, telencephalic hemispheres
were digested in a trypsin/EDTA solution (0.05 %/0.02 %) for 12 min at
37 8C and dissociated by aspiration through a 20-gauge needle. The ho-
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mogenate was centrifuged (500 g, 5 min) and resuspended into a medium
consisting of Dulbecco�s Modification of Eagle�s Media (D-MEM) sup-
plemented with 5% fetal calf serum and 5% chicken serum. The cell sus-
pension was passed through a nylon sieve (80 mm) before seeding on
polylysine-coated culture plates at a density of 3.75 � 105 cells per cm2.
After 30 min the media was replaced by the cultivation medium (Neuro-
basal-A-medium, B27 supplements (Invitrogen), 2 mm Glutamin). Cul-
tures were grown at 37 8C, 5% CO2. SH-SY5Y cell lines stably overex-
pressing APP695 (APPwt) or mutant APP695 ACHTUNGTRENNUNG(KM/NL) (APPsw), both
carrying a N-terminal Myc tag and a C-terminal Flag tag[32] were kindly
provided by L. M�nter and G. Multhaup (Freie Universit�t Berlin). The
cells were cultured in D-MEM/F12, supplemented with 10 % fetal calf
serum, 2 mmL-glutamine, non-essential amino acids and 50 mgmL�1 Hy-
gromycin B.

Cell viability assays : Cell viability was measured by using the CytoTox 96
lactate dehydrogenase (LDH) assay kit (Promega) and the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.[33]

Inhibitor treatments : The test compounds were initially dissolved in
DMSO at a concentration of 10 mm and stored in aliquots at �20 8C. For
the cell culture experiments, compound dilutions were prepared in 100 %
DMSO that were added freshly to cell culture medium. The final concen-
tration of DMSO in the experiments and controls was 1 %. For CTN
cells, the experiments were performed at the 5th day in vitro. The cell
culture medium was replaced with fresh medium containing the com-
pounds or 1 % DMSO. For each condition four wells of a 24-well plate
were used. After an incubation time of 20 h the cell supernatants and
cells were collected and pooled. The cells were washed with 2 mm EDTA
in PBS and lysed for 10 min on ice with cell lysis buffer (1 % Triton X-
100 (v/v), 30 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1 mm EDTA, 2 mm

DTT, 1x Phospho-Stop (Roche, Mannheim, Germany), 1x complete pro-
tease inhibitor cocktail (Roche), 10 % Glycerol (v/v)). Cell lysates were
obtained in the supernatant after a centrifugation step for 30 min at 16
000 g, 4 8C.

For the ECL measurements SH-SY5Y cells were seeded 24 h before
treatment in 96-well cell culture plates at a cell density of 1.5�
105 cells cm�2. The compounds were diluted in the medium and added to
the cells as described above. For each condition six wells were used and
pooled after an incubation time of 4 h. For Western blot analyses, the
cells were seeded into 24-well cell culture plates. Four wells per condition
were pooled and the incubation time was prolonged to 24 h. Cell harvest-
ing was performed as described above.

Electrochemiluminescence (ECL) assay : Ab-peptides in cell supernatants
were measured with the MSD Human (6E10) Abeta 40 Kit or the MSD
Human (6E10) Abeta 3-Plex 38/40/42 Kit according to the manufactur-
er�s protocol on a Sector Imager 6000 (Meso Scale Discovery). The syn-
thetic reference peptide dilutions were prepared in Neurobasal-A-
medium for CTNs or in 1% blocker A for SH-SY5Y cells. The fetal calf
serum present in the SH-SY5Y cell culture medium contains bovine Ab-
peptides, which are detected by the ECL assay. The amount of the
bovine Ab40 in unconditioned culture medium was determined to be ap-
proximately 50 pg mL�1, and this background value was subtracted from
the calculated Ab-concentrations in the SH-SY5Y cell culture experi-
ments. Soluble APPa and APPb were measured with the MSD sAPPa/
sAPPb Multiplex Assay according to the manufacturer�s protocol. Syn-
thetic reference peptides were diluted in the cell culture media and were,
as well as the samples, supplemented with 50 mm HEPES.

Dose–response curves and EC50 determinations : For the calculation of
dose–response curves and EC50 values for SH-SY5Y APPwt cells, selec-
tive compounds were tested in three independent experiments in approx-
imately half-logarithmic serial dilutions ranging from 10 pm to 100 nm.
After incubation for 4 h at 37 8C and 5% CO2, the cell culture superna-
tants from six wells of a 96-well culture plate were pooled and measured
in duplicates with the Ab40 ECL assay. The signals were normalized to
percent of the DMSO controls, and the normalized values from the three
independent experiments were pooled for calculating dose–response
curves and EC50 values with GraphPad Prism 5.01 software (GraphPad
Software Inc., La Jolla, USA). On SH-SY5Y APPsw cells two different
dilution series were tested. In two experiments, the tested concentrations

ranged from 10 pm to 100 nm, as described above. To obtain a better defi-
nition of the bottom of the curve, in the third experiment, the concentra-
tions were changed to a range from 100 pm to 1 mm. Again, the dose–re-
sponse curves and EC50 values were calculated from the normalized and
pooled data from these three independent experiments.

Immunoprecipitation of Ab-peptides from cell culture supernatants :
Magnetic sheep-anti-mouse-IgG Dynabeads M-280 were precoated with
the monoclonal antibody 6E10 (Covance, Emeryville, California)
(40 mgmL�1) according to the manufacturers protocol (Dynal, Hamburg,
Germany). Cell culture supernatants (800 mL) were mixed with 200 mL of
a fivefold concentrated IP detergent buffer yielding final concentrations
of: 50 mm HEPES, 150 mm NaCl, 0.5% Nonidet P-40 v/v, 0.25 % sodium
deoxycholate w/v, 0.05 % SDS w/v. 25 mL of 6E10-coated magnetic beads
were added and immunprecipitation was performed under rotation for
15 h at 4 8C. Subsequently, the beads were washed three times for 5 min
with PBS/0.1% bovine serum albumin w/v and once for 3 min with
10 mm Tris-HCl, pH 7.5. To elute bound Ab-peptides, the sample was
heated to 95 8C for 5 min in 25 mL of sample buffer (0.36 m bis-Tris, 0.16 m

Bicine, 1 % SDS w/v, 15% sucrose w/v and 0.0075 % Bromophenol Blue
w/v).

SDS-PAGE, Western blot and immunostaining : The Ab-peptides were
separated on 10 % T/5 % C polyacrylamide gels by urea-bicine/bis-tris/
tris/sulfate SDS-PAGE.[34] For an improved resolution of Ab-peptides dif-
fering at their N-termini, the separation gels were slightly alkalized by re-
ducing the concentration of H2SO4 in the separation gel from 0.1m (origi-
nal protocol) to 0.075 m without further modifications.

The separated Ab-peptides were transferred onto Immobilion-P PVDF
membranes (Millipore) at 1 mA cm�2 under semidry conditions (Hoefer
Semiphor) for 40 min.[34b] The PVDF-membranes were then boiled for
3 min in hot PBS using a microwave oven to improve antibody binding[35]

and blocked afterwards for 1 h at room temperature with 3 % milk
powder in PBS-T. Immunostaining was performed overnight at 4 8C with
the antibody 6E10. After washing with PBS-T the membranes were incu-
bated with biotinylated anti-mouse IgG (Linaris, 0.1 mg mL�1, 45 min,
RT), washed again with PBS-T, and finally incubated with a streptavidin
horseradish peroxidase complex in PBS-T (GE Healthcare, 1:3000,
45 min, RT).

For the analysis of sAPPa, proteins were separated on 7 %T/2.7 %C
SDS-polyacrylamide gels[36] and blotted afterwards on PVDF membranes
by semi-dry transfer for 60 min with 25 mm Tris, 192 mm glycine, 20% (v/
v) methanol.[37] Proteins from cell lysates, for analysis of b-CTF, were an-
alyzed by using NuPAGE Novex 4–12 % Bis/Tris gels with MES running
buffer according to the manufacturer�s instructions (Invitrogen). sAPPa

and b-CTF blots were blocked for 1 h at room temperature with Roti-
block (Carl Roth GmbH, Karlsruhe, Germany) and probed with mono-
clonal antibody 1E8 (Bayer Schering Pharma AG, Berlin, Germany)
(1:300 dilution). All blots were developed with ECL-plus chemilumines-
cence according to the manufacturer�s instructions (GE Healthcare,
Munich, Germany) and detected with an Intas Imager (Intas, Gçttingen,
Germany). The synthetic peptides were purchased from MoBiTec, Gçt-
tingen, Germany.

Two-dimensional SDS-PAGE : Immobilized pH-gradient (IPG) electrofo-
cusing was performed by using dry IPG strips (linear pH range, 7 cm,
pH 4–7) on an Ettan IPGphor II IEF System (GE Healthcare). IPG
strips were rehydrated in rehydration solution (8.3 m urea, 2% CHAPS
w/v, 0.5% Pharmalyte pH 3–10, 20 mm DTT) containing the immunopre-
cipitated sample, for 10 h at 20 8C. Isoelectric focusing was performed as
described elsewhere.[25] The separation in the second dimension was per-
formed by urea-SDS-PAGE as described above.

Statistical analysis : Statistical analysis was performed with the GraphPad
Prism Software, version 5.01.
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