ARTICLE

[O510 ) Journal of
D D Experimental
oY) Medicine

An APP ectodomain mutation outside of the AB
domain promotes AP production in vitro and

deposition in vivo

Xulun Zhang*®, Can Martin Zhang?®, Dmitry Prokopenko?®, Yingxia Liang?®, Sherri Y. Zhen?®, lan Q. Weigle!®, Weinong Han'®, Manish Aryal'®,

Rudolph E. Tanzi?®, and Sangram S. Sisodia'®

Familial Alzheimer’s disease (FAD)-linked mutations in the APP gene occur either within the AB-coding region or immediately
proximal and are located in exons 16 and 17, which encode AP peptides. We have identified an extremely rare, partially
penetrant, single nucleotide variant (SNV), rs145081708, in APP that corresponds to a Ser198Pro substitution in exon 5. We
now report that in stably transfected cells, expression of APP harboring the S198P mutation (APPS198P) leads to elevated
production of AP peptides by an unconventional mechanism in which the folding and exit of APPS198P from the endoplasmic
reticulum is accelerated. More importantly, coexpression of APP S198P and the FAD-linked PS1AE9 variant in the brains of
male and female transgenic mice leads to elevated steady-state AB peptide levels and acceleration of Ap deposition compared
with age- and gender-matched mice expressing APP and PS1AE9. This is the first AD-linked mutation in APP present outside of

exons 16 and 17 that enhances AP production and deposition.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease that is pathologically characterized by the extracellular
deposition of amyloid B (AB) peptides in senile plaques and the
intraneuronal accumulation of hyperphosphorylated forms of
Tau (Glenner and Wong, 1984; Hardy and Allsop, 1991; Masters
et al., 1985; Price et al., 1998). AP peptides of between 40 and 43
amino acids in length are generated by the sequential proteolysis
of the amyloid precursor protein (APP) by BACEIL and the
Y-secretase complex (De Strooper and Annaert, 2000; Vassar
et al., 1999; Wolfe, 2020). APP is a type I transmembrane pro-
tein that is encoded by alternatively spliced mRNAs encoded by
the APP gene on chromosome 21 (De Strooper and Annaert,
2000; Price et al., 1998). Rare, autosomal dominant familial
forms of AD (FADs) are caused by inheritance of mutations in
genes encoding APP and presenilins (PS1 and PS2; see https://
www.alzforum.org/mutations). Mutations in the APP gene are
located in exons 16 and 17, which encode 17 and 23-26 amino
acids, respectively, of the AP peptide. These mutations occur
either within the AP-coding region (“Flemish,” “Arctic,”
“Dutch,” “Iowa,” “Tottori,” and “English” variants) or immedi-
ately proximal (“Swedish” mutation and mutations between
amino acids 714 and 724; 770 numbering; see Fig. 1 A; Van

Broeckhoven and Kumar-Singh, 2006). Depending on the na-
ture of the mutation, the encoded APP variants undergo differ-
ential processing that leads to elevated levels of all AR peptide
species, as is observed with the APP Swedish variant (Citron
et al., 1992; Haass et al., 1995; Thinakaran et al., 1996) or ele-
vations in the ratio of AB42 to AB40 peptides that are promoted
by numerous mutations at amino acids 714-724 within the APP
transmembrane domain (De Jonghe et al., 2001). Mutations
within the AB domain alter the biophysical properties of the AB
peptide variants in a manner that increases the nucleation and
fibrillization of these polypeptides (Hunter and Brayne, 2018;
Kumar-Singh et al.,, 2000). Moreover, mutations in the pre-
senilins also lead to elevations in the ratio of AB42/AB40 pep-
tides (De Strooper, 2007), suggesting that nucleation-prone
APB42 peptides are the pathogenic drivers of AB amyloidosis.

In a search for AD-associated rare variants, we identified a
novel missense mutation in APP corresponding to a Serl98Pro
amino acid substitution that was present in both affected sib-
lings from one family in the National Institute of Mental Health
(NIMH) AD Genetics Initiative Family Sample (with no unaf-
fected siblings available). At the time, this missense mutation
was not present in any available genetic database, but was later
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Figure 1. Impact of S198P on A production in HEK293 cells. (A) Domain organization of APP-770, positions of FAD-linked mutations and Serine 198.
Shown are the domains of APP and positions of the FAD-linked mutations in exons 16 and 17. The S198 mutation is in the linker between the E1 domain and
acidic-rich domain. (B and D) Western blot analysis of full-length APP and APP CTFs in cell lysates and soluble APP and AB in CM of the HEK293 cell pools (B)
and cell lines (D) stably expressing WT APP, WT APP695/S198P, APP695Swe, and APP695Swe/S198P, and the lysates and CM were prepared from triplicate
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wells of culture plates. Equal amounts of cell lysates and normalized volumes of CM based on the protein concentrations of the cell lysates were used for the
analysis. Small arrows in vector transfected cells (B) indicate the migration of endogenous full-length APP. (C and E) MSD analysis of AB levels in the CM of the
stable cell pools (C) and cell lines (E). Levels of AB species were normalized to the protein concentrations of the cell lysates. The results are represented by
mean + SEM, and the error bars represent SEM, n = 3. One-way ANOVA with a Tukey’s multiple comparisons post hoc test was used to establish statistical
significance. *, P < 0.05; **, P < 0.005; **** P < 0.0001. (F) Subcellular distribution of B-CTF in APPSwe no. 12 and APPSwe/S198P no. 1 cells. Immuno-
fluorescence images of 3D6-immunoreactive B-CTF (green) and colabeled Golgi-specific GM130 (red). DAPI is in blue. Each column contains two images
acquired from different fields (top and bottom) of the same dish. KPI, Kunitz protease inhibitor.

reported as an extremely rare single nucleotide variant (SNV),
rs145081708, with a minor allele frequency ranging from
0.000382 (TOPMED, n = 125,568) to 0.000684 (GnomAD_ex-
ome, n = 251,438). Over the course of our functional studies,
rs145081708 was also reported in ClinVar (public database of
clinical variant interpretations; Landrum et al., 2018) in four
separate submissions, which concluded these variants were
“benign” or “of uncertain significance.” Recently, the rs145081708
SNV encoding the APP-Ser198Pro mutation was also reported
in an Ashkenazi Jewish family with monozygotic triplets, of
whom two of the triplets were affected with AD and one, at the
age of 85 yr, had no cognitive complaints, thus suggesting that
the SNV is partially penetrant (Zhang et al., 2019a). Notably,
both affected triplets carried the proline mutation, with onset
age and Apolipoprotein E (ApoE; €) status 73 yr (€3/e4) and 76 yr
(e3/¢4). Additionally, an offspring of one of the affected triplets
was a carrier of S198P and had early-onset AD (EOAD; age of
onset at 50 yr and £3/¢4).

As serine 198 is encoded in exon 5 and hence is remote
from the AB sequence (see Fig. 1 A), we considered it highly
unlikely that this mutation could directly influence BACE1 and
y-secretase processing of APP to generate A peptides. However,
S198 is one of two phosphorylation sites in the extracellular
domain (Walter et al., 1997), and introduction of an experimental
mutation at the second site (S206G) has been reported to reduce
cell surface levels of this APP mutant (Zhang et al., 2019b).
However, the influence of the S198P mutation on APP traffick-
ing, posttranslational modifications, proteolytic processing, A
production, and pathogenesis has not been determined. To ad-
dress these issues, we have examined the effects of the S198P
mutation on APP metabolism both in stably transfected cultured
mammalian cells and in the brains of transgenic mice expressing
this APP variant. The S198P mutation was engineered into a
mouse APP-695 cDNA wherein the AP region was replaced with
sequences encoding human A (there are three amino acid dif-
ferences between mouse and human A peptides) as well as into
cDNA encoding chimeric APP695 that also harbors the FAD-
linked Swedish lysine-methionine to asparagine-leucine (KM-
NL) mutations that promote cleavage by BACEl and hence
facilitate detection of AP peptide species (Borchelt et al., 1996b).
We now report that expression of the APP695/S198P or
APP695Swe/S198P variants leads to elevated levels of AP pep-
tides in the conditioned medium (CM) of transfected cells
compared with AB peptide levels in the CM of cells in which
APP695 or APP695Swe, respectively, are expressed at similar
levels. Our cell biological studies reveal that enhanced produc-
tion of AB from cells expressing the APP695Swe/S198P variant is
the result of enhanced rate of folding and exit of these poly-
peptides from the ER. To establish the in vivo relevance of these
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findings and to assess the role of the S198P mutation on pro-
moting AP amyloidosis, we generated transgenic mice that ex-
press this APP variant. We now show that the steady-state levels
of AB40 and AB42 in brains of male or female APP695Swe/S198P
transgenic mice that coexpress the FAD-linked PSIAE9 variant
that elevates AP42/40 ratio and accelerates AP deposition in
transgenic mice (Jankowsky et al., 2004) are significantly ele-
vated compared with age- and gender-matched mice that coex-
press APP695Swe and PSIAE9. More importantly, AR deposition
in the brains of male or female transgenic mice at 4, 6, or 9 mo is
markedly elevated compared with gender-matched transgenic
mice that coexpress APP695Swe and PSIAE9. These studies un-
equivocally demonstrate that the S198P mutation in exon 5 leads
to enhanced production of AP peptides that accelerate AP depo-
sition in vivo. Thus, this is the first AD-linked mutation in APP
present outside of exons 16 and 17 that affects A production and
deposition in vivo and thus challenges the conventional wisdom
that APP mutations outside of exons 16 and 17 that are identified
in patients with AD are “benign” or “of uncertain significance”
(Nicolas et al., 2016; Sassi et al., 2014).

Results

Genetic studies that identify the APP S198P variant

Analysis of whole genome sequencing (WGS) of the NIMH AD
Genetics Initiative Family Sample (Prokopenko et al., 2020)
revealed a novel missense mutation in APP corresponding to a
Ser198Pro amino acid substitution, which was present in both
affected siblings from one family with no unaffected siblings
available. The first affected sibling was 59 yr old at onset of AD
and was homozygous for APOE-€4. The second sibling was 68 yr
old at onset and was APOE-£3/&4.

The APP-Ser198Pro mutation was later reported as the ex-
tremely rare SNV, rs145081708, with a minor allele frequency
ranging from 0.000382 (TOPMED, n = 125,568) to 0.000684
(GnomAD_exome, n = 251,438), and in ClinVar in four separate
submissions, two of which describe the amino acid change as
“benign” and two as “of uncertain significance.” We also eval-
uated two other large WGS AD datasets described in Table S1.
Data regarding the NIMH and National Institute on Aging (NIA)
samples have been described elsewhere (Beecham et al., 2017;
Blacker et al., 1997). Family-based cohorts analyzed consisted of
multiplex AD families with affected and unaffected siblings. In
the NIA Alzheimer’s Disease Sequencing Project (ADSP) fami-
lies, we found one unaffected carrier with this SNV. The sub-
ject’s age at last examination and APOE status were 77 yr and €3/
€3, respectively. No subjects in the NIA family sample carried
the mutation. In the NIA ADSP case-control cohort of unrelated
individuals, we found one affected carrier and two unaffected
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carriers. The affected carrier’s age at onset was 60 yr, and the
APOE status was €2/e4. Both unaffected subjects carried one
APOE-€4 allele and were 72 and 82 yr old, respectively, at last
examination. The small number of total carriers of the minor
allele of rs145081708 (APP-198Pro) in all three datasets was not
sufficient to carry out a formal statistical test.

Stable expression of APP695 harboring the S198P mutation
enhances AP production

To examine the metabolism of APP harboring the S198P muta-
tion, we generated stable cell “pools” that constitutively express
either WT human APP695 (APP695) or human APP695 with the
S198P mutation (APP695/S198P). Cell lysates and CM from sta-
ble cell pools were fractionated on Tris-Tricine gels and sub-
jected to Western blot analysis (Fig. 1 B). The levels of full-length
APP and APP-C-terminal fragments (CTFs) were similar in ly-
sates from cell pools expressing either APP695 or APP695/S198P,
and AP levels in the CM were detectable, albeit at very low levels
(Fig. 1 B, lanes 4-9). Using a highly sensitive and quantitative
Meso Scale Discovery (MSD) assay, we observed that AB40 in
the CM of cell pools expressing APP695/S198P were ~1.2 times
higher than AP levels in the CM of cells expressing APP695
(Fig. 1 C). To facilitate detection of AB, the S198P mutation was
introduced into human APP695 cDNA that harbors the FAD-
linked Swedish variant (KM-NL; APPSwe) that leads to en-
hanced processing by BACEl and ultimately to elevated AP
production (Citron et al., 1992), and cell pools were generated
that express either APP695Swe/S198P or APP695Swe. The levels
of full-length APP between the cell pools expressing APP695Swe
or APP695Swe/S198P were comparable, but compared with cell
pools expressing APP695Swe, the levels of cellular APP-CTFs
and secreted AP were significantly elevated in the cell pools
expressing APP695Swe/S198P (Fig. 1 B; compare lanes 10-12 to
lanes 13-15, respectively). MSD-AP analysis confirmed an ap-
proximately twofold increase in AB40 and AB42 peptides in the
CM of the APP695Swe/S198P cell pools compared with AP levels
in the cell pools expressing APP695Swe (Fig. 1 C).

In parallel, we isolated individual cell lines that stably ex-
press APP695, APP695/S198P, APP695Swe, or APP695Swe/
S198P. Stable cell lines with matching expression for each
pairwise comparison were identified by Western blot analysis
and expanded. As was the case in the stable cell pools, A in the
CM of APP695 line no. 4 and APP695/S198P line no. 8 was barely
detectable by Western blotting (Fig. 1 D, lanes 1-6), but MSD-ARB
analysis revealed that the CM of APP695/S198P no. 8 contained
approximately twofold higher levels of AB40 and AB42 than the
CM of APP695 no. 4 (Fig. L E). Similarly, the levels of cellular full-
length APP695Swe in line no. 12 and APP695Swe/S198P in line
no. 1 were comparable, but compared with the levels of cellular
APP CTFs and secreted AP in the CM of APP695Swe no. 12 cells,
APP695Swe/S198P mno. 1 cells exhibited substantially higher
levels of these APP derivatives (Fig. 1 D; compare lanes 7-9 to
10-12, respectively). MSD-AB analysis confirmed an ~1.8-fold
elevation in levels of both AP40 and AB42 in CM of APP695Swe/
S198P no. 1 compared with APP695Swe no. 12 (Fig. 1 D, lanes
7-12; Fig. 1 E). To assess the possibility that differential traf-
ficking or accumulation of B-CTF derived from APPSwe or

Zhang et al.
APP S198P variant promotes AB production and deposition

APPSwe/S198P might explain the differences in AB production,
we performed immunofluorescence staining on APPSwe line no.
12 and APPSwe/S198P line no. 1 using a recombinant mouse
antibody, 3D6, a neo-epitope-specific antibody recognizing AP
residues 1-5 with strong preference for an exposed aspartate
residue at the N terminus of the peptide (Bacskai et al., 2001;
Johnson-Wood et al., 1997; Kamenetz et al., 2003). This antibody
does not react with full-length APP or APP-CTFa (Kim et al.,
2001). While very low levels of staining were detected in na-
ive HEK293 cells using conventional indirect immunofluores-
cence and light microscopy, we failed to detect any significant
differences in the steady-state distributions of B-CTF in reticu-
lar, vesicular, or sub-plasma membrane compartments between
APPSwe and APPSwe/S198P cells (Fig. 1 F).

Taken together, these studies confirm that in stably trans-
fected HEK293 cells, the APP S198P mutation enhances A
production compared with cells expressing parental APP.

Metabolism of the APPS198P variant and influences on AB
production

To clarify the mechanisms by which the S198P mutation alters
APP metabolism to enhance production of AP peptides, we
performed pulse-chase studies in APP695Swe no. 12 and
APP695Swe/S198P no. 1 cells. Cells were pulse-labeled with
L-[35S]-methionine for 15 min and then chased for varying times
in medium containing excess unlabeled L-methionine. The syn-
thetic rates of full-length APP695Swe and APP695Swe/S198P
were essentially identical (Fig. 2 A, lanes 1 and 2), and the rates of
maturation of the immature APP695Swe and APP695Swe/S198P
species were nearly indistinguishable (Fig. 2 A, lanes 3-12). Thus,
the S198P mutation influences AP production by a mechanism
other than by altering the synthesis or maturation rate of im-
mature APP. However, from the earliest time point of the chase
(15 min) and onwards, the levels of both CTF,, and CTFg, gener-
ated by a- and B-secretase cleavage of APP695, were elevated
in the lysates of APP695Swe/S198P no. 1 cells, as were the levels
of soluble APP (representing both sAPP695/S198PSwe,, and
sAPP695/S198PSweg) in the CM (Fig. 2 A, lanes 4, 6, 8,10, and 12)
when compared with the levels of APP-CTFs and soluble
APP695Swe in lysates and CM of the APPSwe no. 12 cell line,
respectively (Fig. 2 A, lanes 3, 5, 7, 9, and 11). These findings
would suggest that the presence of the S198P mutation somehow
enhances egress of the chimeric APP from the ER to the Golgi,
where BACEI is active (Thinakaran et al., 1996), and to distal
compartments where both BACEI and a-secretase are present.
Finally, and confirming the MSD studies in Fig. 1, and consistent
with the elevations in CTF, and CTFg levels in lysates of
APP695Swe/S198P no. 1 cells compared with APP695Swe no. 12
cells, steady-state labeling for 4 h revealed that the levels
of radiolabeled AP and p3, generated by y-secretase processing
of CTFg and CTF,, respectively, were ~1.8x higher in CM of
APPSwe/S198P no. 1 cells compared with CM from APPSwe no.
12 cells (Fig. 2, B and C).

While the aforementioned studies would offer support for the
model that introduction of the S198P mutation enhances egress
of immature APPSwe/S198P, the pulse-labeling performed for
15 min does not just mark immature, asparagine-linked high
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Figure 2. Pulse-chase analysis of HEK293 cells stably expressing APP695Swe and APP695Swe/S198P. (A) Pulse-chase analysis of HEK293 cell lines
APPSwe no. 12 (Swe) and APPSwe/S198P no. 1 (Swe/S198P). Following pulse-labeling and chase or 4-h continuous labeling, APP metabolites im-
munoprecipitated with CTM1 antibody from cell lysates and with P2-1 antibody from CM were resolved on a Tris-Tricine gel (top and middle) and an SDS-PAGE
(bottom), respectively. Black arrows indicate early secretion of SAPPg from APPSwe/S198P cells. (B and C) Immunoprecipitated AB and P3 from the CM of 4-h
continuously labeled cells. (D) Pulse-chase analysis of HEK293 cell lines APP695Swe no. 12 (Swe) and APP695Swe/S198P no. 1(Swe/S198P) with a 5-min pulse
and chase. CTM1-immunoprecipitated (IP) APP metabolites from cell lysates were resolved on Tris-Tricine gels under both reducing and nonreducing con-
ditions. In the nonreducing panel, the brackets mark heterogeneous, mature full-length APP that represents transient folding intermediates, and the black
arrows indicate elevated mature APPSwe/S198P species; in the reducing panel, the black arrows indicate mature full-length APPSwe/S198P. (E) Pulse-chase
analysis of HEK293 stable pools expressing APP695Swe (Swe) and APP695Swe/S198P (Swe/S198P) with a 5-min pulse and chase. CTMI1-immunoprecipitated
APP metabolites from cell lysates were resolved on Tris-Tricine gels under both reducing and nonreducing conditions. The red arrowheads represent mature,
full-length APP695Swe/S198P in the presence of reducing reagent, while the red brackets represent heterogeneous species under nonreducing conditions that
are present in APPswe/S198P pools and represent transient folding intermediates. Green arrowheads indicate immature form of APP695Swe and APP695Swe/
S198P, and the black arrow indicates the endogenous APP. imm, immature; mat, mature.
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mannose APP species in the ER, but also a fraction of APP
molecules that have exited to the Golgi, wherein trimming and
subsequent conversion of high mannose oligosaccharides lead to
the production of hybrid or complex-type oligosaccharides. The
presence of both immature and mature full-length APP mole-
cules during the pulse-labeling period supports this assertion
(Fig. 2 A, lanes 1 and 2). With this concern, we repeated the study
using a 5-min pulse-labeling period and shorter chase times to
accurately capture synthesis and maturation of newly synthe-
sized APPSwe and APPSwe/S198P. In addition, we followed a
protocol by Jansens et al. (2002) that examined the folding of a
multidomain protein, low-density lipoprotein receptor, which
revealed that folding does not occur vectorially, but instead is
mostly posttranslational and involves isomerization of transient
long-range, nonnative disulfide bonds into short-range cysteine
pairs. For APP, all 12 cysteine residues occur in the amino-
terminal 187 amino acids (termed the “E1” domain; Fig. 1 A).
Taking advantage of this fact, we immunoprecipitated full-
length APP and APP-CTFs in lysates from the pulse-chase la-
beling study using CTM1 raised to the C-terminal 15 amino acids
of APP (Vetrivel et al., 2009). The resulting immunoprecipitated
material was split, and one half of the immunoprecipitate was
boiled in Laemmli sample buffer (reducing), while the other half
was boiled in Laemmli sample buffer lacking B-mercaptoethanol
(B-ME; nonreducing). The underlying model is that when sam-
ples are denatured in the absence of reducing agent, a difference
in SDS-PAGE mobility between nonreduced and the corre-
sponding reduced samples indicates the presence of disulfide
bonds. In our case, if folding of APPSwe/S198P occurs faster than
APPSwe, we expected to observe transient folding intermediates
at early time points under nonreducing conditions. Indeed, we
now document that in nonreducing conditions (Fig. 2 D, top), the
appearance of heterogeneous species that migrate with retarded
mobility relative to immature APPSwe/S198P species in line no.
1 during the pulse-labeling period and during the first 10 min of
the chase (bracket in Fig. 2 D, lanes 2, 4, and 6) compared with
the pattern seen in APPSwe immunoprecipitates from line no. 12
(Fig. 2 D, lanes 1, 3, and 5). Moreover, the levels of mature
APPSwe/S198P species in line no. 1 are clearly elevated at the
12.5-, 15-, 20-, and 30-min time points relative to the mature
APPSwe species in line no. 12 (arrow, Fig. 2 D; compare lanes 8,
10, 12, and 14 to lanes 7, 9, 11, and 13), arguing for rapid matu-
ration of the immature species. In denaturing conditions
(Fig. 2 D, bottom), mature APPSwe/S198P molecules in line no.
1 appear earlier and at higher levels than APPSwe molecules in
line no. 12 (Fig. 2 D; compare lanes 6, 8, and 10 to lanes 5, 7, and
9). Moreover, and consistent with the findings shown in Fig. 2 A,
APP-CTFs are detected in lysates of APPSwe/S198P line no.
1 cells earlier (by 15 min; lane 10) and at higher levels in the
chase than seen in APPswe line no. 12 cells (Fig. 2 D, bottom;
compare lanes 10, 12, and 14 to 9, 11, and 13).

One potential caveat of these latter studies is that we are
comparing individual lines that may vary considerably with
respect to their genetic content and regulation. To avoid these
confounding issues, we prepared stable cell pools composed of
between 50 and 100 independent colonies and repeated the
pulse-chase experiments similar to that shown in Fig. 2 D. Pools
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of HEK293 cells expressing either APPSwe or APPSwe/S198P
were pulse-labeled with 3°S-methionine for 5 min and chased in
the presence of excess unlabeled L-methionine, as above.
Analysis of CTMI1 immunoprecipitates reveal essentially equiv-
alent levels of newly synthesized APPSwe and APPSwe/S198P
(Fig. 2 E, lanes 1, and 2) in both reducing (top) or nonreducing
(bottom) conditions. Importantly, in nonreducing conditions,
we detect heterogeneous species with reduced mobility begin-
ning at 10 min into the chase period that is elevated in the
APPSwe/S198P cell pool compared with the APPSwe cell pool
(Fig. 2 E, bracket; compare lanes 6, 8, 10, and 12 with 5, 7, 9, and
11, respectively). These results, which in large part reflect the
findings in Fig. 2 D, suggest the presence of transient folding
intermediates in APPSwe/S198P cells at early time points after
the pulse labeling. Moreover, in reducing conditions, we detect
mature APPSwe/S198P in the cell pool with retarded mobility
within 10 min of the chase compared with APPSwe in that pool
(Fig. 2 E, top, red arrowhead; compare lanes 6, 8, 10, 12, and 14
with 5, 7, 9, 11, and 13, respectively). Hence, in both stable cell
lines and in cell pools, APPSwe/S198P molecules are subject
to accelerated folding and rapid maturation compared with
APPSwe molecules.

While these latter studies lend support for the notion that the
folding and maturation of APPSwe/S198P are more rapid than
APPSwe, we felt it was critical to demonstrate this using a re-
agent that detects a folded domain within APP. To this end, we
used monoclonal antibody P2-1, which recognizes an epitope(s)
in the N-terminal domain of APP (Van Nostrand et al., 1989), a
region that contains all 12 cysteine residues (Fig. 1 A). To es-
tablish the specificity of mAbP2-1, we treated detergent-
solubilized extracts from APPSwe, APPSwe/S198P cells, and
homogenates from brains of transgenic animals expressing
APPSwe (ceAPPswe/PSIAE9) or APPSwe/S198P (APP695Swe/
S198P/PSIAEY; see below; Figs. 6, 7, and 8) with Laemmli buffer
containing B-ME, or not, and performed Western blot analysis.
MAbP2-1 failed to detect either APPSwe or APPSwe/S198P in cell
or brain extracts that were treated with B-ME (Fig. 3 A, lanes
1-4, top), but readily detected APPSwe or APPSwe/S198P in cell
extracts treated in the absence of B-ME (Fig. 3 A, lanes 5 and 6,
top). Notably, mAbP2-1 failed to detect APPSwe or APPSwe/
S198P in brain extracts (Fig. 3 A, lanes 7 and 8) because the APP
transgene is a mouse APP695-human AP chimera (see Materials
and methods for details), thus confirming that this antibody is
not only a sulfhydryl-dependent, conformation-specific anti-
body, but human APP-specific as well. As a control, we per-
formed Western blots with mAb22C11, which detects a linear
epitope between APP amino acids 66 and 81 that is identical
between human and mouse APP (Hilbich et al., 1993). As ex-
pected, mAb22Cl1 readily detected APPSwe and APPSwe/S198P
in both extracts from cultured cells or transgenic mouse brain,
and independent of B-ME (Fig. 3 A, lanes 1-8, bottom).

To assess the utility of mAb P2-1 for our analysis, we first
performed pulse chase/immunoprecipitation analysis on
APPSwe no. 12 and APPSwe/S198P no. 1 cells. These studies
revealed that while the structural epitope is readily detected in
extracts from both cell lines that were pulse-labeled for 5 min
(Fig. 3 B, lanes 1 and 8), the maturation of APPSwe/S198P
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Figure 3. Analysis of the metabolism of APPSwe and APPSwe/S198P
with a sulfhydryl, confirmation-specific antibody, mAbP2-1. (A) Valida-
tion of P2-1 antibody specificity in extracts from stably transfected cells and
transgenic brain. Cell lysates of HEK293 cell pools stably expressing either
APPSwe (lanes 1 and 5) or APPSwe/S198P (lanes 2 and 6), and brain lysates of
transgenic mice expressing a chimeric mouse/human APPswe (lanes 3 and 7)
or APPswe/S198P (lanes 4 and 8) were subject to reducing conditions with
B-ME (lanes 1-4) or not (lanes 5-8) before electrophoresis. Upper two panels:
P2-1 Western blots; lower two panels: 22C11 Western blots. P2-1 only rec-
ognizes nonreduced human APPSwe or APPSwe/S198P. (B) P2-1 im-
munoprecipitates (IP) from lysates of the stable cell lines APPSwe no. 12
(lanes 1-7) and APPswe/S198P no. 1 (lanes 8-14) pulse-labeled for 5 min and
chased. The black arrow in lane 9 indicates the early-appearing, correctly
folded, and mature full-length APPSwe/S198P. (C) Pulse-chase analysis of
HEK293 cell pools stably expressing APP695Swe (Swe) and APP695Swe/
S198P (Swe/S198P) and immunoprecipitation with P2-1. Black arrow in-
dicates endogenous immature APP; green arrow indicates immature APPSwe
and APPSwe/S198P; red arrowheads indicate immature, folded full-length
APP695Swe/S198P that appears early in the chase period. Ab, antibody;
BME, B-mercaptoethanol.

occurred within 7.5 min compared with the first appearance of
mature APPSwe at 10-12.5 min (Fig. 3 B, arrow, lane 9; compare
with lane 2) and accumulated to higher levels (Fig. 3 B, compare
lanes 10-14 with lanes 3-7). Extending this analysis, we as-
sessed the appearance and maturation of the structural epitope
detected by mAbP2-1 in stable cell pools expressing either
APPSwe/S198P or APPSwe. We observed a clear difference in
the rate of appearance, maturation, and levels of the mAbP2-1
epitope in extracts from cell pools expressing APPSwe/S198P
compared with cell pools expressing APPSwe (Fig. 3 C, compare
lanes 2, 4, 6, 8, 10, 12, and 14 with lanes 1, 3, 5, 7, 9, 11, and 13,
respectively). Hence, our results are consistent with the view
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that the generation and maturation of fully folded APPSwe/
S198P occur more rapidly than APPSwe, which leads to an in-
crease of secreted AP in the CM.

S198P mutation does not induce gross conformational
changes in the APP ectodomain

The mechanism(s) by which the S198P mutation might influence
the folding and rate of exit of APP695Swe/S198P from the ER are
presently unclear, but the replacement of serine by a proline
residue would likely introduce a “kink” in the structure and
restrict protein flexibility, thus altering protein conformation
that could, in turn, promote maturation and export. To examine
this issue, we generated constructs containing cDNA encod-
ing soluble forms of APP695 (sAPP695a) or APP965/S198P
(sAPP6950,/S198P) with a C-terminal 6-His tag and then gener-
ated stable HEK293 cells that constitutively secrete these poly-
peptides. Secreted sAPP695a or sAPP695a/S198P molecules in
the CM were purified to homogeneity by step-wise precipitation
in 60% ammonium sulfate (Fig. 4 A), diethyl aminoethly cellu-
lose (DEAE) chromatography (Fig. 4 B), and elution from a Ni**
coupled to nitrilotriacetic acid (Ni-NTA) resin (Fig. 4 C). Isolated
proteins were fractionated by SDS-PAGE, and silver staining
verified the purity of sSAPP6950 and sAPP695a/S198P (Fig. 3 D).
Circular dichroism (CD) spectroscopy (Johnson, 1990) revealed
completely overlapping spectra indicating no gross differences in
the secondary structures of the two proteins (Fig. 4 E). Fur-
thermore, differential scanning fluorimetry (DSF; Simeonov,
2013), used to measure thermal stability, revealed that the
presence of the S198P substitution did not significantly alter the
AT, (change in melting temperature) of sAPP695a,/S1a98P rel-
ative to sAPP695a (Fig. 4 F), a result that indirectly corroborates
the CD studies. Thus, the presence of the S198P mutation had
no impact on the secondary structure or thermal stability of
sAPP695a, arguing against the idea that gross conformational
alterations induced the mutation.

Generation and characterization of transgenic mice
overexpressing APP695Swe/S198P

To extend the latter in vitro studies of APP metabolism (Figs. 1, 2,
and 3) to an in vivo setting, the Cure Alzheimer’s Fund Genes-2-
Therapy initiative generated transgenic mice that overexpressed
mouse APP695 cDNA that contains the human AP sequence to-
gether with the Swedish mutation (APP695Swe) or mouse
APP695 cDNA together with the human AP sequence, the
Swedish mutation, and the S198P mutation (APP695Swe/S198P).
The APP695Swe or APP695Swe/S198P transgenes are tran-
scriptionally driven by the mouse prion protein (PrP) promoter
(Borchelt et al., 1996a). Following pronuclear injections, we ob-
tained three founder lines for each transgene. The expression of
APP695Swe and APP695Swe/S198P in positive F1 animals was
analyzed by Western blotting of brain lysates using human AB-
specific 6E10 antibody. Unfortunately, all three lines expressing
APP695Swe expressed very low levels of the transgene-encoded
polypeptide (Fig. 5 A). On the other hand, APP695Swe/S198P
lines 15219 and 15222 (termed lines 19 and 22, respectively)
showed high-level expression of the transgene, while line 15220
did not (Fig. 5 A, lanes 5-7, 6E10 panel). To examine the impact
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of the APP695Swe/S198P on metabolism in vivo, and having
failed to generate an APP695Swe line of comparable expression
levels to APP695Swe/S198P lines 19 or 22, we chose to compare
the expression of the APP695swe/S198P lines to APP695Swe
levels in brain lysates of the ceAPPSwe/PSIAE9 transgenic line,
line 85, that harbors cointegrated transgenes encoding APP695Swe
and PS1AE9 that are transcriptionally driven by the mouse PrP
promoter (Jankowsky et al., 2001). These studies revealed that
APP695Swe expression in APP695Swe/S198P line 19 was compa-
rable to the levels of APP695Swe in the ceAPPSwe/PSIAE9 line
and hence was selected for further analysis.

We previously demonstrated that PrP promoter-driven
transgenic expression of APP695Swe to levels approximately
twofold higher than endogenous APP (line C3-3) only begins to
exhibit AB deposition between the age of 18-20 mo (Borchelt
et al,, 1997). However, coexpression of the FAD-linked A246E
PS1 (line N-5) or PSIAE9 variants (line S-9) accelerates AB de-
position to 9 or 5-6 mo in brains of C3-3 mice (Borchelt et al.,
1997; Lazarov et al., 2002), respectively. In view of these find-
ings, we crossed APP695Swe/S198P line 19 mice to PrP
promoter-driven PSIAE9 transgenic line S-9 (Lee et al., 1997). To
assess the impact of the transgenes on amyloid burden, it was
critical to compare the levels of full-length APPSwe in age- and
gender-matched ceAPPSwe/PS1AE9 versus APP695Swe/S198P/
PS1AE9 mice. To specifically detect transgene-encoded APP and
avoid detection of endogenous mouse APP, we employed mAb
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6E10 (Kim et al., 1990) raised against amino acids 1-17 of human
APP that is specific for human APP (Thinakaran et al., 1996);
immunoselection of random sequences from a phage display
library reveal that that the minimum sequence required for
mAb6E10 binding is R-x-D with the vast majority of these se-
quences containing an H at position x (R-H-D), corresponding to
residues 5-7 of the AP target sequence; human APP,.. R-H-D..
versus mouse,.. G-H-D.. (Baghallab et al., 2018). However, solu-
ble sAPPa are also detected by mADb6E10, so we first im-
munoprecipitated full-length APP using APP C-terminal-specific
antibodies, C1/6.1 or CTMI, then performed Western blot
analysis of the resulting immunoprecipitates with mAb6E10
(Fig. 5 B). The intensity of full-length APP bands in Fig. 5 B re-
vealed that the ratio of full-length, chimeric APP in the
APP695Swe/S198P/PSIAE9 line versus the ceAPPSwe/PSIAE9
line is ~2:1 (Fig. 5 C) in 4-mo-old female, 6-mo-old male and
female, and 9-mo-old male and female animals.

Elevated AB peptides in brains of APPSwe/S198P/PS1AE9
animals

Having demonstrated that AP levels in the CM of HEK293 cells
expressing APPSwe/S198P are significantly higher than those of
cells expressing APPSwe, we examined Af levels in brain lysates
from PSIAE9, APP695Swe/S198P, APP695Swe/S198P/PSIAE9,
and ceAPPSwe/PSIAE9 animals. For every hemibrain, Tris-
bufferered saline (TBS)-soluble, detergent-soluble, and formic
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Figure 5. Characterization of APP695Swe/S198P transgenic mice.
(A) Western blotting analysis of brain lysates from APP695Swe and
APP695Swe/S198P transgenic lines. ceAPPSwe/PSIAE9 was used as positive
control, and nontransgenic littermate of line 15214 was used as negative
control. Human APP-specific antibody 6E10 revealed high-level expression of
APP695Swe/S198P in lines 15219 and 15222. (B and C) Immunoprecipitation
(IP)-Western blotting (WB) analysis and density quantification with Image]
software of the expression levels of APP695Swe/S198P (line 19) and APPSwe
in ceAPPSwe/PS1AE9 transgenic mice. Both sets of immunoprecipitation-Western
blotting were used for density quantification, and the results were represented by
mean + SEM, with the error bars representing SEM. F, female; M, male.

acid (FA)-soluble fractions were prepared and subject to West-
ern blot analysis.

In 4-mo-old male and female animals, higher levels of soluble
APP695 as well as a- and B-CTFs were observed in lysates from
APP695Swe/S198P and APP695Swe/S198P/PSIAE9 animals
compared with the levels in ceAPPSwe/PSIAE9 animals (Fig. 6, A
and B, APPSa and CTF panels), similar to the results observed in
stably transfected HEK293 cells (Fig. 1, B and D). Similarly, the
levels of TBS-soluble AB and detergent-soluble AB were detect-
able, albeit at low levels, in APP695Swe/S198P/PSIAE9 animals,
but higher than the vanishingly low levels in ceAPPSwe/PSIAE9
animals. MSD analysis confirmed these observations (Fig. 7 A).
FA-soluble AB, representing AP species that are either deposited
or aggregated as oligomers, was clearly elevated in APP695Swe/
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S198P/PS1AE9 animals compared with the vanishing low levels
seen in ceAPPSwe/PSIAE9 animals and independent of gender
at this time point (Fig. 6, A and B, FA-soluble panel; MSD
quantified in Fig. 7 A). Notably, the levels of FA-soluble A in
female APP695Swe/S198P/PS1AE9 mice was significantly el-
evated compared with male mice, a finding consistent with
earlier demonstrations that AB deposition in female ceAPPSwe/
PSIAE9 is accelerated relative to males (Lazarov et al., 2002; see
Fig. 7, B-D, bottom).

In 6-mo-old animals, the levels of TBS-soluble AP, detergent-
soluble AP, and FA-soluble AR were higher in APP695Swe/
S198P/PSIAE9 animals compared with ceAPPSwe/PSIAE9 ani-
mals and independent of gender (Fig. 6, C and D, all AB panels;
MSD quantified in Fig. 7 A). The differences in FA-soluble AB
levels between the mouse lines is consistent with the differences
in AB burden assessed by immunohistochemistry (see Fig. 7,
B-D, bottom).

In 9-mo-old animals, AB levels remained higher in the
APP6955we/S198P/PSIAE9 animals compared with the
ceAPPSwe/PSIAE9 animals, but the differences between groups
were not as robust as in the 4-mo-old and 6-mo-old groups (Figs.
6 and 7).

Enhanced AB deposition in APP695Swe/S198P/PS1AE9

animals

Coronal sections of hemibrains of age- and gender-matched
PS1AE9, APP695Swe/S198P, APP695Swe/S198P/PSIAE9, and
ceAPPSwe/PSIAE9 animals were subject to immunostaining
with AP neo-epitope-specific 3D6 antibody (Bacskai et al., 2001;
Johnson-Wood et al., 1997; Kamenetz et al., 2003). As expected,
no AP deposits were detectable in PSIAE9 animals at all ages,
and deposits were also undetectable in sections from
APP695Swe/S198P animals, independent of age and gender
(Fig. 7 B). This was not unexpected as line C3-3 that expresses
human APPSwe at approximately two times the level of en-
dogenous APP, and at levels similar to human APPSwe in the
APP6955we/S198P line 19, does not exhibit AP deposition be-
fore 18 mo of age (Borchelt et al., 1997). On the other hand, AR
deposition in sections from APP695Swe/S198P/PSIAE9 animals
were significantly higher than age- and gender-matched
ceAPPSwe/PS1AE9 animals (Fig. 7 B; APP695Swe/S198P/
PSIAE9 sections versus ceAPPSwe/PSIAE9 sections; quantified
in Fig. 7, C and D). Moreover, in 4-, 6-, and 9-mo-old female
APP695Swe/S198P/PSIAES and ceAPPSwe/PSIAE9 animals, we
observed significantly higher levels of AP deposits compared
with their male counterparts (Fig. 7 B; quantified in Fig. 7, C and
D). Itis also notable that the levels of FA-soluble AB40 and AB42
in APP695Swe/S198P/PS1AE9 and ceAPPSwe/PS1AE9 animals,
independent of gender, are very similar at 9 mo of age, thus
suggesting that deposition has reached a plateau phase.

To determine the level of neuroinflammation and microgli-
osis, we costained brain sections from 4-, 6-, and 9-mo-old
APP695Swe/S198P/PS1AE9 and ceAPPSwe/PS1AE9 animals with
3D6 antibodies and Ibal antibodies specific for ionized calcium
binding adaptor molecule 1 (IBA-1), a microglia/macrophage-
specific calcium-binding protein (Ahmed et al., 2007; Sasaki
et al., 2001). We observed that independent of genotype, age,
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Figure 6. Western blotting analysis of APP processing and AP production in brain lysates of 4-mo-old, 6-mo-old, and 9-mo-old transgenic mice.
(A-F) TBS-soluble, detergent-soluble, and FA-soluble fractions of brain lysates were subject to Western blot analysis, PSIAE9 animals were used as negative
controls of exogenous APP expression, APP695Swe/S198P animals were used as negative controls of PSIAE9 expression, and ceAPPSwe/PS1AE9 animals were
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used as positive controls of APP processing and AB production. 4-mo-old animals (A and B), 6-mo-old animals (C and D), and 9-mo-old animals (E and F). Ab,

antibody; FL, full-length.

or gender, all plaques were surrounded by Ibal-positive mi-
croglia (Fig. 8 A). We then sought to investigate the nature of
plaques in the aforementioned groups of animals. Using Thio-
flavin S, a fluorescent probe that binds to dense-core AP deposits
in combination with 3Dé staining, we observe that all 3D6-
positive plaques are thioflavin-positive. Finally, we costained
sections from brains of the aforementioned cohorts with 3D6
and methoxy-X04, a derivative of Congo red and Chrysamine-G
that has high in vitro binding affinity for AP fibrils (disassoci-
ation constant [Ki] = 26.8 nM) that is fluorescent and stains
plaques, tangles, and cerebrovascular amyloid in postmortem
sections of AD brain with good specificity (Klunk et al., 2002).
Again, as we had observed with Thioflavin S costaining, all 3Dé-
positive plaques were costained with Methoxy-X04, arguing
that the vast majority of, if not all, plaques in the brains of age-
and gender-matched APP695Swe/S198P/PS1AE9 and ceAPPSwe/
PS1AE9 animals are fibrillar in nature.

Discussion

Rare, autosomal dominant FADs are caused by inheritance of
mutations in genes encoding APP and presenilins. To date, all
reported FAD-linked APP variants harbor missense mutations in
exons 16 and 17 of the APP gene that encodes the AB peptide
(Fig. 1 A). Cell biological and biochemical approaches have been
employed to establish the impact of each mutation on APP
processing. For example, the Swedish KM-NL substitutions in
exon 16 enhance cleavage by BACEI, thus generating elevated
levels of APP-CTFg, a substrate for y-secretase processing that
leads to elevated production of AP peptides. On the other hand,
APP variants with mutations within the transmembrane domain
that are encoded in exon 17 lead to an elevation in the ratio of
AB42 to AB40 peptides. In contrast to the reported FAD-linked
APP mutations, the discovery of an extremely rare SNV in the
WGS dataset from the NIMH AD family sample, now described
as rs145081708, encoding a missense APP variant in exon 5 that
corresponds to a Ser198Pro substitution, captured our attention.
We now report on the impact of the S198P variant on APP me-
tabolism and AP production both in stably transfected mam-
malian cells and in transgenic mice and offer provocative
insights pertaining to the mechanism by which this rare variant,
albeit partially penetrant, drives AB production and deposition
in vivo.

First, we show that this rare variant was present in both
affected siblings in one family with mixed early-late onset AD
from the NIMH AD family sample. We also found this variant in
an affected carrier and three unaffected carriers (age 72, 77, and
82 yr at last examination) who carried the APP-Ser198Pro mu-
tation in the NIA ADSP cohorts. The unaffected subjects, to-
gether with the single unaffected monozygotic triplet in the
Ashkenazi pedigree (Zhang et al., 2019a), would indicate this
mutation is partially penetrant for AD risk. In addition, all AD
patients identified in the present study who carried the
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Ser198Pro mutation also carried an APOE-€4 allele, although one
EOAD carrier was APOE-£2/e4, a genotype considered to confer
neutral risk for AD. However, the Ser198Pro mutation is too rare
to carry out formal statistical analyses. These genetic findings
together with the functional effects described herein would
suggest that rs145081708 SNV that leads to the missense
Ser198Pro substitution is a partially penetrant risk factor for AD
that may be at least partially accounted for by interaction with
the APOE-e4 allele. The identification of additional carriers of
the Ser198Pro mutation will be necessary to get a better idea of
this rare variant’s effect size and penetrance for AD risk.

Second, we demonstrate that in stably transfected mamma-
lian cells, expression of APP695Swe that also harbors the S198P
mutation (APPSwe/S198P) leads to significantly elevated secre-
tion of both AB40 and AB42 peptides compared with cells ex-
pressing APPSwe. Pulse-chase studies to assess the metabolism
of APPSwe/S198P and APPSwe reveal that neither the synthesis
nor the rate of maturation of immature APPSwe is altered by the
S198P mutation. Comparison of the levels of soluble APPSwe/
S198P and APPSwe in the CM from each cell line are instructive;
we (Thinakaran et al., 1996) and others (Haass et al., 1995) have
demonstrated that a significant fraction of APPSwe is subject to
processing by BACEL1 in Golgi and post-Golgi compartments, and
we now observe that the levels of newly generated APPSwe/
S198Pg detected in the CM of the APPSwe/S198P no. 1 cells are
elevated at the earliest time points and all time points thereafter
compared with the levels of sSAPPSweg in the CM of APPSwe no.
12 cells (Fig. 2 A). Similarly, the levels of CTFg are elevated in the
lysates of APPSwe/S198P line no. 1 compared with the levels
observed in lysates of the APPSwe line no. 12. Notably, and in
contrast with the ~1:1 ratio of CTF,:CTFg in the APPswe line no.
12 at all time points up to 60 min, this ratio shifts to ~1:2 in the
APPSwe/S198P line no. 1. We and others have shown that
~20-30% of newly synthesized APP in most mammalian cells
arrives at the cell surface, and hence, a significant fraction of
newly synthesized APPs are subject to ER-associated degrada-
tion and lysosomal degradation (Haass et al., 2012). Using short
pulse-chase labeling paradigms and analysis of sulfhydryl-
dependent transient folding intermediates, and immunoprecip-
itation with a sulfhydryl-dependent conformational antibody, we
conclude that in contrast to APPSwe molecules, a fraction of
APPSwe/S198P molecules that are normally subject to ER-
associated degradation are insensitive to the ER degradation ma-
chinery because of enhanced folding and subsequent egress to the
Golgi apparatus.

Third, and extending the findings in cultured cells, we doc-
ument that coexpression of APP695Swe/S198P and PSIAE9 in
transgenic mice accelerates cerebral AP deposition compared
with animals that coexpress APP695Swe and PSIAE9. The levels
of AB deposition observed in APP695Swe/S198P/PS1AE9 are el-
evated at three different time points relative to the levels ob-
served in APP695Swe/PSIAE9 animals and independent of
gender.
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Figure 7. Quantification of TBS-soluble and FA-soluble A by MSD and amyloid burden analysis in the brains of 4-mo-old, 6-mo-old, and 9-mo-old
PS1AE9, APP695Swe/S198P, APP695Swe/S198P/PS1AE9, and ceAPPSwe/PS1AE9 mice. (A) Quantification of TBS-soluble and FA-soluble AB in the brain
lysates of PSIAE9, APP695Swe/S198P, APP695Swe/S198P/PS1AEY, and ceAPPSwe/PSIAEY mice. The levels of AB were normalized to the expression levels of
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full-length APP695Swe/S198P in APP695Swe/S198P/PSIAE9 mice and full-length APPSwe in ceAPPSwe/PS1AE9 mice. The results are represented by mean +
SEM, and the error bars represent SEM, n = 6 animals. Two-way ANOVA with a two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli multiple
comparisons post hoc tests was used to establish statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Immunohistochemistry staining of amyloid
plaques with AB 1-5-specific mAb3D6 in coronal brain sections of PSIAE9, APP695Swe/S198P, APP695Swe/S198P/PSIAEY, and ceAPPSwe/PS1AE9 mice. No
amyloid plaques were detected on the sections of PSIAE9 and APP695Swe/S198P animals regardless of age (left two columns). Elevated level of amyloid
plaques was detected on the sections of APP695Swe/S198P/PSIAE9 mice compared with that on the sections of age-matching ceAPPSwe/PSIAE9 mice. Scale
bar, 1,000 um. (C) Quantification of amyloid burden in APP695Swe/S198P/PSIAE9 and ceAPPSwe/PSIAE9 mice. Amyloid plaques on the brain sections of
APP695Swe/S198P/PSIAE9 and ceAPPSwe/PS1AE9 animals stained with 3D6 were quantified with Fiji (Image]) software, and the results are represented by
mean + SEM, with the error bars representing SEM, n = 5 animals. Two-way ANOVA with a two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli multiple comparisons post hoc tests was used to establish statistical significance. *, P < 0.05; **, P < 0.0; ****, P < 0.0001. (D) Analysis of plaque size
on the sections stained with 3D6. The results are represented by mean + SEM, with the error bars representing SEM, n = 5 animals. Two-way ANOVA with a

Tukey’s multiple comparisons post hoc test was used to establish statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

The S198 residue is located in a highly flexible and extended
acidic-rich domain (ala191-val290) that lies between two distinct
structural domains of ~160 amino acids and ~190 amino acids in
the APP695 ectodomain, termed the E1 and E2 domains, re-
spectively (Coburger et al., 2013; Fig. 1 A). S198 has been shown
to be a phosphorylation site in mammalian cells, but studies
have shown that this modification only occurs in post-Golgi
secretory vesicles or on the plasma membrane (Walter et al.,
1997), and hence, the effects of the S198P mutation on process-
ing of APPswe/S198P at early times of the pulse-chase study
cannot be explained by failed phosphorylation at amino acid 198.
As S198 phosphosite-specific antibodies are unavailable, it is
unclear whether this residue undergoes phosphorylation fol-
lowing biosynthesis. Alternatively, it is conceivable that the
S198P mutation would affect N-linked oligosaccharide mod-
ifications at Asn467 and Asn467 (Pihlsson et al., 1992) or
O-linked glycans at Thr291, Thr292, and Thr576 (Perdivara et al.,
2009), and that these modifications might influence protein
folding and intracellular transport or protein expression. In-
deed, we do observe subtle differences in the levels of oligo-
saccharide modifications of APPSwe/S198P compared with
APPSwe in the pulse-chase studies (Fig. 2, A, D, and E; and Fig. 3
B), and future biochemical studies will be necessary to identify
the nature of these modifications. Regardless the outcomes of
these studies, we do not implicate differences in processing and
production of APPSwe/S198P metabolites as a function of pro-
tein conformation, as both our CD and DSF studies do not reveal
any gross conformational alterations in the purified soluble
ectodomain of APP695/S198P compared with the soluble ecto-
domain of APP695swe. Alternatively, it is plausible that con-
formational alterations occur within microdomains that would
not be scored using our biophysical approaches.

We have demonstrated that cellular APP-CTFs and extracel-
lular soluble APPSwe/S198P derived from the full-length APP
S198P precursor appear at the earliest time points and accu-
mulate to higher levels in pulse-chase experiments compared
with the rate of production and accumulation of these metabolites
derived from full-length APP695Swe. Moreover, our pulse-chase
studies/immunoprecipitation studies suggest that transient fold-
ing intermediates occur in early points of the pulse-chase studies
in cells expressing APPSwe/S198P compared with cells expressing
APPSwe, a finding that argues for a more rapid folding of the
S198P variant. In support of this observation, pulse-chase studies
using the P2-1 antibody that is specific for a sulfhydryl-dependent
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structural epitope in the amino-terminal E1 domain of APP reveal
that folding of this domain occurs faster in cells expressing the
APPSwe/S198P variant than in cells expressing APPSwe. In any
event, and absent protein dynamic or crystallographic evidence
for conformational alterations driven by the S198P mutation, we
propose that the presence of the proline residue at position 198
enhances the rate of folding and exit of newly synthesized
APPSwe/S198P from the ER to the Golgi and late compartments
where BACEI and a-secretase are active.

How can the rate of folding of the APPSwe/S198P variant be
accelerated relative to APPSwe? The determining factor is the
introduction of proline, an amino acid that either breaks or
kinks a helix, both because it cannot donate an amide hydrogen
bond (having no amide hydrogen) and because its bulky pyr-
rolidine ring restricts the available conformational space.
However, because proline is often seen as the first residue of a
helix, it is presumed to be due to its structural rigidity. While
prolines tend to be excluded from o-helices and B-sheets, they
can be situated at positions at the ends of these motifs. Thus,
proline disrupts protein secondary structure by inhibiting the
backbone to conform to an a-helix or B-sheet conformation
(Morgan and Rubenstein, 2013). An analysis of all proline resi-
dues and their local conformations extracted from the Brook-
haven Protein Data Bank (MacArthur and Thornton, 1991)
revealed that the residue preceding proline plays an important
role in determining conformation. Interestingly, when proline
follows an aspartate residue, there is a very high probability of
the a conformation being adopted (a:f = 9:1). In the case of
APP695, the residue immediately preceding residue 198 is as-
partate. In the absence of structural information, we offer a
highly speculative model that the asp-pro pair promotes the
generation of a local a-helix that enhances the rate of folding of
the surrounding E1 and E2 domains and the adjacent flexible
domain. Our pulse-chase studies using the structural epitope-
specific antibody mAbP2-1 provide support for this assertion
(Fig. 3, B and C). Native cis-prolines have the largest effect on
folding kinetics because the unfolded state favors trans-
isomerization. In this regard, mutagenesis and folding stud-
ies of phosphoglycerate kinase (which contains a conserved
cis-proline in position 204, in addition to several trans-pro-
lines) revealed that fast folding events are sped up in the
presence of the cis-proline, probably by restriction of the
conformational space accessible to the molecule (Osvath and
Gruebele, 2003).
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Figure 8. Immunohistochemistry staining of brains sections of APP695Swe/S198P/PS1AE9 and ceAPPSwe/PSIAE9 mice. (A) Brain sections were
costained with anti-lbal (red), 3D6 (green), and DAPI (blue). (B) Brain sections were costained with 3D6 (red) and Thioflavin S. (C) Brain sections were

costained with 3D6 (red) and Methoxy-X04 (blue). Scale bar, 20 um.

Our demonstration that the S198P mutation encoded by an
SNV in exon 5 enhances AP production in mammalian cells and
accelerates AB deposition in transgenic mice was surprising
given the fact that all reported causative mutations in APP are
found in exons 16 and 17, which also encode the Ap domain.
These findings beg the question of whether additional mutations
that have been described in APP and found in individuals with
EOAD might also have an impact on AB production. For example,
the P620L mutation in exon 14 and K496Q mutation in exon 11
were identified in a British cohort composed of 47 unrelated
EOAD cases and 179 elderly controls; AD cases were neuro-
pathologically confirmed (Sassi et al., 2014). The authors claimed
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that while they “cannot rule out a pathogenic role for APP K496Q
and P620L, we suggest they are likely to be rare benign poly-
morphisms, as they cluster outside exon 16 and 17, where all
pathogenic mutations have been reported up to date.” Similarly,
additional APP variants (P299L, E296K, D243N, A235V, and
P620A) were described in whole-exome sequencing in 424
French people with EOAD. The authors argued, “the significance
of the APP rare variants—all located outside exons 16 and 17—
remains to be determined, although their locations reasonably
suffice to exclude a causative role in a Mendelian context”
(Nicolas et al., 2016). Interestingly, we were unaware of any
functional studies of the variants described by Sassi et al. (2014)
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and Nicolas et al. (2016) with respect to AB production, AB42/40
ratios, or fibrillogenesis of these peptides. However, and in view
of the findings reported herein, and particularly with respect to
mutations that replace proline residues that would impact
structure of the macromolecule, we argue that cellular and
transgenic approaches will be critical to determine the impact of
novel, rare variants on AP production and deposition before
these are summarily dismissed as “benign” or “nonpathogenic”
simply because the mutations reside outside of exons 16 and 17.

Materials and methods

cDNA constructs and cell lines

cDNA encoding either WT human APP695 (WT APP695) or the
human APP Swedish KM-NL variant (APP695Swe) was sub-
cloned into the pCB6 vector that contains sequences conferring
resistance to neomycin, as described (Thinakaran et al., 1996).
The S198P mutation was then engineered into the WT APP695
and APP695Swe cDNA constructs by PCR using primers S198P
forward: 5'-ACAATGTGGATCCTGCTGATGCGGAG-3', and S198P
reverse: 5 -CTCCGCATCAGCAGGATCCACATTGT-3'. The cDNAs
encoding human sAPP695a and sAPP695/S198Pa were gener-
ated by PCR and cloned into pCB6 vector, and both constructs
contained an extra 100-bp sequence upstream of the APP start
codon to optimize translation efficiency. To generate trans-
genic mice overexpressing APP695Swe/S198P, we replaced
sequences encoding the mouse AB domain in mouse APP695
cDNA with sequences encoding the human AP sequence and the
Swedish mutations, as described earlier (Borchelt et al., 1996a).
The S198P mutation was then introduced into this cDNA by
PCR-based mutagenesis. This cDNA was then cloned into the
unique Xhol site of a vector harboring the mouse prion pro-
moter (MoPrP.Xho vector). All of the cDNA constructs were
confirmed by DNA sequencing.

To analyze the expression and processing of WT APP695, WT
APP695/S198P, APP695Swe, and APP695Swe/S198P, constructs
encoding these polypeptides were expressed stably in HEK293
cells. For stable expression, the cDNA constructs were trans-
fected into HEK293 cells using Lipofectamine 3000 reagent
(Thermo Fisher Scientific), and cells with integrated cDNAs
were selected with 400 pg/ml Geneticin (G418; Life Technolo-
gies). The expression of these constructs in cell pools or in cell
lines was confirmed by Western blot analysis.

Generation of APP695Swe and APP695Swe/S198P

transgenic mice

The MoPrP.Xho vector harboring APP695Swe or APP695Swe/
S198P cDNA was digested with NotI (New England Biolabs), and
the larger fragment was gel-purified (Gel Extraction Kit; Thermo
Fisher Scientific) and eluted from the column with sterile TE
injection buffer (5 mM Tris and 0.1 mM EDTA, pH 7.4). The
concentration and the purity of the purified DNA fragments
were determined by UV260 and the 260/280 ratio, respectively.
For both APP695Swe and APP695Swe/S198P fragments, the
concentration was adjusted to 20 ng/pl using sterile TE injection
buffer, and the 260/280 ratio was ~1.9. The DNA was then in-
jected into zygotes with a C57BL/6NTac background that were
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transplanted into pseudo-pregnant recipient mice. Three lines
each of APP695Swe and APP695Swe/S198P were identified by
PCR using the following primers: PrP-sf: 5'-CCTCTTTGTGAC
TATGTGGACTGATGTCGG-3', PrP-sr: 5'-GTGGATAACCCCTCC
CCCAGCCTAGACC-3’, and Fw3: 5'-ACGATGTCTTGGCCAACA
TGATCAGTGAGC-3'. The PCR program used for genotyping was
94°C 1.5 min, 55°C 3 min, and 72°C 2 min for 35 cycles. To es-
tablish germline integration, founders was bred with C3H/Bl6
WT mice to generate F1 pups. Subsequently, the expression of
APP695Swe or APP695Swe/S198P was examined by Western
blot analysis using a human APP-specific antibody 6E10 (Bio-
Legend). APP695Swe/S198P mice were then bred with mice
expressing human presenilin 1 AE9 variant (PS1AE9; line 9; Lee
et al., 1997) to obtain mice that coexpress both APP695Swe/
S198P and PSIAE9 (APP695Swe/S198P/PSIAE9 mice).

Mouse handling and perfusions

The handling of experimental mice strictly followed the protocol
approved by the Institutional Animal Care and Use Committee at
the University of Chicago. Transgenic and WT control mice were
anaesthetized with a mixture of ketamine and xylazine. The
mice were then perfused with saline containing 1 mM EDTA for
4 min. Half of the brain was post-fixed in 4% paraformaldehyde
for 24 h followed by dehydration in 30% sucrose, and the other
half of the brain was immediately frozen on dry ice and stored in
a -80°C freezer before use.

Immunohistochemistry

The hemibrains were sectioned on a microtome into 40-micron
slices and stored in cryopreservation solution (25% glycerin and
30% ethylene glycol in 0.1 M phosphate buffer) at ~20°C before
use. At least four sections from each animal were subject to
mAb3D6 (Bacskai et al, 2001; Johnson-Wood et al., 1997
Kamenetz et al., 2003) staining. The sections were washed six
times for 10 min each in 1x TBST buffer (TBS + 0.25% Triton X-
100) followed by blocking for 2 h at room temperature in 5%
donkey serum (Sigma-Aldrich). The sections were then incu-
bated with 400 ng/ml of 3D6 antibody alone or together with the
rabbit anti Ibal antibody (cat. no. 019-19741; FUJIFILM Wako
Pure Chemical Corporation; 1:500) in blocking solution over-
night at 4°C. After six washes for 10 min each in 1x TBST buffer,
the sections were incubated with fluorescently conjugated sec-
ondary antibodies (cat. no. A21202, Invitrogen, anti-mouse Alexa
488, 1:500; cat. no. A32754, Invitrogen, anti-rabbit Alexa 594; or
cat. no. A32742, Invitrogen, anti-mouse Alexa 594) in blocking
solution for 1 h at room temperature, followed by three washes for
10 min each in TBST buffer. The sections were then incubated
with DAPI (Invitrogen; 1:10,000) in TBS buffer for 5 min at room
temperature and washed three times in TBS for 10 min each. The
sections were mounted with FluoroMount (F4680-25ML; Sigma-
Aldrich) and stored at 4°C overnight before scanning.

For costaining of sections by 3D6é and Thioflavin S (cat. no.
T1892; Millipore Sigma), the immunostaining was performed as
described above, and then free-floating sections were stained for
8 min with 0.002% Thioflavin S in 1x TBS. The sections were
rinsed in 50% ethanol twice for 1 min each, followed by a 5-min
wash in 1x TBS before mounting in FluoroMount.
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For costaining of sections by 3D6 and Methoxy X04, the
immunostaining was performed as above, and then free-floating
sections were stained for 30 min with 50 pM Methoxy-X04 (cat.
no. 20476; Cayman Chemical) in TBS. The sections were washed
three times with 1x TBS before mounting in FluoroMount.

The slides for amyloid burden quantification were scanned
using a 3DHistech Pannoramic MIDI 20x whole slide scanner,
and the slides stained with 3D6, anti-Ibal, Thioflavin S, and
Methoxy-X04 were scanned using a Caliber ID RS-G4 upright
research confocal microscope. Scanned images were processed
using CaseViewer (version 2.3) and Arivis Vision4D 3.3.

Quantification of AB burden

Coronal brain sections of APP695Swe/S198P/PSIAE9 and
ceAPPSwe/PS1AE9 mice stained with 3D6 antibody were sub-
jected to AP burden analysis. At least four sections from each
animal and five animals from each group (with same age, gen-
der, and genotype) were used for the analysis. Total plaque
numbers, the total area of AP plaques in each section, and the
percentage of area of each section occupied by AP plaques were
quantified with Fiji software (ImageJ 1.52p; National Institutes of
Health) using methods described previously (Dodiya et al.,
2019). Briefly, images captured under the same settings in
CaseViewer were converted into 8-bit format and underwent
binary conversion to have “fill holes” and “watershed” algo-
rithms applied. A lower threshold limit of 50 and an upper
threshold limit of 255 were applied to identify the plaques, and
the amyloid burden was then calculated using the “analyze
particles” plugin.

Western blot and antibodies

For cultured HEK293 cells, the cells were lysed in a lysis buffer
containing 50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40, 0.5% sodium deoxycholate, 1x protease inhibitor cocktail
(Sigma-Aldrich), 1 mM PMSF (G Biosciences), and 1x phospha-
tase inhibitor cocktails (Sigma-Aldrich). Cell lysates were quan-
tified by bicinchoninic acid (BCA) protein assay kit (Pierce), and
equal amounts of total proteins were fractionated on Tris-Tricine
gels to analyze full-length APP and APP CTFs or on Tris-Glycine
gels to analyze soluble APP. CM of the cultured cells was nor-
malized to the concentration of cell lysates and was fractionated
on Tris-Tricine gels to determine the level of AB.

For the biochemical analysis of WT, APP695Swe/S198P,
ceAPPSwe/PSIAE9, and APP695Swe/S198P/PSIAE9 brain sam-
ples, hemibrains were processed into three fractions as follows.
The hemibrains were weighed and homogenized in 5 volumes of
cold TBS buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1x protease inhibitor cocktail, and 1x phosphatase in-
hibitor) on ice for 20 strokes. The homogenate total TBS (TTBS)
was divided into two parts: 500 pl of the homogenate (TTBS1)
was used to prepare TBS-soluble proteins, and the remaining
homogenate (TTBS2, volume was measured) was saved for
preparing detergent-soluble proteins. TTBS1 was subject to
centrifugation at 100,000 g for 1 h at 4°C. The supernatant
fraction was saved as TBS-soluble proteins. The pellet fraction
was extracted with 2.5 volumes of ice-cold 70% FA (based on the
proportion of the original weight of the hemibrain used) by 20
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pulses of sonication. The lysate was then subject to centrifuga-
tion at 100,000 g for 1 h at 4°C, and the supernatant fraction was
collected and represented FA-soluble proteins. To prepare
detergent-soluble proteins, 0.25 volume of 5x immunoprecipi-
tation buffer (250 mM Tris-HCI, 750 mM NaCl, 5 mM EDTA,
2.5% NP-40, 2.5% sodium deoxycholate, 1x protease inhibitor
cocktail, and 1x phosphatase inhibitor) was added to TTBS2. The
sample was lysed on ice by 20 pulses of sonication, and was
subject to centrifugation at 10,000 g for 20 min at 4°C. The
supernatant fraction represented total protein. Proteins in TBS-
soluble and detergent-soluble fractions were quantified by the
BCA protein assay kit (Pierce) and were used for the analysis of
soluble APP, full-length APP, APP CTFs, TBS-soluble AB, and
detergent-soluble AP. FA fractions were normalized to the TBS-
soluble protein fraction before analysis.

To compare the expression levels of APP in ceAPPSwe/
PS1AE9 and APP695Swe/S198P/PS1AE9 mice, detergent-soluble
fractions of brain lysates were subject to immunoprecipitation
with APP C-terminal antibodies, CTM1 (Vetrivel et al., 2009), or
Cl1/6.1 (Biolegend), and the immunoprecipitated complexes were
captured by protein A or protein G beads (Pierce) and released
from the beads using Laemmli sample buffer and heating. The
eluted proteins were resolved on a 10% SDS-PAGE, transferred
to nitrocellulose membranes, and subjected to Western blot
analysis with human-specific mAb6E10 (Kim et al., 1990) to
detect overexpressed full-length APP.

For Western blot analysis, 6E10 was used to detect human
full-length APP, soluble APPa, and AB; C1/6.1 (Biolegend) was
used to detect full-length APP and APP CTFs; PSlyr (Zhang et al.,
2020) and PS1 NT1 (Biolegend) were used to detect presenilinl.
For pulse-chase experiments, P2-1 (Van Nostrand et al., 1989)
was used to immunoprecipitate soluble APP, CTM1 was used to
immunoprecipitate full-length APP and APP CTFs, and 4G8
(Zhang et al., 2014) and 2G3 (Johnson-Wood et al., 1997) were
used to immunoprecipitate AR and P3. Anti-6xHis (Genscript)
was used to detect overexpressed and purified soluble APPa.
Rabbit mAb GMI130 (D6BL; cat. no. 12480S; Cell Signaling
Technology) was used to detect the Golgi-resident protein
GM130.

Immunocytochemistry

HEK293 cells stably expressing APPSwe (line no. 12) or APPSwe/
S198P (line no. 1) were seeded into a glass-bottom microwell dish
(cat. P35G-1.5-14-C; MatTek). When cells reached the desired
confluency, they were fixed in 4% paraformaldehyde and per-
meabilized in TBST for 10 min each at room temperature. After
the cells were blocked in TBST containing 5% donkey serum for
1h at room temperature, they were incubated with mAb3Dé and
rabbit anti-GM130 antibody in blocking buffer at 4°C overnight.
After the cells were washed three times with TBST at room
temperature for 5 min each, they were incubated with appro-
priate secondary antibodies conjugated with Alexa 488 and
Alexa 594 (Invitrogen) for 1 h at room temperature. Following
three washes with TBST, the cells were stained with DAPI (In-
vitrogen; 1:10,000) for 5 min at room temperature and washed
with TBS before images were taken using a Leica SP5 2-photon
Laser Scanning Confocal system.
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MSD assays

The AP levels were measured using the Meso Scale AB-triplex
4G8 kits (Meso Scale Diagnostics LLC) as previously described
(Minter et al., 2017). In brief, the 96-well plates were blocked
with the diluents provided by the manufacturer with shaking
for1h. Next the experimental samples and the protein standards
were resuspended in the manufacturer-supplied detection an-
tibodies. The mixed solutions were then placed on a shaker for
2 h, followed by washing and adding of the reading buffer.
Electrochemiluminescence signals were captured by the Meso
Scale SQ 120 system. AP levels were determined by comparison
to protein standards. For the detection of AP levels in CM of
cultured HEK293 cells, the CM collected from triplicated wells
was analyzed individually. For the detection of AP in brain
samples, fractions of brain lysates from six animals in each
group were analyzed.

Pulse-chase experiments

HEK293 cells stably expressing APP695Swe or APP695Swe/
S198P were seeded in 6-well plates the day before labeling so
that the cells would be 75% confluent by the time of labeling.
Before labeling, the medium was removed, and the cells were
washed with methionine-free and serum-free DMEM (In-
vitrogen) twice. Methionine-free DMEM containing 1% dialyzed
FCS (Invitrogen) was added to the plate, and the cells were in-
cubated at 37°C for 1 h. 250 uCi of L-[3°S]-methionine was then
added to each well. For the chase experiment, the cells were
labeled for 5 or 15 min at 37°C, the medium was collected, and
the cells were washed once with PBS, and methionine-free
DMEM containing 1% dialyzed FCS and 0.5 mM unlabeled
L-methionine were added to each well. The cells were incubated
at 37°C for a desired time period (for the 5-min pulse: 7.5, 10,
12.5, 15, 20, and 30 min; and for the 15-min pulse: 15, 30, 45, 60,
and 120 min). At the end of each time point, the medium was
collected, and the cells were washed once with PBS and lysed in
cold immunoprecipitation buffer (150 mM NaCl, 50 mM Tris-Cl,
pH 7.4, 0.5% NP-40, 0.5% sodium deoxycholate, 5 mM EDTA,
and 1x protease inhibitor cocktail). Cell lysates were cleared by
centrifugation at 10,000 rpm in a microcentrifuge (Eppendorf)
in a cold room, and the supernatant fraction was collected. For
the detection of AB and P3, the cells were continuously labeled
with 250 pCi of L-[3°S]-methionine for 4 h at 37°C. The specific
activities of the lysates were determined using TCA precipita-
tion and scintillation counting (LS6500; Beckman). The same
amount of total cpm as the ones at 0 min was used for immu-
noprecipitation. Captured protein complexes were fractionated
on Tris-Tricine or Tris-glycine gels and transferred to nitrocel-
lulose blots, which were exposed to Phosphorlmager Screens.
The gel images were scanned using a Bio-Rad FX Pro Plus Mo-
lecular Imager or a Typhoon Trio Variable Mode Imager, and the
counts of protein bands were quantified by the Quantity One
software package or ImageQuant software.

Purification of soluble sAPP695a and soluble sAPP695a/S198P
fragments

CM of HEK293 cells stably expressing sAPP695a or sAPP695a/
S198P was collected, and floating cells and other particulates
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were removed by filtering the medium through a 0.45-um filter.
The filtrate was supplemented with 1 mM PMSF and stored at
-80°C before use. To purify soluble APPa, 540 ml of CM was
thawed and allowed to reach room temperature, and 1.2 ml of
0.5 M EDTA, pH 8.0, and 60 ml of 1 M Tris-HCl, pH 8.0, were
added to the CM. To concentrate soluble APPa, 233.90 g of
ammonium sulfate was added to CM and stirred for 30 min at
room temperature. The CM was subject to centrifugation at
6,000 rpm for 20 min at 20°C. The pellet was saved and dis-
solved in 9 ml of start buffer (25 mM Tris-HCl, pH 7.4, and 1 mM
EDTA) and dialyzed against the start buffer overnight in a cold
room. DEAE-Sepharose (Sigma-Aldrich) was equilibrated with
the start buffer and degassed before it was used to pack a col-
umn. The dialyzed sample with a volume of 13.5 ml was loaded
onto the DEAE column and eluted by step gradient using elution
buffer (25 mM Tris-HCl, pH 7.4, 1 mM EDTA, and NaCl). The
concentrations of NaCl used were 100 mM, 200 mM, 300 mM,
400 mM, and 500 mM. Peak fractions containing soluble APP
were detected by Western blotting. The peak fractions eluted
from the DEAE column (300 mM-2 and 400 mM-1) were pooled,
concentrated, and dialyzed against a dialysis buffer (50 mM
sodium phosphate, pH 7.4, 300 mM NaCl, and 10 mM imida-
zole), and its final volume was adjusted to 5 ml with the dialysis
buffer. The sample was then mixed with 0.5 ml of preequili-
brated Ni-NTA agarose beads (Invitrogen) and incubated in a
cold room overnight. Captured protein was eluted with elution
buffer (50 mM sodium phosphate, pH 7.4, 300 mM NaCl, and
300 mM imidazole). The protein peak was detected by Western
blotting, and the purity of the protein was confirmed by silver
staining.

CD spectroscopy

Purified sAPP695a and sAPP695a/S198P were dialyzed against
phosphate buffer (10 mM phosphate, pH 7.4, and 100 mM NaCl)
at 4°C overnight. The concentrations of the sAPP695a and
sAPP695a/S198P were determined by BCA assay and adjusted to
14.9 pmol/liter. CD spectra for 180-260 nm in 1-nm steps with a
1-nm bandwidth were recorded at 25°C on a Jasco J-1500 CD
Spectrometer using a 1-mm path-length quartz cuvette. Tripli-
cate wavelength scans were averaged, buffer-subtracted, and
converted to mean residual ellipticity as previously described.

DSF

Purified sAPP695a and sAPP695a/S198P were dialyzed against
phosphate buffer (50 mM phosphate, pH 7.4, and 150 mM NaCl)
at 4°C overnight. The concentrations of sAPP695a (390 pg/ml)
and sAPP695a/S198P (560 pg/ml) were determined by BCA as-
say. DSF measurements were performed on a CFX96 Real-Time
System C1000 Thermal Cycler (Bio-Rad Laboratories). Each
protein with a concentration of 1 uM of was used in the reaction,
and the commercial Sypro Orange solution (Invitrogen) was
diluted 1,000-fold and used as 5x stock. The reaction system
contained 50 mM sodium phosphate buffer (pH 7.4), 150 mM
sodium chloride, and 1x Sypro Orange dye in a total volume of
25 pl. Thermal melts were performed by heating the samples
from 25°C to 95°C, increasing the temperature in steps of 0.5°C/
30 s. Wavelengths of 490 and 575 nm were used for excitation
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and emission, respectively. Samples were processed with the
CFX software provided by the manufacturer.

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware (GraphPad). One-way ANOVA with a Tukey’s multiple-
comparisons post hoc test was used for the analysis of the
MSD measurement of Af levels in the CM of the stable cell lines
and stable cell pools expressing either APPSwe or APPSwe/S198P.
Two-way ANOVA with a two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli multiple-comparisons post hoc
tests was used for the analysis of the MSD measurements of sol-
uble and insoluble AP levels in the brain lysates of APPSwe/S198P/
PSIAE9 and ceAPPSwe/PSIAE9 animals. Two-way ANOVA with a
two-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli multiple-comparisons post hoc tests was used for the
analysis of amyloid burden, and two-way ANOVA with a Tukey’s
multiple-comparisons post hoc test was used for the analysis of
plaque size in the brains of APPSwe/S198P/PSIAE9 and ceAPPSwe/
PSIAE9 animals.

Data availability

Relevant data are available from authors and/or included in the
manuscript. The NIMH dataset analyzed during the current
study is available from the corresponding author on reasonable
request. The NIA ADSP WGS dataset is available from the Data
Sharing Service National Institute of Aging Genetics of Alz-
heimer’s Disease Data Storage Site under accession no. NGO0067.

Online supplemental material
Table S1 describes large WGS AD datasets.
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