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Here, we describe a novel missense mutation in the amyloid precursor protein
(APP) causing a lysine-to-asparagine substitution at position 687 (APP770;
herein, referred to as K16N according to amyloid-B (AB) numbering) resulting
in an early onset dementia with an autosomal dominant inheritance pattern. The
K16N mutation is located exactly at the a-secretase cleavage site and influences
both APP and A. First, due to the K16N mutation APP secretion is affected and a
higher amount of AR peptides is being produced. Second, AB peptides carrying the
K16N mutation are unique in that the peptide itself is not harmful to neuronal
cells. Severe toxicity, however, is evident upon equimolar mixture of wt and
mutant peptides, mimicking the heterozygous state of the subject. Furthermore,
AB42 K16N inhibits fibril formation of AB42 wild-type. Even more, AB42 K16N
peptides are protected against clearance activity by the major AB-degrading
enzyme neprilysin. Thus the mutation characterized here harbours a combination
of risk factors that synergistically may contribute to the development of early

onset Alzheimer disease.
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INTRODUCTION

Alzheimer disease (AD) is the most common form of dementia
worldwide and usually occurs sporadically. A small percentage
of cases are attributable to autosomal dominant inheritance,
termed familial AD (FAD). Early onset cases are diagnosed in
people younger than 65 (Hardy, 2006). FAD is mostly linked to
mutations in the genes encoding the amyloid precursor protein
(APP) and the presenilins (PS1 and PS2; Kennedy et al, 2003).
Recently the first recessive mutation was described in APP
causing AD only in homozygous carriers (Di Fede et al, 2009).
According to the amyloid hypothesis the main culprits of the
disease are amyloid-B (AB) peptides, which are generated by the
sequential cleavage of APP through B- and +y-secretases (Hardy
& Selkoe, 2002; Fig 1A). In contrast, AR formation is prevented
by a- and vy-secretase proteolysis (Selkoe, 2001b; Fig 1A).
Whereas, AB40 is the major form in the brain, especially Ap42
oligomers are suspicious to cause neuronal toxicity and
cognitive decline (Chen & Glabe, 2006; Klein et al, 2001;
Selkoe, 2001a; Walsh et al, 2002; Younkin, 1998). In addition, it
has been assumed that a change in the AB,,/AB4p ratio in favour
of AB42 is causative for the pathology (Kuperstein et al, 2010).
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Figure 1. Pedigree of the patient and mass-
spectrometry analysis of mutant and wt A in the
patient’s CSF.

A. Schematic of APP processing. FL-APP is initially
cleaved by either the a- or B-secretase. The
remaining membrane-bound C-terminal frag-
ments a-CTF and B-CTF, respectively, are further

4042 cleaved by the y-secretase to generate the APP

intracellular domain (AICD) and p3 or AB. AR
region is shown in grey. Part of the APP sequence
highlighting the AB42 region (underlined). The
mutation at the a-secretase cleavage site
changes the lysine in position 687 of APP
(according to APP770 numbering) or position 16
of AB to asparagine. Known secretase-cleavage
sites are marked by arrows. B’ is an alternative
B-secretase cleavage site.

B. Three-generation pedigree of the family. The
index patient is marked with an arrow. Four of six
siblings of generation Il suffered from dementia.
Siblings of the index patient have no dementia
and have not been tested for the mutation.

C. AB from the patient’s CSF was precipitated with
the monoclonal antibody WO0-2 and AR masses
were determined by MALDI-MS. In CSF of the

AB40

patient with the K16N mutation a mass shift of
14 Da was detected between wt and mutant AB,
indicated as AB37/38/39/40 (wt) and AB37/38/
39/40" (K16N). Only in the CSF from the patient
suffering from alcoholic dementia AB42 was

detected. See Table S2 of Supporting Information
for the experimental and theoretical masses.
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FAD mutations localized to the central hydrophobic core of
AR peptides [Dutch (E22Q), Flemish (A21G), Italian (E22K),
Arctic (E22G) and Iowa (D23N)] enhance toxicity and
aggregation propensity of the amyloidogenic peptides
(Kumar-Singh et al, 2002; Murakami et al, 2002; Nilsberth et
al, 2001; Van Broeckhoven et al, 1990; Van Nostrand et al,
2001). Additionally, two of these mutations - Flemish (A21G)
and Arctic (E22G) - which are located in close proximity to the
a-secretase cleavage site (K16/L17), diminish non-amyloido-
genic processing and increase AR levels (De Jonghe et al, 1998;
Haass et al, 1994; Sahlin et al, 2007; Stenh et al, 2002).

In the brain several proteases are known to be involved in the
clearance of AR peptides with neprilysin (NEP) being one of the
most extensively studied enzymes (Howell et al, 1995; Iwata et

© 2012 EMBO Molecular Medicine

al, 2004; Kanemitsu et al, 2003; Shirotani et al, 2001). This was
demonstrated through genetic ablation of NEP causing elevated
endogenous AR levels (Iwata et al, 2001). NEP is a membrane-
bound zinc-metallopeptidase which acts on hydrophobic
residues preferentially of oligopeptides such as AB (Carson &
Turner, 2002). Resistance to NEP-mediated proteolysis might
even be a pathogenic mechanism in AD since Flemish mutant
(A21G) peptides are degraded significantly slower than AR wt
(Betts et al, 2008).

Here, we have characterized the first mutation exactly
localized to the a-secretase cleavage site (APP;;0K687N/
ABK16N) which causes early onset dementia. The mutation
severely affects APP processing, changes the toxic behaviour of
AR and modulates NEP-mediated degradation of AB42. The
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non-amyloidogenic cleavage and, therefore, the amounts of
oa-CTF and the neuroprotective sAPPa were significantly
diminished, whereas, unexpectedly both AB40 and AB42 levels
were found increased. Most importantly, the AB42 KI16N
peptide alone is almost non-toxic and only gains severe toxicity
when it is mixed with its wild-type (WT) counterpart.

RESULTS

Anamnesis of the index patient carrying the K16N mutation
We have identified a novel heterozygous APP missense
mutation at the exact a-secretase cleavage site in a 53-year-old
patient with early onset dementia. The mutation consists of an
A-to-T transversion of the last nucleotide of the penultimate
codon of exon 16 and results in a lysine-to-asparagine
substitution at position 687 of APP770 (herein, referred to as
K16N according to AB numbering; Fig S1 of Supporting
Information; Fig 1A). The mutation did not appear in 500
healthy individuals. No further mutation was found in APP
(exons 16 and 17), PSEN1, PSEN2 or PRNP of the patient, whose
APOE genotype was ¢2/e3. The patient presented with
progressive cognitive deficits of various modalities, including
dyscalculia, decline of short-term memory, verbal fluency and
abilities of visual construction. Cognitive decline was confirmed
by DemTect neuropsychologically (Kalbe et al, 2004) after a
3-month interval. MRI analysis revealed mild global brain
atrophy without focal or vascular lesions (data not shown).
Repeated cerebrospinal fluid (CSF) analysis within a time
interval of 8 months suggested Alzheimer-type neurodegenera-
tion with elevated total tau, phospho-tau and reduced AR1-42
levels (Table S1 of Supporting Information). Family history
is highly suggestive of autosomal dominant early onset
dementia (Fig 1B). Samples of other relatives were unfortu-
nately not accessible for evaluation. MALDI-MS analysis of
total AR immunoprecipitated from the CSF of the patient,
another patient with a sporadic AD (74-year old) and a
third one with alcoholic dementia (74-year old) revealed
an AB pattern known from the literature to occur in the
human CSF (Fig 1C; Portelius et al, 2006). Additional peaks
displaying a mass shift of 14 Da, reflecting the substitution
of lysine (K) by asparagine (N), were detected in the K16N
patient (Fig 1C). The mass-spectrometry analysis of CSF
confirmed the expression of the mutated allele and visualized
the heterozygous state on the protein level. Thus, mutant and
wt APP derived from the two different alleles are subject to
amyloidogenic processing.

Processing of APP K16N

In order to investigate if the mutation causes alterations in the
processing of APP, we expressed APP K16N in HEK293 (Fig 2)
and SH-SYSY cells (Fig S2 of Supporting Information). First,
we carried out confocal laser scanning microscopy and
fluorescence resonance energy transfer (Kaden et al, 2009;
Munter et al, 2007) and excluded an aberrant subcellular
localization or dimerization behaviour of the mutant full-length
APP (FL-APP) compared to the WT (Fig S3 of Supporting
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Information). Second, we investigated the processing of APP. By
Western blot analysis we found the overall amount of secretory
APP (sAPPtotal) and particularly sAPPa, drastically decreased
(Fig 2A; Fig S2B of Supporting Information). Quantification of
sAPPa levels by enzyme-linked immunosorbent assay (ELISA)
revealed a 40-50% decrease for APP K16N as compared to APP
wt (Fig 2B; Fig S2A of Supporting Information). We additionally
analysed sAPPa levels by using the 4B4 antibody (Kuhn et al,
2010) because the W0-2 antibody not only recognizes sAPPa but
also sAPPf’, an alternative -secretase cleavage product (Yang
et al, 2004; Fig 1A). The results of the Western blot and ELISA
obtained with W0-2 were, thereby, corroborated (Fig 2A-D).
Moreover, sAPPB levels were found reduced by about 50%
(Fig 2C and D). The Western blot analysis of whole cell lysates
demonstrated a higher amount of mature APP K16N (Fig 2A;
Fig S2B of Supporting Information). In line with this data,
analysis of biotinylated plasma-membrane APP showed an
increased amount of the mature mutant protein at the
cell surface (Fig S4A of Supporting Information). A possible
explanation was provided by experiments using the protein
synthesis blocker cycloheximide (CHX) which in combination
with inhibitors for a- and B-secretase revealed that APP wt has a
higher turnover rate than APP K16N (Fig S4B of Supporting
Information). Whereas, almost no mature APP wt remained
after 4 h of incubation with CHX, APP K16N shows the typical
band pattern of mature APP (Fig S4B of Supporting Informa-
tion). We propose that the higher levels of the mature mutant
APP are mainly attributable to a prolonged half-life enabled by
reduced ectodomain shedding. Although APP K16N processing
was slowed down in general, the levels of AB40 K16N and AB42
K16N were increased by about 50% as detected by ELISA
(Fig 2B; Fig S2A of Supporting Information). Regarding the
reduced ectodomain shedding this result encouraged us to
analyse the C-terminal fragments (CTFs) which are the direct
substrates of the +y-secretase complex and counterparts of
ectodomain shedding. CTFs were analysed by immunoprecipi-
tation of cell lysates followed by Western blot analysis. In
analogy to the 40-50% reduced sAPPa levels generated from
APP K16N, we found the a-CTF levels also strongly decreased
(Fig 2E). Densitometric quantification revealed that «-CTF
levels of APP K16N were diminished by 75% and B-CTF levels
were increased twofold (Fig 2F). That is in contrast to the 50%
reduced sAPPB levels (Fig 2C and D). This observation can be
explained as WT B-CTF is not only cleaved by the y-secretase
complex but also N-terminally trimmed by the «-secretase,
thereby, producing o«-CTF (Kuhn et al, 2010). Thus the
diminished amount of o-CTF and the increased B-CTF K16N
levels are most likely the result of a strongly reduced a-secretase
cleavage caused by the K16N substitution. This increases
the available amount of B-CTF as a substrate for y-secretase
cleavage and, thereby, explains the drastically increased
generation of AB40 and ApP42 (Fig 2B). Moreover, APP K16N
shows an additional band migrating between oa-CTF and B-CTF.
The detection by C-terminal specific antibodies indicates that
this fragment must be an alternative cleavage product which is
N-terminally truncated. This view is further supported by
MALDI-MS analysis of AR precipitated from conditioned media
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Figure 2. Processing of the mutant APP in HEK293

cells.

A. Representative Western blots of FL-APP (mature
forms are marked with *) and soluble APP
(SAPPotal). FL-APP and sAPP.., Were detected
with the myc- and sAPPa by WO-2 antibody. The
empty vector (mock) was used as a control.

B. Quantification of SAPPa, AB40 and AB42 levels by
ELISA. Shown are the respective levels of
proteolytic fragments normalized to 100% of APP
wt (n =4 + SEM). Asterisks indicate significant
differences between mutant and wt APP
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C. Representative Western blots of sAPPa detected
with the 4B4 antibody (Kuhn et al, 2010) and
SAPPB detected with the anti-sAPPB antibody
(IBL).

D. Densitometric quantification of SAPPa and sAPPR
levels from Western blot analysis (five-indepen-
dent Western Blots with 4—6 samples each).

E. Representative Western blot of APP-CTFs. Lysates
were subjected to immunprecipitation and
analysed by an APP-C-terminal antibody.

sAPPB F. Densitometric quantification of the levels of a-

CTF and B-CTF from Western blot analysis.

Shown are the respective levels of CTFs nor-

malized to 100% of APP wt (n=3).

o-CTF p-CTF

showing an increased amount of AB5-40 derived from APP
K16N (Fig S5 and Table S3 of Supporting Information).

Our data indicates that APP K16N is a poor substrate for
a-secretase mediated cleavage. However, to clarify whether the
poor cleavage is the result of the amino-acid exchange at
the a-secretase cleavage site or attributable to other factors, we
analysed a-secretase cleavage in vitro. Because ADAMIO0 is
known to be the physiologically relevant a-secretase (Kuhn et
al, 2010) we used human ADAMI10 as protease and the synthetic
peptide AB11-28 as substrate. The generated fragments were
analysed by MALDI-MS. For AB11-28 wt the expected proteo-
lytic fragments AB11-16 and AB17-28 were easily detectable
after 3h (Fig 3A). After 24 h incubation time the substrate AB11-
28 wt was completely degraded. As a control we used trypsin
which generated the fragments AB11-16 and AB17-28 after 3h
incubation time (Fig 3A). Since the sequence AR11-28 K16N
does not contain residues where trypsin could cleave, it was
expected not to be a substrate. Indeed, even after prolonged
incubation time no fragments could be detected and undigested
peptide was still present (Fig 3B). Using ADAM10, however, we
observed cleavage of AB11-28 K16N even though at a slow rate.
After 5h only small peaks representing the fragments AB11-16
K16N and AB17-28 were measureable, indicative of slow
proteolysis in comparison to the WT (Fig 3B; Fig S6 of

© 2012 EMBO Molecular Medicine

Supporting Information). The signal of AB11—16 and AB17-28
K16N peptides steadily increased over 24 h, although, signifi-
cant amounts of undigested peptide remained (Fig 3B; Fig S6 of
Supporting Information). To compare the effect of APP K16N
with other FAD mutations we utilized the arctic mutation E22G
which is located close to the a-secretase cleavage site. The arctic
mutation leads to reduced sAPPa levels (Stenh et al, 2002).
AB11-28 E22G is a substrate of trypsin and ADAM10 and
completely cleaved after 3 and 24 h incubation time, respec-
tively (Fig 3C). Therefore, reduced o-cleavage of the arctic
mutant is not due to the amino-acid substitution but most likely
attributable to increased intracellular localization which makes
it less available to the a-secretase (Sahlin et al, 2007). In
conclusion this data indicates that the K16N amino-acid
substitution renders the mutant APP directly a poor substrate
of ADAM10 in cell culture and in vitro. The reduced cleavage of
B-CTF by the a-secretase might be one important cause of the
increased AR levels. In addition, on the product level the mutant
peptides might be more stable against degradation by proteases
involved in AB clearance. This has been observed for other A
peptides with FAD mutations near the a-secretase cleavage
site (Betts et al, 2008; Morelli et al, 2003). Since the five known
intra-ApB point mutations located within the hydrophobic core
were reported to affect peptide aggregation, toxicity and fibril

EMBO Mol Med 4, 647-659 www.embomolmed.org
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Figure 3. In vitro a-secretase (ADAM10) assay.

A-C. Mass spectra of trypsin and ADAM10 proteolysis of AB11-28 peptides:
wt (A), K16N (B), E22G (arctic) (C). Peptides were incubated for the
indicated times with ADAM10 or trypsin and mixed with a-cyano-4-
hydroxycinnamic acid matrix and analysed by MALDI-MS. Peptide
identities are indicated at the top. See Figure S6 and Table S4 of
Supporting Information for details and the experimental and predicted
masses. Note, AB11-28 K16N is not cleaved by trypsin and cleavage by
ADAM1O is significantly slowed down.
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formation in vitro (Betts et al, 2008; Murakami et al, 2002), these
properties were analysed with synthetic peptides carrying the
K16N substitution.

Aggregation, toxicity and stability of the AR K16N peptide
To elucidate whether the substitution has any effects on early
phases of the peptide aggregation, we carried out size exclusion
chromatography (SEC) of synthetic AB40wt and AP42wt
peptides and the corresponding K16N peptides. Since the
patient is heterozygous for the K16N mutation we also analysed
the equimolar mixtures of both peptides (AR mix). AB40 wt,
AB40 K16N and AB40 mix mainly formed low-n oligomers (4-
6x) but no higher aggregates (Fig 4A). AB42 K16N predomi-
nantly assembled in low-n oligomers like the AB42 wt peptide
(Fig 4B). However, the equimolar mixture of AB42 wt and AB42
K16N revealed considerably higher amounts of high-n oligo-
mers (16-20x) at the expense of hexa- and tetramers (Fig 4B, red
line). This is in contrast to the recessive A673V mutation, where
the mixture of the AB40 wt and AB40 mutant peptides prevents
the formation of low-n oligomers while the monomer was
stabilized (Di Fede et al, 2009).

Toxicity of the freshly dissolved (load) and SEC-purified AR
peptides was determined in SH-SYS5Y cells (Fig 4C and D).
Whereas, other known intra-AB mutations increase AB-
mediated toxicity, AB42 K16N peptides were significantly less
harmful to neuroblastoma cells than AB42 wt (Fig 4D, load).
However, severe toxicity of the mutated peptide was gained
when mixed with the Ap42wt peptide (mix) which then
displayed toxicity like AB42 wt alone (Fig 4D, load). Dissecting
the toxicity of the different oligomers as separated by SEC,
mixed AB42 16-20-mers induced a massive loss of cell viability,
which is in sharp contrast to the almost non-toxic pure AR42 wt
high-n oligomers (Fig 4D). AB42 hetero-hexamers maintained
the potentiated toxicity, although, the effect was weakened.
Low-n AB42 oligomers (tetramers and dimers) of the mixture
were as deleterious as the WT (Fig 4D). Besides the damaging
effects of these APB42 oligomers, even the usually non-toxic
AB40 peptide reached significant toxicity when mutant and WT
peptides were combined (Fig 4C). Similar to AB42, the highest
hetero-oligomeric AB40 species (hexamers) caused dramatic
cell death (Fig 4C). Additionally, cell viability after AP treatment
was determined on primary hippocampal neurons (Fig 4E).
Again the AB42 K16N peptide was significantly less harmful
than Ap42 wt, whereas, the mix exhibited similar toxicity as
Ap42 wt (Fig 4E). Noticeably, the AB40 mix induced substantial
cell loss compared to the non-toxic AB40 wt or K16N peptides
(Fig 4E). Based on this data we conclude that AB42 K16N
peptides per se are much less toxic than AB42 wt, but gain
considerable toxicity when mixed with wt peptides. Therefore,
we asked why the AB mix becomes severely toxic. To visualize
the hetero-oligomeric state, we generated a structural model of
AB wt and K16N hetero-tetramers on the basis of the AB42
structure (Luhrs et al, 2005; Fig 4F). In this model hydrogen
bonds between the side chains of neighboring K16 and N16
residues locally stabilize the B-sheet conformation, an interac-
tion, that is absent in the WT peptides. The additional hydrogen
bond would lend increased stability to the heteromers, which
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Figure 4. Oligomerization and toxicity of K16N-substituted A peptides.
A,B. SEC of freshly dissolved AB40 or AB42 wt (green), K16N (black) and the equimolar mixture of both peptides (mix, red). The chromatograms show all similar

distributions of low molecular weight oligomers. Note that in the AB42 mix, the oligomer distribution shifted from low-n oligomers (4-6x) to high-n
oligomers (16-20x).

. SH-SY5Y cells were incubated for 12 h with either 2 uM freshly dissolved peptides (load) or oligomers (2-20x) obtained by SEC.

E.  Primary hippocampal neurons were incubated for 48 h with 2 uM freshly dissolved peptides. In C-E toxicity was determined by percentage of living cells
compared to untreated control cells (n=4-8 +SEM). One-way ANOVA, Bonferroni’s multiple comparison test ("p < 0.001 and "*p < 0.0001).
F.  Tertiary structure model for AB1-42 mix (wt + K16N) tetramer based on the solution NMR structure Luhrs et al (2005) (see methods). In this model, K16 and
N16 form a 2.0 A short, and thus presumably strong, inter-strand hydrogen bond (black dots). The side chains of K16 and N16 are depicted as sticks, with the
nitrogen and oxygen atoms in red and blue, respectively.
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might be reflected by the shift to 16-20-mers in the AB42 mix
by SEC. These stabilized heteromeric structures could
account for the modulation of aggregation and toxicity of the
AB42 mix.

When analysing the fibrillization we found that only AB42 wt
but neither AB40 wt nor the mutant peptides (AB40 K16N and
AB42 K16N) formed rigid mature fibrils as visualized by electron
micrographs of 24 h-aged samples (Fig 5A). Aggregates of AB40
and AP42 K16N deposit in random globular structures. Mixing
wt and K16N peptides in an equimolar ratio and thereby
mimicking the assumed in vivo situation, we observed an
inhibition of mature fibril formation in favour of protofibrillar
aggregates (Fig 5A).

This data and the strongly increased AR levels prompted us to
investigate the stability of AP42 peptides against clearance
activity such as cleavage by NEP, one of the major AB-degrading
enzymes (Carson & Turner, 2002). We co-incubated freshly
dissolved synthetic AB42 peptides (wt, K16N, E22G and the
respective equimolar mixtures wt/K16N, wt/E22G and K16N/
E22G) with human NEP for 6h and analysed Ap42 levels by
Western blot analysis (Fig 5B). Intensities of bands representing
AB42 K16N monomers were much higher compared with
AB42 wt or E22G even in the equimolar mixtures. This indicates
a higher stability of Ap42 KI16N peptides against NEP
proteolysis. To characterize the proteolytic fragments generated
by NEP we carried out MALDI-MS analysis (Fig 6). Proteolysis of
the AB42 wt peptide by NEP resulted in the generation of the
following fragments: 4-9, 12-17, 10-16, 1-9, 10-17 (Fig 6A),
1-16 and 1-17 (Fig 6B). A comparable pattern was observed for
AB42 E22G (Fig. 6). When digesting AB42 K16N with NEP we
generally found a decreased amount of proteolytic peptides,

Daniela Kaden et al.

which is in line with the higher residual amount of AR 1-42 as
seen in Fig 5B. However, we clearly detected the peptides 4-9
and 1-9 (Fig 6A). AB12-17 and 10-16 K16N were decreased and
AB10-17 was hardly seen (Fig 6A). In addition, AB1-17 K16N
was clearly absent and AB1-16 K16N strongly reduced (Fig 6B).
Hence, AB42 K16N is indeed partly resistant to degradation by
NEP especially at positions 16 and 17. Interestingly, cleavage
directly after residue 16 is possible though at a lower level,
although, this is the position of substitution.

DISCUSSION

Our data indicates that the APP K16N mutation has more than
one property to render it pathogenic. This can be concluded
from two lines of investigation to characterize the mutation
(i) APP processing and (ii) properties of the mutated peptide,
that is toxicity, aggregation and stability. While the effects as
discussed below suggest the possibility that this novel mutation
is pathogenic, the genetic support is inconclusive. According to
the criteria discussed by Guerreiro et al the mutation can be
classified as possible pathogenic (Guerreiro et al, 2010).
According to the strong functional data, however, the evidences
are in favour to classify this mutation as probable pathogenic.
Nevertheless, additional cases from other investigations will be
needed to classify this mutation as definitively pathogenic
(Guerreiro et al, 2010).

APP processing
The drastically reduced amount of sAPPa which possesses a
neuroprotective activity (Furukawa et al, 1996) implies that the

A B
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Figure 5. Fibril formation of K16N-substituted AR peptides and stability of AB42 peptides.

A. Aggregation properties of AB wt and K16N peptides. Electron micrographs of freshly dissolved AB40 or AB42 peptides aged for 24 h and negatively stained. Mix
indicates equimolar mixtures of wt and K16N peptides. Only AB42 wt peptides form long and rigid fibrils, whereas, co-aggregation of wt and K16N peptides
leads to the formation of aggregates comparable with K16N alone. Bar 100 nm.

B. Freshly dissolved AB42 peptides (wt, K16N, E22G and the respective 1:1 mixes wt/K16N, wt/E22G and K16N/E22G) were incubated for 6 h with human NEP and
analysed by Western blot analysis. AB was detected by the W0-2 antibody. AB42 K16N peptides are more stable against NEP proteolysis.
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brain capacity for neuroprotection and neurogenesis might be
impaired by the expression of APP K16N. Two other mutations
which are located at least in close proximity to the a-secretase
cleavage site (K16/L17), namely Flemish (A21G) and Arctic
(E22G), also show diminished non-amyloidogenic processing
(Haass et al, 1994; Sahlin et al, 2007; Stenh et al, 2002). The
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reduced a-secretase cleavage of APP K16N is attributable to the
amino-acid exchange at position 16 as demonstrated by
a-secretase in vitro assays. However, APP E22G a-cleavage is
reduced due to a change in subcellular localization (Sahlin et al,
2007) and, in line with that, comparable to the WT in our in vitro
assay.

EMBO Mol Med 4, 647-659 www.embomolmed.org
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The conundrum that we found sAPPp levels decreased but
amounts of AB40 and AB42 increased could be solved by the
analysis of the respective CTFs generated from APP K16N.
While the amount of a-CTF was drastically reduced, levels of
B-CTF increased. We propose that increased B-CTF levels are
the result of a sequence-specific inhibition of the secondary
a-secretase cleavage of the B-CTF. From our results we roughly
estimate that usually one half of the B-CTF is subjected to a
secondary cleavage by the a-secretase and thus one fourth of
a-CTF is generated from B-CTF. A similar high increase in B-CTF
was observed when the a-secretase ADAM10 was knocked
down in SH-SYS5Y cells (Kuhn et al, 2010). This implies that the
less B-CTF is re-cleaved by the a-secretase, the more AR is
generated by y-secretase cleavage. Thus, one possible cause of
the high AR levels observed might be the strongly diminished
a-cleavage of B-CTF which represents a risk factor for
augmented AB42 generation resulting in pathogenesis.

Properties of the mutant A peptides

Comparable to the known intra-AB mutations, K16N also
influenced the aggregation propensities and fibril formation of
AR peptides. In contrast to the other mutant peptides which
exhibit similar or more deleterious effects to neurons than A wt
(Kumar-Singh et al, 2002; Murakami et al, 2002; Van Nostrand
et al, 2001) freshly dissolved AB42 K16N peptides alone are
almost non-toxic. However, the equimolar mix of AR K16N and
wt drastically potentiated toxicity. Since the majority of FAD
mutations are dominantly inherited and appear in the hetero-
zygous state, this is a remarkable aspect which needs to be
considered also for other mutations. Interestingly and support-
ing this hypothesis, the mix of wt and mutant AR peptides with
the recessive A673V (A2V, according to AP numbering)
mutation was protective in vitro and in vivo (Di Fede et al,
2009). Therefore, it is tempting to speculate that other than
A673V carriers which are only affected in the homozygous state
but remain healthy in the heterozygous state, homozygous
K16N carriers would not develop early onset dementia. The fact
that on the molecular level a crosstalk between wt and K16N
AB42 peptides is required for toxicity shows that intermolecular
contacts involving K16 and N16 cause generation of the toxic
species. Even more, it is remarkable that the crosstalk between
K16N and wt results in toxic hexamers of the AB40 mix.
Therefore, we suggest that the stabilization of the (B-sheet
through an intermolecular amide-hydrogen bond between wt
K16 and mutant N16 might induce and stabilize a toxic
conformation of AB40 and AB42. The cellular mechanism of
AB-mediated toxicity and the nature of the toxic agent
associated with pathogenesis (e.g. oligomeric form, interaction
partners) have remained unclear up to today. However, the
existence of non-toxic low-n oligomers (Harmeier et al, 2009)
and toxic high-n oligomers described here indicates that toxicity
and oligomerization are not sine qua non to each other.
Furthermore, mixing AB42 wt and K16N peptides inhibited fibril
formation of AB42 wt which might be indicative for a higher
stability of oligomeric species. These stable and toxic hetero-
oligomers most probably cause toxicity over a longer period of
time which is another important risk factor for the pathogenesis.
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For the AB40 A21G peptide it has been shown that NEP-
mediated degradation is attenuated, whereas, the other intra-AB
mutations did not affect degradation by NEP (Betts et al, 2008).
Here we analysed NEP degradation of AP42 peptides and
corroborated that wt and arctic peptides are degraded by NEP
equally well (Betts et al, 2008). The AR K16N peptide, however,
was much less efficiently degraded by NEP. This was evident from
a higher level of the full-length peptides and the complete loss
of AB1-17 fragments. Even in the equimolar mixtures of AB42 wt/
K16N and K16N/E22G the amounts of AB42 were higher than in
wt and E22G alone. However, we cannot determine whether this
increase is only due to the enhanced amounts of AB42 K16N or
whether AB42wt and E22G were protected from degradation
through the physical interaction with AB42 K16N.

The mechanism underlying the K16N mutation is novel as it
combines different risk factors apparently resulting in early
onset dementia. Risk factor one is the higher amount of AB
peptides due to the K16N mutation affecting APP processing, for
example increasing the level of the y-secretase substrate 3-CTF
and reducing the levels of neuroprotective sAPPa. In contrast to
the arctic mutation, reduced a-cleavage is directly attributable
to the amino-acid substitution and not to secondary factors such
as localization. Risk factor two is the hetero-oligomer formation
of the AB K16N peptide with its WT counterpart which severely
increases toxicity, especially of the usually non-toxic oligomers.
Risk factor three is the change in fibril formation of the AR42
K16N peptides. The inhibition of AB42 wt fibril formation by
AB42 K16N renders the toxic heteromeric oligomers more stable
and leaves them present over a longer time period. Risk factor
four is that AB42 K16N peptides are protected against clearance
activity by the major Ap-degrading enzyme NEP which in
addition leads to a higher level and an extended half-life of toxic
oligomers. Although, we cannot clearly classify the factors
according to their importance in vivo, every factor alone might
be sufficient to increase the risk of getting dementia and, in
combination, to cause early onset dementia.

MATERIALS AND METHODS

Molecular-genetic diagnostics

We sequenced genomic PCR products of exons 16 and 17 of APP, the
10 coding exons of PSEN1 and PSEN2, respectively, and the coding
exon of PRNP of the index patient. SNPs rs429358 and rs7412 in exon
4 of APOE were genotyped from another genomic PCR product of the
patient by melting curve analysis of allele-specific hybridization
probes. After appropriate genetic counselling, informed consent from
the patient and her husband was given for the genetic and molecular
analysis including publication of the data.

Clinical-laboratory analysis of CSF

AB42, total tau and phospho-tau( g1 were analysed by commercially
available INNOTEST® solid-phase enzyme immunoassays according to
the manufacturer’s instructions (Innogenetics). CSF samples were
obtained from the biomaterial bank of the ‘Alzheimerforschergruppe
Hamburg’ granted by the Deutsche Forschungsgemeinschaft (DFG).
CSF samples were obtained at the Memory Clinic of the Department of
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Psychiatry and Psychotherapy of the University of Hamburg Medical
Center-Eppendorf using standard lumbar-puncture procedure and
were immediately aliquoted, stored on dry ice, frozen at —80°C within
30 min and thawed directly before experimental procedure. Informed
consent according to the Declaration of Helsinki was obtained before
donation of CSF samples from each study participant. Biosampling
and study procedures were approved by the local Ethical Committee.

Plasmids

The pcDNA3-APP-YFP and CFP fusion vectors that were used for
microscopy have previously been described (Munter et al, 2007). For
all other transfections, we used the pcDNA3.1/Zeo (Invitrogen) vector
containing APP695. APP695 was N-terminally fused to a myc tag
which was inserted after the signal peptide at amino acid position 21.
Protein sequence after the myc tag continues with amino acids 20
and 21 (VP). The APP K16N point mutation (position K687 in APP770)
was introduced in the three expression vectors by site-directed
mutagenesis according to the manufacturer’s protocol (Stratagene).
The following primers were used: MP-APP-K612N: GAAGTTCATCAT-
CAAAACTTGGTGTTCTTTGCAGAACATGTGGG and MP-APP-K612N-R:
CCACATCTTCTGCAAAGAACACCAAGTTTTGATGATGAACTTC. All expression
vectors were verified by DNA sequencing (CATC, Germany).

Cell culture and transfections

SH-SY5Y cells (ATCC number: CRL-2266) were cultured in 1:1 Ham’s-
F12/DMEM (Biochrom) with 10% FCS (PAA), 2mM glutamine (PAA)
and non-essential amino acids (PAA) and plated at a cell density of
4 % 10° cells per well of a 12-well dish. For transient expression of APP
constructs, plasmids (1.5 wg) were incubated in 200wl Optimem
(Invitrogen) with 2 wl Transfectine (BioRad) for 30 min and transferred
to the cells. HEK293 cells were cultured in DMEM/high glucose (PAA)
with 10% FCS (PAA) and plated at a cell density of 4GATC10° cells per
well of a 12-well dish (or 6GATC10° cells per well of a 6-well plates for
cell surface biotinylation). For transient transfections 1.5 pg (3 pg)
DNA and 1.5pl (3 wl) polyethyleneimine (Sigma) were mixed
thoroughly in 200 wl (400 wl) Optimem (Invitrogen) and incubated
for 30 min before adding to the cells. For ELISA, the medium of cells
was replaced by 500 pl fresh Optimem prior to transfection, given a
final volume of 700 wl. All transfected cells were incubated for 12 h.
Cell surface biotinylation was performed by using EZ Link sulfo-NHS-
SS-biotin (Pierce) as previously described (Kaden et al, 2009). To block
protein synthesis, cells were treated with 300 pl Optimem containing
10 wg/ml CHX (Sigma Aldrich) or vehicle (DMSO, Sigma), GM6001
(Calbiochem) or BACE inhibitor IV (Calbiochem) for up to 4 h.

Sandwich ELISA

AB40/AB42 ELISAs were performed according to the manufacturer’s
instructions (TGC, ZUrich). For detection of SAPPa, we used an anti-Myc
antibody (Cell Signaling Technology) and WO0-2-Biotin (TGC). WO-2-
Biotin was recognized by streptavidin-conjugated HRP, ELISAs were
developed with 1-Step-Ultra-TMB (Pierce), and measured at 450 nm in
a microplate reader (Anthos). Every construct was expressed in
triplicates for each ELISA measurement.

MALDI-MS of AB human CSF and cell culture supernatant

AB was immunoprecipitated from human CSF or conditioned cell
culture medium. For immunopurification, 50 | of CSF were diluted in
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450l PBS and AB was precipitated with 3 wg WO0-2 coupled to
protein-G sepharose (GE Healthcare). AR from conditioned medium
was precipitated with 5 ug G2-10 antibody (TGC) coupled to protein-
G sepharose. Sepharose was washed first in PBS, then with buffer A
(10mM Tris pH 7.5; 150 mM NaCl; 0.2% NP-40; 2 mM EDTA) and
buffer B (buffer A with 500 mM NaCl), followed by PBS and finally
100 mM ammonium acetate (pH 7.4) or distilled water. AR was eluted
twice with 350 pl of 50% acetic acid and vacuum-dried. The sample
was resuspended in 10 ul of 33% acetonitrile containing 0.1% tri-
flour acetic acid and ultrasonicated. MALDI-MS analysis was carried
out on sinapinic acid matrix with an Ultraflex Il TOF/TOF (Bruker
Daltonics).

Western blot analysis, immune precipitation and antibodies
Cells were washed with PBS and lysed in 20 mM Tris, pH 7.5, 0.5%
Igepal Nonidet P-40, 100 mM NaCl, 50 mM NaF, 1 mM EDTA and 1x
Complete protease inhibitor mix (Roche Molecular Biochemicals).
Samples were subjected to 8% SDS-PAGE and transferred to
nitrocellulose membranes (Macherey-Nagel GmbH & Co. KG, Diren,
Germany). Immunodetection was performed using primary antibodies
followed by probing with horseradish peroxidase-coupled anti-mouse
(1:10,000) or anti-rabbit 1gG antibodies (1:10,000; both Promega),
respectively. Blots were developed by chemiluminescent detection
(ECL). For staining of FL-APP and soluble APP (sAPPtotal) we used a
murine anti-myc antibody (1:10,000, Cell Signaling Technology).
SAPPa was detected by the monoclonal WO-2 antibody (The Genetics
Company, Zirich, Switzerland) and the monoclonal 4B4 antibody
(Kuhn et al, 2010) and sAPPB by a polyclonal anti-human-sAPPR
antibody purchased from IBL, Japan. Calnexin was used as a control
and was detected by a monoclonal anti-calnexin antibody (MAB3126,
Millipore).

Immunoprecipitation of the APP-CTFs was carried out using the self-
made polyclonal APP-C-terminal antibody 27576 (immunization
with a synthetic peptide APP 648-695 of APPggs, Gerd Multhaup)
coupled to protein-A sepharose (GE Healthcare). Lysates were
incubated with the antibody over night at 4°C in an overhead shaker
and washed three times with PBS and two times with 100 mM
ammonium acetate (pH 7.4). CTFs were eluted twice with 350 pl
of 50% acetic acid and vacuum-dried. Samples were re-dissolved in
2x sample buffer without reducing agents and subjected to gel
electrophoresis on 10-20% Tris Tricin gels (Anamed). 10 pl from the
AB NEP digestions were separated on 10-20% Tris Tricin gels
(Anamed) and after blotting detected using the monoclonal W0-2
antibody.

Toxicity

Toxicity on neuroblastoma cells was determined as previously
described (Harmeier et al, 2009). Briefly, SH-SY5Y cells were cultured
in 96-well dishes at a cell density of 80%. After 48 h, medium was
changed and supplemented with freshly dissolved peptides or SEC
fractions, each at 2 wM concentration and incubated for 12 h. Cell
viability was determined using the MTT assay. Toxicity against primary
hippocampal neurons and cell viability was determined as previously
described (Harmeier et al, 2009). Briefly, hippocampi of postnatal
day O (PO)-P1 Wistar rat pups were cultured on glia cell feeder layers.
After 10 d in vitro, neuronal cultures were treated with freshly
dissolved peptides for another 48 h. Neuronal viability was detected
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PROBLEM:

Direct genomic sequencing of APP exons 16 and 17 in a 53-year-
old patient with early onset dementia identified a novel mutation
in the penultimate codon of exon 16 (g. 278263 A>T; c. 2079
A>T), predicting a lysine-to-asparagine substitution at codon 687
(p. K687N; K16N referring to AB). The patient presented with
progressive cognitive deficits of various modalities, including
dyscalculia, decline of short-term memory, verbal fluency and
abilities of visual construction. Cognitive decline was confirmed by
DemTect neuropsychologically after a 3-month interval. MRI
analysis revealed mild global brain atrophy without focal or
vascular lesions. Repeated CSF analysis within a time interval of
8 months suggested Alzheimer-type neurodegeneration with
elevated total tau, phospho-tau and reduced AB1-42 levels.
Family history is highly suggestive of autosomal dominant early
onset dementia. Samples of other relatives were not accessible for
evaluation. Genetic information is nonconclusive in determination
of the pathogenicity. Our work unravelled the possible pathogenic
mechanisms of the novel APP mutation by functional analysis.

RESULTS:

The novel K16N mutation is located exactly at the a-secretase
cleavage site and reduces a-secretase processing in vitro and in
cell culture. Furthermore, AB levels were elevated which is

mainly due to reduced secondary cleavage of the B-CTF by the a-
secretase. Remarkably, AB42 peptides with a K16N substitution
were almost non-toxic to neuronal cells, which is in sharp

contrast to its WT counterpart. However, when we mixed wt and
K16N peptides in an equimolar ratio, and, thereby, mimicked the
estimated in vivo situation, the mix became severely toxic.

Furthermore, AB42 K16N inhibited fibril formation of AB42 wt. In

using the MultiTox-Fluor Multiplex Cytotoxicity assay (Promega),
performed according to the manufacturer’s instructions.

Peptides

Peptides were purchased from PSL, Heidelberg and verified by matrix-
associated laser desorption ionization-mass spectrometry (MALDI-MS;
Ultraflex-1l TOF/TOF, Bruker Daltonics). Synthetic AB11-28 peptides
were dissolved in water and used immediately. AB40 and AB42
peptides were dissolved in 98% formic acid. After immediate
evaporation of the solvent, peptides were dissolved to 1 mg/ml in
0.1% ammonia in water (Schmechel et al, 2003).

Size exclusion chromatography (SEC)

SEC was performed as previously described (Harmeier et al, 2009) by
using a Superdex 75 (10/30HR) column (GE Healthcare). Aliquots of
0.5-1mg freshly dissolved synthetic peptides, either wt or the
substitution peptide K16N alone or an equimolar mix of both
peptides, were loaded, and 1 ml fractions were eluted with 1x PBS
(137 mM NacCl, 2.7 mM KCl, 20 mM Na,HPO,, 2 mM KH,PO,, pH 7.4)
at a flow rate of 0.5 ml/min. Peptide concentrations were determined
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addition, we found that AB42 K16N peptides are more resistant
against NEP-mediated degradation.

IMPACT:

The novel mutation we have characterized here harbours an
unusual combination of risk factors which may synergistically
contribute to the development of early onset AD and has never
been described before. The meaningful mutation, in terms of
understanding disease-associated or even disease-inducing
mechanisms, is located at the a-secretase cleavage site and
affects both, APP processing and AR peptide properties. The
characteristic of the mutation is that the pathogenic effects of
the AB peptides were only observed in combination with the WT.
The influence of the novel K16N mutation on peptide
aggregation nicely illustrates the point which we have earlier
brought up, that is that toxicity and oligomerization are not sine
qua non to each other. This we have concluded from the existence
of toxic high-n oligomers described here and non-toxic low-n
oligomers obtained with mutations in the GxxxG aggregation
motif within the AR sequence (Harmeier et al, 2009).
Conclusively, when searching for oligomerization modulators as
therapeutic agents for the treatment of AD, these substances
must be thoroughly screened to prevent any possible toxicity
which might result from a stabilization of toxic oligomeric
conformations.

Thus, our work nicely demonstrates how the combination of
clinical, cell biological and biochemical methods provides
insights in the possible mechanisms of pathogenicity of novel
mutations identified in single families when segregation-based
evidence is not available.

by the BCA assay and the collected fractions were immediately used
for subsequent experiments.

Electron microscopy

Each peptide was dissolved to 40 wM in deionized water (MilliQ,
Millipore) supplemented with 0.1% ammonia and incubated for 24 h
at room temperature. Aliquots (10 wl) of the aged peptides were
negatively stained with 2% aqueous uranyl acetate as described
(Steven et al, 1988). Micrographs were taken using a Philips CM100
electron microscope at 100 kV and a Fastscan CCD camera (Tietz Video
and Image Processing Systems, Gauting, Germany).

ADAM in vitro assay

Atotal of 20 pg/ml of the water dissolved AB11-28 peptides (10 wM) were
subjected to either 0.4 png (192 nM) recombinant human ADAM10 (R&D
SYSTEMS) or 0.1 pg trypsin as a control and incubated in 40 ! of 25 mM
ammonium-bicarbonate buffer supplemented with 2 uM ZnCl,. Samples
were incubated at 37°C and at the indicated times co-crystallized with
a-Ccyano-4-hydroxycinnamic acid matrix, spotted on a massive gold target
and analysed with an Ultraflex Il TOF/TOF (Bruker Daltonics).
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Neprilysin in vitro assay

A total of 20 wg/ml of the dissolved synthetic AB42 peptides (4.5 wM)
were incubated with 0.5 g (155 nM) recombinant human NEP (R&D
SYSTEMS) and incubated in 40 .l of 25 mM ammonium-bicarbonate
buffer supplemented with 2 uM ZnCl,. Samples were incubated at
37°C and after 6h 1wl sample was taken and immediately mixed
with a-cyano-4-hydroxycinnamic acid matrix, crystallized on a
massive gold target and analysed with an Ultraflex | TOF/TOF (Bruker
Daltonics).

Molecular modelling

The NMR structure of AB42 (Luhrs et al, 2005) was used to build up a
hypothetical model of the N-terminally elongated structure of the
AB1-42 mix tetramer. In the template NMR structure, K16 directly
precedes the structured region (residue 17-42) forming a B-turn-g
fold. In the AB42 structure the side chains of K16 or N16 are expected
to compete with the regular main-chain hydrogen bonding network of
the B-sheet. In the AR mix model, however, strong hydrogen-bonds
between the side chains of neighboring K16 and N16 may stabilize
the B-sheet, therefore, residues 12—-16 were also added in B-sheet
conformation. The model of the tetramer was built using the Swiss
PDB viewer and energetically minimized using the GROMOS force
field.

For more detailed Materials and Methods see the Supporting
Information.
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